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Abstract
Gene therapy is a promising technology with potential 
applications in the treatment of medical conditions, both 
congenital and acquired. Despite its label as breakthrough 
technology for the 21st century, the simple concept of 
gene therapy - the introduction of a functional copy of 
desired genes in affected individuals - is proving to be 
more challenging than expected. Oral gene delivery has 
shown intriguing results and warrants further exploration. 
In particular, oral administration of chitosan DNA nano-
particles, one the most commonly used formulations of 
therapeutic DNA, has repeatedly demonstrated successful 
in vitro  and in vivo  gene transfection. While oral gene 
therapy has shown immense promise as treatment 
options in a variety of diseases, there are still significant 
barriers to overcome before it can be considered for 
clinical applications. In this review we provide an over-
view of the physiologic challenges facing the use of 
chitosan DNA nanoparticles for oral gene delivery at 
both the extracellular and intracellular level. From 
administration at the oral cavity, chitosan nanoparticles 
must traverse the gastrointestinal tract and protect its 
DNA contents from significant jumps in pH levels, various 
intestinal digestive enzymes, thick mucus layers with 
high turnover, and a proteinaceous glycocalyx meshwork. 
Once these extracellular barriers are overcome, chitosan 
DNA nanoparticles must enter intestinal cells, escape 
endolysosomes, and disassociate from genetic material 
at the appropriate time allowing transport of genetic 
material into the nucleus to deliver a therapeutic ef-
fect. The properties of chitosan nanoparticles and 
modified nanoparticles are discussed in this review. An 
understanding of the barriers to oral gene delivery and 
how to overcome them would be invaluable for future 
gene therapy development. 
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Core tip: Gene therapy is facing considerable challenges 
to realize its promise, the most important which is 
arguably achieving effective delivery of the therapeutic 
gene to the target cells. Therefore, developing alternative 
delivery strategies is crucial. This manuscript reviews the 
oral administration of chitosan DNA nanoparticles as a 
novel gene therapy delivery strategy.  
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INTRODUCTION
Gene therapy, broadly understood as the delivery of 
nucleic acids for therapeutic purposes, has therapeutic 
potential for a number of medical conditions. Since 
its first clinical trials in 1990, gene therapy research 
has made a number of advancements[1]. Despite its 
tribulations there has been some success, such as the 
treatment of immunodeficiencies through retroviral 
and lentiviral transduction of stem cells[2], X-linked 
adrenoleukodystrophy through lentiviral transduction[3], 
hemophilia through Adeno-associated virus delivery[4], as 
well as the use of transduced T cells as a treatment for 
leukemia[5]. Due to low cell survival upon transplantation 
and logistics inherent to ex vivo cell therapy, nucleic 
acids (including DNA, antisense oligonucleotides, and 
RNA interference systems) are typically delivered using 
viral vectors because of the high expression they induce 
in target cells[6]. However, the ability of viral vectors to 
transduce cells and induce transgene expression may also 
trigger immune responses, and the potential activation 
of cancer-promoting genes in the case of integrating viral 
vectors[7]. The safety of current gene therapy delivery 
systems, particularly that of integrating vectors is still not 
fully studied[8]. Non-viral gene delivery lags behind viral 
vectors in targeting efficacy and transgene expression, 
which can be enhanced using mechanical techniques 
(e.g., use of electroporation or ultrasound) or chemical 
carriers (e.g., use of lipid, peptides, or polymers that 
protect the genetic material)[9]. The use of non-viral DNA 
formulations for oral gene delivery is an area of active 
research interest[10].

Oral gene delivery via chemical carriers has the 
potential to treat a number of inherited and acquired 
diseases[11]. The gastrointestinal (GI) tract’s large surface 
area provides a massive number of cells that can be 
potentially targeted. Successful delivery of therapeutic 
material to the GI is not restricted to the treatment of 
intestinal diseases such as inflammatory bowel disease, 
intestinal cancers, and intestinal symptoms of cystic 
fibrosis, but could also be potentially used as a treatment 
for systemic diseases (such as hemophilia) using the 

extensive capillary network for efficient distribution of 
the transgenes[6]. Additionally, effective exogenous DNA 
targeting of the intestinal stem cells in the crypts of 
Lieberkuhn in a stable manner could lead to potential 
long-term therapeutic gene expression[6]. 

