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Abstract 

Gene therapy aims to act on the genetic cause of a pathology by gene inhibition or 

substitution. Gene delivery systems are necessary to deliver intact nucleic acids to the 

cells in order to achieve a therapeutic effect. Chitosan is a linear polysaccharide that 

displays properties such as biocompatibility and biodegradability. Despite the efforts to 

develop chitosan-based vectors, the therapeutic effectiveness of chitosan-base gene 

therapy still needs to be improved in order to achieve clinical significance.  

This work introduces a new chitosan-based polymer: N-(2-ethylamino)-6-O-glycol 

chitosan (EAGC). The new polymer aims to overcome the disadvantages of chitosan 

for gene delivery, such as poor solubility at physiological pH and low buffer capacity, in 

order to enhance its transfection efficiency while retaining its main benefits of low 

toxicity and biocompatibility.   

Three batches of EAGC were synthesized with different degrees of ethylamino 

substitution: EAGC17, EAGC21 and EAGC30. The EAGC synthesis and the degree of 

substitution of monomers with the new ethylamino group were confirmed by Nuclear 

Magnetic Resonance. The agarose gel retardation assay revealed that all polymers 

had the ability to condense with DNA/siRNA at different polymer, DNA/siRNA mass 

ratios. EAGC30 was able to condense both nucleic acids at smaller polymer, 

DNA/siRNA mass ratios due to its higher charge density. The nanoparticles formed 

between the different polymers and DNA/siRNA presented sizes between 100 and 

450nm with a positive charge of +40mV and spherical shape. The stability of the 

DNA/siRNA nanoparticles was tested in the presence of different biological challenges. 

All EAGC polymers were able to deliver the ɓ-galactosidase plasmid to A431 cells in 

vitro. EAGC30 showed the best transfection capacity at lower polymer, DNA mass 

ratios. Differences in charge density of the polymers resulted in different gene activity. 

Nevertheless, all EAGC polymers were superior transfection agents to lipofectamine, 

particularly at high polymer, DNA mass ratios. In vitro down regulation of proteins was 

obtained for EAGC30, siRNA mass ratios 30 and 60.  

Delivery to the brain of a complex formed between siRNA and a chitosan derivative, 

with a nose to brain delivery method, will be presented for the first time. Fluorescent 

EAGC30, siRNA nanoparticles were visualized on the olfactory bulb tissue after nasal 

administration. The results of this study confirmed Ethylamino Glycol Chitosan as a 

good candidate for in vitro and in vivo gene delivery. 
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1. Introduction 

Gene therapy can be defined as the introduction of exogenous, therapeutic nucleic 

acids in target cells, enabling the treatment of diseases at a genetic level [1]. The 

concept was first shown by Mulligan et al. in 1979, when they introduced recombinant 

plasmid DNA using calcium phosphate transfection technology [2]. Transfection of cells 

was done later by liposomes (in 1980) [3], polylysine [4] and polyethyleneimine (in 

1990) [5]. Various diseases have been targeted for the treatment with gene therapy, 

such as haemophilia [6], muscular dystrophy [7], cystic fibrosis [8] and age-related 

macular degeneration [9]. Gene therapies have also been developed for cardiovascular 

[10], and neurological [11] diseases as well as cancer [12]. 

Gene therapy aims to act on the genetic cause of a pathology by gene inhibition or 

gene substitution. Gene substitution relies on the introduction, into the cell, of 

transcriptionally fully competent genes, to augment the production of a specific protein 

in order to restore its functional expression. Gene inhibition silences overexpressed 

genes, normally at the messenger RNA (mRNA) level, stopping the expression of 

proteins at the post-transcriptional level [13, 14]. Nucleic acid therapy can be based on 

DNA (including plasmids, oligonucleotides (antisense and antigene applications), DNA 

aptamers and DNAzymes) or RNA (including antisense RNA, ribozymes, RNA decoys, 

RNA aptamers, small interfering RNA (siRNA) and microRNA) [1]. 

Plasmid DNA (pDNA) is a high molecular weight, double-stranded DNA construct that 

encodes a specific gene sequence. Inside the cell it expresses a functional protein 

through transcription and translation in order to produce a therapeutic effect [1, 15]. 

pDNA requires access into the nucleus to be expressed by the host-cell transcription 

machinery [16]. It might be integrated into the host genome, causing long-term gene 

expression, or stay outside the chromosome with a transient effect [17]. 

Gene inhibition can be achieved by the RNA interference (RNAi) mechanism for down-

regulation of protein expression. RNA interference was discovered in 1998 by Mello et 

al. in the nematode Caenorhabditis elegans [18]. The RNAi pathway is fundamental in 

eukaryotic cells for post-transcriptional protein expression regulation [19, 20]. A double 

stranded RNA is introduced in the cell and cleaved by the enzyme Dicer (cytoplasmic 

ribonuclease III) into small fragments (21-23 nucleotides long) called short interference 

RNA. siRNA is a small macromolecule (approximately 13 kDa) comprising two strands: 

the sense and antisense [20]. siRNA operates in the cytosol where the siRNA antisense 
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strand is integrated into the RNA-induced silencing complex (RISC). RISC binds and 

cleaves complementary mRNA, thereby preventing its translation into a protein [16]. 

siRNA can be synthetically produced and directly introduced in the cell at the level of 

RISC, circumventing the Dicer mechanism [19-21]. The effect of siRNA is normally 

transient due to the dilution of the siRNA in the cytosol for dividing cells, although it is 

possible to observe a longer effect for slowly or non-proliferating cells [17]. 

The first clinical trial of gene therapy took place in 1990 for the treatment of severe 

combined immunodeficiency [22]. However, it was not until 2000 that the first 

successful, clinical gene therapy treatment was reported by Cavazzana-Calvo et al. 

[23]. The condition, X-linked severe combined immunodeficiency (SCID-X1), commonly 

diagnosed in early infancy, is characterized by recurrent infection as a result of an 

absence of cell-mediated and humoral immunity [24]. However, the success of this trial 

was questioned when two of the ten children treated developed a leukaemia-like 

condition [25]. One treatment based in adenoviral vectors (Gendicine) has been 

approved in China and an adenoassociated viral vector (Glybera®) was approved by 

the European Commission for treatment of lipoprotein lipase deficiency, proving that 

reaching the goal of gene therapy is not an impossible task [25, 26].  

 

1.1 Gene Delivery Barriers 

An important prerequisite for plasmid DNA and siRNA to be used as therapeutic 

molecules for different human diseases is the successful delivery to the cells and 

subsequent release in the intracellular space [15]. After administration in the body, the 

nucleic acids need to remain stable and avoid enzymatic degradation, as well as target 

specific cellular sites. Once inside the cell, the nucleic acids need to be released from 

the endosome to be active in the cytoplasm (in the case of siRNA) or migrate to the 

nucleus (for plasmid DNA) [17].  

Extracellular barriers 

Therapeutic genes can be administered in different ways into the body such as via the 

intramuscular or intravenous (IV) routes, as well as by inhalation (intranasal) or 

ingestion (oral). Depending on the route of administration, nucleic acids will encounter 

several barriers such as blood components, the blood brain barrier, immune defence 

mechanisms and enzymatic degradation [27]. Blood is one of the major barriers after IV 

administration. Exogenous materials in the blood led to the activation of the 
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complement system, as well as clearance by the reticuloendothelial system, non-

specific interactions with serum proteins (e.g. albumin) and enzymatic degradation [17, 

27]. The half-life of unprotected nucleic acids in mouse blood is approximately 10 

minutes [15].  

Cellular uptake 

The targets of plasmid DNA and siRNA are located inside the cells, in the nucleus and 

cytoplasm respectively. These large, charged molecules need to cross the lipophilic 

and negatively charged plasma membrane in order to reach their therapeutic targets 

[28]. Endocytosis is the main process of uptake of macromolecules and solutes by 

internalization of membrane vesicles. There are various endocytic pathways such as 

clathrin-mediated endocytosis (via coated pits), caveolae, macropinocytosis and 

clathrin/caveolae-independent endocytosis [28, 29]. After internalization by the cell the 

molecules tend to be entrapped in intracellular vesicles known as endosomes.  

Endosomal release 

Endosomes have an internal pH around 6 and, during maturation, they are either 

recycled back to the membrane internalized content or develop into late endosomes 

which fuse with intracellular organelles called lysosomes. These present a lower pH of 

around 4.5 and contain digestive enzymes which facilitate substrate degradation [15, 

30]. Therefore, the successful release of nucleic acids from the endosomes/lysosomes 

is one of the key steps for nucleic acid delivery.  

Nuclear internalization 

The therapeutic target of plasmid DNA is within the cell nucleus, making the nuclear 

envelope the ultimate obstacle.  The entrance of the necessary macromolecules in the 

nucleus is controlled by the nuclear pore complex, which forms a channel through the 

nuclear envelope. Molecules smaller than 50 kDa are able to passively diffuse through 

the pore complex, while bigger compounds either have a specific target ligand or 

associate with polypeptides [28, 29]. Due to the elevated size of the plasmid DNA, it is 

unlikely that it can reach the nucleus of the cell by passive diffusion.  According to the 

literature, dividing cells present higher transfection ability than non-dividing cells, 

suggesting that the plasmid DNA enters the nucleus during cell division. During mitosis 

the integrity of the nuclear membrane is lost with the disassembly of the nuclear 

envelope, enabling foreign DNA to enter the nucleus [28, 31].  
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1.2 Gene Delivery Systems 

In order to overcome the challenges associated with the nucleic acids reaching their 

therapeutic target, an effective nucleic acid delivery system is needed. This delivery 

system should be able to (i) bind and condense the nucleic acids into nanoparticles, (ii) 

protect the nucleic acids from enzymatic degradation, (iii) promote cellular uptake, (iv) 

release the nucleic acids into the cytoplasm, and (v) promote nuclear entry (for DNA). 

Furthermore, a gene delivery vector should not trigger a strong immune response, but 

should allow sustained and regular expression of the genes [15, 32].  

Regarding their mode of action there are two main gene delivery methods: physical 

and non-physical. 

1.2.1 Physical methods 

Physical gene delivery methods mediate the direct penetration of genes inside the cell 

by forming transient membrane holes. These methods circumvent limitations, such as 

cell penetration and endosomal release, of non-physical methods. Various methods are 

available with different advantages and limitations (Table 1). 

  

Table 1 - Summary table of physical gene delivery methods.  

Method Mode of Action Advantages Limitations 

Needle 

injection[33, 34] 

Direct local injection of naked 

nucleic acids in tissues such as 

muscles, liver, and skin. 

Simple method, 
lack of safety 

concerns. 

Localized pain, 
oedema, and 

bleeding at the 
injection site 

Jet injection 
[33, 34] 

High-speed, ultrafine stream of 

DNA solution driven by a 

pressurized gas, usually CO2. 

