
OR I G I N A L R E S E A R C H

Enhanced Gene Delivery in Bacterial and Mammalian

Cells Using PEGylated Calcium Doped Magnetic

Nanograin
This article was published in the following Dove Press journal:

International Journal of Nanomedicine

Ehsan Hashemi1,2

Hossein Mahdavi3

Jafar Khezri1

Farideh Razi2,4

Mehdi Shamsara1

Abbas Farmany 5

1National Research Center for

Transgenic Mouse & Animal

Biotechnology Division, National

Institute of Genetic Engineering and

Biotechnology, Tehran, Iran;
2Endocrinology and Metabolism Research

Center, Endocrinology and Metabolism

Clinical Sciences Institute, Tehran

University of Medical Sciences, Tehran,

Iran; 3School of Chemistry, College of

Science, University of Tehran, Tehran,

Iran; 4Diabetes Research Center,

Endocrinology and Metabolism Clinical

Sciences Institute, Tehran University of

Medical Sciences, Tehran, Iran; 5Dental

Implant Research Center, Hamadan

University of Medical Sciences, Hamadan,

Iran

Background: Beyond viral carriers which have been widely used in gene delivery, non-viral

carriers can further improve the delivery process. However, the high cytotoxicity and low

efficiency impedes the clinical application of non-viral systems. Therefore, in this work, we

fabricated polyethylene glycol (PEG) coated, calcium doped magnetic nanograin

(PEG/Ca(II)/Fe3O4) as a genome expression enhancer.

Methods: Monodisperse magnetic nanograins (MNGs) with tunable size were synthesized

by a solvothermal method. The citrate anions on the spherical surface of MNGs capture Ca2+

ions by an ion exchange process, which was followed by surface capping with PEG. The

synthesized PEG/Ca(II)/Fe3O4 was characterized using Fourier-transform infrared spectro-

scopy (FTIR), dynamic light scattering (DLS) spectra, vibrating sample magnetometer

(VSM), transmission electron microscopy (TEM), and scanning electron microscopy

(SEM). MTT test was utilized to assess the toxicity of PEG/Ca(II)/Fe3O4. Real time qPCR

was applied for quantification of gene expression.

Results: DLS spectra and TEM images confirmed a thin layer of PEG on the nanocarrier

surface. Shifting the zeta potential in the biological pH window from −23.9 mV (for Fe3O4)

to ≈ +11 mV (for PEG/Ca(II)/Fe3O4) confirms the MNGs surface protonation. Cytotoxicity

results show that cell viability and proliferation were not hindered in a wide range of

nanocarrier concentrations and different incubation times.

Conclusion: PEGylated calcium doped magnetic nanograin enhanced PUC19 plasmid

expression into E. Coli and GFP protein expression in HEK-293 T cells compared to control.

A polymerase chain reaction of the NeoR test shows that the transformed plasmids are of

high quality.

Keywords: gene expression, calcium doped magnetic nanograins, cytotoxicity

Introduction
As a promising strategy, gene therapy has drawn significant attention, specially in cell

therapy and treatment of gene-associated diseases ranging from hemophilia and cancer

to autoimmune diseases.1,3 Clinical application of gene therapy depends on the effi-

ciency and safety of its delivery vectors. Compared with the viral delivery vectors, non-

viral vectors are relatively oncogenic, less immunogenic and easy to prepare, and

specially have no limitation in the size of transferred genome material and no potential

of virus recombination.4 At this time, many efforts have been attempted to fabricate the

safe and efficiency gene vectors. There is intense activity in evaluating and developing

non-viral carriers including polymers,5,6 cationic lipids,7 quantum dots,8,9 carbon
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nanotubes,10,11 graphene,12 silica nanoparticles,13,14 and gold

nanoparticles15,8 with surface properties, tunable size, and

multifunctional properties. The potential of large scale pro-

duction and biocompatibility make non-viral carriers increas-

ingly attractive. However, numerous intra- and extracellular

obstacles significantly reduce their transfection efficiency.

