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We fabricatedmultimodenanoprobes for acquisition of biological information at different object levels, i.e.,
in vivo detection and ex vivo validation for characterizing tumor angiogenesis. Fluorescent magnetic
nanoprobes (FMNPs) were synthesized by using amphiphilic pyrenyl polyethylene glycol (Py-PEG) and
superparamagnetic MnFe2O4 nanocrystals (MNCs). Py-PEG, which is synthesized by conjugation of
hydrophilic PEGwith hydrophobic and fluorescent 1-pyrenebutyric acid through an esterification process,
is capable of self-assemblyandmaintaining ahighUVfluorescent intensity in aqueousphase. Py-PEGcanbe
used as a fluorescent surfactant that simultaneously and efficiently encapsulates MNCs to exhibit fluo-
rescent andmagnetic properties aswell asmaintaininghighwater-solubility. Consequently,weproved that
our biologically non-toxic FMNPs were prominent multimode imaging probes by showing not only
excellent MR sensitivity but also high illumination intensity with strong signal strength under short
exposure time of UV light from the extensive imaging studies of in vitro/vivo and ex vivo using orthotopic
and xenograft mice models.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Molecular nanoprobes using well-tailored superparamagnetic
nanocrystals are of great interest for detecting various biological
objects via magnetic resonance (MR) imaging due to their high-
sensitivity and specificity gifted from a nanoeffect [1e4]. Further, the
superparamagnetic nanocrystals as an MR contrast agent are
hybridized with organic/inorganic fluorescent materials to create
a single nanoplatform ofmultimodal imaging nanoprobes, which are
utilized to measure in vivo biological events via MR and optical
imaging at the same level of biological objects. In particular, both
fluorescent and magnetic properties from conjugated multimodal
imaging nanoprobes have been majorly used to render accurate
appreciation of clinically significant events of cells, tissues and
organisms via dual monitoring. Furthermore, a challenge for acqui-
sition of biological information at different object levels, such as in
vivo detection and ex vivo validation by using multimodal imaging
methods to characterize tumor angiogenesis has been emerged
[5e15]. Ultraviolet (UV) imaging has been recently introduced to
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provide higher spatial resolution with detailed insight into cellular
events compared to visible light due to their shorter wavelength
illumination. Thus, it would be of great significance to integrate MR
imaging (in vivo) with UV imaging (ex vivo) for more robust acquisi-
tionofbiological eventwithhigher spatial resolution.However forUV
imaging, to acquire high spatial intra-cellular resolution while
keeping the cells alive and undamaged as long as possible, higher
illumination intensities and longer exposure times over which cells
are observedbefore theyexhibit signs of damage shouldbenecessary
to provide sufficient signal strength [16e18]. Herein, we presented
a fluorescent magnetic nanoprobe (FMNP) as a multimodal imaging
agent. The fabrication of FMNP began with synthesizing pyrenyl
polyethylene glycol (Py-PEG) with methoxy poly(ethylene glycol)
(PEG) and 1-pyrenebutyric acid (Py) exhibiting amphiphilic and UV
fluorescent properties. Then a simultaneous self-assembly of hydro-
phobic magnetic nanocrystals and Py-PEG as a fluorescent surfactant
formed FMNPs utilized for UV and MR imaging capability (Fig. 1).
2. Materials and methods

2.1. Materials

The following materials were purchased from SigmaeAldrich: iron (III)
acetylacetonate, 1,2-hexadecanediol, dodecanoic acid, dodecylamine, benzyl
rights reserved.
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Fig. 1. Schematic illustration of simultaneously self-assembled fluorescent magnetic nanoprobes (FMNPs) as multimodal biomedical imaging probes.
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ether, 1-pyrenebutyric acid, 1,3-dicyclohexylcarbodiimide (DCC), 4-dimethyla-
minopyridine (DMAP), anhydrous dichloromethane, and triethylamine (TEA).
Monomethoxy polyethylene glycol (MW: 5000 Da) was obtained from Fluka
Chemical Co. Phosphate buffered saline (PBS; 10 mM, pH 7.4) and DMEM were
purchased from Gibco. All other chemicals and reagents were of analytical
grade.
2.2. Synthesis of MnFe2O4 nanocrystals (MNCs)