The injection generates pores 

on membranes of target cells. 

Needle free, well 
tolerated by the 
target tissues. 

Localized pain, 
oedema, and 

bleeding at the 
injection site. 

Hydrodynamic 
gene transfer 

[35] 

Increased liquid pressure 

injection of a large volume of 

gene solution to create pores in 

the cell membranes by 

reversible permeability changes 

in the endothelium. 

The simplicity and 

safety of 

hydrodynamic gene 

delivery allows the 

use of this 

technique for the in 

vivo transfection of 

hepatocytes and 

the transfection of 

other organs. 

Large doses 

required and non-

specific targeting. 

Not possible to 

translate to in vivo 

human gene 

delivery. 
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Method Mode of Action Advantages Limitations 

Electroporation 

[36] 

An electric field alters the cell 

permeability. Electric pulses 

generate transient pores in the 

cell membrane, followed by 

intracellular electrophoretic 

DNA movement. 

Safe, efficient, with 
good 

reproducibility. 

Gene delivery to in 
vivo solid tissues 

with this method is 
limited as 

electrodes need to 
be placed near the 

internal, target 
organs. 

Gene Gun [37] 

Impact of heavy metal particles 
on target tissues and delivery 
of coated DNA particles. The 

efficiency of the gene gun 
method depends on particle 

size, gas pressure, and dosing 
frequency. 

Has been 
extensively applied 

to the 
intramuscular, 

intratumoral, and 
intradermal route. 

Triggers immune 
responses at lower 

doses. 

Sonoporation 

[34] 

Use of ultrasound waves to 
create membrane defects by 

acoustic cavitation. 

Safety, non-
invasiveness, and 
being able to reach 

internal organs 
without surgical 

procedure. 

Loss of cell viability 
and enhanced 

apoptosis 

 

1.2.2 Non-Physical methods 

1.2.2.1 Viral vectors 

Viral vectors are one of the major gene delivery systems due to the capacity of viruses 

to insert a functional gene into the host cell genome. The viral vectors are derived from 

viruses with either RNA (e.g. Retrovirus) or DNA (e.g. Adenovirus) genomes [32]. The 

preparation of a viral vector includes the removal of the pathogenic part of the virus and 

replacement by a therapeutic gene, while the virus retains its non-pathogenic 

structures that allow it to infect the cell [31, 38]. Viruses mediate efficient gene transfer 

through favourable cell uptake and intracellular trafficking machineries [34]. To date, 

viral vectors are the most often used gene delivery vectors since they display good 

transfection properties both in vitro and in vivo [39]. One treatment based in adenoviral 

vectors (Gendicine) has been approved in China and an adenoassociated viral vector 

(Glybera®) was approved by the European Commission for treatment of lipoprotein 

lipase deficiency [25, 26]. Despite the advantages of viruses as gene delivery systems, 

there are still major drawbacks including the risk of immunogenicity, random integration 

of vector DNA into the host chromosome, specific tissue tropism, limited DNA carrying 

capacity and recombination with wild-type viruses and related toxicity [13, 34, 40]. 
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1.2.2.2 Non-Viral vectors 

Liposomes 

Cationic lipids are amphiphilic molecules that contain a hydrophilic positively charge 

polar head group connected by a linker to a hydrophobic domain [41]. The positive 

charge of the head group is due to the presence of amines, which will interact with the 

anionic nucleic acids. The linker that connects the hydrophobic domain and the cationic 

head group may contain a glycerol-type moiety, a phosphate or a phosphonate linker, 

amino acids, peptides or aromatic rings [34, 40]. The hydrophobic domain is 

constituted of a cholesterol derivative or an aliphatic chain with different lengths and 

compositions [34, 41]. The most common chain lengths are C8 or C18 with mono-

unsaturated fatty acids. Amphiphilic lipids are poorly soluble in water, and when 

suspended in water can adopt different structures including micellar, lamellar, cubic 

and inverted hexagonal phase with the hydrophobic tails facing each other and the 

hydrophilic heads facing water [41, 42]. 

Cationic lipids can be mixed with neutral lipids to form cationic liposomes for nucleic 

acid delivery. Dioleoylphosphatidylethanolamine (DOPE) and cholesterol are often 

used as neutral lipids. DOPE reduces the charge ratio of liposomes leading to reduced 

toxicity and increased transfection ability [34, 41]. Liposomes containing cholesterol are 

normally more stable in physiological medium enabling the nucleic acids to reach their 

target cells [34, 41]. 

Liposomes are defined as unilamellar or multilamellar microvehicles consisting of a 

phospholipid bilayer [34]. Cationic liposomes are complexed with nucleic acids by self-

assembly, forming a lipoplex. Lipoplexes can also present different structures, including 

multilamellar, with DNA/siRNA monolayers between cationic membranes, or inverted 

hexagonal structure, with DNA/siRNA encapsulated within cationic lipid monolayer 

tubes. The hexagonal structure has shown advantages in transfection of nucleic acids 

[40].  

After electrostatic interactions between the positively charged lipoplexes and the 

anionic structures (glycoproteins and proteoglycans) of the cellular membrane, the 

lipoplexes may enter the cell by fusion with the plasma membrane or by endocytosis 

[15, 40]. Once inside the cell, the lipoplexes are incorporated into the endosomes. 

Inside the endosomes there is a ñflip-flopò mechanism by which anionic lipids diffuse 

from the endosomal membrane into the complex, forming neutral ion pairs with cationic 
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lipids. This leads to destabilization of the endosomal membrane, displacement of the 

nucleic acid from the delivery system, and release to the cytosol [15]. 

The main advantages of liposomes are their biodegradability and low toxicity, both a 

result of their composition from naturally occurring substances. Liposomes are able to 

protect the nucleic acids against enzymatic degradation as well as facilitate cellular 

uptake and endosomal escape, leading to effective gene transfer. They present low 

immunogenicity, and are easy to prepare and handle. 

DNA delivery by liposomes was first reported in 1987 by Felgner et al. using N-[1-(2,3-

dioleyloxy) propyl]-N,N,N-trimethylammonium chloride (DOTMA) [43]. Since then, 

liposomes have been reported for plasmid DNA and siRNA delivery [44-46]. Cationic 

liposomes showed higher transfection efficiency due to their ability to promote cellular 

internalization and the release of nucleic acids.  

However, due to their positive charge, they may lead to non-specific interactions with 

serum proteins and cause haemolysis, they present low circulation half-life with 

systemic elimination, and low transfection efficiency [38]. Additionally, the presence of 

diethyl ether and chloroform (organic reagents involved in their preparation) may lead 

to cytotoxicity [42].  

 

Cationic polymers 

Cationic polymers are a safer alternative to viral delivery, since the risk of 

immunogenicity is lower [38]. They are easy to prepare, with flexibility regarding the 

size of the nucleic acids to be transfected. Their main drawback falls on the transient 

nature of transfection as well as the lower transfection efficiency when compared with 

the viral vectors [47]. When compared with liposomes, cationic polymers are more 

stable and show good biodegradability, low toxicity, structural diversity and relatively 

higher transfection efficiency [48]. 

Cationic polymers present different molecular weights and structure including linear, 

branched and dendritic structures. These polymers bind to the anionic phosphate 

groups along the backbone of the nucleic acids through electrostatic interactions, 

prompted by cationic primary, secondary, tertiary and quaternary amines present in the 

polymers [49]. These interactions enable the packing of the nucleic acids, reducing the 

DNA/siRNA to nanosized particles called polyplexes [31]. The presence of serum 
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proteins and other blood components may lead to destabilization of the complexes. 

Characteristics of the polymers provide increased stability to the nanoparticles, 

preventing disaggregation in the presence of these biological challenges. Furthermore, 

cationic polymers offer protection from enzymatic degradation [50] (Figure 1).  

The delivery of nucleic acids to specific cells with cationic gene delivery systems can 

be done by passive or active targeting. Passive targeting relies on the tumour 

morphology via the enhanced permeability and retention (EPR) effect. A prolonged 

circulation of small nanoparticles (10-100nm) combined with the leaky blood 

vasculature in these tissues leads to an accumulation in the tumour site. This is a non-

selective targeting approach [17] that presents major drawbacks including 

heterogeneous carrier extravasion comprising delivery efficiency as well as off-target 

delivery to healthy cells, leading to toxicity and adverse side effects [51, 52]. Active 

targeting relies on the presence of specific receptors on target tissues. This allows the 

functionalization of nanoparticles with specific ligands such as transferrin and folic acid. 

This kind of delivery prevents the non-specific, off-target effects described for passive 

targeting [53].  

The polyplexes interact with the negatively charged cell membrane and enter the cell 

mainly by endocytosis. Size, surface potential and the ratio between the number of 

amines in the polymer and phosphates in the nucleic acids (N:P ratio) strongly 

influence the gene delivery capacity of each polymer, as well as endosomal escape 

and unpacking of DNA/siRNA from the complexes [54].  

The release of nucleic acids from the carrier upon entry into the cell is an important 

feature that highly affects the gene delivery outcome. Plasmid DNA needs to migrate to 

the nucleus, while the siRNA mechanism happens at the cytoplasm [17].  Chain length 

and polymer molecular weight are the most important features for nucleic acid 

unpacking. Generally, longer chains and higher molecular weight polymers provide 

improved stability which may impair nucleic acid release. A balance between the 

stability of the polyplexes in serum and salt solutions and release of nucleic acids 

should be obtained [55].  
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Figure 1 - Schematic representation of gene delivery. Adapted from Raemdonck et al. [14]. 

  

Different kinds of cationic polymers have been studied. Here, I will discuss polylysine 

(PLL), Polyethylenimine (PEI), dendrimers and chitosan. PLL was the first cationic 

polymer to be used in gene delivery. However, it presented low transfection efficiency 

[4]. PEI and dendrimers present good transfection capacity, but nevertheless their use 

is still limited by their low biocompatibility [56]. Chitosan presents lower transfection 

efficiency than the previous but it is a biocompatible polymer [57]. These polymers set 

the main characteristics for a successful gene delivery system, and therefore this 

review constitutes an important background to the development of a new gene delivery 

system. 

 

Poly (L-Lysine)  

Poly(L-lysine) was first used for in vitro gene delivery by Wu et al. in 1987 [4]. PLL is a 

cationic linear polypeptide with the amino acid lysine as the repeating unit (Figure 2). It 

is regarded as biocompatible and biodegradable [13]. Nucleic acid condensation and 

transfection efficiency increases with the molecular weight; however, so does toxicity. 
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PLL with molecular weight lower than 3 kDa showed a limited capacity to transfect 

cells, while high molecular weight PLL has shown high toxicity [58]. The structure of 

PLL presents primary amino groups that are all protonated at endosomal pH, resulting 

in poor buffer capacity for the polymer and consequently poor endosomal escape 

leading to low gene expression [59, 60]. In order to increase transfection efficiency, 

several conjugates such as endosomolytic agents, histidine and imidazole have been 

used [59-61]. Substitution of PLL with histidine increased the transfection of the 

polymer 4-fold due to the presence of the imidazole ring that has a pKa around 6 

increasing the buffer capacity of the polymer [15]. 

