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To evaluate the performance of the magnetic nanoparticles as gene transfer vector for breeding transgenic animals, we investigated
a new approach to deliver green fluorescent protein (GFP) gene to porcine kidney 15 (PK-15) and porcine embryonic
fibroblast (PEF) cells using PEI-modified magnetic nanoparticles as gene vector. The morphology of the nanoparticles and
nanoparticle/DNA complexes was characterized using scanning electron microscopy. It was found that the surface of the particles
becomes coarse and rough with increased average diameter, which implied the effective conjugating between nanoparticles
with DNA. The zeta potential of nanoparticle/DNA complexes drops down from +29.4 mV to +23.1 mV comparing with pure
nanoparticles. Agarose gel electrophoresis experiments show that DNA plasmids can be protected effectively against degradation of
exonuclease and endonuclease. The efficiency of gene delivery was affected by the mass ratio of nanoparticle/DNA and the amount
of nanoparticle/DNA complexes. We confirm that the most optimal mass ratio of nanoparticle/DNA is 1 : 1 by conducting a
series of experiments. This work provides important experimental basis for the application of the magnetic nanoparticles on gene
delivery to porcine somatic cells, which is significant for the achieving of breeding new transgenic cloned pigs by using somatic
cell nuclear transfer technique.

1. Introduction

Transgenic technology has been widely used in breeding
new plant and animal varieties. Effective gene delivery
into the target cells is an essential step in these practices.
Both viral and nonviral vectors have been used for gene
delivery. The viral vectors exhibit high delivery efficiency but
immunogenicity, toxicity, high cost, oncogenic properties,
and so forth [1–3]. Nonviral gene vectors, due to their
reduced immunogenicity, improved safety and the ability to
carry larger DNA loads and become an attractive alternate for
gene delivery. Cationic liposomes have been widely used as
nonvirus gene vectors [4–9], but, because of its cell-specific,
easily inactivation of serum protein, and other reasons, its
scope of application was also limited [10].

Because of the unique physical and chemical properties,
nanoparticles have been widely used in the field of drug
and gene delivery [11–13]. As a novel kind of gene vectors,

nanoparticles have many advantages. Nanoparticles can
protect DNA molecules against nuclease degradation by
wrapping and condensing nucleic acids, realize the specificity
of gene delivery by conjugating with special target molecules,
and achieve controlled release of DNA effectively extending
the duration of action [14]. Besides the advantages of
ordinary nanoparticles, magnetic nanoparticles are super-
paramagnetic. They can induce the DNA moving and
condensing to the target cells in the presence of a magnetic
field, which can significantly improve their efficiency as gene
carriers [15].

Although the application of magnetic nanoparticles in
gene diagnosis and therapy has been studied extensively, the
gene transfer systems based on magnetic nanoparticles for
gene delivery into mammalian somatic cells are few studied.
Effective gene delivery into mammalian somatic cells is an
essential step in reproductive cloning using somatic cell
nuclear transfer technique. Here, we report a new approach
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to deliver genes to porcine somatic cells using PEI-modified
magnetic nanoparticles as gene vector. To investigate the
potential of magnetic nanoparticles as gene transfer vectors
in transgenic animal production, polyethyleneimine-(PEI)
modified Fe3O4 magnetic nanoparticles were employed to
transfer reporter gene into somatic cells, and the gene
delivery efficiency was examined.

2. Materials and Methods

2.1. Plasmid DNA. The pEGFP-N1 plasmid, which expresses
enhanced green fluorescent protein under the control of the
cytomegalovirus (CMV) promoter, was purchased from BD
Biosciences Clontech (Palo Alto, CA, USA). The plasmids
DNA was amplified in Escherichia coli and purified using a
Wizard Plus Maxipreps DNA Purification System (Promega)
according to the manufacturer’s protocols.