Using a previously reported method, we synthesized monodispersed
MnFe2O4 nanocrystals (MNCs) that are soluble in non-polar organic solvent
[19e21]. Briefly, 2 mmol of iron (III) acetylacetonate, 1 mmol of manganese (II)
acetylacetonate, 10 mmol of 1,2-hexadecanediol, 6 mmol of dodecanoic acid, and
6 mmol of dodecylamine were dissolved in 20 mL of benzyl ether under ambient
nitrogen atmosphere. The mixture was then pre-heated to 200 �C for 2 h and
refluxed at 300 �C for 30 min. After the reactants were cooled at room
temperature, the products were purified with an excess of pure ethanol.
Approximately 12 nm of MNCs were synthesized using the seed-mediated
growth method.
2.3. Synthesis of pyrenyl polyethylene glycol (Py-PEG)

Pyrenyl polyethylene glycol (Py-PEG), an amphiphilic fluorescent surfactant,
was formed by conjugating the hydroxyl group of monomethoxy polyethylene
glycol (Mw: 5000 Da) with the carboxyl group of 1-pyrenebutyric acid (Mw:
288.34 Da) using DCC and DMAP (Fig. 1) [20,21]. First, 1 mmol of 1-pyrenebutyric
acid and 1 mmol of monomethoxy polyethylene glycol were added into a flask
containing 100mL of anhydrous dichloromethane, 9 mmol of DCC, 9 mmol of DMAP,
and 9 mmol of triethylamine (Sigma Aldrich Chemical). After reacting for 48 h at
room temperature under a nitrogen atmosphere, the reactants were filtrated
through a 200 nm pore size cellulose acetate filter (Advantec) to remove the by-
product (dicyclohexyl urea). Subsequently, the solvent was rapidly removed using
a rotary evaporator (50 Hz, EYELA) and the products were washed using dichloro-
methane and an excess of ethyl ether. The purified precipitates were lyophilized and
stored under vacuum for later use.
2.4. Characterization of Py-PEG

The synthesis of Py-PEG was performed as follows (Fig. 1). After the conjugation
process, the chemical structure of the synthesized Py-PEG was confirmed by FT-IR
(Varian, ExcaliburTM series) and 1H NMR (400 MHz, Varian INOVA400 NMR spec-
trometer) spectra using CDCl3 as a solvent. In addition, the change in molecular
weight of Py-PEG compared with naked PEG was evaluated by gel permeation
chromatography analysis. Fluorescence intensities of Py-PEG compared with pyrene
and critical micelle concentration (CMC) of Py-PEG were determined by fluores-
cence spectrometer readings (SL55, Perkin Elmer) [22,23].
2.5. Preparation of fluorescent magnetic nanoprobes (FMNPs)

FMNPs were prepared by the nano-emulsion method utilizing the hydrophobic
interaction of MNCs with the hydrophobic portion of Py-PEG [9,24,25]. First, 50 mg
ofMNCswere dissolved in 4mL of hexane (as organic phase). This organic phasewas
added to 20 mL of deionized water (DW) as an aqueous phase containing 200 mg of
Py-PEG. After mutual saturation of the organic and water phases, the emulsion was
ultra-sonicated in an ice-cooled bath for 10 min at 450 W. The resulting suspension
was stirred overnight at room temperature to evaporate organic solvent and was
subsequently centrifuged for 30 min at 18,000 rpm in triplicate. After the super-
natant was removed, the precipitated FMNPs were re-dispersed in 10 mL of DW. The
size distribution and the zeta-potential of FMNPs were analyzed using laser scat-
tering (ELS-Z, Otsuka electronics). The morphologies of FMNPs and MNCs were
confirmed using high resolution transmission electron microscope (HR-TEM, JEM-
2100F, JEOL Ltd.). The colloidal stability of the prepared FMNPs was determined
based on the resistance ability against the addition of a wide range of salt (sodium
chloride, NaCl) solution concentrations (up to 1 M) and pH conditions (pH 4e9) at
room temperature. After 24 h, the stability of the FMNPs was evaluated using laser
scattering. The residual weight (%) of the MNCs in the FMNPs was analyzed with
a thermo-gravimetric analyzer (SDT-Q600, TA instrument). We also confirmed the
crystallinity of MNCs in the FMNPs using X-ray diffraction (Rigaku, X-ray Diffrac-
tometer Ultima3) at 298 K [2,4]. The magnetic properties of MNCs and FMNPs were
measured using vibration sample magnetometer (MODEL-7300, Lakeshore) at
298 K. The relaxivity (R2) and fluorescence properties of the FMNP solution were
measured by magnetic resonance (MR) imaging analysis and fluorescence



Fig. 2. (a) FT-IR spectra of (i) monomethoxy polyethylene glycol (mPEG), (ii) 1-pyrenebutyric acid and (iii) pyrenyl PEG (Py-PEG), (b) 1H NMR spectrum of Py-PEG and (c) gel
permeation chromatography of Py-PEG and 1-pyrenebutyriuc acid.
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spectrometer, respectively. Furthermore, the magnetic mobility and ability to
maintain fluorescent properties of the FMNPs were demonstrated under an external
magnetic field (NdeFeeB magnet, 0.3 T).