 

 

Figure 2 - Representative chemical structure of PLL.  

 

Polyethylenimine  

Polyethylenimine has been one of the most studied gene delivery systems since the 

polymer successfully enabled transfection of DNA in 1995 [5]. It is commercially 

marketed as a transfection reagent in preparations such as ExGen500R, jetPEIR and 

PEIproTM.  

PEI is a cationic polymer with one third of its atoms being nitrogens, presented as 

primary, secondary and tertiary amino groups in a 1:2:1 ratio (Figure 3). This high 

number of amines gives the polymer a high charge density, conferring unique features 

such as strong DNA condensation with protection from enzymatic degradation, intrinsic 

endosomal activity, and a unique buffer capacity called the proton sponge effect [60].  
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Figure 3 - Representative chemical structure of a) linear PEI and b) branched PEI. 

 

The primary amines (pKa å 9, higher than the endosomal pH) are generally regarded 

as responsible for nucleic acid condensation, while secondary and tertiary amines (pKa 

å 5-7, around the endosomal pH) contribute to the buffer capacity of the polymer [62, 

63]. The degree of protonation of PEI increases from 20 to 45% when the pH 

decreases from 7 to 5 in the endosomes [64]. The pH-buffering property presented by 

PEI is an important feature that allows endosome disruption (proton sponge effect - 

Figure 4) and prevents lysosomal degradation of the nucleic acids. Once the PEI-

DNA/siRNA complexes enter the cell, they are trapped into the endosomes. These 

present membrane ATPase ion channels that pump protons to the inside, leading to 

the acidification of the endosomal compartments and activation of hydrolytic enzymes. 

PEI becomes protonated preventing the acidification of the endosomes and resulting in 

a continuous influx of protons (to attempt to lower the pH), as well as passive entry of 

chloride ions. Consequently there is an increase of ionic concentration, with an influx of 

water leading to endosomal swelling and rupture of the endosomal membrane. In this 

way PEI nanoparticles are able to be released from the endosomes with intact nucleic 

acids [15, 65].  

 

 

Figure 4 - Schematic representation of proton sponge effect. Adapted from Aied et al. [31]. 
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PEI presents as two forms: linear and branched (Figure 3). The degree of branching 

affects complexation with the nucleic acids and transfection efficiency [66].  Linear PEI 

is less effective at condensing DNA compared with the branched form for similar 

molecular weights. Branched PEI presents a higher number of primary amines, 

allowing for the formation of more stable complexes [67, 68]. Nevertheless, linear PEI 

has shown better transfection of plasmid DNA than the branched form [69]. The same 

results were not obtained for the delivery of siRNA, where branched PEI was able to 

achieve gene silencing while the linear polymer did not show any knock-down effect. 

These different results are explained by the stability of the complexes between PEI and 

DNA/siRNA. Linear PEI leads to less stable complexes, which is advantageous for the 

release of plasmid DNA. However, since electrostatic interactions of siRNA with the 

polymer are weaker, due to the small structure and low charge density of the nucleic 

acid, the extra charge density presented by the branched form of PEI is necessary for 

the delivery of siRNA [70].  

The transfection efficiency of PEI also depends on its molecular weight, with polymers 

with molecular weight lower than 25 kDa showing poor transfection ability. Transfection 

efficiency increases with the increase of the molecular weight for molecular weights of 

between 6 and 70 kDa [71]. High molecular weight (800 kDa) PEI is significantly 

cytotoxic due to its high charge density and lack of degradable linkages inducing cell 

membrane disruption followed by apoptosis. An optimum molecular weight seems to 

range between 12 and 70 kDa [71, 72]. However, one study showed that a low 

molecular weight (10 kDa), moderately branched polymer resulted in efficient delivery 

with low toxicity when compared to commercial, high molecular weight PEI [56]. This 

shows that the right balance between molecular weight and branched/linear forms can 

lead to successful gene delivery.  

Despite showing good transfection efficiency in vitro and in vivo, PEI toxicity, related to 

the lack of degradable linkages and high charge density, still presents a major hurdle to 

the translation of the polymer to the clinic [73, 74]. Godbey et al. reported that the 

charge density of free PEI leads to precipitation and aggregation of the polymer when 

administered in vivo due to the interactions with anionic charged proteins 

(e.g. albumin). Also, the interactions of PEI with cellular components inhibit normal 

cellular processes and cause several changes to cells, including cell shrinkage, 

reduced number of mitoses and vacuolization of the cytoplasm [56].  

In order to overcome the cytotoxicity of high molecular weight PEI, degradable linkers 

such as disulfide bonds have been used [75]. This acid-labile PEI may be rapidly 
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degraded into low molecular weight PEI in acidic endosomes. In toxicity assays, the 

modified PEI was much less toxic than PEI with a molecular weight of 25 kDa, due to 

the degradation of the acid-labile linkages [76]. Also, cholesterol and polyethylene 

glycol (PEG) have been introduced to reduce the cytotoxicity of the polymer, by 

masking the positive surface charge of PEI [77, 78]. A PEI-PEG polyelectrolyte 

complex has been used for delivery of siRNA into tissue cells in tumour-bearing mice 

[79]. 

 

Dendrimers 

Dendrimers are monodispersed, hyperbranched macromolecules, with a well-defined 

size and shape and high density of functional groups, that are regarded as good 

candidates for gene delivery [80]. The structure of dendrimers may be divided into 

three parts: (1) a central core, (2) repeating branches called generations and (3) 

terminal functional groups which play a role in gene complexation [81, 82].  

Dendrimers complex with the nucleic acids through electrostatic interactions between 

the positively charged terminal groups of the dendrimers and the anionic phosphates of 

the nucleic acids backbone [80]. The resulting ñdendriplexò presents a positive charge, 

enabling interaction with the cell membranes. Dendrimers with a higher number of 

generations are regarded as more toxic due to their high charge density [81].  

Polyamidoamine (PAMAM) dendrimers are the most well characterized and 

commercialized dendrimers (Figure 5). They are water soluble and non-immunogenic, 

with terminal amino groups that can be modified to allow specific targeting [80]. 

PAMAM dendrimers produce high transfection efficiency and are the most commonly 

used dendrimers for gene delivery [82].  

 

Figure 5 - Representative chemical structure of PAMAM dendrimers. 
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1.2.3 Chitosan 

Chitosan is obtained by partial deacetylation of chitin, which is the natural structural 

component of the crustacean exoskeleton [83]. It is a linear polysaccharide composed 

of D-glucosamine and N-acetyl-D-glucosamine subunits linked by b(1,4)-glycosidic 

bonds (Figure 6). The relative proportion of the different sub-units determines the 

degree of deacetylation, which in turn influences different characteristics of the polymer 

such as solubility [84]. The polymer displays properties such as biocompatibility and 

biodegradability, and its degradation products are non-toxic, non-immunogenic and 

non-carcinogenic [85]. Chitosan is a biodegradable polymer that can be degraded by 

enzymes which hydrolyse glucosamineïglucosamine, glucosamineïN-acetyl-

glucosamine and N-acetyl-glucosamine-N-acetyl-glucosamine linkages, leading to 

small fragments that are suitable for renal clearance [31, 86]. Chitosan also presents 

mucoadhesive properties, being known for its ability to transiently open the tight 

junctions of the intestinal barrier [87]. Due to these unique features, chitosan and its 

derivatives have found fruitful applications in various fields such as water treatment 

[88], the food industry [89],cosmetics [90] and agriculture [91]. 

 

 

Figure 6 - Representative chemical structure of chitosan. 

 

Biocompatibility 

Chitosan biocompatibility is influenced by different polymer characteristics such as 

molecular weight, polymer structure (including branched derivatives), charge density, 

cationic functionality of derivatives, degree of biodegradability and conformational 

flexibility [71, 92]. 

An increase of cytotoxicity as a function of the molecular weight was previously 

reported for different cationic polymers including PEI [72], PLL [93, 94] and 
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chitosan [95]. Branched molecules were found to be slightly more toxic than linear 

polymers [93, 96]. The toxicity of different cationic groups has also been studied; more 

specifically, the difference between primary, secondary and tertiary amines. Primary 

amines led to red blood cell agglutination, while tertiary amino groups showed lower 

toxicity [97]. However, Fisher et al. concluded that it is not only the kind of amine that 

has an impact on toxicity, but also the overall charge density. It was demonstrated that 

the cytotoxicity of different types of polycationic polymers depend on the number and 

arrangement of the cationic charges [71]. A comparative study between polycationic, 

neutral and polyanionic polymers revealed that the polycationic polymers have the 

highest toxicity, followed by neutral and anionic ones [98]. 

It is hypothesized that the strong ionic interaction between the positive charges of the 

polymers with the anionic structures of the cell membrane affects membrane integrity, 

altering cell function and ultimately leading to cell death [99, 100]. The mechanism of 

cytotoxicity caused by cationic polymers is due to the electrostatic interactions between 

the positively charged polymers and the anionic membranes which can lead to 

destabilization and ultimately rupture of the cell membrane. When exposed to cationic 

polymers, the cell suffers membrane leakage followed by a decrease in metabolic 

activity [71]. Polyethylenimine cytotoxicity was characterized as a two-phase process 

where the polycation-cell interaction induces loss of cell membrane integrity and the 

induction of programmed cell death, leading to cell shrinking and reduced mitoses [56, 

73].  

Chitosan presents low toxicity when compared with other cationic polymers such as 

PEI. For chitosan, IC50 (concentration of polymer at which 50% of cells are viable) 

values have been reported between 0.2-20 mg mL-1 [86] in different cell lines. 

Conversely, PEI presents an IC50 of <20 ɛg mL-1 [101, 102]. Chitosans with different 

molecular weights and degrees of deacetylation (<5 kDa, 65.4%; 5ï10 kDa, 55.3%; 

and >10 kDa, 55.3%) showed an IC50 >1 mg mL-1 in CCRF-CEM (human 

lymphoblastic leukaemia cells) and L132 (human embryonic lung cells). Haemolysis 

was not observed (<10%) over 1 h and 5 h with chitosans of <5 kDa, 5ï10 kDa and 

>10 kDa at concentrations of up to 5 mg mL-1 [103]. 