Despite such therapeutic potential, oral gene de-
livery must first overcome formidable extracellular 
and intracellular barriers in the GI tract. These include 
stomach acidity, glycocalyx, mucus, cell-uptake, endoly-
sosomal escape, and nuclear import. The coupling of 
nucleic acids to polymers may assist in some of these 
challenges. Chitosan, a deacetylated form of chitin (Figure 
1), which is derived from crustacean, has been shown to 
be an appropriate chemical polymer for overcoming such 
barriers. In addition to biodegradable and biocompatible 
properties[12], this α(1-4)2-amino 2-deoxy β-glycan can 
efficiently compact DNA and has mucoadhesive and 
absorptive properties, buffering capacity, and membrane 
perturbing properties that make it a promising vehicle 
for oral gene delivery[13]. This review discusses the 
various extracellular and intracellular barriers of oral gene 
delivery and how they can be overcome using chitosan 
and chitosan-modified nanoparticles.

EXTRACELLULAR BARRIERS
Free DNA is quickly denatured by the acidic pH in the 
stomach and intestinal and cellular enzymes, so it would 
have no therapeutic effect[6]. However, chitosan-coupled 
therapeutic DNA sequences formulated as chitosan 
nanoparticles are effectively protected from various 
physiological and cellular barriers. 

Acidity
pH varies greatly in the gastrointestinal tract, ranging from 
the extremely acidic stomach (mean pH 1.7) to the slightly 
alkaline ileum (mean pH 7.5) (Figure 2A)[14-16]. Chitosan 
nanoparticles have been shown to protect enclosed nucleic 
acids across a wide range of pH. In the harsh stomach 
acid[17,18] increased electrostatic interactions between 
positively charged chitosan and negatively charged DNA 
creates a more stable nanoparticle (Figure 2B). It is 
chitosan’s amino-group with a pKa of 6.5 (Figure 1B) that 
accounts for protonation of the polymer at pHs below 6.5, 
and the resulting binding affinity between cationic chitosan 
and anionic DNA[19]. 

As nanoparticles transit towards the small intestine, 
pH increases drastically from 1.7 in the stomach to 6.1 
and 6.6 in the duodenum and jejunum respectively[14,15]. 
During this shift, chitosan’s amino groups are depro-
tonated, decreasing chitosan’s binding affinity for DNA[19,20]. 
Nanoparticle stability is slightly reduced, achieving an 
effective balance between DNA association and disso-
ciation. It is at pH 6.8 and 7.0 that transfection efficiency 
of chondrocytes peaked[21]. Interestingly however, Roy et 
al[17] reported transfection of stomach tissue by chitosan 
nanoparticles.

As the pH continues to climb distally in the intestine, 
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chitosan deprotonates further until it is neutral. Neutral 
chitosan nanoparticles are quite unstable as they easily 
dissociate from DNA and begin to aggregate with 
themselves, no longer inhibited by positive-positive 
repulsive forces (Figure 2B)[21,22]. Transfection efficiency 
also decreases at these high pH levels as has been 
demonstrated in human-lung carcinoma A549 cells 
(transfection at pH 7.6 < transfection at pH 6.9)[23] and 
HEK 293 cells (transfection at pH 7.6 < transfection at 
pH 6.5)[20]. 

Therefore, chitosan (pKa 6.5) is able to withstand 
a wide pH range from 1.5 (highly stabilized) to 6.8 
(intermediate stability - optimal for transfection), before 
becoming destabilized and aggregating. In support of 
this model, ex vivo experiments on gastrointestinal 
tissue internalization of chitosan nanoparticles found 
internalization to be higher for the jejunum (pH 6.6) than 
the ileum (pH 7.5 - too basic) and duodenum (pH 6.1 - 
too acidic)[24]. 

Mucus
The gastrointestinal mucus, composed of mucin fib-
ers linked to various proteoglycans[25], is constantly 

produced, secreted and shed. This rapid turnover 
combined with the thickness of the mucus layer (greatest 
in the colon at 830 μm) must be overcome by chitosan 
nanoparticles for effective oral gene delivery[26]. There 
are three main mechanisms that have been explored. 

