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ARTICLE INFO ABSTRACT

Keywords: Aims: The development of highly efficient and low toxic non-viral gene delivery vectors is the most challenging
Cerium oxide nanoparticles issues for successful application of gene therapy. A particular focus has been on understanding structure-activity
pOIYethyl.e“imi“e relationships for transfection activity and toxicity of polyethylenimine (PEI). During the last decade, the use of
Gene delivery cerium oxide nanoparticles (CeO,-NPs) in biomedicine has attracted much attention due to their pH-dependent
Transfection P .. . . . . .

Cytotoxicity antioxidant activity. CeO,-NPs provide protection normal cells from various forms of reactive oxygen species,

but possess innate cytotoxicity and apoptosis to cancer cells. The purpose of this study was to design a new class
of gene carriers by low molecular weight PEI (B-PEI 10 kDa) coordination onto CeO,-NPs.

Main methods: B-PEI 10 kDa was conjugated to CeO,-NPs by Epichlorohydrin linker. Transfection efficiency,
cytotoxic and apoptotic effects of pDNA-PEI-CeO, NPs were evaluated on WEHI 164 cancer cells and normal
L1929 cells lines.

Key findings: PEI-CeO, NPs was able to condense the pDNA at carrier/plasmid (C/P) weight ratios of 0.5. The
size and zeta potential of pDNA-PEI-CeO, NPs were 124 = 7nm and 22 * 2mV, respectively. The transfection
efficacy of synthesized pDNA-PEI-CeO, NPs improved and the cytotoxicity was decreased compared to pDNA-
PEI. Moreover, pDNA-PEI-CeO, NPs induced more apoptosis than unmodified PEI and CeO,-NPs control groups.
PDNA-PEI-CeO, NPs displayed more transfection, cytotoxicity, and apoptosis in WEHI 164 cancer cells than
normal L929 cells.

Significance: In conclusion, PEI-CeO, nanocarriers could act as a potential candidate for gene and drug delivery
to cancerous and tumor cells.

1. Introduction

The success of gene therapy is related to development of a delivery
system that can efficiently transfer nucleic acids to target cells without
causing adverse effects [1]. As a potent group of nonviral gene delivery
vectors, cationic polymers spontaneously interact with nucleic acids
which protect and compact them to nano-sized nucleic acids carriers,
known as polyplexes [2]. Among cationic polymers, polyethylenimine
(PEI) is known as a gold standard for polymeric gene delivery [3]. The
positively charged amine groups of PEI increase the proton
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concentration in the acidic pH of endosome, owing to their high buf-
fering capacity, resulting further permeation of water and subsequently
DNA release increased by osmotic swelling and rupture of the en-
dosomal membrane which is known as “proton sponge” effect [4,5]. PEI
with molecular weight (MW) between 800 and 25,000 Da have been
used for gene delivery. High MW PEI is proper for gene delivery, while
it has unacceptable cytotoxicity. Low MW PEI is less toxic, but it does
not exhibit effective cell transfection and uptake [6,7].

The fact that cells take up nanoparticles can be used to bring nucleic
acids into a living cell [8]. Recently, quite a number of oxide
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Fig. 1. A) Chemical reaction (nucleophilic substitution) between CeO,-NPs and B-PEI 10 kDa to form PEI-CeO, NPs: a) Epichlorohydrin functionalized CeO,-NPs; b)

B-PEI 10 kDa coated CeO,-NPs.
B) Schematic showing of pDNA-PEI-CeO, NPs.

nanoparticles attract much attention as potential drug and gene de-
livery carriers due to their versatile physiochemical properties [9].
Cerium is a rare earth element with two oxidation states, Ce (4™) and
Ce (3™) that can be switched with each other [10,11]. During the last
decade, the use of cerium oxide nanoparticles (CeO,-NPs) in biomedi-
cine has attracted much attention due to their ability in switching
oxidation states according to environmental status [12,13], and their
specific chemical, physical and biological properties [14-17]. CeO5-NPs
served as natural reactive oxygen species (ROS) scavengers therefore
protect normal cells from various forms of ROS generation [18,19].
CeO,-NPs have pH-dependent antioxidant activity for improved cancer
therapeutics, as they provide cytoprotection from free radicals to
normal cells, but not to cancer cells, which are typically in an acidic
environment, thus they can consider as a therapeutic agent to treatment
of cancer via induction of oxidative stress and apoptosis [20,21].

To expand the applications of CeO, NPs, scientists are investigating
methods to prevent the nanoparticles aggregation in the biological
media or within the body [22]. So coating CeO»-NPs with PEI may be
able to prevent them from aggregation. Also there is a possibility to
improve gene delivery efficiency and reduce cytotoxicity of PEI by
conjugating it to other molecules [23,24]. In this study, PEI 10 kDa was
used because of its lower toxicity (in comparison with PEI 25kDa)
[25,26] in order to design a non-viral gene delivery vector consist of B-
PEI 10kDa and CeO,-NPs with high transfection efficiency and low
cytotoxicity.