2.6. In vitro cytotoxicity tests for Py-PEG and FMNPs

The cytotoxicity of Py-PEG and FMNPs in NIH3T6.7 cells (American Type Culture
Collection) was evaluated by measuring the inhibition of cell growth using the MTT
assay. Briefly, NIH3T6.7 cells were seeded at a density of 1 � 104 cells/well in a 96-
well plate for growth overnight at 37 �C. Subsequently, the cells were incubatedwith
various concentrations of Py-PEG and FMNPs for 24 h. The yellow tetrazolium salt of
theMTT solutionwas reduced to purple formazan crystals inmetabolically alive cells
[25]. The cell viabilities were obtained by calculating the ratio of the intensity of
purple formazan in viable cells treated with Py-PEG and FMNPs to the intensity in
untreated control cells.

2.7. Cellular uptake of FMNPs

NIH3T6.7 cells (1�106 cells/well) were incubated overnight in 6-wells and were
then further incubated with FMNPs (2.7 mg/mL) in 5% CO2 for 24 h at 37 �C.
Subsequently, NIH3T6.7 cells treated with FMNPs were washed twice with phos-
phate buffered solution (pH 7.4 and 10mM), trypsinized (0.5 mL), and harvested. The
collected NIH3T6.7 cells treated with FMNPs were washed in triplicate using 0.2%
Fig. 3. Fluorescence spectra and solubility tests under UV lamp (inset) of pyrene and (b) P
arrow indicates an excimer of Py-PEG.
fetal bovine serum and 0.02% NaN3 in phosphate buffered solution (pH 7.4 and
10 mM). NIH3T6.7 cells treated with FMNPs (1 � 106 cells/well) were then re-sus-
pended in 200 mL of 4% paraformaldehyde for MR and UV light imaging analysis
(UVIpro� Gel Documentation System, Uvitec). To locate the nucleus in cells through
florescence microscopic images, cells were stained by propidium iodide (red fluo-
rescence) (16.7 mg/mL) [9]. The cellular internalization of FMNPs was confirmed by
Prussian blue staining, epi-fluorescence microscopy (BX51 upright microscope,
Olympus), and transmission electron microscopy (TEM, JEOL-1100). The concen-
tration of MNCs (Mn and Fe ions) in NIH3T6.7 cells treated with FMNPs was
determined by inductively coupled plasma mass spectrometry (ICP-MS, Elan 6100,
Perkin Elmer). The magnetic and optical properties of NIH3T6.7 cells treated with
FMNPs were demonstrated under an external magnetic field (NdeFeeB magnet,
0.3 T).
2.8. Animal experimental procedure

For investigation of tumor imaging, we established orthotopic tumor model, to
which 253JB-V bladder tumor cell lines (7 � 105 cells per mouse) were implanted
into the bladder dome of a male mouse (w6-week-old BALB/c-nude mice) and then
MR imaging was performed between 4 and 6 weeks after tumor cell implantation
[26]. Furthermore, we performed xenograft tumor model that NIH3T6.7 cells
(1 � 107 cells suspended in 50 mL of saline per animal) were implanted in the
proximal thigh of female BALB/c-nude mice (4e5 weeks of age) [21,27]. All animal
y-PEG in chloroform (CF, red line) and water (H2O, blue line) (lex: 340 nm). The green



Fig. 4. The fluorescent intensity ratio (I396/I376) from the pyrenyl group excitation
spectra with different concentrations of Py-PEG (lex: 340 nm).
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experiments were conducted with the approval of the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC) International.

