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Nanohybrids via a polycation-based nanoemulsion method for dual-mode
detection of human mesenchymal stem cells†
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Fluorescent polycation-coated magnetic nanohybrids (FPMNs) were synthesized for the marking of

human mesenchymal stem cells (hMSCs) and non-invasive tracking by both magnetic resonance (MR)

and optical imaging. FPMNs were prepared by a polycation-based nanoemulsion method using

magnetic nanocrystals (MNCs) as MR probes and polycationic polyethylenimine (PEI) which not only

enhanced the affinity for hMSCs but also increased colloidal stability in the aqueous phase. Polycation-

coated magnetic nanohybrids (PMNs) were further conjugated with a fluorescent dye (fluorescein

isothiocyanate) to serve as optical imaging agents. FPMNs exhibited excellent colloidal stability and

biocompatibility as well as high affinity for hMSCs. MR and optical images of hMSCs treated with

FPMNs clearly demonstrated abundant potential as brilliant dual-mode imaging agents.
1. Introduction

Non-invasive monitoring of exogenous cells in the animal model

has become a key issue in developing a successful regeneration

system. Target cells are generally labeled using transfectable

genes, magnetic nanoparticles, and fluorescent dye for visualizing

histochemical procedures via positron emission tomography

(PET), magnetic resonance (MR) and optical imaging.1–6 Of

all possible imaging modalities, MR imaging has been considered

highly efficient for investigating the biodistribution of stem

cells after labeling with magnetic substances because versatile

and non-invasive MR imaging (MRI) allows excellent spatial

resolution and contrast mechanisms providing both metabolic

and structural information.7,8 Although native magnetic

nanocrystals (MNCs) currently appear to be the preferred

cell-labeling agents,9 they suffer from low labeling efficiency

because MR imaging requires the target cells to be internally

labeled with contrast agents. Hence, more efficient cellular-

internalized labeling methods are highly desirable to acquire

more detailed information from MR imaging. Several modifi-

cations of MNCs, i.e. coating with polystyrene, dextran, and

dendrimers or utilizing other transfection agents, have been

reported to improve cellular-internalization of the contrast

agent.10–12
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As an imaging tool for stem cell tracking, optical imaging is an

emerging method that can benefit from a multimodal imaging

strategy. This method is highly sensitive with the capability of

detecting minute amounts of light emitting materials in a hetero-

geneous medium.13,14 Moreover, fluorescence labeling of bio-

macromolecules and cells has also become one of the major tools

for the study of structural organization, intra- and intermolecular

processes within biological systems. Indeed, green fluorescent

proteins (GFPs), small molecular polymethines and quantum dots

(QDs) are widely employed as fluorescent tags.15 We now recog-

nize that MR and fluorescent imaging probes as stem cell tracking

markers could colocalize to specific sites allowing simultaneous

dual-mode detection. This enables us to provide unique and

complementary information that improves the accuracy of stem

cell tracking compared with that of single-mode detection using

either magnetically or fluorescence labeled stem cells.

Herein, we report the synthesis of fluorescent polycation-

coated magnetic nanohybrids (FPMNs) for dual-mode detection

of human mesenchymal stem cells (hMSCs) via MR and optical

imaging simultaneously in vitro at the cellular level. Thus,

polycation-coated magnetic nanohybrids (PMNs) were prepared

by a polycation-based nanoemulsion method using MNCs as

MR probes and polycationic polyethylenimine (PEI) as a stabi-

lizer without additional amphiphilic polymers (i.e., polyvinyl

alcohol or Pluronic series). Because PEI contains abundant

amine groups, PMNs can be easily surface functionalized for

bioconjugation procedures useful in many biological applica-

tions.16–18 PMNs were further conjugated with fluorescein

isothiocyanate (FITC) as optical imaging agents to formulate

FPMNs. Fig. 1 shows the conceptual scheme for preparation of

FPMNs. To assess their potential as markers and cell tracking

agents, we evaluated the physicochemical properties of the

FPMNs. Moreover, the cellular affinity and imaging efficiency of

FPMNs for hMSCs have been extensively investigated using MR

and optical imaging as well as cell viability tests.
This journal is ª The Royal Society of Chemistry 2008
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Fig. 1 A conceptual illustration of FPMNs as human mesenchymal

stem cell (hMSC) markers for dual-mode detection via MR and optical

imaging.
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2. Experimental

2.1. Materials

Iron(III) acetylacetonate, manganese(II) acetylacetonate, 1,2-

hexadecanediol, dodecanoic acid, dodecylamine, benzyl ether

and polyethylenimine (PEI, Mw: 25 000 Da) were purchased

from Sigma-Aldrich. Fluorescein isothiocyanate (FITC) was

obtained from Fluka. Phosphate buffered saline (PBS; 10 mM,

pH 7.4), and all culture media were purchased from Gibco. All

other chemicals and reagents were of analytical grade.
2.2. Synthesis of magnetic nanocrystals (MNCs)