2. Materials and methods
2.1. Materials

Branched polyethylenimine (B-PEI; MW 10kDa and 25kDa) were
purchased from Polysciences, USA. Dimethyl sulfoxide (DMSO), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), trypsin
0.25%, penicillin and streptomycin were purchased from Sigma-
Aldrich, Germany. Epichlorohydrin and sodium hydroxide (NaOH)
were supplied from Merck, Germany. 4-(2-Hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES), glucose, sodium tetraborate, phos-
phate buffered saline (PBS), and 2,4,6-trinitrobenzene sulfonic acid
(TNBS) were supplied from Sigma-Aldrich, USA. Ethidium bromide was
purchased from CinnaGen, Iran. Tris-Borate-EDTA (TBE 5Xx), DNA
green viewer, and loading dye buffer were obtained from Pars tous,
Iran. pCMV-EGFP and lysis buffer were purchased from Promega, USA.
FITC annexin V apoptosis detection kit with PI was supplied from IQ
product, Netherlands. All other used solvents and reagents were che-
mical grade. Double distilled water (DDW) was used in all steps.

2.2. Cell lines and media

WEHI 164 is a mouse BALB/c fibrosarcoma cell line and 1929 is a
mouse fibroblast cell line were obtained from the Pasteur Institute, Iran
and cultured in Dulbecco's modified Eagle medium (GIBCO, USA) high
glucose medium supplemented with penicillin (100IU/mL), strepto-
mycin (100 pg/mL), and 10% FBS (GIBCO, USA). The cells were
maintained in an incubator at 37 °C and 5% CO,.

2.3. Plasmid preparation

The CMV-EGFP plasmid encoding enhanced green fluorescent protein
(EGFP) was transformed into Escherichia coli-DH5a and extracted by
plasmid extraction kit (Qiagen, Germany) according to the manufac-
turer's instructions. The purity of plasmid DNA (pDNA) was confirmed
by agarose gel electrophoresis. Moreover, the pDNA concentration es-
timated by measuring the absorbance at 260 nm and the ratio of ab-
sorbance at 260nm vs 280nm using ultraviolet spectrophotometer
(Cecil, CE-9500, UK) [27,28].

2.4. Preparation of PEI-CeO, NPs

CeO,-NPs were prepared via green method by applying Chitosan as
a stabilizer according to our previously described procedure [29]. To
form PEI-CeO, NPs, CeO,-NPs were functionalized with Epi-
chlorohydrin through nucleophilic substitution (Sy2) reaction (Fig. 1A)
[30]. 25 mg (0.145 mM) of CeO, nanopowder was suspended in 5 mL of
NaOH (0.1 M) solution under constant stirring for 5 min at room tem-
perature. Then, 2.5 mL of Epichlorohydrin and 0.25 mL of NaOH (2 M)
were added to suspension and stirred at room temperature for 8 h. After
that, the reaction mixture was centrifuged at 10,000 rpm for 3 min and
the supernatants were disposed. The resulting pellet was washed with
deionized water (2 or 3 times) followed by centrifugation at 10,000 rpm
for 3 min. This was done until the pH of the product (Epichlorohydrin
coated CeO,-NPs) was reached approximately to 7. Finally, the product
was dried under vacuum pump system (Vacuubrand, BVC 21, Ger-
many).

Next, 20 mg of B-PEI 10kDa (0.002 mM) was added to dried mix-
ture (Epichlorohydrin coated CeO,-NPs) and dissolved in 125 mL of
deionized water and stirred for 24 h at room temperature. B-PEI 10 kDa
opened the epoxide ring on the Epichlorohydrin molecule to form PEI-
CeO, NPs (Sn2 reaction) (Fig. 1A). Finally, the reaction mixture was
centrifuged at 4000 rpm for 10 min and the supernatants were dis-
carded and resulting pellet was washed with deionized water (3 or 4
times) followed by centrifugation at 4000 rpm for 10 min until the pH
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of product (B-PEI 10 kDa coated CeO,-NPs) was reached to 7 [31].

In order to remove unreacted solvents, the B-PEI 10kDa coated
CeO,-NPs (PEI-CeO, NPs) were dialyzed against deionized water for
24h (the Spectra/Por dialysis membranes with MWCO of 10kDa,
Spectrum Laboratories, Houston, USA). Finally, PEI-CeO, NPs were
dried under freeze dryer (Martin Christ, Alpha 2-4 LD plus, Germany).

2.5. Characterization of PEI-CeO, NPs

The prepared PEI-CeO, NPs were characterized by transmission
electron microscopy (TEM) (Carl Zeiss, EM 900, Germany), field
emission scanning electron microscope (FE-SEM) (TESCAN, MIRA3,
Czech Republic), energy dispersive X-ray spectroscopy (EDX) (Oxford
instruments, EDS-6636, UK), and Fourier transform infrared spectro-
scopy (FTIR) (Perkin Elmer, Spectrum GX, USA).