For a long time mucoadhesion was thought to 
improve absorption by extending nanoparticle residence 
time in the GI tract and increasing bioavailability of 
nanoparticles for passive paracellular uptake[12,27]. 
Therefore, researchers sought to improve mucoadhesion 
by formulating nanoparticles capable of greater inter-
actions with mucus through electrostatic bonds, hy-
drogen bonds, hydrophobic interactions, and van der 
Waals forces[28]. Chitosan is reported to have strong 
mucoadhesive properties[27]. However mucoadhesion, on 
its own, will not solve this barrier to oral gene delivery, 
and may in fact impede drug delivery. This is because 
despite optimal mucoadhesion, nanoparticle delivery 
is limited by the rapid turnover time of mucus (50 to 
270 min)[29] during which the luminal layer of mucus is 
sloughed off taking the adherent nanoparticles with it 
(Figure 3)[27]. 

Mucopenetration, or the ability to traverse the mucus 
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Figure 1  Chitin and chitosan molecular structure. The molecular structure of chitin (A) differs from chitosan (B) through its deacetylation. The resulting amino 
group on chitosan has a pKa of 6.5[12].
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Figure 2  Effect of gastrointestinal pH on chitosan-DNA nanoparticles. A: pH varies drastically throughout the human gastrointestinal tract from acidic stomach 
to slightly basic distal bowel[14,15]. This in turn influences how chitosan-DNA polymers behave intraluminally; B: The conceptual interaction between negatively charged 
DNA and positively charged chitosan that becomes protonated at acidic pHs. This allows chitosan-DNA nanoparticles to remain stable at lower pHs.
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layer (Figure 3), has become the focus of overcoming the 
mucosal barrier in the last few years. Mucopenetration 
is achieved by creating a “slippery” nanoparticle that, in 
contrast to mucoadhesion, has decreased interactions 
with mucus[30]. Chitosan was combined with hydrophilic 
5 kDa polyethylene glycol (PEG) which would have 
decreased interactions with hydrophobic mucus and would 
not be sterically hindered[30]. Nanoparticles with greater 
PEGylation permeated fresh mucus 5-fold compared 
with non-PEGylated nanoparticles (Figure 4A)[30]. Pereira 
de Sousa et al[31] combined chitosan with chondroitin 
sulphate to create a densely charged but overall neutral 
nanoparticle surface that would theoretically have minimal 

interactions with mucus. Chitosan chondroitin sulphate 
nanoparticles permeated to a greater depth (4-6 mm) of 
fresh undiluted porcine intestinal mucus compared with 
PDLG “purasorb” chitosan nanoparticles (Figure 4B)[31]. 
Importantly, mucopenetration research remains in its 
early stages and further studies are required. To our 
knowledge no studies evaluating the effect of pDNA on 
the performance of chitosan nanoparticles modulated for 
mucopenetration have been conducted. This would be 
important to assess in the future.

Finally disruption of the mucosal layer can be achieved 
by combining nanoparticles with mucolytic agents (Figure 
3). Studies have shown enhanced mucodisruption ability 

M
uc

oa
dh

es
iv

e 
pa

rt
ic

le
s

M
uc

op
en

et
ra

tin
g 

pa
rt

ic
le

s
M

uc
od

is
ru

pt
iv

e 
pa

rt
ic

le
s

Figure 3  Gastrointestinal mucus as a barrier to chitosan-DNA nanoparticles transfection. Overcoming the mucus layer for oral gene delivery can be 
accomplished through three key mechanisms. Mucoadhesive nanoparticles adhere to mucus through chemical interactions. Bioavailability is limited by time, because 
intestinal mucus has a rapid turnover and adhered nanoparticles would be sloughed off with the luminal layer of mucus[27]. Mucopenetration involves nanoparticles that 
are able to traverse intestinal mucus due to chemical properties. These nanoparticles do improve bioavailability even with time[27]. Mucodisruptive nanoparticles cross 
the mucus layer by disrupting mucus structure. This can be accomplished by various mucolytic molecules and enzymes. Bioavailability increases with this mechanism, 
however intestinal mucus may be affected in the long-term[27].
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of nanoparticles when combined with mucolytic molecules 
(N-acetylcystein, L-cysteine, sulfhydryl compounds)[32] and 
mucolytic enzymes (papain, bromelain, trypsin)[33]. These 
studies, however were not conducted with chitosan. With 
the mucodisruption technique, reversibility of mucolysis 
must continue to be assessed in order to ensure that 
the intestinal mucus is not completely damaged and 
that it retains its protective function against viruses and 
pathogens[32]. 