The molecular weight and charge density (degree of deacetylation) are the main 

factors that contribute to chitosanôs cell biocompatibility [86, 104]. High molecular 

weight polymers (>100 kDa) with a high degree of deacetylation were less 

biocompatible [95] than lower molecular weight chitosans (10 kDa) [105]. 
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Huang et al. found higher attenuated cytotoxicity of chitosan when the degree of 

deacetylation decreased, and less attenuation when the molecular weight was 

reduced, suggesting that the degree of deacetylation has a greater effect than the 

molecular weight on chitosanôs biocompatibility [95]. Chitosans with a degree of 

deacetylation of 88% and molecular weight between 10 and 213 kDa showed 

comparable biocompatibility in A549 cells. Decreasing the polymer charge density 

(61% and 46% of deacetylation) resulted in increased viability of the cells (60% of cells 

alive when compared with less than 10% for chitosan 88% deacetylated). Reducing the 

chitosan molecular weight from 213 kDa to 10 kDa did not change the IC50 value (IC50 

1.1 to 1.2 mg mL-1). However when the degree of deacetylation decreased from 88% to 

61%, the IC50 increased from 1.2 to 2.0 mg mL-1 and to 2.2 mg mL-1 with a further 

decrease of the degree of deacetylation to 46% [95]. 

After evaluation of the biocompatibility of chitosan in CaCo-2 and HT29-H cells and in 

situ rat jejunum, Schipper et al. also concluded that toxicity is dependent on the degree 

of deacetylation and molecular weight. At a high degree of deacetylation, the 

biocompatibility of chitosan is related to the molecular weight and the concentration; at 

a lower degree of deacetylation toxicity is less pronounced and less related to the 

molecular weight. However, most of the chitosans tested did not increase 

dehydrogenase activity in CaCo-2 cells significantly in the concentration range tested 

(1ï500 ɛg mL-1) [106, 107].  

The biocompatibility of chitosan with a high degree of deacetylation (92%) and low 

molecular weight (10 kDa) was studied by Nimesh et al. [105]. After 48h of incubation, 

more than 85% of cells were viable at pH 6.5 and 96% at pH 7.1. These results 

corroborate the theory that the charge density may contribute to the biocompatibility of 

chitosan, since the cell viability was lower at lower pH when the protonation of chitosan 

is higher [105]. In the same study, lower biocompatibility for chitosan alone was 

reported when compared with chitosan-DNA complexes, since the charge of the 

polymer is partially neutralized by the binding of DNA. 

The modifications made to chitosan can make it more or less toxic. Carreno-Gomez 

showed that glycol chitosan (GC) is one of the chitosan derivatives with lower toxicity 

[108]. Trimethyl chitosan is more toxic than chitosan, and its toxicity was found to be 

directly related with the degree of trimethylation (charge density) [102].  
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Transfection efficiency 

The transfection efficiency of chitosan is also dependent on polymer characteristics 

such as molecular weight, charge density and buffer capacity [40, 105].  Because of its 

cationic nature, chitosan is a very popular candidate for nucleic acid delivery. Features 

including the pH of transfection medium, degree of deacetylation (charge density), 

molecular weight, and nitrogen to phosphate ratio (N:P ratio) determine the transfection 

efficiency of DNA and siRNA [55, 59, 109].  

At physiological pH, the gene transfection efficiency of chitosan is lower compared with 

other cationic gene delivery systems such as PEI [57, 110, 111] or cationic lipids [112, 

113].  The transfection efficiency of chitosan is dependent on the pH of the transfection 

medium, due to the protonation of its primary amine groups. The pKa of these amines 

has been calculated as 6.5, meaning that at a higher (more basic) pH, the amines will 

not be protonated and the overall positive charge of the polymer will be low [114]. 

Therefore, at pH 7.4 chitosan presents minimal solubility, low intracellular delivery 

resulting in low transfection ability [104, 105].  

The transfection efficiency of a 10 kDa chitosan with a 92% of degree of deacetylation, 

was studied in HEK 293 cells and compared against lipofectamine. The gene 

expression was assessed at different pH values: 6.5, 7.1 and 7.4, in the presence of 

10% serum. Enhanced Green Fluorescent Protein (EGFP) was expressed in 26.3% of 

cells at pH 6.5, with only 9.2% at pH 7.1 and 0.2% at pH 7.4. The cell uptake was also 

studied at different pHs: 100% of the cells internalized the complexes at pH 6.5, while 

only 50 % cellular uptake was observed at pH 7.1. Further studies revealed that 

changing from pH 6.5 to 7.4 at 8, 12 or 24 h after initiating transfection led to higher 

gene expression than the positive control lipofectamine [105].  

Sato et al. evaluated the transfection efficiency of chitosan, DNA complexes (52% and 

92% degree of deacetylation) in A549 cells and found it higher at pH 6.9 than at pH 7.6 

[115]. Additionally, Zhao et al. investigated the effect of transfection medium pH on the 

transfection efficiency of chondrocytes using chitosan-DNA complexes with 800 kDa 

chitosan with an 82% degree of deacetylation. Four pH values were studied: 6.8, 7.0, 

7.2 and 7.6; higher expression levels were obtained at pH 6.8 and 7.0 with more than 

50% of cells transfected [116].  

Finally, Lavertu et al. studied the transfection efficiency of two chitosans with a 

molecular weight of 40 kDa and an 80% degree of deacetylation and a molecular 
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weight of 80 kDa and a 72% degree of deacetylation at pH values 6.5, 6.8, 7.1 and 7.4. 

The percentage of transfected cells was comparable for pH 6.5 and 7.1, with the lowest 

transfection happening at pH 7.4 [104].  

Further to the pH of the transfection media, the degree of deacetylation of chitosan 

plays a role in the polymerôs capacity to condense with nucleic acids and perform gene 

transfection.  

The importance of the degree of deacetylation was showed by Kiang et al.. Three 

different cell lines were used to test the transfection efficiency of chitosan-DNA 

nanoparticles with a chitosan with a molecular weight of 390 kDa. Three different 

degrees of deacetylation were studied (62%, 70% and 90%). For all cell types tested, 

the chitosan formulations with the lower degrees of deacetylation resulted in lower 

gene expression levels. Furthermore, for the chitosans with the lower degrees of 

deacetylation (62% and 72%) the level of gene expression was not significantly greater 

than the background [117].  

The effect of the degree of deacetylation was also studied by Huang et al. with three 

chitosan polymers of high molecular weight (213 kDa). The polymer with a degree of 

deacetylation of 88% showed a transfection efficiency of 12.1% while chitosans with 

lower degrees of deacetylation, 61% and 46%, showed residual transfection 

efficiencies of 0.2 and 0.05%, respectively [95, 118].  

Five chitosans with a molecular weight range between 31 and 190 kDa, and with 

different degrees of deacetylation (31 kDa, 99%; 170 kDa, 99%; 190 kDa, 85%; 170 

kDa, 65%; 98 kDa, 51%) were studied by Koping-Hoggart et al. in the 293 kidney cell 

line. The lowest gene expression was obtained using chitosans 170 kDa, 65% and 

98 kDa, 51% at an N:P ratio of 3.0 and 3.6 respectively. Chitosan 190 kDa, 85% 

showed the highest transfection efficiency at N:P ratio of 3.0 (70 times higher than 

98 kDa, 51%), followed by 31 kDa, 99%, and 170 kDa, 99% both at N:P ratio of 3.6. 

The results showed that the transfection ability of the polyplexes did not depend on the 

molecular weight in the range from 31 to 170 kDa but on the percentage of 

deacetylation; chitosan with a percentage of positive charge lower than 65% did not 

show transfection ability. Following these results, a chitosan (degree of deacetylation of 

83%) with a molecular weight of 162 kDa (N:P ratio 2.4) was studied in comparison 

with PEI, 800 kDa (N:P ratio 9). The percentage of transfected cells was of 35% for PEI 

and 25% for chitosan polyplexes with similar results for gene expression [110].  
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The previous results demonstrate that the charge density of chitosan is intimately 

related with its transfection efficiency and dependent on two main factors: degree of 

deacetylation of the polymer and pH of the transfection solution. Polymers with higher 

degree of deacetylation at lower pH showed a higher charge density along the chain 

[119]. Furthermore, it has been demonstrated that cellular uptake of chitosan-DNA 

complexes depends strongly on the stability of the nanoparticles in medium as well as 

on their surface charge [118]. It is already recognized in the literature that complexes 

that are not sufficiently stable will dissociate too early and will show little or no 

transgene expression. On the other hand, highly stable complexes might not release 

DNA once inside the cells or may only release it slowly, resulting in low or delayed 

expression. Thus, an intermediate stability is desired [110, 112]. In addition, the 

internalization of chitosan in the cells is non-specific and highly dependent on 

electrostatic interactions between the positive polymer and the negative membrane. 

Therefore, the high positive charge presented by chitosan at lower pH enhances 

cellular uptake [105]. In summary, in order to achieve high transfection efficiency, 

chitosan should present a high degree of deacetylation and the complexes with DNA 

and siRNA should be prepared in a slightly acidic solution (pH lower than 7.1) in order 

to raise the polymerôs positive charge, enhancing in this way the binding efficiency to 

the cell membrane and cellular uptake [95, 110, 117, 118].  

The molecular weight of chitosan is one of the major characteristics of the polymer that 

also influences the gene expression results. Some studies with chitosan as a gene 

delivery system showed that a high molecular weight polymer (100-400 kDa) 

associated with a high degree of deacetylation were essential requirements for nucleic 

acid transfection [112, 120-122]. 

Other authors confirmed that the transfection efficiency was low for chitosan with low 

molecular weights (<100 kDa) [112, 120] and decreased with a decrease of the 

molecular weight. MacLaughin et al. described that the highest transfection efficiency 

was achieved with a chitosan of 102 kDa (89.4% degree of deacetylation, N:P 2) when 

compared with chitosans between 7 and 92 kDa. Nevertheless, the gene expression of 

the polymer with 102 kDa was still 250-fold less than that observed with the plasmid- 

lipofectamine positive control complex [112]. 

Leong et al. evaluated the transfection efficiency of Chitosan (390 kDa) in a 293 cell 

line. Chitosan nanoparticles showed lower luciferase expression than lipofectamine 

(positive control) with no improvement of transfection when in presence of chloroquine 

or transferrin conjugated to the surface [113].  
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Huang et al. observed that the transfection efficiency, in A549 cells at an N:P ratio of 6, 

was significantly reduced for a chitosan with molecular weight of 10 kDa (0.6% of 

positive cells), when compared with chitosan with 213 kDa (12.1% of positive cells), 

both polymers with 88% deacetylation [118]. Furthermore, the transfection efficiency 

decreased with the decrease of the molecular weight (213 kDa, 88% = 12.1%; 98 kDa, 

88% = 8.3%; 48 kDa, 88% = 6.4%; 17 kDa, 88% = 2.9%; 10 kDa, 88% = 0.6% of 

positive cells) [95, 118]. Delgado et al. also studied the transfection efficiency of three 

chitosans with molecular weight of 40, 100 and 125 kDa with a degree of deacetylation 

of 85%. The DNA-chitosan aqueous solutions were prepared at different chitosan, DNA 

mass ratios (w/w) 1:1, 2.5:1, 5:1, 7.5:1, 10:1, 12.5:1 and 15:1. The highest transfection 

levels were obtained with the chitosan with 125 kDa of molecular weight at a polymer, 

DNA mass ratio of ratio 2.5:1; however, the results were still considered low (less than 

10% of EGFP positive cells) [121].  

