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Abstract Polyethylenimine (PEI) functionalized mag-
netic nanoparticles were synthesized as a potential non-viral
vector for gene delivery. The nanoparticles could provide the
magnetic-targeting, and the cationic polymer PEI could
condense DNA and avoid in vitro barriers. The magnetic
nanoparticles were characterized by Fourier transform
infrared spectroscopy, X-ray powder diffraction, dynamic
light scattering measurements, transmission electron
microscopy, vibrating sample magnetometer and atomic
force microscopy. Agarose gel electrophoresis was used to
asses DNA binding and perform a DNase I protection assay.
The Alamar blue assay was used to evaluate negative effects
on the metabolic activity of cells incubated with PEI modi-
fied magnetic nanoparticles and their complexes with DNA
both in the presence or absence of an external magnetic field.
Flow cytometry and fluorescent microscopy were also per-
formed to investigate the transfection efficiency of the DNA-
loaded magnetic nanoparticles in A549 and B16-F10 tumor
cells with (+M) or without (—M) the magnetic field. The in
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vitro transfection efficiency of magnetic nanoparticles was
improved obviously in a permanent magnetic field. There-
fore, the magnetic nanoparticles show considerable potential
as nanocarriers for gene delivery.

1 Introduction

In recent years some new techniques have been developed
for cancer treatment, such as targeted therapy, thermal
therapy and gene therapy [1-3]. Among those, gene ther-
apy has gained significant attention as a potential method
for the treatment of many inheritable or acquired diseases
that are currently considered incurable. Meanwhile it is
becoming thought of as a potential alternative therapy to
traditional chemotherapy used for treating cancer [4, 5].
Gene delivery is one of the critical steps for gene therapy.
Although viral vectors have been proven to possess high gene
transfection efficiency, they have disadvantages such as
immunogenicity, potential of insertional mutagenesis in the
host genome, limited DNA delivery capacity and scale of
production [6]. On the other hand, non-viral vectors, as prom-
ising alternatives to viral vectors for their advantages, will elicit
much less immune responses or randomly integrate DNA into
the host genome [7]. To date, the non-viral vectors have been
widely developed and can be mainly divided into two large
groups: one is organic component carriers such as cationic
lipids [8, 9], polymers [10-13], peptides [14, 15] and carbon
nanotubes [16]; the other is inorganic component nanoparticles
such as quantum dots [17], gold nanoparticles [18], calcium
phosphate particles [19] and magnetic nanoparticles [20].
Cationic polymer is an idea alternative as a vector for
DNA with negative charges since they can be easily banded
together by virtue of their electrostatic interactions. One of
the most prominent examples among cationic polymers is
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polyethylenimine (PEI), which is often considered as the
gold standard of gene transfection [5, 21-23]. Its high charge
density of primary, secondary and tertiary amines allows PEI
to bind and compact DNA into nanoparticles, thereby it can
be protected from nuclease degradation. As a result of the
high density of amines, PEI lends itself to protonation with
the charge density proportional to the pH of the biological
environment [24]. The transfection efficiency of PEI
depends on its molecular weight. High molecular weight PEI
has high gene transfection efficiency but high cytotoxicity.
So it is necessary to reduce the cytotoxicity of PEI and
improve gene’s uptaking in cancer gene therapy.

One of the key factors affecting efficiency in gene deliv-
ery is the low amount of DNA that manages to reach the
target cells [25]. In this regard, the development of non-viral
vectors which can be directed selectively towards specific
cells is very important, and thus could improve significantly
the chance of gene expression [25]. Magnetic nanoparticles
generally applied in targeted drug delivery can be guided
through the use of an applied magnetic field to specific tis-
sues, organs, or possibly even into cells, allowing to reduce a
considerable dose of DNA to inject and the time necessary to
reach the desired target cells, enhancing significantly gene
expression efficiency [26]. However, primary magnetic
nanoparticles aggregate easily as a result of their large sur-
face energy and the interaction between dipoles, which will
bring a negative effect on their application in drug delivery.
To resolve this problem two modifications such as physical
adsorption method [27-29] and chemical conjugation
method [30-32] have been developed to tailor magnetic
nanoparticle surface with biocompatible polymers.