Recently, superparamagnetic iron oxide nanoparticles

have been widely explored for use in nanomedicine.

Magnetic nanoparticles (MNPs) have been investigated in

both therapeutic and diagnostic applications.19 The large

surface area-to-volume ratio of MNPs renders these nano-

materials as a suitable candidate for drug and genome mate-

rial loading and transport.20,25 Genome material may be

attached to the particles employing target specific linkers or

utilizing electrostatic interaction between positively charged

polymers (PEI, etc. . . .) attached to nanoparticle surface and

negatively charged phosphate backbone of the genome

material.25

In the genome material, phosphate groups form ionic

complexes with divalent metals such as Ca2+, Ba2+,

and Mg2+ and stabilize the genome structure.26,30 As

shown by Baoum et al,26,27 the Ca2+-lipoplex improves

the transfection efficiency in accordance with a classical

analog of gene delivery method in the presence of Ca2+.

Also, Haberland et al28 reported that Ca2+ could enhance

the gene transfer process. More recently, Chen et al29

showed that Ca2+ improved both packaging and release

of plasmid DNA.As shown by Zaitsev et al,30 the cellular

uptake is independent to Ca2+ in the absence and/or pre-

sence at the culture media. In fact, Ca2+ works to organize

the transfection in the endosome/lysosome and its release

into the cytosol.31,35

The aim of this study was to fabricate a highly biocom-

patible magnetic nanograin (MNG) for gene delivery. The

nanocarrier is assembled from a citrate-stabilized magnetic

nanograin core which spherically is doped by Ca2+ and

surrounded by a polyethylene glycol (PEG) shell. The

MNGs were applied in the PUC19 plasmid expression into

E. coli and GFP protein expression in HEK-293 T cells as

prokaryotic and eukaryotic cell models, respectively.

Experimental Section
Materials and Methods
Synthesis of MNGs

High quality monodisperse magnetic nanograins (MNGs)

with tunable size were synthesized by a solvothermal

method.36 Following is a typical protocol for MNG

synthesis (see Figure 1). FeCl3 (0.32 g, 4.0 mmol) and

trisodium citrate (0.10 g, 0.68 mmol) were first dissolved

in ethylene glycol (20 mL), then NaAc (0.60 g) was added

with stirring. The mixture was stirred vigorously for 30

minutes and then sealed in a Teflon-lined stainless-steel

autoclave. The autoclave was heated at 200°C and main-

tained for 10 hours, and then allowed to cool to room

temperature. The synthesized MNGs were washed with

ethanol and purified by precipitation with acetone. Stock

solution of MNGs with concentration of 25 mg/mL was

prepared by dispersing MNGs in ethanol.

Synthesis of Ca(II) Doped MNGs

In a typical synthesis, 10 mg MNGs was first sonicated in

ethanol and placed in a 25 mL round-bottom flask. The flask

was purged with N2 for 5 minutes. Then 40 mg CaCl2 was

dissolved in 5mL ethanol and, after purging for 5minuteswith

N2, it was swiftly injected to the MNGs. The mixture was

stirred for 10 hours under N2. After a through washing with

ethanol, to remove the excess salts, it was re-dispersed in

10 mL ethanol.

PEGylation of Ca(II)/MNGs

Five millilters of aqueous solution (2% w/v) of PEG-2000

(MW)was swiftly injected into Ca(II)/MNGs under vigorous

stirring with a stirring speed of 700 rpm. It was kept for 2

hours at room temperature.37 The resulting PEG/Ca(II)/

MNGs were isolated by centrifugation, washed with ethanol,

re-dispersed in ethanol, and stored at 4ºC as stock solution.

Instrumentation

TEMmeasurements were taken on a Philip CM 120 (120 kV).

SEM measurements were made using a Scanning TESCAN

(Vega). IR studies were run on a Spectrum 65 – PERKIN-

ELMER FTIR spectrophotometer. The hydrodynamic dia-

meters of the nanoparticles were measured by a Microtrac

Nanotrac Wave dynamic light scattering (DLS) instrument.