Chitosan of high molecular weight was also used for the delivery of siRNA in different 

studies. Howard et al. showed siRNA delivery with chitosan (114 kDa, 84% degree of 

deacetylation) in vitro. Significant knockdown (77.9%) of EGFP was achieved in human 

lung carcinoma cells 48h post-transfection. The transfection levels were comparable to 

the positive control (78%, TransIT-TKO). Transfection with siRNA was also tested in 

the K562 cell line (N:P 57). Western blotting results demonstrated approximately 90% 

knockdown of BCR/ABL-1 protein [20].  

The work of Katas et al. focused only on high molecular weight chitosans, and showed 

no correlation between chitosan molecular weight and in vitro siRNA delivery for 

chitosans with 110, 160, 270 and 470 kDa [123].  Ji et al. showed knockdown of 70% of 

FHL2 gene expression in human colorectal cancer Lovo cells when using of chitosan 

with a molecular weight of between 190 and 310 kDa and a degree of deacetylation 

between 75 and 85% [124].  

Liu et al. demonstrated EGFP silencing of 45%-65%, with high molecular weight 

chitosans (65, 114 and 170 kDa) and a high degree of deacetylation (78% and 84%) 

whereas only 5% of EGFP down regulation was achieved with low molecular weight 

chitosans (9 and 12 kDa) and with a low degree of deacetylation (54%). It was also 

reported that low N:P ratio (N:P 2 and 10) nanoparticles resulted in lower knockdown 

when compared with higher N:P ratio (50 and 150) nanoparticles formed with 170 kDa 

chitosan. Nanoparticles formed at an N:P ratio of 150 showed the greatest level (80%) 

of EGFP knockdown [125]. 
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Although the previous studies showed good results for high molecular weight chitosans 

(100-400 kDa) in comparison with low molecular weight (᾽100 kDa), there are also 

examples in the literature of chitosans with low molecular weight which outperformed 

the high molecular weight polymers [55, 126].  

Strand et al. studied the influence of the molecular weight of chitosan in a range 

between 5 and 146 kDa. Four N:P ratios (3, 5, 10 and 20) were transfected at pH 7. 

The polyplexes formed with chitosans of 8 and 12 kDa of molecular weight showed the 

highest luciferase expression in HEK293 cells. Luciferase expression was 10-fold 

higher than the transfection efficiency of chitosan with 25 and 33 kDa [55]. Gene 

expression was also dependent on the N:P ratio increasing, with the increase of the 

N:P ratios achieving a plateau after which transfection efficiency decreased [55].  

Chitosan with 70 kDa transfected HeLa cells in the presence of 10% serum [57]. The 

highest transfection efficiency was obtained at an N:P ratio of 3, 72h after transfection. 

Over the same timeline, PEI gene expression was lower than the gene expression 

seen with chitosan polyplexes [57]. 

The transfection efficiency of an even lower molecular weight chitosan, 22 kDa, with a 

degree of deacetylation of 72.5% was determined by a transfection assay into 293T 

cells with b-galactosidase.  Different mass ratios (chitosan, DNA) were studied, with a 

mass ratio of 3 showing 37% higher transfection efficiency than PLL (20 kDa) at a 

mass ratio of 2 [94]. 

Furthermore, a chitosan oligomer was used to transfect a 293 kidney cell line. Chitosan 

(<4.7 kDa) polyplexes were prepared at pH 6 in water. Transfection efficiency was 

studied with three N:P ratios: 10, 30 and 60. N:P 60 showed the highest transfection 

ability, 100-fold higher than transfection results obtained with N:P 10 [126]. The 

efficiency of low molecular weight chitosan was then compared with a high molecular 

weight (162 kDa, 83% deacetylated) polymer for three cell lines: kidney epithelial 293 

cells, airway epithelial Calu-3 cells and cervix epithelial HeLa cells with an N:P ratio of 

60. The low molecular weight chitosan showed a gene expression 4 to 24 fold higher 

than the high molecular weight chitosan. This low molecular weight chitosan was then 

compared with PEI (25 kDa at N:P ratio of 5) for transfection efficiency in the 293 cell 

line. The transfection results were dependent on the pH of the transfection medium. 

PEI showed a higher level of transfection at pH 7.4 while at pH 5 the polyplexes with 

low molecular weight were more efficient (four-fold higher than luciferase gene 

expression) [126].  
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Down-regulation of specific genes through siRNA delivered by low molecular weight 

chitosan was also studied. Three different chitosans (44, 63 and 93 kDa) showed an 

80% down regulation of luciferase expression at chitosan, siRNA mass ratios 2.5 and 

5. The fourth chitosan, with a molecular weight of 143 kDa, was less effective with a 

reduction of only 60%, while lipofectamine (positive control) showed 90% down 

regulation [127].  

Two linear chitosans with molecular weights of 75.7 kDa and 150 kDa, and one self-

branched chitosan polymer of molecular weight 40 kDa, were evaluated as siRNA-

carriers by Jogersen et al. A silencing effect of 60% was obtained with 75.5 kDa 

chitosan, the better of the two polymers in RMS melanoma cell line and SKBR3 breast 

cancer cell line. A higher knockdown effect was obtained in OHS cell line (95%) [128]. 

Techaarpornkul et al. concluded that the molecular weight of chitosan and the chitosan, 

siRNA mass ratios of the nanoparticles influence the final gene knockdown results 

more than the nature of salt forms. Silencing (around 50%) was achieved with low 

molecular weight chitosan of 20 kDa at a chitosan, siRNA mass ratio of 32, while gene 

knockdown of chitosans with molecular weights of 200 and 460 kDa was rather poor 

(below 20%). Gene silencing results, for 20 kDa chitosan, were lower for chitosan, 

siRNA mass ratios of 4 and 8 (chitosan, siRNA mass ratio 4 had a gene silencing of 

20%) when compared with higher chitosan, siRNA mass ratios 16 and 32 [129]. 

The previous literature review, on the effect of molecular weight of chitosan, in its ability 

for gene delivery, showed contradictory results. Initial reports demonstrated that high 

molecular weight polymers (100-400 kDa) [20, 112, 113, 118, 123, 125] performed 

better than low molecular weight chitosan for gene delivery of DNA and siRNA. 

However, other authors reported that chitosans with a molecular weight lower than 

100 kDa are also suitable gene delivery candidates [55, 57, 94, 110, 127-129].  

To try to understand how the different factors that influence transfection efficiency of 

chitosan (molecular weight, degree of deacetylation, pH and N:P) correlate between 

each other and what the ideal characteristics to enhance the gene delivery ability of 

chitosan are, Lavertu et al. studied the transfection efficiency of chitosan with four 

different molecular weights (10, 40, 80 and 150 kDa) and four different degrees of 

deacetylation (72, 80, 92 and 98%). The luciferase expression was evaluated at 

different pH values of the transfected solution (6.5 and 7.1) and different polyplex N:P 

ratios (5 and 10). Two formulations of chitosan (10 kDa, 92% degree of deacetylation, 
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N:P ratio 5 and 10 kDa, 80 % degree of deacetylation, N:P ratio of 10) showed the 

highest luciferase expression and similar results to the positive control (FuGene) [104].  

The comparison of the four different chitosans in different conditions allowed Lavertu et 

al. to understand the importance of the different variables that influence chitosan 

transfection. The results did not show an influence of the degree of deacetylation per 

se in the gene expression. However, in some formulations it was observed that a 

decrease in charge density led to a decrease in transfection efficiency. Regarding the 

molecular weight, Lavertu et al. concluded that a change in the molecular weight either 

had no effect on the gene expression, or this was increased for chitosan with lower 

molecular weight depending on the degree of deacetylation. For some formulations, 

increasing the N:P ratio from 5 to 10 led to an increase in gene expression. Also, a 

decrease in the pH, creating a more acidic environment, resulted in an increase of 

luciferase expression. Overall, for the chitosans with the lowest molecular weight (10 

and 40), the gene expression was lower for low degrees of deacetylation, low N:P 

ratios and high pH due to weaker association of the chitosan with DNA, leading to DNA 

release [104]. 

In conclusion, high molecular weight polymers offered enhanced nucleic acid 

complexation and stability, but also led to aggregation and low solubility at 

physiological pH [130]. The high stability of the nanoparticles may result in difficulty 

releasing the nucleic acids inside the cell, leading to low or delayed transfection [38]. 

Complexes with low molecular weight and low degree of deacetylation are not stable 

enough for transfection due to low complexation. Nevertheless, efficient intracellular 

release would be easy to achieve [104, 130]. Transfection efficiency with this kind of 

chitosan is, however, improved when the complexes are formulated at high polymer, 

nucleic acid mass ratios [104, 126]. A balance between these two extreme situations 

needs to be achieved in order to an enhanced in vitro gene delivery by chitosan.  

 

Chitosan derivatives 

Different derivatives of chitosan have been synthesized to address some of the issues 

that impair the transfection efficiency of chitosan (Table 2). Chitosan was modified to 

enhance solubility at physiological pH [131] and to increase colloidal stability of the 

nanoparticles between chitosan and nucleic acids, in order to increase the circulation 
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time [132], to allow specific targeting by grafting of ligands [133] and to the increase 

proton sponge capacity [134].  

Table 2 - Summary table of chitosan derivatives.  

Chitosan 

derivative 
Chemical Structure Aim of Substitution 

Trimethylated 

chitosan or 

N-trimethyl 

chitosan [135] 

 

To increase water 
solubility as well as give a 
permanent positive charge 
independent of the pH of 

the medium 

Urocanic acid-
modified chitosan 

[136] 

 

To increase buffer 
capacity of chitosan. 

Imidazole 
modified chitosan 

[111] 

 

To increase buffer 

capacity of chitosan. 

Polyethylenimine-
graft-chitosan   

[137-139] 

 

To increase buffer 

capacity of chitosan. 

