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Purpose: The objective of this work was to formulate a delivery system of pDNA encoded p53

gene-loaded chitosan-sodium deoxycholate (CS-DS) nanoparticles, and to evaluate their influ-

ence on in vitro cytotoxicity and transfection efficiency of p53 gene.

Methods: The prepared pDNA-loaded CS-DS nanoparticles were evaluated for morphology,

particle size, zeta potential, entrapment efficiency %, in vitro release, in vitro cytotoxicity,

and transfection efficiency.

Results: The mean particle size ranged from from 96.5 ± 11.31 to 405 ± 46.39 nm. All

nanoparticles had good positive zeta potential values. Entrapment efficiency % ranged from

38.25 ± 3.25 to 94.89 ± 5.67. The agarose gel electrophoresis confirmed the strong binding

between plasmid and CS. The in vitro pDNA release from nanoparticles exhibited an initial

burst effect followed by a sustained drug release over a period of 6 days. In vitro cytotoxicity

against human Caco-2 cells showed low cell cytotoxicity of plain CS-DS nanoparticles,

while pDNA-loaded CS-DS nanoparticles showed a cytotoxic effect with increasing nano-

particles' concentration. Gene transfection, analyzed by PCR and ELISA, showed a direct

correlation between gene expression and concentration of pDNA. The highest expression of

the gene was achieved with pDNA concentration of 9 µg/mL with 5.7 times increase

compared to naked pDNA of the same concentration.

Conclusion: The obtained results were very encouraging and offer an alternative approach

to enhancing the transfection efficiency of genetic material-loaded chitosan-based delivery

systems.

Keywords: p53 gene, chitosan-sodium deoxycholate nanoparticles, in vitro cytotoxicity,

gene transfection

Introduction
A commonly investigated polymer used as nanoparticles in gene delivery, is the

biodegradable and non-toxic chitosan (CS). This is mainly due to its positive

charge, which conveniently allows it to form complexes with the negatively

charged DNA macromolecules,1,2 thus avoiding nuclease degradation.3 Moreover,

the intensity of surface charge, and mucoadhesion property of CS-based nanopar-

ticles influence their ability to efficiently condensate DNA, facilitating the penetra-

tion of large molecules across the mucosal surface4 and protects encapsulated DNA

from degradation due to lysosomal enzymes.5 DNA-loaded CS nanoparticle com-

plexes have shown promising applications as gene delivery vehicles,6,7 neverthe-

less, they suffer from endosomal escape and weak cellular uptake.8 Numerous

studies signify the potential of CS nanoparticles as pDNA carrier through non-
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invasive nasal route,9–11 pulmonary administration,12 and

injectable depot systems for local gene therapy.13

Several derivatives of CS have been synthesized to

improve transfection efficiency of loaded DNA,6 including

conjugation of CS with transferrin protein,14 deoxycholic

groups,15 and lactose.16 The formation of complexes

between CS and bile salts, such as sodium deoxycholate

(DS), was shown to improve paracellular transport of

hydrophilic drugs, where at a certain concentration, bile

salts could form reverse micelles that include water mole-

cules, thus creating hydrophilic pores in cell membranes.17

Furthermore, the formation of a structurally stable CS-DS

complex,18,19 through intermolecular forces between the

positively charged amine functional group of CS and the

negatively charged deoxycholate, allows a more efficient

transport of proteins and peptides through phospholipid

membranes, prompted by the bile salt-lipid membrane

interactions.20,21

The encapsulation of pDNA, potentially used for can-

cer treatment,22 in nanoparticle complexes may discourage

their degradation23 and thus allow for their controlled

release.24 For example, the successful delivery of the p53

gene, coding for a tumor suppressant protein, can lead to

apoptosis in target cancer cells.25

The objective of the present study was to develop

nanoparticles based on the combination of CS and DS as

a delivery system for pDNA, aiming at enhancing trans-

fection efficiency of the loaded gene.

