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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Ascorbic acid modified chitosan was 
coated on Fe3O4 nanoparticles as pDNA 
nanocarriers 

• The nanoparticles were characterized by 
FE-SEM, FT-IR, XRD, VSM, and DLS 

• The MTT assay confirmed biocompati-
bility of the nanocarriers to Vero and 
EPC cells 

• The loaded pDNA contents were 
released successfully in intestinal 
environment  
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A B S T R A C T   

Hypothesis: Among various approaches of gene delivery, there is a growing interest in oral administration of 
plasmid DNA (pDNA) as one of the safest and most straightforward vaccination methods. Inclusion of chitosan is 
expected to prevent pDNA degradation in gastric environments and contribute to releasing it in target intestinal 
fluids. 
Experiments: In this paper, ascorbic acid-modified chitosan is used as a biomolecular coating on super-
paramagnetic iron oxide nanoparticles (SPION) to serve as a pDNA nanocarrier. The nanoparticles are studied by 
FE-SEM, DLS, zeta potential, FT-IR spectroscopy, XRD, and VSM. The pDNA release in a simulated intestinal 
environment is measured by agarose gel electrophoresis. The cytotoxicity of the nanoparticles is evaluated by 
MTT assay using epithelial Vero and EPC cells. 
Findings: Results show that the nanocarriers are formed spherically with a mean hydrodynamic diameter of 100 
nm and zeta potential of + 25 mV. The nanocarrier gastric stability is confirmed by treating with DNase I test. 
The results show that the pDNA release is promising and amounts to 45% after 48 h. MTT assay results show that 
the SPION@CsVC nanocarriers are biocompatible to Vero and EPC cell lines. It is found that chitosan can 
effectively shield the pDNA in the extremely acidic gastric environment, yet allows it to be released when passing 
through the target alkaline intestinal tissue. In other words, chitosan is presented as an effective biopolymer for 
application in non-viral vectors for gene delivery through a facile oral route.   
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1. Introduction 

The significance of gene delivery is elucidated by the advantages it 
has to offer over conventional medical procedures. Gene therapy can 
offer hope to many patients suffering from serious diseases such as ge-
netic disorders, immunodeficiency, hematologic disorders and cancer 
that may be challenging for traditional medicine [1–3]. As a critical 
stage in gene therapy, gene delivery can potentially contribute to cancer 
treatment by tackling the origin of the disease, i.e. DNA damage that 
leads to abnormal growth signals and tumor generation. In case of brain 
tumors, gene delivery is preferred due to potential unrecoverable brain 
injuries caused by surgical treatments. Moreover, treatment of primary 
brain tumors such as glioblastoma by conventional drugs is significantly 
limited due to effects of blood brain barrier, immunosuppressive 
microenvironment of tumors and developed resistance to drugs [4]. 
Gene therapy for cancer treatment is envisioned as a promising solution 
to overcome limitations of current anticancer strategies by genetic ap-
proaches such as administering tumor suppressor genes, suicide genes 
and inhibiting the oncogene activity by RNA interference [5]. 

Naked DNA molecules, that are negatively charged, not only are 
fragile and degradable in presence of proteolytic enzymes and serum 
proteins [6] but also are unable to cross the cell membrane. Therefore, 
successful delivery of genes to the cytosol requires overcoming several 
extracellular and intracellular barriers including enzymatic degradation 
and cytoplasmic cellular membrane [7,8], and development of effective 
and safe vectors is essential for gene delivery applications; in particular, 
the vector would help the genes enter the cellular space and mediate 
their effect. As a result, success of gene therapy depends to a large extent 
on the vector type for effective gene transfection to occur [9,10]. 

Generally, these carriers or vectors can be divided into viral and non- 
viral types [11]. Although viral vectors have high transfer efficiency, but 
the occurrence of toxicity, immunogenic problems, and enzymatic 
degradation make them perilous [8]. In order to solve or mitigate the 
problems, non-viral vectors have been considered in medical research 
centers to facilitate gene transfer [12,13]. The ease of production, 
manipulation, storage, and shipping has made it more enthralling to 
consider plasmids as potential candidates [14]. However, the low 
transfection efficiency of plasmids is challenging. To increase the effi-
ciency of pDNA transfer, different carriers are extensively investigated. 
These carriers, including polymers (polyplexes), lipids (lipoplexes), and 
inorganic materials (e.g. calcium phosphate), are able to bond with 
pDNA through covalent or noncovalent interactions [15,16]. While the 
candidate polymers for pDNA loading are less immunogenic and toxic 
than cationic lipids, they are more stable, making them proper alter-
natives for viral and lipid transfer methods. Structural variation, 
compatibility, and possibility of covalent or ionic bonding with com-
ponents for gene expression offer interesting opportunities [11,17]. 
Various cationic polymers have been optimized for transferring DNA 
since fifty years ago [18]. Because of their unique structural properties, 
natural polymers receive significant attention in this area [19]. Chitosan 
is one of the natural polymers studied by many researchers and its de-
rivatives make it a more functional compound compared to other 
non-viral nanocarriers [20–22]. 

