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This study evaluates the efficiency of novel non-viral vectors consisting of super paramagnetic iron oxide 
nanoparticles functionalized with the chemically tunable cationic polymer for in vitro gene 
magnetofection. The cationic polymer, poly(vinyl pyridinium alkyl halide), with reactive alkoxysilyl 
group at one terminal of the polymer (VPCmn, m = length of the side chain, n = polymerization degree), 10 

was grafted onto the surface of iron oxide nanoparticles through a silane coupling reaction. The VPCmn 
grafted-magnetic nanoparticles (Mag-VPCmn) were quarternized with various alkyl halides such as 
methyl iodide (m =1), ethyl bromide (m = 2), butyl bromide (m = 4), hexyl bromide (m = 6) and octyl 
bromide (m = 8). Mag-VPCmn quaternaized with shorter alkyl chain (m = 1, 2, 4 and 6) were water 
dispersible, but that quarternized with longer alkyl chain (m = 8) was precipitated in water. The surface of 15 

water dispersible Mag-VPCmns were positively charged in pH ranging from 2 to 11, and are stable for 
more than one month in this pH range. The complexes of Mag-VPCmns and nucleoside molecules with 
various N/P ratios were evaluated using gel electrophoresis, surface charge (ζ-potential) measurement, 
and particle size measurement. In vitro transfection experiments were assayed in human embryonic 
kidney 293 cells (HEK293 cells) using pmaxGFP plasmid as a reporter gene. Gene expression was found 20 

to be strongly influenced by the length of the side alkyl chains. Higher transfection efficiencies were 
observed with longer alkyl chains (C6 > C4 > C2 ≥ C1), indicating that hydrophobic side chains were 
effective in increasing transfection efficiency. 

Introduction 
Gene therapy is one promising technique to treat or prevent 25 

diseases.1-4 The success of gene therapy is largely dependent on 
the development of viral or non-viral gene transfer vectors. In the 
last decade, magnetically guided gene transfection using 
magnetic nano-carriers5-7 has attracted much attention due to its 
promising efficiency and simple and fast experimental process. 30 

The first report of magnetic nanoparticle guided gene transfection 
was reported by Mah’s group.8 They attached viral vectors to 
magnetic nanoparticles to achieve target-specific enhanced 
transfection, both in vitro and in vivo. An external magnetic field 
was applied to accumulate the magnetic nanoparticles containing 35 

the therapeutic genes onto the surface of the cells. Scherer et al.,9 
named the magnetic field-mediated transfection using magnetic 
particles ‘magnetofection’. Since the first presentation on using 
magnetofection for gene delivery in 2002, the potential of this 
method to improve the delivery of plasmid DNA10 and siRNA11 40 

in transgene expression has been extensively discussed in several 
articles. Most of the research reported so far regarding magnetic 
nanoparticle-mediated gene delivery suggests the simple mixing 
of the magnetic nanoparticles with cationic polymers such as 
polyethylenimine (PEI),9,12 poly(lysine),13 N-acylated chitosan,14 

45 

cationic dendorimer,15 polymethacrylate derivative16, and cationic 
liposomes,17 in order to coat the magnetic nanoparticles. 
Polyethylene imine (PEI), which is one of the most efficient non-
viral polymer type gene delivery vectors18 has been extensively 
investigated as a coating material of magnetic nanoparticles to 50 

improve transfection efficiency. PEI attached electrostatically on 
the surface of iron oxide nanoparticles, and the PEI-coated iron 
oxide nanoparticles forms complex with negatively charged DNA, 
siRNA, or nucleic acids. In general, PEI has a highly branched 
structure containing primary, secondary and tertiary amine groups. 55 

Therefore it is difficult to precisely control its chemical structure, 
which influences the nucleic acid transfection ability of this 
complex. The aim of this study is to develop chemically tunable 
cationic polymer-grafted magnetic nanoparticle carriers to 
investigate the effects of surface chemical structures of magnetic 60 

carriers on transfection efficiency. To realize this purpose, we 
synthesized poly(vinyl pyridine halide)-grafted magnetic 
nanoparticles (Mag-VPCmn, shown in Scheme 1), in which the 
chemical structure can be accurately and facilely tuned by using 
various alkyl halides as quaternizing reagents. In the various 65 

cationic lipids and polymers that are employed as gene vectors, 
the cationic property and hydrophobic moiety are important 
factors in determining their transfection efficiency.19 Thus, 
magnetic nanoparticles possessing a cationic charge and/or 
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comprising hydrophobic structures on their surface can make use 
of both electrostatic interaction and hydrophobic effect to capture 
virus particles into magnetic transfection vectors.20 

Experiments 
Materials 5 

Unless otherwise noted, all chemicals for preparation and 
characterizations of cationic polymer-bonded magnetic 
nanoparticles were purchased from major suppliers such as 
Sigma-Aldrich Co., Kanto Chemical Co., Inc., Tokyo Chemical 
Industry Co., Ltd., Nacalai Tesque, Inc., and Wako Pure 10 

Chemical Industries, Ltd., and used as received. The plasmid 
pmaxGFP was used to assess the transfection efficiency. 

