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ABSTRACT 

Non-viral gene delivery vectors are emerging as a safer alternative to viral vectors. Among 

natural polymers, chitosan (Ch) is the most studied one, and low molecular weight Ch, specifically, 

presents a wide range of advantages for non-viral pDNA delivery. It is crucial to determine the best 

process for the formation of Low Molecular Weight Chitosan (LMWC)-pDNA complexes and to 

characterize their physicochemical properties to better understand their behavior once the 

polyplexes are administered. The transfection efficiency of Ch based polyplexes is relatively low. 

Therefore, it is essential to understand all the transfection process, including the cellular uptake, 

endosomal escape and nuclear import, together with the parameters involved in the process to 

improve the design and development of the non-viral vectors. The aim of this review is to describe 

the formation and characterization of LMWC based polyplexes, the in vitro transfection process and 

finally, the in vivo applications of LMWC based polyplexes for gene therapy purposes. 

 

 

Key words 

Low molecular weight chitosan (LMWC), pDNA, polyplexes, non-viral vector, gene delivery, transfection 

efficiency  
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1. Introduction 

The success of gene therapy relies on 

ensuring that the therapeutic gene enters 

into the target cell and transcribes without 

being biodegraded. Thus, a delivery 

vehicle, referred to as vector, is required 

to carry the therapeutic gene into the target 

cell, protecting it from nucleases 

degradation and facilitating its entry across 

the cellular membrane. Nowadays, gene 

therapy is still dominated by viral vectors, 

which present higher transfection 

efficiencies compared to non-viral gene 

delivery systems. However, safety issues 

such as immunogenicity and mutagenicity 

hinder the clinical applications of the viral 

gene delivery systems [1,2]. At this point, 

non-viral vectors are emerging as a safer 

alternative to viral vectors for the delivery of 

nucleic acids, since they are non-pathogenic 

and non-immunogenic [3,4]. Non-viral 

vectors can be classified into two main 

groups: (a) lipoplexes, based on cationic 

lipids; (b) polyplexes, which are 

elaborated with cationic polymers. 

Although cationic lipids are the most 

studied vectors at the moment, natural 

cationic polymers have shown promising 

results and they are being studied as a 

less toxic alternative to lipid based non-

viral systems [5]. Among natural polymers, 

chitosan (Ch) is one of the most studied 

polysaccharides [6–10] as it is 

biocompatible, biodegradable and non-

toxic [11]. Chitin is a nitrogenous 

polysaccharide derived from the 

exoskeleton of crustacean, insects and 

fungi. It is the second most ubiquitous 

natural polymer after cellulose on earth and 

tones of chitin are produced as food 

industry waste each year [12], making it 

an economical and renewable material. 

However, the use of chitin for biomedical 

uses is hampered as it is considered 

chemically inert and insoluble in water and 

organic solvents. Deacetylation of chitin 

leads to its main derivative, Ch, a natural 

linear cationic polysaccharide that consists 

of β-D-glucosamine and β-N-acetyl-D-

glucosamine subunits connected by a (1–

4) glycosidic bond. The amine groups of 

the Ch have a pKa value of 6.5 [13–15], 

making it a pH responsive polymer, which is 

protonated at pH values below physiological 
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pH. Thanks to the positively charged amine 

groups, it is possible to form polyplexes by 

electrostatic interactions with the 

negatively charged phosphate groups of 

DNA. The size of the Ch chain length 

and thus, the molecular weight (Mw) can 

be modified by a depolymerization process, 

which consists of the cleavage of glycosidic 

linkage between saccharide units [16]. 

Figure 1 shows a schematic 

representation of Ch manufacturing 

process.  

Numerous factors affect the stability 

and transfection efficiency of Ch based 

vectors, being the most relevant ones the 

molecular weight (Mw) and the degree of 

deacetylation (DDA) of the polymer [17]. 

The Mw of the polymer is an important 

factor because it influences the particle size 

of the polyplexes, the binding affinity 

between the polymer and the nucleic acid, 

the cellular uptake, the dissociation of the 

DNA and thus, the transfection efficiency. 

For a successful non-viral gene therapy an 

optimized balance between the DNA 

protection and intracellular DNA unpacking 

is required [18]. Polyplexes elaborated with  

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of low 

molecular weight chitosan (LMWC) 

manufacturing process. 

high molecular weight chitosans (HMWC) 

(>150 KDa) [10] show better DNA binding, 

which is beneficial for the protection of 

DNA. However, the release of the DNA 

cargo once inside the cell is restricted due to 

the high stability of the polyplexes. 

Polyplexes based on low molecular weight 

chitosans (LMWC) (<150 KDa) are less 

stable and thus, the protection of the DNA 

seems to be less effective than the protection 
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obtained with HMWC based polyplexes 

[19]. However, it is reported in the literature 

the ability of LMWC to form 

plasmid/LMWC complex as effectively as 

HMWC [20,21]. In addition, Kopping-

Hoggard and colleagues reported the 

capacity of chitosan oligomers with a degree 

of polymerization (DP) 15 to 24 to retain 

pDNA, protect it against DNase degradation 

and efficiently release and deliver the intact 

transgene [22].  

DDA is the second physicochemical 

parameter of Ch that influences the 

transfection efficiency of the vectors. The 

DDA refers to the percentage of deacetylated 

primary amine groups in the Ch molecule 

backbone, and thus it determines the average 

amount of amines available to interact with 

nucleic acids, and thus, the positive charge of 

the polymer. High DDA (>90%) results in an 

increased positive charge, enabling the 

formation of stable polyplexes with a great 

binding capacity between the polymer and 

the DNA. Decreased DDA has been shown 

to reduce the strength of the electrostatic 

interactions and cause an easier release and 

degradation of the DNA [19]. Kiang et al. 

reported decreased overall in vitro gene 

expression levels with low DDA Ch due to 

the instability of the particles [23]. 

Consequently, taking both the Mw and the 

DDA into account, binding affinities 

between Ch and DNA should be modulated 

by using Ch with the appropriate Mw and 

DDA values, in order to obtain a balance 

between DNA protection and unpacking. In 

fact, there seems to be an optimal DDA 

value for each particular Mw chitosan, which 

indicates the coupling effect between the two 

parameters being the binding constant 

between Ch and DNA significantly 

influenced by Mw and DDA [24]. LMWC, 

particularly, presents more interesting 

characteristics for its clinical use, such as 

higher solubility at physiological pH [20]. In 

addition, LMWC have antimicrobial, 

inmunostimulant, antioxidant, and cancer 

growth inhibitory effects [25]. Therefore, 

this review will describe the formation, 

characterization, in vitro and in vivo 

transfection process and the future prospects 

of LMWC based polyplexes as promising 

non-viral vectors for gene therapy purposes. 

2. Formation and Characterization of 
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LMWC-pDNA Polyplexes 

2.1. LMWC-pDNA Polyplexes Formation 

Process 

The basic method for the formation of 

LMWC-pDNA polyplexes is the direct 

mixing of the positively charged Ch and 

negatively charged DNA, via a process 

mainly driven by electrostatic interactions. It 

has been reported that the mixing technique 

of Ch and pDNA and the incubation 

conditions influence the final gene 

expression; therefore, several groups have 

worked in the optimization of this process. 

According to Lavertu and colleagues the best 

mixing technique was found to be adding Ch 

over pDNA, pippeting up and down and 

tapping the tube gently [26]. Other authors, 

however, have reported that for the correct 

formation of LMWC-pDNA polyplexes a 

more vigorous vortex agitation is preferred 

[27–30]. The incubation time required for 

the correct formation of the polyplexes is 

another factor to consider. LMWC-pDNA 

polyplexes tend to aggregate after several 

hours of incubation due to the physical 

instability of aqueous suspensions over time 

[31,32]. Therefore, an incubation time 

between 15 and 30 min has been chosen by 

several authors as the optimal for the correct 

formation of the polyplexes avoiding the 

formation of aggregates [27,30,33,34]. 

Nevertheless, according to Lavertu et al. 

there were no observed differences in the 

gene expression with incubation times in the 

range of 30 and 120 min [26]. 

Much attention is paid to the mixing 

stoichiometry in the elaboration process of 

Ch based polyplexes. The N/P ratio is used 

to define the ratio between the protonable 

amines in the Ch backbone (N) and the 

negatively charged phosphate groups in 

nucleic acid. In order to ensure high 

transfection efficiencies, polyplexes 

elaborated at different N/P ratios are tested 

by the researchers. Generally, Ch-pDNA 

complexes are prepared using an excess of 

Ch vs. pDNA (N/P ratios above one). The 

influence of the N/P ratio on the 

physicochemical characteristics and 

transfection efficiency of the LMWC-pDNA 

polyplexes is described below (Section 3.5). 

Based on the literature, the pH of the 

solution is a very important mixing 

parameter that affects Ch ionization and 
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therefore physico-chemical properties (size, 

mass, density, morphology) [35] of the 

formed polyplexes. Apart from the pH, other 

parameters such as the ionic strength and the 

mixing regime seem to be also important in 

the formation of the polyplex. The mixing 

concentration of nucleic acid has also a clear 

influence on the resulting polyplexes 

properties: size of polyplexes increase with 

the increment of the nucleic acid 

concentration. However, the two main 

structural parameters that affect the final 

properties of the formed polyplexes are the 

MW and the DDA of the Ch, as it has been 

explained in the introduction section, being 

highly deacetylation LMWC the most 

suitable for gene therapy purposes [22,36]. 

Therefore, a more detailed study of their 

mechanisms of formation is needed to 

circumvent this situation, which will resolve 

several contradictory results reported in the 

literature regarding the influence of 

formulation parameters on the resulting 

polyplexes properties [10]. There are also a 

significant number of works that present an 

incomplete description of the polyplex 

preparation method, which limits the 

comparison with other studies. 

In addition, Ch polyplexes, and non-

viral gene delivery systems in general, are 

usually prepared by the manual mixing of 

small volumes of Ch and pDNA solution. 

Moreover, the mixing procedure is 

performed in diluted conditions in order 

to ensure a stable and homogeneous 

colloidal suspension. Thus, the clinical 

applicability of non-viral vectors is 

hampered, since the administrable volumes 

limit the deliverable dose. An approach to 

overcome this limitation is explained 

below (Section 5). Taking all this 

considerations into account, polyplexes 

elaboration must be carried out 

considering all the factors that can 

influence the final characteristics of the 

resulting polyplexes, in order to 

development the desired vector for gene 

delivery. 

2.2 Physico-Chemical Characterization of 

LMWC-pDNA Polyplexes 

LMWC-pDNA carriers are 

characterized by size, zeta potential, 

morphology, binding-affinity, buffering 
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capacity and colloidal stability. These 

physicochemical characteristics are used to, 

somehow, predict the transfection 

efficiency of the polyplexes. The methods 

used for physicochemical characterization 

and the role of these physicochemical 

characteristics in the transfection process of 

LMWC-pDNA polyplexes is described 

below. In addition, the most commonly 

employed characterization techniques are 

summarized in Table 1  

2.2.1. Size 

Typically, the size of Ch based 

polyplexes is measured by dynamic light 

scattering (DLS). It is described in the 

literature that Ch-pDNA polyplex size 

can range from a few ten nm [18] to a 

few hundred nm [30] depending on several 

factors such as the mixing concentration, 

the N/P ratio, the pH of the medium and 

properties of the chosen Ch and pDNA. 

Electron microscopy has also been 

employed to measure particle size, but 

smaller results in particle size are obtained 

compared to DLS. Some authors have 

attributed this increment in particle size 

by DLS characterization due to the fact 

that, particles are fully hydrated when 

characterized by DLS [37] or that they are 

not spherical [38]. 

The concentration of the mixing 

solutions of Ch and pDNA has a clear 

influence on the particle size. It is 

described in the literature an increase of 

polyplexes size with increasing the 

concentration of the nucleic acid solution 

[17,39]. According to the influence of 

the Mw on the polyplexes size, 

contradictory results are described in the 

literature. Koping-Hoggard et al. 

observed a size increase from 68 to 174 

nm when chitosan Mw increased from 2 to 

7 kDa for polyplexes prepared at N/P ratio 

of 60 [22]. Our research group has 

recently described that particle size of 

HMWC is around 4-hold higher than the 

size of polyplexes based on LMWC (5.3 

kDa; 7kDa), prepared at N/P of 20 [30]. 

However, other authors have reported a 

decrease in size of polyplexes with 

increased Ch Mw [19]. These differences 

in the results could be explained in part 

due to the fact that different methods have 

been employed for the preparation of the 
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Table 1: Characterization methods of low molecular weight chitosan (LMWC)/pDNA 

polyplexes 

 

 

 

 

 

 

 

 

 

 

 

polyplexes. In relation to the N/P ratio, it 

is no clear how it affects the particle size 

of Ch based polyplexes. Some authors 

have reported that, as the N/P ratio 

increases, so do the ability of the Ch to 

complex and compact the pDNA, and thus 

a decreased size is observed. Nevertheless, 

our research group has not found a 

significant influence of the N/P ratio on the 

size of polyplexes elaborated with 

oligochitosans, probably because both 

aforementioned effects equilibrate the 

final particle size (Figure 2) [29,30,33]. The 

particle size of the polyplexes will 

determine the ability of the vectors to reach 

various organs. For example, particles 

smaller than 100 nm are required to cross 

liver fenestrae and target hepatocytes, 

while particles with 200 nm will be 

trapped in the lung capillaries [40]. For  

 

Characterization technique Parameter 

Acid-base tritation Buffering capacity 

Agarose gel electrophoresis Binding affinity 

Release capacity 

Protection against endonuclease 

Stability 

Asymmetrical flow field-flow fractionation 

(AF4) coupled with light scattering 

Size 

Stoichiometry 

Atomic force microscopy Size  

Morphology 

Electronic microscopy Size 

Morphology 

Dynamic light scattering Size 

Colloidal stability 

Electron microscopy Size  

Morphology 

EtBr displacement assay Stability 

Isothermal titration calorimetry 

 

Binding affinity 

Stability 

Nanoparticle tracking analysis Size 

Mw 

Concentration 

Orange II dye depletion assay (AF4 results 

confirmation) 

Stoichiometry 

Polyanion competition assay Stability 

Potentiometric titration Buffering capacity 

Static light scattering Mw 
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Figure 2. Effect of N/P ratio on the size of 

oligochitosan/pDNA polyplexes suspended in 

HEPES medium 10 mM, pH 7.1. Reproduced 

from [33] with permission from Elsevier.  

this reason, polyplexes with the 

appropriate sizes must be elaborated in 

order to deliver the genetic material to 

the desired target organ.  

2.2.2 Zeta Potential  

The zeta potential of the nanometric 

polyplexes is measured by laser doppler 

velocimetry (LDV) and it indicates the 

value of the polyplexes surface charge. This 

parameter determines the colloidal stability 

of the polyplexes aquous suspension and 

it plays a crucial role in the viability, 

cellular uptake and transfection efficiency 

of LMWC-pDNA polyplexes, as it is widely 

reported in the literature [30,41]. 

Several factors influence the zeta 

potential of LMWC based polyplexes and 

therefore, they should be modulated in 

order to obtain the desired surface charge. 

Since the pKa of Ch is about 6.5, the pH 

strongly influences the zeta potential of 

Ch based polyplexes. As reported in the 

bibliography, an increment of the surface 

charge is observed when the pH of the 

medium is decreased from 7.4 to 6.5. 

Recently, our research group has 

described an increase of around 6 mV 

in the zeta potential of ultrapure LMWC 

[30,41]. Considering the zeta potential 

has an important influence on the cellular 

uptake of the vectors, as it is explained 

below, much attention must be paid to the 

elaboration of the polyplexes in order to 

get the appropriate surface charge.  

2.2.3 Morphology  

Scanning electron microscopy 

(SEM), transmission electron microscopy 

(TEM) and atomic force microscopy 

(AFM) have been extensively used to 

determine the morphology of LMWC 

based polyplexes. According to the 

bibliography, Ch-pDNA polyplexes can 

adopt different structures, depending 
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mainly on the fractional content of 

acetylated units and the degree of 

polymerization [42]. Some authors have 

reported the spherical shape of the 

complexes [33,43] while toroids, rodlike 

and globular particles have also been 

developed [38,39]. Danielsen et al. 

reported that the interactions are important 

for determining the shape of the polyplexes. 

Moreover, they revealed that Ch with high 

and low DP yielded the same structure, but 

higher amounts of the low DP Ch were 

needed for this purpose [42]. Figure 3 

shows the different morphological shapes 

that LMWC based polyplexes can adopt. 

2.2.4 Binding Affinity  

The binding affinity between LMWC 

and pDNA determines the ability of the 

polymer to complex, release and protect 

the nucleic acid from degradation, and 

consequently the transfection efficiency of 

the corresponding polyplex. 

Several techniques have been 

employed in order to establish the 

binding affinity of LMWC for DNA. 

One of the most commonly used 

 

 

 

 

Figure 3. Spherical, toroidal and rod shapes 

of polyplexes base on fractionated chitosan 

oligomers. The polyplexes were formed at a 

concentration 13.3 µg/mL and a charge ratio of 

60:1 and examined in the atomic force 

microscope. The horizontal bars indicate 100 

nm (spheres and toroids) and 200 nm (rods). The 

vertical bar gives the height of the polyplexes. 

Reproduced from [22] with permission from 

Nature. 

methods to qualitatively analyze this 

parameter is the gel retardation assay. 

This type of electrophoresis-based assay 

has been used to monitor the pDNA 

dissociation from polyplexes formed at 

different N/P ratios (Figure 4). As reported 

in the bibliography, LMWC-pDNA 

polyplexes with low DDA elaborated at 

low N/P ratio are less stable, and thus 

they dissociate the pDNA more easily 

[18,22]. However, the ability of LMWC 

to complex, release and protect the DNA 

has been established by several authors 

[29,34]. Ethidium bromide (EtBr)  
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Figure 4. Binding efficiency between 

oligochitosans and DNA at differnet N/P ratios, 

and protection capacity from DNase I 

enzymatic digestion visualized by agarose 

gel electrophoresis. OC: open circular form, 

SC: supercoloid form. Lanes 1–3 correspond 

to free DNA; lanes 4–6, N/P 5; lanes 7–9, N/P 

10; lanes 10–12, N/P 20; lanes 13–15, N/P 30. 

Polyplexes were treated with sodium dodecyl 

sulfate (SDS) (lanes 2, 5, 8, 11 and 14) and 

DNase I (lanes 3, 6, 9 and 15). Reproduced from 

[29] with permission from Elsevier. 

displacement is another method that 

indirectly measures the binding affinity 

between LMWC and DNA. EtBr 

intercalates between the base pairs of the 

DNA double helix yielding a highly 

fluorescent DNA. Upon the addition of the 

polycation, EtBr is expelled from the DNA, 

which results in a decrease of 

fluorescence. The displacement degree of 

EtBr provides information about the 

relative strength of the interaction 

between the polycation and the pDNA [27]. 

Another technique employed to quantify the 

binding affinity of Ch to pDNA is the 

isothermal titration calorimetry (ITC) 

combined with the single set of identical 

sites model (SSIS). This technique allows 

the quantification of the binding constants 

of Ch to DNA, which is influenced by the 

pH, the ionic strength and structural 

properties of Ch [24].  

2.2.5 Buffering Capacity  

It has been reported that the 

mechanism by which polyplexes escape 

from the endosome, once inside the cell, 

is the commonly referred proton sponge 

effect, which is determined by the 

buffering capacity of the Ch. This 

mechanism is based on the acidification of 

the endosome or lysosome by the pumping 

of protons accompanied by the influx of 

chloride ions that compensates the proton 

influx into the vesicle. This ion influx 

causes an increase in the osmotic 

pressure inside the vesicle and thus a 

swelling process ruptures the 

endosome/lysosome, allowing the escape 

of the polyplexes before being degradated 

(Figure5). .
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Figure 5. Schematic representation of the proton sponge effect that takes place after the cellular 

uptake of the polyplexex through an endosomal pathway. 

The buffering capacity of Ch has 

been determined by acid-base titration 

assay [30,44]. Some authors have 

concluded that it is unlikely that Ch escape 

the endosome by proton sponge effect due 

to its low buffering capacity compared to 

other cationic polymers with high 

buffering capacity, such as 

polyethilenimine (PEI). However, 

Bushcmann et al. have recently reported 

that comparing Ch and PEI in a molar 

charge basis, instead of in a mass 

concentrations basis, the natural polymer 

has a larger buffering capacity than PEI 

in the endosomal/lysosomal relevant pH 

ranges [45]. Interestingly, our research 

group has established a Mw dependent 

buffering capacity, being significantly 

higher for oligochitosans compared to 

HMWC, which could explain in part the 

flattering properties of LMWC for the 

transfection purposes when compared to 

their HMWC counterparts [30]. 

2.2.6. Colloidal Stability in Physiological 

Conditions 

One of the main drawbacks related to 

LMWC-pDNA polyplexes is their poor 

colloidal stability in physiological 

conditions [46]. Thus, the presence of 

polyanions such as blood proteins, 

heparin or glycosaminoglycans (GAG) in 

the body may cause the dissociation of 

the polyplex and the early release of the 

pDNA before it reaches the desired target 

tissue [47,48]. For this reason, researchers 

have focused their attention in the 
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development of more stable vectors, as it is 

the case of modified Ch (mCh) based 

polyplexes (mCh-pDNA). 

For the characterization of the 

colloidal stability, the hydrodynamic size is 

measured along the time, in different 

mediums that mimic physiological 

conditions. It has been reported that the 

size of LMWC-pDNA polyplexes 

increased from 100 nm to more than 1 

micron after 1 h of incubation in 

phosphate buffered saline (PBS) [46]. In 

addition, bovine serum albumin (BSA)-

induced aggregation of polyplexes has 

been assessed by measuring changes in the 

turbidity of the solution after their 

incubation with BSA. A significant 

increase in turbidity was observed after the 

incubation of Ch-DNA polyplexes with 2 

mg/mL BSA. However, lactosylated-Ch 

based complexes were stable even after the 

incubation for 24 h [49]. 

The limited colloidal stability of 

LMWC based polyplexes may influence 

their behavior in vivo, especially after 

systemic administration. In order to 

improve the stability and increase the 

circulation lifetime of the polyplexes, 

PEGylation [50], quaternization [51] and 

glycolyzation [52] of the polymer have 

been proposed. 

3. In Vitro Evaluation of LMWC-pDNA 

Polyplexes Transfection Process 

Transfection efficiency refers to the 

ability of a pDNA carrier, LMWC based 

polyplexes in this case, to induce 

transgene expression. Most researchers 

have focused their attention in the 

determination of the final gene 

expression, employing traceable reporter 

genes such as genes that express Green 

fluorescente protein (GFP), luciferase and 

galactosidase. One of the most commonly 

employed techniques to evaluate the 

transfection efficiency of the non-viral 

vectors is flow cytometry. This technique 

allows the quantitative assessment of the 

percentage of cells expressing a fluorescent 

transgene, such as GFP 

Moreover, the quantification of 

luciferase activity by luminometry 

provides the level of gene expression. 

Qualitative techniques based on 
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microscopy are also valuable to determine 

the expression of the codified reporter 

protein. 

The transfection process is a complex 

multi-step process influenced by several 

parameters (Figure 6). Previous to the 

protein synthesis, there are several barriers 

that the non-viral vectors must overcome: 

binding to the cell membrane and uptake, 

endolysosomal escape and polyplex 

unpacking and finally, the import of 

pDNA into the nucleus. Apart from the 

determination of the final gene 

expression, considerable attention must be 

paid to these intracellular barriers to 

understand the possible limitations of 

LMWC based polyplexes in order to 

improve the design of these promising 

polymers for gene therapy applications. 

3.1 Cellular Binding and Uptake 

Once in the proximity of the target 

cells, the polyplexes are bound to the cell 

surface. Unless the polyplexes are 

modified with a specific targeting ligand, 

the binding of polyplexes to the cell 

membrane occurs by unspecific 

electrostatic interactions between the 

positive charge of the polyplexes and the 

negative charge of the cell surface [53]. 

The microenvironment around the target 

cells has to be considered, since it has 

been described that acidic environments 

favor the cellular binding and uptake of 

LMWC-pDNA polyplexes due to an 

increase in the zeta potential value of the 

polyplexes at low pH values as a 

consequence of the protonated amines 

[30,41,54]. 

Polyplexes enter the cell mainly via 

endocytosis. Five types of endocytic 

pathways have been reported: 

phagocytosis, macropinocytosis, clathrin-

mediated endocytosis (CME), caveolae-

mediated endocytosis (CvME) and 

clathrin- and caveolin- independent 

endocytosis (Figure 7) [55]. The usage of 

phagocytosis and macropinocytosis seems 

very limited, as it only exists in 

specialized cells such as macrophages 

monocytes, dendritic cells or antigen 

presenting cells. Thus, CME and CvME 

are the best-characterized types of 

endocytosis in non-viral gene therapy field 
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Figure 6. Schematic representation of the transfection process and the parameters/factors involved in 

each step. 

although CvME pathway is less well 

understood [56]. It is described that 

LMWC based polyplexes could enter the 

cell via these two endocytic pathways; 

however, there is a lack of consensus in 

the scientific area [53,57]. The diversity 

that exists in the published results may be 

attributed to the fact that many factors 
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determine the uptake pathway of Ch-

pDNA polyplexes. Depending on the 

particle size, endocytosis will occur by 

one endocytic route or another. It is 

described that small particles (around 60 

nm) are internalized through CvME, 

whereas intermediate (120 nm) and larger 

(around 200 nm) particles are taken up by 

CME or macropinocytosis (>1 µm) [58].

 

 

Figure 7. Schematic representation of different endocytic pathways involved in gene delivery. 

The surface charge also affects the 

cellular uptake level of the polyplexes. 

Positively charged polyplexes will interact 

efficiently will the cell membrane and favor 

the internalization [54]. Finally, the 

endocytic pathway is cell type dependent 

Depending on the variations on the 

membrane phenotype and the types of 

receptor, each cell line will take up the 

complexes via different endocytic routes. 