 

The first of these strategies involves the N-quaternization of chitosan amines to 

increase water solubility as well as give a permanent positive charge independent of 

the pH of the medium. Thanou et al. was the first to test, in COS-1 and Caco-2 cells, 

two substituted low molecular weight chitosans with two different degrees of 

quaternization 40% and 50%. Both polymers showed improved transfection efficiency 

when compared with chitosan (1-fold higher) and naked DNA in both cell lines (52-fold 
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higher than naked DNA for chitosan 50% quaternized and 131-fold higher for chitosan 

40% quaternized in COS-1 cells). Both polymers showed lower gene expression 

results than the positive control lipoplex DOTAP for both cell lines in the absence of 

serum. The viability of the cells was studied by 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay after 6h of incubation. Neither chitosan nor 

trimethylated chitosan had an effect on the viability of the two cell lines [135].  

The impact of molecular weight and degree of trimethylation on cell viability and 

transfection efficiency was further evaluated by Kean et al.. The N-trimethyl chitosan 

polymers (100 kDa) and oligomers (3-6 kDa) showed improved transfection efficiency 

when compared with PEI (16- to 50-fold increase). The transfection efficiency was 

dependent on the percentage of quaternization with a maximum obtained for the 

polymer 44% quaternized in COS-7 cells. Toxicity of the different derivatives of 

chitosan was also studied. High molecular weight polymers (100 kDa, 55% degree of 

trimethylation, IC50 ι 10000 µg mL-1) had a higher effect on cell viability than oligomers 

(6 kDa, 57% degree of trimethylation, IC50 = 676±329 µg mL-1 in COS-7) at the same 

degree of trimethylation. For both sets of polymers, biocompatibility decreased with an 

increase of the degree of trimethylation. This was observed to a greater extent for 

chitosans with high molecular weights. Nevertheless, all the derivatives presented 

lower toxicity than PEI (25 kDa linear IC50  ̓30 µg mL-1) [102]. To overcome toxicity 

and further improve transfection rates, a number of secondary derivatives have been 

made. These include PEG-graft-trimethyl chitosans [131, 140] and thiolated trimethyl 

chitosans [141].  

The increase of the buffer capacity of chitosan was attempted by the synthesis of 

chitosan derivatives with an imidazole ring through the addition of different functional 

groups such as histidine [111] or urocanic acid to the chitosan backbone [136]. Kim et 

al. conjugated chitosan with various ratios of urocanic acid, showing reduced 

cytotoxicity (over 90% cell viability) and enhanced transfection efficiency [136]. The 

transfection efficiency for all derivatives was higher than chitosan (1- to 3-fold) and 

increased with an increase in the substitution. However, the gene expression of all the 

polymers was still lower when compared with the positive control lipofectamine 

(100-fold) in the absence of medium. 

Also, with the objective of increasing the transfection efficiency of chitosan through the 

increase of the buffer capacity of the polymer, several authors reported on the 

modification of chitosan or chitosan derivatives with PEI [137-139]. The objective was 

the combination of a biocompatible and biodegradable backbone (chitosan) with 
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increased charge density (PEI) to enable an increased proton sponge effect. The 

obtained PEI-chitosan polymers revealed transfection efficiencies in HepG2, HeLa, and 

primary hepatocytes, 5.2-, 4.3-, and 1.5-fold higher than PEI (25 kDa). The new 

derivatives also showed higher biocompatibility, with an IC50 of 97.3 µg mL-1 when 

compared with 13.5 µg mL-1 for PEI [137]. Delivery of siRNA was also achieved with 

PEI-chitosan. Down-regulation of EGFP was approximately 2.5-fold higher when 

compared with PEI (25 kDa) in A549 cells. The chitosan derivative showed good 

biocompatibility, with 90% of the cells viable [139]. 

 

Nose to brain delivery of chitosan  

Despite the good results with chitosan and siRNA in vitro, the use of chitosan in vivo is 

impaired by chitosanôs low solubility at physiological pH and its poor buffer capacity. In 

vivo delivery of siRNA by chitosan is characterized by instability due to the presence 

blood components, such as serum proteins and nucleases, and insufficient intracellular 

siRNA release [142].  

The first human clinical trial using siRNA started in 2004 for the treatment of blinding 

choroidal neovascularization by direct intraocular siRNA injections [143]. Other human 

trials have been reported with intranasal administration of siRNA against the N-protein 

of respiratory syncytial virus [144] and intradermal direct injection of siRNA against a 

skin disorder called pachyonychia congenital [145].  

In vivo administration of nucleic acids to the central nervous system is restrained by the 

blood brain barrier (BBB). The BBB is a physical barrier with endothelial tight junctions 

that present very low permeability, with the transport across mainly possible due to the 

presence of selective receptors. Only small (molecular weight < 500 Da), lipophilic 

molecules are able to cross the BBB via transcellular passive diffusion. The majority of 

high molecular weight molecules (> 500 Da) are not able to cross the barrier [146, 147]. 

siRNA is a hydrophilic molecule with a molecular weight of 13 kDa that does not cross 

the BBB passively. Different methods have been used for its delivery to the central 

nervous system. Intraparenchymal, intracerebroventricular, and intrathecal 

injections/infusions were used for siRNA delivery; however, these procedures are 

invasive and not practical for long treatments [147].  
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Intranasal administration is a non-invasive method of bypassing the BBB. This route is 

an appropriate method for the delivery of therapeutic molecules with a specific 

targeting to the brain in a practical, rapid and simple way, avoiding the adverse effects 

of systemic delivery. Nose to brain delivery is mainly mediated by the olfactory and 

trigeminal nerve pathways that connect the brain with the nasal cavity. These routes 

present the most direct, non-invasive entry into the brain [146, 148]. Intranasal delivery 

is a comfortable method of administration that affords an opportunity for repeated self-

dosing. However, this kind of delivery presents some limitations such as a restricted 

compound molecular weight, variability in the concentration achieved in different 

regions of the brain and rapid elimination of the substances from the nasal cavity due 

to mucocilliary clearance. Mucosal damage and irritation can also arise due to frequent 

use of this route [149, 150]. 

The delivery of siRNA to the brain through the nasal cavity has been tried by different 

groups. Some investigators attempted nose to brain delivery of naked siRNA [151, 

152]. Others tested the use of a range of delivery systems to protect the siRNA from 

enzymatic degradation and to enhance its delivery, cellular uptake and release in the 

cell cytoplasm in order to be incorporated in the RNAi machinery [153-155]. 

Kim et al. examined the efficiency of intranasal delivery of naked siRNA to normal rat 

brains. The group also studied specific gene silencing using fluorescence labelled non-

specific siRNA and gene-specific siRNA for the protein aB-crystallin. In vivo target 

gene knockdown by the intranasal delivery of aB-crystallin siRNA was examined in the 

olfactory bulb, amygdala and hypothalamus. After 3 hours of delivery there was no 

change in aB-crystallin immunoreactivity in any of the brain areas studied. However, 

after 12 hours of siRNA delivery, aB-crystallin levels were significantly reduced in all 

three regions. For non-specific siRNA transfection there was no change in the aB-

crystallin immunoreactivity at any time point. These results indicated that the intranasal 

siRNA delivery enhanced the access to the central nervous system by the olfactory 

nerve pathway, allowing gene silencing in specific regions of the brain [151]. 

The work of Renner et al. confirmed the role of the olfactory nerve pathway in the 

delivery of siRNA to the central nervous system. The route followed by fluorescently-

labelled siRNA after intranasal administration was visualized by confocal laser 

microscopy. Again, the siRNA was administered without any gene delivery system. 

Thirty minutes after administration it was possible to observe siRNA in the olfactory 

epithelia, olfactory bulbs and along the length of the olfactory nerve pathway. 

Furthermore, intact siRNA was extracted from the olfactory bulbs of the mice [152]. 
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Intranasal delivery of fluorescently-labelled siRNA with a biodegradable PAMAM 

dendrimer was reported [153]. The efficiency of intranasal siRNA delivery was studied 

in normal rat brains by triple fluorescent labelling with fluorescein isothiocyanate 

(FITC)-labelled control siRNA, cell-type specific immunostaining, and 4',6-diamidino-2-

phenylindole (DAPI) staining. One hour after intranasal delivery, fluorescently-labelled 

cells were observed in the frontal cortex. The same was observed after 3 and 12 hours.  

Fluorescently-labelled cells were also found in other parts of the brain such as the 

olfactory bulb, amygdala and hypothalamus. Expression levels of HMGB1 (high-

mobility group box 1, a gene implicated in stroke pathology) were studied by 

immunohistochemical analysis using anti-HMGB1 antibody in the olfactory bulb, 

amygdala and hypothalamus after delivery of HMGB1 siRNA or nonspecific siRNA with 

a PAMAM dendrimer. The immunoreactivity of HMGB1 decreased in the three brain 

areas, in the study, after 3 hours of siRNA intranasal delivery. The decrease was 

prolonged for 12 hours.  In contrast, no decrease of HMGB1 expression was found for 

nonspecific siRNA. These results indicated that access to the central nervous system 

through the olfactory pathway was possible after intranasal administration. Gene 

silencing in other parts of the brain was also analysed, showing HMGB1 knockdown in 

the prefrontal cortex as well as in the pons and hippocampus. The previous results 

were confirmed by immunoblot and real-time polymerase chain reaction (PCR) 

analysis. Target gene expression suppression was reported in many brain regions 

[153].  

Intranasal delivery of siRNA with cell-penetrating, peptide-modified, nanosized micelles 

was studied [154]. The micelles were prepared from methoxy poly(ethylene glycol) 

(MPEG) / polycaprolactone (PCL) copolymers conjugated with a cell-penetrating 

peptide, Tat (MPEG-PCL-Tat). The brain distribution of fluorescently-labelled siRNA 

was significantly higher after intranasal administration when compared with intravenous 

administration. Levels in brain tissue after intranasal delivery of siRNA with MPEG-

PCL-Tat were also higher when compared with naked siRNA. The delivery system 

enhanced the distribution in the olfactory bulb when compared with naked siRNA, 

suggesting the delivery of siRNA to the brain is through the olfactory bulb pathway. 

Similar results were obtained in the trigeminal nerve, suggesting that it is also a 

possible way to reach the brain. In addition, fluorescence was also visible in the 

brainstem, rostral brain tissue and caudal brain tissue following intranasal delivery of 

siRNA with the micellar system, suggesting that after migration through the olfactory 

and trigeminal nerve to the olfactory bulb, siRNA was also delivered to other brain 

tissues [154].   
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The intranasal delivery of siRNA with the previous micellar system was studied in a 

Intracranial C6 Glioma Model [155]. Intracellular delivery and antitumour effects of 

siRNA for Raf-1 (involved in cell proliferation and apoptosis) were investigated in rats 

with malignant glioma. The association of siRNA and an anti-cancer drug (CPT) was 

also evaluated. Untreated rats had a mean survival period of 16.6 days and 18.4 days 

for rats treated with naked siRNA solution. Significant differences were observed when 

the previous results were compared with the mean survival period of rats treated with 

MPEG-PCL-Tat/siRaf-1 (20.4 days), CPT-loaded MPEG-PCL-Tat/siRNA Control (20.6 

days), and CPT-loaded MPEG-PCL-Tat/siRaf-1 (28.4 days) [155].  

