
THE JOURNAL OF GENE MEDICINE R E S E A R C H A R T I C L E
J Gene Med 2008; 10: 897–909.
Published online 16 May 2008 in Wiley InterScience (www.interscience.wiley.com) DOI: 10.1002/jgm.1208

Enhanced thoracic gene delivery by magnetic
nanobead-mediated vector

Wenzhong Li1† Nan Ma1*†

Lee-Lee Ong1

Alexander Kaminski1

Christian Skrabal1

Murat Ugurlucan1

Peter Lorenz2

Hans-Heinrich Gatzen3

Karola Lützow4
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Abstract

Background Systemic gene delivery is limited by the adverse hydrodynamic
conditions on the collection of gene carrier particles to the specific area. In the
present study, a magnetic field was employed to guide magnetic nanobead
(MNB)/polymer/DNA complexes after systemic administration to the left side
of the mouse thorax in order to induce localized gene expression.

Methods Nonviral polymer (poly ethyleneimine, PEI) vector-gene com-
plexes were conjugated to MNBs with the Sulfo-NHS-LC-Biotin linker. In vitro
transfection efficacy of MNB/PEI/DNA was compared with PEI/DNA in three
different cell lines as well as primary endothelial cells under magnetic field
stimulation. In vivo, MNB/PEI/DNA complexes were injected into the tail vein
of mice and an epicardial magnet was employed to attract the circulating
MNB/PEI/DNA complexes.

Results Endocytotic uptake of MNB/PEI/DNA complexes and intracellular
gene release with nuclear translocation were observed in vitro, whereas the
residues of MNB/PEI complexes were localized at the perinuclear region.
Compared with PEI/DNA complexes alone, MNB/PEI/DNA complexes had a
36- to 85-fold higher transfection efficiency under the magnetic field. In vivo,
the epicardial magnet effectively attracted MNB/PEI/DNA complexes in the
left side of the thorax, resulting in strong reporter and therapeutic gene
expression in the left lung and the heart. Gene expression in the heart was
mainly within the endothelium.

Conclusions MNB-mediated gene delivery could comprise a promising
method for gene delivery to the lung and the heart. Copyright  2008
John Wiley & Sons, Ltd.

Keywords conjugation; cardiovascular and pulmonary system; gene delivery;
magnetic; poly ethyleneimine; nonviral vector

Introduction

Substantial advances in the understanding of the molecular and cellular
mechanisms of cardiovascular and pulmonary diseases have led to new
prospects of gene therapy as a treatment strategy [1–3]. However, reliable
gene delivery to the thoracic organs remains a problematic issue. For the
heart, intracoronary delivery [4–12] and intramyocardial injection [13–17]
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are the two most frequently used gene delivery methods.
The former method suffers from a temporary exposure
of the vectors to the coronary endothelium and a fast
systemic distribution with the coronary flow, which limits
the vector concentration at the cardiac site [2], whereas
the latter has to overcome limited spatial distribution
of vector transfer and avoid the procedure related risks
such as the needle damage to the cardiac tissue, acute
inflammatory response as well as fibrosis along the needle
track [18,19]. Hence, intravenous delivery of the vectors
might be a novel approach for gene delivery to the heart,
especially to the sites that are hardly accessible by surgical
procedures. However, there is still limited success to
deliver the gene to the heart because of the obligatory
dilution of the gene in the blood stream [20]. For the lung,
systemic gene delivery is also potentially advantageous in
the treatment of lung cancer, for which both primary
and metastatic tumors are located deep in the lung [21].
Although systemic injection of nonviral vector mediated
gene complexes could result in gene delivery primarily to
the lung [22], localized enhancement of gene expression
has yet to be realized to achieve the therapeutic levels for
the cancer diseases in the lung.

A novel technique of magnetic force-enhanced gene
delivery has shown a great potential for rapid and
efficient transfection [23,24]. The magnetic nanoparticles
conjugated with therapeutic genes can be injected into the
bloodstream and guided to the specific area by an external
magnetic field. Moreover, magnetic nanoparticles and the
external magnetic field are well tolerated, and do not
interfere with most biological processes in the human
body, thus eliminating many safety concerns [25–27].

In the present study, we developed a stable magnetic
nanobead/polymer/DNA complex and verified the feasi-
bility of gene transfer to the left lung and the heart under
external magnetic guidance.

Materials and methods

Amplification and purification of
plasmid DNA

pRE-Luciferase plasmid (pREP4/Luc) is a 12.5 kb pcDNA
encoding firefly luciferase driven by a Rous sarcoma
virus promoter inserted into pREP4 vector (Invitrogen,
Carlsbad, CA, USA). Plasmid pcDNA3.1/LacZ (Invitro-
gen) and pcDNA3/Bcl-2 are under the control of the
cytomegalovirus immediate–early region promoter and
enhancer. pEGFP-C1 was obtained from Clontech (Moun-
tain View, CA, USA). Vascular endothelial growth factor
(VEGF189) was encoded in pCEP4 vector. All plas-
mids were transformed in Escherichia coli DH5α strain
and amplified in LB medium at 37 ◦C for overnight
at 250 r.p.m. The amplified plasmid DNA was puri-
fied by Qiagen Plasmid Maxi kit (Qiagen, Valencia,
CA, USA). The purified plasmid DNA was dissolved in
Tris-ethylenediaminetetraacetic acid (TE) buffer and con-
densed in a freeze dryer (BETA 1–16).

The concentration and purity of plasmids were
determined by the ratio of ultraviolet absorbance at
260 nm to 280 nm. Plasmids at an optical density ratio
of 1.8–1.9 were used. The purified plasmid DNA was
resuspended in TE buffer and stored in aliquots at a
concentration of 2 or 4 mg/ml. Detailed information on
the plasmids is listed in supplementary table 1.

Magnetic nanobead (MNB)/poly
ethyleneimine (PEI)/DNA complex
formation

Branched PEI (average MW 25 000) (Sigma-Aldrich, St
Louis, MO, USA) was purified through dialysis in three
changes of a 100-fold volume excess of water, lyophilized
and re-hydrated before use. PEI/DNA complexes at the
charge ratio of 17 were mixed at the desired DNA
concentration. The PEI solution and DNA solution at a
given N/P ratio were diluted in 5% glucose to ensure
iso-osmolarity for transfection experiments and in vivo
application. The PEI solution was added to the DNA
solution and immediately mixed and incubated for 30 min
at room temperature. Based on the notion that large
complexes formed in physiological salt solutions are
more efficient than small complexes in gene delivery
[28–30] and the magnetic force acting on MNBs in
a liquid suspension is proportional to the particle
volume, MNBs with an average size of 200 nm (Miltenyi
Biotec, Auburn, CA, USA) were selected. MNBs were
washed three times according to the manufacturer’s
protocol and resuspended in 5% glucose. The PEI/DNA
complexes with 5% of biotinylation were conjugated
with MNBs at the same volume of PEI via Sulfo-NHS-
LC-Biotin linker (Pierce, Rockford, IL, USA) according
to the protocol provided by vortexing for 30 s and
followed by incubation at room temperature for 30 min.
The resulting magnetic bead/polymer/DNA complexes
(MNB/PEI/DNA) are stable in aqueous solution and can
be stored at 4 ◦C for several days.