According to Douglas et al. Ch polyplexes 

(around 150 nm) are internalized via CME 

and CvME in 293T cells, but only via 

CvME in Chinese hamster ovary (CHO) 

cells [59]. Although internalization of the 

polyplexes is the first cellular barrier, it 
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has been shown not to be the unique key 

step in the transfection process. Several 

authors have reported no correlation 

between polyplex uptake and 

transfection efficiency [18,30,53] 

indicating that internalized polyplexes 

must overcome other important barriers 

previous to gene expression. 

3.2 Endolysosomal Escape and Polyplex 

Dissociation 

The endocytic pathway whereby the 

polyplexes are internalized will determine 

the intracellular route of the corresponding 

non-viral vector and therefore the 

transfection efficiency. Regardless of the 

mechanism of internalization, polyplexes 

must escape from the endosome before 

being degraded in the lysosome. 

Polyplexes that enter the cell via CME 

are confined within endosomes that will 

suffer a maturation process involving the 

compartment acidification resulting in late 

endosomes and finally, lysosomes [56]. 

The release of the pDNA cargo from these 

vesicles seems to be the bottleneck in the 

transfection process [57], since the acidic 

environment inside lysosome may lead to 

the degradation of the pDNA if it does not 

escape from the endosome on time. 

However, routing through endolysosomal 

pathway might be essential for endosomal 

escape of Ch based vectors. It has been 

described that the endolysosomal escape 

of LMWC based polyplexes occurs by the 

“proton sponge” mechanism (described in 

Section 2.2.5), which is only possible 

when the vectors are internalized through 

acidic vesicles, as it is the case of CME. 

Another way for endosomal escape of Ch 

based vectors is membrane destabilization. 

Acidic environment of the endolysosome 

increases the charge of the polyplex 

causing anionic phospholipids in the 

endosomal membrane to flip from the 

cytoplasmatic face to the intra-endosomal 

face. This provokes a membrane 

disorganization allowing the escape of 

the polyplexes [60]. Non-endosomal 

pathways, such as CvME, deprive the 

opportunity for pH-responsive polymers, 

like Ch, to promote membrane 

destabilization [61] or endosomolysis by 

proton sponge effect. Thus, the 

polyplexes are entrapped inside the 
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vesicle, preventing the release of the 

pDNA and leading to its degradation [62]. 

DNA unpacking is an important rate-

limiting step in the transfection process of 

Ch based polyplexes. Thibault et al. 

revealed that the kinetics of polyplex 

dissociation is the most critical 

formulation-dependent intracellular 

process, indicating the relationship 

between Ch physicochemical 

characteristics (Mw and DDA) and 

transfection efficiency [53]. A high affinity 

between Ch and pDNA may be a limiting 

step in the successful dissociation of the 

plasmid from the carrier. At this point, 

LMWC offer an advantage over HMWC, 

since the polyplexes formed with the 

lower Mw polymers tend to form less 

stable polyplex leading to an easier 

unpacking of the DNA. 

3.3. Tools for the Study of  Uptake 

Pathways 

The study of the uptake mechanisms 

i s  a mandatory issue for the design of 

an adequate non-viral vector, as it will 

determine their intracellular fate and thus, 

they final gene expression level. 

Nowadays, several tools are available for 

the study of the uptake pathways of a 

determinate pDNA carrier. 

The use of endocytosis inhibitors is 

an effective way to determine if a specific 

endocytic pathway plays an important 

role in the uptake of the polyplex to be 

examined. Firstly, endocytosis must be 

distinguished from non-endocytic 

pathways. The most direct way to 

determine if the complexes are being 

endocyted is to use the energy depletion 

method (lowering the incubation 

temperature of the cells to 4 °C), since 

most endocytic pathways are energy 

dependent [57,63]. To distinguish the 

phagocytic and macropinocytic pathways 

from CME and CvME, the most commonly 

used inhibitors are amiloride (inhibitors of 

sodium-proton spongue) and wortmannin 

(inhibitor of phosphoinositide). CME could 

be inhibited by using hypertonic medium, 

cytosol acidification or chlorpromazine 

drug. According to CvME, genestein, 

nystatin and filipin are the most commonly 

used specific inhibitors [57,63,64]. 
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Inhibitors for the study of intracellular 

fates of complexes are also available. 

Monensin, bafilomycin A prevent the 

maturation and fusion of endosomes into 

lysosomes by inhibiting the acidification of 

the endosome. Moreover, cloroquine can 

be used to swell and disrupt endocytic 

vesicle by osmotic effects [65].  

 

 

 

 

 

 

 

 

 

Figure 8. Caveolin-1 and clathrin immunofluorescence in HCE and IOBA-NHC cells after incubation 

with hyaluronic acid-chitosan oligomer-based nanoparticles (HA-CSO NP). Merged images 

showed co-localization of HA-CSO NP with caveolin (staining at arrowheads). Reproduced from 

[64]. This is an open-access article distributed under the terms of the Creative Commons 

Attribution License, which permits unrestricted use, distribution, and reproduction in any medium. 

Molecular probes, markers and dyes 

can also be used to corroborate the 

information obtained with the cellular 

uptake pathways inhibitors. Transferrin is 

commonly used as a probe of CME and so 

is cholera toxin beta subunit for CvME. 

These can be combined with fluorophores 

in order to visualize them under a 

fluorescent microscope. The colocalization 

of these probes with the fluorescently 

labelled polyplexes can provide 

information about the internalization route 

of the corresponding vector (Figure 8). 

Organelle specific dyes such as 
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Lysotracker and Lyso Sensor (lysosomal 

dyes) and Cell light (dyes for early 

endosomes) are other ideal tools for the 

detection and colocalization of the 

intracellular trafficking of the non-viral 

vectors.  

3.4 Nuclear Import  

The last barrier before gene 

expression is the internalization of the 

pDNA across the nuclear membrane. 

The nuclear membrane is composed of 

a double lipid bilayer with tightly 

regulated aqueous channels forming the 

nuclear pore complex (NPC). The NPC 

has 10 nm of diameter in its relaxed 

state, which allows the passive diffusion 

of small molecules. However, active 

transport of larger molecules is possible 

thanks to the recognition of nuclear 

localization signals (NLS). Particle size 

of LMWC based polyplexes is generally 

>100 nm, therefore, it is unlikely that 

they diffuse through the nuclear 

membrane. Therefore, the incorporation of 

NLS to the polyplex formulation is a 

strategy that can be followed in order to 

enhance the internalization of the pDNA to 

the nucleus. 

However, nuclear delivery can still 

take place during the cell division process. 

It is well described that the transfection 

efficiency correlates with cell division and 

cell growth [66]. Thus, the transfection 

efficiency in proliferating cells is 

supposed to be higher than in cells that 

do not undergo mitosis regularly. At this 

point, the nuclear import is a poorly 

characterized step in the transfection 

process, which should be further 

investigated in order to better understand 

the exact mechanisms whereby LMWC-

pDNA polyplexes are internalized. 

3.5 Factors Involved in the Transfection 

Efficiency of LMWC based Polyplexes 

Transfection efficiency of highly 

deacetylated LMWC based vectors is 

influenced by several formulation 

parameters such as, serum content, pH of 

the transfection medium, N/P ratio, pDNA 

concentration, and also by the employed 

cell type. These parameters will define the 

physico-chemical characteristics of the 

polyplexes (described in Section 3.3) and 
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thus, the transfection efficiency. 

There is no consensus in the scientific 

community regarding the influence of 

serum in the transfection efficiency of 

LMWC based polyplex. According to 

some authors, the presence of serum 

enhances the transfection efficiency of Ch 

based polyplexes [41,67,68]. The reason 

for the increment of transfection in the 

presence of serum is not clear. Some 

authors argue that serum content might 

improve the cell function including cell 

division and endocytosis. Nimesh et al. 

found an increment in the cellular uptake 

when cells where expose to polyplexes 

with serum content, probably because the 

Ch forms small hydrodynamic diameter 

complexes with the negatively charged 

serum proteins which can be efficiently 

uptaken [41]. Although several studies 

have demonstrated the advantage of 

chitosan based vectors for transfecting cells 

in serum containing medium, there are still 

some authors that preferred to use serum 

free Opti-MEM transfection medium, 

making clear the controversy that exists 

about the influence of the serum content on 

the transfection process [28,29]. 

Another important parameter to 

consider is the pH of the transfection 

medium. Ch is a pH responsive polymer, 

which means that its charge density 

depends on the pH value of the solutions. It 

is well described in the scientific literature 

that medium acidification enhanced the 

cellular uptake and the transfection 

efficiency of LMWC based polyplexes 

[30,41]. Our research group has recently 

reported that medium acidification from 

7.4 to 6.5 increases the zeta potential and 

decreases the size of ultrapure 

oligochitosan bases polyplexes. Positively 

charged complexes can efficiently bind to 

negatively charged cell membranes 

facilitating the cellular uptake and 

improving the transfection efficiency. 

These results suggest the possible 

application of this kind of vectors in cells 

with an acidic environment, such as tumor 

cells. The N/P ratio used to elaborate the 

polyplex also influences the transfection 

efficiency. The polyplexes must be stable 

enough to retain the pDNA, but they must 

be able to release the cargo once inside the 
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cell. The required N/P ratio to obtain this 

balance between DNA packing and release 

will depend on the Mw and DDA of the 

used Ch. Lavertu et al. reported that 

LMWC would require a higher N/P ratio to 

completely condense DNA [69]. 

4. Chemical Modifications of Ch to 

Overcome Transfection Barriers 

In order to ensure an efficient 

transfection process, the elaborated non-

viral vectors must overcome all the 

biological barriers described above: 

cellular binding and uptake, endolysosomal 

escape and nuclear import. Apart from the 

biological difficulties, the enhancement of 

the complexes colloidal stability is a key 

issue for high transfection efficiencies. 

With the aim of addressing the 

obstacles previously mentioned, LMWCs 

could be modified by several ways. Among 

the modification reactions, chemical 

grafting of molecules or polymers on the 

C2 amine and the C6 hydroxyl are the most 

usual. Although the C6 hydroxyl is reactive 

and easy to be functionalized, 

modifications on the C2 amine are 

normally employed in a large number of 

research works. 

The principal drawback in the use of 

chitosan's amine functional groups for 

modification is that this chemical reaction 

may generate steric hindrance and decrease 

the number of ionisable amines that bind to 

pDNAs. Thus, the nonbonding pair of 

electrons on the primary amine of the 

chitosan is nonetheless a good candidate 

for nucleophilic attack and it allows several 

reactions. Thus, quaternization, amidation 

and reductive N-alkylation are the main 

chemical reactions used to overcome the 

barriers in the transfection process. 

Quaternization of chitosan has been 

performed to improve solubility at 

physiological pH. For this purpose two 

methods of quaternization have been 

performed: N-trialkylation usually with 

CH3I [51,70]. Another technique based on 

glycidyltrimethylammonium chloride 

reaction is also used for Ch quaternization 

[71]. 

Amidation is another widely 

employed technique to graft molecules and 
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polymers to the amine group of chitosan. It 

can be achieved using carboxylic 

compounds with carbodiimides such as 

EDC (1- ethyl- (3- dimethylaminopropyl) 

carbodiimide hydrochloride) or DCC 

(dicyclohexyl carbodiimide) coupled with 

NHS (N-hydroxysulfosuccinimide) to 

accelerate the reaction [72]. Amidation of 

chitosan could overcome several 

drawbacks related to the transfection 

process, depending on the chosen 

molecule. In this respect, the grafting of 

molecules such as urocanic acid, 

imidazole-4-acetic acid and histidine [73–

75] could improve the endosomal escape of 

Ch based vectors. Moreover, grafting Ch 

with arginine has been proven to increase 

cell uptake and PEG-succinimidyl ester or 

Folate–PEG–COOH molecules could 

enhance pharmacokinetics [76] 

Finally, the reductive N-alkylation 

method serves to graft an aldehyde 

derivative on the amine of Ch. Grafted 

species include fluorescent probes as 9-

anthraldehyde [77], phosphorylcholine 

[78,79], oligosaccharides [18,46,52,80] and 

dextran like polymers [81]. Normally, 

reductive N-alkylation is directed to reduce 

cytotoxicity and increase transfection 

efficiency. In the case of dextran molecule, 

it is used with the aim of improving 

complexes stability. Succinoyl groups have 

also been grafted to Ch for gene delivery 

applications [82]. 

5. Freeze-Drying of Polyplexes  

The poor long-term stability of 

aqueous suspensions [31] of polyplexes is 

one of the major limitations for their wide 

scale clinical application. Aggregation of 

polyplexes over time provokes a loss of 

transfection, and thus a fresh preparation of 

the polyplexes prior to their administration 

is required. However, day-to-day 

preparation of the vectors leads to batch-to-

batch variations in the product quality, 

safety and transfection rates [83]. Thus, the 

development of stable and transfection 

competent polyplexes is an important step 

from a promising technological 

formulation to its clinical application. 

Freeze-drying or lyophilization is the 

most common method for preparing dry 

formulations, which ensures a long-term 
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conservation of the preformed complexes 

[32,84,85]. Freeze-drying process can be 

divided in three steps: freezing, primary 

drying (ice sublimation) and secondary 

drying (desorption of unfrozen water). 

These are stress factors that could cause 

damage either in the polymer or in the 

DNA. The final lyophilized product should 

preserve the original chemical and physical 

characteristics and be stable over time. In 

order to avoid the possible damages caused 

by the freezing or drying processes, 

cryo/lyo protective agents are generally 

added to the complexes. The most popular 

cryoprotectants reported in the literature 

are sugars such as, trehalose, sucrose, 

glucose and mannitol, which are also called 

stabilizers [86]. 

Compared to in vitro studies, clinical 

trials and in vitro experiments require 

higher doses of DNA, formulated in a 

volume suitable for each administration. It 

is well know that the mixing conditions of 

the polyplex components play an important 

role in the final characteristics of the non-

viral vector, and is very complicated to 

elaborate formulations at high 

concentrations with the conventional 

preparation methods of polyplexes. The 

use of polyplexes in vivo, and of course in 

clinical trials can be hampered if the dose 

needed to obtain a therapeutic effect is very 

high, due to the low concentration of the 

polyplexes suspension obtained from a 

diluted polymer and plasmid solutions. 

Thus, polyplex suspensions need to be 

concentrated. At this point, lyophilization 

could be considered as an advantageous 

method to concentrate vectors suspensions 

and thus obtain higher pDNA 

concentrations, as the final dried 

formulation can be reconstituted in reduced 

volumes of the desired diluent [87,88]. Up 

to now there are not many works related to 

the lyophilization of LMWC-pDNA 

polyplexes, thus, according to the positive 

results obtained with other complexes, the 

possibility of freeze-drying LMWC based 

vectors should be considered. 

6. In Vivo Applications of LMWC 

based Vectors for pDNA Delivery 

Once the polyplexes are elaborated, 

characterized and their transfection 

efficiency is proven in vitro, the next step 
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is to determine the efficiency and toxicity 

of the vectors in vivo. Due to its well-

characterized biocompatibility and 

biodegradability, LMWC has been widely 

used for in vivo gene therapy purposes 

(Table 2). In addition, Ch is a highly 

mucoadhesive polymer, which makes it an 

excellent candidate for ocular and lung 

delivery of nucleic acids [89,90]. 

6.1 Ocular Delivery 

The ocular system is a privilege organ 

for the localized delivery of non-viral 

vectors to specific ocular tissues, and it is 

affected by many well understood genetic-

based diseases. Several research groups 

have investigated the potential use of 

LMWC based vectors for the delivery of 

pDNA to different ocular tissues. 

Novafect O15 and O25 oligochitosans 

have been used to transfect corneal and 

retinal cells in vivo. Klausner et al. injected 

Ch-DNA nanoparticles, elaborated with 

various plasmids with different 

characteristics, to the corneal stroma. They 

found that these LMWC based polyplexes 

were able to transport pCpG-GFP plasmid 

to keratocytes in the cornea, and that the 

cells could efficiently express high levels 

of GFP [28,34]. Our research group has 

also used Novafect O15 and O25 for the 

delivery of pDNA to the retina. The study 

showed for the first time that polyplexes 

based on these LMWC at N/P ratio of 10 

are able to transfect different cells of the 

retina rats depending on the administration 

route. After subretinal injection of the 

polyplexes gene expression was observed 

mainly in the cells of the retinal-pigmented 

epithelium (RPE). Polyplexes were also 

administered by intravitreal injections, 

obtaining GFP expression in the ganglion 

cell layer and in the inner layers of the rats’ 

retina (Figure 9) [29,33]. Bioadhesive 

hyaluron-Ch nanoparticles loaded with a 

reporter plasmid encoding the enhanced 

green fluorescent protein (pEGFP) were 

topically administrated to the cul-de sac of 

rabbits. Positive transfection results were 

observed in the corneal epithelium for up 

to 7 days [91]. 

6.2 Lung Delivery 

Non-viral gene delivery to the lung 

holds therapeutic potential for the 
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treatment of diseases such as cystic fibrosis 

and lung cancer. The mucoahdesive 

properties of Ch offer advantages for the 

delivery of pDNA to this target tissue. One 

of the most non-invasive approaches to 

target the lung is via inhalation. 

Mohammadi et al. nebulized Ch-DNA 

nanoparticles attached to Fibronectin 

Attachment Protein of Mycobacterium 

bovis (FAP-B) for the delivery of pGL3-

control plasmid encoding lucifrase to mice 

lung. They reported high levels of 

luciferase gene expression in the dissected 

lungs after 48 h [92]. 

Intratracheal administration, a more 

invasive route, has also been used to target 

the lung. According to Kopping-Hoggard 

et al. LMWC based polyplexes showed a 

10–20 fold higher in vivo transfection 

efficiency compared to HMWC based 

vectors, after intratracheal administration. 

This occurs as a result of the weaker 

association of pDNA to Ch and the 

retained capacity of the polymer to protect 

the plasmid against DNase degradation, 

enabling an efficient release and delivery 

of the intact transgene [22]. Trisaccharide-

sustituted Ch oligomers have been also 

administered via the trachea, observing 

luciferase gene expression in the mouse 

lung 24 hours post administration [52]. 

6.3 Other Delivery Routes 

The nasal delivery has attracted 

researcher’s attention since it has been 

established that nasally administered DNA 

vaccines can induce effective humoral and 

cellular responses. In addition, it is a non-

painful administration route, which could 

increase patient compliance. Yang et al. 

investigated the effect of Ch Mw on in vivo 

delivery efficiency of the plasmid encoding 

the Human cholesteryl ester transfer 

protein (CETP). They found that nasal 

vaccination of LMWC/pDNA polyplexes 

elicited specific anti-CET IgG antibodies 

whose presence lasted for more than 21 

weeks [93]. More recently, mannosylated 

Ch nanoparticles have been administered 

by the nasal mucosa route to elicit serum 

anti-GFP IgG anitibodies and inhibit the 

growth of gastrin-releasing peptide (GRP) 

dependent tumor cells. The results 

confirmed that these Ch based carriers are 
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Figure 9. In vivo gene expression of GFP after administration of oligochitosan/DNA polyplexes at N/P 

ratio 10 to rats. (A) Schematic drawing of the subretinal and intravitreal injection. (B) Cross-section 

of a treated retina close to the place of the subretinal injection. Enhanced green fluorescent protein 

(EGFP) expression with Hoechst 33342 staining for cell nuclei. Scae bar = 50 µm. (C) 

Hematoxylin-eosin rat retina cross-section, showing the different layers of the retina. RPE (Retinal 

Pigment Epithelium layer), ONL (Outer nuclear layer), OPL (Outer plexiform layer), INL (Inner 

nuclear layer), GCL (Ganglion cell layer) and fluorescent microscopy image of a 5-µm treated retina 

cross-section. Scale bar = 50 µm. (D) Whole-mount views of several sections of the retina focused at 

the RPE layer. Scale bar = 100 µm. Reproduce from [33] with permission from Elsevier. 

feasible in DNA vaccine delivery and they 

offer a possibility for efficient tumor 

immunotherapy [94]. 

Other administration routes such as 

the subcutaneous (SC) and intramuscular 

(IM) have also been used for the delivery 
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of pDNA. Jean et al. found that SC 

administration of Ch/pVax1-4sFGF-2 or 

Ch/pVax1-PDGF-bb complexes lead to the 

expression and distribution of high levels 

of FGF-2 and PDGF-BB recombinant 

proteins in serum, and the IM 

administration induced a rapid production 

of specific antibodies, which is promising 

for the development of prophylactic or 

therapeutic vaccines [95]. The same 

research group described the ability of Ch 

based complexes to deliver the pVax1-

GLP-1 plasmid encoding the native 

recombinant GLP-1 protein in a diabetic 

rat model [96]. 

In relation to cancer gene therapy, the 

most direct approach to achieve the 

expression of genes in tumor tissues is the 

injection of polyplex solution into the 

tumor foci. Ch/pCMV-Luc polyplexes 

have been intratumorally administered to 

subcutaneously generated tumors, resulting 

in acceptable transfection efficiencies [97]. 

Finally, transfection efficiency of LMWC 

based polyplexes has also been 

investigated after their systemic 

administration. This route allows the 

possibility of targeting concrete organs and 

and tissues that may not be reached via a 

local administration. Zhang et al. 

elaborated hydrophobically modified 

LMWC vectors for the delivery of pCMV-

Luc reporter gene. After 3 days of the 

systemic administration in the tail vein, a 

very strong expression of the gene was 

observed in the kidney of the treated mice 

(Figure 10) [98]. 

LMWC functionalized with bPEI and 

conjugated with tuftsin for macrophage 

targeting has also been proven to be an 

adequate carrier for the systemic 

administration of pDNA. An increased 

gene expression was observed in mice 

spleen, heart and brain 7 days post 

administration of the polyplexes, compared 

to HMWC based counterparts [99]. 
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Figure 10. Gene expression in mice kidneys after systemic injection LMWC/pDNA complexes. 

Complexes of pUC 19 DNA with (A) LMWC; (B) 3% hydrophobically modified LMWC; (C) 18% 

hydrophobically modified LMWC and (D) branched PEI at N/P 5 were injected into the tail vein 

of the mice. The kidneys were harvested 3 days after administration. (E) Naked plasmid DNA 

injected as a control. Magnification, ×200. Reproduced from [98] with permission from Wiley. 
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7. Future Prospects  

Although LMWC have been 

investigated and developed for the delivery 

of DNAs for fifteen years, the efficient 

expression of the desired genes into the 

target cells is not as close as we wish. The 

resolution of many of the challenges 

associated with the production of the non-

viral vectors, and their accurate analyses, 

has been the key for the use of LMWC 

based carriers in biomedical applications 

and particularly, for gene delivery purposes 

[100,101]. 

The physicochemical and biological 

basis for the successful in vitro function of 

these systems have also been partly 

elucidated, resulting in the improvement of 

the susceptibility to degradation of DNA 

by DNAses, the low cellular membrane 

permeability and the low solubility and 

stability at physiological pH [22,29]. 

Nevertheless, polyplexes elaborated with 

LMWC face multiple obstacles that still 

remain unsolved for its in vivo success. In 

order to increase the translation from the 

raw material to the clinic, efforts are 

focusing on the chemical and biological 

modifications of Ch. Specific ligands 

attached to the LMWC-based 

nanocomplexes should enhance their in 

vivo targeting toward the desired tissue 

after systemic administration. 

Nevertheless, aggregation of the 

polyplexes in the presence of biological 

polyanions, due to their high superficial 

charge, represents the bottleneck in the 

development of effective polymeric non-

viral vectors for systemic administration. 

Against this major problem, LMWC 

grafted with neutral polymers have been 

extensively studied [51]. 

Due to the drawbacks associated with 

intravenously administered non-viral 

vectors, in our opinion, future clinical trials 

will be focused in the direct administration 

of the carriers into the target tissue. 

However, we should point out that with a 

systemic administration a wider 

dissemination of the plasmid would be 

achieved, which is beneficial for the 

treatment of several pathologies like multi-

compartment localized tumors or tumors 

with metastasis. 

In conclusion, pending challenges to 
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obtain successful treatments for human 

genetic diseases include the production of 

adequate quantities of highly characterized 

nanoplexes with features that satisfy 

regulatory agencies, and the matching of 

current capabilities in protein expression, 

targeting and safety profile to specific 

clinical indications. 
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Since Mumper et al. reported in 1995 the use of chitosan as a gene delivery system 

numerous works have reported the promising characteristics of this natural polymer as non-

viral vector for nucleic acid delivery. As the transfection efficiency of chitosan based 

polyplexes is relatively low, there is a necessity to gain knowledge about the 

physicochemical and molecular factors that may influence the transfection efficiency in 

order to characterize and understand the whole transfection process itself, with the aim of 

improving the design and development of chitosan based non-viral gene delivery vectors.  

 

In view of these considerations, the main objective of the present work is the 

elaboration, characterization and in vitro evaluation of polyplexes based on low molecular 

weight chitosan, as non-viral gene delivery systems. To accomplish this purpose, three 

specific objectives are considered: 

1. To evaluate in vitro the influence of physicochemical factors, especially the pH, in the 

transfection process of polyplexes based on low molecular weight chitosan. 

2. To analyze in vitro the capacity of oligochitosans to deliver large plasmids and transfect 

lung tumor cells. 

3. To understand the transfection process of polyplexes based on oligochitosans in human 

neuronal precursor cells, by their comparison with lipid based non-viral vectors. 
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Improving transfection efficiency of ultrapure oligochitosan/DNA 

polyplexes by medium acidification 
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ABSTRACT 

Context: Ultrapure oligochitosans (UOCs) have recently been reported as efficient nonviral vectors for 

corneal and retinal gene delivery. However, the influence of some physicochemical factors on the 

transfection efficiency, such as the pH, remains unclear. Deeper in vitro research of these factors could 

provide valuable information for future clinical applications. 

Objective: The aim of this study is to determine the influence of the pH decrease on the transfection 

efficiency of UOC/pDNA polyplexes in HEK293 and ARPE19 cells. 

Materials and methods: We elaborated self-assembled UOC/pCMS-EGFP polyplexes. The influence of 

the most important factors on the particle size and the zeta potential was studied by an orthogonal 

experimental design. We evaluated, in vitro, the cellular uptake and the transfection efficiency by flow 

cytometry, and the cytotoxicity of the vectors by CCK-8 assay.  