2.6. Preparation of pDNA-PEI-CeO, NPs

For preparation of polyplexes, different concentrations of vectors
(C) were separately diluted in 50 pL of HBG buffer (HEPES-buffered
glucose, 20 mM HEPES, 5% glucose, pH 7.4) and mixed with 50 pL of
pDNA (P) diluted in the HBG buffer (2pg/50 uL). According to PEI-
CeO,/pDNA weight ratios (C/P), PEI-CeO, NPs were added to pDNA
(pCMV-EGFP) and after gentle mixing, solution was incubated at room
temperature for 20 min to form the polyplexes.

2.7. Determining size and zeta potential of polyplexes

The particle size and zeta potential of the pDNA-PEI-CeO, NPs were
measured by dynamic light scattering (DLS) using a Zetasizer (Malvern,
Nano ZS, UK) at C/P 1. For this purpose, 5 uL of 1 mg/mL of PEI-CeO,
NPs were diluted in 120 uL. HBG buffer and added to an equal volume of
the same buffer containing pDNA (5pug pDNA in 125 puL HBG). After
20 min incubation, polyplexes size and zeta potential were measured.
All measurements were performed triplicate and the results reported as
mean * SD.

2.8. Ethidium bromide exclusion assay (DNA condensation capacity)

The DNA condensation capacity of PEI-CeO, NPs was performed
using ethidium bromide (EtBr) exclusion assay according to the method
described by Askarian et al. [32]. EtBr as a DNA-intercalating dye,
when interacted with double-stranded pDNA, emits fluorescence. The
condensation of pDNA by PEI-CeO, NPs was assessment by decrease in
fluorescence intensity of EtBr. The fluorescence intensity of HBG buffer
(pH7.4) containing the 0.4 pg/mL EtBr and 5 pL of 1 mg/mL of pDNA
was determined using a spectrofluorometer (Jasco, FP-6200, Japan).
The excitation and emission wavelengths were 510 and 590 nm, re-
spectively. At first, the fluorescence intensity of EtBr/DNA solution was
set to 100% and then the fluorescence intensity change was measured
by adding stepwise 2.5 pL of PEI-CeO, NPs (1 mg/mL) to the EtBr/DNA
solution. All measurements were performed in triplicate and the results
reported as mean with SD. Graph was constructed by plotting the re-
lative fluorescence intensity (%) against the C/P ratios (w/w).

2.9. TNBS assay (amount of B-PEI 10 kDa amines grafted to CeO,-NPs)

The amount of primary amines of PEI-CeO, NPs was determined by
TNBS assay according to the method described by Snyder et al. [33].
The values of grafting degrees were determined using the differences
between the amounts of primary amines groups on unmodified B-PEI
10 kDa compared to PEI-CeO, NPs.

Life Sciences 232 (2019) 116661

2.10. Gel retardation assay (DNA condensation ability of the PEI-CeO
NPs)

To evaluate the condensation ability of PEI-CeO, NPs with pDNA in
different C/P ratios, gel retardation assay was used. The tightly con-
densed DNA could not migrate through the agarose gel. After 20 min
incubation of PEI-CeO, NPs with pDNA (0.5 ug per well) in different C/
P ratios, 10 pL of the polyplexes was mixed with 1 uL of green viewer
dye and loaded into individual wells on agarose gel 1% at 100 mV in the
TBE 1 X buffer. Naked pDNA was utilized as a control. After 20 min,
DNA bands were visualized under gel documentation (gel imager)
(Syngene, U: Genius, India).

2.11. Transfection efficiency and cytotoxicity assay

Transfection efficiency and cell viability assay of pDNA-PEI-CeO,
NPs were investigated by WEHI 164 cancer cells and 1929 normal cells
using CMV-EGFP plasmid as described previously [32,34]. Cells at a
density of 1 x 10 cells/well were seeded in 96-well plates and in-
cubated in 37 °C and 5% CO, for 24 h. Polyplexes were prepared at
different C/P ratios (0.4 pug plasmid/well) in the range 2 to 6 (w/w) and
then were added to each well containing fresh DMEM medium (100 pL)
without FBS and incubated for 4h. Identical concentration of B-PEI
10kDa was use as control. After 4 h incubation, the medium was re-
moved and replaced with fresh DMEM medium supplemented by FBS
and cells were incubated for an additional 24 h.

Then, for transfection experiment, after 24h incubation, the
medium was removed and lysis buffer was added to each well. The
fluorescence intensity of EGFP was measured using a fluorescent plate
reader (Perkin-Elmer, VICTOR X5, USA) at excitation 485nm and
emission 535nm. Also in order to visualize the transfection results,
fluorescence microscope (Nikon, Eclipse E200, Japan) was used to
capture images of expressed EGFP protein within the cells.