Materials and methods
Materials
pDNA (pcDNA3 p53 WT) was a gift from David Meek

(Addgene plasmid #69003). CS low molecular weight,

degree of deacetylation 75%–85%, was purchased from

Sigma-Aldrich Co. (St Louis, MO, USA). DS was purchased

from Alfa Aesar (Karlsruhe, Germany). Potassium dihydro-

gen phosphate (NaH2PO4) and sodium monohydrogen phos-

phate (Na2HPO4) were purchased from Adwic, EL-Nasr

Pharmaceutical Chemical Company (Cairo, Egypt). Caco-2

cell line was purchased from Vacsera-Holding Company for

Biological Products and Vaccines (Giza, Egypt).

Plasmid production and purification
pcDNA3 p53 WT was amplified in a cell culture of

Escherichia coli DH5-Alpha. Luria-Bertani medium

containing 100 µg/mL of ampicllin was used to grow

the bacteria.26 The medium was incubated overnight at

37°C. Cells were recovered by centrifugation and the

plasmid was purified by a kit-free alkaline lysis plas-

mid miniprep. The concentration and purity of pDNA

were determined spectrophotometrically by measuring

absorption at 260 and 280 nm using the following

equations:

pDNA concentration ðμg=mLÞ¼OD260 x 50 x dilution factor

To determine the purity of pDNA preparations, the

OD260/OD280 ratio was calculated, where a value ≈1.8
indicates that there is no contamination with protein or

phenol.

Preparation of pDNA-loaded CS-DS

nanoparticles
An ionic gelation technique, described by Cadete et al,27

was used to prepare pDNA-loaded CS-DS nanoparticles.

Briefly, CS and DS were dissolved separately in 0.1%

acetic acid solution and deionized water respectively,

creating stock solutions at concentrations of 1 mg/mL.

While the CS solution was stirred at 300 rpm (for 15

minutes at room temperature), different amounts of the

DS solution were added dropwise. For the preparation

of pDNA-loaded nanoparticles, the same method was

used with the addition of pDNA in the DS stock solu-

tion. The obtained dispersion was centrifuged at

12,000 rpm for 20 minutes at 4°C and nanoparticles

residue was re-suspended in deionized water and cen-

trifuged again. The compositions of different formulas

of pDNA-loaded CS-DS nanoparticles are shown in

Table 1. All formulations were prepared in triplicate.

Particle size analysis and zeta potential
The particle size (Z-average), polydispersity index

(PDI), and zeta potential of pDNA-loaded CS-DS nano-

particles were measured, using a Zeta Sizer Nano-series

(Nano ZS), Malvern Instruments, Malvern, UK, via

dynamic light scattering. Deionized water was used to

dilute all samples before measurements at 25±0.5°C (in

triplicate).

Morphology of pDNA-loaded CS-DS

nanoparticles
A transmission electron microscope (JEOL JEM Dos

electron microscope, JEOL, Tokyo, Japan) was used to

investigate the morphology of pDNA-loaded nanoparti-

cles. A small amount of sample was added onto a 200
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mesh carbon-coated copper grid. Absorbent filter paper

was used to remove any excess fluid from the sample.

An amount of 1% sodium phosphotungstate solution

was used to stain samples. Magnifications of up to

1,000,000× were used to view samples.

Entrapment efficiency (EE) %
Centrifugation method28 was used to determine EE% cal-

culated using Equation 1. Where the separation of free

pDNA from pDNA-loaded nanoparticles in a 1 mL sample

was achieved via a 20-minute centrifugation step at

12,000 rpm and 4°C. Nanoparticles residue was further

washed to completely remove any free pDNA residue.

This was achieved by re-suspending nanoparticle residue

in deionized water to be centrifuged again. UV absorbance

of the collected supernatant fractions were measured at

λmax =260 nm29 and were used to calculate the total

amount of free pDNA.