Results and discussion: The pH of the medium strongly influences the physicochemical properties of 

the polyplexes, and by its  modulation we  are able  to control their  superficial charge. A significant 

increase on the cellular uptake and transfection efficiency of UOCs was obtained when the pH was 

acidified. Neither of our UOC/pCMS-EGFP polyplexes caused cytotoxicity; however, cells treated 

with Lipofectamine 2000™ showed decreased cell viability.  

Conclusion: This kind of UOC vectors could be useful to transfect cells that are in an acidic 

environment, such as tumor cells. However, additional in vivo studies may be required in order to 

obtain an effective and safe medicine for nonviral gene therapy 

purpose
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1. Introduction 

One of the essential prerequisites 

for gene therapy success relies on the 

development of safe and effective vectors. 

Nowadays, vectors can be classified into 

two main groups: viral and nonviral. 

Viral gene delivery systems are the most 

effective ones to transfect cells due to their 

natural properties to infect cells and 

deliver genetic material with high 

transfection efficiency. However, the use 

of viral vectors has many safety concerns, 

such as immunogenicity, mutagenicity, 

oncogenic effects and toxicity (Glover et 

al., 2005; Wang et al., 2011). Therefore, 

nonviral vectors, such as chitosan, have 

been raising demanding attention as a 

safer alternative for human gene therapy. 

Since Mumper et al. reported in 1995 

the use of chitosan as a gene delivery 

system (Mumper et al., 1995), numerous 

authors have studied this polymer as a 

nonviral vector for nucleic acid (NA) 

delivery (Mao et al., 2010). Compared to 

other cationic polymers, chitosan has 

favorable characteristics, such as 

biocompatibility, biodegradability, low 

immunogenicity and reduced cytotoxicity 

(Borchard, 2001). Moreover, thanks to the 

amine groups, chitosans are positively 

charged, which allows the formation of 

nanoscale complexes by electrostatic 

interaction with anionic NAs, named 

polyplexes (Layman et al., 2009; Mao et al., 

2010). 

According to the physicochemical 

characteristics of the chitosan, in vitro 

transfection efficiency of chitosan/pDNA 

polyplexes highly depends on the molecular 

weight (MW) and the degree of 

deacetylation (DDA) of the polymer. 

Polyplexes elaborated with high-MW 

chitosans are very stable and excellent 

extracellular DNA protectors, but they 

show, at the same time, low buffer capacity 

and transfection efficiency (Lu et al., 2009). 

According to the DDA, high-DDA chitosan 

vectors have shown better DNA-binding 

capacity and more efficient transfection than 

complexes formed with low-DDA chitosan 

(Kim et al., 2007). For this reason, we have 

used Novafect O15 and O25 ultrapure 

oligochitosans (UOCs), which have  been 

previously reported  as efficient  nonviral 
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vectors for gene delivery in vitro and in vivo 

(Klausner et al., 2010; Puras et al., 2013a,b). 

In addition to DDA and MW, the in 

vitro transfection efficiency of 

chitosan/pDNA polyplexes is highly 

sensitive to the pH of the culture medium. 

According to Zhao et al. (2006), the 

optimum pH for the transfection of 

chondrocytes, using chitosan/pDNA 

polyplexes, oscillates between 6.8 and 7.0. 

While pH values lower than 6.5 increase the 

cytotoxicity, pH values higher than 7.2 

provoke the dissociation of free plasmid 

from the polyplex, reducing the transfection 

efficiency (Ishii et al., 2001). Recently, 

extensive work has been carried out to 

explore the influence of medium 

acidification on the in vitro transfection 

capacity of chitosan- based vectors (Lavertu 

et al., 2006; Nimesh et al., 2010). However, 

no research has been conducted with 

polyplexes elaborated by oligomeric 

chitosan molecules (<10 kDa). 

Therefore, the main objective of this 

work was to evaluate the influence of the 

pH decrease, to nontoxic limit value (6.5), 

on the in vitro cellular uptake and 

transfection efficiency of UOC/pDNA 

polyplexes in HEK293 and ARPE19 cells. 

For this purpose, several in vitro assays 

were performed with self- assembled 

UOC/pCMS-EGFP polyplexes. First, an 

orthogonal (2
3
) experimental design was 

performed to characterize the transfection 

system in terms of size and zeta potential. 

Second, a study related to the buffer 

capacity of the polymers was conducted. 

Third, the optimal formulation for next 

experiments was determined by measuring 

the transfection efficiency and cell viability 

of the vectors at different N/P ratios (the 

molar ratios between all protonable amino 

groups of chitosan and the phosphate groups 

of pDNA); finally, the influence of the pH 

decrease on both cellular uptake and 

transfection efficiency was evaluated at the 

optimum N/P ratio. 

2. Materials and Methods 

2.1 Materials 

UOC O15 and O25 (MWs of 5.7 and 

7.3 kDa, respectively, DDA ≥ 97% and 

endotoxin levels ≤ 0.05 EU/mg) and poly- 

meric water-soluble high-MW glutamate 
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salt chitosan G214 (MW of 340 KDa and 

DDA ≥ 90%) were purchased from 

NovaMatrix/FMC (Sandvika, Norway). 

HEK293 cells, ARPE19 cells and Eagles’s 

Minimal Essential medium with Earle’s 

BSS and 2 mM 1-glutamine (EMEM) were 

bought from the American Type Culture 

Collection (ATCC, Teddington, UK). 

Dulbecco’s Modified Eagle’s Medium 

Han’s Nutrient Mixture F-12 (1:1) medium 

was purchased from GIBCO (San Diego, 

CA). Opti-MEM
®
 I reduced medium, 

antibiotic/antimicotic solution and 

Lipofectamine™ 2000 were purchased from 

Invitrogen (Life Technologies, Paisley, 

UK). The plasmid pCMS-EGFP, which 

encodes the EGFP, was purchased from BD 

Biosciences Clontech (Palo Alto, CA) and 

amplified by Dro Biosystems S.L. (San 

Sebastian, Spain). For cellular uptake 

experiments, pCMS- EGFP plasmid was 

labeled with fluorescein isothiocyanate 

(FITC) by Darebio S.L (Alicante, Spain). 

Phosphate buffer saline (PBS), MES and 

Cell Counting Kit-8 (CCK-8) were 

purchased from Sigma-Aldrich (Madrid, 

Spain). Dapi Fluoromont-G was obtained 

from SouthernBiotech, and Alexa Fluor 488 

Phalloidin was bought from Life 

Technologies (Paisley, UK). 

2.2 Preparation of UOC/pCMS-EGFP 

polyplexes 

UOC/pCMS-EGFP polyplexes were 

prepared by the self-assembly method with 

a final DNA concentration of 13.2 g/ml. 

Previous to the polyplex formation, pCMS-

EGFP and UOC stock solutions were 

diluted with ultrapure water to obtain final 

concentrations of 0.5 and 2 mg/ml, respect- 

ively. Fixed volumes of UOC solution were 

added to the DNA solution under vortex 

mixing (1200 rpm) for 15 s and were 

allowed to stabilize at room temperature for 

30 min (Puras et al., 2013a,b). This 

incubation period was chosen in order to 

avoid the aggregation of the polyplexes, 

since it is reported that the physical stability 

of this kind of nonviral vectors is time 

dependent (Anchordoquy  & Koe, 2000). 

2.3. Fractional factorial experiment 

In order to evaluate the influence of 

the pH of the solution (pH=X1), salt 

concentration of the solution ([NaCl] = X2) 
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and N/P ratio (N/P ratio = X3) on the size 

and zeta potential of the system 

(UOC/pCMS-EGFP polyplexes), a two-

level (low level and high level) three-

variable fractional factorial experiment was 

designed, also known as orthogonal experi- 

mental design. To analyze the factorial 

design, the original measurement units for 

the experimental variables (uncoded units) 

were transformed into code units, -1 (low 

level) and +1 (high level) (Table 1). 

 

Table 1. Experimental trials and interactions 

transformed into code units. 

X
1
 X

2
 X

3
 X

1
X

2
 X

1
X

3
 X

2
X

3
 X

1
X

2
X

3
 Res-

ponse 

-1 -1 -1 +1 +1 +1 -1  

+1 -1 -1 -1 -1 +1 +1 
 

-1 +1 -1 -1 +1 -1 +1 
 

+1 +1 -1 +1 -1 -1 -1 
 

-1 -1 +1 +1 -1 -1 +1 
 

+1 -1 +1 -1 +1 -1 -1 
 

-1 +1 +1 -1 -1 +1 -1 
 

+1 +1 +1 +1 +1 +1 +1 
 

The number of experimental runs that 

had to be carried out for an orthogonal 

experimental design is 8 (2
3
). The responses, 

particle size and zeta potential, for each 

experimental combination, were expressed 

as nm and mV, respectively (Table 2). The 

effects of the variables upon the responses 

could depend on the other studied variables. 

This phenomenon is called interaction, 

which is included in the table of 

experimental trials as an additional column 

(Table 3). In the orthogonal experimental 

design, we can find these three interactions: 

X1X2, X1X3, and X2X3. The effect of each 

variable and each interaction (Table 3) was 

calculated by the following equation: 

Effect or  Interaction = (∑ Responses with positive sign 

- ∑ Responses with negative sign) / 4 

2.4. Measurements of size and zeta potential  

The measurements of size and zeta 

potential were carried out as previously 

described by Puras et al. (2013a,b) using a 

Zetasizer NanoZS (Malvern Instruments, 

UK). All measure- ments were carried out in 

triplicate. The particle size reported as 

hydrodynamic diameter was obtained by 

cumulative analysis. Only data that met the 

quality criteria according to the software 

program DTS 5.0 (Zetasizer Nano system, 

Malvern Instruments, UK) were included in 

the study. 
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Table 2: Experimental trials and response in terms of size and zeta potential for O15 and O25 

UOC. 

    Size (nm) Zeta (mV) 

Trial X1 pH X2 N/P 

X3 [NaCl] 

(mM) O15 O25 O15 O25 

1 6.2 10 10 89.43 337.8 19.5 29.7 

2 7.2 10 10 555.9 204.6 3.99 9.2 
3 6.2 60 10 135.1 101.7 21.8 21.6 

4 7.2 60 10 144.5 159.2 10.6 10.8 

5 6.2 10 150 182.6 88.76 14.9 15.1 
6 7.2 10 150 333.1 369.4 0.174 6.28 

7 6.2 60 150 113.2 244.2 15.8 22.4 

8 7.2 60 150 208.3 154.2 5.8 2.87 

 

Table 3: Effects and interactions on size and zeta potential of the UOC/pCMS-EGFP polyplexes. 

 Size (nm) Zeta (mV) 

Effects and Interactions O15 O25 O15 O25 

X1 e 180.37 28.73 -12.86 -14.91 
X2e -139.98 -85.31 3.86 -0.65 
X3e -21.93 13.31 -4.80 -6.16 
X1 X2i -128.12 -44.98 2.26 -0.25 
X1 X3i -57.57 66.58 0.50 0.73 
X2 X3i 42.88 55.43 -0.60 2.60 

 

2.5 Buffereing capcity 

The buffer capacity of our cationic 

polymers was determined by the acid–base 

titration assay. The samples were prepared 

as follows: 0.1 mg/ml of each chitosan 

solution was prepared in 10 ml of 150 mM 

NaCl, and each sample solution was titrated 

by 0.1 M NaOH to a pH 10. Then, samples 

were titrated again with 0.1 M HCl solution, 

in order to obtain mixtures with different pH 

values. A Crison pH-Meter GLP 21 was 

used for the measurements. 

2.6. In vitro transfection assays 

For transfection studies, HEK293 and 

ARPE19 cells were seeded without 

antibiotic/antimicotic on 24-well plates at a 

density of 150,000 and 100,000 cells per 

well, respectively, and allowed them to 

adhere to reach 70–90% of confluence at the 

time of transfection. In order to determine 

the optimal formulation for the following in 

vitro assays, we studied the transfection 

efficiency of the polyplexes at N/P ratios 

ranging from 10 to 60 in HEK293 cells. For 
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this purpose, formulations were prepared 

after mixing 1:1 polyplexes (containing 1.65 

g of the pCMS-EGFP) and hypertonic 

transfection medium (Opti- MEM® I, 

containing 580 mM of mannitol) at pH 7.4. 

After 4 h of incubation with the vectors at 

37 ºC, the transfection medium was 

removed and replaced with complete 

medium. Cells were allowed to grow 72 h 

before processing them for fluorescent 

microscopy and flow cytometry analysis. 

Experimentswith Lipofectamine™ 

2000/pCMS-EGFP complexes were 

prepared at a 2/1 ratio (w/w) according to 

the manufacturer’s protocol and were used 

as our positive controls. 

Next transfection assays were designed 

to evaluate the pH influence on the 

transfection efficiency of the selected 

formulations in HEK293 and ARPE19. In 

this case, the transfection assay was carried 

out following the procedure described in the 

preceding paragraph, but including also 

transfection at pH 6.5. 

2.7. Analysis of EGFP expression 

Qualitative expression of EGFP was 

analyzed using an inverted microscope 

equipped with an attachment for fluor- 

escent observation (model EclipseTE2000-

S, Nikon). Flow cytometry analysis was 

conducted using a FACSCalibur system 

flow cytometer (Becton Dickinson 

Biosciences, San Jose, CA). By the end of 

the incubation period, cells were detached 

with 300 l of 0.05% trypsin/EDTA. After 

detachment, complete medium was added to 

inhibit trypsin activity. Then, cells were 

centrifuged at 1500 xg, and the supernatant 

was discarded. Cells were resuspended in 

cold PBS, diluted in FACSFlow liquid and 

transferred to specific flow cytometer tubes 

to quantify EGFP expression in live cells. 

For each sample 10,000 events were 

collected. Transfection efficiency was 

quantified by measuring the fluorescence of 

EGFP at 525 nm (FL1). Control samples 

(nontransfected cells) were displayed on a 

dot plot of forward scatter against side 

scatter to establish a collection gate and 

exclude cells debris and dead cells. The 

samples containing Lipofectamine-

transfected cells were used as a control to 

compensate FL2 signal in FL1 channel. 
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Transfection data were normalized using 

Lipofectamine™ 2000 (mean ± SD; n=3). 

2.8. Cell uptake studies 

For cell uptake studies, HEK293 and 

ARPE19 cells were manipulated as 

described in the section ‘‘In vitro 

transfection assays’’ for transfection 

experiments. Then, the regular growth 

media was removed from the well and  the  

cells were exposed to polyplexes, containing 

1.65 g of the pCMS- EGFP labeled with 

fluorescein isothiocyanate (FITC-pCMS- 

EGFP), at both pH. After 4 h of incubation 

with the vectors at 37 
o
C, the transfection 

medium was removed and cells were 

washed with PBS and fixed with 

formaldehyde 4% for the quantitative and 

qualitative analysis, by flow cytometry 

(FACSCalibur, Becton Dickinson 

Biosciences, San Jose, CA) and 

fluorescence microscopy (Eclipse TE200-S, 

Nikon Instruments Europe B.V., 

Amstelveen, The Netherlands), respectively. 

Each formulation was analyzed by triplicate.  

To obtain cellular uptake quantitative 

data, cells were analyzed after 4 h of 

incubation by flow cytometry at 525 nm 

(FL1) after detachment from the wells. Ten 

thousand events were collected for each 

sample. Cellular uptake data were expressed 

as the percentage of FITC-positive cells. For 

the qualitative study, cells were seeded in 

coverslips containing plates and treated with 

the vectors. After 4 h of incubation, 

preparations were mounted on Dapi 

Fluoromount- G for their posterior analysis. 

Images were examined under the 

microscope.  

2.9. Cell viability and cytotoxicity 

Potential cytotoxicity of selected 

UOC/pDNA polyplexes was determined 

quantitatively by BD Via-Probe kit and 

CCK-8 assays and qualitatively by 

analyzing cell morphology under 

microscope observation after phalloiding 

staining. 

In order to determine the optimal 

formulation for the following in vitro 

assays, BD Via-Probe kit assay was 

performed. The measurements were 

performed at 72 h on the same selected 

samples as those used in the transfection 
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efficiency studies (see section ‘‘In vitro 

transfection assays’’). The  BD  Via-Probe  

kit  reagent  (5 l)  was  added  to  each 

sample, and after 10 min of incubation, 

fluorescence of dead cells was measured at 

650 nm (FL3) on a FACSCalibur system 

flow cytometer. Control samples (cells 

incubated at pH 7.4 without polyplexes) 

were used as controls to compensate FL2 

signal in FL3 channel. 

Once the optimal formulation was 

determined, the cytotoxicity of the selected 

polyplexes was evaluated by the 

commercially available CCK-8, which 

measures cellular dehydrogenase activity. 

Briefly, HEK293 and ARPE19 cells were 

seeded onto 96-well plates at a density of 

25,000 and 10,000 cells per well, 

respectively, and allowed to adhere to reach 

70–90% of confluence. Then, 50 l of 

different formulations were added to the 

cells. After 4 h of incubation at 37 ºC, the 

medium containing the formulations was 

replaced with 100 l of complete medium 

and cells were further incubated for 72 h 

under the same conditions. Then, 10 l of 

the CCK-8 solution reagent was added to 

each well and the plate was incubated at 37 

ºC for 3 h. The absorbance was measured at 

450 nm using a microplate reader 

(Multiscan EX, Labsystems, Helsinki, 

Finland). Results were  expressed  as  

relative  cell viability  (%)  compared  to 

control cells (untreated cells): 

[Fluorescence]sample/[Fluorescence]control x 

100. 

For cell morphology analysis, 

HEK293 and ARPE19 cells were stained 

with Alexa Fluor 488 phalloidin following 

the manufacturer’s protocol. Briefly, after 4 

h of incubation with polyplexes, cells were 

washed with PBS and fixed with 4% 

formaldehyde. Then, Alexa fluor 488 

phalloidin stock solution was added and 

cells were incubated for 40 min at room 

temperature. Afterward, they were washed 

again and the preparations were mounted on 

Dapi Fluoromount-G for their posterior 

analysis under the microscope. 

3. Results and discussion 

3.1 Effects and interactions of medium pH, 

salt concentration and chitosan/DNA N/P 

ratio.  
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The most important physicochemical 

properties that affect the in vitro transfection 

efficiency of chitosan/pDNA polyplexes are 

the size and the zeta potential. However, the 

exact influence of factors like medium pH 

and salt concentration and N/P ratio on these 

properties remains unclear (Gao et al., 

2009). For this reason, an orthogonal 

experimental design was chosen to address 

the effect of these three factors. The design 

matrix of uncoded values for the factors and 

the responses, in terms of size and zeta 

potential, are shown in Table 2. Moreover, 

the effects and the interactions of the factors 

are shown in Table 3. As observed in Table 

3, the interaction values for the particle size 

are high, explaining that the effect of each 

factor on the particle size depends on the 

rest of the analyzed factors. The clearest 

data showing dependence between two 

factors could be observed in the X1X2 

interaction for the particle size of O15 

polyplexes, whose value was -128.12. This 

means that depending on whether the pH of 

the medium is acidic or basic, the effect of 

N/P ratio on the particle size of O15 

polyplexes is just the opposite. For example, 

when the osmolarity value is low, the 

increment of the N/P ratio from 10 to 60 at 

pH value of 6.2 increases the size, while at 

pH 7.2 it decreases. As observed in Table 3, 

the independent effects of each factor in the 

particle size indicate that the increase of the 

pH from 6.5 to 7.4 increases the size of the  

polyplexes  (+180.37 nm  for O15 and 

+28.73 nm  for O25); the increase  of the 

N/P ratio from  10  to 60 reduces  the  size  

(-139.98 nm for O15 and -85.31 nm for 

O25) and the increase of salt concentration 

from 10 to  150 mM  hardly  affects  the  

particle  size (-21.93 nm for O15 and +13.31 

nm for O25). However, there are certain 

results in conflict with the above-mentioned 

independent effects. For example, there is an 

increase in the particle size when the N/P 

ratio is raised from 10 to 60, as it is the case 

of trials 1 and 3 for O15, and trials 5 and 7 

for O25 (Table 2). Therefore, due to the 

strong interactions that exist between the 

three factors, it is essential to do an overall 

analysis of the variables in order to describe 

the exact behavior of the system. 

Some authors suggest that the 

transfection efficiency of chitosan/pDNA 
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nanoparticles does not depend on the size in 

the range of 250–1300 nm (Duceppe & 

Trabrizian, 2010). On the contrary, Lavertu 

et al. (2006) showed that polyplexes around 

700 nm in diameter were able to produce 

higher EGFP expression in HEK293 cells 

comparing with smaller ones (280 nm). In 

addition, other authors have demonstrated 

that the final size of the polyplex can affect 

transfection, as the endocytic pathways 

differ with regard to the size of the 

endocytic vesicle (Conner & Schmid, 

2003). Due to these conflicting results, 

most of the research groups support the 

theory that the final size of the polyplex is 

not as important as the zeta potential on the 

stability of suspensions, on the adhesion of 

particle systems onto biological surfaces and 

therefore on the transfection efficiency. 

Consequently, we suggest that the 

investigation of the zeta potential is the 

main issue in the design of efficient nonviral 

vectors for gene delivery purposes, being 

necessary a positive zeta potential for an 

efficient in vitro transfection (Lee et al., 

2004; Duceppe& Trabrizian, 2010). 

As observed in Table 2, UOC/pCMS-

EGFP polyplexes have a positive surface 

charge. This is explained by the residual 

protonated amine groups of UOC that do 

not take part in the neutralization with the 

negatively charged phosphate groups of the 

pDNA. Furthermore, it should be stressed 

out the absence of interactions for the zeta 

potential, which explains that the effect of 

each factor on the zeta potential of the 

polyplexes is independent. Regarding the 

effect of the pH on the zeta potential, it is 

clearly observed from Table 3 that an 

increase in  the  pH value from 6.2  to  7.2  

results in  a decrease of the zeta potential of 

12.86 and 14.91 mV for both UOC O15 and 

O25, respectively. Moreover, although it is a 

weaker effect, an increase in the suspension 

buffer salt concentration decreases the 

superficial charge of the polyplexes. 

Regarding the N/P ratio, it does not 

significantly affect the zeta potential. This 

could be due to the selected low N/P ratio 

(N/P 10), which might be too high to 

observe differences in zeta potential results. 

However, we should take into consideration 

that the behavior of the polyplexes 

elaborated with UOC could be different 
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from what it has been observed with other 

higher MW chitosans. Accordingly, as it has 

been described  for Novafect O15 and O25 

chitosans, no significant differences have 

been observed in the zeta potential values 

when the N/P ratio raises from 10 to 60 

(Klausner et al., 2012; Puras et al., 2013a,b). 

This dependence of the zeta potential 

on the pH and the salt concentration is 

consistent with the results obtained in trials 

6 and 8, where almost electrostatically 

neutral polyplexes were  found at  pH value 

of 7.2 and [NaCl]  of 150 mM, while 

superficial charge became highly positive at 

pH 6.2 and [NaCl] 10 mM. Similarly, other 

authors have also concluded that the charge 

of chitosan/pDNA complexes strongly 

depends on the pH and salt content of the 

suspension medium (Lee et al., 2004; 

Nimesh et al., 2010). 

3.2 Buffer capacity of UOCs 

Endosomal release of the pDNA is one 

of the most important steps that must be 

overcome to avoid lysosomal degradation. It 

has been reported that the capacity to escape 

from the endosome depends on the intrinsic 

buffer capacity of the vector system 

(Tripathi et  al.,  2012). As  reported  by the 

literature, chitosans have a modest buffering 

capacity comparing with other cationic 

synthetic polymers, such as chitosan-based 

oligoamine polymers and polyethylenimine, 

which reduces its biomedical applications 

(Lu et al., 2009). 

Despite the poor buffering capacity of 

chitosans, we hypothesized that this quality 

could be improved with the use of 

oligomeric chitosans (<10 kDa), such as 

O15 and O25. Accordingly, as observed in 

Figure 1, our data indicate that UOCs have 

significantly higher buffer capacity 

compared to the high-MW chitosan (G214), 

which is more significant in the pH interval 

between 9 and 3. This is in agreement with a 

study that showed that the buffer capacity of 

chitosan copolymers   decreased   when   the  

MW  of   chitosan  was increased (Lu et al., 

2009).  

3.3 Selection of the optimal formulation by 

transfection and viability assays in HEK293 

cells 

In order to establish the best 
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formulations for the following studies, 

HEK293 cells were transfected by both 

UOC polyplexes at N/P ratios from 10 to 60.  

As reported by other authors, the relative 

percentage of transfected cells strongly 

depends on the N/P ratio of chitosan 

polyplexes (de Martimprey et al., 2009; 

Strand et al., 2010). In our work, the 

maximum relative percentage of EGFP-

positive cells was obtained at N/P ratios of 

10, 20 and 30, while the lowest transfection 

level was at N/P of 60 (Figure 2). 

 

 

 

 

 

 

Figure 1 Acid–base titration profiles of O15 

UOC, O25 UOC and G214 chitosan in 150 mM 

NaCl solution. 

According to the results obtained by 

BD Via-Probe kit assay, the increment of 

N/P ratio seems to affect negatively the 

viability of the cells. Therefore, taking into 

account the transfection and viability results, 

formulations elaborated at N/P ratio of 20 

were selected as the most suitable for next in 

vitro assays. 

 

 

 

 

 

Figure 2. EGFP expression and cell viability in 

HEK293 cells after the transfection with O15 

(white) and O25 (black) UOC/pCMS-EGFP 

polyplexes at N/P ratios from 10 to 60. 

Transfection data were normalized to 

Lipofectamine 2000™. 

The hydrodynamic diameter and 

superficial charge of the polyplexes were 

determined in the selected formulations. As 

it is observed in Figure 3, medium 

acidification from 7.4 to 6.5 reduces the 

particle size of all the polyplexes, especially 

the ones elaborated with O15 and O25 

UOC. In relation to the superficial charge, 

polyplexes elaborated at pH 6.5 have a 

significantly higher zeta potential, compared 

to those formed at pH 7.4. Comparing the 



Experimental design: Chapter 1 

106 
 

polyplexes elaborated with O15 and O25 

UOC with those formed with G214 

chitosan, it is clearly observed that when the 

MW of the chitosan is higher, the particle 

size and zeta potential of the formed vectors 

increase. These results are in accordance 

with those previously published (Huang et 

al., 2004).  