DNase I protection assay

The complexes of PEI/DNA and MNB/PEI/DNA at the
charge ratio of 17, containing 3.5 µg of pcDNA3.1/LacZ
in 35 µl of complex solution, were prepared as described
above and then incubated with DNase I at a concentration
of 100 units/ml for a specified time duration in the
reaction buffer (40 mM Tris-HCl, pH 8.0, 10 mM MgSO4
and 1 mM CaCl2) (Promega, Madison, WI, USA). After
incubation, DNase I was inactivated by adding 3.5 µl of
stop solution (20 mM ethylene glycol tetraacetic acid,
pH 8.0) (Promega) under gentle vortexing. Sodium
dodecyl sulfate (SDS) solution (4.3 µl, 10%) was then
added and pDNA was dissociated from the complexes
after 16 h incubation at 65 ◦C. The supercoiled pDNA
in the mixture was incubated with 24 units of EcoRI
restriction endonuclease (Promega) for 1 h followed by
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heat inactivation at 65 ◦C for 30 min to obtain the
linearized pDNA. 0.35 µg of pREP4/Luc linearized with
HindIII restriction endonuclease (Promega) was added
in each sample served as the loading control for gel
documentation. The samples were analysed on 1% (w/v)
agarose gel for 50 min at 90 V. The gel was stained with
ethidium bromide (0.5 µg/ml) and photographed using
Gel/Video Documentation (Bio-Rad, Hercules, CA, USA).

Cytotoxicity assay

Cytotoxicity of MNB/PEI/DNA in comparison with
PEI/DNA alone was evaluated by using MTT (Sigma-
Aldrich) assay. Cells (1 × 104 cells per well in 0.2 ml of
growth medium) were seeded in 96-well plates, 24 h
before the assay. The cells were incubated at 37 ◦C with
200 µl of medium containing 0.25 µg of DNA in complexes
of PEI/DNA or MNB/PEI/DNA with the magnetic bead
dose in the range 0–10 µl, whereas the quantity of PEI
in complexes of PEI/DNA or MNB/PEI/DNA was identical
(0.5 µl per well). The metabolic activity of the cells was
measured after 24 h using the MTT assay. Briefly, 25 µl
of a 5 mg/ml MTT stock in phosphate-buffered saline
(PBS) was added. After 4 h, 100 µl of extraction buffer
[20% SDS in dimethylformamide/water (1 : 1), pH 4.7]
was added and the plate was incubated for 2 h at room
temperature in the dark. The optical densities at 550 nm
were measured by a microplate reader (Model 550; Bio-
Rad). The results were expressed as percentage relative
to the control value measured from the cells treated with
PEI/DNA complexes.

PEI and DNA labelling

PEI was labelled by Oregon green 488 Protein labelling
kit (Molecular Probes, Eugene, OR, USA) according to
manufacturer’s protocol. PEI was diluted to 10 mg/ml
with distilled water. 10 mg/ml reactive dye stock solution
was prepared using Oregon Green 488 carboxylic acid,
succinimidyl ester in dimethylsulfoxide. Then, 20 µl of
1.0 M sodium bicarbonate buffer (pH 8.3) was added to
200 µl of PEI solution. Subsequently, 60 µl of prepared
reactive dye stock solution was added and continued
mixing for 1 h at room temperature in the dark. Free
dye was removed by extensive dialysis and the purified
labelled PEI was stored at 4 ◦C protected from light.

Plasmid pcDNA3.1/LacZ was labelled with TO-PRO-3
(642/661 nm) (Molecular Probes) at a molar ratio of one
dye molecule per 100 bp for 30 min at room temperature
in the dark. The labelled pcDNA3.1/LacZ was then diluted
to 40 µg/ml with the appropriate buffer and stored at 4 ◦C
protected from light.

In vitro gene transfer and luciferase
assay

In vitro transfection efficiency of PEI/DNA or MNB/PEI/
DNA complexes was evaluated by the luciferase reporter

gene in three cell lines: NIH3T3 (mouse embryonic
fibroblast cells); HEK293 (human embryonic kidney cells)
and COS7 (monkey SV40 transformed kidney fibroblast
cells). The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with
10% fetal bovine serum (HyClone, Logan, UT, USA),
100 µg/ml of streptomycin (PAA, Coelbe, Germany) at
100 units/ml of penicillin (PAA), and 4 mM L-glutamine
(PAA) at 37 ◦C in a humidified 5% CO2 incubator. Cells
were seeded in 48-well plates at a density of 5 × 104 cells
per well 24 h prior to the transfection. During the
transfection, the culture medium was replaced with 0.5 ml
complete DMEM with 50 µl of PEI/DNA complexes or
MNB/PEI/DNA complexes containing 0.5 µg of DNA. Cell
culture dishes were kept either under standard conditions
or with a magnet placed underneath for various magnetic
field exposure times. The sintered neodymium-iron-boron
magnets (NeoDelta; remanence Br: 1080–1120 mT)
were obtained from IBS Magnet (Berlin, Germany). The
sizes for block the magnet and the cylindrical magnet
were 20 × 10 × 5 mm (length × width × height) and
6 × 5 mm (diameter × height), respectively. Cells were
incubated with MNB/PEI/DNA or PEI/DNA complexes
for 24 h at 37 ◦C. Following the incubation, the cells
were washed with PBS and lysed with 100 µl of cell
lysis buffer (Promega). Luciferase activity in cell extracts
was measured for 10 s using the luciferase reporter
assay kit (Promega) on a 96-well microplate luminometer
(MicroLumatPlus LB 96V, EG&G Berthold, Bad Wildbad,
Germany). The relative light units (RLU) were normalized
against protein concentration. Protein concentration was
measured by a microplate reader using the BCA protein
assay kit (Pierce). For the transfection specificity study,
plasmid pcDNA3.1/LacZ (Invitrogen) was selected as the
marker gene. For primary endothelial cell transfection, a
method similar to that of Silvia et al. [31] was used to
isolate and culture the endothelial cells from rat coronary
blood vessels and pEGFP-C1 (Clontech) was employed
as the reporter gene. Human umbilical vein endothelial
cells (HUVECs) were transfected with MNB/PEI/pEGFP-
C1. Untransfected HUVECs were employed as control.
Fluorescence activated cell sorting (FACS) data was
obtained 24 h after transfection by a FACScan Calibur
(Becton Dickinson, Franklin Lakes, NJ, USA). Transfection
efficiency was analysed using CellQuest Pro (Becton
Dickinson).