The EE% was determined using the following

equation:

E:E% ¼ ðWinitial pDNA � Wfree pDNA in supernatantÞ
Wintial pDNA

� 100

(Equation 1)

Where:

Winitial pDNA: is the total amount of pDNA in the

dispersion

Wfree pDNA in supernatant: is the determined amount

of free pDNA in supernatant

Agarose gel electrophoresis
To verify that pDNA is attached to the nanoparticles and the

resulting nanoparticles are established enough, agarose gel

electrophoresis was carried out. Free pDNA and pDNA-

loaded CS-DS nanoparticles (F6, F7, F8, F9, and F10 as

representative formulations for 2.5, 5, 10, 20, and 30% w/w

pDNA/CS, respectively) were applied onto a 1% agarose gel

containing Tris-acetate/EDTA buffer (pH 8) at constant vol-

tage (100 V). Then, the gel was stained with ethidium bromide

and visualized under UV light.30,31

In vitro pDNA release
In vitro release studies of pDNA from nanoparticles were

performed according to a previously published method.32

Briefly, separated pDNA-loaded nanoparticles, from the

aqueous dispersion (equivalent to 100 µg pDNA), were

placed into a small vial and re-suspended in 3 mL

Table 1 Mean particle size, polydispersity index (PDI), zeta potential, and entrapment efficiency % (EE%) of pDNA-loaded chitosan-

sodium deoxycholate (CS-DS) nanoparticles

Formula CS:DS (w:w) pDNA/CS

(w:w%)

Particle size ± SD (nm) PDI ± SD Zeta potential ± SD(mV) EE% ± SD

F1 2:1 2.5 391.5±51.24 0.53±0.06 58.40±5.13 75.56±7.25

F2 2:1 5 405.1±46.39 0.56±0.09 53.31±4.52 82.88±6.89

F3 2:1 10 383.3±41.72 0.52±0.10 55.34±6.12 90.63±8.78

F4 2:1 20 377.3±45.84 0.60±0.09 57.22±4.83 91.67±7.43

F5 2:1 30 371.4±27.26 0.52±0.08 53.32±4.24 94.89±5.67

F6 1:1 2.5 264.5±21.45 0.41±0.09 47.15±3.87 72.23±6.88

F7 1:1 5 275.1±16.34 0.26±0.07 44.16±4.81 84.94±7.18

F8 1:1 10 223.9±17.82 0.32±0.06 44.34±3.64 86.84±5.54

F9 1:1 20 204.4±12.63 0.34±0.04 39.20±2.78 91.54±8.77

F10 1:1 30 198.6±19.22 0.24±0.07 40.50±3.84 92.88±6.39

F11 1:2 2.5 192.8±14.51 0.44±0.06 38.60±2.92 48.46±3.12

F12 1:2 5 173.3±15.36 0.32±0.06 37.42±3.33 54.54±5.64

F13 1:2 10 177.2±19.87 0.46±0.05 38.34±3.18 70.88±4.78

F14 1:2 20 154.9±11.48 0.35±0.04 41.56±5.11 76.74±6.12

F15 1:2 30 158.8±16.53 0.37±0.04 44.45±3.82 74.78±6.54

F16 1:3 2.5 131.3±18.34 0.42±0.08 38.60±2.74 38.25±3.25

F17 1:3 5 127.2±9.49 0.37±0.05 37.42±2.69 49.47±3.13

F18 1:3 10 105.3±16.73 0.52±0.04 34.34±2.84 53.73±3.27

F19 1:3 20 96.5±11.31 0.56±0.07 34.91±4.15 52.54±5.44

F20 1:3 30 116.1±9.84 0.41±0.06 35.20±3.67 55.76±5.33
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phosphate buffer (pH 7.4) at 37°C under shaking condi-

tions. A separate vial was prepared for each time point. At

predetermined time points (1, 2, 4, 8, 16, 24, 48, 72, 96,

120, and 144 hours), one entire vial sample was removed

and centrifuged at 12,000 rpm for 15 minutes and the

supernatant was used to determine the amount of pDNA

released spectrophotometrically at 260 nm. All experi-

ments were run in triplicate.