Gene Expression Mechanism Study

All the experiments were performed according to the

following.38 First, PUC19 plasmid was added to the compe-

tent cells and divided into eight different groups: 1) The

nanocarrier has been added immediately (optimal concentra-

tion of nanocarrier was 10 µg/mL); 2) After 30 minutes the

nanocarrier was added (before heat shock); 3) 30 seconds

after starting heat shock the nanocarrier was added; 4) 60

seconds after starting heat shock the nanocarrier was added;

5) 90 seconds after starting heat shock the nanocarrier was

added; 6) the nanocarrier was added after neutralizing with
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LB media (500 µL); 7) the nanocarrier was added before

transferring to culture plate; and 8) control group.

DNA Extraction, PCR, and Gel Electrophoresis

pDNA molecules were extracted from E. coli bacteria.38

Extracted E. coli DNAwas subjected to restriction enzyme

digestion (RED) using MlsI (BalI) restriction enzyme

(Fermentas, Cat. No.ER1211). To analyze the stability of

extracted DNA, PCRwas applied to the NeoR gene. Briefly,

1× PCR buffer (50 mM Tris-HCl, 100 mM NaCl, pH ~8.3),

4 μL isolated DNA sample, 4 mM Mg2+, 50 μM dNTPs, 6

IU Taq DNA polymerase and 10 pmol of each forward (5´-

GCAACATCAGGTCGGCCATTAC-3´) and reverse (5´-

CTGGCAACAGGAAAGATGGAGC-3´) primers. The

PCR reaction was performed by initial denaturation at 94°

C for 5 minutes, denaturation at 94°C for 30 seconds, and

annealing at 60°C for 45 seconds in 35 cycles, and finally

extension at 72°C for 45 seconds to obtain a 807 bp.

Cell Culture and Viability Assay

All cell lines used in this manuscript were commercially

purchased from Pasteur Institute of Iran.MTT test was utilized

to assess toxicity of nanocarrier in Hek293T cell lines. Cells

were cultured in RPMI supplemented with 10% fetal bovine

serum (FBS) and 50 IU/mL penicillin and 50 μg/mL strepto-

mycin and incubated in a 5% CO2 atmosphere at 37°C.

Cultured cells in a 96-well plate exposed with different

concentrations of nanocarrier (0, 0.1, 1, 10, 100, and

PEG

Nanograins

PEG/Ca(II)/nanograins

Fe(III)

473.15 K, 10 h

b)

a)

Sodium acetate

3 sodium citrate

Ca(II)

(473.15 K)

10 h

Figure 1 Overall synthesis of monodisperse PEG/Ca(II)/MNGs.
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500 µg/mL) and after 48 hours, viability of treated cells

were tested by the MTT. The treated cells were incubated

for 3 hours with MTT solution. Then, DMSO was added to

the wells to solubilize formazan particles, and finally the

absorbance was read at 580 nm using an ELISA reader

(Microplate reader labsystem multiscan).

In vitro Gene Delivery

Hek293T cells were cultured in a 4-well tissue culture

plate in a DMEM medium supplemented with 10% FBS in

a CO2 incubator. To test the potential gene delivery of

nanocarrier, the cultured cells were treated with nontoxic

concentrations (obtained by MTT test) of nanocarrier (1

and 10 µg/mL) and about 4 µg of EGFP-contained pDNA

(pEGFP-C1). A standard method (Lipofectamine2000)

was utilized as control. After 8 hours of transfection,

cells were washed and fresh media were added then,

after 24 hours, the treated cells were monitored for detec-

tion of EGFP emission by a fluorescence inverted micro-

scope (Nikon) at 490 nm excitation wavelengths.

Gene Expression Analysis

Total RNAwas isolated from the treated and control cells by

RNaeasymini Kit (Qiagen, USA)manufacturer’s protocol and

kept at −80ºC until use. Then, a RevertAid First Strand cDNA

Synthesis Kit (Thermo Fisher Scientific) was applied for

cDNA synthesis. For quantification of gene expression, Real

Time qPCRwas applied. The final reaction volume reached 20

μL by mixing 8 μL of 2× SYBR Green PCR Master Mix

(Intron, Korea, 25344), 4 μL of synthesized cDNA, and 0.5 μL
of each primer and deionized water. The ABI System (Applied

Biosystems StepOne, USA) was used for Real-Time PCR

under the following conditions: 95°C for 2 minutes, and 35

cycles of 95°C for 10 seconds and 60°C for 30 seconds.