 

 

 

 

 

 

Figure 3. Size and zeta potential of O15 and 

O25 UOQ/pCMS-EGFP and G214/pCMS-

EGFP polyplexes (N/P ratio of 20) at pH 7.4 

(white) and 6.5 (black) 

3.4 Cellular uptake of the FITC-pCMS-

EGFP 

The cell uptake is the first cellular 

barrier that influences the transfection 

efficiency of polyplex (Yue  et  al.,  2011). 

To  evaluate  the  internalization  of  FITC-

pCMS-EGFP  in HEK293 and ARPE19 cell 

lines, the cellular uptake experiments  were  

carried  out  with  three  different  

formulations based on O15, O25 and G214 

at pH 7.4 and 6.5 and N/P of 20. According 

to our results, cell uptake of FITC-pCMS-

EGFP by both cell types strongly depends 

on the pH value, being higher at pH 6.5 in 

both cell lines (Figure 4). The higher 

cellular  uptake at pH 6.5 can be explained 

by the strong increase of the zeta potential 

after medium acidification, as observed in 

Figure 3. In accordance with other authors, 

we have concluded that the positive 

superficial charge of the polyplexes   allows   

the electrostatic interaction with the 

negatively charged cell membrane, 

increasing the percentage of the cellular 

uptake (Nimesh et al., 2010; Yue et al., 

2011; Kang et al., 2012). 

Furthermore, as it can be observed in 

Figure 3, polyplexes elaborated at pH 6.5 

present a smaller particle size compared to 

those formed at pH 7.4, especially with O15 

and O25 UOCs. This reduction of the 

particle size could also explain the higher 

cellular uptake achieved at pH 6.5. 

Surprisingly, in ARPE19 cells, polyplexes  
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Figure 4. Cellular uptake of FITC-labeled pCMS-EGFP delivered by UOC polyplexes (N/P = 20). 

Percentage of FITC-positive cells treated with O15 and O25 UOC and G214 chitosan at pH 6.5 and 7.4 

in HEK293 (A1) and ARPE19 (A2) cell lines. Fluorescent images of FITC-pCMS-EGFP uptake: O15 

UOC/FITC-pCMS-EGFP at pH 7.4 in HEK293 (B1); O25 UOC/FITC-pCMS-EGFP at pH 7.4 in 

HEK293 (B2); G214/FITC-pCMS-EGFP at pH 7.4 in HEK293 (B3); O15 UOC/FITC-pCMS-EGFP at 

pH 6.5 in HEK293 (B4); O25 UOC/FITC-pCMS-EGFP at pH 6.5 in HEK293 (B5); G214/FITC- 

pCMS-EGFP at pH 6.5 in HEk293 (B6); O15 UOC/FITC-pCMS-EGFP at pH 7.4 in ARPE19 (B7); O25 

UOC/FITC-pCMS-EGFP at pH 7.4 in ARPE19 (B8); G214/FITC-pCMS-EGFP at pH 7.4 in ARPE19 

(B9); O15 UOC/FITC-pCMS-EGFP at pH 6.5 in ARPE19 (B10); O25 UOC/FITC- pCMS-EGFP at pH 

6.5 in ARPE19 (B11); G214/FITC-pCMS-EGFP at pH 6.5 in ARPE19 (B12).  
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elaborated with O15 UOC at pH 7.4 shown 

a similar cellular uptake to those at pH 6.5.  

These polyplexes elaborated at pH 7.4 

have a particle size around 250 nm, which 

is significantly higher than the rest of the 

UOC-based polyplexes. In addition, 

polyplexes formed with G214 chitosan, 

which particle size is above 400 nm, shown 

around 90% of cellular uptake. These 

results suggest that the particle size is not a 

critical factor for the cellular uptake 

process in ARPE19 cells. Thus, the 

influence of the particle size may be 

different depending on the tested cell line 

as Conner & Schmid (2003) concluded. In 

addition, it should be highlighted the lower 

cellular uptake obtained in HEK293 cells 

compared to ARPE19 cells. Based on these 

results, we suggest the possibility of a 

large- cell-type-dependet internalization of 

the polyplexes. However, for a better 

understanding of this issue, more specific 

assays about  the  internalization  

procedure  of  the polyplexes line are 

needed. 

Huang et al. (2004) reported that the 

MW of the chitosan also influences the 

cellular uptake. According to them, the 

uptake of chitosan nanoparticles by A549 

cells fell by 26% when chitosan MW 

decreased from 213 to 10 kDa. Contrary to 

these results, we observed that the 

polyplexes elaborated with oligomeric 

chitosans (O15 and O25) presented a 

similar cellular uptake compared to those 

elaborated with high MW G214, especially 

in HEK293. Despite the apparent import- 

ance of the MW on the cellular uptake, 

these authors claimed that chitosan DDA 

has a higher influence, describing a 41% 

decrease when DDA was lowered from 88 

to 46%. This could explain why the 

cellular uptake for G214 (DDA of 92%) 

was not higher than that obtained with 

UOCs (DDA 99%). Moreover, other 

authors have concluded that the MW of 

the cationic polymer does not influence on 

the cellular uptake of the polyplexes 

(Layman et al., 2009), which reinforce 

the higher importance of chitosan DDA on 

this process. 

3.5. Influence of pH decrease on the 

transfection efficiency of UOC/pCMS-

EGFP polyplexes.  
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According to literature, the 

transfection efficiency presented by 

chitosan-based gene carriers is not 

sufficient for practical applications, and, 

therefore, its improvement has become the 

main goal in many research works (Wang  

et al., 2011). In addition, the determination 

of the best formulation conditions for an 

efficient in vitro transfection is a critical 

step in the development of clinically 

relevant chitosan-based nonviral gene 

carriers (Strand et al., 2005). For this 

reason, we measured the relationship 

between the experimental parameters and 

the transfection capacity of UOC/pCMS- 

EGFP polyplexes in HEK293 and ARPE19 

cells. 

The efficacy of gene delivery is 

strictly controlled by the ability of the 

polymer to bind, protect and release its 

pDNA cargo (Strand et al., 2010). An 

accurate balance between DNA- binding 

capacity and DNA release must be 

achieved. Transfection efficiency is 

hampered by great binding strengths 

between chitosan carrier and its pDNA 

cargo (Alatorre-Meda et al., 2011). We 

have recently described that after agarose 

gel electrophoresis assay, cationic UOCs 

are able to complex, release and protect the 

pDNA in a N/P ratio range from 10 to 30 

(Ishii et al., 2001; Puras et al., 2013a,b). 

We have recently demonstrated that 

the transfection efficiency of UOC/pDNA 

polyplexes drastically increases, in 

HEK293 cells, when pH slightly decreases 

from 7.4 to 7.1. However, O25 

UOC/pDNA polyplexes were not able to 

transfect ARPE19 cells, neither at pH 7.4 

nor at pH 7.1 (Puras et al., 2013a,b). For 

this reason, we decided to further decrease 

the pH, to nontoxic limit value (6.5), with 

the aim of improving the in vitro results 

obtained at pH 7.1. 

Surprisingly, the chitosan/plasmid 

complexes elaborated by Ishii et al. were 

unable to transfect CHO cells at pH 6.5, 

while at pH 7 the transfection efficiency 

was optimal. In, contrary, according to our 

results, a significant increment of EGFP-

positive cells occurs when the pH is 

acidified from 7.4 to 6.5, with both UOCs 

and in both cell lines (Figure 5). This is in  
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Figure 5.  Transfection efficiency of O15 and O25 UOC/pCMS-EGFP polyplexes (N/P ¼ 20) at 

different pH values in HEK293 (A1) and ARPE19 cells (A2). Transfection data were normalized to 

Lipofectamine 2000™. Flow cytometry histograms (FL1/events) comparing transfection efficiencies 

at pH values of 6.5 and 7.4: HEK293 cells transfected with O15 UOC/pCMS-EGFP polyplexes (B1); 

HEK293 cells transfected with O25 UOC/pCMS-EGP polyplexes (B2); ARPE19 cells transfected 

with O15 UOC/pCMS-EGFP polyplexes (B3); ARPE19 cells transfected with O25 UOC/pCMS-

EGFP polyplexes (B4). Overlay of phase contrast image with fluorescent illumination (GFP 

channel) to evaluate transfection efficiency: HEK293 cells transfected with O15 UOC vectors at pH 

7.4 (C1); HEK293 cells transfected with O15 UOC vectors at pH 6.5 (C2); HEK293 cells trasnfected 

with O25 UOC vectors at pH 7.4 (C3); HEK293 cells transfected with O25 UOC vectors at pH 6.5 

(C4); ARPE19 cells transfected with O15 UOC vectors at pH 7.4 (C5); ARPE19 cells trasnfected 

with O15 UOC vectors at pH 6.5 (C6). 

agreement with previously reported results 

in HEK293 and ARPE19 cells (Sato et al., 

2001; Nimesh et al., 2010). Nevertheless, 

polyplexes based on high-MW G214 

chitosan did not show transfection in any 

of the conditions (data not shown), 

although they present high cellular uptake 

levels. This could be explained in part due 
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to the low capacity of these high-MW 

chitosan to release the DNA once inside 

the cell, as it has been reported it in the 

literature (Klausner et al., 2012). 

Furthermore, it must be highlighted that the 

significant increase in transfection 

efficiency is observed in ARPE19 cells 

using UOCs at pH 6.5, since this  cell line 

was  not transfected at pH 7.4. 

As confirmed with zeta 

measurements, at a lower pH value 

UOC/pCMS-EGFP polyplexes have more 

positive surface charge (Figure  3),  which  

favors  the  binding  with  the negatively 

charged cell membrane and the penetration 

into the cell (Figure 4), resulting in a better 

transfection efficiency (Figure 5). 

It has been described that highly 

protonated chitosan complexes (+21 mV) 

cannot release from the endosome, which 

hampers the gene expression (Ishii et al., 

2001). Despite the positive superficial 

charge (around +15 mV) of our UOC-

based carriers, we suggest that they have 

enough ability for proton absorption, 

facilitating the rupture of the endosomal 

vesicles and the release of the polyplex into 

the cytoplasm. The lack of transfection 

observed with G214 polyplexes could be 

explained by the low buffer ability of G214 

chitosan, which enables endosomal escape 

(Panyam & Labhasetwar, 2003; Lu et al., 

2009). Furthermore, O15 UOC polyplexes 

showed higher relative percentage of 

EGFP-positive cells compared to O25 

UOC in ARPE19 cells at pH 6.5. This 

significant increase in transfection did not 

correspond to cell uptake results. Some 

authors have reported that differences in 

the intracellular trafficking and nuclear 

transport of the delivered pCMS-EGFP 

could explain the absence of correlation 

between the amount of internalized pCMS-

EGFP and the level of transgene 

expression (Strand et al., 2010). However, 

this hypothesis should be verified in future 

experiments by tracing the localization of 

endosomes and DNA with fluorescent 

probes. 

These in vitro transfection results 

support the potential use of UOC-based 

polyplexes for delivering genetic materials 

into cells, which are in an acidic 

environment. For instance, one of the most 
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direct application of these polyplexes could 

be their local administration in tumor 

tissues, where the pH is more acidic than 

the physiological value (Tannock & Rotin, 

1989; Han et al., 2010; Noh et al., 2010; 

Salva et al., 2010; Huang et al., 2012). In 

addition, considering the lower pH value of 

the vitreous humor, these polyplexes could 

be administered by intravitreous injection, 

achieving considerable gene expression 

levels (Bassnett & Duncan, 1985; Puras et 

al., 2013a,b). 

3.6. Cell viability and cytotoxicity 

To assess the potential citotoxicity of 

the UOC/pCMS-EGFP polyplexes and the 

influence of pH decrease on cell viability, 

CCK-8 assay was performed. It revealed 

the low cytotoxicity of UOC/pCMS-EGFP 

polyplexes after 72 h (Figure 6A). Slightly 

lower cell viability was observed in cells 

treated with polyplexes at pH 6.5, in both 

HEK293 and ARPE19 cell lines. This 

decreased viability could be explained by 

the increment of the superficial charge of 

polyplexes at pH 6.5. It has been 

demonstrated that the cytotoxicity is 

related to the interaction between 

polyplexes and cell membranes, which is 

higher with positively charged polyplexes 

(Nimesh et al., 2010). Cells incubated with 

Lipofectamine™ 2000 transfection 

reagents showed a considerable lower 

cellular dehydrogenase activity in 

comparison to cells transfected with 

polyplexes, which confirms the cytotoxic 

effect of Lipofectamine 2000™ on 

HEK293 and ARPE19 cells. 

Actin–phalloiding staining did not 

show morphological disorders of cells 

transfected with UOC/pCMS-EGFP at pH 

7.4 (Figures 6B2 and B5). When the 

experiments were carried out at pH 6.5 

values, cell morphology was slightly 

affected, especially in ARPE19 cells 

(Figures 6B1 and B4), although cell 

viability assays did not demonstrate 

cytotoxicity. As it can be seen in Figures 

6(B3 and B6), after the treatment with 

Lipofectamine 2000™, the morphology of 

HEK293 and ARPE19 cells completely 

changed, which indicates the higher 

toxicity of this lipidic vectors compared to 

UOC-based vectors. 
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Figure 6.  Cell viability and morphology of HEK293 and ARPE19 cells after transfection with O15 

and O25 UOC vectors (N/P =20) and Lipofectamine 2000™. Influence of pH on cell viability of 

HEK293 and ARPE19 cells by CCK-8 assay (A). Phalloidin and DAPI staining of HEK293 and 

ARPE19 cells after 4 h transfection; HEK293 cells transfected with O25 UOC vectors at pH value of 

6.5 (B1); HEK293 cells tranfected with O25 UOC vectors at pH value of 7.4 (B2); HEK293 cells 

transfected with Lipofectamine 2000™ (B3); ARPE19 cells transfected with O25 UOC vectors at pH 

value of 6.5 (B4); ARPE19 cells transfected with O25 UOC vectors at pH value of 7.4 (B5); ARPE 

19 cells transfected with Lipofectamine 2000™ (B6). 
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In resume, our results indicate a very 

low toxic effect of the UOC/pCMS-EGFP 

polyplexes on these cells, regardless of the 

pH of the incubation medium. 

4. Conclusion 

In this study we found that the pH 

value of the medium clearly affects the 

physicochemical properties of our UOC/ 

pCMS-EGFP polyplexes, turning them 

more positively charged when we acidified 

the medium. The strong increase of the 

zeta potential enhances the electrostatic 

interaction between the  vectors  and  cell  

membrane,  improving the cellular uptake 

and the transfection efficiency in both 

HEK293 and ARPE19 cells. Buffer 

capacity of UOCs contributes to an 

efficient intracellular trafficking compared 

to high-MW counterparts. Neither of our 

UOC/pCMS-EGFP vectors caused toxicity 

in our experimental conditions. However, 

cells treated with Lipofectamine 2000™ 

showed decreased cell viability. These 

results demonstrated the relevance of 

understanding the physicochemical 

behavior of UOC-based vectors for its 

biomedical application. Accordingly, this 

kind of vectors could be useful to transfect 

cells that are in an acidic environment, 

such as tumor cells. However, additional in 

vivo studies may be required in order to 

obtain an effective and safe medicine for 

nonviral gene therapy purpose. 
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ABSTRACT 

Ultrapure oligochitosans have been recently reported as efficient non-viral vectors for the 

delivery of pCMS-EGFP plasmid (5.5 kbp) to the cornea and retina. However, the delivery 

of oncolytic adenoviral plasmids (40 kbp) represents a unique challenge. In this work, we 

elaborated self assembled O15 and O25 UOC/pAdTLRGD polyplexes, and we studied the 

influence of the N/P ratio, the pH of the transfection medium and the salt concentration on the 

particle size and zeta potential by an orthogonal experimental design. All polyplexes 

showed a particle size lower than 200 nm and a positive zeta potential. These parameters 

were influenced by the N/P ratio, salt concentration, and pH of the transfection medium. The 

selected polyplexes were able to bind, release, and protect the plasmid from DNase 

degradation. Transfection experiments in HEK293 and A549 cell lines demonstrated that 

UOC/pAdTLRGD polyplexes were able to deliver the plasmid and transfect both cell lines. 

These results suggest that O15 and O25 UOC based polyplexes are suitable for future in vivo 

applications. 
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1. Introduction 

Cancer gene therapy, along with 

immunotherapy, represents a challenging 

approach to circumvent some of the 

limitations associated to conventional cancer 

treatment by chemotherapy, radiotherapy or 

surgery (World Health Organization (WHO) 

2014). In fact, more than 63% of all gene 

therapy clinical trials focus on cancer. As 

adenovirus is a suitable vector for transient 

cancer cell modification, adenoviral vectors 

are the most frequently used in cancer gene 

therapy (Gene Therapy Clinical Trials 

Worldwide, 2014). 

An emerging approach that raised 

interest for cancer treatment is the use of 

oncolytic adenoviruses (Buonaguro et al., 

2012; Zhou and Tang, 2014). Replication-

competent oncolytic adenoviruses are able 

to replicate selectively in tumor cells and, 

moreover, the progeny adenovirus has the 

capability to spread through the tumor tissue 

infecting other cancer cells. In addition, to 

potentiate their therapeutic efficiency, 

oncolytic adenoviruses have been armed 

with therapeutic genes or nucleic acid 

inhibitors (Alemany, 2012) However, the 

interaction of the adenovirus capsid with 

blood factors causes difficulty for the 

amount of virus that reaches tumors 

systemically. Due to the theoretically 

unlimited packing capacity of non-viral 

vectors (Charbel Issa and MacLaren, 2012), 

these may be used as delivery vehicles of 

highly infectious adenovirus plasmids 

(Kwon et al., 2011; Kim et al., 2012) that 

could solve the numerous limitations of 

injecting virus particles in the bloodstream 

by avoiding interactions with Kupffer liver 

cells, platelets, erythrocytes, complement, 

clotting factors and neutral- izing antibodies 

(Coughlan et al., 2010). 

Among non-viral carriers, chitosan, a 

linear polysaccharide of -1–4 linked N-

acetyl-D-glucosamine and D-glucosamine 

subunits connected by a (1–4) glycosidic 

bond, presents favorable characteristics as a 

non-viral gene vector: it is biocompatible, 

biodegradable, low immunogenic, and non-

toxic (Kean and Thanou, 2010; Strand et al., 

2001; Filion et al., 2007). Considering the 

favorable properties of chitosan for gene 

delivery purposes (Mao et al., 2010; 

Buschmann et al., 2013), its inherent 
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anticancer activity (Tan et al., 2009; Noh et 

al., 2010; Huang et al., 2012; Liu et al., 

2014; Ki et al., 2014), and our previous 

results that support the use of ultrapure 

oligochtiosan (UOC) as efficient delivery 

system for pCMS-EGFP reporter plasmid 

(5.5 kbp) in slightly acidic environments, 

such as tumor tissues (Agirre et al., 2015), 

we propose the delivery of large oncolytic 

adenoviral plasmids mediated by UOC. As a 

first step for a future efficient oncolytic 

adenoviral gene therapy, we have evaluated 

the capacity of O15 and O25 UOC based 

polyplexes  to  deliver  and  transfect  the  

replication  incompetent adenoviral plasmid 

pAdTLRGD (40 kbp) expressing the EGFP 

and luciferase reporter genes, in human 

embryonic   kidney   cells (HEK293)  and  

in  a  human  lung  adenocarcinoma  

epithelial  cell line (A549). For this purpose, 

the polyplexes were elaborated by the self-

assembly  method  and  an  orthogonal  (2
3
)  

experimental design was performed to 

evaluate the influence of factors such as N/P 

ratio, pH, and salt concentration on the size 

and zeta potential of the polyplexes. The 

binding, release and protection capacity of 

the polyplexes was evaluated by 

electrophoresis in agarose gels and finally,  

the expression of  the reporter  gene  

(EGFP)  was evaluated in HEK293 and 

A549 cells.  

2. Material and methods 

2.1. Materials 

O15 and O25 UOCs (MWs of 5.7 kDa and 

7.3 kDa, respectively, DDA ≥ 97% and 

endotoxin levels ≤ 0.05 EU/mg) were 

purchased from NovaMatrix/FMC 

(Sandvika, Norway). HEK293 cells, A549 

cells and Eagles’s minimal essential 

medium with Earle’s BSS and 2 mM 1-

glutamine (EMEM) were bought from the 

American type culture collection (ATCC). 

Dulbecco’s modified Eagle’s medium 

(DMEM) Han’s nutrient mixture F-12 (1:1) 

medium was purchased from GIBCO (San 

Diego, California, US). Opti-MEM
®
 I 

reduced medium and Lipofectamine
TM

 2000 

were purchased from Invitrogen (Life 

Technologies, US). Phosphate buffer saline 

(PBS), Agarose D5 and MES were 

purchased from Sigma–Aldrich (Madrid, 

Spain).  pAdTLRGD  has  been previously  
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described  (Bayo-Puxan et al., 2006). This 

plasmid was grown in E. coli DH5alpha 

strain using Luria–Bertani broth with 

ampicillin at 100 g/ml and purified using 

the Invitrogen PureLink HiPure Plasmid 

Maxiprep kit (Invitrogen, Carlsbad, CA). 

2.2. Preparation of UOC/pAdTLRGD 

polyplexes 

UOC/pAdTLRGD polyplexes were 

prepared by the self-assembly method with 

a final DNA concentration of 13.2 g/ml. 

Different volumes of UOC solution (2 

mg/ml) were added to the DNA solution 

(0.5 mg/ml) under vortex mixing (1200 

rpm) for 15 s and were allowed to stabilize 

at room temperature for 30 min (Puras et al., 

2013b). This incubation period was chosen 

in order to avoid the aggregation of the 

polyplexes, since it is reported that the 

physical stability of this kind of non-viral 

vectors is time- dependent (Anchordoquy 

and Koe, 2000). 

2.3. Fractional factorial experiment  

The influence of the pH of the solution 

(pH =X1), salt concentration of the solution 

([NaCl] = X2) and chitosan/DNA N/P ratio 

(N/P ratio = X3) on the size and zeta 

potential of UOC/ pAdTLRGD polyplexes 

was evaluated at two levels (low level and 

high level) and three variables fractional 

factorial experiment, also known as 

orthogonal experimental design. The 

original measurement units for the 

experimental variables (uncoded units) were 

transformed into code units, -1 (low level) 

and +1 (high level) (Table 1), for the 

analysis of the factorial design. 

Table 1: Table of experimental trials and 

interactions transformed into code units 

X
1
 X

2
 X

3
 X

1
X

2
 X

1
X

3
 X

2
X

3
 X

1
X

2
X

3
 Res-

ponse 

-1 -1 -1 +1 +1 +1 -1  

+1 -1 -1 -1 -1 +1 +1 
 

-1 +1 -1 -1 +1 -1 +1 
 

+1 +1 -1 +1 -1 -1 -1 
 

-1 -1 +1 +1 -1 -1 +1 
 

+1 -1 +1 -1 +1 -1 -1 
 

-1 +1 +1 -1 -1 +1 -1 
 

+1 +1 +1 +1 +1 +1 +1 
 

The number of experimental runs that 

had to be done to carry out an orthogonal 

experimental design is 8 (2
3
). The responses, 

particle size and zeta potential, for each 

experimental combination were expressed 

as nm and mV, respectively (Table 2). The 

effects of the variables on the responses 
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could depend on the other studied variables. 

This phenomenon is called interaction. The 

effect of each variable and the 

corresponding interactions are included in 

the table of experimental trials (Table 3). 

Three different interactions can be found in 

the orthogonal experimental design: X1X2, 

X1X3 and X2X3. The effect of each variable 

and each interaction (Table 3) was 

calculated by the following equation: 

Effect or  Interaction = (∑ Responses with positive sign 

- ∑ Responses with negative sign) / 4 

2.4. Size and zeta potential measurements 

The measurements of size and zeta 

potential were carried out as previously 

described by Puras et al. (2013a) using a 

Zetasizer NanoZS (Malvern Instruments, 

UK). Briefly, 100 ml of the polyplexes 

were resuspended in 900 ml of the 

corresponding solution with a determinate 

pH value and salt concentration. The 

particle size reported as hydrodynamic 

diameter was obtained by dynamic light 

scattering, and the zeta potential was 

obtained by laser Doppler velocimetry. All 

measurements were carried out in 

triplicate. 

2.5. Cryo-TEM microscopy 

The morphology of polyplexes was 

observed by cryo-TEM microscopy. 

Briefly, one drop of the sample solution 

was vitrified by rapid freezing in liquid 

ethane using a Vitrobot Markt IV (FEI). 

This vitrified sample grid was transferred 

through 655 turbo pumping station (Gatan) 

to a 626 DH single tilt liquid nitrogen cryo-

holder (Gatan), where it was maintained at 

-180 o C. Copper grid (300 mesh 

Quantifoils) was hydrophilized by glow-

discharge treatment. The sample was 

examined in a TEM, TECNAI G2 20 

TWIN (FEI), operating at an accelerating 

voltage of 200 keV in a bright-field and 

low-dose image mode.  

2.6. Gel retardation assay 

The capacity of O15 and O25 UOCs 

to complex, release and protect the DNA 

from DNase I enzymatic digestion was 

estimated by agarose gel electrophoresis 

assays. Naked DNA or polyplexes samples 

at N/P ratios of 1, 2, 5, and 10 (containing 
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Table 2: Table of experimental trials and response in terms of size and zeta potential for O15 and O25 

UOC/pAdTLRGD 

    Size (nm) Zeta (mV) 

Trial X1 N/P 

X2 [NaCl] 

(mM) X3 pH O15 O25 O15 O25 

1 10 5 Acid 102.9 110.3 17.5 43 

2 60 5 Acid 84.78 92.6 16.9 47.4 
3 10 150 Acid 114.7 99.02 62.5 40.8 

4 60 150 Acid 117 123.3 50 45.3 

5 10 5 Neutral 145.2 120.6 -9.75 11 
6 60 5 Neutral 84.82 105.4 12.9 12.4 

7 10 150 Neutral 153.7 128.5 1.68 8.75 

8 60 150 Neutral 161.5 94.21 6.75 10 

 

Table 3: Table of effects and interactions on size and zeta potential of the UOC/pAdTLRGD 

polyplexes. X1e: N/P effect, X2e: [NaCl] effect, X3e: pH effect, X1X2i: N/P-[NaCl] interaction, X1X3i: 

N/P-pH interaction, X2X3i: [NaCl]-pH interaction.  