For cytotoxicity experiment, after 24 h incubation, the incubation
solutions were aspirated and 10 pL of MTT (5 mg/mL dissolved in PBS)
was added to each of the wells and incubated for 4 h. After 4h, the
medium was discarded and 100 pL of DMSO was added to each well to
dissolve the formazan crystals formed by live cells. The color intensity
of the resulting solution was recorded at 540 nm (630 nm as reference)
by a 96-well plate reader (BioTek, Epoch, USA). The relative cell via-
bility was expressed as the percentage of living cells compared to un-
treated control cells with 100% viability.

Also identical concentration of PEI 25 kDa as gold standard among
non-viral vectors was used as control at C/P 0.8. At the C/P ratio of 0.8,
the best transfection efficiency with lowest cytotoxicity has reported
[35,36]. Transfection and cytotoxicity experiments were carried out in
five replications and the results reported as mean with SD.

2.12. Apoptosis assay

1 x 10° cell per well of WEHI 164 and 1929 cells were seeded in 24-
well plates and incubated for 24h. Polyplexes (pDNA/vector) con-
taining 4 pg plasmid/well were prepared at C/P 4 and then were added
to each well containing fresh DMEM medium (1000 pL) without FBS
and incubated for 4 h. After 4 h incubation, the medium was removed
and replaced with fresh DMEM medium supplemented by FBS and cells
were incubated for an additional 24 h. Identical concentrations of B-PEI
10 kDa and CeO,-NPs were used as control groups. For preparation of
PDNA-CeO, NPs, identical concentration (C/P 4) of CeO,-NPs was di-
luted in HBG buffer and was added to pDNA diluted in the HBG buffer
and after gentle mixing, solution was incubated at room temperature
for 20 min.

Thereafter, the apoptosis assay was performed by Annexin V/PI
detection kit according to manufacture instructions as mentioned
elsewhere [37] and analyzed by flow cytometer (Becton Dickinson,
FACSLyric, USA). The results provided as dot plots. The dot plots were
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divided into four quadrants using FlowJo software. In FACS plots, ne-
crotic cells represented in the upper left quadrant (Q1) (Annexin V™,
PI™), Late apoptotic and dead cells indicated in the upper right quad-
rant (Q2) (Annexin V*, PI™), Early apoptotic cells displayed in the
lower right quadrant (Q3) (Annexin V*, PI™), and live cells shown in
the lower left quadrant (Q4) (Annexin V~, PI") [38,39]. The percen-
tage of the Q1 + Q2 + Q3 reported as mean of the apoptotic and ne-
crotic cells. Apoptosis experiment was performed in triplicate and the
results expressed as mean with SD.

2.13. Statistical analysis

Data were analyzed using one-way analysis of variance (ANOVA)
and two-way analysis of variance (ANOVA). Tukey's post-test and
Sidak's multiple comparisons test were performed to assess the sig-
nificance of the differences among different groups. All statistical
analyses were performed using Graph Pad Prism 6 Software. The
P <0.05 was considered as statistically significant. *Means P.
value < 0.05, ** means P. value < 0.01, *** means P. value <
0.001, and **** means P. value < 0.0001.

3. Results
3.1. Preparation and characterization of PEI-CeO, NPs

B-PEI 10kDa was successfully conjugated to CeO,-NPs. The at-
tachment of PEI to CeO,-NPs was confirmed by TEM, FE-SEM, EDX
(EDS), and FTIR methods. The synthesized PEI-CeO, NPs (Fig. 2) were
well dispersed in distilled water and did not precipitate even after 24 h.

3.1.1. TEM

PEI-CeO, NPs were dried under freeze dryer and then their mor-
phology and structure were confirmed by TEM. Fig. 3A displays the
TEM images of synthesized PEI-CeO, NPs with different magnifications.
TEM observation was revealed that this material consists of a scaffold of
PEI that embraced CeO,-NPs. The dark color in the center is attributed
to CeO,-NPs and the light colored around the center can be attributed
to PEL

3.1.2. FE-SEM

The topography of PEI-CeO, NPs was investigated by FE-SEM
(Fig. 3B). FE-SEM images revealed porous structure with uniform size
and shape. Also comparison between FE-SEM images of CeO»-NPs and
PEI-CeO, NPs showed that a layer of PEI polymer was covered on the
surface of CeO,-NPs after conjugation (Fig. 3C).