Synthesis of cationic polymer-grafted magnetic nanoparticles 
(Mag-VPCmn) 

Magnetic nanoparticles: The magnetic nanoparticles (Mag) were 15 

prepared according to the method of Hyeon et al.21 Briefly, 2 mL 
of Fe(CO)5 was added to a mixture containing 100 mL of n-octyl 
ether and 12.8 g of oleic acid at 100°C. The resulting mixture was 
heated to reflux and kept at that temperature for 1 h. The resulting 
black solution was cooled to room temperature, and 3.4 g of 20 

dehydrated (CH3)3NO was added. The mixture was then heated to 
130°C under a nitrogen atmosphere and maintained at this 
temperature for 2 h. The reaction temperature was slowly 
increased to reflux, which was continued for 1 h. The solution 
was then cooled to room temperature, and ethanol was added to 25 

yield a black precipitate, which was then separated by 
centrifuging and dried in vacuo. The obtained slurry contained 
iron oxide nanoparticles and oleic acid. The crystal structure of 
iron oxide nanoparticles were examined by using an X-ray 
diffractometer (Rint2500HV, Rigaku Co., Japan).  30 

Poly(4-vinylpyridine) with reactive group (Process A in Scheme 
1): Poly(4-vinyl pyridine), VPn, where n is the average degree of 
polymerization, with a terminal reactive group at the one end was 
prepared by modified telomerization method of 4-vinylpyridine 
with 3-mercaptopropyl trimethoxysilane.22 Briefly, 4-35 

vinylpyridine (10 mL, 94 mM), 3-mercaptopropyl 
trimethoxysilane (0.87 mL, 4.7 mM) and 100 mg of 2,2’-
azoisobutyronitrile were mixed, and the mixture was stirred with 
bubbling N2 gas at 60°C. After 3 h, the yellow colored product 
was dissolved in 15 mL of chloroform, and the solution was 40 

poured into 150 mL of diethyl ether to precipitate a pale yellow 
powder. Similar precipitation was repeated three times, and the 
collected powders were successively washed with diethyl ether 
and dried in vacuo. The yield was 8.5 g, 87%. The average degree 
of polymerization was determined by 1H-NMR spectroscopy and 45 

characterized by NMR as: δH (400 MHz; CDCl3; Me4Si) 3.54 (9 
H, s, SiOCH3), 8.1-8.6 (42.35 H, m, 2- and 6-positions of pyridyl 
group). 
Poly(4-vinylpyridine)-grafted magnetic nanoparticles (Process B 
in Scheme 1): VPn was grafted onto magnetic nanoparticles 50 

(Mag) by using the terminal trimethoxysilyl group. The slurry 
containing iron oxide nanoparticles (1.0 g, containing 38 wt% of 
iron oxide) and 1.5 g of VPn were added to a toluene/methanol 
(40 mL/10 mL) mixed solution, and the mixture was stirred 
gently at reflux temperature for 4 days. The obtained black 55 

precipitate was collected by centrifugation, washed successively 

with diethyl ether, and stocked in methanol. The amount of VPn 
immobilized on the Mag was determined by elemental analysis. 
Alkylation of pyridyl groups on the Mag-VPn (Process C in 
Scheme 1): Excessive amount of alkyl halide (CmX: methyl 60 

iodide (C1I), ethyl bromide (C2Br), butyl bromide (C4Br), hexyl 
bromide (C6Br), and octyl bromide (C8Br)), were added to the 
Mag-VPn dispersion in methanol, and the dispersion was stirred 
at reflux temperature for 2 days. The magnetic nanoparticles 
obtained (Mag-VPCmn) were corrected by centrifugation, washed 65 

with diethyl ether three times, and stocked in a water suspension. 
The alkylations (quaternizations) of pyridyl groups with alkyl 
halides were confirmed by diffuse reflectance infrared Fourier 
transform (DRIFT) spectroscopic measurements. 