Enzymes
Administered genes are exposed to the harsh environ-
ment of the GI lumen, filled with resident degrading 
enzymes, those secreted into the lumen and those 
membrane bound[34]. Unavoidably, therapeutic nano-
particles are also subject to the degradation processes 
of these enzymes and thus, pose a barrier that must be 
dealt with to improve the efficacy of oral gene delivery[34].

Conjugation of enzyme inhibitors with carrier vehicles 
was proposed a long time ago[35] and has been explored 
using a variety of enzyme inhibitors[36]. These inhibitor 
conjugated chitosan nanoparticles have been shown to 
protect a variety of drug molecules (including pDNA[34,37], 
insulin[38-40], and calcitonin[41-44]) and thereby promote 
therapeutic effect (Table 1). For oral gene delivery, 
inhibiting nuclease destruction of genetic material is most 
important and can be accomplished using the following 
inhibitors (ranked by efficacy): Ethylendiaminetetraacetic 
acid (EDTA) > sodium dodecyl sulphate (SDS) > aurin-
tricarboxylic acid (ATA) > and poly(acrylic acid) (PAA)[37]. 
Loretz et al[37] demonstrated that 50% of pDNA was 
protected from nuclease destruction when complexed 
with EDTA-conjugated chitosan. This is compared to 

almost complete destruction of unprotected pDNA[37]. 
EDTA-chitosan nanoparticles also have 35% improved 
transfection efficiency in Caco-2 cells compared with 
unmodified chitosan nanoparticles[45]. Similarly, Martien et 
al[34] demonstrated almost complete protection of pDNA 
from lysozyme and deoxyribonuclease when packaged 
in ATA-chitosan conjugated nanoparticles compared with 
unmodified chitosan nanoparticles (complete destruction 
with both lysozyme and deoxyribonuclease). Conjugation 
of enzyme inhibitors to chitosan involves the formation 
of a covalent bond between a carboxylic acid group on 
the inhibitor and free amino acids on chitosan. Notably, 
the covalent conjugation ensures that the inhibitor is 
not orally absorbed[37] and reduces the toxicity and side 
effects. This is supported by LDH-release cytotoxicity 
tests on Caco-2 cells that showed significantly less 
toxicity (< 1% over 4 h) for chitosan-EDTA particles and 
polymers compared with unmodified chitosan particles 
and polymers[45]. It is important to note that prolonged 
administration of enzyme inhibitors has severe side 
effects including pancreatic hyperplasia and carcinoma 
and thus chronic effects of inhibitor-conjugated chitosan 
nanoparticles must be explored[46].

Glycocalyx 
The fibrous brush border glycocalyx (FBBG) is a 400-500 
nm thick glycoprotein network that covers the apical 
surface of intestinal epithelial cells, particularly enterocytes 
(Figure 5). As visualised through high resolution scanning 
electron microscopy, the FBBG consists of mucin-like 
glycoproteins[47] that originate from the tips of tightly 
packed microvilli and anastomose with neighbouring 
glycoproteins[48]. The resulting intricate mesh has the 
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Figure 4  Effect of gastrointestinal enzymes on chitosan-DNA nanoparticles. A: Various digestive enzymes are secreted throughout the gastrointestinal tract. The 
genetic material within chitosan nanoparticles is most threatened by pancreatic nucleases such as deoxyribonuclease and ribonuclease[34]; B: Conjugation of chitosan 
polymer with ethylenediaminetetraacetic acid through a covalent bond at the amino group[37].
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potential to affect transfection efficiency of chitosan 
nanoparticles. The mechanism by which this would occur 
is unclear as existing data is mixed. 