Statistical Analysis

Experiments were assayed in triplicate and statistical ana-

lysis was performed with SPSS version 20.0 statistic soft-

ware package. The student’s t-test and analysis of variance

(ANOVA) were used for analysis of the experimental data.

A P-value of <0.05 was considered statistically significant.

Results
Synthesis and Characterization of

Magnetic Nanovector
PEG/Ca(II)/MNGs were prepared via thermal decomposition

of iron chloride and trisodium citrate in the presence of sodium

acetate in ethylene glycol.36,39 FT-IR spectra (Figure 2A) show

the binding modes as 1,536 and 1,375 cm−1, which are related

to symmetric and asymmetric stretches of carbonyl groups,

whereas 550–590 cm−1 absorption shows the ligand-

nanoparticle binding. Furthermore, 1,050–1,220 cm−1 peaks

may be assigned to the PEG functional groups.40,41,42 Notably,

the peak near 711 and 875 cm−1 in PEG/Ca(II)/MNGs can be

assigned to the vibration bands of Ca-O. As Ca is minor in the

nanoparticle structure, its absorption peaks are not clear.43

Comparison between FT-IR spectra of naked MNGs and

PEG capped MNGs show a little (blue) shift which implicates

the surface changes of MNGs after PEG capping, where the

new bands between Fe-O and O-H are formed.44 Zeta poten-

tial measurements at various pH were carried out to obtain the

surface charge of nanocarrier. Figure 2B shows the zeta poten-

tial data of the MNGs and PEG/Ca2+/MNGs. As shown in

Figure 2B, at physiological pH, zeta potential was shifted from

−23.9 mV to +11.0 mV. This shift can be related to the less

aggregation of PEGylated MNGs in aqueous solution com-

pared to naked MNGs. In all cases, charge differences higher

than ±10 mV show a greater inter-particle repulsion and,

hence, increase the colloidal stability.45

Shifting the zeta potential to positive values confirms the

protonation of MNGs surface which can be related to PEG

capping of the Ca(II)/MNGs surface.46 The magnetization

hysteresis loop of nanocrystals was probed in a magnetic

field up to 3 T at room temperature using a vibrating sample

magnetometer (VSM). The results in Figure 2C show that the

magnetic behavior of MNGs is similar to that of superpar-

amagnetic materials. The saturation magnetization of MNGs

at room temperature was 62.5 and 53.4 emu/g for MNGs and

PEG/Ca2+/MNGs, respectively. The saturation magnetiza-

tion of PEGylated crystals was decreased which may be

attributed to the high weight fraction of PEG or a surface-

related effect such as surface disorder. X-ray diffraction

peaks (2θ) at 30.0, 35.6, 43.8, 54.2, 57.2, and 62.5 (shown

in Figure 2D) indexed to (220), (311), (400), (422), (511),

and (440), which show the cubic spinel structure of MNGs.

Scanning electron microscopy (SEM) images showed the

formation of spherical magnetic nanoparticles (Figure 3).

Transmission electron microscopy (TEM) analysis revealed

that magnetic nanoparticles were uniform and separated from

one another and had an average diameter of 170 nm

(Figure 3). Uniformity of nanoparticles was clearly demon-

strated by TEM image of the colloidal packing. Spherically

monodisperse images of MNGs speculate that the formation

of this magnetic nanocarrier is probably driven by enhanced

forces which originated from complex formation between
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tricarboxylic acid groups of trisodium citrate with Fe(III)