2.9. MR imaging procedure

We performed in vitro MR imaging experiments with a 1.5 T clinical MRI
instrument with a micro-47 surface coil (Intera; Philips Medical Systems, Best, the
Netherlands). The T2 weights of the FMNP solution and FMNPs treated NIH3T6.7
cells treated were measured by the Carr-Purcell-Meiboom-Gill (CPMG) sequence at
room temperature: 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. For
acquisition of T2-weighted MR images of FMNPs and FMNPs treated NIH3T6.7 cells,
the following parameters were adopted: resolution of 234 � 234 mm, section
thickness of 2.0 mm, TE ¼ 60 ms, TR ¼ 4000 ms, number of acquisitions ¼ 1. The
relaxivity coefficient (mM

�1 s�1) is equal to the ratio of R2 (1/T2, s�1) to FMNP
concentration. In addition, In vivo MR imaging experiments were also performed
with a 3 T clinical MRI instrument with a micro-47 surface coil (Intera; Philips
Medical Systems, Best, the Netherlands). The T2 weights of nude mouse injected
with FMNPs were measured by the Carr-Purcell-Meiboom-Gill (CPMG) sequence at
room temperature: 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. For
T2-weighted MR imaging of nude mouse model, we adopted the following
parameters: resolution of 234 � 234 mm, section thickness of 2.0 mm, TE ¼ 60 ms,
TR ¼ 4000 ms, number of acquisitions ¼ 1.

2.10. Statistical analysis

All data represent triplicate experiments, with each experiment yielding
comparable results. The statistical evaluation of data was performed by the analysis
Fig. 5. TEM images of (a) MnFe2O4 nanocrystals (MNCs) and (b) fl
of variance (Student’s t-test). A p-value of less than 0.001was considered statistically
significant.
3. Results and discussion

MonodispersedMnFe2O4 nanocrystals (MNCs)were synthesized
as MR contrast agents by the thermal decomposition method. For
phase transference of MNCs into aqueous phase and implementa-
tion of their fluorescent property at once, we synthesized a pyrenyl
polyethylene glycol (Py-PEG) as a fluorescent surfactant by coupling
of 1-pyrenebutyric acid and PEG by an esterification process. DCC
was used to prepare active carboxylate from 1-pyrenebutyric acid.
Then, the prepared carboxylate was coupled with DMAP as the
nucleophilic catalyst through the labile ion pair between the
carboxylate and the acetylpyridinium ions. Finally, the hydroxyl
group of PEG, serving as a nucleophile, attacked the low electric
carbon of the acetyl group to form an ester bond, and a protonated
catalyst was reformed. Thus, the generated ester group of Py-PEG
was confirmed at 1737 cm�1 and the hydroxyl group of PEG and
carboxyl group of 1-pyrenebutyric acid were no longer observed at
3500 cm�1 and 1695 cm�1, respectively (Fig. 2a). Moreover,
successful synthesis of Py-PEG was further verified by its 1H NMR
spectrum at 7.82 and 8.12 (eCHe from 1-pyrenebutyric acid) and
3.65 ppm (eCH2e in the PEG chain) (Fig. 2b). In addition, the
incremental change in molecular weight of Py-PEG from 5000 Da
(naked PEG) to 5288 Da was evaluated by gel permeation chroma-
tography analysis (Fig. 2c). Naked pyrene is insoluble inwater due to
the non-polar and hydrophobic properties of its four symmetric
fused benzene rings. However, PEGylated pyrene (Py-PEG) can be
highly soluble inwater because of its hydrophilic property resulting
fromhydrogenbondingbetween theoxygenatomsofPEGandwater
molecules (Fig. 3) [28]. Due to the amphiphilic property of Py-PEG,
the hydrophobic pyrenyl group of Py-PEG is surrounded by hydro-
philic PEG chains. As the Py-PEG concentration increased, the fluo-
rescence intensity ratio of Py-PEG (I396/I376) spontaneously declined
and the critical micelle concentration was 40.6 nm (Fig. 4). In addi-
tion, the pyrene molecules of Py-PEG maintained a high electron
density compared to the naked pyrene molecules and exhibited
strong excited-state dimers (excimer) because of the closely packed
pyrene units in the Py-PEG micelle (Fig. 3). The synthesized Py-PEG
exhibited a high fluorescent intensity at 375 and 398 nm and strong
excimer at 420 nm due to interactions between the excited pyrene
molecules of Py-PEG and another pyrene molecule in the ground
electronic state, promoted by the high electron density of pyrene
molecules [29]. These results indicate that the synthesized Py-PEG
successfully played a role of amphiphilic fluorescent surfactant for
uorescent magnetic nanoprobes (FMNPs) (Scale bar: 20 nm).