Originally, the glycocalyx was theorized to act as a 
size-selective diffusion barrier, with pores between 7.4 
and 28.8 nm wide, allowing only appropriately sized 
particles to pass through and access transmembrane 
receptors located on microvilli[49]. More recent studies 
however have demonstrated that the glycocalyx does not 
have a diffusion effect on drug delivery (in particular 
insulin) but rather has a digestive effect on the thera-
peutic molecule due increased concentration of digestive 
enzymes at the FBBG[50]. More research is required to 
better understand this potential barrier to oral gene 
delivery.  

The data on how to overcome the intestinal glyco-
calyx barrier for improved drug delivery is also mixed. 
Some studies promote the theory that increased 
interaction with glycocalyx layer, similar to that of ba-
cteria and viruses, promotes effective drug delivery 
due to increased bioavailability of drugs at the apical 
membrane[49].  In contrast, other research demonstrates 
that electrostatic interactions between anionic glycocalyx 
and cationic nanoparticles would decrease nanoparticle 
charge, stimulate premature released of DNA, and cause 
DNA relaxation[51]. Overall, more research is required on 
the glycocalyx and its impact on transfection efficiency of 
nanoparticles.  

INTRACELLULAR BARRIERS
Transport and cellular uptake
The process of cellular uptake of the nanoparticle is 
critical, such that its genetic component is internalized 

and functionally available to elicit the desired biological 
effect. In addition to the key effect of pH on transfection[52] 
nanoparticles are internalized via a receptor-mediated 
endocytosis[53,54]. However, it is important to note that 
nanoparticles of different formulations - and sizes - 
may not necessarily share the same mechanism for cell 
entry[55]. Thus, chitosan may have the ability to interact 
with the cell membrane via electrostatic forces leading 
to an energy dependent adsorptive endocytosis process. 
Additionally, Nam et al[55] showed that the uptake process 
of chitosan nanoparticles involved multiple distinct 
pathways, including the clathrin-mediated endocytosis, 
macropinocytosis and caveolae-mediated endocytosis. 
Further, they showed that each pathway was independent 
from the other. 

In addition to delivering therapeutic nucleic acids 
to intestinal cells, ingested chitosan nanoparticles may 
also reach more distal sites by crossing the intestinal 
epithelium and entering the circulation system. This may 
be achieved through paracellular and/or transcellular 
transport of nanoparticles[56].

Paracellular transport is improved by chitosan’s 
permeation enhancing properties. Positively charged 
chitosan interacts with tight junction proteins (occludin, 
ZO-1, and F-actin) and destabilizes plasma membranes 
to decrease the trans-epithelial electrical resistance 
(TEER) of cell monolayers[54]. Increased paracellular 
transport of macromolecules such as insulin[57] has been 
shown to consistently occur when chitosan is in solution. 
The permeability influence of chitosan-nanoparticles 
is less conclusive, but a study by Vllasaliu et al[58] 
showed that both chitosan and chitosan nanoparticles 
are effective at opening tight-junctions. Chitosan per-
meability depends on electrostatic interactions between 
chitosan and tight junction proteins, and thus, the pore-
opening process may be affected by the degree of 
deacetylation and surface area of charge exposed on 
chitosan nanoparticles[58]. Further, nanoparticle size may 
inhibit paracellular transport due to maximal widening of 
tight-junction pores[58]. Thus far, few safety issues have 
been identified with chitosan’s ability to traverse across 
the intestinal epithelium. This is because chitosan’s ability 
to open tight junctions is reversible[58], and because 
common negatively charged GI endotoxins (such as 
lipopolysaccharide) are unable to cross the intestinal 
epithelium along with chitosan nanoparticles[59].

Transcellular transport may occur through trans-
cytosis[60], which involves cellular uptake (pinocytosis, 
clatharin-mediated endocytosis, discussed earlier) at the 
apical membrane, transport across the cell interior, and 
release at the basolateral pole[56]. Although M-cells make 
up only 1% of the total intestinal surface, it is believed 
that most transcytosis occurs with these cells due to 
higher rates of endocytosis[56]. Transcytosis efficiency 
decreases with nanoparticle size[56] and increases with 
nanoparticle stability[61].