Magnetic nanocrystals (MNCs; MnFe2O4) were synthesized by

thermal decomposition.19 For the synthesis, 2 mmol of iron(III)

acetylacetonate, 1 mmol of manganese(II) acetylacetonate,

10 mmol of 1,2-hexadecanediol, 6 mmol of dodecanoic acid,

6 mmol of dodecylamine and benzyl ether (20 mL) were mixed in

a nitrogenous atmosphere. The mixture was pre-heated to 150 �C

for 30 min and then refluxed at 300 �C for 30 min. After cooling

to room temperature, the products were purified with an excess

of pure ethanol.
2.3. Preparation of polycation-coated magnetic nanohybrids

(PMNs)

Hydrophilic magnetic nanohybrids were formulated by the

polycation-based nanoemulsion method. 20 mg of MNCs were

dissolved in hexane (4 mL), and then added to PBS (20 mL)

containing 50 mg of PEI. After mutual saturation of the organic

and the continuous phase, the mixture was emulsified for 10 min

under ultrasonication (ULH700S, Ulssohitech) at 420 W.20 After

solvent evaporation, the polycation-coated magnetic

nanohybrids (PMNs) were purified by triple centrifugation at

15 000 rpm and stored under vacuum conditions.
2.4. Colloidal stability of PMNs

The colloidal stability of the prepared PMNs was determined

from their resistance to sodium chloride and pH-induced

aggregation. Specifically, 1 mL of nanoparticle suspension
This journal is ª The Royal Society of Chemistry 2008
(13 mg mL�1) was added to 3 mL of sodium chloride solution

at various pHs (5–10) and concentrations (0–1.0 M) at room

temperature, respectively. After mixing for 24 h, the size distri-

bution of the suspension was measured using laser scattering.

2.5. Preparation of fluorescent polycation-coated magnetic

nanohybrids (FPMNs)

FPMNs were synthesized by conjugation of FITC (0.58 mg

mL�1) with PEI (3.64 mg mL�1) on the surface of PMNs (13 mg

mL�1) at room temperature for 12 h in a darkroom. The

isothiocyanate group of FITC is exceedingly reactive towards the

amine group of PEI.21 The resulting products were purified by

triple centrifugation at 6800 rpm using a centrifugal filter

(MWCO 1000, Amicon Ultra-15, Millipore).

2.6. Characterizations

The morphologies of MNCs and PMNs were evaluated with

a transmission electron microscope (TEM, JEM-1011, JEOL

Ltd), and size distribution and surface charges of PMNs and

FPMNs were measured by laser scattering (ELS-Z, Otsuka

electronics). FT-IR spectra (Excalibur� series, Varian Inc.)

analysis was performed to confirm the characteristic bands of the

synthesized FPMNs. The presence of conjugated FITC in PBS

was detected by a UV-vis spectrophotometer (Optizen 2120UV,

MECASYS Co.). The saturation of magnetization was evaluated

using a vibrating-sample magnetometer (VSM, MODEL-7300,

Lakeshore). The ionic amounts of FPMNs were determined by

inductively coupled plasma mass spectrometry (ICP-MS, Elan

6100, Perkin Elmer).

2.7. Cytotoxicity studies

Cytotoxicity of FPMNs for bone-marrow-derived human

mesenchymal stem cells (hMSCs) was determined by MTT assay

using a cell proliferation kit (Roche, Germany). Briefly, hMSCs

(1 � 105 cells mL�1) were placed in a 96-microwell plate overnight

at 37 �C. hMSCs were then treated with various concentrations

(0.8–400 mg mL�1) of PMNs and FPMNs, respectively. The plate

was incubated overnight at 37 �C and the optical density of the

wells was determined using a microplate reader (ELISA,

Enzyme-Linked ImmunoSorbent Assay, BioTek�, UK) at a test

wavelength of 570 nm and a reference wavelength of 690 nm. All

experiments were performed in triplicate. The control cells were

grown under the same conditions without the addition of PMNs

and FPMNs. Cell viabilities were calculated using non-treated

control cells.

