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The synchronization of gene expression and cell trafficking in transfected stem cells is crucial for
augmentation of stem cell functions (differentiation and neurotropic factor secretion) and real time
in vivo monitoring. We report a magnetic nanoparticle-based gene delivery system that can ensure
simultaneous gene delivery and in vivo cell trafficking by high resolution MR imaging. The polar aprotic
solvent soluble MnFe2O4 nanoparticles were enveloped using cationic polymers (branched poly-
ethyleneimine, PEI) by the solvent shifting method for a gene loading. Using our magnetic nanovector
system (PEI-coated MnFe2O4 nanoparticles), thus, we synchronized stem cell migration and its gene
expression in a rat stroke model.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Utilization of multipotent stem cells has been actively pursued in
regeneration therapy for reconstruction of the disordered nervous
systems caused by cerebral infarction, spinal cord injury, and Par-
kinson’s disease [1e4]. While healthy allogenic stem cells are
frequently employed in clinical trials, gene delivery to autologous
stem cells can also be a good strategy to augment therapeutic efficacy
by a controlling migration and differentiation of transplanted cells, as
well as a neurotropic factor secretion [5e7]. In particular, various
methods, stable or transient, have been developed to enhance the
efficiency of gene transfection without affecting normal cellular
behaviors [8], and gene transfected cells are often subsequently
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labeled for in vivo real time monitoring by various methods such
as MR imaging, PET, or optical imaging [9e11]. However, a lack of
synchronization between gene transfection and cell labeling cannot
guarantee accurate in vivo cellular monitoring, which is important for
follow-up of stem cell differentiation or neurotropic factor secretions.
Thus, we here report a highly versatile magnetic nanovectors (MNVs,
the combination of a magnetic labeler and a non-viral vector within
one nanoparticle) that can ensure simultaneous in vitro gene delivery
to human mesenchymal stem cells (hMSCs) and their magnetic cell
labeling for in vivo tracking after the transplantation at the rat brain
ischemia model by high resolution MR imaging. In especial, we
introduce the novel strategy to formulate water-stable magnetic
nanoparticles coated by cationic polymers as MNVs by a solvent
shifting process.

For the fabrication of MNVs, MnFe2O4 nanocrystals (MNCs) as
magnetic labeling agents were synthesized by the thermal decom-
position method for sensitive in vivo tracking of transplanted hMSCs
via MR imaging [12,13]. To fabricate water-soluble MNCs, in our
previous works, the ligand addition method using various amphi-
philic ligands has been involved the formation of a nanoemulsion
(volatile non-polar organic solvent emulsions in an aqueous
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Fig. 1. Synthetic scheme for polar aprotic solvent soluble MNCs (PASSMNCs) and magnetic nanovectors (MNVs, PEI-coated PASSMNCs) for synchronous gene transfection and in vivo
tracking of hMSCs via MR imaging.
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medium) by a high energy inducing process like as ultrasonication
and subsequent removal of the organic solvent [12,14]. Because the
hydrophobic ligands (i.e. fatty acids) on the MNCs should be coated
by the hydrophilic parts of amphiphilic ligans to be solubilized in an
aqueous medium. On the other hand, in this study, hydrophobic
MNCs were solubilized in the aqueous phase by the solvent shifting
process. The solvent shifting process is very simple process for the
dispersion of hydrophobic molecules or nanoparticles in aqueous
media without any high energy inducing steps [15,16]. Herein, the
hydrophobic MNCs were dispersed in water (polar protic)-miscible
Fig. 2. FT-IR spectrum of PASSMNCs (PLA-coated MNCs). The arrows show character-
istic bands at 590 and 1748 cm�1, indicating the presence of FeeO in MnFe2O4 and
C]O of ester bonds from PLA, respectively.
polar aprotic solvents for the solvent displacement. In general,
however, the solubility of fatty acids on the MNCs is very poor in
most polar aprotic solvents. Thus, we synthesize the polar aprotic
solvent soluble MNCs (PASSMNCs) by the coating of MnFe2O4

nanoparticles using the biodegradable poly lactic acid (PLA) instead
of fatty acids for the water-solubilization. Subsequently, PASSMNCs
(PLA-coated MNCs) were enveloped using cationic polymers
(branched polyethyleneimine, PEI) for a gene loading at the outer
layer of PASSMNCs via the solvent shifting method. Because high
molecular weight PEI (25 K in this work) can interact very strongly
with negatively charged DNA, leading to the development of various
PEI-based DNA delivery systems [17]. The procedure for the prepa-
ration of DNA-loaded magnetic nanovectors (MNVs, PEI-coated
PASSMNCs) for in vitro gene delivery to hMSCs and their in vivo
trafficking via MR imaging after the transplantation to the ischemic
brain of rats is depicted in Fig. 1.
Fig. 3. Chemical structure of PLA from PASSMNCs. 1H NMR spectrum of PLA compo-
nent of PASSMNCs after the magnetic components was removed by HCl.