Endolysosome escape 
DNA escape from the endolysosomal pathway is a key 
barrier to chitosan gene delivery. It is theorized that 

Table 1  Chitosan-enzyme inhibitor conjugates1

Enzyme 
inhibition

Drug protection

Chitosan-ATA DNAase pDNA[34]

Lysozyme
Chitosan-EDTA DNAase pDNA[37]

Trypsin Insulin[39]

Chymotrypsin Trypsin and bromelain[93]

Chitosan-aprotinin Trypsin Insulin[38]

Chymotrypsin Calcitonin[41]

Chitosan-BBI Trypsin Calcitonin[42]

Chymotrypsin Insulin[40]

 Chitosan-pepstatin Pepsin Calcitonin[43]

Chitosan-elastinal Elastase Calcitonin[42]

Insulin[40]

Chitosan-phenylboronic 
acid

Trypsin Calcitonin[44]

Elastase
Chitosan-bacitracin Hepatitis B surface 

antigen[94]

1Summary of the various enzyme inhibitors that chitosan has been 
conjugated with in order to decrease degradation and maximize delivery 
of drug product. All references of original studies are included. Chitosan-
ATA and chitosan-EDTA conjugates are most relevant to gene therapy 
advancements, as they have been shown to protect pDNA and increase 
transfection efficiency. EDTA: Ethylenediaminetetraacetic acid; ATA: 
Aurintricarboxylic acid; BBI: Bowman-birk inhibitor.
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chitosan nanoparticles may escape from endosomes 
through a “Proton Sponge Effect”[62,63]. According to this 
theory, endocytosed chitosan nanoparticles become 
protonated upon fusion with acidic lysosomes. This is 
followed by an influx of cytosolic H+, Cl- and H2O, to 
maintain the endosomal pH, charge, and osmolarity, 
respectively[64]. Such influx causes the lysosome to swell 
and rupture, thereby releasing nanoparticles into the 
cell cytosol (Figure 6)[64]. Although the proton sponge 
effect is supported by cationic polymers with strong 
buffering capacities (e.g., PEI) chitosan has a relatively 
low buffering capacity over a narrow pH range (pH 5-7)[65]. 
This makes it a poor “proton-sponge” at endosomal pH, 
only having a limited influx of protons[65]. This is reflected 
in its delayed endosomal escape and transfection, 
observed in HEK 293 cells treated with chitosan and 
PEI[65]. Chitosan endosomal rupture occurred at 72 
h-post-treatment, compared with PEI’s escape within 
24 h post-treatment[65], a delay perhaps required for a 
sufficient amount of chitosan to accumulate to induce a 
proton-sponge rupture. 

Proton sponge endosomal escape can be enhanced 
through the addition of high buffering-capacity groups. 
For example, studies have examined the effect of 
the biocompatible and buffering imidazole ring (pKa 
6.15) on the release of chitosan nanoparticles into the 
cytoplasm[66]. In separate studies, increased expression 
was observed for chitosan-graft-histadine[67] and 
chitosan-graft-urocanic acid[66], both of which bear the 
imidazole ring. Although expression was improved 
relative to chitosan, improvement was cell-specific and 
neither complex was able to reach the expression-levels 
of lipofectamine[67,68]. Confocal microscopy and treatment 
with bafilomycin A (proton pump inhibitor) confirmed 
that histadine’s effect occurs due to improved endosomal 
escape of complexes[67]. Multiple experiments have 
also been conducted on PEI-chitosan hybrids including 
chitosan/PEI mixes and chitosan-graft-PEI systems. PEI 
is an effective non-viral vector due to its high buffering 
capacity (multiple amino groups) and enhanced endo-
somal escape properties[68]. However, PEI’s effect is 
limited in vivo, due to its cytotoxicity in multiple cell 

lines[69]. Thus, combining PEI with chitosan, known for 
its biocompatibility and biodegradability, has shown 
to be particularly effective with synergistic results[68]. 
Compared with PEI, chitosan-graft-PEI has higher 
transfection efficiency in vitro and in vivo[70], and has 
decreased cytotoxicity across three cell lines (293 T, HeLa 
and HepG2)[71]. Transfection efficiency even reached that 
of lipofectamine in the human HEK293 cell line[71]. 