2.8. Cell affinity test

A culture medium containing PMNs or FPMNs was added to

hMSCs for labeling in 75 cm2 flasks, respectively. The final iron

concentration for labeling hMSCs (20 mg mL�1) was pre-

determined from the previous tests.22 The cell cultures were kept

at 37 �C for 12 h in an incubator containing 95% air and 5% CO2.

After incubation, the hMSCs were washed three times with PBS

to remove unreacted PMNs and FPMNs and 40,6-diamidino-2-

phenylindole (DAPI) was used to stain the nuclei of hMSCs for

fluorescence microscopic imaging. Fluorescence images for
J. Mater. Chem., 2008, 18, 4402–4407 | 4403
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hMSCs labeled by PMNs or FPMNs were visualized by an

epi-fluorescence microscope (EFM 510, Olympus, Tokyo,

Japan), respectively. Otherwise, cellular uptake efficiencies of

PMNs and FPMNs were also examined by the Prussian blue

staining method, respectively. For staining of magnetic compo-

nents in hMSCs labeled by PMNs or FPMNs, specifically, the

cells were incubated with 2% potassium ferrocyanide in 10%

hydrochloric acid and then counterstained for the outlines of

cells and magnetic substances, respectively.

2.9. MR imaging procedure

MR imaging experiments were performed with a 1.5 T clinical

MR imaging instrument with a micro-47 surface coil (Intera,

Philips Medical Systems). T2-weighted images (T2 ¼ spin–spin

relaxation time) for PMNs and FPMNs containing MNCs were

investigated at room temperature using the Carr–Purcell–

Meiboom–Gill (CPMG) sequence: time of repetition (TR) ¼ 10 s,

32 echoes with 12 ms, even echo space, number of acquisitions¼ 1,

a point resolution of 156 � 156 mm, and a section thickness of

0.6 mm. The relative T2 values (%) equal the ratio of T2 in hMSCs

treated with PMNs or FPMNs to the T2 in non-treated hMSCs.

2.10. Optical imaging procedure

Optical imaging experiments were performed with a pre-clinical

optical molecular imager, eXplore Optix� (G.E. Medical

Systems), fitted with a pulsed laser operating at 470 nm and

a filtered diode detector at 520 nm. hMSCs treated with PMNs

and FPMNs in the plate were placed in the heated base (36.5 �C)

of the imaging system. The optimal elevation of the solutions and

cells was verified via a side-viewing digital camera. Laser power

and counting time per pixel were optimized at 20 mW and 1.0 s,

respectively. These values remained constant during the entire

experiment. The raster scan interval was 0.5 mm and was held

constant during the acquisition of each frame. The data were

processed by OptiView software. The fluorescence intensity

(a. u.) was calculated by the ratio of photon counts in hMSCs

treated with PMNs or FPMNs to the photon counts in non-

treated hMSCs.

2.11. Statistical analysis

All experiments were performed in triplicate, and the values are

expressed as an average � standard deviation. The statistical

evaluation of data was performed by analysis of variance
Fig. 2 TEM images and solubility tests (inset) of (a) MNCs in hexane, (b) PM

hysteresis loops for MNCs (black line) and PMNs (brown line).

4404 | J. Mater. Chem., 2008, 18, 4402–4407
(ANOVA), followed by Tukey’s test for comparison of cell

viability, T2 and fluorescence intensity from different groups.

p < 0.05 was considered to be statistically significant.
3. Results and discussion

Magnetic nanocrystals (MNCs, MnFe2O4) were synthesized by

thermal decomposition as MR imaging agents. The spherical

morphology and high monodispersity of MNCs in hexane were

evaluated by TEM (Fig. 2a). MNCs were only soluble in

organic solvents (Fig. 2a, inset) because they were coated with

a hydrophobic ligand (dodecanoic acid).23 In order to use MNCs

as biomedical probes, it is necessary to modify their surface with

a hydrophilic moiety to promote solubility in an aqueous media.

For this purpose, polyethylenimine (PEI) was introduced to

cover the surface of MNCs using a nanoemulsion method, to

fabricate PEI-coated magnetic nanohybrids by the following

routes: (i) creating emulsion droplets containing MNCs in

aqueous solution by sonication, (ii) enclosing emulsion droplets

by PEI, (iii) coating of polycationic PEI around MNCs during

solvent evaporation and then (iv) formation of hydrogen bonds

between the nitrogen of PEI and the hydrogen of water

molecules. Herein, polycationic PEI can enhance the cellular

affinity and the uptake efficiency by associating with negatively

charged cell membranes.24,25 Fig. 2b demonstrates that PMNs

were well-dispersed in the aqueous phase and PEI effectively

incorporated MNCs. The narrow size distribution (74.0 �
4.2 nm) of PMNs was confirmed by laser scattering. To evaluate

the magnetic sensitivity of MNCs and PMNs under a magnetic

field, the magnetic moment was analyzed using a vibrating-

sample magnetometer (VSM). The magnetic hysteresis loop

of both MNCs and PMNs at room temperature exhibited

superparamagnetic behavior without magnetic hysteresis

(Fig. 2c). The saturation of magnetization values of MNCs

and PMNs at 0.9 T were 56.3 and 38.2 emu g�1, respectively.

