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Abstract For efficient labeling and tracking via

magnetic resonance (MR) imaging of human mesen-

chymal stem cells (h-MSCs), magnetic labeling

agents must be responsive to an external magnetic

field. Thus, we developed ultrasensitive magnetoplex

as a magnetic labeling agent composed of PEGylated

MnFe2O4 nanocrystals (PMNCs) and polycationics

(poly-L-lysine, PLL) for efficient labeling of the h-

MSCs and monitoring of the transplanted h-MSCs for

a long term. PMNCs were prepared by nanoemulsion

methods composed of MnFe2O4 nanocrystals (MNCs)

and amphiphilic polymers (mPEG–dodecanoic acid).

The prepared PMNCs exhibited excellent biocompat-

ibility and their polycationic complexes (PMNCs/

PLL) demonstrated remarkable sensitivity compared

with magnetic iron oxide nanoparticles (MION)/PLL

or Ferumoxides/PLL. Furthermore, PMNCs demon-

strated the potentials for novel diagnostic and thera-

peutic strategies with potential applications in various

biomedical fields.

Keywords Magnetic labeling � Stem cell �
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Introduction

Regenerative medicine using stem cells is emerging

as a novel treatment strategy. In particular, the

transplantation of human mesenchymal stem cells

(h-MSCs) may provide successful cell-based thera-

pies because h-MSCs can be easily obtained by bone

marrow aspiration and are capable of differentiating

into osteoblasts, chondrocytes, adipocytes, muscle

cells, or nerve cells (Pittenger et al. 1999; Makino

et al. 1999; Deans and Moseley 2000; Kopen et al.

1999). For assessment of therapeutical potentials by

transplanted h-MSCs, on the other hand, location,

homing, and differentiation of transplanted h-MSCs

should be monitored exteriorly and innocuously.

Therefore, target cells should be labeled using either

fluorescence or magnetic materials, and be monitored

using various imaging technologies (Lu et al. 2007;

Seleverstov et al. 2006; Gupta and Gupta 2005;

Zhang et al. 2007; Lorenz et al. 2006; Horak et al.

2007). Among current methodologies, magnetic res-

onance (MR) imaging using superparamagnetic iron

oxides (SPIO) as contrast agents is preferred rather

than other imaging techniques because SPIO can

decrease the transverse relaxation time (T2) of water

protons diffusing close to the cells and hypointensed
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images can be obtained (Anderson et al. 2005).

Furthermore, versatile and non-invasive MR imaging

using SPIO provides excellent spatial resolution and a

contrast mechanism that provides both metabolic and

structural information.

Recently, magnetic nanocrystals produced by ther-

mal decomposition have been developed for biomed-

ical applications because magnetic nanocrystals have

the superior magnetic sensitivity derived from high

crystallinity and spinel structure compared with

pre-existing magnetic nanoparticles synthesized by

co-precipitation method (Lee et al. 2007). Moreover,

the sensitivity of magnetic nanocrystals can be

enhanced by manipulation of size and chemical

composition. Magnetic nanocrystals are both biode-

gradable and biocompatible, in that they are metabo-

lized by cells, and are subjected to typical whole body

iron metabolism processes (Jun et al. 2005; Weissleder

et al. 1989). Due to low water-solubility of magnetic

nanocrystals, however, surface modifications are

essential to increase the physico-chemical stability of

magnetic nanocrystals. In general, magnetic nanopar-

ticles in organic solvents are coated with hydropho-

bic ligands that must be encapsulated or exchanged

with hydrophilic ligands to prepare a stable aqueous

magnetic solution (Michalet et al. 2005). PEGyla-

tion is also one such approach used to accomplish

phase transference to the aqueous phase (Veronese and

Pasut 2005; Li et al. 2005). Very recently, our group

reported the synthesis of highly efficient water-soluble

MnFe2O4 nanocrystals (MNCs) using amphiphilic

polyethylene glycol (PEG)–fatty acid copolymers as

MR contrast agents. The prepared water-soluble

MNCs demonstrated ultrasensitivity under a magnetic

field due to large Bohr magneton and high crystallinity

of MNCs (Yang et al. 2007).

However, these water-soluble MNCs could not be

used directly as labeling agents without any addi-

tional aids such as ionic charge interaction (Arbab

et al. 2004; Song et al. 2005; Park et al. 2008; He

et al. 2007). The induction of cellular endocytosis of

labeling agents is known to be enhanced by electro-

static interactions between positively charged mag-

netic nanoparticles and the negatively charged cell

membrane (Frank et al. 2003). Thus, previous studies

have shown that dextran-coated SPIO contrast agent

(Ferumoxides, FE) with poly-L-lysine (PLL) forms a

complex via electrostatic interactions (Park et al.