Fig. 4. a) Photographs for PASMNCs dispersed in acetone (left) and their magnetic sensitivity test by the NdeFeeB magnet (right). (b) Photographs for water solubility test of the
MNVs (PEI-coated PASSMNCs). (c) TEM image of MNVs. Scale bar, 20 nm. (d) The size distribution of MNVs by the dynamic laser scattering.

J. Yang et al. / Biomaterials 32 (2011) 6174e61826176
2. Materials and methods

2.1. Materials

Iron (III) acetylacetonate, manganese (II) acetylacetonate, 1,2-hexadecanediol,
dodecanoic acid, and dodecylamine, benzyl ether, lactide (3,6-dimethyl-1,4-dioxane-2,
5-dione), stannous octoate and branched polyethyleneimine (PEI,Mw: 25,000 Da) were
purchased from SigmaeAldrich. pEGFP-C1 (4.7 kb) was purchased from Clontech
Laboratories Inc. andpurifiedusing aQiagenmaxi-prep kit (QIAGEN,Germany). All other
chemicals and reagents were of analytical grade.

2.2. Synthesis and characterization of polar aprotic solvent soluble MNCs
(PASSMNCs)

MnFe2O4 nanoparticles (MNCs) were synthesized as previously described in
Ref. [12]. Iron (III) acetylacetonate (2 mmol), manganese (II) acetylacetonate
(1 mmol), 1,2-hexadecanediol (10 mmol), dodecanoic acid (6 mmol), and dodecyl-
amine (6 mmol) were dissolved in benzyl ether (20 mL) under nitrogen atmosphere.
The mixture was heated to 150 �C for 30 min then refluxed at 300 �C for 30 min.
After cooling to room temperature, the products were precipitated with an excess of
pure ethanol. Approximately 12 nm of MNCs were synthesized using the seed-
mediated growth method. For synthesis of polar aprotic solvent soluble MNCs
(PASSMNCs), MNCs (100mg), lactide (3,6-dimethyl-1,4-dioxane-2,5-dione, 250mg),
and stannous octoate (50 mg) were dissolved in dry toluene (40 mL). The solution
was heated to 120 �C for 10 h under nitrogen atmosphere. After cooling to room
temperature, the products were precipitated with cold ethyl ether. The precipitates
were gathered using filter paper. For analysis of chemical structure if synthesized
polymers, the magnetic substances were eliminated using excess hydrochloride
solution and cold methanol. The organic compounds were characterized at 400MHz
on a Varian INOVA400 NMR spectrometer. The characteristic bands of PASSMNCs
were confirmed by Fourier transform infrared spectroscopy (FT-IR, Varian,
Excalibur�, USA). All materials were analyzed using attenuated total reflectance
Fig. 5. Magnetic properties of MNVs. (a) Saturation of magnetization curve of MNVs
concentration.
(ATR). The solubility of MNCs and PASSMNCs was investigated against non-polar
(hexane, toluene, ethyl ether, ethyl acetate, chloroform and methylene chloride),
polar aprotic (dioxane, tetrahydrofuran, acetone, dimethylformamide and dime-
thylsulfoxide), and polar protic (water, ethanol and methanol) solvents. After MNCs
contents were removed by dissolution in HCl, the molecular weight of PLA from
PASSMNCs was determined by using gel permeation chromatography (Acme 9200
GPC, Young Lin Instrument Co., Korea).