As shown in Fig. 3C, in the similar magnification (200 KX), view
field of CeO,-NPs image is 0.692 pm and increases to 0.924 pm in PEI-
CeO, NPs image. This is consistent with FTIR results (Fig. 5), in which
wavenumbers 3281 and 3358cm™! in PEI spectrum increase to
3391 cm ™! in PEI-CeO, NPs spectrum. The main reason behind these
increases is covering of CeO,-NPs by PEL

3.1.3. EDX

Chemical characterization and elemental analysis of a PEI-CeO, NPs
were studied by EDX. The EDX spectrum (Fig. 4) showed characteristic
peaks of cerium (Ce), oxygen (O), and nitrogen (N). No peak was ob-
served for carbon (C), because EDX analysis has low sensitivity for
elements with low atomic number. Moreover, no other peaks were
detected that could be related to any phase impurity.

Based on elemental composition via EDX analysis, the amount of B-
PEI 10 kDa and CeO,-NPs in PEI-CeO, NPs were determined to be 65%
and 35% respectively. Moreover, elemental analysis of PEI-CeO5 NPs
was confirmed via gravimetric analysis. In this method, 18.8 mg of PEI-
CeO, NPs were heated in an electric muffle furnace (Finetech, SEF-
101P, South Korea) at the 600 °C (according to thermogravimetric
analysis (TGA/DTA) of PEI) at the heating rate of 4 °C/min for 2 h. At
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Fig. 2. The lab photograph of synthesized B-PEI 10 kDa coated CeO,-NPs (PEI-
CeO, NPs).

this temperature, PEI was burnt (12.3mg) and resulting product
(6.5mg) was pure CeO»-NPs.

3.1.4. FTIR

The cooperation between B-PEI 10 kDa and CeO,-NPs was analyzed
by FTIR in the wavenumber range of 400-4000cm ™. As shown in
Fig. 5 in B-PEI 10kDa spectrum, two main bands at 3281 and
3358 cm ™! are assigned to NH, stretching; in PEI-CeO, NPs spectrum,
due to nucleophilic attack of PEI to CeO,-NPs, these two bands con-
verted to new one main band at 3391 cm~* which represented NH vi-
bration. As shown in Fig. 1A, NH, groups of PEI attacked to the epoxide
ring on the Epichlorohydrin functionalized CeO,-NPs, and then con-
verted to NH group in PEI-CeO, NPs. Also this Sy2 reaction has led to a
change in the wavenumbers and a decrease in the area under the curve
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Fig. 3. Microscopic images of PEI-CeO, NPs.
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A) TEM images of synthesized PEI-CeO, NPs with different magnifications: a) 27.800, b) 60.000k x .

B) FE-SEM image of synthesized PEI-CeO, NPs, magnification 75.0k x .
C) Comparison between FE-SEM images of CeO,-NPs and PEI-CeO, NPs.

in PEI-CeO, NPs spectrum.

3.2. Determination of size and zeta potential of the pDNA-PEI-CeO, NPs

The size (Z-average) and zeta potential (surface charge) of pDNA-
PEI-CeO, NPs and pDNA-PEI 10kDa were summarized in Table 1
(polydispersity index (PDI): 0.405).

3.3. Evaluation of DNA condensation with PEI-CeO, NPs
As shown in Fig. 6A, PEI-CeO, NPs efficiently condensed pDNA at

C/P ratio of 0.5 and reduced the fluorescence intensity of EtBr solution
by > 70%.

3.4. Gel retardation assay

As shown in Fig. 6B, when the C/P ratios of pDNA-PEI-CeO, NPs
were 2, 4 and 6, the pDNA band disappeared on the agarose gel. This
result showed that PEI-CeO, NPs as nanocarriers could condense pDNA
efficiently, and pDNA could be completely loaded to PEI-CeO, NPs
above the C/P ratio of 1.

3.5. TNBS assay

CeO,-NPs grafting resulted in decreasing the primary amine content
of B-PEI 10 kDa. The standard curve of B-PEI 10 kDa was depicted with
different concentrations to achieve its standard equation (data not
shown). With the calculations based on the absorbance of the PEI-CeO,
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Fig. 4. EDX spectrum of synthesized PEI-CeO, NPs.
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Fig. 5. FTIR spectrum of PEI-CeO, NPs, PEI 10 kDa, and CeO,-NPs.

Table 1
Mean size and zeta potential of pDNA/carrier complexes at C/P ratio of 1.

Nanoparticles Size (nm) * SD Zeta potential (mV) + SD
pDNA-PEI 10 87 + 2 24 + 3
PDNA-PEI-CeO,, 124 = 7 22 £ 2

NPs (8 ug/100 pL in borate buffer) and the standard equation, the real
CeO,-NPs substitution was determined. The TNBS assay demonstrated
that the degree of substitution of CeO»-NPs on B-PEI 10 kDa was 40.6%
from initial percentage of polymer.