Scheme 1  Preparation procedure of Mag-VPCmn. 70 

Characterization of cationic polymer-grafted magnetic 
nanoparticles (Mag-VPCmn) 

The surface charges of Mag-VPn and Mag-VPCmn were 
measured by determination of z-potential using a Zetasizer Nano-
ZS (Malvern Instruments, United Kingdom). Polymer-grafted 75 

magnetic nanoparticles prepared as described above were 
transferred onto a hydrophilic-treated copper grid, which was 
then rinsed with distilled water. Excess water was wicked off 
with filter paper and the grid was left overnight to dry out 
completely. The polymer-grafted magnetic nanoparticles were 80 

imaged by using transmission electron microscopy (TEM; JEOL-
200FX, JEOL Co. Ltd., Japan). 

Complex formation of Mag-VPCmn with gene 

A gel retardation assay was performed as described below. Mag-
VPCm22/plasmid DNA complexes were prepared at various N/P 85 

ratios The N/P ratio is a value calculated by dividing the number 
of nitrogen residues (N) of Mag-VPCm22 by the number of 
phosphate (P) in plasmid DNA). 0.55 mg/mL of plasmid DNA 
(pCMV bgal (7854 base pair), phosphate anion = 1.65 nmol/mL) 
was diluted in HEPES buffer (pH 7.6). 0.5 mg/mL of Mag-90 

VPCm22 aqueous dispersion was added to the plasmid DNA 
solution to be 0.5, 1, 2, 4, and 8 in the N/P ratio. The details of 
the preparation of mixtures were shown in Table S1. Mag-
VPCm22/plasmid DNA complexes were prepared at N/P ratio (the 
ratio of concentrations of nitrogen atoms (N) of Mag-VPCm22 to 95 

phosphate groups (P) of plasmid DNA (7854 bp)) = 0.5, 1, 2, 4, 

＋
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and 8. Plasmid DNA (0.55 mg, phosphate anion = 1.65 nmol/mL) 
was diluted in HEPES buffer (pH 7.6) and added to various 
amounts of Mag-VPCm22. Mag-VPCm22/plasmid DNA 
complexes and free plasmid DNA were incubated for 20 min at 
room temperature. The samples were electrophoresed on an 5 

agarose gel (1.0% wt) at 100 V for 45 min (Mupid-2, ADVANCE 
Co. Ltd., Japan). Following electrophoresis, the gels were then 
stained with ethidium bromide and visualized by the FAS III mini 
gel documentation system (Toyobo, Tokyo, Japan). The size and 
surface charge of the complexes were also evaluated by dynamic 10 

light scattering (DLS) and ζ-potential measurements, respectively. 

Gene transfection efficiency of Mag-VPCmn 

Before transfection, HEK293 cells were seeded into individual 
wells. The 50µL of pmaxGFP aqueous solution (12 mg/L) was 
mixed with 50 µL of Mag-VPCm22 aqueous solution with various 15 

N/P ratios (the ratio of number of nitrogen in Mag- VPCm22 
against that of phosphate in DNA), and the mixtures were 
incubated at room temperature for 20 min. After removing and 
discarding the culture medium, 100 µL of OptiMEM was added. 
Then 100 µL of each complex was added to the cells. The cells 20 

were incubated at 37°C in humidified-air (5% CO2) for 1 h with 
and without the magnetic plate (OZ Biosciences), and then were 
incubated for another 2 h after removing the magnetic plate. Then, 
the OptiMEM and excess complex of plasmid and Mag-VPCm22 
were removed, 200 µL of Dulbecco's modified Eagle's medium 25 

(DMEM) containing 10 % of Fetal Bovine Serum (FBS) was 
added to the cells, and the mixture was incubated for 60 h. The 

cells were observed by fluorescence microscope and the number 
of cells expressing GFP was counted. 

Results and Discussion 30 

Preparation of poly(N-alkyl-4-vinylpyridinium halide)-
grafted magnetic nanoparticles (Mag-VPCmn) 

The magnetic nanoparticles were prepared by the conventional 
method with reduction of Fe(CO)5 using oleic acid emulsion, 
according to a previous report.21 The obtained magnetic 35 

nanoparticles were well-dispersed in organic solvents because 
their surface was covered with oleic acid. An X-ray diffraction 
spectrum (Figure 1d15d) indicates that the obtained particles 
mostly consist of iron oxide (Fe3O4 and γ-Fe2O3).23 Broader 
peaks suggest that the particles are smaller in size.24 TEM images 40 

indicate that the average particle diameter of magnetic 
nanoparticles is approximately 5 nm with narrow size distribution 
(Figure 1a). The magnetization curve of the obtained magnetic 
nanoparticles, Mag (as shown in Figure S3) indicated that the 
magnetization property is enough for the use in magnetofection. 45 