Magnetic field guided in vitro
transfection

The monolayer COS7 cells were incubated for 24 h with
MNB/PEI/pcDNA3.1/LacZ complexes containing 3 µg of
DNA and 6.6 µl of MNBs in the presence of three
cylindrical magnets (each 6 mm in diameter) affixed to
the bottom of a 55-mm cell culture dish. Prior to the
application of MNB/PEI/DNA complexes, three cylindrical
magnets were evenly attached to the bottom of the dish to
form a three-point magnetic field pattern. The positions
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of three magnets were adjusted to exclude the possibility
of passive accumulation of DNA constructs in the centre
or along the peripheral edge of the dish. The dish was
subjected to gentle agitation at room temperature for
30 min and further cultured for 48 h without the magnets.
The monolayer cells were fixed and stained for evaluation
of LacZ gene expression.

Laser scanning microscopy

A Leica TCS SP2 confocal microscope (Leica Microsystems
GmbH, Wetzlar Germany) was used for the optical
sectioning of cells. An argon/krypton mixed gas laser
was used to induce fluorescence. Excitation of the green
fluorophores was achieved by using the 488 nm excitation
line, with the resulting fluorescent wavelengths observed
by using a 515–540 nm band pass filter. Red fluorescence
was induced by the 642 nm excitation line and detected
at 661 nm wavelengths. At the appropriate time point,
the cells were fixed by fixative solution (Invitrogen)
and mounted by FluorSave (Calbiochem; La Jolla, CA,
USA). The confocal analysis was performed and the green
fluorescence from labelled PEI in the nuclear area of
MNB/PEI/DNA or PEI/DNA complexes treated cells was
quantified by Quantity One software (BioRad, Hercules,
CA, USA).

In vivo gene transfer

All animal experiments were performed in accor-
dance to the Guide for the Care and Use of Lab-
oratory Animals (US National Institutes of Health).
C57BL/6J mice at 9–12 weeks of age weighing
20–25 g (Charles River, Wilmington, MA, USA) were
used. Plasmid pcDNA3.1/LacZ and pREP4/Luc were
employed as marker genes, whereas pcDNA3/Bcl-2 and
pCEP4/VEGF189 were selected to assess the feasibility of
therapeutic gene delivery to the heart. Mice were anaes-
thetized with 2.5% solution of avertin by intraperitoneal
injection at a dose of 15 µl/g body weight, endotracheally
intubated and mechanically ventilated. The heart was
exposed via a left thoracotomy and a cylindrical magnet
was placed in the chest of the mice closely adjacent to
the left lateral surface of the heart (Mag+). In the con-
trol group, mice were sham operated and a similar size
ceramic bar was placed (Mag−).

For all in vivo studies, 200 µl of the MNB/PEI/DNA
solution containing 50 µg of DNA (pcDNA3.1/LacZ,
pREP4/Luc, pcDNA3/Bcl-2 or pCEP4/VEGF189) was
injected via the tail vein after surgery. Additional
Mag+ control mice were treated with the empty vector
complexes of MNB/PEI/pcDNA3.1, MNB/PEI/pREP4,
MNB/PEI/pcDNA3 or MNB/PEI/pCEP4. The complexes
in a total volume of 200 µl were slowly injected into the
tail vein over 120 s, using a 1/2-inch 26-gauge needle
and a l-ml syringe. Animals were sacrificed 72 h, 7 days
or 14 days after administration and transgene expression
was evaluated in different organs (kidney, heart, left lung,
right lung, liver and spleen).

To assess the luciferase activity in different organs,
organs were minced, lysed and sonicated in 200 µl of cold
lysis buffer (Promega). Luciferase activity and protein con-
centration in organs were measured as described above
(In vitro gene transfer and luciferase assay’), and normal-
ized against protein concentration and the mass of organ.

For the detection of LacZ expression, hearts were
excised, rinsed, embedded in OCT medium and stored
at −80 ◦C. Subsequently, 10-µm frozen sections were
prepared. Every other section was collected, mounted on
slides and used for analysis.

For the detection of therapeutic gene Bcl-2 and VEGF189

expression, heart samples were collected for Western blot
analysis. The tissue was homogenized by sonication in
cold 1% SDS/PBS buffer. A sample of the supernatant was
taken for protein determination. 20 µg of total proteins
were resolved by 12.5% SDS-PAGE and transferred to a
0.2-mm nitrocellulose membrane (Schleicher & Schuell,
Dassel, Germany). The membranes were blocked in PBS
buffer containing 0.2% Tween 20 and 5% (w/v) nonfat
dry milk for overnight at 4 ◦C and incubated with pri-
mary antibodies for 3 h. Monoclonal antibodies (1 : 200
dilution; Dako, Glostrup, Denmark) against human Bcl-
2 protein and monoclonal antibody (Chemicon, 1 : 50
dilution) against human VEGF protein were used. House-
keeping β-Actin protein was employed as loading control.
Antigen binding was detected by horseradish labelled
anti-mouse secondary antibody (1 : 2000; Pierce) and
visualized by an ECL kit (Amersham Bioscience). Proteins
prepared from the control group were used as background
controls. The relative intensities of the bands for each sam-
ple were quantified by Quantity One software (BioRad).

β-Gal staining and immunostaining

To detect LacZ gene expression, cells were rinsed
three times in PBS with 1 mM MgCl2 (pH 7.8) and
incubated at 37 ◦C in X-gal (5-bromo-4-chloro-3-indoyl-b-
galactosidase) reaction mixture (Invitrogen) for 2 h.

To localize the expression of LacZ marker gene, dou-
ble immunostaining was performed on the frozen tis-
sue section using anti-vWF (von Willebrand Factor)
(Chemicon, Temecula, CA, USA) monoclonal and anti-β-
galactosidase (Abcam, Cambridge, MA, USA) polyclonal
antibody. The antigen binding was detected by Alexa
fluor 568 F(ab′

)2 fragment goat anti-mouse IgG (Molec-
ular Probes) and Alexa fluor 488 donkey anti-rabbit IgG
(Molecular Probes). Images were acquired by a Leica TCS
SP2 confocal laser microscope and the colocalization of
green fluorescence with red fluorescence was quantified
by Quantity One software (BioRad).

In vivo trafficking complexes of
MNB/PEI/DNA after systemic
administration

50 µg of pREP4/Luc complexed to MNB/Oregon green
488 labelled-PEI vectors was injected into the tail vein
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of Mag+ mice and Mag− mice. In another control group,
Mag+ mice were injected with MNB/PEI(without fluo-
rescent labelling)/pREP4/Luc to serve as the intrinsic
autofluorescence control which was recorded as a base-
line for the experimental group. In vivo imaging was
performed at 2 h after the injection. The mice were
anaesthetized before injection. Images were acquired
using NightOwl LB981 in vivo imaging system (EG&G
Berthold) with an exposure time of 100 s. The fluores-
cent image (pseudocolor) was overlaid on the photo-
graphic image. Quantification of signal intensity in all
animals was performed by WinLight32 Software (EG&G
Berthold).

Statistical analysis

Statistical analysis of transgene expression in mouse
organs in terms of RLU/mg protein/gram organ mass
was performed with one-way analysis of variance. The
densitometry data analysis was performed using Student’s
t-test analysis. p < 0.05 was considered statistically
significant.