To date, chitosan has only been used for siRNA delivery from nose to the brain as an 

adjuvant in a dendrimer-siRNA formulation. [32P]-siRNA, complexed with 

Poly(amidoamine) G7 dendrimers, was administered intranasally within an in situ-

forming mucoadhesive gel prepared with thermosensitive poloxamer and 

mucoadhesive chitosan. Brain radioactivity was higher after intranasal delivery of 

dendriplexes both in the gel and in the buffer when compared with the intravenous 

route. After two doses of siRNA gel delivery the brain radioactivity increased by two-

fold when compared with siRNA buffer delivery, and by eight-fold when compared with 

naked siRNA. Radioactivity was higher in the olfactory bulb and hypothalamus after 

siRNA intranasal gel administration than after intravenous or intranasal in buffer 

administration [156]. 

Chitosan presents mucoadhesive properties that make it a good candidate for nasal 

delivery of high molecular weight compounds [157]. Chitosan has been successfully 

used as adjuvant for nose to brain delivery due to its mucoadhesive permeation 

properties [156].  These properties are probably linked to its cationic structure, which 

can interact with the anionic structures present in the mucus layer. The mucoadhesive 

characteristics of the chitosans may help to overcome the rapid turnover rate of the 

secretions allowing prolonged contact between the formulation and the olfactory region 

[149, 158].  
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1.3 Aims 

Despite the efforts to develop chitosan-based vectors, the therapeutic effectiveness of 

chitosan-based gene therapy still needs to be improved in order to achieve clinical 

significance. To date there have been no reports of clinical trials for the delivery of DNA 

or siRNA using chitosan as the delivery system [54]. Chitosans need to overcome the 

different extracellular and intracellular barriers in order to be used successfully as 

nanocarriers for gene therapy [159]. The success of gene therapy is dependent on the 

ability of the delivery system to protect nucleic acids in physiological conditions, to 

reach the target cells, to be internalized and to deliver sufficient DNA/siRNA molecules 

into the cytoplasm or nucleus to obtain gene silencing [160]. 

The research performed with chitosan has helped researchers understand its 

limitations, including poor water solubility at physiological pH, and low buffer capacity, 

which affects its gene delivery efficiency [14, 115]. In order to increase translation from 

bench to bedside, efforts are focusing on the chemical and biological modification of 

chitosan in order to increase its solubility, specificity and endosomal escape [142].  

This work introduces a new chitosan based polymer: Ethylamino Glycol Chitosan. The 

new polymer aims to overcome the previously described disadvantages of chitosan for 

gene delivery, particularly relating to chitosanôs solubility and protonation at 

physiological pH and its low buffer capacity. The aim is to enhance chitosanôs 

transfection efficiency while retaining its main benefits of low toxicity and 

biocompatibility. Nose to brain delivery of a complex formed between siRNA and a 

chitosan derivative will be presented for the first time.  

General Objectives 

1. Synthesis and physicochemical characterization of a new chitosan-based 

polymer for gene delivery: Ethylamino Glycol Chitosan - Chapter 2 

2. Characterization of the nanoparticles formed between Ethylamino Glycol 

Chitosan and DNA/siRNA with regard to size, zeta potential, morphology, and 

behaviour when in the presence of biological challenges - Chapter 3 

3. Study of the biocompatibility of Ethylamino Glycol Chitosan and its in vitro 

transfection efficiency as a delivery system for DNA - Chapter 4 

4. In vitro and in vivo biological studies with Ethylamino Glycol Chitosan as a 

delivery system for siRNA ï Chapter 5  
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2. Synthesis and Characterization of Ethylamino Glycol 

Chitosan  

2.1 Introduction 

Chitosan is obtained by partial deacetylation of chitin, which is the natural structural 

component of the crustacean exoskeleton [83]. It is a linear polysaccharide composed 

of D-glucosamine and N-acetyl-D-glucosamine subunits linked by b(1,4) glycosidic 

bonds. Because of its cationic nature, chitosan is a very popular candidate among 

natural polysaccharides for nucleic acid delivery. Furthermore, it displays properties 

such as biocompatibility and biodegradability, and its degradation products are non-

toxic, non-immunogenic and non-carcinogenic [85]. Despite these advantages, the low 

water-solubility of chitosan at physiological pH is an important limitation for its clinical 

use. Deacetylated chitosan presents primary amines with a pKa å 6.5, explaining why 

chitosan is only soluble in an acidic aqueous environment [160]. Features including the 

degree of deacetylation, molecular weight, and charge of chitosan determine its 

transfection efficiency when complexed with DNA and siRNA [109]. Chitosan polymer 

chains should have a sufficient charge density to avoid dissociation of the polymer and 

nucleic acids in the extracellular environment. Optimal transfection efficiency of 

chitosan polyplexes was achieved only at acidic pH. Intracellular nucleic acid delivery is 

further restricted by limited endosomal escape, due to the weak buffer capacity of the 

polymer [14, 115]. 

 

 

Figure 7 - Representative chemical structure of chitosan. 

 

To improve the nucleic acid delivery capacity of chitosan, modifications to the polymer 

structure have been made. The chitosan monomer contains two hydroxyl groups and 
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one primary amine that are regarded as potential reactive sites for chemical 

modifications (highlighted in Figure 7). The main objectives of the synthesis of chitosan 

derivatives were to enhance solubility, pharmacokinetics, cationic charge density, 

endosomal escape, transfection efficiency and specific cell targeting [109, 161, 162].  

One potential derivatisation involves the N-quaternization of the terminal amine groups 

on chitosan, increasing its water solubility and resulting in a permanent positive charge 

on the molecule [135]. These N-trimethyl chitosan polymers (100 kDa) and oligomers 

(3-6 kDa) showed a 16- to 50-fold increase in transfection efficiency when compared 

with PEI. The transfection efficiency was dependent on the percentage of 

quaternization, with a maximum obtained for the polymer 44% quaternized in COS-7 

cells. However, increasing the degree of trimethylation increased the toxicity of the 

polymer [102, 135]. To overcome the toxicity issues and further improve transfection 

rates a number of secondary derivatives have been made, including PEG-graft-

trimethyl chitosans [131, 140] and thiolated trimethyl chitosans [141]. 

To increase the cationic charge density and endosomal escape of chitosan, an 

imidazole ring was grafted to the chitosan backbone through the addition of different 

functional groups such as histidine [111] or urocanic acid [136]. Kim et al. conjugated 

chitosan with various ratios of urocanic acid, and showed reduced cytotoxicity (over 

90% cell viability) and enhanced transfection efficiency. All the derivatives tested 

showed a higher transfection efficiency than unmodified chitosan (1- to 3- fold), and 

increased with an increase in the level of substitution. However, the gene expression of 

all the polymers was still lower when compared with the positive control lipofectamine 

(100-fold) in the absence of medium [136].  

Several authors reported on the addition of PEI to chitosan or chitosan derivatives. The 

objective of these studies was the combination of a biocompatible and biodegradable 

backbone (chitosan) with increased charge density (PEI) to enable an increased proton 

sponge effect. The obtained PEI-chitosan polymers showed lower cytotoxicity (IC50 of 

97.3 µg mL-1 when compared with 13.5 µg mL-1 for PEI) and higher transfection 

efficiency for DNA and siRNA when compared with PEI both in vitro and in vivo [137-

139]. In HepG2, HeLa, and primary hepatocytes, the obtained PEI-chitosan polymers 

revealed transfection efficiencies 5.2-, 4.3-, and 1.5-fold higher than PEI alone 

(25 kDa). Delivery of siRNA was also achieved with PEI-Chitosan. Down-regulation of 

EGFP was approximately 2.5-fold higher when compared with PEI (25 kDa) in A549 

cells [139]. 
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This chapter presents the results of the synthesis and characterization of a new 

chitosan-based polymer for gene delivery: Ethylamino Glycol Chitosan. The different 

steps of the synthesis of the new polymer will be discussed as well as the reaction 

conditions that might affect the final product. The molecular weight and buffer capacity 

of three batches of EAGC were determined.  

  



  Nucleic Acid Delivery ï Biocompatible Yet Efficient Platforms  

 50 

2.2 Methods 

2.2.1 Synthesis of Ethyl Amino Glycol Chitosan  

The acid degradation of glycol chitosan was carried out as previously described [163]. 

Glycol Chitosan (1g) (Sigma Aldrich, Dorset, UK) was dissolved in hydrochloric acid 

(4M, 76 mL) and placed for 4 or 8 hours in a preheated water bath at 50ºC. The 

product resulting from the acid degradation was purified by dialysis (Visking seamless 

cellulose tubing, molecular weight cut off 7000 Da) against deionised water (5L) with 

six changes over 24 hours. The dialysed solution was freeze-dried and the product 

recovered looked like cotton with a cream colouration. 

The degraded GC (100 mg) was dissolved in a solution of N-methyl-2-pyrrolidone 

(NMP) (20 mL) (Sigma Aldrich, Dorset, UK) and triethylamine (TEA) (Sigma Aldrich, 

Dorset, UK) in excess (500mL). The solution was allowed to stir for 1h at 40ºC in an oil 

bath until the GC was completely dissolved. The primary amino end group of the 

introduced ethylamine was protected with tert-butoxycarbonyl (Boc) to avoid cross-

reaction during synthesis 2-(Boc-amino) ethyl bromide (BrCH2CH2NHCO2C(CH3)3) 

(200 mg) (Sigma Aldrich, Dorset, UK), with a molar ratio between the GC and 

BrCH2CH2NHBoc of 1:2, 1:5 or 1:10 was added. This reaction was left to stir for 24h, at 

40ºC. Finally the solution was mixed with water (40 mL) and washed with diethyl ether 

(3x50 mL) to extract the unreacted 2-(Boc-amino) ethyl bromide. The aqueous phase 

was collected and dialyzed, as previously, against deionised water (5L) with six 

changes over 24 hours. The final polymer solution was freeze-dried. The polymer 

recovered was dissolved in a hydrochloric acid solution (50 ml, 4M) and stirred for 3 

hours at room temperature, allowing the cleavage of the Boc group. This solution was 

dialyzed as previously described and freeze dried to give N-(2-ethylamino)-6-O-glycol 

chitosan. 

 

2.2.2 Characterization of Ethylamino Glycol Chitosan 

2.2.2.1 Laser Light Scattering (LLS) and Gel Permeation Chromatography 

(GPC) 

Gel permeation chromatography, also known as size exclusion chromatography, is a 

chromatographic approach used to separate macromolecules according to their 

hydrodynamic volume, which is dependent on both molecular weight and molecular 
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conformation of a compound in solution [164]. Molecules with large hydrodynamic radii 

cannot diffuse into the pores of the gel filtration medium and elute first from the column, 

while smaller molecules that diffuse inside the pores, elute later from the column based 

on their size. The eluting compound is characterized for molecular weight by an 

interferometric refractometer, which measures changes in the refractive index (RI) of 

the sample, with changes in concentration (dn/dc), and a multi-angle laser light 

scattering (MALLS) detector which measures the intensity of light scattered by the 

polymers.  