In the study, the chemically modified magnetic nanopar-
ticles with surface positive charges were investigated as a non-
viral vector for gene delivery to reduce toxicity and increase
the transfection efficiency with a permanent magnetic field.
The nanoparticles comprised of superparamagnetic iron oxide
nanoparticles (SPIONs) chemically conjugated with PEI. The
functionalized nanoparticles with smaller size are stable in the
water due to the chemical bonds between magnetic nanopar-
ticles and PEI. The SPIONs would provide the magnetic-
targeting, and the cationic polymer PEI could carry with DNA
and avoid in vitro barriers for gene delivery. The transfection
efficiency of the DNA-loaded magnetic nanoparticles was
investigated in A549 and B16-F10 tumor cells with (+M) or
without (—M) the magnetic field.

2 Materials and methods
2.1 Materials

Ferrous chloride tetra-hydrate (FeCl,-4H,0), ferric
chloride hexahydrate (FeCl;-6H,0O) iron salts, aqueous
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ammonium hydroxide (25-28 %, w/w), Sodium citrate
(CA) and N-hydroxysulfosuccinimide (sulfo-NHS) were
purchased from Chengdu KeLong Chemical Reagent
Company (Sichuan, China) and used as received. Poly-
ethylenimine branched (PEI, Mn 25000) was purchased
from Aldrich (USA). N-(3-dimethylaminopropyl)-N'-eth-
ylcarbodiimide hydrochloride (EDC) was purchased from
Pierce (Rockford, IL, USA).

The osteoblasts belonged to normal cell line, which was
from neonatal rat’s skull. The A549 (the human alveolar
epithelial cell line) and B16-F10 (the mouse melanoma cell
line) cells, the plasmid DNA and the plasmid of green
fluorescent protein (GFP) were presented by Sichuan
University (China). Permanent magnetic field was provided
by permanent magnets placed directly underneath the cell
culture plate. The magnetic field strength was measured by
Gaussmeter (HT 201 Hengtong magnetoelectricity Co.,
Ltd, China), and the magnetic field strength M = 0.1 T.

2.2 Synthesis of PEI functionalized magnetic
nanoparticles (SPIONs@PEI)

The synthesis of SPIONs@PEI can be divided into two
steps as shown in Scheme 1. Firstly, SPIONs@CA was
prepared by modified chemical co-precipitation as our
previous report [33]. In brief, 4.1 g ferric chloride hexa-
hydrate, 1.791 g ferrous chloride tetra-hydrate (molar ratio:
2:1) and 100 mL distilled water were added in a three-
necked flask with gently stirring. After the mixture solution
dissolved completely, 25 mL aqueous ammonium
hydroxide (25-28 %, w/w) and 8.823 g CA were added
with vigorous stirring under the protection of nitrogen
atmosphere at 80 °C for 1 h and then cooled down to the
ambient temperature. After reaction, the precipitate SPI-
ONs@CA was collected by a magnet and washed five
times with distilled water. Finally, SPIONs@CA aqueous
solution was freeze-dried and stored at 4 °C for further use.
Secondly, SPIONs@PEI was synthesized via amide
reaction between terminal amino groups of PEI and car-
boxyl groups of CA located on the surface of SPIONs. The
mixed solution containing 200 mg PEI and 100 mg SPI-
ONs@CA dissolved in 30 mL distilled water was activated
by adding 70 mg of EDC and 120 mg N-hydroxy-
succinimide (NHS). The mixture was magnetically stirred
for 48 h at ambient temperature. The following procedures
were similar with the fabrication of SPIONs@CA referred
above. SPIONs@PEI/DNA complex can be obtained by
mixing SPIONs@PEI solution with DNA solution.