 Size (nm) Zeta (mV) 

Effects and Interactions O15 O25 O15 O25 

X1 e -17.1 -10.7275 3.6575 2.8875 
X2e 32.3 4.0325 20.8475 -2.2375 
X3e -31.46 5.8725 -33.8325 -33.5875 
X1 X2i 22.15 5.7225 -7.3725 -0.0125 
X1 X3i -9.19 -14.0175 10.2025 -1.5625 
X2 X3i 10.29 -5.6775 -18.2025 -0.0875 

 

132 ng DNA) were loaded to a 0.3% 

agarose gel and exposed for 3 h to 70 V. 

DNA bands were stained with GelRedTM 

(Biotium, Hayward, California, USA) and 

images were observed with a 

ChemiDocTM  MP Imaging System 

(BioRad Madrid, Spain). The DNA 

protection capacity against enzymatic 

digestion was analyzed by adding a DNase 

I solution to UOC/pATLRGD vectors and 

incubating the mixture at 37 ºC for 30 min. 

Afterwards, a 2% sodium dodecyl sulphate 

(SDS) solution was added to the samples in 

order to release the DNA from the 

complexes. The integrity of the DNA in 

each sample was compared to untreated 

DNA.  

2.7. Cell culture and in vitro transfection 

HEK293 and A549 cells were seeded 

in 24 well plates at an initial density of 15 
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x 10
4
 and 12 x 10

4
 cells in 300 l of 

EMEM and D-MEM/F-12 containing 10% 

fetal bovine serum, respectively. Cells 

were incubated overnight at 37 ºC and 5% 

CO2 to reach 70–80% of confluence at the 

time of transfection. Then, the regular 

growth medium was removed and the cells 

were exposed to polyplexes containing 

1.65 g of DNA and adequate amounts of 

UOC solution depending on the N/P ratio. 

Formulations for transfection were 

prepared after mixing the polyplexes and 

the hypertonic serum free Opti-MEM
®
 

transfection medium (pH 7.1) at 1:1 ratio 

in order to obtain a final isotonic medium. 

Each formulation was tested in triplicate. 

After 4 h of incubation at 37 ºC, the 

polyplexes were replaced by 300 l of 

regular growth medium. A549 and 

HEK293 cells were allowed to grow for 24 

and 72 h, respectively. Following the 

manufacturer’s protocol, Lipofectamine
TM

 

2000 was used in combination with 

pAdTLRGD as transfection positive 

control and cells transfected with the naked 

pAdTLRGD and non- treated cells were 

used as negative controls.  

2.8. Analysis of EGFP expression 

Qualitative expression of EGFP was 

analyzed using an inverted microscope 

equipped with an attachment for 

fluorescent observation (model 

EclipseTE2000-S, Nikon). Flow cytometry 

analysis was conducted using a 

FACSCalibur system flow cytometer 

(Becton Dickinson Biosciences, San Jose, 

USA), in order to quantify the % of EGFP 

positive cells and the mean fluorescent 

intensity (MFI). At the end of the 

incubation period, cells were detached with 

200 l of trypsin/EDTA and 400 l of 

complete medium were added to inhibit 

trypsin activity. Then, the cells were 

centrifuged at 1500 x g and the supernatant 

was discarded. Cells were resuspended in 

cold PBS, diluted in FACSFlow liquid and 

transferred to specific flow cytometer tubes 

to quantify EGFP expression. For cell 

viability measurements, BD-via probe 

reagent was added to each sample to 

exclude dead cells from the analysis. 

Transfection efficiency was expressed as 

the percentage of EGFP positive cells at 

525 nm (FL1). Control samples (non-
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transfected cells) were displayed on a dot 

plot of forward scatter against side scatter 

to establish a collection gate excluding 

cells debris and dead cells. Cell transfected 

with Lipofectamine and non-transfected 

cells with BD-Via Probe reagent were used 

as controls to compensate FL2 signal in 

FL1 and FL3 channels. For each sample 

10,000 events were collected. 

2.9. Statistical analysis 

All data are expressed as mean ± SD, 

n = 3. The Kruskal–Wallis Test and 

Dunn’s Multiple Comparison post-test 

were applied with InStat programme 

(GraphPad Software, San Diego, CA, 

USA) in order to make statistical 

comparisons. Differences were considered 

statistically significant when P < 0.05. 

3. Results 

3.1. Effects and interactions of N/P ratio, 

salt concentration and pH on size and zeta 

potential 

An orthogonal experimental design 

was chosen to address the effect of the N/P 

ratio, the salt concentration, and the pH of 

the transfection medium on size and zeta 

potential of O15 and O25 

UOC/pAdTLRGD polyplexes. Table 2 

shows the design matrix of uncoded values 

for the factors and responses. The effect of 

each factor and the interactions can be 

observed in Table 3. Regarding the size, all 

polyplexes had a particle size lower than 

200 nm (Table 2). Particle size decreased 

when the N/P ratio was raised from 10 to 

60 (17.1 nm for O15 and 10.73 nm for 

O25), however, only the size of polyplexes 

formed with O15 UOC was affected by the 

salt concentration and the pH (Table 3). 

Increasing [NaCl] from 5 mM to 150 mM 

the size increased 32.3 nm; and, when the 

pH was raised to neutral values, around 

7.4, the size decreased 31.46 nm (Table 3). 

Regarding the interactions, the X1X2 

showed a relevant interaction with a value 

of 22.15 in the particle size of O15 UOC 

based polyplexes (Table 3). Another 

significant interaction (-14.075) between 

N/P ratio and pH was also observed in the 

case of O25 based polyplexes size (Table 

3). There was no other significant 

interaction concerning the size of the 

polyplexes.
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Figure 1. Cryo-TEM images of UOC/pAdTLRGD polyplexes: (A) O25 UOC/pAdTLRGD 

polyplexes at N/P ratio 60; (B) O15 UOC/pAdTLRGD polyplexes at N/P ratio 10; (C) O15 

UOC/ pAdTLRGD polyplexes at N/P ratio 60. 

According to the zeta potential data, 

the charge of the particles decreased 

around 33 mV when the pH was raised 

from acid to neutral values. The N/P ratio 

and salt concentration did not significantly 

affect the zeta potential of 

UOC/pAdTLRGD polyplexes, except for 

O15 polyplexes, which charge increased 

20.84 mV when the salt concentration was 

raised to 150 mM. Regarding the 

interactions, two relevant interactions were 

observed in the case of O15 polyplexes, 

X1X3 interaction (10.2025) and X2X3 

interaction (-18.2015) (Table  3). 

3.2. Cryo-TEM characterization 

The morphology and size of 

UOC/pAdTLRGD polyplexes was assessed 

by cryo-TEM microscopy. Fig. 1 shows 

polyplexes with a slightly spherical nature 

and with a particle diameter inferior to 200 

nm, in agreement with the size 

measurements obtained by DLS. 

3.3. Agarose gel electrophoresis assays 

Fig. 2 shows the results obtained in 

the agarose gel electrophoresis at different 

N/P ratios, where the binding, the release 

efficiency and the protection capacity of 

O15 and O25 UOC based polyplexes were 

studied. In both Fig. 2A and B, lines 1–3 

correspond to free DNA (untreated DNA, 

DNA treated with SDS and DNA 

incubated with DNase I and 



Experimental design:Chapter 2 

128 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Binding, release and protection capacity of (A) O15 and (B) O25 UOC based 

polyplexes at different N/P ratios visualized by agarose gel electrophoresis. Polyplexes 

were treated with SDS (lanes 2 5, 8, 11 and 14) and SDS + DNase I (lanes 3, 6, 9 and 

15). 

SDS, respectively). In lanes 4, 7, 10 and 13 

polyplexes were formulated at different 

N/P ratios and their binding affinity was 

evaluated. Polyplexes formed with O15 

UOC needed an N/P ratio of 5 to 

completely bind the plasmid (Fig. 2A, lane 

10). However, polyplexes formed with 

O25, were able to completely bind the 

DNA at a lower N/P ratio (N/P 2:1) (Fig. 

2B, lane 7). Lanes 5, 8, 11 and 14 represent 

the bands of those polyplexes treated with 

SDS in order to release the DNA from the 

vectors. It is clearly observed that at N/P 

ratios of 5:1 and 10:1, O15/pAdTLRGD 

polyplexes were able to release the plasmid 

(Fig. 2A, lanes 11, 14) but it did not occur 

in the case of O25/pAdTLRGD polyplexes, 

where polyplexes were able to release the 

DNA at an N/ P ratio below 2 (Fig. 2B). 

Finally, for lanes 6, 9, 12 and 15 
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polyplexes were incubated with DNase I 

and treated with SDS. The absence of band 

in lane 3 suggests that the DNase I enzyme 

worked properly. The lower N/P ratio 

tested (1:1) was not able to protect the 

DNA in the case of O15/pAdTLRGD 

polyplexes (Fig. 2A, lane 6). O25 UOC 

was able to protect the DNA in all the 

tested proportions as observed on Fig. 2B, 

lanes 6, 9, 12 and 15.  

3.4. Transfection efficiency in HEK293 and 

A549 cells 

Transfection efficiency of 

UOC/pAdTLRGD polyplexes was 

evaluated in HEK293 and A549 cells, 72 h 

and 24 h post transfection (time to  reach  

confluency),  respectively.  As  it  can be 

observed in Fig. 3 the % of EGFP positive 

HEK293 cells depended on the N/P ratio, 

in the case of O15 (Fig. 3A1) and O25 

(Fig. 3A2) UOCs. Significantly higher 

transfection efficiencies (around 6%) were 

obtained at N/P ratio 5 with both UOCs (P 

< 0.05) and the percentage of transfected 

cells decreased as the N/P ratio increased. 

No transfection was observed when the 

naked pAdTLRGD plasmid was added to 

the wells, obtaining similar results to non-

treated control cells (data not shown). The 

qualitative analysis obtained by fluorescent 

microscopy supported our cytometry 

results (Fig. 3B1–B3). However, 

significantly higher transfection, around 

22% (P < 0.01), was observed by flow 

cytometry and microscopy when cells were 

treated with Lipofectamine (positive 

control) (Fig. 3). Regarding cell viability, 

all the tested formulations presented 

viability values higher than 80% and no 

differences were observed between the 

tested formulations. In order to study the 

relation between the percentage of 

transfected cells and the level of protein 

expression, MFI was analyzed (Fig. 4). The 

results showed that the MFI depended on 

the N/P ratio and the type of used UOC, 

obtaining significantly higher intensity 

values at N/P 5:1 with both formulations. 

Comparing both UOCs, MFI values seem 

to be higher in the case of O15; however, 

no statistically significant differences were 

observed. 

In the lung adenocarcinoma A549 cell 

line, the percentage of EGFP positive cells
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Fig. 3. Transfection efficiency of UOC/pVK503TL polyplexes in HEK293 cells at different N/P 

ratios.  (A)  %  of  EGFP  positive  cells  (bars)  and  cell  viability  (lines)  after  the treatment 

with (A1) O15 UOC/pAdTLRGD polyplexes and (A2) O25 UOC/pAdTLRGD polyplexes;  (B)  

Overlay  of  phase  contrast  image  with  fluorescent  illumination  (GFP channel) of cells 

transfected with (B1) O25 UOC/pAdTLRGD polyplexes at N/P ratio 5 and (B2) O25 

UOC/pAdTLRGD polyplexes at N/P ratio 10; (B3) Cells transfected with Lipofectamine  

2000. Error  bars  represent  ±SD  (n = 3).  *P < 0.05  compared  to  naked  pAdTLRGD.  **P 

< 0.01  compared  to  naked  pAdTLRGD.  

was lower compared to the percentage 

obtained in HEK293 cells (data not 

shown).  However, as it can be observed in 

the microscope photographs (Fig. 5A1 and 

A2) and in the dot plots cytometry data 

(Fig. 5B1 and B2), the UOC based 
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polyplexes, at N/P ratio of 5, were able to 

deliver the plasmid  for the subsequent 

production of EGFP. No transfection was 

observed at higher N/P ratios (data not 

shown). A549 cells treated with 

Lipofectamine showed the highest level of 

transfection (Fig 5A3 and B3). On the 

other hand, there was not EGFP expression 

when the naked plasmid was used (Fig 5A4 

and B4).  

 

 

 

 

 

 

Figure 4. Mean fluorescent intensity (MFI) of 

HEK293 cells transfected with O15 (dark bars) 

and O25 (white bars) UOC/pAdTLRGD 

polyplexes at different N/P ratios. Error bars 

represent ±SD (n=3). ). *P < 0.05 compared to 

naked pAdTLRGD.**P < 0.01 compared to 

naked pAdTLRGD. 

4. Discussion  

The current study was designed to 

evaluate the ability of UOC O15 and O25 

to deliver pAdTLRGD, a replication-

incompetent adenoviral plasmid (40 kbp), 

as a first step towards developing hybrid 

delivery systems composed of non-viral 

vectors and oncolytic adenoviral genomes. 

pAdTLRGD was complexed directly 

after purification in a supercoiled form. 

The use of covalently closed circular DNA 

is preferred compared to linearized DNA 

because it avoids the exposure of DNA 

terminus to exonucleases and subsequently 

obtaining an increase in the transfection 

efficiency (Stanton et al., 2008). Self-

excising plasmids containing the genome 

of oncolytic adenoviruses would allow the 

delivery of such viruses in a circular DNA 

form using non-viral vehicles. 

Our research group has recently 

reported that factors like N/P ratio, the pH 

of the transfection medium and the salt 

concentration have an influence on size and 

zeta potential of O15 and O25 UOC/ 

pCMS-EGFP polyplexes (Agirre et al., 

2015). However, it is well known that the 

characteristics of the plasmid influence the 

properties of the polyplexes and 

consequently their transfection efficiency. 
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Figure 5. Transfection efficiency of UOC/pAdTLRGD polyplexes in A549 cell line. (A) 

Overlay of phase contrast image with fluorescent illumination (GFP channel) of cells 

transfected with (A1) O15 UOC/pAdTLRGD at N/P ratio 5; (A2) O25 UOC/pAdTLRGD at 

N/P ratio 5; (A3) Lipofectamine 2000; (A4) naked pAdTLRGD plasmid. (B) Flow citometry 

dot plots (GFP vs FSC) of cells transfected with (B1) O15 UOC/pAdTLRGD at N/P ratio 

5; (B2) O25 UOC/pAdTLRGD at N/P ratio 5; (B3) Lipofectamine 2000; (B4) naked 

pAdTLRGD plasmid. 

For this reason, we carried out a two levels 

three variables fractional factorial 

experiment to characterize UOC/ 

pAdTLRGD polyplexes. 

All the formed polyplexes were in the  

nano-range,  around 200 nm, which has 

been reported to be beneficial for a higher 

cellular uptake compared to microparticles 

(Bivas-Benita et al., 2004). In addition, 

particle size has a major role in 

determining the localization of 

nanoparticles in specific organs, and it has 

been described that after intravenous 

administration, positively charged particles 

smaller than 200 nm are trapped in the lung 

capillaries (Schroeder et al., 2011). The 

reduction of the particle size at high N/P 

ratios (Table 3) can be attributed to the 

ability of the UOC to precondense DNA 

(Puras et al., 2013b). Known et al. (2011) 

also reported similar particle sizes when 

they elaborated lipoplexes with viral 

genome DNA. Moreover, Kim et al. (2012) 

also described polyplexes of 70–80 nm 



Experimental design: Chapter 2 
 

133 

 

using bioreducible polymers for the 

delivery of linearized oncolytic adenoviral 

plasmid DNA. 

The interactions observed between 

the salt concentration and the N/P ratio for 

O15 UOC polyplexes, and between the N/P 

ratio and the pH for O25 UOC based 

polyplexes, showed that there is a 

dependency between the studied factors. 

The effect of the N/P ratio on the particle 

size of the polyplexes can change 

depending on the value of the salt 

concentration and the pH. Similar 

interactions were obtained in our previous 

works for O15/pCMS-EGFP polyplexes 

(Agirre et al., 2015). Some authors suggest 

that the transfection efficiency of 

chitosan/pDNA nanoparticles does not 

depend on the size when it the ranges 

between 250 and 1300 nm (Duceppe and 

Trabrizian, 2010). However, other works 

have demonstrated that the final size can 

affect the transfection efficiency, as the 

endocytic pathways differ regarding the 

size of the endocytic vesicle (Conner and 

Schmid, 2003). Therefore, due to the 

controversy regarding the particle size, the 

investigation of other physicochemical 

properties, such as the zeta potential, could 

be helpful to improve in vitro transfections 

(Lee et al., 2004; Duceppe and Trabrizian, 

2010). Positively charged particles interact 

with the negatively charged cell membrane 

facilitating the cellular uptake and thus 

enabling the transfection efficiency (Yue et 

al., 2011; Kang et al., 2012). 

UOC/pAdTLRGD polyplexes have a 

positive surface charge that can be 

modified depending on the pH (Nimesh et 

al., 2010). The observed interactions 

indicated that the effect of the pH in the 

zeta potential of our polyplexes depended 

on the N/P ratio and salt concentration. 

Regarding the orthogonal experimental 

design, we suggest that with high N/P 

ratios, in acidic and low salt concentration 

conditions we will obtain the desired small 

and positively charged particles. 

Interestingly, we did not find 

significant differences in the 

physicochemical properties (size and zeta 

potential) of the polyplexes elaborated with 

pAdTLRGD plasmid, and polyplexes 

based on pCMS-EGFP plasmid, which is 
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10 times smaller (Agirre et al., 2015). 

Polyplexes were in the nanorange (<500 

nm) and positively charged. Regarding 

polyplex morphololgy, we observed similar 

morphology than those reported previously 

with other plasmids such as pCMS-EGFP 

(Puras et al., 2013b). Other authors have 

also reported no differences in the structure 

and size of the lipoplexes when the size of 

the used pDNA is around 52.5 kbp 

compared to smaller plasmids (Kreiss et 

al., 1999). 

In order to achieve an efficient 

transfection, the carrier material must be 

able to condense, release and protect the 

DNA against enzymatic degradation 

(Strand et al., 2010). In addition, a delicate 

balance between DNA binding capacity 

and DNA release must be achieved, since a 

strong binding between chitosan and 

plasmid could hamper the transfection 

process (Alatorre-Meda et al., 2011). It has 

been previously  reported  the  ability   of   

O15   and O25 oligochitosans to condense, 

release and protect a wide range of small 

plasmids (9 kbp) (Klausner et al., 2012). 

The agarose gel electrophoresis assay 

revealed that the ability of UOC based 

polyplexes to bind, release and  protect  the  

DNA  depended  on the N/P ratio. The 

slightly lower MW of O15 UOC explains 

the need of a higher N/P ratio for 

completely binding the DNA, and it also 

explains the absence of DNA protection at 

low N/P ratios (Agirre et al., 2015). 

Polyplexes elaborated with high MW 

chitosan are very stable and excellent DNA 

protectors, however, the release of the 

DNA cargo could be restricted due to the 

high stability of the polyplexes (Huang et 

al., 2005; Lu et al., 2009). Regarding the 

influence of the plasmid size, the agarose 

gel reveals that, despite the high size of 

pAdTLRGD, UOC based polyplexes are 

able to completely condense, release, and 

protect the nucleic acid depending on the 

N/P ratio. This is in agreement with other 

works where DOTAP/DOPE lipoplexes 

were able to condense and protect 

adenoviral genome DNA at a specific 

weight ratio (Kwon et al., 2011). However, 

compared to polyplexes elaborated with 

smaller plasmids, lower N/P ratios are 

required to completely condense the DNA 
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when a 40 Kbp plasmid is used (Puras et 

al., 2013a,b). 

Once we studied that our formulations 

were biotechnologically suitable and had 

the desired characteristics for the delivery 

of big size plasmids, we evaluated the in 

vitro transfection efficiency of 

UOC/pAdTLRGD polyplexes in HEK293, 

a cell model for transfection studies, and in 

A549, a lung adenocarcinome cell line, 

both also commonly used in oncolytic 

adenovirus studies. Transfection studies 

were carried out in a slightly acidic pH, 

7.1, as it is well reported that the 

microenvironment in tumors is generally 

more acidic than in normal tissues 

(Tannock and Rotin, 1989). In addition, 

chitosan mediated transfection efficiency 

strongly depends on slight changes in the 

pH value of the transfection medium 

(Nimesh et al., 2010) and, as it is described 

in the experimental design, the acidic 

environment do not deteriorate the 

characteristics of our polyplexes. 

In HEK293 cells, the highest 

percentages of EGFP positive cells and 

MFI values were obtained at N/P 5 (Fig. 3 

and 4). The low transfection efficiency and 

EGFP expression at high N/P ratios could 

be explained by the strong interactions 

between the polymer and the plasmid, 

which could hamper the release of the 

DNA from the vector (Strand et al., 2010). 

Comparing O15 and O25 UOCs, the 

expression of EGFP tended to be higher 

with O15 than O25 UOC (Fig. 4), which 

could be due to the lower MW of O15 

UOC (Klausner et al., 2010). Regarding 

cell viability, the low cytotoxicity of 

chitosan based particles has been widely 

reported in the literature (Aam et al., 

2010). 

In A549 the percentage of transfected 

cells (data not shown) was lower than the 

obtained in HEK293 cells, which could be 

due to the differences in the cell 

internalization process (Gu et al., 2014). 

The cell line dependent transfection 

efficiency has been also described in other 

research works with a variety of non-viral 

vectors (Douglas et al., 2008; Izumisawa et 

al., 2011; Wang et al., 2012). 

The results showed that despite the 

big size of the pAdTLRGD plasmid (40 
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kbp), the formed polyplexes were able to 

cross the cell membrane and translocate 

into the nucleus to efficiently transfect the 

cells. The percentage of EGFP positive 

cells was significantly lower than the 

percentage obtained with smaller plasmids 

when they were delivered by this UOC 

based formulations (Klausner et al., 2012). 

Some authors have reported that the uptake 

and expression of plasmid DNA is not 

influenced by the size of the plasmid, at 

least up to 16 kbp (Wells et al., 1998). 

However, other authors have reported that 

the transfection efficiency of large size 

plasmid is lower than the one obtained with 

smaller plasmids (Walker et al., 2004; Yin 

et al., 2005). This is in accordance with our 

results, as higher transfection efficiencies 

were obtained with the smaller plasmid 

(pCMS-EGFP) using the same UOCs as 

carriers (Klausner et al., 2012; Puras et al., 

2013a). 

The advantage of non-viral vectors 

over viral vectors regarding the packing 

capacity has been proven, as the UOC 

based polyplexes are able to deliver 

plasmids of 40 Kbp and produce EGFP 

protein. Despite the low transfection 

efficiency, the property of replication- 

competent oncolytic adenoviruses to 

amplify themselves inside tumors would 

offer the opportunity to use our non viral 

vectors for in vivo gene delivery. 

6. Conclusion 

In the present study, we designed and 

characterized polyplexes based on O15 and 

O25 UOCs for the delivery of 

pAdTLRGD, which is a replication 

incompetent Ad plasmid of 40 kbp. The 

polyplexes were in the desirable 

nanorange, and their size and zeta potential 

varied depending on the formulation 

conditions, as it occurs with smaller 

plasmids. According to the agarose gel 

results and even though the large size of 

the plasmid, the formulations were able to 

condense, release, and protect the nucleic 

acids against DNase I. The transfection 

efficiencies in HEK293 and A549 showed 

that the transfection is cell line dependent, 

and vary considerably depending on the 

used N/P ratio. The obtained transfection 

percentages were lower than previously 

reported data with other reporter plasmids 
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like pCMS-EGFP; however, considering 

the possible applications of these 

formulations, which is the case of the 

delivery of replication competent 

adenoviral genomes, the transfection of 

some of the tumor cells may be enough to 

trigger the infection of the rest of the tumor 

tissue. These preliminary results suggest 

that O15 and O25 UOC based polyplexes 

could be used as possible vectors for the 

delivery of oncolytic Ad plasmids. At this 

point, further research is required in order 

to progress in the design of an effective 

hybrid delivery system composed of 

oncolytic viral genomes and non-viral 

carriers, to evaluate the in vivo application 

of a promising therapy applied to cancer  

therapy. 
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ABSTRACT 

The transfection of human NTera2/D1 teratocarcinoma-deriverd cell line (or NT2 cells) represents a 

promising strategy for the delivery of exogenous proteins or biological agents into the central nervous 

system (CNS). The development of suitable non-viral vectors with high transfection efficiencies 

requires a profound knowledge of the whole transfection process. In this work, we elaborated and 

characterized in terms of size and zeta potential three different non-viral vectors: lipoplexes (144 nm; 

-29.13 mV), nioplexes (142.5 nm; +35.4 mV) and polyplexes (294.8 nm; +15.1 mV). We compared 

the transfection efficiency, cellular uptake and intracellular trafficking of the three vectors in NT2 

cells line. Lipoplexes and nioplexes exhibited the highest and the lowest percentages of EGFP 

positive cells, respectively. Cellular uptake results had a clear correlation respect to the corresponding 

transfection efficiencies. Regarding the endocytosis mechanism, lipoplexes enter in the cell, mainly, 

via clathrin-mediated endocytosis (CME) while polyplexes via caveolae-mediated endocytosis 

(CvME). By simulating an artificial endosome, we demonstrated that the vectors were able to release 

the DNA cargo once inside the late endosome. The data collected from this assay showed that at 6h, 

the genetic material carried by polyplexes was still located in the late endosome, while DNA carried 

by lipoplexes was already in the nucleus, indicating a faster intracellular traffic of the lipid based 

vectors. Overall, our work gives new insights into the transfection process of NT2 cells by different 

non-viral vectors as a first step in the development of ex-vivo gene therapy platform.  