Results

DNase I protection assay

The protective effect of MNB/PEI to DNA from nuclease
degradation was evaluated by using DNase I as the
model enzyme. At a DNase I concentration of 100
units/ml, naked DNA that served as blank control
(Figure 1, lane pDNA) was largely degraded within 2 h
of incubation. DNA complexed with PEI (lanes with
M−) was degraded much faster, with almost complete
degradation by 10 h. By contrast, DNA complexed with
MNB/PEI (lanes with M+) still remained after 24 h of
exposure to DNase I. These results suggested that the
MNB/PEI/DNA complexes are less susceptible to DNase
I digestion than the PEI/DNA complexes, which may
increase the transfection efficiency both in vitro and in
vivo.

In vitro cytotoxicity of MNB/PEI/DNA

The in vitro cytotoxicity of MNB/PEI/DNA was evaluated
in NIH3T3, HEK293, COS7 and HUVECs using MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide] cell proliferation assay. Relative viabilities
(MNB/PEI/DNA relative to PEI/DNA alone) indicated
that the cytotoxicity increased with increasing MNB dose,
whereas the quantity of PEI in complexes of PEI/DNA or
MNB/PEI/DNA was identical, and large amounts of MNBs
may cause higher cytotoxicity (Figure 2). However, there
was no significant toxicity observed (p > 0.5) in all cells
tested and the cellular metabolic activity was higher than
95% even when tested with the four-fold dose of MNBs
normally used for transfection (only 1.25 µl MNBs were
needed in one well for transfection of a 96-well plate).
Because the MTT assay is a measurement of metabolic
activity, similar cytotoxicity experiments were conducted
and cell viability was determined by direct cell-count anal-
ysis. The data obtained by using the MTT assay directly
correlated to the data obtained by using cell-count analy-
sis determined by Trypan blue staining, which remained
more than 91% of relative viability after transfection in all
cells tested with four-fold dose of MNBs of transfection.

Figure 2. Cytotoxicity of MNB/PEI/DNA in NIH3T3, HEK293,
COS7 and HUVECs as a function of MNB dose. Values were
expressed as a percentage of viability of MNB/PEI/DNA treated
cells relative to that of PEI/DNA alone treated cells (control).
Data are expressed as the mean ± SEM (n = 8). Data are
representative of three independent experiments

Figure 1. Protection of plasmid DNA from DNase I degradation by magnetic nanoparticles. Lane pDNA, plasmid DNA treated with
100 units/ml of DNase I for 2 h. Lanes with M− were DNA recovered from PEI/DNA complexes treated with 100 units/ml of
DNase I for 0, 2, 4, 6, 8, 10, 12 and 24 h of incubation, respectively. Lanes with M+ were DNA recovered from MNB/PEI/DNA
complexes subjected to the same treatment. Lane marker, marker DNA. pREP4/Luc was employed as loading control. (n = 3, three
independent experiments)
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Therefore, it is unlikely the MNB/PEI/DNA would induce
remarkable cytotoxicity at the dose of transfection.

Transfection in vitro

In vitro transfection of cell lines
The transfection efficiency of MNB/PEI/DNA complexes
was assessed using luciferase and LacZ as the reporter
genes. The transfection efficiency is related to the
molar ratio of PEI nitrogen to DNA phosphate (N/P
ratio). For PEI, the optimal transfection was achieved
at a N/P ratio of 17 [32]. At the same quantity of
PEI/pREP4/Luc complexes, the transfection efficiency
mediated by different quantities of MNBs (MNB dose =
1.3, 2.5, 5.0, 7.5, 10.0 µl) was compared with PEI/DNA
alone (MNB dose = 0 µl) in NIH3T3, HEK293 and
COS7 cells subjected to a 30-min incubation in a
magnetic field. It was found that the conjugation of
MNBs with PEI/DNA complexes significantly increased
the transfection efficiency (p < 0.01) and resulted in
the highest enhancement in transfection efficiency at
MNB doses of 5 µl (Figure 3A). The peak transfection
efficiency in the three cell lines was 36-, 85- and 73-
fold, respectively, higher than that offered by PEI/DNA
complexes.

Magnetic field effects on the transfection
To investigate the effect of magnetic field exposure time
to transfection efficiency, the transfection mediated by
the same quantity of MNB/PEI/pREP4/Luc complexes in
NIH3T3, HEK293 and COS7 cells without exposure to
the magnetic field was compared with the transfection
with various magnetic field exposure times (7, 15, 30 or
60 min). The luciferase expression was expressed as a
percentage relative to the transfection that was exposed
to magnetic field for 60 min. As shown in Figure 3B,
transfection efficiency was influenced by the duration of
exposure. Compared with the control group, 30 min of
magnetic field exposure time resulted in a significant
increase of transfection efficiency (p < 0.01) with no
further increase by exposure longer than 60 min. The
relative enhancement was dependent on the cell lines.

Magnetic field guidance in vitro
We tested whether MNB/PEI/DNA complexes could be
directed to specific locations defined by external magnets
so that we can control the locations of transfection by plac-
ing magnets in the desired areas. X-gal staining showed
that reporter gene expression formed a well-defined three
spots pattern and was confined to the areas where the
magnets had been attached prior to the administration
of MNB/PEI/DNA complexes (Figure 3C). Microscopic
evidences for the LacZ reporter gene expression in the
confined area adjacent to the magnet and in the area in
the absence of the magnetic field are shown in Figures 3D
and 3E, respectively. The transfection efficiency in the
area adjacent to the magnet was 62% and in an area in

the absence of the magnetic filed was 4%. In the context
of in vitro application, this phenomenon offers a potential
use of a magnetic field to control the localization of gene
expression in complex biological systems.

In vitro transfection of primary endothelial cells
In addition to the above described cultivated cell lines, the
efficacy of MNBs-mediated transfection was also tested on
primary endothelial cells, which has been well reported
to be difficult to transfect [33]. Rat coronary endothelial
cells cultured in 12-well plates were incubated with
MNB/PEI/pEGFP-C1 complexes containing 2 µg of DNA
and 4.4 µl of MNBs (experimental group) or PEI/pEGFP-
C1 complexes (control group) with an external magnet
attached to the bottom of the plate for 30 min. EGFP
expression was evaluated 24 h after transfection. A high
number of transfected rat coronary endothelial cells were
observed in the MNB/PEI/pEGFP-C1 group (Figure 3F)
compared to the control group, which had negligible
EGFP expression (Figure 3G).

HUVECs are primary cells used as an excellent cell-
based in vitro model to investigate the mechanisms
directed to the role of endothelial cells in normal and
pathological conditions of the endothelium [34]. To
quantify the capability of the MNBs-mediated transfection
to the HUVECs, HUVECs were transfected with the
MNB/PEI/pEGFP-C1. HUVECs cultured in six-well plates
were incubated with MNB/PEI/pEGFP-C1 complexes
containing 3 µg of DNA, 6.6 µl of PEI and 6.6 µl of
MNBs with a magnetic field exposure for 30 min. Results
(Figure 3H) showed that a transfection efficiency of 34.8%
was reached as observed with a fluorescent protein
reporter gene.