On the other hand, poly(4-vinyl pyridine) with the 
trimethoxysilyl group at one end (VPn) was prepared by radical 
telomerization of 4-vinyl pyridine with 3-mercaptopropyl 
trimethoxysilane as a telogen. The polymerization degree of the 
obtained polymer was determined to be 22 using the integration 50 

ratio of the signals at 3.54 (9H, s, SiOCH3) and 8.1-8.6 (42.4H, m, 
2- and 6-positions of pyridyl group) ppm on the 1H-NMR 
spectrum (Figure S1). The polymer, VP22 was readily grafted 
onto the magnetic nanoparticles (Mag-VP22) using the terminal 
trimethoxysilyl groups of VP22. Terminal triethoxysilyl groups 55 

can connect to the surface Fe-OH groups of iron oxide through a 

covalent bond.25 Mag contains 49% wt of carbon as shown in 
Table 1, indicating that the iron oxide nanoparticles are coated 
with oleic acid. After grafting of VP22 onto Mag, the amount of 
nitrogen was definitely increased, and the observed C/N ratio of 60 

6.27 was approximately the same as the calculated value of 6.12. 
These results suggest that the oleic acid can be removed from the 
surface of Mag-VP22 by washing with ethanol. The DRIFT 
spectra (Figure S2) support this interpretation. The absorption 
band observed in the Mag around 1730 cm-1, caused by the 65 

carbonyl group of the oleic acid, was absent in Mag-VP22. 
Therefore the amount of polymer on Mag-VP22 can be calculated 
as 72% wt using N% wt in the elemental analysis. The observed 
amount of hydrogen in the Mag and Mag-VP22 were slightly 
larger than the calculated values. This is probably due to the Fe-70 

OH groups that remained on the surface of the magnetic 
nanoparticles. TEM observation indicates that the morphology 
and size of magnetic nanoparticles were maintained even after 
VPn grafting (Figure 1b and 1c). 

Table 1 Elemental analysis of Mag and Mag-VP22. 75 

 H% C% N% C/N Ash% 

Mag 
Found 8.09 48.86 0.09 - 37.9 
Calcd. 7.48 47.49 0.00 -  

VP22 
Found 6.78 73.16 11.88 6.16 0.0 
Calcd. 6.55 73.23 11.72 6.24  

Mag-VP22 
Found 5.40 58.02 9.26 6.27 28.0 
Calcd. 4.89 56.70 9.26 6.12  

Calcd. for Mag: iron oxide (38 wt%) and oleic acid (62 wt%). 
Calcd. for Mag-VPn: iron oxide (28 wt%) and VPn (72 wt%) 

 

 
Figure 1  Transmission electron micrographs of a) Mag, b) Mag-(VP)22 80 

and c) Mag-VPC122, and d) X-ray diffraction pattern of Mag. 

The pyridyl groups on Mag-VPn were alkylated (quarternized) 
with various alkyl halides. The DRIFT spectra of Mag-VPn 
(Figure 2) showed that the absorption band corresponding to the 
C=C stretching vibration at 1598 cm-1 shifted to a band at 1639 85 

cm-1 after alkylation with the alkyl halides used in this study, 
indicating that the pyridyl groups were quaternaized (Mag-
VPCmn). 

a b

c d
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Figure 2  FT-IR spectra of Mag-VP22 and Mag-VPCm22. 

Aqueous dispersion of Mag-VPCmn 

All the Mag-VPCm22, except Mag-VPC822, dispersed well in 
water, whereas Mag-VP22 did not disperse in water. Aqueous 5 

dispersions of Mag-VPCm22 were stable, and no precipitations 
were observed for over than 6 months. Therefore, further 
investigations were carried out with Mag-VPC122, Mag-VPC222, 
Mag-VPC422, and Mag-VPC622. Surface charges of Mag-
VPCm22 were evaluated in aqueous dispersions. As shown in 10 

Figure 3, positive ζ-potentials were detected in aqueous solutions 
of Mag-VPCm22 in a wide range of pH from 3 to 11, indicating 
that Mag-VPCm22	 dispersions are more stable in this pH range. 
The positively charged surface of Mag-VPCm22	 has the potential 
to absorb the negatively charged nucleobases. 15 

Figure 3  ζ-Potentials of Mag-VPCm22/DNA complexes. 