 

 

Key words 

Non-viral vectors, transfection, endocytosis, pCMS-EGFP, NTera2/D1 cells   



Experimental design: Chapter 3 

144 

 

1. Introduction 

Cell therapy is a field that moves 

rapidly with new cell lines and tissue-

enginereed constructs developed globally 

every year. The human NTera2/D1 

teratocarcinoma-derived cell line (or NT2 

cells) can be differentiated into well-

characterized populations of neuron-like 

cells (or NT2-N) that engraft and mature 

when are transplanted into the adult central 

nervous system (CNS) of rodents and 

humans [1-7]. Moreover, human 

transplantation studies in the brain of 

stroke patients demonstrated a lack of 

tumorigenicity of these cells [6,8]. On the 

other hand, the NT2 cell line can be used 

as derive cellular vehicles with glioma 

tropism [9], adding a human cell-based 

delivery vehicle for clinical glioblastoma 

therapy, as it was similarly demonstrated 

for neural stem cells in animal models 

[10,11]. Although these features suggest 

that NT2 cells would be an excellent 

platform for ex vivo gene therapy in the 

CNS [3,7,9,12,13], the use of non-viral 

strategies for gene transfer has been scarce 

[14,15]. 

In the last decade, cationic lipid-

mediated [16] and cationic polymer-

mediated non-viral gene delivery [17] 

methods have become useful tools for 

cellular transfection. Although gene 

therapy is still dominated by viral vectors, 

which present higher transfection 

efficiencies compared to non-viral gene 

delivery systems, safety issues such as 

immunogenicity and mutagenicity hinder 

their clinical applications [18-20]. At this 

point, non-viral gene delivery has been the 

subject of increasing attention due to its 

relative safety, simple use and easy 

handling compared to viral vectors [21,22]. 

Among lipid based non-viral vectors, 

liposomes are the most widely used carriers 

for in vitro and in vivo gene delivery [23]. 

Lipofectamine 2000 is a commercialized 

cationic liposome based reagent, which has 

been extensively used for in vitro gene 

delivery purposes due to its high transfection 

efficiency [24]. In addition to liposomes, 

niosomes (non-ionic surfactant vesicles) have 

also gained interest as an alternative to 

liposomes due to their similar structure. 

Although the use of these structures has been 
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mainly restricted to drug delivery, our 

research group has recently obtained some 

promising results that suggests the possible 

use of cationic niosomes as non-viral vectors 

for gene delivery [25,26]. Finally, among 

cationic polymers, chitosan is an appropriate 

candidate for non-viral gene delivery due to 

its biocompatibility, biodegradability and low 

cost [27]. Our research group has been 

working with ultrapure oligochitosans (UOC) 

obtaining promising results [28,29]. The non-

viral carriers (liposomes, niosomes or 

polymers) are typically cationic in nature, and 

electrostatically interact with negatively 

charged DNA molecules forming the so-

called lipoplexes nioplexes and polyplexes, 

respectively.  

Regardless the gene carrier, it is well 

known that the final gene expression will be 

highly influenced by the uptake of the non-

viral vector, the internalization pathway and 

their ability to escape from the endosomes 

and import the genetic material into the 

nucleus [30]. At the same time, the 

internalization route of the vectors will 

depend on their composition and 

physicochemical characteristics, such as size, 

polydispersity, surface charge and 

morphology [31]. Thus, it is essential to 

study, specifically, the uptake and 

intracellular trafficking of each selected non-

viral vector, in order to understand their 

possible limitations and improve their design.  

Therefore, this work was intended to 

carry out a comparative study of three types 

of non-viral vectors in human neuronal 

precursor NT2 cell line. Specifically, we 

compared lipoplexes based on the 

commercialized Lipofectamine 2000; 

nioplexes based on a previously described 

novel noisome formulation; and polyplexes 

based on UOCs. For this purpose, the vectors 

were characterized in terms of size, 

polydispersity index (PDI) and surface 

charge. The percentage of transfected cells, 

mean fluorescent intensity (MFI) and cell 

viability were analysed by flow citometry. 

Additionally, the expression of the enhanced 

green fluorescent protein (EGFP) was 

analysed by Western Blot. To further explain 

the differences in the transfection efficiencies 

that we found among the three formulations, 

we performed qualitative and quantitative 

cellular uptake studies, by confocal 
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microscopy and flow citometry, respectively, 

using Cy3 or FITC labeled plasmids. The 

endocytosis pathways of the studied vectors 

were determined by colocalization assays and 

quantified by the Mander´s overlap 

coefficient. Finally, the endosomal escape 

was analysed by simulating the interaction of 

the vectors with anionic micelles, analogues 

of endosomal compartment.  

2. Material and methods 

2.1. Propagation of pCMS-EGFP 

The pCMS-EGFP reporter plasmid 

was propagated in Escherichia coli DH5-α 

and purified using the Qiagen endotoxin-

free plasmid purification Maxi-prep kit 

(Qiagen, Santa Clarita, CA, USA) 

according to the manufacturer’s 

instructions. The concentration of pDNA 

was quantified by measuring the 

absorbance at 260 nm using a NanoDrop® 

(ND-1000 spectrophotometer, Thermo 

Fisher Scientific Inc., Denver, USA). The 

purity of the plasmid was verified by 

agarose gel electrophoresis in Tris borate-

EDTA buffer, pH 8.0 (TBE buffer). DNA 

bands were detected using GelRed™ 

(Biotium, Hayward, California, USA) and 

images were observed with a ChemiDoc™ 

MP imaging system (Bio-Rad, USA). 

2.2 Niosomes elaboration 

The cationic lipid 2,3-

di(tetradecyloxy)propan-1-amine used for 

niosome elaboration was synthesized as 

previously describe by Grijalvo et al [32]. 

Niosomes were prepared by the oil in water 

(o/w) emulsification method [26]. 5 mg of 

the cationic lipid were gently ground with 

20 μl of squalene. Then, 1 ml of 

dichloromethane was added and emulsified 

with 5 ml of aqueous phase containing the 

non-ionic surfactant polysorbate 80 (0.5 %, 

w/w). The emulsion was obtained by 

sonication (Branson Sonifier 250, 

Danbury) for 30 s at 50 W. The organic 

solvent was removed from the emulsion by 

evaporation under magnetic agitation for 3 

h. Upon dichloromethane evaporation, a 

dispersion containing the nanoparticles was 

formed by precipitation of the cationic 

nanoparticles in the aqueous medium. The 

final concentration of the cationic lipid in 

the niosome formulation was 1mg/ml. 
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2.3. Preparation and characterization of 

the complexes 

Lipoplexes, nioplexes and polyplexes 

were prepared by mixing at determinate 

weigh/weight (w/w) ratios Lipofectamine 

2000 (Invitrogen, Life technologies, USA) 

solution, niosomes or UOC (Novafect O15 

with a molecular weight of 5.7 KDa and 97 

% degree of deacetylation, purchased from 

NovaMatrix/FMC, Sandvika, Norway) 

solution with the pCMS-EGFP plasmid. (i) 

Lipoplexes were prepared at a 

Lipofectamine/DNA w/w ratio of 2:1 by 

mixing gently Lipofectamine solution 

(1mg/ml) and pCMS-EGFP solution (0.5 

mg/ml) (ii) Nioplexes were prepared at a 

fixed cationic lipid/DNA ratio 20:1 (w/w). 

(iii) For polyplexes preparation, UOC 

solution was dissolved in miliQ water to a 

final concentration of 2 mg/ml. pCMS-

EGFP solution was added under vortex 

mixing (15 s) to the chitosan solutidon at a 

final UOC/DNA w/w ratio of 13:1. In all 

cases, the formulations were incubated for 

30 minutes at room temperature to allow 

the correct formation of the complexes.  

 

The complexes were characterized in 

terms of size and zeta potential. The 

measurements were carried out as 

previously described by Ojeda et al. using 

a Zetasizer NanoZS (Malvern Instruments, 

UK) [26]. Briefly, 50 l of the complexes 

were resuspended in 950 l of NaCl 0.1 

mM. The particle size reported as 

hydrodynamic diameter was obtained by 

Dynamic Light Scattering, and the zeta 

potential was obtained by Laser Doppler 

Velocimetry. All measurements were 

carried out in triplicate.  

2.4. Cell culture and transfection protocol 

Human teratocarcinoma NTERA2/D1 

(NT2) cells from the American Type 

Culture Collection (ATCC®, CRL-

1973™) were maintained in complete 

medium: Dulbecco’s Modified Eagle 

medium (DMEM®, ATCC 30-2002™), 

supplemented with 10% fetal bovine serum 

(FBS, Sigma-Aldrich, St Louis, MO, USA 

) and antibiotics (100 U/mL penicillin and 

100 µg/mL streptomycin, Gibco, Life 

Technologies S.A., Madrid, Spain), at 37ºC 

under a humidified atmosphere containing 

5% CO2. 
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Before transfection, NT2 cells were 

seeded in 24 well plates at an initial density 

of 8 × 10
4
 cells per well with 400 l 

complete medium and allowed to grow to 

70-80 % confluence. Then, the complete 

medium was replaced with serum-free 

Opti-MEM® (Gibco, Life Technologies 

S.A.), and the cells were exposed to the 

complexes at the corresponding w/w ratios 

(containing 1.25 g pCMS-EGFP per well) 

(Table 1). In the case of polyplexes, Opti-

MEM
®
 containing 270 mM mannitol was 

used in order to obtain a final isotonic 

medium. In addition, the pH was adjusted 

to 7, as it has been previously described the 

improved transfection with this kind of 

formulations at slightly acidic pH values. 

After 4 h of incubation at 37 ºC, the 

complexes were removed and replaced 

with 380 l complete medium, and were 

allowed to grow until the analysis time.  

2.5 Analysis of EGFP expression and cell 

viability  

Qualitative expression of EGFP was 

analysed using an inverted microscope 

equipped with an attachment for 

fluorescent observation (model 

EclipseTE2000-S, Nikon). Flow cytometry 

analysis was conducted using a 

FACSCalibur system flow cytometer 

(Becton Dickinson Biosciences, San Jose, 

USA), in order to quantify the percentage 

of EGFP positive cells and the mean 

fluorescent intensity (MFI). At the end of 

the incubation period, cells were detached 

with 200 μl of trypsin/EDTA and, 400 μl of 

complete medium were added to inhibit 

trypsin activity. Then, cells were 

transferred to specific flow cytometer tubes 

to quantify EGFP expression. For cell 

viability measurements, BD-via probe 

reagent (7-AAD) was added to each 

sample. Transfection efficiency was 

expressed as the percentage of EGFP 

positive cells at 525 nm (FL1) and cell 

viability was expressed as the percentage 

of 7-AAD negative cells at 650 nm (FL3). 

Control samples (non-transfected cells) 

were displayed on a dot plot of forward 

scatter against side scatter to establish a 

collection gate. For each sample 10,000  
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Table 1: Summary of the main components, w/w ratios and DNA quantities employed for the 

elaboration of the three formulations 

 

 

 

 

events were collected. 

In addition, EGFP protein expression 

was analysed by Western Blot of whole 

cell homogenates. Thus, expression was 

analysed semiquantitatively at 24, 48 and 

72 h after transfection with the different 

reagents. For each independent analysis, 

cells from 3 wells per condition were lysed 

and pooled in 300 µl lysis buffer: Tris-HCl 

(50 mM, pH 7.4), 150 mM NaCl, 1% 

Igepal (Sigma-Aldrich), 0.5% sodium 

deoxycholate (Sigma-Aldrich), 0.1% 

sodium dodecyl sulfate (SDS), 2.5 mM 

CHAPS (Sigma-Aldrich) and protease 

inhibitor cocktail (50 µl/mg protein; 

Sigma-Aldrich). Solubilized proteins were 

collected from supernatants of samples 

after centrifugation at 40,000 x g for 5 min 

at 4 ºC). Protein concentrations were 

determined with the BCA protein 

quantification kit (Abcam, Cambridge, 

UK; BD Transduction Laboratories, San 

Diego CA, USA). Increasing amounts (4, 

6, 8, 10 µg) of proteins from cells 24 h 

after transfection with Lipofectmine 2000 

and 10 µg of samples from the rest of 

conditions were run in parallel and 

resolved by electrophoresis on SDS-

polyacrylamide (SDS–PAGE) 10% gels. 

The uppermost part of the gel containing 

proteins above the 75 kDa standard was 

separated and stained with Coomassie Blue 

for a protein load control. The rest of 

proteins were transferred to polyvinylidene 

fluoride (PVDF) membranes (Amersham 

Bioscience, Buckinghamshire, UK). Blots 

were blocked in 5% non-fat dry 

milk/phosphate buffered saline containing 

0.5% BSA and 0.2% Tween (blocking 

Formulation Main Component w/w ratio 
DNA quantity 

(g) 

Lipoplexes Lipofectamine 2000 

 

2:1 1.25 

Nioplexes 2,3-di(tetradecyloxy)propan-
1-amine cationic lipid 

 

20:1 1.25 

Polyplexes Novafect O15 ultrapure 
oligochitosan 

13:1 1.25 
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buffer) for 1 h, and incubated with rabbit 

polyclonal anti-GFP antibody (Invitrogen, 

Ref. A11122) 1:2000 diluted in blocking 

buffer. After extensive washing, the PVDF 

membranes were incubated with 

horseradish peroxidase-conjugated 

secondary antibodies diluted to 1:10,000 in 

blocking buffer for 2 h at room 

temperature. Immunoreactive bands were 

detected with ECL reagent according to the 

manufacturer’s instructions (Amersham 

Bioscience, Buckinghamshire, UK). 

EGFP-specific immunoreactive bands were 

acquired from four independent 

experiments using an ImageQuant 350 

imager (GE Healthcare, Madrid, Spain) 

and quantified by densitometry using 

ImageJ image analysis software (ImageJ, 

NIH, Bethesda, MD, USA). Optical density 

(OD) values from bands corresponding to 

increasing protein amounts from 

Lipofectmine 2000-transfected at 24 h 

post-transfection used for linear regression 

analysis, thus obtaining a linear regression 

equation, which allowed us to calculate the 

fold change of EGFP immunoreactivity for 

each condition (transfection reagent and 

post-transfection time) compared to that in 

samples from cells at 24 h after 

transfection with Lipofectamine 2000. 

2.6. Cellular uptake assays 

NT2 cells were cultured and seeded 

as for transfection experiments. Then, the 

regular growth media was removed from 

the wells and the cells were exposed to the 

complexes containing 1.25 μg of the 

pCMS-EGFP labelled with fluorescein 

isothiocyanate (FITC) or Cy3. After 1h or 

4h of at 37 ºC, the transfection medium 

was removed and cells were washed with 

PBS and fixed with formaldehyde 4% for 

the quantitative and qualitative analysis, by 

flow cytometry and confocal laser scanning 

microscopy (CLSM), respectively. Each 

formulation was analysed by triplicate. 

Cells were analysed after 1h or 4h of 

incubation by flow cytometry at 525 nm 

(FL1) after detachment from the wells. 

10,000 events were collected for each 

sample. Cellular uptake data was expressed 

as the % of FITC positive cells. For the 

qualitative study, cells were seeded in 

coverslips containing plates and treated 
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with the vectors (containing Cy3 labelled 

DNA). After 4h of incubation, cells were 

stained with Phalloidin AlexaFluor-488 

and preparations were mounted on Dapi 

Fluoromount-G (Southern Biotech) and 

then, images were obtained with an 

Olimpues Fluoview FV500 microscope. 

CLSM images were captured in the 

General Service of Analytical Microscopy 

and High Resolution in Biomedicine of the 

University of the Basque Country 

(UPV/EHU, Bizkaia, Spain). 

2.7. Colocalization assays 

The endocytic processes involved in 

the internalization of the complexes were 

analysed by colocalization assays. NT2 

cells were seeded in coverslips (as 

described for transfection protocol) and co-

incubated with the complexes (containing 

the FITC labeled pCMS-EGFP) and 

different endocytosis fluorescent markers: 

AlexaFluor546-Transferrin (50 g/ml), 

AlexaFluor555-Cholera toxin (10 g/ml) 

or Lysotracker (140 nM), which are 

markers for clathrin-mediated endocytosis 

(CME), caveolae/raft-mediated endocytosis 

(CvME) and late endosomal compartment, 

respectively. After 3 hours of incubation 

with the complexes, the markers were 

added to the cells and they were incubated 

one more hour. Then, the cells were fixed 

with formaldehyde 4% and mounted on 

DAPI fluoromont G for their posterior 

examination by CLSM. Colocalization of 

green and red signal was analysed by 

ImageJ software and quantified by the 

Mander´s coefficient.  

2.8. Vulnerability assay of the complexes in 

the late endosome 

As an analogue of the endosomal 

compartment, anionic micelles based on 

phosphatidylserine (PS) were prepared, as 

described previously [33]. PS was 

dissolved in chloroform at 1.6 mM and left 

under magnetic stirring until the solvent 

was completely evaporated. Phosphate 

buffer was added to the dried sample and a 

dispersed solution was obtained by 

sonication (Branson Sonifier 250, 

Danbury). PS micelles and the complexes 

were incubated at a w/w ratio of 1:50 

(pCMS-EGFP: PS) for 1 hour. Thereafter, 

the amount of the released DNA from each 

complex was determined by agarose gel 
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electrophoresis. Naked plasmid or 

complexes (containing 205 ng pCMS-

EGFP) were loaded to a 0.8 % agarose gel 

and exposed for 30 min to 100 V. DNA 

bands were stained with GelRed™ 

(Biotium, Hayward, California, USA) and 

images were observed with a 

ChemiDocTM MP Imaging System 

(BioRad, Madrid, Spain) and analysed with 

Image LabTM software (Bio-Rad, Madrid, 

Spain). 

2.9. Statistical analysis 

All data are expressed as mean ± SD, 

n=3. The Kruskal-Wallis Test and Dunn’s 

Multiple Comparison post-test were 

applied with InStat programme (GraphPad 

Software, San Diego, CA, USA) in order to 

make statistical comparisons. Differences 

were considered statistically significant 

when P<0.05. 

3. Results 

3.1. Size, PDI and zeta potential of the 

complexes 

Fig.1 summarizes the characterization 

of the complexes. While lipoplexes and 

nioplexes presented a particle size around 

140 nm with low PDI (0.21), polyplexes 

showed bigger size (294 nm) and PDI 

(0.44) (Fig. 1A). The higher polidispersity 

of the polyplexes can also be observed in 

the size distribution curve (Fig. 1B). 

Regarding the surface charge, it varied 

from negative to positive values depending 

on the vector. Lipoplexes were negatively 

charged (-29.13 mV), while nioplexes and 

polyplexes had a positive zeta potential, 

+35.4 mV and +15.1 mV, respectively 

(Fig. 1A). 

 

 

 

 

 

Figure 1. Characterization of the complexes. 

(A) Size, PDI and zeta potential values. Each 

value represents the mean  standard deviation 

of three measurements. (B) Size distribution 

curve of the complexes. 

3.2. NT2 cell viability and EGFP 

expression 

The percentage of viability was 
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determined by flow citometry at 24, 48 and 

72 h post-incubation. Cell viability was 

above 70 % in the three tested formulations 

at all analysed times (Fig. 2), showing 

minimal differences among the 

formulations in all tested times.  

 

 

 

 

 

Figure 2. Cell viability of NT2 cells at 24, 48 

and 72 hours after the treatment with the 

complexes. Error bars represent  SD (n=3). *P 

< 0.05.  

The percentage of EGFP positive live 

cells at 24, 48 and 72 hours post-

transfection was analysed by flow 

citometry (Fig. 3A). No statistical 

differences were observed among the 

tested times except for lipoplexes; in this 

case, a significant decrease was observed at 

72h (37 %) compared to 24 h (22 %). 

Among the three formulations, lipoplexes 

exhibited the highest transfection 

percentages (up to 35 % at 24 h), and 

nioplexes the lowest (5 %), while 

polyplexes were able to transfect almost 20 

% of the cells. Microscopic photographs 

(Fig. 3B) corroborated these results, as 

almost no EGFP positive cells were 

observed after their transfection with 

nioplexes (Fig. 3 B6). A well defined cell 

population can be observed in flow 

citometry dot plots (FSC vs SSC) in all 

cases (Fig. 3 C1, C3, C5 and C7). In FL1 

(GFP) vs FL3 (7-AAD) dots plots, the 

higher transfection efficiency of lipoplexes 

(Fig.3 C4) and polyplexes (Fig. 3 C8) 

compared to nioplexes (Fig. 3 C6) and the 

non-treated cells (Fig. 3 C2) is clearly 

represented. 

In order to show the production of 

EGFP in the cells, MFI of the transfected 

cells was calculated (Fig. 4A) and Western 

Blot analysis of EGFP expression was 

performed (Fig. 4B). Both, MFI 

measurements and densitometric analysis 

of EGFP immunostaining revealed that 

lipoplexes and nioplexes exhibited the 

highest and the lowest MFI values, 

respectively. Interestingly, lipoplexes 
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Figure 3. Transfection efficiency of the three tested complexes. (A) Bar graphs showing percentage 

of EGFP positive live cells at 24, 48 and 72 hours post-transfection. Error bars represent  SD (n=3) 

*P < 0.05. (B) Microscope photographs of NT2 cells at 48 h post-transfection. (B1, B4, B7) phase 

contrast images, (B2, B5, B8) fluorescent images and, (B3, B6, B9) overlay images of cells 

transfected with (B1, B2, B3) lipoplexes, (B4, B5, B6) nioplexes and (B7, B8, B9) polyplexes. (C) 

Flow cytometry dot plots representing (C1, C2, C3, C5, C7) FSC vs SSC and (C2, C3, C4, C6, C8) 

FL1 vs FL3 of NT2 cells treated with (C1, C2) negative control, (C3, C4) lipoplexes, (C5, C6) 

nioplexes and (C7, C8) polyplexes. FL1 channel corresponds to GFP and FL3 channel corresponds to 

7-AAD. 

exhibited the highest MFI values, while 

nioplexes the lowest. Kruskal-Wallis test 

followed by Dunn’s multiple comparison 

revealed no statistical differences in MFI 

among the tested times except for 

polyplexes. In this case, a significant 

increase is observed at 48 hours compared 

to the previous studied time. In contrast, 

significant differences were observed 

between the different formulations.  
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Figure 4. Expression of EGFP protein at 24, 48 

and 72 hours post-transfection. (A) Bar graph 

showing MFI values for cells transfected with 

the different complexes. Error bars represent 

mean  SD (n=3). (B) Bar graph depicts results 

of semiquantitative analysis of EGFP protein 

expression by Western Blot. A representative 

Western Blot is shown below the bar graph. 

Error bars represent mean  SD (n=4). Kruskal-

Wallis test followed by Dunn’s multiple 

comparison post-test. *P < 0.05, **P < 0.01. 

Specifically, 24 and 48 hours after 

transfection, MFI values were significantly 

higher in lipoplexe- than in nioplexe-

transfected cells and significant differences 

were also detected at 72 hours between 

nioplexe- and polyplexe-transfected cells 

(Fig. 4. A). In addition, Western blot 

analysis corroborated these results. As seen 

in Fig. 4B, barely detectable EGFP was 

produced after transfection with nioplexes. 

By contrast, a well-defined band appeared 

with lipoplexes and polyplexes, at all tested 

points. In agreement with MFI values, a 

more intense EGFP band was obtained 

with lipoplexes. 

3.3. Cellular uptake 

The flow citometry analysis carried 

out with FITC-labelled pDNA complexes 

indicated that cellular uptake was clearly 

time dependent. The percentage of FITC 

positive cells increased along the time, 

from 50 % (lipoplexes), almost no uptake 

(nioplexes) and 20 % (polyplexes) after 1 h 

of incubation, to 70 % (lipoplexes), 10 % 

(nioplexes) and 30 % (polyplexes) after 4 h 

of incubation with the complexes (Fig. 

5A). However, no statistically significant 

differences were observed. In the flow 

citometry histogram (Fig. 5B) the uptake of 

the complexes after 4 h of incubation is 

observed: lipoplexes > polyplexes > 
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Figure 5. Cellular uptake of the complexes. (A) Bar graphs showing the percentage of FITC positive 

NT2 cells after the incubation for 1 hour or 4 hours with the complexes. Error bars represent  SD 

(n=3). *P < 0.05. (B) Flow cytometry fluorescent histograms representing the cellular uptake of the 

complexes (formed with FITC labelled plasmid DNA) after 4 h of incubation. Black filled curve 

represents untreated cells. (C) Merged images of NT2 cells 4 hours after the addition of (C1) 

lipoplexes, (C2) nipolexes and (C3) polyplexes. Images are at 63X magnification. Blue colouring 

shows cell nuclei stained with DAPI; red colouring shows F-actin stained with Phalloidin; green 

colouring shows Cy3 labelled plasmid DNA complexed with the corresponding non-viral vector. 

nioplexes. Confocal microscope images 

supported the quantitative results (Fig. 5 

C1, C2, and C3).  

3.4. Cell uptake mechanisms 

The presence of CME and CvME 

pathways in NT2 cells was determined 

with specific markers of endocytic routes, 

Trasnferrin-Alexa Fluor and Cholera 

Toxin-Alexa Fluor, respectively. Flow 

citometry histograms (Fig. 6 A1 and A2) 

illustrated that almost 100 % of NT2 cells 

were properly stained after the treatment 

with fluorescent markers. This indicated 

that both CME and CvME are present in 

the studied cell line. 
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Figure 6. Endocytosis pathway of the complexes. (A) Flow citometry fluorescent histograms of cells 

treated with (A1) Transferrin-Alexa Fluor 488 at 50 g/ml and (A2) Cholera toxin-Alexa Fluor 488 at 

10 g/ml. Black filled curve represents untreated cells. (B) Colocalization of test complexes (formed 

with FITC labelled plasmid DNA) (green) with the specific markers of endocytic pathways (red): 

clathrin-mediated endocytosis (Alexa Fluor 546-Transferrin at 50 g/ml) and caveolae-mediated 

endocytosis (Alexa Fluor 555-cholera toxin at 10 g/ml). The images were taken after 4 hours of 

incubation with the test complexes. Images are at 63x magnification. Nuclei are stained with DAPI 

(blue). Presence of yellow colour represents the overlay of the endocytic pathway marker and the 

vectors. The colocalization values are given as the fraction of complexes colocalizing with 

fluorescently labelled endocytic structure, represented by Mander´s (M1) coefficient.   
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Fig. 6B illustrates the confocal 

images 4 h after the co-treatment with the 

endocytosis markers (red) and lipoplexes 

/polyplexes (green). Due to the low cellular 

uptake of nioplexes, this formulation was 

discarded for uptake mechanism studies. 