Intracellular tracking of MNB/PEI/DNA
complexes

Although attempts have been made to elucidate the cel-
lular mechanism of magnetically enhanced transfection
[23,24], the intracellular fate of MNB/PEI/DNA com-
plexes administered for transfection remains unclear. The
MNB/Oregon green 488 labelled-PEI/TO-PRO-3 labelled-
DNA complexes were administered to COS7 cells and con-
focal microscopy was employed to track the intracellular
fate of MNB/PEI/DNA complexes 24 h after the transfec-
tion. This showed that the PEI polymer did not enter the
nucleus when conjugated to MNBs as demonstrated by
the absence of green fluorescence from labelled MNB/PEI
complexes, whereas DNA (red fluorescence) was detected
inside the nucleus (Figure 4E), supporting the notion that
the DNA was released from the MNB/PEI/DNA complex
and entered the nucleus for translation (indicated with
arrowheads in Figure 4E). By contrast, when PEI/DNA
alone was used for the transfection, labelled PEI (green)
in the nucleus (Figure 4E’, arrowheads) occupied approxi-
mately 9% of total nuclear area based on quantification of
the green signal in the nuclear area, and there was a signif-
icant difference between the PEI/DNA and MNB/PEI/DNA
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Figure 3. In vitro evaluation of magnetically controlled gene delivery. (A) Transfection efficiency enhanced by MNBs. Transfection
was carried out in 48-well plates. At the same quantity of PEI/DNA complexes, the transfection efficiency mediated by different
quantities of MNBs (MNB dose = 1.3, 2.5, 5.0, 7.5, 10.0 µl) or PEI/DNA alone without MNBs was measured in different cell lines
subjected to 30 min of magnetic field exposure. RLU were normalized to the protein content of cell lysates. Data are expressed as
the mean ± SD. (n = 6, three independent experiments). (B) Effects of magnetic field exposure time on transfection. The RLU/mg
protein enhancement was normalized to the transfection with 60 min of magnetic field exposure. Control: transfection with
MNB/PEI/DNA without exposure of magnetic field. Data are expressed as the mean ± SD. (n = 6, three independent experiments).
(C–E) Transfection specificity. (C) The transfected cells formed a three-spot pattern determined by the locations of the magnets
(scale bar = 10 mm). (D) LacZ reporter gene expression in the confined area influenced by the magnetic field and in an area
remote from the magnetic field (E). Original magnification of photos in (D) and (E) is ×200 (scale bar = 100 µm). (F–G) Coronary
endothelial cell transfection. EGFP expression was evaluated 24 h after transfection. Original magnification of photomicrographs is
×200 (scale bar = 50 µm). (H) HUVECs transfection. HUVECs were transfected with MNB/PEI/pEGFP-C1. The cells were analysed
by FACS for the expression of EGFP 24 h after transfection. Solid line, untransfected HUVECs; Shadowed area, EGFP-transfected
HUVECs (n = 6, three independent experiments)
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Figure 4. Intracellular tracking of MNB/PEI/DNA complexes 24 h after transfection. COS7 cells transfected with MNB/PEI
(green)/DNA (red) or/PEI (green)/DNA (red) complexes were compared. Considerable staining of PEI inside the nucleus was
observed in the group without MNBs (lower panel). By contrast, the PEI conjugated to MNBs were not able to penetrate into the
cell nucleus and retained at the perinuclear region (Upper panel). (A, A′) Oregon green 488 labelled PEI; (B, B′) TO-PRO-3 labelled
plasmid DNA; (C, C′) Differential interference contrast (DIC) images; (D, D′) merged and (E, E′) zoom-in of the nucleus. Arrowheads
in (E, E′) indicate the presence of DNA and PEI in the nucleus, respectively (scale bar in A–D and A′ –D′ = 10 µm; scale bar in E
and E′ = 1.0 µm)

treated group (p < 0.001). Given that nuclear translo-
cation of polymer gene vectors might carry a risk of
interference with host chromosome DNA [35], the conju-
gation of polymer with MNBs appears to offer a novel way
to prevent this phenomenon. The transfection efficiency of
MNB/Oregon green 488 labelled-PEI/TO-PRO-3 labelled-
DNA complexes was compared with that of unlabelled
MNB/PEI/DNA, and there was no significant difference
observed (p > 0.5).

Transfection in vivo

In vivo imaging for magnetic attraction of complexes
To investigate whether MNBs can be attracted to a specific
site by a magnet after intravenous injection, in vivo imag-
ing system was employed to detect the accumulation at 2 h
after administration of MNB/Oregon green 488 labelled-
PEI/pREP4/Luc complexes. The fluorescence intensity
located in the left chest (Figure 5) was approximately
18-fold higher in the experimental group (Mag+, n = 6)
than in the control group (Mag−, n = 6) (P < 0.001),
which indicated that the magnet effectively attracted the
complexes to the left chest (heart and left lung).

Transfection with marker genes in the heart
To investigate whether MNBs can deliver genes to a
cardiac site under the control of an external magnet,
72 h after the injection of MNB/PEI/pcDNA3.1/LacZ
complexes, the mice were sacrificed and the reporter
gene expression in the heart was evaluated. Dou-
ble immunofluorescence staining with β-galactosidase
and anti-von Willebrandt Factor antibodies (Figure 6A)
revealed strong LacZ gene expression in the experi-
mental group (Mag+, n = 12). Quantification of the

colocalization of red and green fluorescence showed
that over 90% expression of LacZ was colocalized
with endothelium (Figure 6A, Mag+). However, no LacZ
expression was detected in the control group (Mag−,
n = 12). In the empty vector treated control group, Mag+
mice (n = 12) injected with MNB/PEI/pcDNA3.1 also
showed no LacZ expression. These results demonstrated
that, after systemic administration, the MNB/PEI/DNA
complexes could deliver genes to the cardiac site
where the external magnet was located, and the
transfection was observed mainly within the endothe-
lium.