Fig. 6. The sizes of FMNPs were plotted against (a) pH conditions and (b) NaCl concentrations (mM) and (c) images of FMNPs under various pH conditions and NaCl concentrations
(under visible light and UV light).

E.-K. Lim et al. / Biomaterials 31 (2010) 9310e93199314
fabrication of FMNPs. To synthesize water-soluble FMNPs, hydro-
phobic MNCs were encapsulated by the amphiphilic fluorescent
surfactant, Py-PEG, using anano-emulsionmethod.MNCs in organic
solvent were simultaneously wrapped by the self-assembly of Py-
PEG molecules and water-soluble FMNPs were subsequently
formulated by evaporation of the organic phase during the nano-
emulsionprocess. Transmission electronmicroscopy (TEM) (Fig. 5b)
and laser scattering analysis indicated complete dispersion of
FMNPs in water with a consistent size distribution (64.1 � 3.1 nm),
whichwas similar to the observed dispersion of FMNPs in biological
medium (10% fetal bovine serum and 1% penicillin streptomycin in
DMEM) (69.8 � 2.1 nm). FMNPs enveloped by non-ionic PEG
Fig. 7. (a) Thermogravity analysis and (b) X-ray diffraction (XRD) pa
molecules exhibited �0.4 � 0.6 mV in water and �1.5 � 0.3 mV in
biological medium. In addition, FMNPs (533.5 � 10�2 mg/mL) were
stable in awide range of salt solutions (up to 1 M) and pH conditions
(pH 4e9) without any aggregations (Fig. 6). While thermogravity
analysis demonstrated that the organic compounds in FMNPs were
50wt%, themixed spinel structure of theMNCswas still maintained
(2q: 30.3� (220), 35.8� (311), 43.6� (400), 53.7� (422), 57.5� (511), and
62.7� (440)) (Fig. 7). Furthermore, FMNPs exhibited super-
paramagnetic behavior at 298 K without remanence and coercivity
and the saturation ofmagnetization at 0.8 Tof FMNPswas 41.9 emu/
g ofMNCs, whichwas similar to that for nakedMNCs (43.2 emu/g of
MNCs) (Fig. 8). To evaluate the potential use of FMNPs as
ttern of FMNPs with inserted main crystalline phases of MNCs.



Fig. 8. Magnetic hysteresis loops of (a) MNCs and (b) FMNPs.
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ultrasensitive MR imaging contrast agents, we investigated MR
images of the FMNP solution and the signal intensities. T2-weighted
MR images exhibited strong black color for the thicker FMNP solu-
tion and the corresponding relaxivity coefficient of FMNPs con-
tainingMNCswas 786.4mM

�1 s�1 indicating that the FMNP solution
has sufficient high-sensitivity for use as an MR imaging contrast
agent (Fig. 9). To confirm the utility of FMNPs as optical imaging
agents, we also investigated the fluorescence properties of FMNPs
(lex: 345 nm and lem: 397 nm). The fluorescence spectra of FMNPs
are similar to those of Py-PEG, and even after loading MNCs into
FMNPs thefluorescentpeak fromexcimerat 420nmwasmaintained
(Fig. 10). Furthermore, water-soluble FMNPs exhibit vivid lumines-
cent light underUV lamp (lex: 365 nm) (Fig.10, inset) and FMNPs are
magnetically gathered by an external magnetic field (NdeBeFe
magnet, 0.3 T), maintaining the fluorescent properties of the pyrene
in the FMNPs (Fig. 11 and Movie 1). These excellent magnetic and
optical properties of FMNPs provide abundant possibilities for
multimodal-biomedical imaging.
Fig. 9. (a) T2-weighted MR images and (b) relaxivity (R
Supplementary video related to this article can be found at
doi:10.1016/j.biomaterials.2010.07.081.

To examine the cellular cytotoxicity of FMNPs, an MTTassay was
performed using NIH3T6.7 cells treated with FMNPs. FMNPs
exhibited biocompatibility without any inhibitory effect on growth
and proliferation in the target NIH3T6.7 cells, even at a high
concentration of 1.6 mg/mL (Fig. 12).