Chitosan is a biocompatible, biodegradable linear polysaccharide 
with a high level of cationic potential [23] with remarkable biomedical 
applications including drug delivery [24,25]. This biopolymer is ob-
tained from deacetylation of chitin, which is nontoxic, easily accessible, 
and inexpensive. Chitosan, with its cationic polyelectrolytic nature, can 
provide a strong electrostatic interaction with anionic DNA and estab-
lish sustained compounds to prevent DNA destruction [26,27]. High 
molecular weight chitosan (100–400 kDa) can form a highly stable 
combination with DNA [28,29]. However, by increasing molecular 
weight, its solubility in aqueous environments decreases [30]. Besides, 
the weakness of chitosan in buffering capacity affects its endosomal 
escape [31]. To resolve the dissociation rate of pDNA and endosomal 
obstacles, different functional groups can be introduced into amine, 

amide, or hydroxyl groups of chitosan [32]. Ascorbic acid, a ketolactone 
containing four hydroxides and a lactone, plays the role of an effective 
antioxidant in biological systems. Because of its biochemical functions, 
in particular, the antiviral and antitumor activity, ascorbic acid attracts 
great interest in the medical and biological studies [33]. However, its 
use is limited due to its physical and chemical instability. In low pH 
levels, cationic amino acid branches in chitosan and anionic hydroxyl 
branches of ascorbic acid are activated and linked [34]. In this case, also, 
to increase the solubility of chitosan and the structural stability of 
ascorbic acid, the antioxidant activity of the mixture increases as 
compared to both materials [35]. To pass extracellular barriers and 
escape endosomal degradation, pDNA molecules are compressed into 
polymeric nano/microparticles to suit a proper cellular uptake [36,37]. 
A wide range of nano-based non-viral carriers are efficiently designed, 
and intelligent carriers are continuously optimized to control the fate of 
DNA molecules [38,39]. However, the inability to reach the target cells 
is still problematic. For this reason, nanoparticles are equipped with a 
magnetic core to be dirigible [40,41]. Due to their unique properties 
such as superparamagnetic nature, operative surface, high 
surface-to-volume ratio, low toxicity, and ease of manipulation using 
magnetic fields, iron oxide nanoparticles have found many potential 
applications in biomedicine [42–46]. The cellular uptake of SPION is 
also investigated by researchers, and the results show their precedence 
to non-magnetic nanocarriers [47]. 

The present study is concerned with constructing biocompatible 
magnetic nanocarriers with low toxicity and high efficiency for transfer 
and delivery of pDNA through oral administration. The nanocarriers are 
characterized by Fourier-transform infrared spectroscopy (FT-IR), 
alkaline titration, X-ray diffraction (XRD), energy dispersive spectros-
copy (EDS), dynamic light scattering (DLS), zeta potential measurement, 
and vibrating sample magnetometry (VSM). The nanoparticles are also 
studied using a field emission scanning electron microscope (FE-SEM). 
By exposing the loaded nanocarriers to simulated gastric intestinal en-
vironments, various properties of the samples including stability and 
pDNA release in vitro are examined by UV spectrophotometry, DNase I 
test, and agarose gel electrophoresis. Eventually, the cytotoxicity of the 
nanocarriers is examined by MTT assay on Vero and endothelial pro-
genitor cells (EPC). 