ions.36,47

DLS analysis showed that mean hydrodynamic size dis-

tribution of bareMNGs and PEG/Ca(II)/MNGswere centered

at 164 and 170 nm, respectively. As shown in Figure 4A, no

broadening of size distribution occurred, which suggests that

no aggregations in bare MNGs and PEGylated MNGs

occurred. Shifting the hydrodynamic size distribution from

164 to 170 nm is related to Ca(II) doping and PEGylation. To

further confirm the success of PEGylation, the corresponding

TEM and SEM images of MNGs after PEGylation were

obtained. As shown in Figures 4B and C, both TEM and

SEM images show a spherical hollow layer with a thickness

of ≈5 nm covering the MNGs. With their combination of

biocompatibility, magnetism and monodispersity, magnetic

nanocarriers have potential in various applications, especially

in nanobiotechnology.

Cytotoxicity Study
In order to be applied in a gene delivery experiment, the

cytotoxicity of magnetic nanocarrier against E. coli and

Hek293T cells were tested. Cytotoxicity assay was done

under three incubation times. The results for E. coli show

that cell viability and proliferation were not hindered by the

magnetic nanocarrier at a wide concentration range and three

incubation times of 1, 2, and 3 hours (Figure 5A).

Furthermore, the results of viability of treated Hek293T cells

show that after their exposing with different concentrations of
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nanocarrier (0.1, 1, and 10 µg/mL), the nanocarrier was not

toxic and the viability rates were 98%, 95%, and 92%, which

are not significant. However, in 100 and 500 µg/mL of nano-

carrier, the viability rates were significantly decreased.

Delivery of PUC19 Plasmid into E. Coil
Membrane
In the optimized experimental conditions, magnetic nanocar-

rier was applied to the delivery of PUC19 plasmid into the

E. colimembrane. Amodified Sambrook protocol was applied

for gene transfection.38 Different ratios of nanoparticle/plas-

mid were applied to obtain high transformation efficiency. The

obtained results show that high ratio of nanocarrier/plasmid

increased transfection efficiency. This increase continued to

a toxic concentration level of nanocarrier in which the number

of bacterial colonies was dropped. The transformation rate is

evaluated by colony numbers counting. Transformed cells are

able to live and continue their growth on antibiotic-selective

medium, while the untransformed cells will die. Comparison

between the transformed bacteria plates after treatment and the

control group is presented in Figure 5B.

Gene delivery in bacterial cells is highly dependent on

the nanocarrier concentration. High concentrations of nano-

carrier are toxic. For example, in the presence of 15 and 20

µL of nanocarrier, the colony numbers decreased to 73±6.7

and 44±3.9, respectively. However, 10 µL of nanocarrier

dramatically dropped the colony numbers to 97±6.4, which

was about 3-fold more than the control group (traditional

method) with a 30±2.8 colony (Figure 5B).

We selected 10 µL as the optimized concentration for

transformation, as it was in this concentration that the highest

colony number was seen. At higher concentrations, the colony

number dropped until reaching the least number (Figure 5B).

To obtain a concentration of nanocarrier where, at this

concentration, the transformation efficiency is higher, we

set up a series of experiments by adding 10 µL of nano-

carrier in different steps of transformation.

The results presented in Figure 5C show that in group 1, in

which the nanocarrier was added at the initial step of transfor-

mation, the number of colonies was significantly changed in

comparison with the control group (132±9.5). In group 2 (156

±10), in which the nanocarrier was added before the heat

shock, the number of colonies were more than the control

group, with the highest number of colonies. In group 2, the

bacteria were exposed with the nanocarrier for 30 minutes less

than in group 1. The results show that, during the 30 minutes

incubation of bacteria on the ice-bath, the presence of

a nanocarrier is not essential to increase the transfection effi-

ciency. Perhaps the decreasing colony numbers are because of

the potential toxicity of the nanocarrier. In group 3, addition of

the nanocarrier increased the transfection rate (99±8.5), but this

was less than group 1 and 2 (see Figures 5E–G). This result
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Figure 3 (A) SEM of bare MNGs. (B) TEM of bare MNGs; inset: size distribution of MNGs.
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could be described by less exposing (30 seconds) of bacteria