2.3 Characterization

The Fourier transform infrared spectroscopy (FT-IR,
Nicolet, 5700) was performed to analyze the surface
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Scheme 1 Scheme of synthesis
of SPIONs@PEI/DNA complex

SPIONs@CA

functionalization of all samples. The modified nanoparti-
cles were analyzed for phase composition using X-ray
powder diffraction (XRD, Philips, X’Pert PRO) over the 26
range from 10° to 90° at rate of 2.5° min~', using Cu-Ka
radiation (4 = 1.54060 A) at room temperature. The
magnetic properties were measured with a vibrating spec-
imen magnetometer (VSM, Lake Shore 7410) under the
conditions of 300 K, 1000 A m~! and 16 Hz at room
temperature. Particle size, distribution and Zeta Potential
were determined by Particle Size Analyzer (ZETA-SIZER,
MALVERN, Nano-ZS90). The morphology and size were
observed by using transmission electron microscopy
(TEM, HITACHI, H-700H) at an accelerating voltage of
175 kV and atomic force microscopy (AFM, CSPM5000,

Being, China).

2.4 Stability of SPIONs@PEI

The UV-Visible spectrophotometry (UV-2550, Shimadzu,
Japan) was employed to investigate the stability of SPI-
ONs@PEI in the various external environments. In the
presence of NaCl at a concentration of up to 500 mM, the
stability was firstly evaluated. The magnetic nanoparticles
were centrifuged (Anke TGL-16B, Shanghai) at 5,000 rpm
for 0, 1, 3, 5,7, 9, 12 and 15 min, respectively, and the
absorbance of the solution was recorded periodically as
previous report [34]. Furthermore, the stability of SPI-
ONs@PEI was further studied at pH 2-12 and at temper-
atures from 25 to 41 °C. The stability of the magnetic
nanoparticles in the presence of serum was also evaluated
at different period of time.

2.5 Acid-base titration

The buffer capabilities of PEI, and SPIONs@PEI were
determined by acid—base titrations over the pH ranging
from 10.0 to 2.8. In brief, each sample solution of
0.2 mg mL™" was mixed in 30 mL of 150 mM NaCl
solution before titration. Firstly, the sample solution was

SPIONs@PEI/DNA

SPIONs@PEI

titrated by 0.1 M NaOH until the pH values reach to 10.
Secondly, different volumes of 0.1 M HCIl were added into
the solution with gently stirring. During the experiment
period, the different pH values were measured by using a
pH meter. And 150 mM NaCl solution was used as control.

2.6 Determination of particle size and zeta potential
of SPIONs@PEI/DNA complexes

Zeta potential and particle size of SPIONs@PEI/DNA
complexes were evaluated using Particle Size Analyzer
(ZETA-SIZER, MALVERN, Nano-ZS590). SPIONs@PEI/
DNA complexes were prepared in water at various N/P
ratios. Before measurement, the complexes were incubated
at room temperature for 15 min.

2.7 DNA binding assay

The capability of condensing negatively charged nucleonic
acid and protecting DNA from degradation were measured
by the agarose gel electrophoresis. Firstly, the
0.1 mg mL~" plasmid DNA and the SPIONs@PEI were
mixed with the same volume at different N/P ratios and
vortexed shortly. After 15 min incubation at room tem-
perature, 10 pL. mixture solution was determined by 1 %
agarose gel electrophoresis (90 V, 30 min). And the naked
DNA was used as control.

2.8 DNase I protection assay

SPIONs@PEI/DNA nanoparticles at various N/P ratios and
naked DNA (0.3 pg) were incubated for 15 min at 37 °C
with DNase I (1 unit) in DNase/Mg”" digestion buffer
consisting of 50 mM Tri-Cl, pH 7.6 and 10 mM MgCl,.
The DNase I was then inactivated by adding 4 pL of
250 mM  ethtylenediaminetetraacetic  acid (EDTA)
(pH = 8) and incubated for 15 min at room temperature.
2 uL of 1 mgmL™" of sodium heparin was added to
release the DNA from the complex nanoparticles for 2 h.
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The DNA integrity was assessed by 1 % agarose gel
electrophoresis (90 V, 30 min). And the naked DNA was
used as control.