Transfection with ‘therapeutic’ genes
To corroborate the in vivo results obtained from reporter
gene, plasmid DNA encoding potentially therapeutic
genes, the anti-apoptotic gene Bcl-2 and the pro-
angiogenic vascular endothelial growth factor gene
VEGF189, were tested using the similar procedure. The
therapeutic gene expression was assessed by Western
immunoblotting at 72 h after administration (Figure 6B).
An overexpression of Bcl-2 (n = 12) or VEGF189 (n = 12)

was detected in the hearts of mice with epicardially
placed magnets compared to the control group, in
which Mag− mice (n = 12) were injected with the same
quantities of MNB/PEI/Bcl-2 or MNB/PEI/VEGF189. In
the empty vector treated control group, Mag+ mice
(n = 12) were injected with MNB/PEI/pcDNA3 or with
MNB/PEI/pCEP4, and no overexpression of Bcl-2 or
VEGF189 was detected. The densitometric analysis of the
Western blots (Figure 6C) showed a significant increase
of the therapeutic genes expression in the heart in the
presence of the epicardial magnet (p < 0.01 for Bcl-2 and
P < 0.001 for VEGF189).
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Figure 5. Non-invasive in vivo trafficking of MNB/PEI/DNA complexes 2 h after systemic administration. The fluorescent image
(pseudocolor) was overlaid on the photographic image. The intensity of fluorescent signal from MNB/Oregon green 488
labelled-PEI/DNA was stronger in the left chest of Mag+ group (A) compared to Mag− group (B)

Expression of marker gene in different organs
The reporter gene expression was also examined in
different organs. The luciferase activity was evaluated
in different organs (heart, left lung, right lung, liver,
spleen, and kidneys) 72 h after the injection. In the
control group (Mag−, MNB/PEI/DNA, n = 10), the
highest levels of luciferase expression were detected
in liver, left and right lung, followed by spleen, heart
and kidneys (Figure 7A). However, in the experimental
group (Mag+, MNB/PEI/DNA, n = 10), the highest levels
of luciferase expression were detected in the left lung
and the heart followed by liver, right lung, spleen,
and kidneys. There were no significant differences in
luciferase expression in the organs (right lung, liver,
spleen and kidneys) far from the magnet compared
to the control group without a magnet. However, the
presence of the epicardial magnet significantly increased
almost two orders of magnitude of the luciferase

activity in the heart (p < 0.001; Figure 7A). These data
underscore the feasibility of magnetically attracting of the
MNB/PEI/DNA complexes in the heart and to enhance
a local transgene expression. A similar effect was noted
in the left lung (P < 0.001; Figure 7A), which was not
surprising because the mediastinal surface of the left
lung was directly adjacent to the magnet in the chest
in our model. In the empty vector treated control group
injected with MNB/PEI/pREP4 (Mag+, MNB/PEI/pREP4,
n = 12), no luciferase activity was detected in any
organ.

Persistence of transgene expression
To evaluate the persistence of transgene expression in the
heart, complexes of MNB/PEI/pREP4/Luc were injected
to the control group (Mag−, MNB/PEI/DNA, n = 8)
and experimental group (Mag+, MNB/PEI/DNA, n = 8).
Luciferase activity in the heart was measured at 3, 7
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Figure 6. In vivo evaluation of magnetically controlled gene delivery. (A) Expression of ß-galactosidase from MNB/PEI/DNA in
blood vessels of the heart. Injection of complexes of MNB/PEI/pcDNA3.1/LacZ into the Mag+ mice tail vein caused LacZ expression
predominantly in the endothelium. Anti-LacZ staining: green; Anti-vWF staining: red; merged image: yellow (scale bar = 50 µm).
(B) Representative Western blot analysis of magnetically controlled human Bcl-2 and VEGF189 expression in the heart. Bcl-2 and
VEGF189 were over-expressed in the heart compared to the control group. Housekeeping protein β-actin was employed as loading
control. (C) The relative intensities of the bands for each sample were derived from densitometric analysis and normalized to the
housekeeping protein expression. The assay from each sample in a group was repeated three times with similar results

and 14 days after the administration (Figure 7B). The
luciferase activity from the experimental group showed
a significantly higher (P < 0.001) and persistent trans-
gene expression than the control group, although with
a substantial decline. Although luciferase activity in the
experimental group was detectable at the time point
14 days after injection, the absolute activity was close to
the background levels.

Discussion

A distinct aim of the present study was to evaluate the
possibility for magnetically controlled gene delivery to
the left side of the thorax in the stringent context of
systemic administration. The present study provides, for
the first time, in vivo evidence that there is a possibility
to deliver the MNB/PEI/DNA complexes to the left side
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B

Figure 7. Expression and persistence of luciferase in mouse
organs after systemic administration of MNB/PEI/DNA com-
plexes. (A) Luciferase expression in Mag+ mice (MNB/PEI/
DNA + Magnet, n = 10) and Mag− mice (MNB/PEI/DNA −
Magnet, n = 10). Luciferase expression was evaluated in terms of
RLU/mg protein/gram organ mass. Data are expressed as mean
± SD. Only significance (p < 0.05) is reported. (B) Transgene
expression in the heart was evaluated 3, 7 and 14 days after
the injection of MNB/PEI/pREP4/Luc complexes into the mice
(Mag+ : n = 8 and Mag− : n = 8) by luciferase assay. Data are
expressed as mean ± SD

of the thorax, including left lung and heart, through
systemic administration under external magnetic control.
First, we demonstrated that the MNB/PEI complexes
could provide more effective protection to the plasmid
than PEI against an enzymatic cleavage. Second, the
potential interaction of PEI or other polycations with
host genes [35] could be avoided by conjugating PEI
or other polycations with MNBs being able to retain PEI
extranuclearly. Third, remote gene delivery to the left lung
and the heart was achieved and enhanced gene expression
from MNB/PEI/DNA complexes in the endothelial cells
of the myocardium was observed. These findings have
several implications on both the suitability of this method
for gene delivery to the cardiovascular and pulmonary
system and the biology of intracellular DNA release to the
nucleus.

Specifically, we have investigated the possibility of
using MNBs as a reagent to deliver PEI/DNA complexes
to the heart and the left lung. An essential requirement is
that the PEI/DNA complexes retain biological infectivity
while attached to the surfaces of MNBs. In the present

study, the high binding affinity of the biotin–streptavidin
interaction [36,37] allowed a stable and tight attachment
of the PEI/DNA complexes to the surfaces of MNBs and
subsequently protected the plasmid DNA from DNase I
digestion. This may partly explain why the conjugation
of PEI/DNA complexes with MNBs significantly enhanced
the transfection efficiency compared to PEI/DNA alone.
The effective protection of plasmid by MNBs as well
as the magnetofection increased cellular uptake [38]
could be the two main mechanisms that account for
the enhanced transfection efficiency. Furthermore, our
study about the intracellular fate of PEI/DNA complexes
was consistent with others’ works, which showed that
PEI would enter nucleus in the form of an ordered
structure, although the mechanism by which PEI entering
cell nucleus remains unknown [35,39,40]. Interestingly
we observed that, after PEI/DNA complexes conjugated
to the MNBs, the residual of MNB/PEI complexes was
localized at the perinuclear region whereas plasmid DNA
was released into the nucleus. Hence, the conjugation of
polymer gene vector with MNBs appears to offer a novel
way to prevent the polymer from entering the nucleus,
which could exclude the potential risk of its interference
with the native chromosome DNA [35].

In the heart, magnetic gene-trapping from the circu-
lation was able to effectively transfect the vasculature.
Therefore, this novel vector could be effective in the
treatment of coronary artery disease. The magnetically
controlled gene delivery may be ideal for a temporally
defined delivery and expression of a number of plasmids
encoding for various genes in MNB/PEI/DNA complexes.
One can readily control the time of plasmid DNA releasing
from the MNB/PEI/DNA complexes in vivo and the time
frame for expression of the plasmid.