2.3. Preparation of magnetic nanovectors (MNVs)

PASSMNCs (20 mg) were dissolved in acetone (1 mL) and the solution was
rapidly injected into PEI-containing phosphate buffer saline (50 mL, concentration:
1 mg/mL) [15,18]. The solvent was eliminated at reduced pressure, under magnet-
ically stirring, for 6 h. The suspension was then purified with three cycles of
centrifugation at 20,000 rpm to remove free PEI. The precipitated nanoparticles
were dispersed in sodium phosphate buffer (2 mL, pH 7.4 and 10 mM) and the size
distribution of MNVs was analyzed by laser scattering (ELS-Z, Otsuka electronics).
Themorphology and presence of MNCs were evaluated with a transmission electron
microscope (JEOL-2100, JEOL). The saturation of magnetization was evaluated using
a vibrating-sample magnetometer (VSM, MODEL-7300, Lakeshore) and the quantity
of magnetic substances in MNVs was analyzed with a thermo-gravimetric analyzer
(SDT-Q600, TA instrument).

2.4. Preparation of hMSCs

Normal human bone marrow MSCs (hMSCs), originating from the same source,
were purchase from Cambrex (USA). According to the supplier’s recommendations,
hMSCs were cultivated in hMSC-culture medium (Cambrex, USA) containing
mesenchymal cell growth supplement, L-glutamine, penicillin, and streptomycin
without supplements or vitamins. The cells were cultured in T75 flasks (Nunc, USA)
in a humidified incubator at 37 �C, using a standard mixture of 95% air and 5% CO2.
hMSCs of passages 5 were used in all experiments (6).
measured by vibration sample magnetometer and (b) Relaxivity varied with MNV



Fig. 6. Thermal analysis for MNVs. Weight loss graph for MNVs by thermogravity
analysis.

Fig. 7. a) Cell viability for hMSCs treated with DNA-loaded MNVs (bar graph, left axis) using
right axis) at various N/P ratios. (b) Gel electrophoresis of MNVs: DNA molecular weight mark
(lane 4). (c) Fluorescence microscopic image of green fluorescence signal emitted from hMSC
hMSCs after treatment of DNA-loaded MNVs at N/P ratio 20. Inset: MR images of non-treated
ratio 20. (For interpretation of the references to colour in this figure legend, the reader is r
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2.5. Determination of cytotoxicity of MNVs

The cytotoxic effect of MNVs on hMSCs was evaluated by measuring inhibition
of cell growth using the MTT assay. hMSCs were seeded at a density of 1 �104 cells/
well in a 96-well plate and incubated for 4 h. The hMSCs were then washed twice
with phosphate buffer saline (6.7 mM, pH 7.4) and incubated for a further 24 h. The
MTT assay was performed using Cell Proliferation kit (Roche, USA) and cell viability
was calculated as the ratio of the number of cells treated to the number of non-
treated control cells [19].

We performed an annexin V-FITC/propidium iodide (PI) double staining test for
evaluation of the live/dead (apoptosis and/or necrosis) status of hMSCs treated with
MNVs [6]. After suspending MNVs in 100 mL of 1 � annexin-binding buffer, 5 mL of
annexin V-FITC solution, and 1 mL of the PI solutions, hMSCs were incubated in the
medium for 15min at room temperature in the dark. The fluorescence-stained hMSCs
were analyzed by flow cytometry (Caliber, CA, USA) by monitoring the fluorescence-
activated cell after addition of an additional 400 mL of 1 � annexin-binding buffer.
Adipogenic, osteogenic, and chondrogenic differentiation of hMSCs treated with
MNVs, and their respective assays, were performed as previously described in Ref. [6].
Cells were labeled with the following anti-human antibodies to confirm hMSC cell
markers: CD45-phycoerythrin (PE), CD44-fluorescein isothiocyanate (FITC) (Dako-
Cytomation, Denmark), CD73-PE (BD Pharmingen, CA, USA), CD34-PE, CD29-FITC,
CD49C-PE, CD54-FITC, CD105-FITC, CD106-FITC, HLA-DR-FITC, and PE- and FITC-
conjugated isotype controls (Serotec, UK). After labeling, cells were analyzed using
flow cytometry.

2.6. Transfection and labeling of hMSCs using DNA-loaded MNVs

MNVs were mixed with an eGFP plasmid at different N/P ratios and incubated
with hMSCs cells (1�106 cells) for 48 h. The treated hMSCs were thenwashed twice
with phosphate buffer saline (10 mM, pH 7.4), collected by centrifugation,
the AnnexinV-FITC/PI test and the eGFP expression level of hMSCs (line scatter graph,
er (lane 1), naked eGFP (lane 2), and DNA-loaded MNVs at N/P ratios 10 (lane 3) and 20
s transfected with DNA-loaded MNVs at N/P ratio 20. (d) Prussian blue staining image of
control hMSCs (upper) and hMSCs after treatment of DNA-loaded MNVs (lower) at N/P
eferred to the web version of this article).