The saturation of magnetization value of the PMNs was lower

than that of MNCs due to the presence of organic PEI

compounds.

As shown in Fig. 3a and b, we observed the colloidal stability

of PMNs over a wide range of pHs (5–10) and at various sodium

chloride (NaCl) concentrations (0–1.0 M), respectively. PMNs

continuously maintained stable conditions even after 1 month

because positively charged PMNs (around 20 mV) were

stabilized in the aqueous phase by electrostatic repulsion.26 The

particle size and z potential of PMNs in PBS were plotted against
Ns in phosphate buffered saline (PBS; 10 mM, pH 7.4) and (c) magnetic

This journal is ª The Royal Society of Chemistry 2008
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Fig. 3 Photographs of PMNs solutions under various (a) pH conditions and (b) NaCl concentrations. Particle size and z potential of PMNs plotted

against various (c) pH conditions and (d) NaCl concentrations.
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various pH conditions and concentrations of NaCl using laser

scattering (Fig. 3c and d). PMNs exhibited uniform particle size

and stable z potential values without aggregation under these

conditions.

To be utilized as optical imaging agents as well as MR imaging

probes, fluorescent polycation-coated magnetic nanohybrids

(FPMNs) were synthesized by conjugation between primary

amine (–NH2) groups on the surface of PMNs and the

isothiocyanate (–N]C]S) groups of FITC. The carbon atom in

the isothiocyanate group was attacked by electrons of the

nitrogen atom in the amine group as a nucleophile.21 In Fig. 4a,

FT-IR spectra were used to evaluate the chemical structures of

PMNs and FPMNs. The characteristic peak of PEI in PMNs was

observed at 1600 cm�1 due to the primary amine group.

Furthermore, the characteristic peak of the Fe–O band in MNCs

was observed at 585 cm�1. The isothiocyanate (–N]C]S) group

of FITC was confirmed at 2125 cm�1. During the preparation of

FPMNs, the characteristic peak of PEI was not altered and a new

isothiocanate (–N]C]S–H–) group of FPMNs was presented

at 1350 cm�1. These results indicated that MNCs existed

successfully in PMNs and that FITC was well conjugated on the

surface of PMNs. To further confirm the presence of FITC in

FPMNs, UV-vis absorption spectroscopy was performed. The

characteristic bands of MNCs in PMNs and FITC were observed

at 245 nm and 492 nm, respectively. The characteristic bands of

FPMNs are shown in Fig. 4b.
Fig. 4 (a) FT-IR spectra of PMNs (brown line), FITC (green line) and

FPMNs (blue line), (b) UV-Vis absorption spectra of PMNs (brown line),

FITC (green line), and (c) FPMNs (blue line) in PBS.

This journal is ª The Royal Society of Chemistry 2008
Moreover, the z potentials of PMNs and FPMNs in PBS were

20.0 � 3.4 and 14.6 � 2.5 mV, respectively. This decreased z

potential value from PMNs to FPMNs showed that the numbers

of protonated amine groups in FPMNs were fewer than those in

PMNs due to the chemical conjugation between the primary

amine (–NH2) group of PMNs and the isothiocyanate

(–N]C]S) group of the FITC.

We next determined the in vitro cytotoxic effect measured by

MTT assay to assess whether PMNs and FPMNs had any

deleterious biological properties, and the results are shown in

Fig. 5. The cell viability of PMNs and FPMNs retained over 80%

for the concentration range of 0.8–100 mg mL�1, which means

that the prepared nanohybrids were biocompatible.

To evaluate the labeling efficiency of FPMNs as hMSCs

tracking markers via dual-mode detection, the fluorescence

microscopy images of hMSCs treated with FPMNs were

compared to those of non-treated hMSCs and hMSCs treated

with PMN. First, to investigate magnetic labeling efficiency

with FPMNs, Prussian blue stained hMSCs were observed in

Fig. 6a–c. The red color indicates hMSCs, and the blue color

represents iron (Fe). hMSCs treated with PMNs or FPMNs

clearly exhibited the presence of MNCs when compared to the

non-treated hMSCs. This result demonstrates that Prussian blue

staining of hMSCs treated with FPMNs shows a high degree of
Fig. 5 The cell viability test of hMSCs by MTT assay for cells treated

with PMNs (black bar) and FPMNs (gray bar) at various concentrations.