2.2. PEI-Modified Magnetic Nanoparticle/DNA Complex.
PEI-modified Fe3O4 magnetic nanoparticles (Chemicell,
German) were mixed well with pEGFP-N1 by certain mass
ratio (1 : 1 for electron microscopy, zeta potential, and size
measurement especially). The mixtures were incubated for
30 min at room temperature.

2.3. Electron Microscopy. For scanning electron microscopy
(SEM), the PEI-modified Fe3O4/EGFP-DNA complexes and
PEI-modified Fe3O4 nanoparticles were ultrasonically dis-
persed in pure water, respectively. SEM micrographs were
collected in JSM-6700F microscope operating at 5 kV.

2.4. Zeta Potential and Size Measurement. Nanoparticle zeta
potential and size measurements were conducted using laser
particle size analyzer (Malvern Zetasizer Nano ZS, England).
Briefly, nanoparticles materials were suspended in pure water
at a concentrate of 5 µg·mL−1, and measurements were
performed at 25◦C and 2.0 mm measurement position for
zeta potential and 5.5 mm measurement position for size
distribution, respectively.

2.5. Combination and Protection Analysis of PEI-Modified
Magnetic Nanoparticles and Plasmid DNA. In each experi-
mental group, the weight of nanoparticles was 0.5 µg, and
the concentration of plasmid DNA was 0.5 µg·µL−1. The
nanoparticles and pEGFP-N1 plasmid DNA were mixed at
the mass ratio of 1 : 1, 1 : 5, 1 : 10, and 1 : 20 respectively,
and then incubated for 30 min at room temperature. The
combination results were measured by agarose gel elec-
trophoresis (1% w/v agar, voltage: 90 V, time: 30 min). The
DNA-nanoparticle complexes with restriction endonuclease
EcoR I and exonuclease DNase Iat 37◦C were digested for
1 h, respectively. Agarose gel electrophoresis was used to gain
results.

2.6. Cells and Culture. Porcine kidney-15 cells (PK15)
were obtained from the American Type Culture Collection
(Manassas, VA, USA). The cells were cultured at 37◦C
under a humidified atmosphere of 5% CO2 and 95% air

in Dulbecco’s modified eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 0.1 mg·mL−1

streptomycin sulfate, and 100 U·mL−1 potassium penicillin
G. Porcine embryonic fibroblast (PEF) were primary cell
generously provided by H. Y. Ren (Institute of Animal
Sciences, Chinese Academy of Agricultural Sciences, China);
these cells were then cultured at 37◦C under a humidified
atmosphere of 5% CO2 and 95% air in DMEM supplemented
with 20% FBS.

2.7. Application of PEI-Modified Magnetic Nanoparticles for
Gene Delivery to Porcine Somatic Cells. The green fluorescent
protein (GFP) expression carrier (pEGFP-N1) was employed
for report gene. If the GFP plasmid DNA can be delivered
into the cells and exert its function efficiently, the green
fluorescent protein will be synthesized by the expression of
GFP gene and can be imaged by fluorescence microscope.
PK-15 and PEF cells were used as the receptor cells. The
cells were seeded in the 6-hole cell plate, incubated at 37◦C,
5% CO2, and cultured until the confluency reached 70%–
80%. Then PEI-modified magnetic nanoparticles were used
to deliver pEGFP-N1 plasmid DNA to receptor cells. The
nanoparticles were mixed with plasmid DNA at certain mass
ratios, incubated at room temperature for 15 min. Cells
were rinsed twice with phosphate-buffered saline (PBS), and
1.5 mL DMEM with no serum and other supplement were
added. After that, cells were incubated with nanoparticle-
DNA complexes on a 0.3 T permanent magnet at room
temperature for 15 min. After a further incubation of 5 h,
medium was replaced with DMEM supplemented with 10%
FBS at 37◦C, 5% CO2. The expression of GFP gene in the
receptor cells was observed with fluorescence microscope
(Olympus) after 24 h of incubation. The cells with trypsin
were harvested and washed twice with PBS. At least 10000
cells were acquired for flow cytometry (BD FACSAria).