The molecular weight of GC and EAGC were determined by GPC-MALLS equipped 

with DAWN® EOS® MALLS, Optilab rEX Interferometric Refractometer (ɚ = 690 nm) 

and QELS detectors (Wyatt Technology Corporation, USA), using as mobile phase 

sodium acetate buffer (0.5 M CH3COONa (anhydrous) / 0.2 M CH3COOH, pH 4.5). 

Filtered samples were injected using an Agilent 1200 Series into a POLYSEP-GFC-P 

guard column (35 x 7.8 mm, Phenomenex, UK) attached to a POLYSEP-GFC-P 4000 

column at a loading concentration of 5 mg mL-1. The measurements were performed at 

room temperature with a mobile phase flow rate of 0.7 mL min-1. The data were 

processed using ASTRA for Windows version 5 software (Wyatt Technology 

Corporation, USA).  

dn/dc Measurement  

The specific refractive index increment (dn/dc) of GC and EAGC were measured in 

sodium acetate buffer, as previously, with an Optilab rEX Interferometric 

Refractometer. Filtered samples (0.2 ɛm, 33 mm Millex MP syringe driven filter unit, 

polyethersulfone (PES) membrane for sterilization of aqueous solutions) of 6 different 

concentrations ranging from 0.1-0.6 mg mL-1 were manually injected using an injection 

system (Wyatt Technology Corporation, USA) at a pump flow rate of 0.3 mL min-1. The 

data were processed using Wyatt ASTRA for Windows version 5 software. 

 

2.2.2.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Nuclear magnetic resonance spectroscopy is a very important technique in polymer 

characterization, since NMR signals can be assigned to specific atoms along the 

polymer backbone and side chains. The identification of certain atoms or groups in a 

polymer molecule as well as their positions relative to each other can be obtained by 

one- and two-dimensional NMR spectra [164]. 



  Nucleic Acid Delivery ï Biocompatible Yet Efficient Platforms  

 52 

The principles of nuclear magnetic resonance (NMR) spectroscopy are based on the 

excitation of protons (1H) or carbon-13 (13C) atoms by radiation in the radiofrequency 

region. When a compound containing protons or carbon nuclei is placed in a very 

strong magnetic field and simultaneously irradiated with electromagnetic energy of the 

appropriate frequency, nuclei of the compound absorb energy through a process called 

magnetic resonance [165]. The range of frequencies required for excitation and the 

signal patterns produced when the excited atoms relax are characteristic of the 

chemical structure of the molecule. The frequency of the signal is known as the 

chemical shift (d) and is determined in relation to the protons of a standard, usually 

tetramethylsilane (TMS), which are arbitrarily assigned a shift of d=0ppm. The area 

under each peak in the 1H NMR spectrum is proportional to the number of contributing 

protons [166]. In the presence of an electronegative group, which withdraws electron 

density from neighbouring protons, the deshielded proton will require less applied 

magnetic field to change the direction of its spin. This results in a downfield shift (i.e. to 

the left of a spectrum) compared to the more shielded protons, which are surrounded 

by circulating electrons. 1H-1H Correlated Spectroscopy (COSY) shows the NMR 

spectra in two dimensions and the interactions between neighbouring protons, while 

Heteronuclear Multiple Quantum Correlation (HMQC) shows correlation between 

carbon atoms and the protons attached to them [165, 166]. 

1H NMR, 1H-1H COSY, 13C Distortionless Enhancement by Polarization Transfer 

(DEPT) NMR and HMQC were performed on GC and EAGC in Deuterium Oxide (D2O, 

Sigma Aldrich, Dorset, UK) (25 mg mL-1) (Bruker AMX 500 MHz spectrometer, Bruker 

Instruments, UK). Number of scans: 128 for 1H, 16 for COSY, 6000 for 13C and 104 for 

HMQC. Full parameters are attached to each spectrum. 

 

2.2.3 Titration 

In a potentiometric titration the potential of a suitable indicator electrode is measured 

as a function of titrant volume [167]. The electrode that is usually used to make the 

measurements is a pH-sensitive glass indicator electrode. 

GC and EAGC were dissolved in water (2 mg mL-1) and titrated with NaOH (0.05M). 

The pH of the initial solutions was adjusted to 2 with HCl (0.1M). Under continuous 

stirring, titrant was added dropwise. The volume of NaOH added and pH values of 
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polymer solutions were recorded thoroughly using a MPT-2 Autotitrator, (Malvern 

Instruments, Malvern, UK). 

The buffer capacity was defined as the percentage of amino groups that become 

protonated in the pH range 5.1 to 7.4, and can be calculated from the following 

equation: 

Buffer capacity (%) = [(DVNaOH x 0.05M)/Nmol]*100 

where DVNaOH , is the volume of NaOH solution (0.05 M) required to bring the pH value 

of the polymer solution from 5.1 to 7.4, and Nmol is the total moles of protonatable 

amine groups in the known amount of EAGC and GC (20 mg) [168]. 
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2.3 Results 

EAGC was prepared in a two-step reaction (Figure 8). Firstly, 2-(Boc-amino) ethyl 

bromide (BrCH2CH2NHCO2C(CH3)3) was reacted in a basic environment with the 

primary amines of GC. TEA was added to maintain a basic environment that avoids 

protonation of the GC primary amines. The primary amino end group of the introduced 

ethylamine was protected with Boc to avoid cross-reaction during synthesis. A 

water/ether extraction was performed to solubilize the substituted polymer in water and 

extraction with ether of the unreacted products. Finally, the Boc-protection was 

removed from the amino groups by acidic cleavage. EAGC was isolated as its HCl-salt 

by dialyses and freeze-drying, with a final yield range between 31 and 88% (Table 3). 

The number of ethylamino groups per mole of GC was controlled regarding the initial 

molar ratio between GC and BrCH2CH2NHBoc.  

 

 

Figure 8 - Expected chemical reaction between GC and 2-(Boc-amino) ethyl bromide with N-(2-

ethylamino)-6-O-glycol chitosan as final product. 
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Table 3 - Yield of the different polymers synthesized. 

Polymer Yield (%) 

EAGC14 (Figure 23) 31% 

EAGC11 (Figure 27) 76% 

EAGC13 (Figure 33) 88% 

EAGC17 (Figure 38) 65% 

EAGC21 (Figure 42) 60% 

EAGC30 (Figure 46) 60% 

 

2.3.1 Laser Light Scattering and Gel Permeation Chromatography 

Figure 9 shows the chromatogram of degraded Glycol Chitosan (8h) and Figure 10 

dn/dc curve. Figure 11 shows the chromatogram of Ethylamino Glycol Chitosan 

(EAGC21) and Figure 12 the dn/dc curve (the chromatograms and dn/dc curves of GC 

(4h), EAGC17 and EAGC30 can be found in appendix). Table 4 summarizes the 

molecular weights obtained by GPC-MALLS for two batches of GC and three batches 

of EAGC. The molecular weight results were expressed as Mn, the number averaged 

molecular weight, and Mw, the weight averaged molecular weight. The polydispersity 

was calculated as a ratio Mw/Mn. 

The Mn of Glycol Chitosan was 28480 Da for GC28 (4h) and 17430 Da for GC17 (8h) 

and Mw/Mn 1.026 and 1.006 respectively. Increasing the acid degradation time 

decreased the molecular weight of the resulting polymer. Two different polymers with 

different molecular weight were used to synthesize EAGC different batches. EAGC17 

and 21 were synthesized from GC17 and EAGC30 was synthesized from GC28. Mn, 

Mw and Mw/Mn of the three batches of EAGC are presented in Table 4. It is of note 

that EAGC17 presents a slightly smaller molecular weight than the starting material, 

GC17. Nevertheless, the difference is so small that it is probably related with the 

sensitivity of the technique used. In the following text, GC17 will refer to glycol chitosan 

with 17 kDa and GC28 to glycol chitosan with 28 kDa. EAGC, however, will be referred 

to regarding the degree of substitution. Therefore EAGC17 has a degree of substitution 

of 17%, EAGC21 of 21% and EAGC30 of 30%.  
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 Figure 9 - GPC-MALLS Chromatogram of degraded Glycol Chitosan (8h) (5 mg mL-1). 

 

 

Figure 10 - dn/dc curve of Glycol Chitosan (8h). 

 

 

Figure 11 - GPC-MALLS Chromatogram of Ethylamino Glycol Chitosan (EAGC21) (5 mg mL-1). 
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Figure 12 - dn/dc curve of Ethylamino Glycol Chitosan (EAGC21). 

 

 Table 4 - GPC-MALLS results for GC and EAGC. 

Polymer dn/dc (mL g-1) Mw (Da) Mn (Da) Mw/Mn 

GC17 0.1443±0.0026 17430 17330 1.006 

GC28 0.0149±0.0002 28480 27750 1.026 

EAGC17 0.1565±0.0005 16910 16730 1.011 

EAGC21 0.1642±0.0072 17620 17340 1.016 

EAGC30 0.1544±0.0036 29850 28290 1.055 

 

2.3.2 NMR Spectroscopy 

The structure and degree of substitution of the new polymer, EAGC, was confirmed by 

comparing its NMR spectra with those of the initial material, GC (Figure 13). The 

protons assignments for degraded GC (Figure 14) are given in Table 5.  

 

Figure 13 - Chemical Structure of Glycol Chitosan. 
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Figure 14 - 1H-NMR for degraded Glycol Chitosan 17 (8h). 

 

Table 5 - Protons assignments and chemical shifts for GC17. 

Position on the 

H-NMR spectra 

NMR Chemical 

Shift 

Corresponding proton on 

the structure 

a 1.9 ppm CH3 (acetyl group) 

b 3 ppm CH (C2)  

c 3.4-4.1ppm CH (C3, C4, C5 and Glycol) 

d 4.5ppm CH (C1)  

e 4.5-5ppm D2O (water protons) 

 

In the 1H-1H COSY NMR it is possible to observe a cross peak between the protons on 

C1 and C2 (d,b) and between the protons on C2 and C3 (c,b) (Figure 15). 
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Figure 15 -1H-1H COSY NMR for degraded Glycol Chitosan 17 (8h). 

 

In the 13C-DEPT NMR spectrum the positive peaks represent CH and CH3 carbons and 

the negative peaks CH2 carbons. The carbon assignments for degraded GC are 

presented in Table 6 and Figure 16. 






















































































































































































































































