2. Materials and methods 

2.1. Materials 

Iron (II) sulfate (99.9%), sodium sulfate (99.9%), and sodium hy-
droxide (99.9%) were purchased from Merck, Germany. Acetic acid 
(99.9%), Iron (III) nitrate (99.9%), and dimethyl sulfoxide (DMSO) 
(99.9%) were purchased from Scharlau, Spain. Pure chitosan with an 
average molecular weight of 70 kDa and deacetylation of 98% was 
purchased from Sigma-Aldrich, the US. L-Ascorbic acid was purchased 
from Appli-Chem, Germany. 3-(4,5-Dimethylthiazol-2-yl)− 2,5- 
diphenyl tetrazolium bromide (MTT) was purchased from Solar Bio, 
China. Fetal bovine serum (FBS) was supplied from Gibco, Singapore. 
EPC (CRL-2872) and Vero (CCL-81) cells were provided from ATCC, the 
US. The pDNA (3.1(+)) was extracted from E. coli (DH5α) by rapid 
alkaline lysis. All chemicals were used as received without further 
purification. 

2.2. Synthesis of polymer (CsVC) 

Synthesis of ascorbic acid-modified chitosan (CsVC) was attempted 
initially by preparing a 0.7% w/v chitosan solution in acetic acid (1% w/ 
v). The pH of the chitosan solution was adjusted to pH= 5.0 by adding 
sodium hydroxide (1.0 M). Next, 60.0 mg ascorbic acid was added to the 
solution and stirred for 24 h. The solution was purified by dialysis 
against DI water using a 12 kDa dialysis membrane in 3 days. Finally, the 
purified polymer was freeze-dried and stored at room temperature. 
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Fig. S1 shows a schematic illustration of chemical modifications during 
CsVC preparation. 

2.3. Synthesis of chitosan coated SPION 

The synthesis of coated SPION (SPION@Cs and SPION@CsVC) was 
done via a modified in-situ co-precipitation method (Fig. S2) [48]. 
Briefly, solutions of 0.1% w/v Cs and CsVC in acetic acid (1% w/v) were 
prepared and the pH = 4.5 adjustment was done by sodium hydroxide 

(1.0 M). Then, the iron salts were added such that the Fe(II):Fe(III) molar 
ratio was set as 1:1 and the polymer to iron salts ratio was adjusted to 
0.05 (w/w). To obtain SPION, the solutions were titrated (1 mL/min) 
with sodium hydroxide as an alkaline precipitator (1.0 M) until pH = 11 
was reached. The black sediments were collected with a strong magnet 
and washed several times with DI water by centrifugation. Finally, 
SPION@Cs and SPION@CsVC nanoparticles were dried overnight and 
kept under Ar environment. 

2.4. Loading of pDNA and alkaline titration analysis 

To load pDNA on SPION@Cs and SPION@CsVC, dispersions of 
coated SPION were prepared in 50.0 mM acetic acid buffer. Then, 3.0 μg 
of pDNA was added to every milliliter of the dispersions. Accordingly, 
each sample unit is defined as 250 μL dispersion that contains 125 μg of 
coated SPION and sodium sulfate as an ionic crosslinker. 

The degree of deacetylation (DD) of CsVC was determined by alka-
line titration method. Briefly, the degree of deacetylation can be 
calculated by Eq. (1). 

DD(%) =
φ

W- 161 φ
204 + φ

× 100 (1)  

where Φ is 

Fig. 1. FT-IR spectra of the untreated chitosan (Cs) and ascorbic acid-modified 
chitosan (CsVC). 

Table 1 
Degree of deacetylation (DD) of untreated and ascorbic acid modified chitosan.  

Sample 1st DD (%) 2nd DD (%) 3rd DD (%) Mid DD (%) 

Cs  97.40  98.05  98.06  97.80 
CsVC  71.70  71.80  71.50  71.70  

Fig. 2. XRD patterns of bare SPION, SPION@CsVC, and the final nanocarriers 
(SPION@CsVC after crosslinking). 

Fig. 3. Magnetization curves of bare SPIONs and the nanocarriers.  

Fig. 4. FE-SEM image of the nanocarriers with their particle size distribu-
tion (Inset). 
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Φ =
(NA × VA) − (NB × VB)

100
(2) 

In Eq. (2), NA and NB are concentrations of standard acid and alkaline 
solution that were applied during titration and VA and VB represent their 
volumes. It is noted that the calculation was done three times. 