A Ethidium bromide exclusion assay
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3.6. Transfection efficiency

To determine the transfection efficacy of pDNA-PEI-CeO, NPs, the
fluorescence value of EGFP expression was measured in WEHI 164 and
1929 cells. In L929 cells (Fig. 7A), the transfection efficacy of prepared
PDNA-PEI-CeO, NPs improved compared to pDNA-PEI 10 kDa at the C/
P 2, 4, and 6. In WEHI 164 cells (Fig. 7B), the transfection efficacy of
prepared pDNA-PEI-CeO, NPs improved compared to pDNA-PEI 10 kDa
at the C/P 4 and 6. Transfection efficacy was increased by increasing C/
P ratios in both 1L.929 and WEHI 164 cells (P < 0.05).

There was a significant difference in transfection efficacy of pDNA-
PEI-CeO, NPs between normal cells (L929) and cancer cells (WEHI
164), so that transfection efficacy in WEHI 164 cells was higher than
1929 cells at the C/P 2, 4, and 6 (Fig. 7C).

Also the green fluorescence intensities of cells were qualified using
fluorescence microscopy. Expression of pDNA was detected as fluor-
escent images (Fig. 7D).

Moreover, in both L929 and WEHI 164 cells, the transfection effi-
ciency in pDNA-PEI-CeO, NPs at the C/P 6 was almost the same as
pDNA-PEI 25 kDa (C/P 0.8).

3.7. Cytotoxicity assay

The cytotoxicity of pDNA-PEI-CeO, NPs was evaluated by the MTT
assay. The cell viability decreased by increasing C/P ratios in both L929
and WEHI 164 cells (P < 0.05). The cytotoxicity of synthetic pDNA-
PEI-CeO, NPs was less than pDNA-PEI 10 kDa in L929 cells (Fig. 8A) at
the C/P 2, 4, and 6. In WEHI 164 cells (Fig. 8B), cytotoxicity of syn-
thetic pDNA-PEI-CeO, NPs was less than pDNA-PEI 10 kDa at the C/P 2,
4, and 6.

There was significant difference in cytotoxicity effect of pDNA-PEI-
CeO,, NPs between normal cells (1.929) and cancer cells (WEHI 164), so

c/P05 c/P1 c/P2  ¢/pa  c/P6

Plasmid

Fig. 6. A) EtBr assay using EGFP plasmid DNA for investigation of the ability of PEI-CeO, NPs to condensation of pDNA.
B) Gel retardation assay to evaluate the condensation ability of PEI-CeO, NPs with pDNA in C/P ratios from 0.5 to 6.
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that pDNA-PEI-CeO, NPs had higher cytotoxicity in the WEHI 164 cells 3.8. Apoptosis assay
than 1929 cells at the C/P 2, 4, and 6 (Fig. 8C).

Furthermore, in comparison with pDNA-PEI 25 kDa (C/P 0.8), the The potential effects of pDNA-PEI-CeO, NPs for induction of apop-
prepared pDNA-PEI-CeO, NPs at all C/P ratios showed significantly tosis were evaluated by annexin V/PI double staining (Fig. 9) in L929
lower cytotoxicity in both L929 and WEHI 164 cells (P < 0.05). and WEHI 164 cells.

As shown in Fig. 10A, pDNA-PEI-CeO, NPs were able to induce
more apoptosis in L929 cells in comparison to pDNA-PEI and pDNA-
CeO, NPs control groups. Also as shown in Fig. 10B, in WEHI 164 cells,
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PDNA-PEI-CeO; NPs induced more apoptosis compared with pDNA-PEI
and pDNA-CeO, NPs control groups.

There was significant difference in apoptosis effect of pDNA-PEI-
CeO, NPs between the normal cells (L.929) and cancer cells (WEHI
164), so that induction of apoptosis in the cancer cells was more than
normal cells (Fig. 10C). Moreover, in CeO»-NPs control group, pDNA-
CeO, NPs alone induced more apoptosis in WEHI 164 cells than 1L929
cells (Fig. 10C).

4. Discussion

In the present study, we examined the properties of PEI-CeO, NPs as
a non-viral gene delivery vector. We investigated pDNA-PEI-CeO, NPs
transfection efficiency and cytotoxicity on WEHI 164 cancer cells and
normal 1929 cells. CeO,-NPs were prepared through green method as
describe previously. PEI was chosen as an ideal candidate due to its
good DNA condensation ability. The synthesis of PEI-CeO, NPs con-
firmed by TEM, FE-SEM, EDX, and FTIR methods.

One of the important factors for achieving efficient gene delivery is
the ability of nanocarriers to binding and condensing of nucleic acid
[40]. It is notable that higher DNA condensation capability is more
desirable for gene delivery purposes. PEI-CeO, NPs were able to ef-
fectively condense DNA molecules via electrostatic interactions at C/P
ratio of 0.5 because of positively charged pDNA-PEI-CeO, NPs forma-
tion (Fig. 6). PEI has a high positively charge density leading to re-
duction of particle size (~100 nm or less) that are capable to improve
transfection efficacy in vitro and in vivo. Also tight interaction between
PEI and pDNA protects pDNA from nuclease degradation. PEI polymer
is able to confer a remarkably more efficient protection against nuclease
degradation than other polycationic polymers [41].