2.9 Cytotoxicity and cellular uptake of the magnetic
nanoparticles

Alamar blue assay as a metabolic test has gained popularity
as a very simple and versatile method of measuring cell
cytotoxicity and metabolic activity. The Alamar blue
agents is non-toxic, so continuous monitoring of cultured
cells is permitted. Osteoblasts were cultured in DMEM
medium supplemented with 10 % fetal bovine serum (FBS)
at 37 °Cin a 5 % CO, incubator. And B16-F10 cells were
cultured in RPMI 1640 medium supplemented with 10 %
FBS at 37 °Cin a 5 % CO, incubator. For the cytotoxicity
test, osteoblasts and B16-F10 cells were seeded of dis-
tinction in 24-well tissue culture plates at a density of
1 x 10* cells per well in medium with (+M) and without
(—M) a permanent magnetic field.

For magnetic nanoparticle cytotoxicity assay, after the cells
cultured 24 h, the culture medium was replaced with 1.5 mL
of medium containing the various concentrations of PEI,
SPIONs@CA and SPIONS @PEI were added to each well.
The Alamar blue assay was performed after one day’s culture.

For magnetic nanoparticles/DNA cytotoxicity assay,
after the cells cultured 24 h, magnetic nanoparticles were
complexed with 2 pg DNA at different N/P ratios for
30 min, which was the same as transfection conditions.
After that, the complexes were added to each well. After
the complexes were added for 4 h, the medium was
replaced with 200 mL of fresh medium and cultured 24 h.
The naked DNA and PEI/DNA were used as control.

Followed the above steps, each well was washed twice
with PBS, and then added with 280 pL Medium 199
(M199), 10 uL FBS, and 10 pL. Alamar blue agents. The
cells were incubated at standard cell culture conditions for
4 h with a color change from indigo blue to pink. Then the
optical absorbance of the medium was read at 570 and
600 nm (mQ x 200, BIO-TEK, USA) against a medium-
blank with Alamar blue.

The cellular uptake of magnetic nanoparticles analysis
was also performed. Prussian blue staining was used to
reveal the presence of iron cations in the Osteblastos and
B16-F10 cells with (+M) or without (—M) a permanent
magnetic field. The cells were fixed with 2.5 % glutaral-
dehyde and washed with PBS, followed by incubation with
2 % potassium ferrocyanide in 6 % hydrochloric acid for
3 h. After wash, they were counterstained with neutral red
solution. The samples were then examined under an optical
microscopy (Olympus IX51, Japan).

To quantify the intracellular uptake of the nanoparticles,
the seeding of B16-F10 and the incubation with the
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nanoparticles were carried out as follows. Cells were see-
ded at the cell density of 1 x 10’ cells per well in a 6-well
plate and grown in a 2 mL medium for 24 h. The culture
medium was replaced with a medium containing the
nanoparticles. After 6 h, the cells were washed three times
with PBS, detached, resuspended, counted, and centrifuged
down. Then, the cells were dissolved in a 37 % HCI
solution at 80 °C for 30 min. The intracellular iron con-
centration was quantified using AAS (Polarized Zeeman
Atomic Absorption Spectrophotometer HITACHI Z-5000)
[35].