2008). This cell labeling technique, which utilizes

SPIO/PLL, is nontoxic to a variety of stem cells and

immune cells and can be used as a mean to monitor

labeled cells by MR imaging.

In order to evaluate therapeutic efficacy from stem

cells, on the other hand, long-term monitoring of

transplanted stem cells is essential. However, it is hard

to monitor labeled h-MSCs for a long time due to the

dilution effects by degradation or exocytosis of labeled

components during cell differentiation (Anderson

et al. 2005; Shen et al. 1993). As pertinent labeling

agents, (i) cellular uptake efficiency of labeling agents

is high, (ii) labeling agents should be sensitively

detectable, and (iii) maintained in the intra-cellular

region for a long time. In the present study, thus, we

report the synthesis of novel magnetoplex as a

magnetic labeling agent composed of PEGylated

MnFe2O4 nanocrystals (PMNCs) and polycationics

(PLL) for ultrasensitive labeling of the h-MSCs and

the monitoring via MR imaging. Uniform MNCs as

MR probes were synthesized in organic solvent. In

order to prepare stable PMNCs in the aqueous phase,

amphiphilic PEG–dodecanoic acid were synthesized

as stabilizers and used to cap the surface of MNCs by

the nanoemulsion method. PLL was used to improve

the cellular uptake of the polycationic PMNCs com-

plexes (PMNCs/PLL) by the h-MSCs, and cellular

uptake efficiency of magnetic components was inves-

tigated after the treatment of PMNCs/PLL. Changes of

MR images and signal intensity of magnetically

labeled h-MSCs were investigated using MR imaging.

Furthermore, we evaluated the labeling potential and

sensitivity of PMNCs/PLL as labeling agents wherein

comparison with the results obtained using commer-

cially available of co-precipitated magnetic nanopar-

ticles (magnetic iron oxide nanoparticles (MION) and

Ferumoxides).

Experimental

Materials

Iron(III) acetylacetonate, manganese(II) acetylaceto-

nate, 1,2-hexadecanediol, dodecanoic acid, dodecyl-

amine, benzyl ether, 1,3-dicyclohexylcarbodiimide

(DCC), 4-dimethylaminopyridine (DMAP), poly

(L-lysine) (PLL; Mw: 250 kDa) were purchased

from Sigma-Aldrich. Monomethoxy polyethylengly-

col (mPEG; Mw: 5 kDa) was purchased from Fluka.
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Ferumoxides (Feridex I.V.) was obtained by Berlex

Laboratories, Inc. (Wayne, NJ, USA). MION were

synthesized as previously described (Shen et al.

1993). All other chemicals and reagents were of

analytical grade.

Synthesis of PMNCs

The preparation of PMNCs was conducted in three

steps: (i) synthesis of MNCs, (ii) preparation of

water-stable MNCs using mPEG–dodecanoic acid by

nanoemulsion methods, and (iii) formulation of

magnetoplex using PLL. MNCs were synthesized

using organo-metallic precursors (Lee et al. 2007;

Yang et al. 2007). Iron(III) acetylacetonate (2 mmol),

manganese(II) acetylacetonate (1 mmol), 1,2-hexa-

decanediol (10 mmol), dodecanoic acid (6 mmol),

dodecylamine (6 mmol), and benzyl ether (20 mL)

were mixed under a nitrogen 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 ethanol, and 12 nm of magnetic nanocrys-

tals were synthesized using the seed-mediated growth

method. For phase transference of organic MNCs to

the aqueous phase, mPEG–DA (dodecanoic acid)

amphiphilic polymers were synthesized as stabilizers

according to a previously established procedure

(Yang et al. 2007). DA (30 mmol) and mPEG

(10 mmol) were dissolved in anhydride methylene

chloride (40 mL) and activated by the addition of

DCC (30 mmol) and DMAP (30 mmol), respectively.

The reaction was carried out for 48 h at room

temperature under a nitrogen atmosphere. The result-

ing products were filtered using a syringe filter (pore

size: *200 nm) and dialyzed against sodium phos-

phate buffer (10 mM, pH 7.4) using a centrifugal

filter (nominal molecular weight limit: 10 K, Amicon

Ultra-15). The resulting products were then filtered

and stored under vacuum for later use. The chemi-

cal structure of mPEG–DA was characterized by
1H-NMR (400 MHz, Varian INOVA400 NMR spec-

trometer) and the presence of a characteristic band

(an ester group) of synthesized mPEG–DA using

FT-IR spectra (ExcaliburTM series).