For assessment of the optical imaging performance of FMNPs,
NIH3T6.7 cells were incubated with the non-cytotoxic FMNPs
(21.3 mg/mL) and then visualized under UV light. In Fig. 13a, the
fluorescent microscopic images of NIH3T6.7 cells treated with
FMNPs revealed vivid fluorescent blue light in the cytosol due to
fluid endocytosis of FMNPs, whereas there was no fluorescent blue
staining in untreated cells (control) [9]. The red fluorescence in
Fig. 13a represents nuclear site staining by Lyso tracker (10 nm).
Due to the presence of pyrene from FMNPs, NIH3T6.7 cells treated
with FMNPs also demonstrated a distinct luminescent light under
2) graph of FMNPs versus various concentrations.

http://dx.doi.org/10.1016/j.biomaterials.2010.07.081


Fig. 10. Fluorescence spectra for FMNPs and solubility tests of FMNPs (insets) in
aqeous phase under visible light and UV light (lex: 340 nm).

Fig. 11. Fluorescence microscopic images (�200) of colloidal FMNPs under magnetic
field. NdeFeeB magnet (0.3 T) is applied at the lower portion of the image. FMNPs
moved downward within 8 s (Scale bar¼ 100 mm).

Fig. 12. Cell viabilities of NIH3T6.7 cells treated with various concentrations of Py-PEG
(open square) and FMNPs (closed circle).
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UV lamp (lex: 365 nm) compared with untreated control cells
(subset in Fig. 13a). The results from Prussian blue staining and TEM
images are consistent with the optical imaging results. We next
investigated the MR contrast effect of FMNPs in NIH3T6.7 cells
monitored at 1.5 T. A significant MR contrast effect was observed in
treated cells (black color) compared to non-treated control cells
(bright gray color) (subset in Fig. 13a). The calculated R2 value of
NIH3T6.7 cells treated with FMNPs was 14.5 s�1, which was 387.6%
(OR2/R2Non-treatment) higher than that of non-treated cells (2.9 s�1)
(Fig. 13b). Prussian blue and ferric ions of the MNCs in FMNPs
rapidly exchange electrons thereby producing dark blue colors in
the intra-cellular region (subset in Fig. 13a). In the TEM images, the
black clusters of NIH3T6.7 cells treated with FMNPs indicate the
engulfment of FMNPs into the intra-cellular region (Fig. 13c). The
concentration of MNCs (Mn and Fe ions) in NIH3T6.7 cells treated
with FMNPs was 9.1 mg/mL (3.0 � 105 cells) measured by induc-
tively coupled plasma mass spectrometry (ICP-MS) analysis.
Furthermore, the well-dispersed NIH3T6.7 cells treated with
FMNPs were sensitively and rapidly moved toward a permanent
magnet exhibiting an intense luminescence under an external
magnetic field (NdeBeFe magnet, 0.3 T) (Fig. 13dee and Movie 2).
These results demonstrate that FMNPs are suitable for use as
molecular nanoprobes for highly versatile imaging and ultrasensi-
tive detection at the cellular level.

Supplementary videos related to this article can be found at
doi:10.1016/j.biomaterials.2010.07.081.

We next performedMR imaging of xenograft mice models using
FMNPs as an MR contrast agent for passive cancer detection. First,
nude mice were subcutaneously implanted in the proximal thigh
with NIH3T6.7 cells to develop xenograft mouse model. Magnetic
resonance (MR) images were then obtained before and after
intravenous injection of FMNPs (300 mg Fe þ Mn in FMNPs),
respectively. After the injection of FMNPs (post-injection), the T2
value was immediately dropped at tumor site (increase in OR2/
R2Pre value; OR2 ¼ R2 � R2Pre) and strong MR signal intensity was
observed compared to pre-contrast images. In T2-weighted MR
images, the black color gradually spread out along change of the T2
value (R2 ¼ 1/T2; OR2/R2Pre: 64.16%), following the peripheral
blood vessel of tumor area because the FMNPs were diffused and
permeated to tumor tissues across corresponding vascular distri-
butions due to enhanced permeation and retention (EPR) effect
(Fig. 14a and b) [2,21]. Furthermore, we performed ex vivo MR
imaging of tumor tissue which explanted from a xenograft model
treated with FMNPs, presented partially black color compared with
non-treated tumor tissue. The MR image of tumor tissue exhibited