Stability studies
Stability studies were performed on pDNA-loaded nano-

particles (F10 and F15). F10 and F15 were selected as

representative formulations for 1:1 and 1:2 w/w ratio of

CS:DS and for their reasonable particle size, EE%, and

zeta potential. Nanoparticles residue, prepared following

the method described previously, was allowed to dry over-

night at room temperature and then stored at 4°C in light-

protected glass vials for a period of 1–3 months. Once the

storage period was complete, samples were dispersed in

deionized water and were analyzed for zeta potential,

mean particle size, and EE% values.

Cells and culture conditions
Caco-2 cells (colorectal adenocarcinoma) have been used

as a model cell for evaluation of cytotoxicity of nanopar-

ticles containing p53 gene. DMEM was used for culturing

and maintenance of the human tumor cell line Caco-2

cells. The medium was brought up to 37°C using a water

bath and supplemented with 1% antibiotic (penicillin

G potassium (SERVA) + streptomycin, 10% FBS)..

In vitro cytotoxicity of pDNA-loaded

CS-DS nanoparticles
Comparison of in vitro cytotoxicity of pDNA-loaded

CS-DS nanoparticles, free pDNA, and plain nanoparti-

cles was carried out in the Central laboratory, Faculty of

agriculture, Cairo University. Neutral red uptake assay

was used to determine the in vitro cytotoxicity; this was

based on viable cells’ ability to incorporate and bind the

supravital neutral red dye.33 After cell seeding and

attachment, the media discarded gently and different

concentrations of the compounds were prepared by dis-

solving and diluting it with DMEM. Treatment media

(200 μL) were dispensed into four replicates for each

concentration, other wells were filled with media only

(as a negative control) and wells were filled with media

containing doxorubicin HCL (6 µg/mL) as a positive

control. After that, the 96-well plate was covered with

a lid and incubated at 37°C for 48 hours. After the

incubation period, the medium was decanted from the

wells, and 100 µL of neutral red medium (which was

prepared and incubated at 37°C for 24 hours and cen-

trifuged at 1,800 rpm for 10 minutes to remove any

precipitated dye crystals) was added into each well and

incubated again for 3 hours at 37°C. After incubation,

the dye containing medium was decanted and each well

was rinsed gently two times with 150 µL PBS solution

to remove the unabsorbed neutral red dye contained in

the wells. An amount of 150 µL of destain solution was

added and incubated for 10 minutes with shaking. The

absorbance of acidified ethanol solution containing

extracted neutral red dye was measured using

a microplate reader and cell viability was calculated.

The optical densities were measured at 540 nm. The

cell viability % was calculated using the following

equation:

Cell viability % ¼ optical density of treated cells

optical density of control cells
� 100

(Equation 2)

In vitro transfection studies
An in vitro transfection method was adapted from

a previously published study34 using Caco-2 cell line as

a model. The cells were grown and prepared for cell seeding

and attachment, once completed, the media were discarded

gently. Using DMEM, a range of dilutions were prepared of

the compounds. An amount of 200 μL of treatment media

were dispensed into four replicates of each concentration,

after which the covered 96-well plate was incubated at 37°C

for 4 hours. Following this, the media were changed and re-

incubated for 44 hours. The transfection efficiency was eval-

uated by quantification of p53 gene expression levels by

qPCR and p53 protein content by ELISA kit.