with the nanocarrier. Similar results were obtained for group 4

(65±5.6), where the nanocarrier increased the colony numbers

but it was less than groups 1, 2, and 3. In group 4, the bacteria

exposing timewas 60minutes less than other groups. In groups

5 (42±3.8) and 6 (33±2.7), in which the nanocarrier was added

after the heat shock, the colony numbers decreased in compar-

ison with the control group (57±5.2) (Figure 5C). The effect of

neutralizing media on the efficiency of transfection process

was studied. In this experiment, different volumes of neutraliz-

ing media and different concentrations of nanocarrier on the

transfection efficacy were tested. The groups were as follows:

1) 5 µL nanocarrier neutralized with 500 µL of LB, 2) 5 µL

nanocarrier neutralized with 50 mL of LB, 3) 10 µL nanocar-

rier neutralized with 500 µL of LB, 4) 10 µL nanocarrier

neutralized with 5 mL of LB, 5) 20 µL nanocarrier neutralized

with 500 µL of LB, (6) 20 µL nanocarrier neutralized with

5 mL of LB, and 7) control group. As shown in Figure 5D, the

best efficiency was obtained for group 1 with (150±10) colo-

nies when 5 µL nanocarrier neutralized with 500 µL of LB. As

a result of this experiment, diluting the nanocarrier with more

neutralized media decreased the toxiceffect of the nanocarrier.

0
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1 10 100 1000

ssalc
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Figure 4 (A) Size distribution of bare MNGs and PEG/Ca(II)/MNGs. (B) TEM image of PEG/Ca(II)/MNGs. (C) SEM image of PEG/Ca(II)/MNGs (scale bar is 50 nm).
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Success, Quality, and Purity of

Transfected Plasmid
To examine the success, quality, and purity of transfected

plasmid, the transfected plasmid was extracted from treated

colonies using a commercial plasmid extraction kit. The

isolated plasmid was subjected to control the endonuclease

digestion. Figure 6A shows the agarose gel electrophoresis of

transformed plasmid. The efficiency of the transformation

process has increased dramatically by using magnetic nano-

grain as a gene carrier. After electrophoresis in agarose gel, the
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digested plasmid showed a negligible fragmentation

(Figure 6B). As shown in Figure 4B, the digestion was effec-

tive and no band of undigested plasmid was found. Finally, to

assess the quality of transferred plasmid using magnetic nano-

carrier, polymerase chain reaction (PCR) was made on the

NeoR gene. Figure 6C shows the 807 bp amplicon of NeoR in

the treated band which is accorded with the control group and

molecular weight marker.

Gene Expression Analysis in HEK-293

T Cells
The relative gene expression analysis by qPCR showed that

treated cells by nanocarrier enhanced the GFP expression

1.4-fold more than the control group (Lipofectamine 2000),

which shows a significant differences (P≤0.05) (Figure 7C).
Furthermore, microscopic analysis revealed that the GFP

expression rate in nanocarriers treated cells was remarkably

higher than in the control group (see Figures 7A and B).

Discussion
The modified solvothermal synthesis protocol is presented

in Figure 1. Briefly, three carboxylate groups of trisodium

citrate create a strong coordination affinity to three valence

iron ions resulting not only in citrate groups on magnetic

nanocrystals (MNCs) but also preventing the nanocarrier

from aggregation.36 Another role of trisodium citrate is to

render the surface of the nanocarrier more biocompatible.