Fig. 8. Differentiation capacity of hMSCs treated with DNA-loaded MNVs into adipocytes (left; oil red O staining and right; FABP-4), osteoblasts (alizarin red staining), or chon-
drocytes (hggrecan). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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resuspended in phosphate buffer saline (500 mL), and stored at 4 �C. The eGFP
expression level from hMSCs was analyzed by flow cytometry. Fluorescence
microscopic and Prussian blue stained images of MNV-treated hMSCs were
observed using an epi-fluorescence microscope (BX-21, Olympus). For acquisition of
MR images of hMSCs treated with DNA-loaded MNVs, MR imaging experiments
were performed with a 1.5 T clinical MRI instrument with a micro-47 surface coil
(Intera; Philips Medical Systems, Best, the Netherlands). T2-weighted images were
measured by the Carr-Purcell-Meiboom-Gill (CPMG) sequence at room tempera-
ture: TR ¼ 10 s, 32 echoes with 12 ms even echo space, number of acquisition ¼ 1,
point resolution of 156 � 156 mm, section thickness of 0.6 mm.

2.7. Animal preparation and ischemic surgery

All animal procedureswereperformed in accordancewith theHanyangUniversity
guidelines for the care and use of laboratory animals and were approved by the
Institutional Animal Care and Use Committee (IACUC) of Hanyang University. Spra-
gueeDawley (SD) rats, weighing 210e245 g, were purchased from Biogenomics, Inc.
(Seoul, Korea). After periods of adaptation and pretraining for motor tests, the left
middle cerebral arteries (MCA)of90SDratsweighing295e360gwereoccluded for2h
using the intraluminal filament technique described in our previous study [20].
Throughout and following the surgery, rats were anesthetized by intraperitoneal
injection of tiletamine (25 mg/kg), zolazepam (25 mg/kg, Zoletil, Yuhan Corp., Seoul,
Korea), and xylazine (10 mg/kg, Rompun, Bayer, Frankfurt, Germany). Body tempera-
ture was maintained at 36.6 � 0.5 �C with a thermistor-controlled heating pad.
Physiological variables (pH, pCO2, pO2, and hematocrit) were measured in 0.1 mL
aliquots of arterial blood obtained froma right femoral catheter using a blood-analysis
system (International Technidyne, NJ, USA). Arterial pressurewasmonitored from the
arterial catheter with a strain-gauge transducer (LIFE KIT DX-360; Nihon Kohden,
Tokyo, Japan) and amplifier (MacLab Bridge Amplifier, ADInstruments Pty Ltd., Castle
Hill,Australia). Phasicpressure,meanarterial pressure (MAP), andheart rate (HR)were
recorded at a sampling rate of 200/s using a data acquisition system and laboratory
computer (MacLab 8 analog-to-digital converter and Macintosh Computer). For the
cerebral bloodflow (CBF) study, awire-typeprobe (0.3mmdiameter; UniqueMedical,
Tokyo, Japan) connected to a Laser Dopplerflowmeter (ALF21; Advance, Tokyo, Japan)
was inserted 6mm through a small burr hole placed 2mm lateral to the bregma, such
that the probe layagainst the dural surface overlying the frontal cortex.Measurements
were taken at a depth of 6 mm from the cortex to evaluate the deep ischemic core
regions (caudate and putamen of the affected hemisphere). After a 2-h occlusion,
reperfusionwas performed as described in our previous reports. A sham surgery was
performed in an additional 10 rats by introducing and immediately withdrawing
a thread into the left common carotid artery. Other procedures in the shamgroupwere
identical to those used in the ischemic surgery.