2.10 In vitro transfection

Transfection of GFP plasmid mediated SPIONs@PEI/
DNA in A549 and B16-F10 cells was evaluated at various
N/P ratios. PEI/DNA, Lipofectamine 2000/DNA and naked
DNA complexes were performed as control. Experiments
were performed in 6-well plates at a beginning cell density
of 1 x 10’ cells per well and incubated at 37 °C for 24 h.
After that, the complexes in 2 mL serum-free RPMI 1640
medium were added to each well, the cells were incubated
at 37 °C for 4 h in a humidified atmosphere with 5 % CO,.
Magnetofection was performed by applying a permanent
magnetic field (+M) during the transfection period of the
original 15 min. Afterwards, the media was replaced with
fresh RPMI 1640 containing 10 % FBS and incubated for
an additional 24 h at 37 °C. Then the cells were digested
by Trypsin, centrifuged down, washed three times with
PBS, resuspended to make the cell density of
1 x 10° mL™'. The transfection efficiency was monitored
by using flow cytometry by taking up FITC channel (Epics
Elite EST, USA) and was visualized by fluorescence
microscopy (Olympus IX71, Japan).

To study the effect of serum on transfection efficiencies,
the RPMI 1640 containing 10 % FBS was used to transfect
cells with SPIONs@PEI/DNA complexes. Prior to trans-
fection, when the cells achieved 50 % confluence, the
medium was replaced with fresh RPMI 1640 containing
10 % FBS, and then, SPIONs@PEI/DNA complexes at
N/P ratio of 9 was added to each well. The other procedure
was the same as described above.

3 Results
3.1 Characterizations of SPIONs@PEI

The structures of SPIONs@CA and SPIONsS@PEI are
confirmed by FT-IR as shown in Fig. 1a. In the up line, the
peak at about 1,710 cm™' is related to the asymmetric
vibration of C=0 in carboxyl group of CA. And the peak at
about 595 cm ™' is due to the vibration of Fe-O. In the
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down line, the peaks at 1,642 and 1,548 cm~! are due to
the amido bonds in the SPIONs@PEI. The XRD of the CA
and PEI coated magnetic nanoparticles are shown in
Fig. 1b, six characteristics peaks for Fe;04 marked by their
indices (220),(311),(400),(422),(511),and (440)
are observed for both samples as the characteristic peaks of
standard Fe;O, crystal plane according to JCPDS [85-
1436], which indicates that each sample is Fe;O4 crystals
with cubic spinel structure and the incorporation of poly-
mer to SPIONs does not influence Fe;O, crystallization.
VSM analysis demonstrates the magnetization behavior
versus applied magnetic field for SPIONs@PEI (Fig. 1c).
The saturation magnetization level of SPIONs@PEI is
comparable at 38.1 emu g~'. The absence of a hysteresis
loop with reversal of the magnetic field indicates that
there is no magnetic energy loss, which is consistent
with superparamagnetic behavior.

TEM and AFM are used to observe the morphology of
SPIONs@CA and SPIONs@PEI. As shown in Fig. 2a—d,
SPIONs@CA and SPIONs@PEI possess excellent disper-
sibility in water, which suggests that the CA and PEI
molecules immobilized on SPIONs could improve the
nanoparticle dispersion in water as a result of steric
repulsion forces. The TEM photo in Fig. 2b shows that
SPIONs@PEI aggregated a little in aqueous phase. Fur-
thermore, Fig. 2e exhibits that the z-average diameter
values of SPIONs@CA and SPIONs@PEI are 68 and
165 nm, respectively. Figure 2f displays that the zeta

potential value transformed from negative (—31.8 mv) to
positive values (422.5 mv).