Complex formation of Mag-VPC122 with plasmid DNA 

It has been predicted that the cationically charged pyridinium 
groups on Mag-VPCm22 absorb anionically charged DNA. At 
first, the formation of the plasmid DNA and Mag-VPCm22 20 

complex was evaluated using agarose gel electrophoresis (Figure 

4). In the images obtained from electrophoresis, the white bands 
signify the presence of ethidium bromide-stained plasmid DNA. 
When the plasmid DNA was tested on 1% agarose gel without 
any additives, the bands were observed near the positive pole. 25 

This indicates that the polymer network of the agarose gel is large 
enough for free plasmid DNA to migrate in the gel. However, by 
addition of Mag-VPCm22, the migration behavior of plasmid 
DNA was gradually changed. 

Figure 4  Agarose gel electrophoresis of Mag-VPCm22/plasmid DNA 30 

complexes. The N/P ratio for each complexes is listed above the 
corresponding lane. 

Figure 5  ζ-potentials of Mag-VPCm22/plasmid DNA complexes. 

Free plasmid DNA was observed at the N/P ratio of 0.5 and 1 for 
Mag-VPC122, Mag-VPC222, and Mag-VPC422, and at the N/P 35 

ratio of 0.5, 1, and 2, for Mag-VPC622. These results indicate that 
the longer side alkyl chains may be altered to form the complex 
with the plasmid DNA. The original spots at higher N/P ratios (2, 
4, and 8) were darker than those at lower N/P ratios (0.5 and 1).  
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Figure 6  a) Average particle size and b) TEM images of the complexes of 
Mag-VPCm22 with plasmid DNA. a) open circles: Mag-VPC122, closed 

circles: Mag-VPC222, open triangles: Mag-VPC422, closed triangles: Mag-
VPC822; b-1) Mag-VPC122 alone, b-2) Mag-VPC122/plasmid DNA (N/P = 

1), b-3) Mag-VPC122/plasmid DNA (N/P = 2). 5 

This is probably due to a stronger complex formation with Mag-
VPCm22, which does not allow intercalation of ethidium bromide 
into DNA. These results were supported by ζ-potential 
measurements of the mixture of plasmid DNA with Mag-VPCm22 
(Fig. 5). Plasmid DNA is negatively charged in a phosphate 10 

buffer solution. The surface charges were drastically changed 
from negative to positive when mixed with Mag-VPCm22. 
In all complexes of Mag-VPCm22 with plasmid DNA, the surface 
charges were reversed at around N/P = 1. The surface of the 
complexes at N/P = 1 were positively charged when mixed with 15 

Mag-VPC122 and Mag-VPC222, and negatively charged when 
mixed with Mag-VPC422 and Mag-VPC622. These results indicate 
that Mag-VPCm22 with smaller side chains can form a tenacious 
complex with plasmid DNA. The complex formation of Mag-
VPCm22 and DNA was evaluated by DLS measurements with a 20 

commercially available DNA marker (7854 bp). The 
hydrodynamic size of DNA alone was approximately 50 nm, and 
the complex with Mag-VPCm22 at N/P = 0.5 was increased 
slightly to 80-160 nm. As shown in Figure 5 the complexes were 
negatively charged at N/P = 0.5. These results indicate that when 25 

N/P ratio was less than 1, the DNA molecules probably covered 
the Mag-VPCm22 to form a complex. The complex size increased 
drastically to more than 1 mm at N/P = 1 (point of electrical 
equivalence). These phenomena were confirmed by TEM 
observations. As shown in Figure 6b-1, it was clearly observed 30 

that Mag-VPC122 was well dispersed in the buffer solution, but 
formed agglomerated complexes with DNA molecules at N/P 
from 1 to 2 (or 4). Further addition of Mag-VPCm22 reduced the 
complex size to approximately several tens nm. It is likely that 
Mag-VPCm22 surrounds the DNA molecule to form stable 35 

complexes that may not agglomerate with each other because of 
their positively charged surface. The N/P ranges for the larger 

complexes are slightly different for each of the different Mag-
VPCm22s. For instance, the largest size can be observed around 
N/P = 1.6 in the complex with Mag-VPC122. But the complex 40 

size and their maximum range were lowered with an increase in 
the length of side alkyl chains (Mag-VPC122 > Mag-VPC222 > 
Mag-VPC422 > Mag-VPC822).  At N/P = 4, the complex size 
reduced, with further reduction observed over N/P = 4. At N/P = 
8, the average complex sizes were 146.7 nm (Mag-VPC122), 84.5 45 

nm (Mag-VPC222), 71.4 nm (Mag-VPC422), and 74.5 nm (Mag-
VPC622), respectively. In summary, all the Mag-VPCm22s with 
different alkyl side chains formed complexes with DNA 
molecules, but their complex formation behaviors were 
imperceptibly different. 50 