2.8. DNA-loaded MNV-treated hMSC transplantation in ischemic stroke model rats

DNA-loadedMNVs (N/P ratio¼ 20) at a concentration of 25 mg FeþMn/mLwere
placed in a tube containing serum-free DMEM medium (Gibco Invitrogen, Carlsbad,
CA, USA) containing 100 units/mL penicillin and 100 mg/mL streptomycin. The
solution containing DNA-loaded MNVs was added to the adherent hMSCs (6 � 105

cells/well) and incubated 2 h, an equal volume of complete mediumwas then added.
The cells were then incubated overnight. To examine the migratory activity of
transplanted hMSCs treated with DNA-loaded MNVs, DNA-loaded MNV-treated
hMSCs were injected into 10 SD rats, by stereotaxic surgery, 2 weeks after intra-
luminal MCA occlusion (MCAO). An equivalent volume of PBS was similarly injected
into other 10 rats (PBS group). All groups had statistically similar mean body weight
(from 317.3 � 22.0 g to 324.3 � 14.1 g) and motor deficit scores (from 6.6 � 0.7 to
7.0 � 0.8) immediately before the transplantation. The animals were anesthetized
with pentobarbital sodium (50 mg/kg, IP). We implanted 5 mL containing 6 � 105

hMSCs or PBS in one site contralateral (Site: AP ¼ þ0.7, R ¼ þ2, V ¼ �5.5) to the
lesion. The suspensions were delivered over 2 min and the syringe was then left in
place for an additional 2min. For the control group, 5 mL of PBSwas injected. The rats
in both groups received daily immunosuppressant cyclosporine A (10 mg/kg body
weight, subcutaneously; Sandoz, Switzerland) from 2 days before cell trans-
plantation until the end of the study.

2.9. In vivo MR imaging study

For MR imaging studies, rats were anesthetized with pentobarbital sodium
(50 mg/kg, IP) and fixed to a Taoka rat cradle. They maintained respiration without
assistance. A 3-inch diameter circular receive-only surface coil was plated under the
head of each rat, with the center of the coil located at the midpoint of the midline
between the eareear and eyeeeye lines. Body temperature was kept at 37 �C with



Fig. 9. Flow cytometry data of hMSCs treated with or without MNVs. Both hMSCs treated with or without MNVs demonstrated a CD34�CD45�CD54�CD29þCD44þCD49Cþ

CD73þCD105þCD106þHLA-DR� phenotype. Filled purple areas show the profile of the negative control. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 10. In vivo gene delivery and MR trafficking of hMSCs using DNA-loaded MNVs in an ischemic rat brain model. (a) Sagittal MR image for a cerebral ischemic rat model and tissue
photograph. The denoted numbers mean the MR image cut site. FLAIR and MPGR images were obtained in a cerebral ischemic rat model to detect in vivomigratory capacity; (b) 24 h
after middle cerebral artery occlusion and (c) 15 days after occlusion. Red circles in 13 and 14 MR images indicate the migration of hMSCs treated with DNA-loaded MNVs to the
injury site. Blue arrows mean that the transplanted site. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a heating pad. The temperature of the MR imaging room was controlled to
approximately 27 �C, and MR imaging was performed with a 3T clinical instrument
(Philips, Netherland) with an animal coil (Shanghai Chenguang Medical Technolo-
gies Co., LTD., China). To assess the extent of ischemic lesions, FLAIR images were
obtained using the spin-echo technique (TR ¼ 11,000 ms and TE ¼ 125 ms) between
the vertex of the head and the bottom of the brain. Other imaging parameters
included 0.7 mm slice thickness, in-plane resolution of 284 � 286 (voxel size of
0.0569mm3), and number of acquisitions¼ 1. For T2*-weighted images of a rat brain
with MPGR pulse sequence, the following parameters were used: TR ¼ 596 ms,
TE¼ 16 ms, section thickness¼ 0.7 mm, in-plane resolution¼ 292 � 290 (voxel size
of 0.0593 mm3), and number of acquisitions ¼ 1.