J. Mater. Chem., 2008, 18, 4402–4407 | 4405
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Fig. 6 Microscopy images of Prussian blue stained hMSCs; (a) non-

treated, (b) treated with PMNs, (c) treated with FPMNs. Epi-fluores-

cence microscopy images of (d) non-treated hMSCs, (e) hMSCs treated

with PMNs and (f) hMSCs treated with FPMNs; green: FITC and blue:

DAPI. Scale bars: 10 mm.

Fig. 8 (a) Optical images (non-treated hMSCs, left; hMSCs treated with

PMNs, center; and hMSCs treated with FPMNs, right) and (b) fluores-

cence intensity graph for hMSCs. Statistical significance was performed

by ANOVA, followed by Tukey’s test (*, p<0.05 non-treated hMSCs vs.

hMSCs treated with FPMNs).
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labeling and potential utility as a hMSCs tracking marker for

MR imaging.

Furthermore, it was obvious that hMSCs treated with FPMNs

generated strong fluorescence due to the conjugated FITCs of

FPMNs (Fig. 6f), while no fluorescence existed in non-treated

hMSCs or hMSCs treated with PMNs (Fig. 6d and e). The blue

color indicates the nuclei of hMSCs by DAPI staining. The result

apparently indicates that FPMNs exhibited hMSCs tracking

markers via optical imaging.

We also investigated MR and optical contrast efficacies of

FPMNs for hMSCs. The changes of T2-weighted MR intensity

and fluorescence intensity in hMSCs indicate the potential for

dual-mode detection. First, the T2-weighted MR images of

hMSCs treated with PMN or FPMN presented a darker black

color than that of non-treated hMSCs (Fig. 7a). These results
Fig. 7 (a) T2-weighted MR images (non-treated hMSCs, left; hMSCs

treated with PMNs, center; and hMSCs treated with FPMNs, right) and

(b) T2 graph for hMSCs. Statistical significance was performed by

ANOVA followed by Tukey’s test (*, p<0.05 non-treated hMSCs vs.

hMSCs treated with FPMNs).

4406 | J. Mater. Chem., 2008, 18, 4402–4407
demonstrated that hMSCs treated with PMN or FPMN

exhibited excellent cellular uptake efficiency due to the electro-

static interaction between polycationic nanohybrids and the

anionic membrane of hMSCs. In particular, the relative T2 value

of FPMNs treated hMSCs (57.2 � 4.0%) exhibited sufficient

cellular uptake efficiency, even though the z potential value of

FPMNs slightly decreased from that of PMNs. These note-

worthy results indicate that cationic FPMNs not only exhibit

efficient MR imaging agents but also increase affinity to hMSCs.

On the other hand, the optical images and the fluorescence

intensity of non-treated hMSCs and hMSCs treated with PMN

or FPMN is shown in Fig. 8. The optical image of hMSCs treated

with FPMNs exhibited excellent signal intensity compared to

non-treated and hMSCs treated with PMNs (Fig. 8a). As shown

in Fig. 8b, the fluorescence intensity of the hMSCs treated with

FPMNs was approximately 17 times higher than that of the

non-treated cells. These results demonstrate that FPMNs show

sufficient potential as hMSCs tracking markers via optical

imaging. Consequently, FPMNs demonstrate adequate ability

for hMSCs tracking markers via dual-mode detection in MR

and optical imaging.
Conclusions

We successfully synthesized fluorescent polycation-coated

magnetic nanohybrids (FPMNs) for human mesenchymal stem

cells (hMSCs) tracking markers and dual-mode detection.

Polycation-coated magnetic nanohybrids (PMNs) were

composed of magnetic nanocrystals (MNCs) and polycationic

PEI. Water-soluble PMNs were sucessfully prepared by
This journal is ª The Royal Society of Chemistry 2008
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a polycation-based nanoemulsion method using only hydrophilic

compartments. Polycationic PEI on the surface of PMNs could

be conjugated with fluorescence dye (FITC) and enhance

colloidal stability. Moreover, biocompatibility and a high order

of hMSCs affinity of FPMNs were also investigated. Therefore,

FPMNs demonstrated unlimited potential as hMSCs tracking

agents via MR and optical imaging.
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