For the preparation of PMNCs using MNCs, MNCs

(30 mg) was dissolved in hexane (4 mL). The organic

phase was added to phosphate buffer saline (20 mL;

10 mM, pH 7.4) containing mPEG–DA (300 mg), and

after mutual saturation of the organic and continuous

phase, the mixture was emulsified for 10 min with an

ultrasonicator (ULH700S, Ulssohitech, Korea) at

300 W (Yang et al. 2007). After solvent evaporation,

the products were purified with three cycles of

centrifugation at 20,000 rpm. The precipitated nano-

particles were then redispersed in 4 mL of phosphate

buffer saline (10 mM, pH 7.4). The size distribution

and surface charge of the PMNCs were analyzed by

laser scattering (ELS-Z, Otsuka electronics). The

saturation of magnetization was evaluated using a

vibrating-sample magnetometer (Lakeshore, model

7300). The weight quantity of magnetic nanocrystals

in the PMNCs was analyzed with a thermo-gravimet-

ric analyzer (SDT-Q600, TA instrument).

Determination of cell viability by MTT assay

Cytotoxic effects on the growth and viability of

marrow-derived human mesenchymal stem cells

(h-MSCs, n = 8) were determined using a cell

proliferation kit (MTT; 3(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide, Roche, Germany).

Briefly, 1 9 105 cells/mL were plated in 96-micro-

well plates overnight at 37�C. Next, various amounts

of PMNCs (10-4–100 mg/mL) were treated in the

microplate, and the plates were incubated overnight

at 37�C. MTT solution was added to the microplate,

and the optical density of the wells was determined

using a microplate reader (ELISA). All experiments

were performed with three times. Cell viabilities were

obtained by calculating the ratio of the number of

viable cells in the treated culture compared with non-

treated control cells.

Labeling of h-MSCs using magnetoplex

Magnetic iron oxide nanoparticles (MION), Ferum-

oxides, and PMNCs (25 lg of magnetic ion per 1 mL)

were mixed with PLL (1.5 lg/mL) and incubated with

the h-MSCs overnight (Arbab et al. 2003). Cells were

then washed twice with PBS, and a specific number of

labeled and unlabeled cells were collected, centri-

fuged, and resuspended in 0.5 mL of PBS. After

labeling (passage n ? 1), the h-MSCs were cultured

for an additional 7 days to investigate the dilution and

elimination effects according to the differentiation of

cells (passage n ? 2 and passage n ? 3, time interval:

3 days). Microscopic images of magnetically labeled
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h-MSCs were investigated after Prussian blue staining

(Arbab et al. 2004). In order to evaluate Fe and Mn

concentration in the h-MSCs (1 9 107 cells), we

performed ICP-AES analysis (Perkin-Elmer Sciex

Elan 6100 instrument, Wellesley, MA, USA) using an

argon plasma flame and dual detector mode in

triplicate.

MR imaging procedure

All 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). R2 relaxivities of magnetic labeled

h-MSCs (1 9 107 cells) were measured at room

temperature with the Carr–Purcell–Meiboom–Gill

sequence: TR = 10 s, 32 echoes with 12-ms even

echo space, number of acquisitions = 1, point reso-

lution of 156 9 156 lm, section thickness of

0.6 mm. R2 was defined as 1/T2 with units of s-1.

Results and discussion

The preparation of PEGylated magnetic nanocrystals

(PMNCs) using MNCs and amphiphilic polymers

(mPEG–DA) was proceeded in two steps: (i) synthe-

sis of amphiphilic polymers, and (ii) phase transfer-

ence of the MNCs by nanoemulsion methods. First,

mPEG–DA was synthesized using hydrophilic mPEG

and hydrophobic DA by the chemical conjugation

method. The carboxyl group of DA was activated by

DCC and DMAP, and the activated functional group

was then attacked by the hydroxyl group of mPEG,

which acted as a nucleophile. The chemical structure

of mPEG–DA was characterized using 1H-NMR

(400 MHz, CDCl3) by d values of 3.64 (–(OCH2

CH2)n– of PEG back bone), 1.72, 1.25 (–(CH2)10– of

DA chain), 0.88 (–CH3 of DA chain; Yang et al.

2007).