Colocalization of red and green 

fluorescence showed visible yellow/orange 

punctuates structures (Fig. 6B). In addition, 

we performed a quantitative analysis; the 

colocalization values were represented as 

the fraction of complexes colocalized with 

the fluorescently labelled endocytic 

structures, represented by the Mander´s 

(M1) coefficient. The colocalization value 

of lipoplexes with Trasnferrin-Alexa Fluor 

(marker of CME pathway) was higher than 

the colocalization with Cholera toxin-

AlexaFluor (marker of CvME pathway): 

Mander´s overlap coefficients were 0.471 

and 0.367, respectively (Fig.6 B1 and B2). 

The overlap coefficients were superior for 

polyplexes, 0.576 with CME marker and 

0.697 with CvME marker (Fig.6 B3 and 

B4).  

3.5. Intracellular trafficking and 

endosomal escape 

The colocalization of the complexes 

with the late endosomes at 4 and 6 hours 

was visualized and quantified by labelling 

the endosomal compartment with a specific 

marker: Lysotracker (red colour). 

Colocalization of red and green 

fluorescence gave rise to visible 

yellow/orange punctuate structures (Fig. 

7A). The quantitative value was given as 

the Mander´s overlap coefficient. The 

results showed that polyplexes were 

located mainly in the late endosome after 4 

hours (M= 0.735), and remained at least 

until 6 h (M=0.764). The values with 

lipoplexes were lower at both times (0.543 

at 4h and 0.489 at 6h). In Fig. 7 A3 we 

observed that at 6 hours, the DNA carried 

by lipoplexes was located in the nucleus. 

In order to evaluate whether the 

complexed DNA can be released from the 

endosomes, we examined the amount of 

released DNA after mixing the complexes 

with the previously elaborated PS micelles. 

The vesicles showed sizes of 170 nm and 

zeta potential of -65 mV. As observed in 

the agarose gel (Fig. 7C), DNA was 

released from all the complexes after their 
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Figure 7. (A) Colocalization of test complexes (formed with FITC labelled plasmid DNA) (green) 

with Lysotracker Red-DND-99 that is a specific marker of the late endosome (red). The images were 

taken after 4 and 6 hours of incubation with the test complexes. Markers were added 1 hour prior to 

the end of the incubation time. Images are at 63 x magnification. Nuclei are stained with DAPI (blue). 

Presence of yellow colour represents the overlay of the endocytic pathway marker and the vectors. 

The colocalization values are given as the fraction of complexes colocalizing with fluorescently 

labelled endocytic structure, represented by Mander´s (M1) coefficient. (B) DNA release profiles 

measured with gel electrophoresis. Lane 1: naked DNA; lane 2: lipoplexes incubated with PS; lane 3: 

nioplexes incubated with PS; lane 4: polyplexes incubated with PS; lane 5: lipoplexes; lane 6: 

nioplexes; lane 7: polyplexes. PS refers to phosphatidyl serine micelles. (C) The percentage of 

released DNA quantified from the agarose gel using the Image Lab TM software. 

incubation with PS micelles (Fig. 7B). 

Almost 80 % of the total DNA was 

released from lipoplexes (lane 2); 40 % 

from nioplexes (lane 3) and 30 % from 

polyplexes (4). The release of the DNA 

was lower without the previous incubation 

with the anionic micelles: 30 %, 5% and 0 

% with lipoplexes (lane 5), nioplexes (lane 

6) and polyplexes (lane 7), respectively. 

4. Discussion 

The transfection of the, well-

established, human NT2 or NT2-N cells is 

widely employed to obtain suitable 

platforms for the delivery of exogenous 

proteins into the CNS [3,7,12,13]. Indeed, 

the glioma trophism of NT2 cells [9] 

makes this undifferentiated cell line an 

interesting tool to derive new cellular 
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vehicles for clinical glioblastoma therapy. 

Until now, most of the studies based on 

genetically engineered NT2 cells rely on 

the use of viral vectors. However, the 

development of non-viral transfection 

strategies to produce stable or transient 

population of NT2 cells expressing 

exogenous gene products has obvious 

advantages, especially if they are 

subsequently grafted into animals´ models 

of human nervous system diseases. 

The successful design of non-viral 

carriers for gene delivery requires a 

profound understanding of the transfection 

process, which is a complex multi-step 

process influenced by several factors. The 

vector is first bound to the cell membrane 

followed by internalization through an 

endocytic route. In order to avoid 

lysosomal degradation, the genetic material 

has to be released from the endosomes into 

the cytoplasm and target the nucleus to 

start the transcription process and protein 

synthesis. [30]. In recent years, many non-

viral vectors have been developed and their 

efficient transfection has been 

demonstrated. However, less attention has 

been paid to the transfection process itself, 

starting from the binding to the cell 

membrane until the DNA reaches the 

nucleus. Regarding the gene delivery to 

NT2 cells, no works concerning the whole 

transfection process mediated by 

lipoplexes, nioplexes or polyplexes have 

been previously reported. The 

understanding of how the physicochemical 

characteristics of the vectors influence their 

intracellular traffic could lead to the design 

of new formulations with specific 

characteristics that could favour an 

appropriate intracellular pathway to obtain 

high transfection efficiencies. Thus, we 

have compared in neuronal precursor NT2 

cells the transfection efficiency and uptake 

mechanisms of three different non-viral 

vectors.  

The physicochemical characteristics 

and the composition of the non-viral 

vectors influence their interaction with the 

cell membrane and their intracellular 

uptake [31,34]. Thus, the characterization 

of the complexes is essential to better 

understand their behaviour when they are 

in contact with the cells. The data obtained 
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from lipoplexes based on Lipofectamine 

(size of 144.1 nm and zeta potential of -

29.13 mV) (Fig. 1) is corroborated by other 

works, where lipoplexes elaborated with 

Lipofectamine (w/w ratio 4:1) had similar 

size and zeta potential values (150 nm and 

-0.4 mV) [35]. The lower zeta potential 

that we obtained could be explained due to 

the lower w/w (2:1) that we used to 

elaborate the lipoplexes. Concerning 

nioplexes and polyplexes our previous 

works supported our current results 

[25,28]. 

The transfection efficiency of the three 

vectors and the EGFP production was 

analysed along the time. Our results revealed 

that lipoplexes exhibited the highest 

transfection efficiencies and protein 

expression levels, which decreased along the 

time (Fig. 3 and Fig. 4). Lipofectamine is a 

well-known transfection agent with high 

transfection efficiency [35]. Although we did 

not show significant toxicity signs with our in 

vitro viability assay (Fig. 2), the in vivo 

application of this reagent has been limited 

due to its high toxicity compared to other 

compounds [36]. Our group has previously 

reported positive results obtained with 

nioplexes in vitro, ARPE 19 cells, and in vivo 

[25]. Surprisingly, nioplexes did not exhibit 

the expected transfection efficiencies in NT2 

cells. So, we must consider that transfection 

efficiency is cell line dependent [37]. As an 

alternative to lipid based vectors, low 

molecular weight and highly deacetylated 

chitosan have showed promising results 

[28,29,38]. Against all predictions, our results 

indicated that polyplexes were more efficient 

for the transfection of NT2 cells than 

nioplexes. Although the transfection 

efficiency values were lower than the ones 

obtained with lipoplexes (15 % versus 35 % 

at 24 h shown in Fig. 3), the low toxicity of 

this polymer enhances its possible clinical 

applications. In addition, we should consider 

that the transfection efficiency of chitosan 

could be enhanced by its conjugation with 

several compounds [39]. 

In order to understand the differences in 

the transfection efficiency observed between 

the vectors, the cellular uptake of the carriers 

was determined after 1 and 4 hours of 

incubation (Fig. 5). The time dependent 

cellular uptake was already described before 
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by Apaolaza et al. They reported that the 

cellular uptake of solid lipid nanoparticles in 

ARPE19 and HEK293 increased along the 

time, obtaining the highest results after 8h of 

incubation [40]. Douglas et al. described that 

the cellular uptake of alginate-chitosan 

nanoparticles in 293T, COS7 and CHO cells 

reached a plateau by 2 h post-treatment [37]. 

As our transfection experiments were stopped 

after 4 h of incubation, we decided not to 

prolong the uptake studies more than 4h since 

our aim was only to compare the cellular 

uptake of the three formulations. The cellular 

uptake was clearly influenced by the carrier 

type. Lipoplexes (negatively charged) entered 

in almost 70 % of the cells at 4h and 

polyplexes (positively charged) in 30 % of 

the cells. Although the uptake of positively 

charged nanoparticles is presumably favored, 

the evidence of uptake of negatively charged 

nanoparticles has been reported. Despite the 

expected unfavorable interaction between the 

particles and the negatively charged cell 

membrane [41], recent work by Gainza et al. 

has revealed high uptake levels of lipid 

carriers (-34 mV) in several cell lines [42]. 

The uptake of negatively charged lipoplexes 

could be explained due to the interactions that 

may exist between the cationic lipids present 

in lipoplexes formulation and the lipid 

compounds in the cell membrane. Despite the 

desirable physicochemical characteristics 

observed in the nioplexes, (140 nm and +35 

mV), we unexpectedly found that the cellular 

uptake of these vectors in NT2 cells was very 

low (10 % at 4h). Mochizuki et al. also 

reported low cellular uptake results with 

complexes based on cationic lipids and FITC 

labeled DNA [33]. By contrast, our research 

group has preliminary results that indicate 

that the cellular uptake of these nioplexes is 

almost 100 % in ARPE19 cells. All these 

data suggest that it is necessary to investigate 

the behavior of the formulations in every 

selected cell lines. Overall, the cellular uptake 

results showed a clear correlation respect to 

the corresponding transfection efficiency.  

In order to obtain further information 

about the transfection process of our carriers 

and considering the different 

physicochemical characteristic of the studied 

vectors, we performed colocalization studies 

to elucidate if the characteristics of the 

vectors could influence their uptake 
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mechanism and intracellular traffic. Due to 

the low cellular uptake of nioplexes, these 

were discarded for the following 

experiments. Endocytosis has been postulated 

as the main mechanism of entry for non-viral 

vectors. Regarding nanoparticle uptake, CME 

and CvME are the most common and studied 

endocytosis routes [43]. By confocal imaging 

and colocalization assays (Fig. 6), we 

concluded that cell entry of lipoplexes (140 

nm, -29 mV) occurred mainly through CME, 

while polyplexes (290 nm, +15 mV) entered 

the cell mainly by CvME. However, we did 

not observe radical differences, indicating 

that both pathways would be involved in the 

uptake of the two formulations. Although the 

data reported in the literature regarding the 

relationship between nanosizes and endocytic 

pathways is sometimes inconsistent, 

according to Rejman et al. internalization of 

microspheres with diameter < 200 nm 

involved clathrin-coated pits, while an 

increase in size provoked a shift of the 

mechanism that relies on caveolae-mediated 

endocytosis [44]. Moreover, the 

internalization process may be also affected 

by the components of the vectors. The entry 

of Lipofectamine based lipoplexes by the 

CME in a myoblast cell line was previously 

reported by Billiet et al. [35]. Peng et al. 

described that chitosan/poly(g-glutamic acid) 

complexes were internalized by 

macropynocitosis and caveolae-mediated 

pathway in HT1080 human fibrosarcoma cell 

line [45]. The major problem of analyzing the 

effects of the size in the trafficking process is 

the high polydispersity of many 

nanomaterials, as it occurs with our chitosan 

based polyplexes, where large and small 

particles coexist and different entry pathways 

may be involved. The surface characteristics 

of nanoparticles can also influence their 

internalization mechanisms. Unlike our 

results, according to the literature, positively 

charged vectors predominantly internalize 

through CME, while negatively charged 

formulations utilize CvME [46]. 

Nevertheless, exemptions including 

negatively charted PLGA nanoparticles that 

enter the cell through caveolae-independent 

pathways and PEI based cationic polyplexes 

that utilize CvME have also been reported in 

the literature [43,47]. In addition, we cannot 

forget that apart from CME and CvME, 
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clathrin- and caveolae- independent 

endocytosis routes may also take part in the 

internalization of the nanoparticles [34,48]. It 

is worth mentioning that depending on the 

cell line the internalization pathway of a 

specific complex could vary. Thus, our 

results should only be considered for the NT2 

cell line. 

At 4 hours, the highest colocalization 

for both lipoplexes and polyplexes was 

observed in the late endosome (Fig. 7) being 

superior with polyplexes, (0.735) compared 

to lipoplexes (0.543). Particles that enter via 

CME are confined within endosomes that 

will suffer a maturation process involving the 

compartment acidification that results in late 

endosomes and finally, lysosomes. Although 

some authors described the CvME as a route 

away from lysosomal degradation, recently, it 

has been postulated that the caveosomes are 

considered to fuse with normal acidified 

endosomes, allowing the transfer of material 

to lysosomes [49]. This hypothesis supports 

our results since the polyplexes that enter the 

cell mainly via caveolae-mediated pathways, 

were entrapped in the late-endosomes. The 

next step in the transfection process consists 

in the endosomal escape of the DNA in order 

to avoid lysosomal degradation. Several 

endosomal escape mechanisms are described 

in the literature, which vary depending on the 

nanoparticle [50]. A widely used approach 

consists of the “proton-sponge effect” which 

involves nanoparticles having a high 

buffering capacity, as it is the case of cationic 

polymers such us PEI. We previously 

described that UOC posse’s higher buffering 

capacity that high molecular weight chitosans 

[51]. Another mechanism involves the 

electrostatic interactions between the 

nanoparticles and the anionic lipids of the 

endosome membrane, which causes the 

destabilization of the endosomal membrane 

allowing the release of the cargo. As an 

analogue of the endosomal compartment, we 

elaborated anionic micelles made from PS, 

according to Mochizuki´s et al. protocol [33]. 

As observed in Fig. 7B and 7C, the contact of 

the vectors with the PS micelles led to the 

release of the DNA from the particles. This 

simulated the ability of the studied 

formulations to release the DNA once they 

contact the lipid membrane of the endosome, 

which is a requisite for an efficient 
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transfection.  

The velocity of the internalization 

process could vary depending on the carrier, 

especially depending on its size [44]. We 

observed a difference in the internalization 

velocity of the two studied vectors that could 

be related to the differences in their size. The 

colocalization values that we obtained with 

lipoplexes and the specific markers at 4 h and 

6h were lower compared to the values 

obtained with polyplexes, which means that 

at the tested times most of the lipoplexes 

were not located within the endosomes. 

Moreover, 6 h after the addition of the 

particles to the cells, the FITC-labeled DNA 

carried by lipoplexes was located in the 

nucleus while the DNA carried by polyplexes 

was still located within the late endosomes 

(Fig.7A). This suggested that the 

internalization process of lipoplexes is a 

relatively rapid process compared to 

polyplexes. Rejma et al described that 

internalization process of latex beads with 

50-100 nm diameter was more rapid than the 

process of 200 nm particles [44]. 

 

5. Conclusion 

In summary, we have elaborated and 

characterized three different vectors for 

pDNA delivery to human neuronal precursor 

NT2 cells. Their transfection efficiency and 

cellular uptake was analysed along the time 

observing a correlation between both 

processes. In order to further understand the 

behavior of the complexes inside the cells, 

we determined the uptake mechanism of 

lipoplexes and polyplexes, concluding that 

they enter in the cells mainly via CME and 

CvME, respectively. In addition, at 4 hours 

the complexes were localized in the late 

endosome and were able to release the DNA. 

Differences in the internalization velocity 

were observed between lipoplexes and 

polyplexes. The DNA carried by lipoplexes 

was localized in the nucleus at 6 h, while the 

DNA carried by polyplexes remained in the 

late endosome. It is difficult to draw general 

conclusions about how to produce complexes 

with optimal transfection efficiencies. 

Therefore, it is essential to evaluate and 

design an appropriate vector for each cell 

line. According to our results, the cellular 

uptake of the complexes is a bottleneck in the 
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transfection process of NT2 cells. Overall, 

this work gives some knowledge about the 

main consideration that need to be taken into 

account for the design and development of 

novel non-viral vectors to efficiently transfect 

human neuronal precursor NT2 cells as a first 

step in the development of a suitable platform 

for the delivery of exogenous biological 

agents into the CNS.  
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13:1 1.25 
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Gene therapy is the therapeutic strategy that consists in the delivery of genetic 

material into the cells, which results in a therapeutic effect by either correcting a genetic 

defect, by over-expressing therapeutically required biological agents or by suppressing the 

expression of an unwanted gene [1]. Gene therapy approaches, currently under 

development can be classified as in vivo and ex vivo. The in vivo strategy consists of the 

direct injection to the patient, while the ex vivo, or cell-mediated gene delivery, involves 

the in vitro genetic manipulation of cells followed by the introduction of this cells into the 

injury site of the patient. The success of gene therapy is largely dependent on the 

development of a vector that can selectively and efficiently deliver the corresponding gene 

to the target cells with minimal toxicity [2]. Gene delivery vectors can be classified into 

two main groups: viral and non-viral. Viral vectors have been widely used due to their high 

transfection efficiencies. Advances in genetic engineering have lead to the development of 

Glybera, the first gene therapy medicine approved by the European Medicines Agency 

(EMA) in 2012 [3], which is based on AAV for the treatment of lipoprotein lipase 

deficiency (LPLD). However, safety concerns related to viral vectors, such as insertional 

mutagenesis and immunogenicity could not be forgotten [4,5]. Also, the restricted insert 

size (4Kb) [6] and the high production costs of viral vectors limit their clinical applications. 

These complications have made the scientific community focus their attention on the 

development of non-viral vectors [7], which do not contain viral contaminants, do not 

stimulate specific immune response, do not have size limit on the amount of DNA they can 

deliver and have an easier large scale production compared to their counterparts [6]. 
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Nevertheless, the use of non-viral vectors for in vivo gene transfer is relatively sparse due to 

their low transfection efficiencies, as it is hindered by numerous extracellular and 

intracellular obstacles [1]. Therefore, the appropriate vectors need to be carefully 

developed, characterized, evaluated and optimized.  

This doctoral thesis work is based on the use of ultrapure oligochitosan (UOC) as non-

viral vectors for gene delivery purposes. Chitosan (Ch) is a natural cationic polymer 

composed of -D-glucosamine and -N-acetyl-D-glucosamine subunits connected by a (1-

4) glycosidic bond. Thanks to the positively charged amine groups of Ch, it is possible to 

form polyplexes by electrostatic interactions with negatively charged molecules, such as 

DNA (Ch/DNA polyplexes) [8]. It has been reported that the molecular weight (Mw) and 

the degree of deacetylation (DDA) of Ch affect the physicochemical stability and 

transfection efficiency of Ch based vectors [9]. Along this doctoral thesis, we have worked 

with low Mw and highly deacetylated Ch, Novafect O15, and O25 specifically, as we have 

considered that this type of Ch presents interesting characteristics for gene delivery 

purposes. Although numerous works have described the promising characteristics of this 

polymer for gene transfer, the problem related to the low transfection efficiency of Ch 

based polyplexes remains. Thus, the knowledge of the main factors that may influence the 

transfection efficiency and, the understanding of the whole transfection process itself, 

would be very valuable to progress in the design and development of Ch based non-viral 

vectors.  

1. The influence of physicochemical factors on the transfection efficiency of 

ultrapure oligochitosan based polyplexes 

The most important properties that affect the transfection efficiency of Ch/DNA 

polyplexes are the size and zeta potential. Generally, it is believed that smaller particles are 

more efficient at transfecting cells [10,11]. In addition, the particle size will determine the 

ability of the vectors to reach various organs [12]. Concerning zeta potential, the high 
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surface charge of polyplexes determines their colloidal stability and, frequently, in the case 

of positively charged particles, it correlates with higher cellular uptake and transfection 

efficiencies in vitro [13]. However, the exact influence of physicochemical factors on these 

properties has not been clearly described. Taking this into account, in the first part of this 

doctoral thesis, we wanted to answer the following question: how do factors like pH, salt 

concentration and N/P ratio (nitrogen to phosphate ratio) affect the size and zeta potential 

of UOC based polyplexes? 

An orthogonal experimental design was carried out to evaluate the effects of the pH, 

salt concentration, and N/P ratio and, the interactions between the factors on size and zeta 

potential of O15 and O25 UOC/pCMS-EGFP polyplexes. Regarding the independent 

influence of the factors on the particles size (Table 1), the increase of the pH from 6.2 to 7.2 

increases the size of the polyplexes the increase of the N/P ratio from 10 to 60 reduces the 

size; and the rise of the salt concentration hardly affects the particle size. The interactions 

between the factors were quite high; therefore, the effect of each factor on the particle size 

depends on the rest of the analyzed factors (Table 1).  

Table 1: The value of the effects and interactions on size and zeta potential of the UOC/pCMS-EGFP 

polyplexes. X1e: pH effect, X2e: N/P effect, X3e: [NaCl] effect, X1X2i: pH-N/P interaction, X1X3i: 

pH-[NaCl] interaction, X2X3i: N/P-[NaCl] interaction.  

 Size (nm) Zeta (mV) 

Effects and Interactions O15 O25 O15 O25 

X1 e 180.37 28.73 -12.86 -14.91 

X2e -139.98 -85.31 3.86 -0.65 

X3e -21.93 13.31 -4.80 -6.16 

X1 X2i -128.12 -44.98 2.26 -0.25 

X1 X3i -57.57 66.58 0.50 0.73 

X2 X3i 42.88 55.43 -0.60 2.60 

Concerning the influence of the size of the complexes in the transfection efficiency, 

conflicting results have been published [14,15]. Nevertheless, most of the research groups 

agree with the idea that the zeta potential of the complexes is an important factor to 



Discussion 

226 

 

consider. Our results showed that the zeta potential of the polyplexes was highly influenced 

by the pH value of the solution. An increase in the pH value from 6.2 to 7.2 resulted in a 

decrease of the zeta potential of 12.86 and 14.91 mV for UOC O15 and O25, respectively 

(Table 1). Furthermore, it should be stressed out the absence of interactions between the 

analyzed factors for the zeta potential. 

Another essential property that should be considered when working with polymers for 

gene delivery is their buffering capacity, as it will determine the ability of the polyplex to 

escape from the endosomes once inside the cells [16]. Despite the reduced buffering 

capacity of Ch [17], we demonstrated that UOC (O15 and O25) had a significantly higher 

buffer capacity compared to G214 high Mw Ch (340 kDA and > 90 DDA) (Fig. 1). These 

results reinforced the idea that UOC could be excellent candidates for gene delivery.  

Taking into account that the pH of the solution alters the charge of our polyplexes and 

considering that their zeta potential may affect the stability of the suspension, the adhesion 

of the particles to biological membranes and thus, the final transfection efficiency [18], we 

wondered if the acidification of the transfection solution could alter, somehow, the 

transfection efficiency of UOC based polyplexes.  

In order to elucidate this hypothesis, firstly, we evaluated the influence of the pH 

decrease in the cellular uptake of UOC/pCMS-EGFP-FITC polyplexes in HEK293 and 

ARPE19 cells. In previous experiments, we established that the optimal N/P ratio was 20:1, 

and thus, the following assays were carried out at this ratio. G214 was employed as a high 

Mw Ch control. According to our results, the percentage of FITC positive cells was higher 

at pH 6.5 compared to pH 7.4 in both cell lines, as it can be observed on in figure 2 A1 and 

A2 (Fig. 2A). Fluorescent images corroborated flow cytometry data, as it can be seen in 

figure 2 B (Fig. 2B). 

These differences could be explained by the increase in the zeta potential of the 

polyplexes after the acidification of the medium solution (Fig. 3, lines). We concluded that  
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Figure 1: Acid–base titration profiles of O15 UOC, O25 UOC and G214 chitosan in 150 mM NaCl 

solution.  

 

 

 

 

 

 

 

 

 

 

Figure 2: Cellular uptake of FITC-labeled pCMS-EGFP delivered by UOC polyplexes (N/P = 20). 

Percentage of FITC-positive cells treated with O15 and O25 UOC and G214 chitosan at pH 6.5 and 7.4 

in HEK293 (A1) and ARPE19 (A2) cell lines. Fluorescent images of FITC-pCMS-EGFP uptake: O15 

UOC/FITC-pCMS-EGFP at pH 7.4 in HEK293 (B1); O15 UOC/FITC-pCMS-EGFP at pH 6.5 in 

HEK293 (B2); O15 UOC/FITC-pCMS-EGFP at pH 7.4 in ARPE19 (B3); O15 UOC/FITC-pCMS-

EGFP at pH 6.5 in ARPE19 (B4). 
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the positive charge of the complexes allowed the electrostatic interaction with the 

negatively charged cell membrane, increasing the percentage of cellular uptake [19,20]. 

Additionally, UOC based polyplexes elaborated at pH 6.5 presented a smaller particle size 

compared to those elaborated at pH 7.4 (Fig. 3, bars). This reduction of the particle size 

could also explain the higher cellular uptake achieved at the lower pH value. However, in 

ARPE19 cells, the cellular uptake of higher polyplexes such as, UOC O15 at pH 7.4 (250 

nm) and polyplexes based on G214 (400 nm), was similar to those with lower size, 

indicating that the particle size may not be a critical factor for the cellular uptake process in 

ARPE19 cells. Based on these results, a large cell type dependent internalization of the 

polyplexes should be considered [21].  

 

 

 

 

 

 

 

Figure 3: Size and zeta potential of O15 and O25 UOC/pCMS-EGFP and G214/pCMS-EGFP 

polyplexes (N/P ratio of 20) at pH 7.4 and 6.5. 

Once we observed that the pH value had an apparent effect on the cellular uptake, the 

next experiments were designed to investigate if the observed increase in the cellular uptake 

correlated with transfection efficiency results. In simple terms, we wanted to answer the 

following question: could the transfection efficiency of UOC bases polyplexes be improved 

by acidifying the transfection solution? The percentage of EGFP positive cells 72 hours 
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post-transfection was evaluated by flow cytometry. A significant increment of the 

percentage of EGFP positive cells occurred when the pH was decreased from 7.4 to 6.5, 

with both UOC in HEK293 (Fig. 4 A1) and ARPE19 (Fig. 4 A2), in accordance with 

previously reported works [13, 22]. Differences between the three employed Chs were also 

observed. No transfection was obtained with the high Mw G214 Ch (data not shown), 

which could be explained by the low capacity of this high MW Ch to release the DNA once 

inside the cell [23] and, its low buffering capacity which could hinder the endosomal escape 

[17]. Regarding UOC, O15 based polyplexes showed the higher relative percentage of 

EGFP positive cells compared their O25 UOC based counterparts, which did not 

correspond to cellular uptake levels. The absence of correlation between cellular uptake and 

transfection efficiency has been reported by other authors [24], and it indicates the need for 

understanding the intracellular process of our non-viral vectors.  