p53 gene expression evaluated by qPCR
The collected culture supernatants were analyzed for the mea-

surement of p53 gene expression. RNA was extracted from

Caco-2 cells via homogenization of cells followed by purifica-

tion and reverse transcription into cDNA using RT-PCR kit

supplied by SuperScript Choice System (Life Technologies,

Thermo Fisher Scientific, Waltham, MA, USA). cDNA (0.5

µL) was added to the individual PCR tubes containing the real

time-PCR reaction mixture for a final volume of 50 μL.
Reactions were run on an ABI PRISM 7900 HT detection
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system (Applied Biosystems, Thermo fisher Scientific) and

the PCR conditions were as follows: 40 cycles of denaturation

at 95°C for 1 minute, annealing at 60°C for 1 minute, and

elongation at 72°C for 1 minute. Data were analyzed with the

ABI Prism sequence detection system software and quantified

using the v1.7 sequence detection software from PE

Biosystems (Foster City, CA, USA). The relative expression

of studied genes was calculated using the comparative cycle

threshold (Ct) method. The 2−ΔΔCt method35 was used to

determine relative quantitative level of target gene. The ΔCt
was calculated by subtracting GAPDH Ct from that of target

gene whereas ΔΔCt was obtained by subtracting the ΔCt of
control from that of target gene.

p53 protein content evaluated by ELISA kit
ELISA was used to evaluate p53 protein content in Caco-2

cells after treatment with naked pDNA and pDNA-loaded CS-

DS nanoparticles (F10) using the p53 ELISA kit (catalog no

MBS355295,MyBioSourceCompany, SanDiego, CA,USA).

Statistical analysis
The SPSS program (version 12.0, SPSS Inc., Chicago, IL,

USA) was used to compare results via Student’s t-test.

Paired t-test was used to compare stability data. Values

were reported as mean ± SD. A significant difference was

considered at P<0.05.

Results and discussion
Particle size analysis and zeta potential
The size of pDNA-loaded nanoparticles ranged from 96.50

±11.31–405.10±46.39 nm while PDI values ranged from 0.24

±0.04–0.60±0.09 (Table 1). These results revealed that the

amount of DS in the formulation and the resulting mean

particle size were inversely correlated (r2=0.965, P<0.05).

However, increasing the amount of entrapped pDNA did not

seem to significantly affect themean particle size as well as the

size distribution within the same formulation. Similar results

were previously reported.27

The values of zeta potential (Table 1) ranged between

+34.34 and +58.40 mV. The higher values of zeta poten-

tial are considered as an indicator of physical stability of

the prepared pDNA-loaded nanoparticle dispersions. The

obtained results indicated that values of zeta potential

have significantly (P<0.05) decreased as DS concentra-

tion increased. This might be due to the masking effect of

DS on the free positively charged amino groups of CS.

Moreover, the higher entrapment % of the negatively

charged pDNA leads to greater decrease in values of

zeta potential.36

EE%
Table 1 shows that the EE% of the prepared pDNA-loaded

CS-DS nanoparticles ranged from 38.25±3.25%–94.89

±5.67%. These results indicate that, at constant pDNA

concentration, increasing % of CS in the nanoparticles

resulted in a significant (P<0.05) increase in EE%. This

may be due to the presence of a higher CS concentration in

the preparation medium which led to the binding of more

pDNA.37,38 Moreover, EE% of pDNA is improved as the

concentration of pDNA increased at constant CS:DS ratio.

Transmission electron microscopy (TEM)
The TEMmicrophotographs of representative pDNA-loaded

CS-DS nanoparticles (F10 and F15, Figure 1A and B,

500 nm
HV=80.0KV HV=80.0KV

100 nm

BA

Figure 1 Transmission electron microscopy image of pDNA-loaded chitosan-sodium deoxycholate nanoparticles (A) F10 and (B) F15.
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respectively) revealed that pDNA-loaded nanoparticles of

both formulations exhibited aggregation-free spherical

shapes. Furthermore, particle dimensions were shown to be

of nano-size, thus in agreement with particle size analysis

performed by dynamic light scattering.