Plank and colleagues first successfully applied magnetic
field-guided local transfection in cell lines and the
gastrointestinal tract of rats and mice, and in blood vessels
of ear veins of porcine [23,24]. Their vector association
with transMAGPEI was mediated by an electrostatic
interaction and a salt-induced colloid aggregation. When
the complexes are applied intravenously, the negative
surface charge of plasma proteins may affect the stability
of the complexes [41]. Hence, in our system, we took
advantage of the essentially high binding affinity of
biotin and streptavidin and formed an extremely stable
magnetofection vector to favourite its application in the
cardiovascular and pulmonary system.

Although the technique described in the present study
is a promising step towards magnetically controlled gene
delivery, many questions and problems remain to be
addressed before it becomes a clinically useful tool. Fol-
lowing systemic administration, marker gene expression
within the heart was mainly co-localized with endothe-
lial cells of the myocardium, which suggested that the
endothelial barrier might be a major hurdle for transvas-
cular migration of the MNB/PEI/DNA complexes. Hence,
the conjugation of the MNB/PEI/DNA constructs with
a vasculature-permeabilizing agent, such as histamine
[42], VEGF [43] or serotonin [44], may further help
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MNB/PEI/DNA constructs to cross the endothelial barrier
and deliver therapeutic genes to other cell types.

The nonlinear decrease in magnetic force with an
increasing distance will inevitably lead to a weaker force
due to the external magnetic field, which may not be
strong enough to steer magnetic nanoparticles in the
blood flow to a cardiac region [45]. It is indeed interesting
to study the transgene expression applied with a stronger
external field, which could penetrate at a larger distance
on an intact animal model. In addition, it is difficult,
using the current approach, to totally eliminate the gene
expression, at least with the magnetic field available to
us, in other organs. This emphasizes the necessity for a
more focussed and higher gradient magnetic field [46],
which we are developing in Institute of Microtechnology,
Hannover. In large animal models, local delivery of the
MNB/PEI/DNA complexes to the coronary circulation
via regular angiography catheters may also enhance
gene expression level in the heart and reduce gene
expression in other organs. Furthermore, regulation of
the MNB/PEI/DNA gene expression by cardiac specific
promoters or vectors regulated by micro environmental
conditions such as hypoxia may help to restrict the
therapeutic gene effects on the cardiac tissue to realize
the full potential of this technique [47].

The experiment of transgene expression persistence
showed that MNB mediated gene delivery lasted 14 days
with a sharp decline. This rapid inactivation at least
partially was due to the promoter that confers short-term
expression in plasmids. The reason for this phenomenon
is still not known but may involve inhibition by cytokines
[48], inactivation by binding of a repressor protein or by
methylation [49–52], or the loss of a positive activator
[53]. Long-term expression could be achieved by other
promoter, such as β-actin, elongation factor 1-α, or
ubiquitin. Plasmid coded with these long performance
promoters could be important for the success of MNBs
meditated gene therapy approaches where long-term gene
expression is essential.

In summary, we have developed a novel magnetically
guided gene delivery to the left side of the thorax,
including the left lung and heart. Further development
of this technique may offer a novel treatment option for
gene therapy in cardiovascular and pulmonary diseases.

Supporting Information

Supporting information may be found in the online
version of this article.
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project (project 6: Kardiovaskuläre Differenzierung und Applika-
tion definierter mesenchymaler Stammzellpopulationen), DAAD
Project Based Personnel Exchange Programme with China, Insti-
tute of Implantation Technology and Biomaterials, Germany,
Steinbeis Transfer Zentrum fuer Herz-Kreislaufforschung, Ros-
tock, Germany. The authors wish to thank Professor Prof. Dr.-Ing.
Klaus-Peter Schmitz, Professor Dr. Med. Brigitte Vollmar for their
support and Ms Marglt Fritsche for technical assistance.

References

1. Melo LG, Pachori AS, Kong D, et al. Molecular and cell-based
therapies for protection, rescue, and repair of ischemic
myocardium: reasons for cautious optimism. Circulation 2004;
109: 2386–2393.

2. Muller OJ, Katus HA, Bekeredjian R. Targeting the heart with
gene therapy-optimized gene delivery methods. Cardiovasc Res
2007; 73: 453–462.

3. Birchall J. Pulmonary delivery of nucleic acids. Expert Opin Drug
Deliv 2007; 4: 575–578.

4. Vale PR, Losordo DW, Milliken CE, et al. Randomized, single-
blind, placebo-controlled pilot study of catheter-based
myocardial gene transfer for therapeutic angiogenesis using left
ventricular electromechanical mapping in patients with chronic
myocardial ischemia. Circulation 2001; 103: 2138–2143.

5. Grines CL, Watkins MW, Helmer G, et al. Angiogenic gene
therapy (AGENT) trial in patients with stable angina pectoris.
Circulation 2002; 105: 1291–1297.

6. Hajjar RJ, Schmidt U, Matsui T, et al. Modulation of ventricular
function through gene transfer in vivo. Proc Natl Acad Sci USA
1998; 95: 5251–5256.

7. Ikeda Y, Gu Y, Iwanaga Y, et al. Restoration of deficient
membrane proteins in the cardiomyopathic hamster by in vivo
cardiac gene transfer. Circulation 2002; 105: 502–508.

8. Hoshijima M, Ikeda Y, Iwanaga Y, et al. Chronic suppression of
heart-failure progression by a pseudophosphorylated mutant of
phospholamban via in vivo cardiac rAAV gene delivery. Nat Med
2002; 8: 864–871.

9. Iwanaga Y, Hoshijima M, Gu Y, et al. Chronic phospholamban
inhibition prevents progressive cardiac dysfunction and
pathological remodeling after infarction in rats. J Clin Invest
2004; 113: 727–736.

10. Iwatate M, Gu Y, Dieterle T, et al. In vivo high-efficiency
transcoronary gene delivery and Cre-LoxP gene switching in
the adult mouse heart. Gene Ther 2003; 10: 1814–1820.

11. Davidson MJ, Jones JM, Emani SM, et al. Cardiac gene delivery
with cardiopulmonary bypass. Circulation 2001; 104: 131–133.

12. Champion HC, Georgakopoulos D, Haldar S, et al. Robust
adenoviral and adeno-associated viral gene transfer to the
in vivo murine heart: application to study of phospholamban
physiology. Circulation 2003; 108: 2790–2797.

13. Rosengart TK, Lee LY, Patel SR, et al. Angiogenesis gene
therapy: phase I assessment of direct intramyocardial
administration of an adenovirus vector expressing VEGF121
cDNA to individuals with clinically significant severe coronary
artery disease. Circulation 1999; 100: 468–474.

14. Wright MJ, Wightman LM, Lilley C, et al. In vivo myocardial
gene transfer: optimization, evaluation and direct comparison
of gene transfer vectors. Basic Res Cardiol 2001; 96: 227–236.

15. French BA, Mazur W, Geske RS, et al. Direct in vivo gene
transfer into porcine myocardium using replication-deficient
adenoviral vectors. Circulation 1994; 90: 2414–2424.