In order to prepare the highly sensitive MNCs,

organometallic precursors (iron and manganese ace-

tylacetonate) were thermally decomposed at 300�C

(Lee et al. 2007). The prepared MNCs were insoluble

in the aqueous phase due to the presence of hydro-

phobic fatty acids (dodecanoic acid) on the surface of

MNCs (Yang et al. 2007). Therefore, we employed

the synthesized mPEG–DA to increase the water-

solubility of the MNCs. After the MNCs were

covered with amphiphilic mPEG–DA, the PMNCs

were well-dispersed in aqueous solution due to the

hydrophilic PEG chain of mPEG–DA. The aqueous

PMNCs were confirmed by transmission electron

microscopy (TEM; Fig. 1a), and their average size as

determined by laser scattering of the PMNCs was

21.3 ± 3.7 nm. The hydrodynamic diameter of the

water-soluble PMNCs was larger than that of pure

MNCs because water molecules were absorbed

between linear PEG chains (Graham 1992).

In order to assess the potential of the PMNCs as

magnetic labeling agents for stem cell imaging,

magnetic sensitivity under the magnetic field was

investigated. The hysteresis loop of the PMNCs was

investigated using a VSM at 300 K (Fig. 1b). The

PMNCs exhibited superparamagnetic behavior with-

out magnetic hysteresis. The saturation of magneti-

zation at 1.0 T was 55.3 emu/g. Due to the presence

of organic components, the amount of magnetic

Fig. 1 a TEM images of

the PMNCs dispersed in the

aqueous phase. b Magnetic

hysteresis loops of the

PMNCs obtained with a

vibration sample

magnetometer
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compounds in the PMNCs was determined as

56.3 wt% using TGA.

In general, long-term monitoring of a magnetic

labeled cell is difficult due to dilution effects;

diminishment and elimination of magnetic compo-

nents by division or exocytosis during cell cultivation.

In order to achieve an successful monitoring of

transplanted stem cells into animal models, thus,

labeling agents should be biocompatible, sufficiently

uptaken into the h-MSCs, and sensitively detected by

MR imaging. In order to evaluate the biocompatibility

of the PMNCs on h-MSCs, we first investigated the

cell viability of the h-MSCs treated with the PMNCs

using the MTT assay. As shown in Fig. 2, the PMNCs

exhibited high biocompatibilities against h-MSCs,

even at high concentration (1 mg/mL) without any

cell growth inhibitions. We next evaluated the

biological relevance of the PMNCs by determining

their cellular uptake efficiencies in the h-MSCs after

cultivation in a medium containing 25 lg/mL of the

PMNCs (concentration of magnetic ion; Fe and Mn)

and 1.5 lg/mL of PLL as polycationic complexes.

Due to the addition of PLL, the surface charge of

PMNCs/PLL was 16.3 ± 3.1 mV that were increased

from 3.8 ± 2.4 mV (PMNCs only), and the surface

charge of MION/PLL and Ferumoxides/PLL were

18.7 ± 5.2 and 17.1 ± 4.4 mV, respectively. How-

ever, significant size variations were not observed,

and size was the 24.9 ± 5.3 nm after adding PLL as a

result of ionic assembly and hydrogen bonding

between PMNCs and PLL molecules (Anderson

et al. 2005). After treating the PMNCs/PLL as

magnetic labeling agents for h-MSCs, we could verify

the extent of intracellular labeling tendency using

TEM (Fig. 3). Three types of magnetic labeling

agents (MION/PLL, Ferumoxides/PLL, and PMNCs/

PLL) were located in the endosomal confine of cells in

aggregated forms. Subsequently, labeling efficiencies

for various passages were investigated using the

Prussian blue-staining method. The h-MSCs treated

with PMNCs/PLL exhibited a higher contrast of blue

color in the microscopic images compared with

MION/PLL or Ferumoxides/PLL cases. Furthermore,

a large amount of magnetic compounds by PMNCs/

PLL still remained in the h-MSCs after repeated

cultivation for 7 days (Fig. 4). Hence, elemental

analysis for magnetic ions in labeled h-MSCs was

investigated using ICP-AES (Fig. 5). The concentra-

tion of magnetic ions in the h-MSCs treated with

PMNCs/PLL was 0.42 ± 0.02 pg/cell at passages

n ? 1 (Fig. 5a), which was larger than MION/PLL

(0.36 ± 0.02 pg/cell) and Ferumoxides/PLL (0.32 ±

0.04 pg/cell) case. In addition, the largest amounts of

the magnetic ions in the h-MSCs treated with PMNCs/

PLL were remained at passage n ? 3 (cultivation for

7 days from passage n ? 1). Furthermore, the elim-

ination rate of magnetic ions (DC/Cpassage n?1;

diminished concentration of magnetic ion compared

with passage n ? 1) from magnetic labeled h-MSCs

with PMNCs/PLL were diminutive compared with the

h-MSCs treated with MION/PLL or Ferumoxides/

PLL during cultivation periods (Fig. 5b). These

noteworthy results might be originated from smaller

hydrodynamic diameter of PMNCs, larger size of

magnetic core, and superior colloidal stability for

acidic environment or wide range of salt concentra-

tions that permitted the maintenance of magnetic

compounds in the intra-cellular region for a long

period of time (Yang et al. 2007; Park et al. 2008).