Agarose gel electrophoresis
The ability of CS-DS nanoparticles to attach to pDNA

and the stability of such complex were evaluated by

agarose gel electrophoresis. Figure 2, lane 1 represents

the intact pDNA, while lanes 2–6 represent pDNA-

loaded CS-DS (F6–F10 respectively). The strong attach-

ment of pDNA to the CS-DS nanoparticles is demon-

strated in F6–F10’s resistance to migration.

Furthermore, no unbound pDNA was detected, further

confirming the strong attachment between CS-DS nano-

particles and pDNA.6

In vitro release of pDNA from CS-DS

nanoparticles
The release profiles of pDNA from CS-DS nanoparticle

formulations prepared with 30% of pDNA (F5, F10, F15,

and F20) are illustrated in Figure 3. The release profiles

showed an initial rapid release of approximately 15% of

the loaded pDNA during the first 4 hours, which may be

attributed to the dissociation of the loosely bound pDNA

molecules, as well as the diffusion of pDNA molecules

dispersed close to the surface.39 Furthermore, a slow

release of pDNA was observed over the remaining 144

hours, attributed to the steady release of entrapped

pDNA.40

Stability of the selected pDNA-loaded

CS-DS nanoparticle formulations
Results of the stability study for F10 and F15 before and

after storage at 4°C for 1 and 3 months are shown in

Table 2. The results indicate that the mean particle size,

zeta potential, and EE% of pDNA-loaded CS-DS nano-

particles were not affected by storage compared to values

of the same parameter measured before storage. The

slight change in the mean particle size, zeta potential,

and EE% was found to be statistically insignificant

(P>0.05, paired t-test) indicating the stability of pDNA-

loaded CS-DS nanoparticles at 4°C.

In vitro cytotoxicity effect of

pDNA-loaded CS-DS nanoparticles on

Caco-2 cells
The selection of F10 as an optimum formulation for

pDNA-loaded CS-DS nanoparticles to evaluate their

in vitro cytotoxicity and transfection assays, was made

based on their small and homogenous particle size (198.6

nm, PDI =0.24) in addition to their positive zeta potential

values (+40.50 mV). Plain CS-DS nanoparticles (without

pDNA) and untreated cells were used as controls. In this

study, plain 1:1 CS:DS nanoparticles were prepared and

diluted in such a way that the nanoparticle dispersions

contained 5, 10, 15, 20, 30, and 40 μg/mL of CS. pDNA-

loaded CS-DS nanoparticles were diluted in the same

manner to have the same CS concentrations and pDNA

equivalent to 1.5, 3, 4.5, 6, 9, and 12 μg/mL. In vitro

cytotoxicity effect of plain nanoparticles on Caco-2 cells

after 48 hours (Figure 4A) showed no cytotoxicity up to

10 μg/mL. However, as the concentration of CS in plain

1 2 3 4 5 6

Figure 2 Electrophoretic analysis of the free pDNA and pDNA loaded chitosan-

sodium deoxycholate (CS-DS) nanoparticles, lane1: free pDNA, lane 2–6: pDNA-

loaded CS-DS nanoparticles (F6–F10, respectively).
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Figure 3 In vitro release profiles of pDNA from different formulations prepared from

chitosan-sodium deoxycholate nanoparticles with 30% of pDNA (F5, F10, F15, and F20).
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nanoparticles increased, the cell viability began to

decrease and showed slight cytotoxicity. The reduced

cell viability might be attributed to the higher CS con-

centration. Similar results have been previously

reported.41

In vitro cytotoxicity of different concentrations of

naked pDNA (Figure 4B) showed that cell viability

remains roughly the same (≈96%) even when the con-

centration of pDNA was raised from 1.50 to 12 μg/mL,

there was no significant change in cell viability. On the

other hand, cell viability % in case of pDNA-loaded CS-

DS nanoparticles (Figure 4B) gradually decreased reach-

ing 63.20%±3.80% at pDNA concentration of 12 µg/mL.

The reduction in cell viability may be attributed to cell

apoptosis as a result of cellular uptake of loaded p53.