2.8. Statistical Analysis. Each experiment without declaring
was carried out for three times at the same condition. Results
are reported as means ± standard deviation. All statistical
analyses were performed using the program Microsoft
EXCEL 2003 from the Microsoft Corporation.

3. Results and Discussion

3.1. Characterization of Nanoparticles and Nanoparticle/DNA

Complexes

3.1.1. Electron Microscopy. SEM images of both magnetic
nanoparticles and nanoparticle/DNA complexes are shown
in Figures 1(a) and 1(b). The pure nanoparticles are spherical
shape with the average diameter about 150 nm. As shown
in Figure 1(b), the surface of nanoparticle/DNA complexes
becomes coarse and rough, and the average diameter is
also increased to 200 nm, due to the formation of nanopar-
ticle/DNA complexes and the adsorption of DNA on the
surface of the nanoparticles. SEM results imply the effective
conjugating property between nanoparticles and DNA.
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Figure 1: SEM images of magnetic nanoparticles and nanoparticle/DNA complexes: (a) SEM image of magnetic nanoparticles. The SEM
image shows the spherical shape of the magnetic nanoparticles with diameter about 150 nm. (b) SEM image of nanoparticle/DNA complexes.
The nanoparticle/DNA complexes are also spherical but with rougher surface. The diameter of the complexes is about 200 nm.
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Figure 2: Zeta potential assay of nanoparticles and nanoparticle/DNA complexes. (a) The value at the peak of the curve shows that the Zeta
potential of the nanoparticles is +29.4 mV. (b) The Zeta potential of the nanoparticle/DNA complexes drops down to +23.1 mV compared
with nanoparticles alone.
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Figure 3: Agarose gel electrophoresis of plasmid DNA and nanoparticle/DNA complexes: (a) Lane 0: pure plasmid (control); lanes 1∼4:
nanoparticle/DNA complexes at the ratio of 1 : 20, 1 : 10, 1 : 5, and 1 : 1, respectively. (b) Lane 0: pure plasmid; lane 1: plasmid digested with
EcoR I; lanes 2∼4: nanoparticle/DNA complexes at the ratio of 1 : 10, 1 : 5, and 1 : 1, respectively, digested with EcoR I. (c) Lane 0: pure
plasmid; lane 1: plasmid digested with DNase I; lanes 2∼4: nanoparticle/DNA complexes at the ratio of 1 : 10, 1 : 5, and 1 : 1, respectively,
digested with DNase I.
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Figure 4: Fluorescent micrograph of the transfected PK-15: (a). Fluorescent micrograph of the PK-15 cells transfected without a magnetic
field. (b) Fluorescent micrograph of the PK-15 cells transfected under a magnetic field. The results showed that the transfection efficiency
can be significantly enhanced with magnetic field.

3.1.2. Zeta Potential and Size Measurement. The Zeta poten-
tial of the pure magnetic nanoparticles was positive charge
of +29.4 mV (as shown in Figure 2(a)) with an average
diameter of (153.5 ± 2.5) nm (not shown) at neutral pH.
After conjugated with DNA to form complexes, the Zeta
potential decreased to +23.1 mV (as shown in Figure 2(b)),
and the average diameter increased to (202.9 ± 1.1) nm
(not shown). The results were consistent with the SEM
morphology results. The decrease of the Zeta potential due
to the negative charged DNA neutralized the positive charge
of the nanoparticles.

3.2. Combination and Protection Analysis of PEI-Modified
Magnetic Nanoparticles and Plasmid DNA. The binding and
protecting ability of PEI-modified magnetic nanoparticles
with plasmid DNA has been quantitatively investigated by
using agarose gel electrophoresis. Agarose gel was performed
in a 1% (w/v) gel, ethidium bromide included for visualiza-
tion for 30 min at 90 V. Figure 3(a) shows the photograph
of the electrophoresis result for the nanoparticle/DNA com-
plexes with different mass ratio of nanoparticle/DNA. The
results showed that PEI-modified magnetic nanoparticles
could bind the negative charged plasmid DNA, and the
nanoparticles/DNA complexes retained at baseline (lane 2∼
4) because of the increased size of the complexes. As that
the mass ratio of nanoparticle/DNA decreased to 1 : 20,
free plasmid DNA was observed (lane 1), which illustrates
the mass ratio of nanoparticle/DNA should be more than
1 : 20 in order to keep a complete combination between
nanoparticles and plasmid DNA.