In order to assess the magnetic sensitivity of

PMNCs as MR probes, MR images for magnetically

labeled h-MSCs were investigated at each passage. At

the passage n ? 1, the h-MSCs treated with PMNCs/

PLL presented darker MR images than the

h-MSCs treated with MION/PLL or Ferumoxides/

PLL (Fig. 6). Upon further cultivation of magnetic

labeled h-MSCs, PMNCs/PLL-treated h-MSCs con-

tinued to produce dark images (Fig. 6a). In color maps

of the MR images, hypointense MR images exhibited

red colors and vice versa (Fig. 6b). At passage n ? 1,

the DR2/R2non-treated value of the h-MSCs treated with

PMNCs/PLL was 504.8 ± 2.1% that was higher than

the h-MSCs treated with MION/PLL (379.5 ± 4.5%)
Fig. 2 Cell viability of the h-MSCs after treatment of the

PMNCs at various concentrations
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Fig. 3 TEM images of the

h-MSCs after treatment of

a, b MION/PLL, c, d
Ferumoxides/PLL, and e, f
PMNCs/PLL; b, d, f
magnified views of the

white box in the endosomal

confines of a, c, e,

respectively

Fig. 4 Microscopic images

of Prussian blue-stained

h-MSCs after treatement

with MION/PLL,

Ferumoxides/PLL, and

PMNCs/PLL at various

passages
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or Ferumoxides/PLL (297.2 ± 9.3%; Fig. 7a) due to

excellent cellular uptake efficiency and spinel struc-

ture and high crystallinity of the MNCs. This superior

MR signal intensity produced by PMNCs/PLL per-

sisted through passages n ? 2 and n ? 3. Further-

more, the DR2/R2passages n?1 (decreased MR signal

intensity compared with passages n ? 1) of the

h-MSCs treated with PMNCs/PLL was lower than in

other cases. These results implied that the high Bohr

magneton of MnFe2O4 in the PMNCs significantly

improved the sensitivity of MR images (Fig. 7b;

McCurrie 1994). Therefore, our PEGylated magnetic

nanocrystals (PMNCs) combined with polycationics

(PLL) were highly efficient for ultrasensitive labeling

of the h-MSCs as well as sensitive MR probes to

monitor transplanted h-MSCs.

Conclusion

In summary, we successfully developed aqueous and

stable PEGylated magnetic nanocrystals (PMNCs)

by nanoemulsion methods composed of magnetic

nanocrystals (MnFe2O4) and amphiphilic polymers

(mPEG–DA). Using PMNCs as magnetic labeling

agents for the h-MSCs, polycationic polymers (PLL)

were introduced. The prepared PMNCs exhibited

excellent biocompatibility and the magnetoplex

(PMNCs/PLL) demonstrated remarkable magnetic

sensitivity compared with MION/PLL or Ferumox-

ides/PLL. Cellular uptake efficiency of PMNCs/PLL

was high due to positive surface charge and small

hydrodynamic diameter and remarkable colloidal

stability enables magnetic components to maintain at

Fig. 5 a Concentration (C) ofmagnetic ions and b DC/Cpassage n?1

(diminished concentration of magnetic ion compared with the

h-MSCs of passage n ? 1) graphs of magnetic labeled h-MSCs

treated with MION/PLL, Ferumoxides/PLL, and PMNCs/PLL at

various passages

Fig. 6 a T2-weighted MR images and b the color maps of magnetic labeled h-MSCs treated with MION/PLL, Ferumoxides/PLL,

and PMNCs /PLL at various passages
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the intra-cellular region for a long periods. Other-

wise, magnetic components of other magnetic

labeling agents were reduced by differentiation

process or exocytosis of cells. Moreover, we could

obtain hypointensed MR images for the h-MSC

treated with PMNCs/PLL due to superior magnetic

sensitivity by large Bohr magneton of MnFe2O4.

Thus, the prepared PMNCs may be proficient

magnetic labeling agents for resistant to dilution

effect and monitoring of transplanted cells for a long

term. Furthermore, PMNCs demonstrated the poten-

tials for novel diagnostic and therapeutic strategies

with potential applications in various biomedical

fields.
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