 

 

 

 

 

Figure 4: Transfection efficiency of O15 and O25 UOC/pCMS-EGFP polyplexes (N/P = 20) at 

different pH values in HEK293 (A1) and ARPE19 cells (A2). Transfection data were normalized to 

Lipofectamine 2000™.  

Apart from being efficient, another prerequisite of non-viral vectors is their lack of 

toxicity. Therefore, we assessed the potential cytotoxicity of our polyplexes and the 

influence of the pH decrease in cell viability. We concluded that UOC based polyplexes 

were nontoxic for the employed cells (HEK293 and ARPE19) regardless the pH value of 

the transfection solution.  
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In this first part of the doctoral thesis, we describe the effects of some important 

factors that affect the main physicochemical characteristics involved in the transfection 

process, such as the size and zeta potential. We conclude that it was possible to improve the 

transfection efficiency of our polyplexes by acidifying the transfection solution slightly. At 

first sight, the clinical application of this approximation could not be clear at all. However, 

we propose the following: our result suggested the potential use of UOC based polyplexes 

for delivering genetic materials into cells that are in acidic environment, which is the case 

of tumor cells [25]. For instance, one of the most direct in vivo applications could be the 

local administration of the polyplexes in tumor tissues [26]. Another possible application 

consists in the use of UOC based polyplexes for an ex vivo gene therapy. In this kind of 

therapy, the transfection conditions could be modulated to obtain the higher transfection 

efficiencies in vitro, for the posterior implantation of the transfected cells into the patient.  

2. The importance of the plasmid: is it possible to deliver an adenoviral vector 

plasmid of 40 Kbp with ultrapure oligochitosan? 

Considering that one of the potential applications of UOC based polyplexes is related 

to gene delivery to tumor, we decided to focus the second part of this doctoral work on the 

possibility of using UOC based polyplexes for cancer gene therapy. An emerging approach 

in this field is the use of oncolytic adenoviruses (Ad) that can replicate selectively in tumor 

cells; moreover, the progeny adenovirus has the capability to spread through the tumor 

tissue infecting other cancer cells [27,28]. Nevertheless, there are several problems when 

injecting Ads directly into the blood stream, such as interactions with Kupffer liver cells, 

platelets, erythrocytes, complement and neutralizing antibodies [29]. Thus, research is 

being focused on the delivery of the oncolytic Ad plasmid by non-viral vectors. This 

approach could synergize oncolytic Ads mediated high therapeutic efficacy and non-viral 

vector mediated systemic delivery [30,31]. The main concern related to this novel approach 

is the fact that the size of oncolytic adenovirus plasmids is very high, around 40 kbp. As the 

packing capacity of non-viral vectors is theoretically unlimited [32], in the second part of 
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this doctoral thesis, we wanted to throw light upon the ability of UOC based polyplexes to 

deliver 40 kbp replication-incompetent adenoviral plasmid pAdTLRGD, which expresses 

the reporter protein EGFP, and transfect HEK293 and A549 cell lines.  

In the first part of the work, we found that factors like N/P ratio, pH and salt 

concentration influence the size and zeta potential of UOC/pCMS-EGFP polyplexes. We 

wonder whether this influence was also present in polyplexes elaborated with the 

pAdTLRGD plasmid. We carried out a second orthogonal experimental design, and we 

observed that both the size and zeta potential were clearly modified by changes in the 

solution of the polyplexes (Table 2).  

Table 2: The value of the effects and interactions on size and zeta potential of the UOC/pAdTLRGD 

polyplexes. X1e: N/P effect, X2e: [NaCl] effect, X3e: pH effect, X1X2i: N/P-[NaCl] interaction, X1X3i: 

N/P-pH interaction, X2X3i: [NaCl]-pH interaction.  

 Size (nm) Zeta (mV) 

Effects and Interactions O15 O25 O15 O25 
X1 e -17.1 -10.7275 3.6575 2.8875 
X2e 32.3 4.0325 20.8475 -2.2375 
X3e -31.46 5.8725 -33.8325 -33.5875 
X1 X2i 22.15 5.7225 -7.3725 -0.0125 
X1 X3i -9.19 -14.0175 10.2025 -1.5625 
X2 X3i 10.29 -5.6775 -18.2025 -0.0875 

Concerning the size, all complexes were in the nanorange (around 200 nm), and this 

was influenced by the N/P ratio, the salt concentration and the pH of the formulation. 

According to the N/P ratio, when it was raised from 10 to 60, the particle size of O15 and 

O25 UOC based polyplexes decreased 17.1 nm and 10.73 nm, respectively. Changes in the 

salt concentration only affected the size of polyplexes based on O25 (an increment of 32.2 

nm when the salt concentration was changed from 5 to 150 mM). The basification of the 

solution, lead to an increase in the particle size of O15 based polyplexes (31.46 nm). 

According to the zeta potential data, the charge of the particles decreased around 33 mV 

when the pH was raised from acid to neutral values. The observed interactions either for the 



Discussion 

232 

 

size or the zeta potential indicated that an explicit dependency between the factors exists. 

Interestingly, we did not found significant differences in the physicochemical properties of 

the polyplexes elaborated with pAdTLRGD plasmid (40 Kbp) and polyplexes elaborated 

with pCMS-EGFP, which is ten times smaller. Other authors also reported no differences in 

the structure and particle size of lipoplexes when using 52.5 Kbp plasmids compared to 

smaller pDNA [33]. 

Apart from the size and zeta potential, the binding affinity between the non-viral 

vector and the pDNA is another important property that should be considered. To achieve 

an efficient transfection, the non-viral vector must be able to condense, release and protect 

the DNA against enzymatic digestion [24]. Also, a delicate balance between DNA binding 

and release is required [34]. Due to the big size of the pAdTLRGD, we posed the following 

question: are UOC able to condense, release and protect a plasmid that is ten times larger 

than the ones that have been used so far? The agarose gel electrophoresis assays revealed 

that the ability of UOC based polyplexes to bind, release and protect the pAdTLRGD 

depended on the N/P ratio (Fig. 5). Polyplexes based on O15 UOC, which has a slightly 

lower Mw (5.7 KDa) than O25 UOC (7.3), required higher N/P ratios to completely bind 

and protect the pDNA (Fig. 5 A) (Fig. 5B). In addition, due to the difference in the Mw, 

polyplexes based on O15 UOC were able to release the DNA at N/P ratios of 5:1 and 10:1, 

but that did not occur with O25 UOC based polyplexes. Thus, we concluded that 

polyplexes formulations elaborated with higher Mw Ch are very stable and excellent DNA 

protectors. However, the release of the DNA cargo could be restricted due to a high 

stability of the formulation [9]. Overall, the agarose gel electrophoresis revealed that 

despite the high size of the pAdTLRGD, UOC based polyplexes are able to bind, release 

and protect it from enzymatic digestion. 
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Figure 5: Binding, release and protection capacity of (A) O15 and (B) O25 UOC based polyplexes at 

different N/P ratios visualized by agarose gel electrophoresis. Polyplexes were treated with SDS 

(lanes 2, 5, 8, 11 and 14) and SDS + DNase I (lanes 3, 6, 9 and 15).  

After we verified that UOC/pAdTLRGD polyplexes were physicochemically suitable 

for plasmid delivery, we move onto the evaluation of the transfection efficiency in HEK293 

cell line, by flow cytometry. Taking into consideration that the microenvironment of tumors 

is generally more acidic than normal tissues [25], and based on our previous results where 

UOC mediated transfection was improved in acidic pH values, transfection experiments 

were carried out at pH 7.1. The highest percentage of EGFP positive cells (around 6 %) and 

mean fluorescent intensity MFI were obtained at N/P ratio 5 (Fig. 6). The low transfection 

efficiency and EGFP expression at high N/P ratios could be explained by the strong 

interactions between the polymer and the pDNA at high N/P ratios, which could hamper the 

release of the DNA from the vector [24]. Comparing both UOC, the expression of EGFP 

was higher with O15, which could be due to the lower Mw of this Ch [35]. Thus, MFI 

results indicated that although both UOC had low Mw, slight differences in their Mw could 

have a significant effect in the transfection efficiency. 

Transfection experiments were then carried out in a lung adenocarcinoma cell line, 

A549. The percentage of EGFP positive cells was lower compared to the percentage 

obtained in HEK293. However, as it is shown in figure 7, at N/P 5:1 UOC based polyplexes 

were able to deliver the, 40 Kbp, plasmid for the subsequent production of the reporter 
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protein, in A549 cells (Fig. 7). Despite the low transfection efficiency, the delivery of a 40 

Kbp plasmid with UOC was achieved for the first time. No EGFP expression was observed 

with the naked pAdTLRGD plasmid, neither in A549 nor in HEK293, which indicates that 

the non-viral vector is essential for the transfection to be successful. 

 

 

 

 

 

 

 

Figure 6: Mean fluorescent intensity (MFI) of HEK293 cells transfected with O15 (dark bars) and 

O25 (white bars) UOC/pAdTLRGD polyplexes at different N/P ratios. Error bars represent ±SD 

(n=3). *P < 0.05 compared to naked pAdTLRGD.**P < 0.01 compared to naked pAdTLRGD. 

In this second part, we observed that the transfection efficiency with the replication-

incompetent adenoviral plasmid (40 Kbp) was lower compared to the percentages that we 

obtained with the pCMS-EGFP plasmid (5.5 Kbp), in the first part of this work. However, 

despite the big size of the pAdTLRGD plasmid, the formed polyplexes were able to cross 

the cell membrane, translocate the plasmid into the nucleus and produce the EGFP reporter 

protein. Our research group was the first to achieve this objective with UOCs. With this 

work, we have highlighted one of the advantages of the non-viral carriers over viral 

counterparts, as the delivery of 40 Kbp nucleic acids with viral vectors is improbable. In 

order to make possible a real application of this combined therapy, the next experiments 

should be carried out with the replication competent adenoviral plasmid. The capacity of 
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the adenovirus progeny to spread through the tumor would offer the opportunity to use the 

non-viral vectors in vivo for oncolytic therapy, despite their low transfection efficiencies. 

Looking at the future, the systemic administration of non-viral vectors, such as UOC, 

combined with the replication competent adenoviral plasmid would be a major goal for the 

oncolytic treatment of primary and metastatic tumors. Thanks to the non-viral carrier, the 

oncolytic viral genome would arrive through the systemic circulation to the tumor foci and 

then translocate to the nucleus where they would replicate. This process would generate 

infectious oncolytic Ad progeny that lyses tumor cells while infecting neighboring cancer 

cells. There is still a lot of work ahead to overcome the limitations of the systemic 

administration of our polyplexes such as the poor stability in vivo and rapid blood 

clearance. Therefore, an improvement in the existing delivery technology would be 

required to achieve this ambitious objective. 

 

 

 

 

 

 

Figure 7: Transfection efficiency of UOC/pAdTLRGD polyplexes in A549 cell line. (A) 

Overlay of phase contrast image with fluorescent illumination (GFP channel) of cells 

transfected with (A1) O15 UOC/pAdTLRGD at N/P ratio 5; (A2) O25 UOC/pAdTLRGD at 

N/P ratio 5; (A3) Lipofectamine 2000; (A4) naked pAdTLRGD plasmid. (B) Flow citometry 

dot plots (GFP vs FSC) of cells transfected with (B1) O15 UOC/pAdTLRGD at N/P ratio 

5; (B2) O25 UOC/pAdTLRGD at N/P ratio 5; (B3) Lipofectamine 2000; (B4) naked 

pAdTLRGD plasmid. 
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3. The transfection process step by step: a comparative study between lipoplexes, 

nioplexes, and polyplexes in human neuronal precursor NT2 cells 

The human NTera2/D1 teratocarcinoma-derived cell line (or NT2 cells) is widely used 

to obtain suitable platforms for the delivery of exogenous proteins into the central nervous 

system (CNS). These cells can be differentiated into well-established populations of 

neuron-like cells (or NT2-N cells) that engraft and mature when transplanted into the adult 

CNS [36,37] with no signs of tumorigenicity [38]. Also, these cells possess a glioma 

tropism that makes them an interesting tool to derive new cellular vehicles for clinical 

glioblastoma therapy. Until now, most of the studies based on genetically engineered NT2 

cells rely on the use of viral vectors. Nevertheless, the development of non-viral strategies 

to produce NT2 cells expressing exogenous gene products has distinct advances [39,40]. 

Hence, considering the flattering properties of this cell line, we wondered if it was possible 

to transfect human neuronal precursor NT2 cell line with UOC based polyplexes, as a first 

step in the development of a suitable platform for an ex vivo gene therapy in the CNS.  

As we have mentioned before, the transfection efficiency mediated by non-viral 

vectors, and especially by Ch based vectors, is relatively low and thus, the successful 

design of the non-viral carrier requires a profound understanding of the whole transfection 

process. The final gene expression will be highly influenced by the uptake of the non-viral 

vector, the pathway by which these are internalized, their ability to escape from endosomes 

and the import of the genetic material to the cell nucleus [41]. In order to determine the 

bottleneck in the transfection process in NT2 cell line, we carried out a comparative study 

between polyplexes (based on UOC, Novafect O15), nioplexes (based on a lipidic niosome 

formulation) and lipoplexes (based on Lipofectamine 2000 liposomes). In table 3, the main 

components, w/w ratios, and employed DNA quantities are summarized (Table 3).  

The physicochemical characteristics and composition of the non-viral vector could 

influence their interaction with the cell membrane and their intracellular behavior [42].  
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Table 3: Summary of the main components of the formulation, w/w ratios and DNA quantities 

employed for the elaboration of the three formulations. 

Formulation Main component 

 

w/w ratio DNA quatity (g) 

Lipoplexes Lipofectamine 2000 reagent 

 

2:1 1.25 

Nioplexes 2,3-di(tetradecyloxy)propan-

1-amine cationic lipid 

 

20:1 1.25 

Polyplexes Novafect O15 ultrapure 

oligochitosan 

13:1 1.25 

Therefore, the three formulations were characterized in terms of size, zeta potential and 

polydispersity index (PDI) (Fig. 8). Lipoplexes and nioplexes presented a particle size 

around 140 nm with a low PDI (0.21), while polyplexes had a bigger size (294 nm) and 

PDI (0.44) as it can be observed in the size distribution curve (Fig. 8 B). The surface charge 

varied from negative to positive values depending on the vector: lipoplexes were negatively 

charged (-29.13 mV) and nioplexes and polyplexes had a positive zeta potential, + 35.4 mV 

and + 15.1 mV, respectively (Fig. 8 A).  

Once the formulations were characterized, the transfection efficiency and the EGFP 

production were studied along the time, by flow cytometry and western blot analysis (Fig 

9). As expected, the results revealed that lipoplexes exhibited the highest transfection 

efficiencies (Fig. 9 A) and protein expression levels (Fig. 9 B). In fact, Lipofectamine is a 

well-known transfection agent with high transfection efficiencies. Although we did not 

show significant toxicity signs with this formulation in vitro, its use in vivo has been limited 

[43]. As an alternative to liposomes, niosomes have shown promising results in vitro and in 

vivo [44,45]. Surprisingly, transfection efficiency of nioplexes was very low (3 % of EGFP 

positive cells) (Fig. 9 A), and no EGFP expression was observed in the Western blot studies 

(Fig. 9 B). Although the superior transfection efficiency mediated by lipid  
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Figure 8. Characterization of the complexes. (A) Size, PDI and zeta potential values. Each value 

represents the mean  standard deviation of three measurements. (B) Size distribution curve of the 

complexes. 

 

Figure 9. Transfection efficiency and EGFP expression at 24, 48 and 72 hours post-transfection. (A) 

Bar graphs showing percentage of EGFP positive live cells at 24, 48 and 72 hours post-transfection. 

Error bars represent  SD (n=3) *P < 0.05. (B) Bar graph depicts results of semiquantitative analysis 

of EGFP protein expression by Western Blot. A representative Western Blot is shown below the bar 

graph. Error bars represent mean  SD (n=4). *P < 0.05, **P < 0.01.  
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formulations compared to polymeric has been widely described [46], against all 

predictions, polyplexes based on UOC were more efficient than nioplexes at transfecting 

NT2 cells. Even though the transfection efficiency mediated by polyplexes was lower than 

the one obtained with lipoplexes (15 % vs. 35 % at 24 h post-transfection), the 

biocompatibility, biodegradability and low cytotoxicity of Ch enhances its possible clinical 

application. Considering the differences that we observed in the final EGFP expression 

between the three vectors, we wondered which step in the transfection process was the 

bottleneck.  

The first barrier in the transfection process mediated by non-viral vectors is the 

cellular uptake [47]. We analyzed the uptake of our non-viral vectors after 1 h and 4 h of 

incubation with the cells, using the pCMS-EGFP plasmid labeled with FITC. Flow 

cytometry results showed a time-dependent cellular uptake of the three formulations (Fig. 

10 A), which was previously reported by other authors [48]. Comparing the three 

formulations, the cellular uptake of lipoplexes (70 % at 4 h) was higher than the uptake of 

polyplexes (30 % at 4 h) and nioplexes (10 % at 4 h), as it can be observed in the bar graphs 

(Fig. 10 A) and flow cytometry histograms (Fig. 10 B). These results were supported by the 

confocal microscope images (Fig. 10 C). Overall, the cellular uptake results showed a clear 

correlation with respect to the corresponding transfection efficiencies.  

Once we confirmed that our formulations were able to enter NT2 cells, the next step 

was to determine which internalization mechanism was involved in the cellular uptake. 

Taking into account the different physicochemical characteristics and composition of the 

vectors, we wondered if this could influence the internalization mechanisms and 

intracellular traffic [49]. Nioplexes were discarded for these experiments due to their low 

cellular uptake that did not allow the measurement. Regarding nanoparticle uptake 

mechanisms, clathrin-mediated endocytosis (CME) and caveolae-mediated endocytosis  
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Figure 10. Cellular uptake of the complexes. (A) Bar graphs showing the percentage of FITC positive 

NT2 cells after the incubation for 1 hour or 4 hours with the complexes. Error bars represent  SD 

(n=3). *P < 0.05. (B) Flow cytometry histograms representing the cellular uptake of the complexes 

(formed with FITC labelled plasmid DNA) after 4 h of incubation. Black filled curve represents 

untreated cells. (C) Merged images of NT2 cells 4 hours after the addition of (C1) lipoplexes, (C2) 

nioplexes and (C3) polyplexes. Images are at 63X magnification. Blue colouring shows cell nuclei 

stained with DAPI; red coloring shows F-actin stained with Phalloidin; green coloring shows Cy3 

labelled plasmid DNA complexed with the corresponding non-viral vector. 

(CvME) are the most common endocytosis routes [50]. By confocal imaging and 

colocalization assays (determining the Manders coefficient, M1), we found out that 

lipoplexes (140 nm, -29 mV) enter NT2 cells mainly through CME (M=0,471), while 

polyplexes (290 nm, +15 mV) by CvME (M=0,697) (Fig. 11). According to Rejman et al. 

internalization of microspheres with a diameter < 200 nm involved CME, while increasing 

the size shift to CvME became apparent [51]. Apart from the size, the surface 

characteristics of nanoparticles can also influence their internalization mechanisms. Unlike 



Discussion 

241 

 

our results, according to the literature, positively charged vectors predominantly internalize 

through CME while negatively charged formulations utilize CvME, taking into account that 

the entry pathway and subsequent traffic could also depend on the cell type [52]. However, 

we cannot forget that other internalization pathways, clathrin- and caveolae- independent 

endocytosis routes, could also take part in the internalization of our non-viral vectors. 

 

 

 

 

 

 

 

 

 

 

Figure 11. Colocalization of test complexes (formed with FITC labelled plasmid DNA) (green) with 

the specific markers of endocytic pathways (red): clathrin-mediated endocytosis (Alexa Fluor 546-

Transferrin at 50 g/ml) and caveolae-mediated endocytosis (Alexa Fluor 555-cholera toxin at 10 

g/ml). The images were taken after 4 hours of incubation with the test complexes. Images are at 63x 

magnification. Nuclei are stained with DAPI (blue). Presence of yellow color represents the overlay 

of the endocytic pathway marker and the vectors. The colocalization values are given as the fraction 

of complexes colocalizing with fluorescently labelled endocytic structure, represented by Mander´s 

(M1) coefficient. 
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It has been broadly reported in the literature that after the internalization process, 

particles that enter the cell via CME are confined within endosomes that will suffer a 

maturation process involving the compartment acidification resulting in late endosomes and 

finally, lysosomes [53]. Accordingly, after 4 hours of incubation, lipoplexes, which enter 

the cell via CME, were located at the late endosome (Fig. 12 A). Until recently, it was 

generally accepted by the research community that nanoparticles that enter the cell via 

CvME were away from lysosomal degradation. However, it has been recently postulated 

that caveolae also fuse with normal acidified endosomes being able to transfer material to 

lysosomes [54]. This work supports our results since the polyplexes that enter the cell via 

CvME were located at the late endosome after 4 h of incubation (Fig. 12 A).  

 

 

 

 

 

 

 

Figure 12. (A) Colocalization of test complexes (formed with FITC labelled plasmid DNA) (green) 

with Lysotracker Red-DND-99 that is a specific marker of the late endosome (red). The images were 

taken after 4 and 6 hours of incubation with the test complexes. Markers were added 1 hour prior to 

the end of the incubation time. Images are at 63 x magnification. Nuclei are stained with DAPI (blue). 

Presence of yellow colour represents the overlay of the endocytic pathway marker and the vectors. 

The colocalization values are given as the fraction of complexes colocalizing with fluorescently 

labelled endocytic structure, represented by Mander´s (M1) coefficient. (B) DNA release profiles 

measured with gel electrophoresis. Lane 1: naked DNA; lane 2: lipoplexes incubated with PS; lane 3: 

nioplexes incubated with PS; lane 4: polyplexes incubated with PS; lane 5: lipoplexes; lane 6: 

nioplexes; lane 7: polyplexes. PS refers to phosphatidyl serine micelles. (C) The percentage of 

released DNA quantified from the agarose gel using the Image Lab TM software.  
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The next barrier in the transfection process is the endosomal escape of the DNA in 

order to avoid lysosomal degradation, which could vary depending on the nanoparticle 

nature [55]. Thus, as an analogue of the endosomal compartment, we elaborated anionic 

micelles based on phosphatidylserine (PS) to simulate the ability of our formulations to 

interact with the endosome and release the DNA cargo [56]. As it can be observed in figure 

12B and 12C, the incubation of the vectors with the PS micelles led to the release of the 

DNA from the carriers, which did not occur when the vectors were not incubated with the 

micelles. 

Finally, our results revealed differences in the internalization velocity of lipoplexes 

and polyplexes. The colocalization values that we obtained with lipoplexes and the specific 

markers after 4 h and 6 h of incubation  were lower compared to the values obtained with 

polyplexes(Fig. 12 A), which means that at the tested times most of the lipoplexes were not 

located within the endosomal compartments. Moreover, 6 h after the addition of the 

complexes to NT2 cells, the FITC-labelled DNA carried by lipoplexes was situated in the 

nucleus, while the DNA carried by polyplexes was still located in the late endosome (Fig. 

12 A). These results suggested that the internalization process of lipoplexes is a relatively 

rapid process compared to polyplexes, which is in agreement with other authors who 

reported that smaller particles, (around 100 nm, as our lipoplexes) enter the cell more 

rapidly than bigger particles, like our polyplexes [51].  

Overall, this research work gives some knowledge about the transfection process of 

different non-viral vectors in NT2 cells, which could be valuable to improve the design and 

development of more efficient vectors. Concretely, we have concluded that UOC based 

polyplexes can transfect human neuronal precursor NT2 cells. Moreover, we suggested that 

the percentage of cellular uptake is a limiting step in the transfection process of UOC based 

polyplexes that could be enhanced by different strategies in order to improve their 

transfection efficiency. In the following experiments, we should take a step forward and 

focus our research on a specific disorder utilizing the appropriate therapeutic genes. 
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Nevertheless, this work could be the beginning of the development of an ex vivo gene 

therapy for the treatment of CNS disorders.  

As a whole, this doctoral thesis describes the first steps in the development of a non-

viral vector based on UOC for either in vivo or ex vivo gene therapy. We are aware that 

there is still much work to be done and limitations that must be overcome. We believe that 

this polymer offers a broad range of possibilities that could be exploited to progress in the 

development of low Mw Ch based non-viral vectors. 
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1. The size and zeta potential of UOC based polyplexes are affected by several parameters 

like the N/P ratio, the salt concentration of the solution and the pH value, regardless the 

plasmid used to elaborate the complexes. In particular, the zeta potential of the polyplexes 

is strongly influenced by the pH value. Higher zeta potential values are obtained when the 

pH is slightly acidified to values around 6.5. 

2. The in vitro studies in HEK293 and ARPE19 cells revealed that a small decline in the pH 

value of the transfection solution leads to an increased cellular uptake of UOC/pCMS-

EGFP polyplexes. This translates into an improved transfection efficiency mediated by 

UOC based polyplexes when the transfection medium is slightly acidified.  

3. UOC based polyplexes are able to efficiently bind and protect a large adenovirus vector 

plasmid of 40 Kbp. The polyplexes are capable of delivering the 40 Kbp plasmid and 

transfecting HEK293 and A549 cells.  

4. The comparative study between lipoplexes, nioplexes and polyplexes showed that UOC 

based complexes are able to efficiently transfect the human neuronal precursor NT2 cells. 

The study of the transfection process revealed that the limiting step in the transfection 

mediated by UOC based polyplexes in NT2 cell line is the cellular uptake. Once the 

polyplexes are inside the cell they present an efficient intracellular trafficking which leads 

to the expression of the desired protein.  

 



 

 
 

 
 