To investigate protecting ability of the nanoparticles for
the DNA against enzyme degradation, 1 U EcoR I and 1 U
DNase I were added to the pure plasmid DNA and nanoparti-
cle/DNA complexes, respectively, and then incubated at 37◦C
for 1 h. As shown in Figure 3(b) (lane 1), pure plasmid DNA
was degraded by EcoR I, and linear DNA was produced. In
the case of DNase I (Figure 3(c), lane 1), pure plasmid DNA

was completely degraded into small fragments and hardly
be visualized in the agarose gel. However, nanoparticle/DNA
complexes were retained at the baseline, and no DNA strip
was observed in the lane after being digested by EcoR I or
DNase I (Figure 3(b), Figure 3(c), lane 2∼4). These results
showed that the magnetic nanoparticles can protect the
plasmid DNA against enzyme degradation efficiently.

3.3. Application of PEI-Modified Magnetic Nanoparticles for
Gene Delivery to Porcine Somatic Cells. Based on the analysis
of the PEI-modified magnetic nanoparticles, the combina-
tion of the nanoparticles has a good ability to bind with plas-
mid DNA. Moreover, the formation of nanoparticle/DNA
complexes can protect DNA against enzyme degradation.
Such advantages of the PEI-modified magnetic nanoparticles
make it has a potential strength as vector for gene delivery.
We further investigate the performance of the magnetic
nanoparticles in the delivery system of PK-15 cells and PEF
cells, respectively.

3.3.1. Gene Delivery to PK-15 Cells. The nanoparticles were
used to delivery pEGFP-N1 into PK-15 cells as gene vectors.
The expression of GFP gene was detected by fluorescence
microscope. It was found that the efficiency of GFP expres-
sion can be enhanced significantly in the presence of the
magnetic filed (Figure 4). The reason is that the plasmid
DNA can be directionally delivered to the receptor cells by
magnetic nanoparticle under the magnetic field, which con-
densed the concentration of nanoparticle/DNA complexes
on the surface of the cells, resulting in the increased cellular
endocytosis of the complexes.

To investigate the effect of mass ratio of nanoparti-
cle/DNA on the efficiency of gene delivery, the nanoparti-
cle/DNA complexes were added to the receptor cells at the
mass ratio of 2 : 1, 1 : 1, and 1 : 2 (2 µg DNA, nanoparticles
changed with the ratio). The results illustrate that the
mass ratio of nanoparticle/DNA affects the gene delivery
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Figure 5: Expression efficiencies of GFP plasmid at different ratio of
nanoparticles and plasmid DNA. The efficiency of GFP expression
was influenced by the mass ratio of nanoparticles and plasmid DNA.
Efficiencies are (15.3 ± 1.8) % and (14.8 ± 1.2) % at the mass ratio
of 2 : 1 and 1 : 2, respectively. The highest gene delivery efficiency
was obtained with (23.3 ± 3.5) % at the nanoparticle/DNA mass
ratio of 1 : 1. Shown are mean averages± standard deviation of three
independent experiments. The differences are significant (P < 0.05)
as determined by one-way ANOVA.

efficiency. When the mass ratios of nanoparticle/DNA are
2 : 1 and 1 : 2, the gene delivery efficiencies are (15.3 ±
1.8)% and (14.8±1.2)%, respectively (Figure 5). The highest
gene delivery efficiency was obtained with (23.3 ± 3.5)%
at the nanoparticle/DNA mass ratio of 1 : 1. It may be due
to the cells viability decreased by the excess PEI on the
surface of nanoparticles with too high nanoparticle ratio
(2 : 1), resulting in the decreased efficiency. However, too
low concentration of nanoparticles (1 : 2) could decrease the
endocytosis effect of the complexes into the cells. It illustrates
that the most optimal mass ratio of nanoparticle/DNA is
1 : 1 in order to keep a good performance in gene delivery
experiments.