2.10. Immunohistochemistry

Prussian blue iron staining was performed by incubating cells with freshly
prepared 5% potassium ferrocyanide in 5% HCl 1:1 for 30 min then washing with
deionized water. For 3,30-diaminobenzidine (DAB) enhancement of Prussian blue
staining, the sections were incubated in 3% H2O2 for 3 min prior to staining, Prussian
blue stained, and incubated in 0.05% DAB in PBS for 5 min followed by another
incubation in 0.05% DAB in PBS and 0.03% H2O2 for 3 min. To confirm whether the
low signal intensities shown in the MPGR images were due to the transplanted
hMSCs, we sacrificed three rats immediately after the MRI experiment and per-
formed a mitochondrial immunofluorescence study. Anti-human mitochondrial
monoclonal antibody (1:100, Chemicon, Temecula, CA, USA) was used as a primary
antibody. Coronal sections (20 mm thickness) of the brain were prepared and incu-
bated with primary antibody for 72 h at 4 �C. The sections were washed three times
for 5 min then incubated for 24 h with the appropriate secondary antibody conju-
gated to TRITC (DakoCytomation, Denmark). Unbound secondary antibody was
removedwith three 5-min rinses and, after air-drying, coverslips were applied to the
slides with Vector Shield mounting medium. As a negative control, the above
procedures were performed without primary antibodies. Cell staining was not
observed in the negative control. A fluorescence microscope (Olympus BX51) was
used for observation. For immunofluorescence-labeled slides, red (TRITC) fluoro-
chromes on the slides were excited by a laser beam at 557-nm, and emissions were
acquired sequentially with a photomultiplier tube through 576-nm emission filters.
Nuclear site was stained using Hoechst 33342 (Molecular Probes, Inc.)

3. Results and discussion

MNCs synthesized by the thermal decomposition method,
which have exhibited excellent MR sensitivity in previous studies



Fig. 11. a) Prussian blue staining of brain tissue reveals the presence of blue spots, indicative of migratory behavior of transplanted DNA-loaded MNV-treated hMSCs (blue arrow).
The region confined by a circle (blue dotted) indicates ischemic parts of brain. (b) Fluorescence microscopic images of hMSCs treated with DNA-loaded MNVs in the migration site
(blue arrow region in Fig. 3c): eGFP gene expression (green), mitochondria of hMSCs (red, TRITC), nuclear site of hMSCs (blue, Hoechst 33342), and their merged image. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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[12,13], were coated with PLA molecules by polymerization of lac-
tide dimers in the presence of Sn(Oct)2 in toluene. The precipitates
collected by a centrifugation were then transferred to various non-
polar, polar aprotic and polar protic solvents to assess the solubility
of PASSMNCs. The solubility of PASSMNCs was analogous with PLA
due to the presence of PLA molecules on the surface of MNCs after
the polymerization process. Moreover, the polar eCOOe functional
group containing the PLA-coating makes the MNCs readily soluble
in all polar aprotic solvents. The FT-IR spectrum of PASSMNCs
showed characteristic bands at 590 and 1748 cm�1 indicating the
presence of FeeO in MNCs and C]O of ester bonds from PLA,
respectively (Fig. 2). Furthermore, the molecular weight of PLA
from PASSMNCs was determined to be 2.4 kDa (polydispersity
index: 1.42) by using gel permeation chromatography and the
presence of PLA was corroborated by 1H NMR: d 3.62 (hydrogen of
PEG back bone), 1.54 (methyl group of lactide chain), 5.21
(hydrogen of lactide back bone), 4.83 (hydrogen of glycolide chain)
(Fig. 3). In particular, the acetone-soluble MnFe2O4 nanoparticles as
PASSMNCs were stably and reversibly reacted to an external
magnetic field (Fig. 4a). For the preparation this solution was then
added drop-wise to PEI-containing phosphate buffer saline (pH 7.4,
10 mM). The PLA and PEI could interact through a strong hydro-
phobic and electrostatic interaction during the solvent displace-
ment [19]. The nanoparticle, sequentially coated by PLA then PEI,
possessed the desired water solubility (Fig. 4b). The morphology of
MNVs was examined by transmission electron microscopy (TEM)
(Fig. 4c). The colloidal size of MNVs was 73.7 � 8.7 nm by laser
scattering that was larger than baer MnFe2O4 nanoparticle due to
swelled PEI molecules on the surface of MNVs (Fig. 4d). Zeta-
potential of MNVs was 23.1 � 3.2 mV, consistent with the pres-
ence of positively charged PEI on the outermost surface and anionic
DNA could then be loaded onto the positively charged MNVs.
Furthermore, the colloidal stability of MNV nanoparticles prepared
by the solvent shifting method in the aqueous medium, could be
maintained for over 3 months without aggregations. The magnetic
hysteresis loop, using a vibration sample magnetometer, showed
that MNVs exhibit superparamagnetic behavior without magnetic
hysteresis, with a magnetization saturation of approximately
1 emu g�1 at 1.5 T and 300 K (Fig. 5a) and a linear relaxivity coef-
ficient increase with concentration of MNVs and the relaxivity
coefficient was 350.4 mM

�1s�1 (Fig. 5b). The amount of MNCs in
MNVs was determined to be 41.7 wt.% with a thermo-gravimetric
analyzer (Fig. 6). Thus, MNVs demonstrated the excellent
colloidal stability in the biological media and gene-loadable
potentials for synchronous gene transfection and magnetic
labeling of hMSCs for in vivo MR imaging tracking.