In addition to the described proton-sponge effect, 
there are other means by which nanoparticles escape 
from endosomes. Membrane destabilization by chitosan 
is supported by experiments tracking endocytosed 
nanoparticles[72,73]. In these experiments, some DNA is 
released from early endosomes[72] before the proton-
sponge effect can be triggered by acidic lysosomes. 
Modifications to improve chitosan’s membrane per-
turbant properties include addition of chloroquine[74], 
poly(propylacrylic acid)[75], and synthetic peptides[76]. 
Synthetic peptides are pH sensitive, changing confor-
mation from random coils (at physiological pH) to alpha 
helices (at endosomal acidity) that interact with and 
destabilize the membrane through pore-formation[77]. 
Second, free chitosan polymer may also aid endosomal 
escape. Unlike protonated nanoparticles (stabilized by 
DNA) that decrease in volume, free chitosan expands 
from its coiled form due to repulsive forces[78]. This 
directly increases osmotic pressure and leads to endo-
somal rupture[78]. Thibault et al[79] added free chitosan 
at different time-points to HEK 293 cells already treated 
with inefficient chitosan nanoparticles (< 5 N:P levels)[79]. 
Addition of free chitosan at 4 and 8 h post-nanoparticle 
treatment resulted in a near 100% rescue of transfection, 
reaching similar levels to the optimal N:P of 5[79]. 

DNA-release
In addition to the protective role of chitosan discussed 
above it is also important for chitosan to have a timely 
release of DNA. Nanoparticles of intermediate stability, 
associated with intermediate molecular weight and degree 
of deacytylation appropriately release DNA in synchrony 
with lysosomal escape and achieve efficient transfection[80]. 
This is in contrast to the inefficient transfection ability of 

Approximately 200 nm
Nanoparticles

Glycocalyx
400-500 nm

7-29 nm

Microvilli

Enterocyte

Figure 5  Glycocalyx effect on nanoparticles. 
A thick mesh like structure of glycocalyx proteins 
lines the apical membrane of the small bowel 
with pores 7-29 nm in size[49]. It is unclear 
whether the glycocalyx has a size effect on 
diffusion, as existing literature contains mixed 
results.
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hyperstabilised and hypostabilized nanoparticles. Up to 
80% of hyperstabilized nanoparticles (high molecular 
weight and degree of deacetylation) remained associated 
after lysosomal escape, and were too large to enter the 
nucleus[80]. Hypostabilized nanoparticles (low molecular 
weight and/or degree of deacetylation) dissociated 
prematurely before endolysosomal escape and were 
degraded[80]. Thus, chitosan nanoparticles of intermediate 
stability are optimal for timely release of DNA and efficient 
transfection.   

Nuclear import
In order to have a therapeutic effect, DNA must then 
enter the nucleus and be accessible to transcriptional 
enzymes, while siRNA - but not DNA coding for siRNA- 
exerts its inhibitory function in the cytoplasm. Considering 
that the majority of GI cells (e.g., enterocytes, goblet 
cells, paneth cells) are post-mitotic, genetic material 
must pass through nuclear pores, as opposed to waiting 
for the nuclear envelope to disintegrate during cell 
division. Import of material (> 40 kDa) through the 
nuclear pore occurs through indirect active transport[81]. 
It involves interactions between importins and proteins 
containing nuclear localization signal (NLS) (Figure 7A). 

Therefore, enhanced nuclear import of pDNA is 
an important goal. Sequences where NLS-containing 
proteins bind are often added to therapeutic pDNA. 
The 72 bp SV40 enhancer sequence upon which many 
mammalian transcription factors (AP1, AP2, NF-kB, 
Oct1, TEF1, each containing NLS sequences) bind has 
been used to enhance the import of perinuclear localized 
pDNA into the nucleus through interaction with importin 
proteins[80,82]. Opanasopit et al[83] showed increased 

transfection efficiency of nanoparticles containing DNA 
and NLS-containing peptides. Additionally, it is possible 
to enhance gene expression by covalently complex 
NLS-containing proteins onto the pDNA strand itself[83]. 
However, it is important for the protein’s interaction 
with pDNA to be spatially distinct from its NLS-binding 
sequence so that importins are not sterically hindered 
from binding (Figure 7B). 