16. Chu D, Sullivan CC, Weitzman MD, et al. Direct comparison of
efficiency and stability of gene transfer into the mammalian
heart using adeno-associated virus versus adenovirus vectors. J
Thorac Cardiovasc Surg 2003; 126: 671–679.

17. Svensson EC, Marshall DJ, Woodard K, et al. Efficient and stable
transduction of cardiomyocytes after intramyocardial injection
or intracoronary perfusion with recombinant adenoassociated
virus vectors. Circulation 1999; 99: 201–205.

18. Wattanapitayakul SK, Bauer JA. Recent developments in gene
therapy for cardiac disease. Biomed Pharmacother 2000; 54:
487–504.

Copyright  2008 John Wiley & Sons, Ltd. J Gene Med 2008; 10: 897–909.
DOI: 10.1002/jgm



Gene delivery by magnetic nanobeads 909

19. Lin H, Parmacek MS, Morle G, et al. Expression of recombinant
genes in myocardium in vivo after direction injection of DNA.
Circulation 1990; 82: 2217–2221.

20. Sharif F, Daly K, Crowley J, et al. Current status of catheter- and
stent-based gene therapy. Cardiovasc Res 2004; 64: 208–216.

21. Belur LR, Podetz-Pedersen K, Frandsen J, McIvor RS. Lung-
directed gene therapy in mice using the nonviral Sleeping Beauty
transposon system. Nat Protoc 2007; 2: 3146–3152.

22. Goula D, Benoist C, Mantero S, et al. Polyethylenimine-based
intravenous delivery of transgenes to mouse lung. Gene Ther
1998; 5: 1291–1295.

23. Plank C, Schillinger U, Scherer F, et al. The magnetofection
method: using magnetic force to enhance gene delivery. Biol
Chem 2003; 384: 737–747.

24. Scherer F, Anton M, Schillinger U, et al. Magnetofection:
enhancing and targeting gene delivery by magnetic force in vitro
and in vivo. Gene Ther 2002; 9: 102–109.

25. Lacava ZGM, de Azevedo RB, Martins EV, et al. Biological effects
of magnetic fluids: toxicity studies. J Magn Magn Mater 1999;
201: 431–434.

26. Forbes ZG, Yellen BB, Barbee KA, et al. An approach to target
drug delivery based on uniform magnetic fields. IEEE Trans Mag
2003; 39: 3372–3377.

27. Torchilin VP. Drug targeting. Eur J Pharm Sci 2000; 11:
S81–S91.

28. Ogris M, Steinlein P, Kursa M, et al. The size of
DNA/transferring-PEI complexes is an important factor for gene
expression in cultured cells. Gene Ther 1998; 5: 1425–1433.

29. Luo D, Saltzman WM. Enhancement of transfection by physical
concentration of DNA at the cell surface. Nat Biotechnol 2000;
18: 893–895.

30. Wang J, Zhang PC, Lu HF, et al. New polyphosphoramidate with
a spermidine side chain as a gene carrier. J Control Release 2002;
83: 157–168.

31. Nistri S, Mazzetti L, Failli P, et al. High-yield method for
isolation and culture of endothelial cells from rat coronary
blood cells suitable for analysis of intracellular calcium and
nitric oxide biosynthetic pathways. Biol Proced Online 2002; 4:
32–37.

32. Wang S, Ma N, Gao SJ, et al. Transgene expression
in the brain stem effected by intramuscular injection
of polyethylenimine/DNA complexes. Mol Ther 2001; 3:
658–664.

33. Fife K, Bower M, Cooper RG, et al. Endothelial cell transfection
with cationic liposomes and herpes simplex-thymidine kinase
mediated killing. Gene Ther 1998; 5: 614–620.

34. Ear T, Giguère P, Fleury A, et al. High efficiency transient
transfection of genes in human umbilical vein endothelial
cells by electroporation. J Immunol Methods 2001; 257:
41–49.

35. Godbey WT, Wu KK, Mikos AG. Tracking the intracellular path
of poly (ethylenimine)/DNA complexes for gene delivery. Proc
Natl Acad Sci USA 1999; 96: 5177–5181.

36. Green NM. Avidin and streptavidin. Methods Enzymol 1990;
184: 51–67.

37. Wilchek M, Bayer EA. Foreword and introduction to the book
(strept)avidin-biotin system. Biomol Eng 1999; 16: 1–4.

38. Huth S, Lausier J, Gersting SW, et al. Insights into the
mechanism of magnetofection using PEI-based magnetofectins
for gene transfer. J Gene Med 2004; 6: 923–936.

39. Godbey WT, Barry MA, Saggau P, et al. Poly(ethylenimine)-
mediated transfection: A new paradigm for gene delivery. J
Biomed Mater Res 2000; 51: 321–328.

40. Pollard H, Remy JS, Loussouarn G, et al. Polyethylenimine but
not cationic lipids promotes transgene delivery to the nucleus in
mammalian cells. J Biol Chem 1998; 273: 7507–7511.

41. Ogris M, Brunner S, Schuller S, et al. PEGylated
DNA/transferrin-PEI complexes: reduced interaction with
blood components, extended circulation in blood and
potential for systemic gene delivery. Gene Ther 1999; 6:
595–605.

42. Logeart D, Hatem SN, Heimburger M, et al. How to optimize
in vivo gene transfer to cardiac myocytes: mechanical or
pharmacological procedures? Hum Gene Ther 2001; 12:
1601–1610.

43. Gregorevic P, Blankinship MJ, Allen JM, et al. Systemic delivery
of genes to striated muscles using adeno-associated viral vectors.
Nat Med 2004; 10: 828–834.

44. Donahue JK, Kikkawa K, Thomas AD, et al. Acceleration of
widespread adenoviral gene transfer to intact rabbit hearts by
coronary perfusion with low calcium and serotonin. Gene Ther
1998; 5: 630–634.

45. Amirfazli A. Nanomedicine: Magnetic nanoparticles hit the
target. Nat Nanotechnol 2007; 2: 467–468.

46. Xu H, Song T, Bao X, et al. Site-directed research of magnetic
nanoparticles in magnetic drug targeting. J Magn Magn Mater
2005; 293: 514–519.

47. Markkanen JE, Rissanen TT, Kivela A, et al. Growth factor-
induced therapeutic angiogenesis and arteriogenesis in the
heart – gene therapy. Cardiovasc Res 2005; 65: 656–664.

48. Qin L, Ding Y, Pahud DR, et al. Promoter attenuation in
gene therapy: interferon-gamma and tumor necrosis factor-
alpha inhibit transgene expression. Hum Gene Ther 1997; 8:
2019–2029.

49. Zhang XY, Ni YS, Saifudeen Z, et al. Increasing binding of a
transcription factor immediately downstream of the cap site of
a cytomegalovirus gene represses expression. Nucleic Acids Res
1995; 23: 3026–3033.

50. Sinclair JH, Baillie J, Bryant LA, et al. Repression of human
cytomegalovirus major immediate early gene expression in a
monocytic cell line. J Gen Virol 1992; 73: 433–435.
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