2.5. Characterization 

To investigate the functional groups and chemical bonds, FT-IR 
spectra of the untreated and ascorbic acid-modified chitosan samples 
as well as bare and coated SPION were obtained in the range of 
400–4000 cm-1 by a Bruker Tensor 27 instrument. To study the struc-
tural properties of the samples, XRD patterns of the nanoparticles were 
obtained in different levels of synthesis using a PANalytical X’Pert PRO 
diffractometer. EDS maps of the nanoparticles were taken to investigate 
their chemical composition. The FE-SEM image of the nanocarriers was 
taken in high vacuum by a Quanta FEG 450 instrument together with an 
EDS analysis. The mean size of nanoparticles was calculated by 
measuring the size of 600 nanoparticles, which were selected randomly. 
The hydrodynamic size and zeta potential of the nanoparticles were 
measured at ambient temperature by a Horiba SZ-100 instrument. The 
magnetic behavior of the nanoparticles was determined by VSM in the 
range of 0–15000 Oe. 

Loading of pDNA on nanoparticles was investigated using UV spec-
trophotometry, DNase I test, and agarose gel electrophoresis. Stability 
and release of nanoparticles in vitro were tested using simulated gastric 
fluid (SGF, pH = 2), and simulated intestinal fluid (SIF, pH = 9), 
respectively. The stability of the nanoparticles refers to their resistance 
to degradation in gastric environments. The SGF was designed using HCl 
(1.0 M) to examine stability in pH = 2. The SIF includes a complex of 
dihydrogen sodium phosphate (150 mM), sodium chloride (400 mM), 
and imidazole (50 mM), which have reached the optimum volume in the 
tris buffer (50 mM). This solution also has a highly stabilized pH at 8–10 
[49]. To detect the pDNA loaded on nanoparticles, UV spectrophotom-
etry was carried on the nanoparticle suspensions by a NanoDrop pico 
200 spectrophotometer. 

2.6. DNase I test and electrophoresis 

To detect the possible pDNA attachment on the surface of nano-
carriers, DNase I test was performed on the samples that were investi-
gated by UV spectrophotometry. Briefly, DNase I was added to the 
nanoparticles and then activated at 37 ◦C. The nanoparticles were then 
dispersed and incubated for about an hour, so the enzyme can act and 
destroy all plasmids attached on the surface of nanoparticles. Next, the 
enzyme was inactivated by EDTA buffer (25 mM) and the nanoparticles 
were collected by centrifugation (10000 rpm) and finally dispersed in 
sterile water. 

To obtain the amount of pDNA released from nanoparticles when 
exposed to SGF and SIF, agarose gel electrophoresis was carried out on 
the samples after UV spectrophotometry and DNase I tests. The samples 
were run on 0.7% w/v agarose gel at 100 V for 40 min. The released 
pDNA was visualized by staining with ethidium bromide. The release 
rate of pDNA loaded on the carriers was calculated by the Korsmeyer- 
Peppas model [50] as described in Eq. (3). 

Mt

Mf
= ktn (3) 

In this model, Mt/Mf is the function of drug release, k denotes the rate 
constant, and n shows the release exponent. 

2.7. MTT assay 

The cytotoxicity of nanoparticles for both homoeothermic (EPC) and 
poikilothermic (Vero) cells was evaluated by MTT assay. The MTT 
method is based on the colorimetric change of yellow tetrazolium MTT 
to purple crystalline formazan during the mitochondrial activity of 
living cells. The MTT assay was carried out in 96-well plates. Initially, 
the plates containing living cells were prepared with a density of 2 × 104 

cells/well. Then, 100 μL of DMEM medium containing 10% FBS serum 
was added to the cells. The cells were incubated under 88% humidity at 
37 ºC for 24 h. The SPION@CsVC nanoparticles in concentrations of zero 
(control), 0.1, 1 and 10 µg/mL were added to the cells. The cells were 
treated with the nanocarriers for 12, 24, and 72 h and washed with PBS. 
The MTT dye was dissolved in PBS (0.5% w/v). In the next step, around 

Fig. 5. EDS map of bare SPIONs and the nanocarriers. The scale bars are 100 µm.  
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100 μL DMEM medium (serum-free) containing 10 μL MTT was added to 
each well. The cells were incubated at 37 ºC for 4 h. By adding 100 μL 
DMSO, the formazan crystals were dissolved, and the entire contents of 
the wells were transferred to new wells before reading by ELIZA reader 
at 570 nm [51]. 