3.2 The stability of SPIONs@PEI

The stability of SPIONs@PEI dispersed in the aqueous
solution was studied in specific environments. The absor-
bance of the magnetic nanomicelles at 350 nm was recor-
ded and illustrated in Fig. 3 based on previous report [36].
As seen from Fig. 3a, after SPIONs@PEI are treated with
NaCl with various concentrations from 0 to 500 mM, the
absorbance almost kept constant, indicating that the SPI-
ONs@PETI solution is very stable [37]. Figure 3b displays
that no significant change in absorbance is observed after
SPIONs@PEI were centrifuged in different time periods,
which suggested that SPIONs@PEI was reasonably stable
under this condition. Furthermore, the stability of the
magnetic nanoparticles was further studied at pH 2-12.
Similarly, the absorbance of SPIONs@PEI has no signifi-
cant change (Fig. 3c). In addition, the absorbance of SPI-
ONs@PETI at different temperatures from 25 to 41 °C are
monitored, and the absorbance has no obvious change
(Fig. 3d). To confirm that the magnetic nanoparticles can
be used in vivo, the stability was also conducted in the
presence of serum at different period of time. The results
indicate that stable dispersion occurred due to the steric
repulsion among PEI chains and the repulsion of positive
charges. It is seemed that the dispersion and stability are
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Fig. 2 TEM images of
SPIONs@CA (a),
SPIONs@PEI (b) (scale bar,
100 nm), AFM images of
SPIONs@CA (c¢),
SPIONs@PEI (d), size
distribution (e) and Zeta
potential (f) of SPIONs@CA
and SPIONs@PEI
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strongly influenced by the PEI grafted on the nanoparticles
surface [32].

3.3 Acid-base titration

Acid-base titration was executed to monitor the buffering
capability of SPIONs@PEI. As seen from Fig. 4, we can
find that the difference in the buffering capability between
the samples of PEI and the magnetic nanoparticles chem-
ically conjugated PEI is little, indicating that SPIONs @PEI
can be applied as a potential non-viral vector in gene
delivery.

3.4 Determination of particle size and zeta potential
of SPIONs@PEI/DNA complexes

The size and zeta potential of SPIONs@PEI/DNA complex
are important factors for cell uptake [38]. The hydrody-
namic sizes of SPIONs@PEI bound with DNA at different
N/P ratios were determined using dynamic light scattering
(DLS) as displayed in Fig. SA. SPIONs@PEI/DNA formed
at a ratio of 3:1 have a size of 230 £ 6 nm, while the size
decreases to 209 £ 22 nm at a ratio of 6:1. The size
increases as the N/P ratio further increases, and remains
stable for higher ratios. The zeta potential of SPIONs@PEI/
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DNA complex not only determines the nanoparticles sta-
bility but also influences the interaction with negatively
charged cell membranes, and further impacts the transfec-
tion efficiency. Figure SA shows the zeta potentials of
SPIONs@PEI/DNA complexes as a function of SPI-
ONs@PEI/DNA ratio. It was noted that all the sharp
changes in size occurred at SPIONs @PEI/DNA ratios when
the zeta potential underwent a transition from negative to
positive values. The large positive zeta potential and DNA
protection provided by SPIONs@PEI suggest that it might
provide a high transfection efficiency. SPIONs @ PEI/DNA
has negative zeta potentials at low N/P ratios but becomes
positively charged at a ratio of 6:1 and above.

3.5 DNA binding assay

To determine the optimal binding of SPIONs@PEI with
DNA, we analyzed the DNA mobilities after binding by gel
electrophoresis. Figure 5B(a) shows agarose gel electro-
phoresis of SPIONs@PEI/DNA complexes at various N/P
ratios, and naked DNA used as control. The N/P ratios of
SPIONs@PEI/DNA were 3, 6, 9, 12, and 15, respectively,
where the content of DNA was kept at 0.3 pg. In contrast
to the naked plasmid DNA, the migration of plasmid was
completely blocked at the N/P ratio of 9:1. We can
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Fig. 4 The buffering capacity of PEI, SPIONs@PEI and 150 mM
NaCl solution

tection assays show that the SPIONs@PEI are able to
effectively protect DNA from DNase I digestion, thus
implying application prospects to a certain extent.
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3.7 Cytotoxicity and the cellular uptake of magnetic
nanoparticles analysis