http://dx.doi.org/10.1016/j.biomaterials.2010.07.081


Fig. 13. (a) Fluorescence and Prussian blue stained microscopic images of NIH3T6.7 cells treated with and without FMNPs (upper insets: cellular images under UV light and lower
insets: T2-weighted MR images of NIH3T6.7 cells) (Scale bar¼ 25 mm), (b) R2 graph for NIH3T6.7 cells treated with and without FMNPs (*p< 0.001), (c) the red arrows of TEM image
indicates the existence of FMNPs in NIH3T6.7 cells (Scale bar¼ 2 mm) and magnetic mobilization of NIH3T6.7 cells treated with FMNPs dispersed in PBS in a microtube (d) without
a magnetic field and (e) with a magnetic field (dashed red circles: drawn cells). The NdeFeeB magnet (0.3 T) is located at the right-side of the microtube.
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the existence of fairly high amount of FMNPs (OR2/R2Non-treatment:
90.27%) due to blood pool effect and/or EPR effect of the tumor site
(Fig. 14c and d). These results indicate promising potential appli-
cation of FMNPs to detect the tumor as MR contrast agent. On the
other hand, we next determined whether FMNPs are capable of
detecting intratumoral tissue architecture which requires high
resolution of cellular level via fluorescent microscopy at UV spectral
bands.We analyzed the frozen ex vivo samples of tumor andmuscle
by using fluorescence microscopy. We observed vivid fluorescent
blue and dark blue color dots in the interior of tumor tissue treated
Fig. 14. (a) T2 e weighted MR images of xenografted model with NIH3T6.7 cells at proxi
injection of the FMNPs, (b) OR2/R2Pre graph versus time pre-injection and post- injection
xenografted and orthotopic mouse treated with (treatment: T) and without FMNPs (non-tre
FMNPs, also confirmed MNCs of FMNPs were co-existence with
fluorescenct properties through the Prussian blue staining images
(Fig. 15). These results indicated that blue dots in ex vivo tumor
tissue successfully confirmed the presence of FMNPs at microscopic
resolution which was shown at in vivo MR images. In addition, we
verified the passive tumor tissue detection capability of FMNPs as
universal bimodal imaging nanoprobes by using blood pooling and/
or EPR effect. Orthotopic bladder cancer mouse model was used in
this experiment because it is more physiologically mimicking
human cancer compared to xenograft one in terms of tumor
mal thigh region of mouse and orthotopic model with 253JB-V cells at bladder after
of FMNPs, (c) ex vivo T2 e weighted MR images and (d) OR2/R2Non-treatment graph of
atement: NT), respectively (i: xenografted model and ii: orthotopic model) (*p< 0.001).



Fig. 15. Fe-staining and Fluorescence images of tissue slides of xenografted and orthotopic mouse treated with FMNPs, respectively (Scale bar¼ 20 mm).
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neoangiogenesis based on “seed and soil” theory [30e32]. Inter-
estingly, we observed an immediate decrease of the T2 value (OR2/
R2Pre: 42.93%), following the central blood vessel of tumor site after
FMNPs were spread out and permeated to tumor tissues by EPR
effect (Fig. 14a and b) [21]. In addition, ex vivoMR imaging of tumor
tissue from orthotopic model treated with FMNPs cross checked
the evidence of existence of FMNPs in comparison to the untreated
model as well (OR2/R2Non-treatment: 44.91%). These findings indi-
cated that FMNPs demonstrated similar high performance imaging
capability in orthotopic mouse model as well as xenograft mouse
model (Figs. 14 and 15).

4. Conclusions

We introduce a facile and efficient strategy to fabricate FMNPs
for universal nanoprobes to cover ex vivo high resolution modality
at the cellular level as well as that of in vivo MRI. Py-PEG can be
used as a fluorescent surfactant that simultaneously and efficiently
encapsulates MNCs to induce fluorescent and magnetic properties
as well as water-solubility. From the complete in vitro/vivo studies
as well as ex vivo ones by using both orthotopic and xenograft mice
models, FMNPs showed not only excellent sensitivity and feasibility
as MR probes but also high illumination intensities and strong
signal strength for short exposure times as UV imaging probes as
well as exhibiting sufficient biocompatibility. Apart from the
currently developed multimodal nanoprobes, it may be interesting
to speculate the undiscovered merits of UV fluorescence/MRI
multimode nanoprobes for better spatial resolution to obtain
detailed biological information. Moreover, since a variety of
hydrophobic fluorescent dyes and drugs can be easily assembled
with hydrophobic core, this study may be extended to synthesize
versatile nanocomplexes for imaging probes, drug delivery and cell
separation.
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