3. Results and discussion 

3.1. FT-IR analysis 

The FT-IR spectra can reveal information about the chemical bonds 
and functional groups in the samples. As plotted in Fig. 1, the peaks 
appeared at 1080, 1645, 2915, and 3425 cm-1 refer to the chitosan 
skeleton in both spectra. The broad peak appeared at 3425 cm-1 is 
related to strong tensile vibrations of C-OH. It overlaps with the N-H 
amide peak as a result of reaction with the amide compounds, which is 
evident in the region of about 3300 cm-1. The bands observed in 
2860 cm-1 and 2926 cm-1 are related to the vibrations of C-H. The peak 
emerged at 1645 cm-1 is related to C––O amide vibrations. The obtained 
spectra were compared with previous studies. The similarity between 
spectra indicates that the linkage of ascorbic acid to chitosan is estab-
lished successfully. 

3.2. Alkaline titration 

The results of alkaline titration are shown in Table 1. The change in 

the percentage of deacetylation from 98% to 72% also indicates the 
blockage of amine groups in the sample structure due to association with 
the hydroxy group of ascorbic acid. This result is in agreement with the 
obtained FT-IR results. Lower DD is expected to improve the ability of 
biopolymers for gene delivery applications. 

3.3. XRD and VSM analysis 

The XRD spectra of nanoparticles in Fig. 2 confirms the formation of 
Fe3O4 spinel structure during various synthesis levels of the nano-
carriers. The characteristic peaks at 2θ = 30.19◦, 35.56◦, 43.22◦, 57.17◦, 
and 62.78◦ are related to (022), (113), (004), (115) and (044) crystal-
lographic planes of the pure cubic lattice structure (JCPDS No. 3–0863) 
for bare and coated SPION. As inferred from the XRD data, the process of 
synthesis has no significant impact on the quality of nanocarrier cores. 
The VSM results of nanoparticles illustrated in Fig. 3 show their super-
paramagnetism with a saturation magnetization of 52 emu/g for bare 
SPION and 46 emu/g for the nanocarriers. It is clear that the reduction 
of Ms for coated nanoparticles is related to dead spin layers of the shell. 

3.4. FE-SEM, EDS, hydrodynamic size and zeta potential 

The FE-SEM image of the nanocarriers shows that the mean particle 
size is 21 ± 2.917 nm. The particles are formed homogeneously in 
almost spherical shapes (Fig. 4). The EDS spectra of bare and coated 
SPION and the nanocarriers were obtained to investigate the constituent 
elements. As shown in Fig. 5, the elemental composition of bare SPION 
includes Fe and O. As expected for coated SPION (data are not shown) 
and the nanocarrier, carbon peaks are also evident in the data in addi-
tion to the peaks of Fe and O. The hydrodynamic diameter of 
SPION@CsVC particles and the nanocarriers dispersed in 50 mM acetic 
acid buffer in the concentration of 50 μg/mL were measured (Fig. 6(a)). 

Fig. 6. (a) The hydrodynamic size and (b) zeta potential of SPION@CsVC and 
the nanocarriers. 

Fig. 7. Agarose gel electrophoresis of the release of nanocarrier at times of (a) 
3, (b) 5, (c) 8, (d) 11, (e) 24, (f) 36, (g) 48, (h) 56, (i) 64 and (j) 80 h after 
exposure to SIF. Below: Diagram of pDNA release from nanocarriers during 12 h 
of incubation in SIF. 
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The size was calculated at pH= 5.0 to estimate the hydrodynamic size of 
nanoparticle in endosomal entrance. The hydrodynamic diameter of 
SPION@CsVC particles was 302 nm, while it was 100 nm in case of the 
final nanocarriers. The zeta potential values of SPION@CsVC before and 
after the pDNA loading were determined as + 32 and + 25 mV, 
respectively (Fig. 6(b)). It is found in literature that the minimum zeta 
potential of ± 20 mV is desirable for cellular uptake [52]. 

3.5. Loading, stability, and release tests 

The gel electrophoresis image in Fig. 7 illustrates the pDNA released 
from nanocarriers that remained at room temperature overnight. The 
release of pDNA from nanocarriers is rapid within the first hour of in-
cubation in the SIF, followed by a slow, steady release up to 50 h of 
exposure, and then the release rate increases again. This result is in a 
good conformation with previous studies. The initial rapid release is due 
to the release of pDNA from the polymeric layers. The subsequent 
release of deep pDNA occurs at a slow and uniform rate. Based on the 
exponent of time, this behavior can shift to one of the famous drug 
release models, i.e. the Korsmeyer-Peppas model. The increase at the 
end of release is also due to the decomposition and degradation of the 
polymer in its release buffer. The R2 value was obtained as 0.96 by 
fitting the release curve on this model (Fig. 7). The exponent of time is 
the one that shows time-independent release. Therefore, the model can 
shift to the zero-order release mechanism. 