We investigated the cytotoxicity and transfection efficiency of
MNVs against hMSCs. The transfection efficiency and viability were
optimized by controlling N/P ratio of DNA-loaded MNVs. We found
that a gene delivery vehicle with an N/P ratio >10, providing an
increased positive charge to enhance transfection, showed gene
transfection efficiency of>40% (Fig. 7a, line scatter graph). However,
an N/P ratio over 40 showed severe cytotoxicity (Fig. 7a, bar graph)
due to too strong positive charge of PEI well documented [17]. At N/P
ratios 10 and 20, very strong DNA-MNV complexes were shown by
the absence of free DNA (Fig. 7b), and successful gene delivery and
expressionwas demonstrated by the fluorescence of the transfected
eGFP cells (Fig. 7c). Following these observations, we determined
that an N/P ratio of 20 provided optimal conditions for the gene
transfection to hMSCs. Prussian blue staining demonstrated the
presence of iron species (Fig. 7d). Furthermore, the enhanced signal
intensity in the T2-weighted MR image of hMSCs treated DNA-
loaded MNVs clearly indicated the presence of magnetic compo-
nents (Fig. 7d, inset). For the investigation of the cellular behavior
inhibition effects from MNVs, differentiation of hMSCs transfected
with DNA-loaded MNVs has been studied following established
protocols [6]. These cells successfully differentiated into adipocytes,
osteoblasts, and chondrocytes, consistent with the normal behav-
iors of non-treated control cells (Fig. 8). Furthermore, the identities
of hMSCs examined by flow cytometry with 11 hMSC markers, are
unaffected by DNA-loaded MNVs-treatment (Fig. 9). These results
demonstrated that the prepared MNVs exhibited the excellent gene
loading and magnetic labeling efficiencies without the cellular
behavior inhibition of hMSCs.

To demonstrate the potential applicability of our gene delivery
to hMSCs and their in vivo monitoring system based on MNVs, we
chose an ischemic cerebral infarction rat model. 24 h after the
middle cerebral artery occlusion of rat, the cerebral infarction area
was observed by both Fluid Attenuated Inversion Recovery (FLAIR)
and Multiplanar Gradient-Recalled (MPGR) images (Fig. 10a and b).
Direct gene transfer to the interface between the infarction site and
the undamaged brain is considered to be very important in treating
stroke with regenerative stem cell-based gene therapy. For the
proof of our concept, we delivered the reporter gene, eGFP, to
hMSCs using MNVs. These cells were injected into the contralateral
side of the cerebral hemisphere with ischemic cerebral infarction 2
weeks aftermiddle cerebral artery occlusion in the rat.We followed
hMSCs migrationwith T2*-weighted MR imaging, and showed that
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these hMSCs migrated to the ischemic cerebral infarction site
within 2 days, as evidenced by the low signal intensity spots in T2*-
weighted MR image (Fig. 10c). Furthermore, the presence of iron
species from MNVs in both the injection and migration sites was
confirmed by the Prussian blue staining of the extracted brain
tissue and both sites exhibited green fluorescence due to eGFP gene
expressions (Fig. 11a and b). Human mitochondria-specific immu-
nofluorescent staining was conducted to show red fluorescence.
Considerable overlap of green and red fluorescencewas observed in
the merged images, confirming that hMSCs were the source of the
red fluorescence (Fig. 11b).

4. Conclusions

We have prepared a simple MR-responsive magnetic
nanoparticle-based gene delivery system (MNVs) for synchroniza-
tion of gene delivery and in vivo hMSCs trafficking events. Each
MNV with positive surface charge can serve as an individual gene
carrier, enabling easy cell trafficking and high gene loading
capacity. The nanoparticle system, highly stable and soluble in
physiological condition, demonstrated high gene transfection effi-
ciency in hMSCs. In addition, transfected and labeled hMSCs
exhibited normal differentiation behaviors, which provides a new
opportunity for stem cell-based gene therapy and systemic gene
delivery.
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