To evaluate the toxicity of SPIONs@PEI and its DNA
complexes, the cell viabilities of two different cell lines,
osteoblasts and B16-F10 were tested by Alamar blue assay.
Figure 6a, b shows that SPIONs@CA maintain relatively
high cell viabilities (more than 95 %) in all cell lines with
(+M) and without (—M) a magnetic field. The cell viability
of SPIONs@PEI is decreased more obviously than SPI-
ONs@CA at the same concentration, which can be ascri-
bed to a surface charge transition from negative to positive
values. However, we can also find that SPIONs@PEI
exhibits low cytotoxicity at lower concentration, and at the
same concentration the cell viability of SPIONs @PEI with
the magnetic field is lower than that no magnetic field, also
suggesting that the cellular uptake of SPIONs@PEI with
the magnetic field is more than that with no magnetic field.
In particular, the cytotoxicity of SPIONs@PEI was much
less than pure PEI at the same concentration. The reason is
that the magnetic nanoparticles possess better biocompat-
ibility than cationic PEI and thus the incorporation PEI into
the nanoparticles can decrease the toxicity of PEIL. There-
fore, the evaluation of cytotoxicity of SPIONs@PEI/DNA
complex represented that the complex was of minimal
toxicity as shown in Fig. 6¢, d. It can also be found that
there was more than 90 % cell viability at N/P ratios from 3
to 9 with and without the magnetic field, moreover, the
lower N/P ratio complexes presented slighter toxicity.
Furthermore, the cell viability of SPIONs@PEI/DNA
complexes was higher than PEI/DNA complexes with less
than 75 % cell viability at the optimal N/P ratio.

To examine the cellular uptake of magnetic nanoparti-
cles in osteoblasts and B16-F10 cells, the prussian blue
staining was carried out. SPIONS@CA and SPIONs@PEI
appear blue due to the formation of prussian blue precipi-
tates inside the cells as displayed in Fig. 6e, indicating that
SPIONs@CA and SPIONs@PEI were internalized into the
cells via endocytosis. Simultaneously, the blue color inside
osteoblasts and B16-F10 cells were clearer in the presence

@ Springer

of SPIONs@PEI than SPIONs@CA, suggesting that the
larger amount of iron oxides was uptaken. It can be also
explained that more nanoparticles with positive charges
could enter the cells via the electrostatic interaction with
negatively charged cell membrane [39]. And the area of
blue colour for both SPIONs@CA and SPIONs@PEI in the
magnetic field appeared bigger than those without mag-
netic field, which demonstrated that the cellular uptake of
the magnetic nanoparticles could be assisted by the mag-
netic field. Figure 6f shows the quantification of the uptake
of SPIONs@CA and SPIONs@PEI by B16-F10 cells when
cultured in medium containing the nanoparticles with
(+M) and without (—M) a permanent magnetic field. The
iron uptake of SPIONs@PEI is higher than that of SPI-
ONs@CA under the same condition. The iron uptake of
both SPIONs@CA and SPIONs@PEI was higher with the
magnetic field than that with no magnetic field.

3.8 In vitro transfection

The transfection activity mediated by SPIONs@PEI was
also assessed in A549 and B16-F10 cells respectively. In
the luciferases analysis, the plasmid GFP was used as a
reporter gene, PEI was used as a control reagent. After
transient transfection and additional incubation for 24 h,
the transfection efficiency was quantitatively analyzed
using flow cytometry. As shown in Fig. 7A, the highest
transfection efficiency (37.5 %) is observed in B16-F10
cell line for SPIONs@PEI/DNA complex while the effi-
ciency of Lipofectamine 2000/DNA and PEI/DNA com-
plex were 35.3 and 30.0 % respectively with a magnetic
field, and the efficiency of naked DNA was almost equal to
0. Moreover, the transfection activity of SPIONs@PEI/
DNA in the presence of a magnetic field was higher than
that with the absence of a magnetic field at the same N/P
ratio. And the same situations occurred in A549 cell lines
(Fig. 7B). Figure 7C shows the transfection efficiency of
SPIONs@PEI/DNA in B16-F10 cells in the presence of
10 % serum. Among all the SPIONs@PEI/DNA showed
the transfection efficiency was two-fold higher in the
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Fig. 6 Cell viability of
osteoblasts (a) and B16-F10
(b) on the different
concentrations of PEI and the
SPIONs@PEI, cell viability of
osteoblasts (¢) and B16-F10
(d) of SPIONs@PEI/DNA at
the different N/P ratios and
Prussian blue staining (e) of
osteoblasts and B16-F10 cells
after 6 h incubation with
SPIONs@PEI without (—M) or
with (+M) the magnetic field
(scale bar, 2 um) and the
quantification of uptake (f) of
SPIONs@CA and
SPIONs@PEI by B16-F10 cells