Interestingly, some evidence exists for nuclear 
import of entire chitosan/DNA complexes. Zhao et 
al[84] found increased localization of complexes when 
a synthetic protein, containing SV40 NLS signal, was 
covalently linked to chitosan. Further addition of kinases 
promoted intra-nuclear disassociation and improved 
transfection efficacy beyond that of lipofectamine[84]. 
Chitosan localized in the nucleus did not interfere with 
gene expression[73].

Immune response 
Chitosan is a biodegradable polysaccharide that has been 
administered to individuals without any adverse side 
effects[85]. Chitosan is also naturally degraded through 
lysosome digestion according to its molecular weight and 
degree of deacetylation. These characteristics of chitosan 
have triggered the utilization of chitosan as an adjuvant 
in vaccines[86]. The viscous nature of chitosan promotes 
the formation of an antigen depot. Injection of antigen 
with chitosan resulted in 60% of the antigen remaining 
at the injection site for 7 d whereas less than 9% of the 
antigen remained after 8 h when it was administered 
with saline[86]. In combination with antigens, chitosan 
has been demonstrated to induce activation of NK cells, 
macrophages, inducing cytokines, stimulating antibody 
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Figure 6  Proton sponge effect. Conceptual image of how chitosan-DNA nanoparticles may escape from lysosomes once endocytosed. H+, Cl-, and H2O influx into 
the lysosome in order to maintain pH, charge, and osmolarity. This movement of molecules causes swelling of the lysosome, eventual bursting, and escape from 
lysosomal digestion[77].
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production and cytotoxic T lymphocyte responses[87]. 
Chitosan has been shown to elicit a combination TH1/
TH2 response, thus promoting both humoral and cell 
mediated immunity. The increased immune response has 
been reported to produce a high titer antibody response 
to the antigen[88]. 

When dealing with oral vaccination, the uptake by the 
Peyer’s patch is a crucial step in stimulation an immune 
response. Studies have developed chitosan particles that 
have the optimal size and zeta potential to be targeted 
to the M-cells of the Peyer’s patch[89]. Particles that are 
< 10 μm are taken up by M-cells while those < 5 μm 
can be transported to the spleen or local lymph nodes to 
stimulate IgM and IgG production[89]. As a result, chitosan 
promises to serve as a carrier system of antigens and/or 
antigen-coding genetic material to act as an adjuvant 
in vaccinations to enhance both cell mediated as well 
as humoral immune responses. However, chitosan’s 
immunomodulatory effects have also been shown in 
studies that utilize the nasal administration of chitosan 
to induce the immune system[90]. Chitosan is also a 
viable vehicle to be used in oral administration due to its 
adhesive and transport properties[17]. Its stability when 
complexed with DNA make it suitable for the delivery 
of the cargo to the M-cells of the GI-tract, allowing for 
the generation of both mucosal as well as systemic 
immunity[17]. The immunity of chitosan nanoparticles has 
also been exploited to induce oral tolerance. Goldmann 
et al[91] fed mice with oral nanoparticles complexed 
to ovalbumin (OVA) DNA. Despite OVA being a very 
good antigen, the nanoparticle treatment suppressed 
a humoral response after subsequent exposure to OVA 
protein. The authors noticed a shift from TH1 to a TH2/TH3 
together with the induction of OVA-specific regulatory T 
cells[91]. The same group took this work a step further by 
protecting mice against abdominal aortic transplantation 
after feeding mice with chitosan nanoparticles containing 
DNA coding for k(b), one of the MHC-I molecules of the 

donor[92]. These results open new applications for oral 
chitosan nanoparticles. 

CONCLUSION
Oral delivery of genes specifically is an intriguing 
technique to treat GI pathologies as well as other chronic 
systemic diseases such as haemophilia[12,18]. However, 
it should be noted that hormone related disorders 
are much more challenging to treat due to the strict 
regulation the protein expression and the systemic affect 
that many hormones exhibit. While oral gene therapy 
has shown immense promise as treatment options in 
a variety of diseases, there are still significant barriers 
to overcome before it can be considered for clinical 
applications. By modulating the physical and chemical 
characteristics of the nanoparticle both extracellular and 
intracellular barriers may be circumvented. By judicious 
design of the nanoparticles therapeutic potential for the 
targeting of many systemic diseases may be possible. 
Further research in this field is required in order to 
develop in the future chitosan nanoparticles of viable 
clinical use.
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