Similar to the pDNA system presented here, encapsulation of other 
genetic materials, e.g. small interfering RNA (siRNA), in a chitosan- 
based delivery system can be beneficial with respect to selective 

release in basic conditions. In a study on Survivin (SVN), which is a 
target in cancer therapy, an effective siRNA/Cs complex with 200 nm 
particles has suppressed the growth of prostate cancer thanks to an 
improved cellular uptake by the Cs-based nanoparticles, while remain-
ing completely stable in acidic and neutral conditions [53]. 

3.6. MTT assay 

The MTT assay was used to assess the biocompatibility and toxicity 
of SPION@CsVC/pDNA nanoparticles on fibroblast cells. As illustrated 
in Fig. 8, there is no negative impact on viability of both cell lines by the 
presence of nanocarriers. There is also no significant difference among 
groups of Vero cells at the same time. On the other hand, the terms are 
somewhat different for EPC cells. The growth behavior of cells appar-
ently remains the same during 72 h of culture. The low cytotoxicity of 
plasmid/chitosan complexes are also illustrated in other studies. While 
protection of plasmids is approved by a DNase I assay in a previous study 
on plasmid/chitosan formulation, the MTT results confirm a negligible 
cytotoxicity on 293 T cells [54]. In another study on arginine-modified 
chitosan complexed with liposome systems, it is demonstrated by 
MTTassay performed 48 h after transfection that the nanoparticles are 
non-toxic to HEK293 T cells [55]. In another formulation consisting of 
iron oxide nanoparticles conjugated with chondroitin sulfate/polye-
thylenimine copolymers for pDNA delivery, the results indicate an 
almost non-toxic interaction of the nanoparticles with 293 T, CRL5802, 
and U87-MG cells [56]. Delivery of a DNA vaccine for Asian sea bass 
through the oral route using chitosan–tripolyphosphate nanoparticles 
has shown that the formulation is poorly citotixic to sea bass kidney cell 
line (SISK) [57]. With the established biocompatibility of chitosan as a 
natural polymer [58], it is then strongly approved by MTT results that 
the SPION@CsVC could be considered as a safe non-viral vector for 
delivery of pDNA through the gastrointestinal system. 

4. Conclusion 

In this study, biocompatible superparamagnetic iron oxide nano-
particles (SPION@CsVC) with a mean size of about 21 nm have been 
successfully synthesized by an in-situ co-precipitation method and 
coated with ascorbic acid modified chitosan to function as a carrier of 
pDNA through the gastrointestinal system. Clinically, this method pre-
sents a prospetive application in pDNA delivery through the gastroin-
testinal pathway to induce vaccination or treatment of large populations 
of fish. A remarkable pDNA protection and release behavior was 
observed in simulated gastric and intestinal environments in vitro. The 
FT-IR spectroscopy showed that chitosan and ascorbic acid are linked 
successfully. The XRD analysis showed that the synthesis process did not 
change the core structure. The results of VSM analysis confirmed the 
superparamagnetism of bare SPIONs with a saturation magnetization of 
about 52 emu/g. It was found that in presence of chitosan, the surface 
charge of cores would increase in magnitude. The pDNA loading is 
facilitated due to the electrostatic interactions with nanoparticles. The 
loading and stability of pDNA loading were optimal at pH = 4.3, and the 
release process was about 50% at pH = 9 after 96 h. The presented 
technique addresses the limitations such as cytotoxicity in delivering 
pDNA to the desired target of intestinal tissue [37]. However, the 
findings of this study suggest that tailoring the nanocarrier properties by 
functionalization and chitosan coating could effectively benfit the de-
livery by protecting the loaded DNA when exposed to the gastric fluid 
and selectively releasing it at the target intestinal site, thus contributing 
to the design of effective DNA delivery systems.Additionally, SPIONs as 
biocompatible particles would contribute to the integrity of the nano-
particles and magnetically assisted transfection of genes through the 
oral route. Therefore, combination of these features in a single nano-
system is a primising method for non-viral pDNA delivery compared to 
previous studies. 

Fig. 8. MTT results of Vero and EPC cells treated by the nanocarriers after 24, 
48, and 72 h of cell seeding. Different capital letters indicate significant dif-
ferences between different samples on the same time period (P < 0.05) and 
different small letters represent significant differences between different times 
of the same sample (P < 0.05). 
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