To the best of our knowledge, citric acid is widely used in

food and drug industries and has a key role in the normal

metabolic process in the human body (tricarboxylic acid

cycle). Ethylene glycol works as a solvent and its excess

serves as a reductant.36 Sodium acetate serves as the

source of alkali media. The citrate anions on the spherical

surface of MNGs captured Ca2+ ions by ion exchange

process and a layer of PEG was coated on the MNGs

surface.36 It is reported that PEG can reduce the non-

specific cellular uptakes.39

In this paper the cytotoxicity of the nanocarrier was tested

and a non-toxic concentration of nanocarrier for E. coli and

Hek293T cells was determined. Previous studies revealed

that all nanoparticles exhibit a dose-dependent cytotoxicity,

but dose-dependent toxicity of the synthesized magnetic

nanocarrier is negligible.48 In addition, PEG protected the

positive charge of magnetic nanocarrier and caused a proton

sponge structure which protected the cell membrane damage

due to abundant positive charge. This is an issue for cationic

polymers which are used as non-viral vectors.15 The obtained

non-toxic concentration of nanocarrier was applied for gene

delivery and the results, which are presented in Figure 5,

showed an increase in the gene delivery efficiency by adding

nanocarrier. High plasmid transfection efficiency is a crucial

factor in gene delivery. Naked plasmid cannot penetrate to

Figure 6 (A) Agarose gel electrophoresis of extracted plasmid. Lane 1: molecular marker, Lane 2: treated, Lane 3: control: (B) Restriction endonuclease digestion. Lane 1:

molecular marker, Lane 2: enzyme digested pDNA extracted from treated-cells, Lane 3: enzyme digested pDNA extracted from control cells. (C) Agarose gel

electrophoresis of NeoR gene (807 bp amplicon). Lane 1: DNA molecular weight marker; Lane 2: treated sample; Lane 3: control.
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bacteria membrane due to electrostatic repulsion between

anionic bacteria membrane surface and negative charges of

plasmid. Therefore, plasmid might be absorbed on the posi-

tively charged magnetic nanograin surface to pass through

bacteria membrane. A plasmid (containing an antibiotic

resistance gene) penetrates a bacterial cell, resulting in via-

bility of bacteria when cultured in antibiotic-selective med-

ium. However, untransformed cells are not able to growth in

such selective medium. Results in Figure 5 revealed that the

nanocarrier could be able to enhance the transformation rate.

In this work themechanism of increasing the gene delivery

rate was evaluated and the best step for addition of the nano-

carrier, to obtain the best efficiency, was assessed. The data

showed that addition of the nanocarrier before and after the

heat shock does not have any positive effect on the transforma-

tion rate. In addition, we found that the best step for adding

a nanocarrier is exactly before and during the heat shock

period. Our results are a first report that introduce the best

protocol for increasing the transformation rate. In some groups,

the colony number was decreased. This decrease in the colony

number in groups 5 and 6 could be due to the toxicity potential

of the nanocarrier. Further, they could not transfer plasmids to

bacterial cells and led to a drop in colony numbers. The

importance of gene delivery in clinical therapy in some genetic

diseases like diabetes, heart diseases, or in molecular biology

labs is not hidden. However, the efficiency and adverse effects

of gene carriers are the main issues. Better understanding of

cell state, during a physiological process such as transforma-

tion, can reduce the toxic effects of the nanocarrier. Using this

information, one can find at what stage the gene delivery

process achieves less adverse effects on cells. In this work,

by testing at which stepwe can add a nanocarrier to obtain high

efficiency and lowest toxicity, we reached the optimum period

and also the best concentration of the nanocarrier.

Figure 7 Gene delivery efficiency of GFP by PEG/Ca(II)/MNGs: (A) Phase contrast fluorescence microscopy image of transfected cells in the Control group. (B)
Fluorescence image of transfected GFP in cells by PEG/Ca(II)/MNGs. (C) Relative GFP expression by qPCR in treated cell by PEG/Ca(II)/MNGs and lipofectamine 2000

as a standard method (Scale bar is 20 µm). (D) Viability of exposed HEK 293T cells to PEG/Ca(II)/MNGs. All experiments were performed in triplicate.
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Conclusions
In this study we have shown the utility of a gene expression

response of PEG/Ca(II) assembly of magnetic nanograin in

both eukaryote and prokaryote systems. We confirmed the

biocompatibility of nanograins in different incubation times

and a wide concentration range. We have also shown

a plausible mechanism for the gene expression process. The

results of this study show that doping calcium ions on the

nanograins dramatically increased the transfection efficiency

of PUC19 plasmid onto E. coli bacteria membrane and GFP

expression in HEK-293 T cells.
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