The particle size and surface charge of nanocarriers are major fac-
tors that affecting cell transfection and toxicity [42]. As summarized in
Table 1, the size and zeta potential of pDNA-PEI-CeO, NPs were
124 + 7nmand 22 = 2mV, respectively. Nanoparticles with positive
charge through electrostatic interaction by negatively charged of cell
surface are able to enter the cells [43]. Therefore the positive charge of
PDNA-PEI-CeO, NPs leads to more cellular uptake and more transfec-
tion efficacy. Overall, PEI-CeO, NPs had proper physicochemical
properties for gene delivery.

Recently, oxide nanoparticles such as CeO, [44], zinc oxide (ZnO)
[45], magnetite (Fe304) [4,46], silicon dioxide (SiO,) [5,47], and gra-
phene oxide (GO) [48,49] attract much attention as potential drug and
gene delivery carriers due to their versatile physiochemical properties,
such as nanoscale size, easy synthesis, tailorable surface charge density,
facile surface functionalization, good biocompatibility, and low toxicity
[9]. In the present study, the PEI-CeO, NPs were able to transfer the
PDNA (EGFP reporter gene) into the cells. As demonstrated in Fig. 7,
the transfection efficacy of prepared pDNA-PEI-CeO, NPs increased
with increasing C/P ratios in both 1929 and WEHI 164 cells. This is due
to increase of PEI content of NPs by increasing the C/P ratios, which not
only increases the charge of particles and facilitates entry into cells and
nuclei, but also augments endosomal escape of particles [50,51].
Therefore increasing C/P ratios could improve the transfection effi-
ciency.

In this study we showed that the transfection efficacy of prepared
PDNA-PEI-CeO, NPs improved compared to pDNA-PEI in both 1929
(Fig. 7A) and WEHI 164 (Fig. 7B) cells. It was also observed (Fig. 7C)
that the transfection efficacy in tumor cells (WEHI 164) was higher than
normal cells (L929). It seems that presence of CeO,-NPs in the pDNA-
PEI-CeO, NPs helps to improve transfection efficiency of PEI in dif-
ferent ways including enhancement of both cellular and nuclear uptake
and reduction of toxicity. Das et al. developed dimethyldioctadecy-
lammonium bromide (DODAB)-CeO, hybrids as a new nanovector for
gene delivery [44]. CeO,/DODAB-pDNA nanoparticles had higher cel-
lular uptake and transfection compared to DODAB-pDNA complexes.
They confirmed that the coating of DODAB onto the surface of CeO, led
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to the formation of smaller particles and inhibiting the formation of
large multilamellar structure that resulting in enhanced cellular uptake
and gene delivery. Moreover, they suggested that the higher cytotoxi-
city of DODAB compared to CeO,/DODAB vectors may restrict the
subsequent transcription of the DNA into mRNA and translation into
proteins. Also it seems that the presence of CeO,-NPs in the pDNA-PEI-
CeO, NPs could facilitate nuclear transport of pDNA-PEI-CeO, NPs.
Chen et al. proved ZnO microflowers could be used to enhance the gene
expression level of PEI (MW = 1.8 kDa). They suggested that ZnO's help
to penetrate into the cell membrane is the possible reason of higher
gene transfection of ZnO-PEI/pDNA compared to PEI/pDNA alone [45].
Zarei et al. modified the surface of mesoporous silica nanoparticles
(MSNs) with PEIL. They suggested that better transfection efficiency of
PEI coated MSNs compared to unmodified PEI, can be due to the ability
of MSNs to concentrate and settle the pDNA on the cell surface which
improves the cellular uptake of pDNA [47].

The cytotoxicity of a carrier considered as an important parameter
for successful gene delivery. In the present study (Fig. 8), the MTT assay
of pDNA-PEI-CeO, NPs indicates an increase in cytotoxicity through the
increase of C/P ratios in both 1929 and WEHI 164 cells. Calculation of
C/P ratio was based on the PEI portion of PEI-CeO, NPs (constant
amount of pDNA) so by increasing the C/P ratios, the PEI content of
PDNA-PEI-CeO,, NPs that have positive charge were increased which in
turn could induce more toxicity. Recent investigations demonstrated
that by increasing the C/P ratios, nanoparticles showed more positively
charges, which led to more transfection and less cell viability [50,52].
Electrostatic interactions between cationic particles and negatively-
charged of cell surface membranes cause cell damage and cytotoxicity
[53,54]. Therefore excessive positive charge of nanocarriers leads to
increase in cytotoxicity. Furthermore, another reason for cytotoxicity of
PEI is the effects on the proton pump activity [55]. In this study we
showed that the cytotoxicity of synthetic pPDNA-PEI-CeO, NPs was less
than pDNA-PEI in both L929 and WEHI 164 cells. Similarly, Das et al.
indicated that CeO,/DODAB vectors showed less toxicity and greater
biocompatibility than unmodified DODAB [44]. Chen et al. suggested
that the lower cytotoxicity of ZnO-PEI/pDNA than PEI/pDNA could be
due to the shielding the positive charges of PEI [45]. It seems that
presence of CeO,-NPs in the pDNA-PEI-CeO, NPs was led to the cov-
ering the excessive positive charge and amine groups of PEI conse-
quently reduced the cytotoxicity of PEIL