Effects of alkyl chain length of Mag-VPCmn on transfection 
efficiency and toxicity 

As shown in Figure 7, GFP expression was observed in HEK293 
cells after treatment with the pmaxGFP and Mag-VPCm22 
complexes. The transfection efficiency was affected by the side 55 

alkyl chains (Figure 8). When the complex systems of Mag-
VPC122, Mag-VPC222, and Mag-VPC422 were transfected, the 
number of GFP-expressing cells increased with an increase in the 
N/P ratio of the complex and sharply increased at N/P = 8. In the 
Mag-VPC622 complex, the number of GFP-expressing cells was 60 

extremely enhanced compared to other systems, even at lower 
N/P ratios (0.5, 1, and 2). However, most cells were damaged at 
higher N/P ratios (4 and 8). When Mag-VPC622 was added to the 
incubated HEK293 cells, no serious damage was observed in the 
cells. This observation indicates that Mag-VPC622 in itself is not 65 

toxic, but the complex with the cationically charged surface is 
toxic. The detailed in vitro cytotoxicity was confirmed with CHO 
cells using MTT assay (Figure S4). The cationic liposomal 
system (N,N-di-n-hexadecyl-N,N-dihydroxyethylammonium 
chloride (DHDEAC) and co-lipid, cholesterol (Chol) at 1:1 molar 70 

ratio) was used as a reference. As shown in Figure S5, 
approximately 80% cells were viable with the cationic liposomal 
system (DNA : DHDEAC/Chol (the number of phosphate in 
plasmid DNA : the number of nitrogen residues of DHDEAC) = 
1 : 1). Mag-VPCm22 with methyl (m =1), ethyl (m =2) and butyl 75 

(m =4) side chains had negligible effects on the cell viabilities at 
the ratios from 1 : 0.5 : 1 to 1 : 8 : 1 (the number of phosphate in 
plasmid DNA : the number of nitrogen residues of Mag-
VPCm22 : the number of nitrogen residues of DHDEAC). In 
comparison, Mag-VPCm22 with hexyl (m = 6) side chains 80 

decreased cell viability at higher ratio of Mag-VPCm22 ratios (1 : 
4 : 1 and 1 : 8 : 1). These results agree with the observations of 
damaged cells in GFP expression measurements. By using a 
magnetic field during the transfection process, GFP expression is 
enhanced. As expected, hydrophobic side chains certainly 85 

affected gene transfection efficiency. In the present study, longer 
alkyl chains brought higher transfection efficiency regardless of 
the loading amount of Mag-VPC622. The observation of large 
differences in gene expression with small changes in the chemical 
structure of the vectors leads us to further investigations. In all 90 

the gene expression experiments with Mag-VPCm22, it was 
observed that the use of the magnetic plate (OZ Biosciences, 
France) significantly enhanced the transfection efficiency.  
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Figure 7  Expression of GFP in HEK 293 cells transfected with Mag-
VPC622 seen through a fluorescence microscope. The upper row, 
fluorescence from cells incubated with magnet; the lower row, 

fluorescence from cells without magnet. 

 5 

   Figure 8  Transfection efficiencies of pmaxGFP to HEK293 cells with 
Mag-VPCm22. The bar graphs show the number of GFP expression cells 

with magnet (left) and without magnet (right). 

Conclusions 
In this paper, we investigated the effects of the chemical structure 10 

of cationic polymer-bonded magnetic nanoparticles on the gene 
transfection efficiency by magnetofection. The transfection tests 
indicated that gene expression is strongly affected by the length 
of the side alkyl chains. Higher transfection efficiencies were 
observed with longer alkyl chains (C6 > C4 > C2 ≥ C1), 15 

indicating that hydrophobic side chains improve transfection 
efficiency. Transfection efficiencies were enhanced by the 
magnetic field. Since alkyl halides with various functional groups, 
such as hydrophilic, hydrophobic, and aromatic groups, are 
available for quarternization of pyridyl groups, this approach 20 

provides a series of systematic nanovectors with chemically 
tunable polymer-bonded magnetic nanoparticles. 
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