presence of a magnetic field than that no magnetic field.
Additionally, the presence of serum has no obvious influ-
ence on the transfection efficiency under the magnetic
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field. Similar results were obtained in A549 cells (Fig. 7D).
The transfection efficiency in B16-F10 and A549 at N/P
ratio of 9:1 is shown in the flow cytometry graphs
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(Fig. 7E). The decrease of the transfection efficiency at
higher N/P ratios could be attributed to the higher cyto-
toxicity of materials.

The transfection efficiency can also be directly visual-
ized with a fluorescent microscopy when GFP is used as
the report gene. Figure 7F shows that the cells transfected
by SPIONs@PEI/DNA complex with the magnetic field
express more green fluorescent proteins than that without
the magnetic field. Additionally, the transfection efficiency
with the magnetic field showed significant statistical dif-
ference compared with no magnetic field in B16-F10 cells
(P < 0.05), and A549 cells followed the same rules. It
reveals that SPIONs@PEI/DNA complex could be
employed as a more effective vector to deliver larger
amount of plasmids in the presence of a magnetic field than
that with no magnetic field.

4 Discussion

It is of great importance to optimize the stability of the
magnetic nanoparticles dispersed in water, which is a basic
requirement for their application as nanocarriers in gene
delivery. Nanoparticles have high stability in the physio-
logical environment and small size to allow a long blood
circulation [40]. SPIONs@PEI nanoparticles show good
stability in the general environment even in electrolyte
solution, which is very important for in vivo and clinical
applications. The branched form of PEI contains the large
number of amine groups, each with the potential to be
protonated. This gives PEI the attribute of serving as an
effective buffer through a wide pH range. It is thought that
gene vectors with good buffering capability may help
DNA-containing complexes escape from the endosomes
and consequently promote transfection activity according
to the “proton sponge” hypothesis [41]. The cytotoxicity of
gene vector is crucial to the clinical application, which
strongly depends on the biocompatibility of vector mate-
rials. Herein, the SPIONs @PEI nanoparticles display good
biocompatibility in the presence of an external magnetic
field. At the same time, the presence of the magnetic field
can improve the transfection efficiency of DNA. The
reason could be attributed to these effects: (1) magnet
increases sedimentation rates, (2) magnet increases nano-
particle internalization, (3) the plasmid released intracel-
lularly was improved [42].

5 Conclusion
It is very necessary to develop a non-viral gene transfer

reagent with incorporation of safety to body with high
transfection efficiency of therapeutic genes. In this study,

PEI functionalized magnetic nanoparticles (SPIONs @PEI)
were successfully fabricated for gene transfection by
chemical conjugation method. The magnetic nanoparticles
with an average size of 165 nm exhibited well aqueous
dispersity, excellent stability and superparamagnetism. The
result of Alamar blue assay displayed that the magnetic
micelles were safe and effective carriers as gene delivery.
The result from flow cytometry and fluorescent microscopy
indicated that the transfection efficiency of the PEI func-
tionalized magnetic nanoparticles was enhanced for B16-
F10 cells and A549 cells under a permanent magnetic field
and the presence of serum have little influence on it.
Therefore, as safety is a primary concern in the develop-
ment of nanomaterials for in vivo applications, the mag-
netic nanoparticles is a good candidate for gene delivery in
gene therapy.
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