The efficiency of the gene delivery was also influenced
by the amount of the nanoparticle/DNA complexes. The
nanoparticle/DNA complexes were prepared with the mass
ratio of 1 : 1, and then added to the cells with different
amounts. The efficiencies of gene delivery with differ-
ent amounts were shown in Figure 6. The efficiency was
increased with the raised nanoparticle/DNA complexes in the
low range of amounts, and then decreased with continuously
increasing the amounts of nanoparticle/DNA complexes.
The efficiency changed not obviously when the amounts of
nanoparticle/DNA complexes were higher than 4 µg. The
efficiency increased in the low range of complex amounts
due to the dose effect. As the amount increased, excess
complexes could lead to aggregation and increase the size
of the complexes, which decreased the cellular endocytosis.
The cell viability decreasing caused by the excess PEI of the
nanoparticles was also the reason of efficiency decreasing.

3.3.2. Gene Delivery to PEF Cells. On the base of gene delivery
into PK-15 cells, a preliminary study of gene delivery was
also carried out in the system of PEF cells. The regulation
of gene delivery to PEF cells was similar to PK-15 cells. The
efficiency of gene delivery was the highest at the optimal
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Figure 6: The efficiency curve of GFP expression with different
amounts of nanoparticle/DNA complexes. The efficiency of GFP
expression was influenced by the amount of the nanoparticle/DNA
complexes. Efficiency increased with raised amount of complexes
in low range, decreased with continuously increasing the amounts
of complexes, and then changed not obviously when the complex
amount surpassed 4 µg.

Figure 7: Fluorescent micrograph of GFP expression of PEF cells.
The gene delivery into PEF cells was also carried out with PEI-
modified magnetic nanoparticles but still at a low level of efficiency
compared with PK-15 cells.

mass ratio of 1 : 1 and changed with the amount of the
nanoparticle/DNA complexes. But the efficiency was lower
than that of PK-15 cells. The results showed that the PEI-
modified magnetic nanoparticles can also delivery GFP gene
into PEF cells (Figure 7). The success delivery of GFP gene
to PEF cells demonstrates that the PEI-modified magnetic
nanoparticles can be employed for gene vector to deliver
genes to porcine somatic cells, which may be significant for
the achieving of breeding new transgenic cloned pigs using
somatic cell nuclear transfer technique.

4. Conclusions

In conclusion, this work provides a new approach to deliver
genes to porcine somatic cells using PEI-modified magnetic
nanoparticles as gene transfer vector. The PEI-modified
magnetic nanoparticles are spherical shape with the average
diameter about 150 nm. The surface of nanoparticle becomes
coarse and rough, and the average diameter increases to
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200 nm after conjugated with the plasmid DNA. The zeta
potential of nanoparticle/DNA complexes drops down from
+29.4 mV to +23.1 mV after the conjugation. Agarose gel
electrophoresis experiments show that DNA plasmids can
be loaded and protected effectively against degradation of
exonuclease and endonuclease by PEI-modified magnetic
nanoparticles. It is found that the efficiency of gene delivery
is not only affected by the mass ratio of nanoparticle/DNA,
but also the amount of the nanoparticle/DNA complexes.

The achieving of gene delivery into PK-15 and PEF
cells by using magnetic nanoparticles provides an important
experimental basis for the application of the magnetic
nanoparticles as gene transfer vector for porcine somatic
cells. It may provide a foundation study for the application
of somatic cell nuclear transfer technique in breeding new
transgenic cloned pigs.
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