In vitro transfection efficiency
p53 gene expression evaluated by qPCR

PCR was used to evaluate the in vitro transfection of

pDNA into Caco-2 cells after treatment with different

concentrations (1.5, 3, 4.5, 6, 9, and 12 μg/mL) of naked

pDNA and pDNA-loaded CS-DS nanoparticles (F10).

Figure 5 shows the fold expression of p53 gene in Caco-

2 cells after both treatments. The results revealed

a negligible increase in p53 gene expression levels for all

naked pDNA concentrations. On the other hand, there was

a significant increase (P<0.05) in p53 gene expression

levels for all concentrations of pDNA-loaded nanoparticles

when compared to the control. The improvement in trans-

fection efficiency of 1.5, 3, 4.5, 6, 9, and 12 μg/mL

pDNA-loaded in F10 was 3.72, 3.81, 3.99, 4.99, 5.7, and

4.26 times, respectively, compared to the fold expression

obtained with the same concentrations of naked pDNA.
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Figure 4 In vitro cytotoxicity on Caco-2 cells of (A) plain chitosan-sodium

deoxycholate (CS-DS) nanoparticles (represented as CS concentration) and (B)
pDNA-loaded CS-DS nanoparticles (F10) compared to naked pDNA.
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Figure 5 Fold expression of p53 gene in Caco-2 cells treated with naked pDNA

and pDNA-loaded chitosan-sodium deoxycholate nanoparticles (F10).

Table 2 Mean particle size, zeta potential, and entrapment efficiency % (EE%) of F10 and F15 before and after storage at 4°C

Storage period

(month)

Formula Mean particle size (nm) ± SD,

n=3

Mean zeta potential (mV) ± SD,

n=3

Mean EE% ± SD,

n=3

0 F10 198.6±19.22 +40.5±3.84 92.88±6.39

F15 158.9±16.53 +44.2±3.82 74.78±6.54

1 F10 191.2±16.50 +41.1±3.25 91.91±7.83

F15 162.9±14.48 +46.1±4.94 72.42±8.24

3 F10 215.4±19.80 +41.6±4.76 88.32±5.54

F15 171.6±15.62 +47.2±5.21 71.31±9.07
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p53 protein content evaluated by ELISA kit

ELISAwas used to measure p53 protein content in Caco-2

cells (Figure 6) after treatment with naked pDNA and

pDNA-loaded CS-DS nanoparticles (F10). The increase

in p53 protein content by pDNA-loaded in F10 was 1.23,

1.66,1.78, 1.89, 2.82, and 2.01 times for 1.5, 3, 4.5, 6, 9,

and 12 μg/mL pDNA, respectively, compared to the same

concentrations of naked pDNA. These results are in good

agreement with qPCR p53 gene expression. The higher

cellular uptake and improved transfection were attributed

to several reasons such as the positive surface charge of

the pDNA-loaded nanoparticles that allows an electrostatic

interaction between negatively charged cellular mem-

branes and positively charged nanoparticles. Moreover,

the presence of DS has an impact on cell permeability.27

In addition, the nanosized particles cross the cells easily

and can deliver the pDNA in appropriate amounts.31

Conclusion
pDNA encoded p53 gene was successfully incorporated

into CS-DS nanoparticles. The nanoparticles were pre-

pared without the need for reactions involving chemicals

or solvents. The prepared nanoparticles exhibited nan-

ometer-sized particles and entrapment efficacy ranged

from 38.25%–94.89% of pDNA and released the loaded

pDNA in a sustained release manner. The prepared nano-

particles showed higher transfection efficiency than naked

p53 in Caco-2 cells. Our results indicate the success of

cellular transfection and consequent protein p53 expres-

sion. The present work demonstrated that p53-loaded CS-

DS nanoparticles can be considered as a good candidate

for anti-cancer gene delivery systems. Although important

development was achieved in CS-based systems for gene

delivery, clinical trials are still required.
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