Perez et al. showed that CeO,-NPs have pH-dependent antioxidant
properties, which promote cell survival under conditions of oxidative
stress and protects normal cells against free radicals but cannot protect
cancerous cells, which have normally acidic pH. Therefore CeO,-NPs
have a potential clinical use especially for treatment of cancer [56].
Similarly, in our study pDNA-PEI-CeO, NPs showed more toxicity in
cancer cells than normal cells (Fig. 8C).

Moreover, the synthesized PEI-CeO, NPs (Fig. 2) were well dis-
persed in distilled water and did not precipitate even after 24 h which is
essential for biological applications, so modification of CeO,-NPs by PEI
could improve water solubility of CeO,-NPs and enhance its therapeutic
effects. Das et al. used CeO; as drug delivery vehicle for delivery of the
anti-cancer drug doxorubicin (DOX) to human ovarian cancer cells.
CeO,/DOX showed higher cellular uptake, drug release behaviors, cell
proliferation inhibition, and apoptosis compared to free DOX. CeO, has
a pH-dependent surface charge therefore DOX was released faster from
CeO,/DOX in reductive acidic conditions (pH 5.0, 10 mM glutathione)
than pH 7.4. They mentioned that this pH/reduction dual-sensitive drug
carrier would not only decrease the amount of drug loss to the blood
circulation but would also undergo drug release during the endocytosis,
thus enhancing the therapeutic efficacy [57]. Sack et al. displayed
CeO,-NPs augmented the antitumor activity of DOX in human mela-
noma cells. In contrast, CeO,-NPs protected human dermal fibroblasts
from DOX-induced cytotoxicity [58].

Our data indicated that the pDNA-PEI-CeO, NPs could induce
apoptosis in cells. In both WEHI 164 cancer cells and L929 normal cells,
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PDNA-PEI-CeO, NPs led to the more apoptosis than pDNA-PEI and
PDNA-CeO, NPs control groups (Fig. 10). Also there was significant
difference in apoptosis effect of pDNA-PEI-CeO, NPs between the
normal cells and cancer cells, so that induction of apoptosis in the
cancer cells was more than normal cells (Fig. 10C). This result is con-
sistent with cytotoxicity assay, which showed that pDNA-PEI-CeO, NPs
exhibited higher toxicity in cancerous cells than normal cells (Fig. 8C).

In both cancer and normal cells, the cytotoxicity of pDNA-PEI-CeO,
NPs was less than pDNA-PEI, but pDNA-PEI-CeO, NPs induced more
apoptosis in compare with pDNA-PEIL This difference could be related
to the two phase cytotoxicity of PEI [59]. The viability assay (MTT)
indicate phase I cytotoxicity of PEL in which electrostatic interactions
between positive charge of PEI and negatively-charged of cell mem-
brane leads to plasma membrane disruption (within 30 min of ex-
posure) [54]. It seems that presence of CeO,-NPs in the pDNA-PEI-CeO,
NPs was led to the covering the excessive positive charge and amine
groups of PEI consequently reduced the cytotoxicity of PEI. Apoptosis
reflects phase II cytotoxicity of PEI, in which PEI induce channel for-
mation in the outer mitochondrial membrane followed by activation of
a mitochondrially mediated apoptosis [59]. Hence pDNA-PEI-CeO, NPs
induced more apoptosis than pDNA-PEI.

Therefore pDNA-PEI-CeO, NPs have two different behaviors in
cancerous and normal cells and are an appropriate candidate for gene
and drug delivery, gene therapy, and in vivo targeted diagnosis.

5. Conclusions

In this project, we investigated the properties of PEI coated CeO,-
NPs as a novel gene delivery vector. The results of transfection study
showed that pDNA-PEI-CeO, NPs (C/P = 4) are a suitable carrier for
gene delivery with low cytotoxicity. pDNA-PEI-CeO, NPs displayed
more transfection, cytotoxicity, and apoptosis in cancer cells than
normal cells. Because of the antioxidative property of CeO»-NPs to-
wards normal cells, pPDNA-PEI-CeO, NPs may offer a novel approach in
cancer treatment by reduce the side effects on normal cells. Also pDNA-
PEI-CeO, NPs can be considered as a combination therapy or pDNA-
PEI-CeO, NPs mediated supplementation therapy with conventional
chemotherapeutics for synergistic effects to improve the therapeutic
outcome.
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