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a b s t r a c t

Novel bifunctional fluorescent magneto polymeric nanoprobes (FMPNs) were synthesized to provide
simultaneous diagnostic information via magnetic resonance imaging (MRI) and optical imaging. FMPNs
consist of ultra-sensitive magnetic nanocrystals that function as MR probes combined with Nile Red,
which functions as a fluorescent probe. FMPNs were encapsulated by a nano-emulsion method in poly-
vinyl alcohol (PVA, 87–89% hydrolyzed) through a matrix of polymethyl methacrylate (PMMA). FMPNs
exhibited excellent colloidal stability and monodispersity. The production of MR and optical images dem-
onstrated that FMPNs have potential as dual-mode imaging agents.

Crown Copyright � 2009 Published by Elsevier Inc. All rights reserved.
1. Introduction

Non-invasive imaging systems have become an essential means
for obtaining the necessary information to diagnose various diseases.
Magnetic resonance (MR) imaging techniques afford high spatial res-
olution and deep penetration depth for visualization of the human
body. Magnetic nanocrystals (MNCs) have recently been developed
as contrast agents because of their well-defined crystalline struc-
tures, excellent magnetic properties, and low toxicity [1–6].

We can enhance MR sensitivity by clustering individual MNCs,
because the spin–spin relaxation rate depends heavily on the con-
centration of paramagnetic ions in the sample [7,8,20]. The spin–
spin relaxation of a paramagnet is characterized by the rate at
which x–y component of the magnetization vector decays in the
transverse magnetic plane. Therefore, nanoprobes that contain
many MNCs feature spin–spin relaxation that is more rapid com-
pared to single MNCs, producing better contrast in less time.
009 Published by Elsevier Inc. All r
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These MNC technologies have allowed clinicians to noninva-
sively investigate large-scale structures in the human body with
resolutions ranging from 100 lm to 1 mm. This level of resolution
is insufficient, however, for the identification of many major
pathologies, such as cancer and atherosclerosis. Identification of
these abnormalities requires technologies that resolve clinically
relevant tissue microstructure in the range of conventional biopsy.
Optical imaging, on the other hand, is the most powerful technique
currently available for continuous observation of the dynamic
intracellular processes of living cells [9]. Fluorescent labeling of
biomacromolecules and cells makes it possible to study the struc-
tural organization of those systems [10].

Complementary datasets can be obtained by bringing together
MR and fluorescence molecular imaging modalities [11–16]. We
expect that a number of promising results will be obtained with
MNC-based fluorescent nanoprobes: (i) sectional images of equiv-
alent resolution in any projection; (ii) high magnetic susceptibility
and sensitivity by clustered MNCs; (iii) real-time intra-operative
monitoring; and (iv) clinical diagnosis in cellular levels.

To develop a new type of nanoprobe that amplifies the advanta-
geous elements of MR sensitivity and colloidal stability, we synthe-
sized novel fluorescent magneto polymeric nanoparticles (FMPNs)
for application as highly efficient bimodal imaging probes. Nano-
composites composed of hydrophobic, lauric acid-coated, 10 nm
MNCs with Nile Red were fabricated by a simple nano-emulsion
method [17,18].
ights reserved.
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Fig. 1. Conceptual scheme of fluorescent magneto polymeric nanoparticles
(FMPNs) for bimodal imaging.
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We analyzed the morphology, size, magnetic content, and com-
position of successful inorganic/organic FMPNs, as well as their
colloidal stability. The potential of FMPNs as bimodal imaging
probes, along with MR sensitivity, MR imaging and optical imaging,
were fully investigated. The conceptual scheme of FMPNs is shown
in Fig. 1.
2. Materials and methods

2.1. Materials

Iron (III) acetylacetonate, 1,2-hexadecanediol, oleic acid and
oleyl amine, copper bromide (1), 2–20-bipyridyl, methyl methacry-
late, 2-bromo-2-methylpropionic acid, tetrahydrofuran (THF),
polyvinyl alcohol (PVA, Mw: 15,000–20,000) and Nile Red were
purchased from Sigma–Aldrich. All other chemicals and reagents
were of analytical grade.
2.2. Synthesis of polymethyl methacrylate (PMMA)

Polymethyl methacrylate (PMMA) was synthesized by atom
transfer radical polymerization (ATRP) using methyl methacrylate
(MMA) as a monomer [19]. 10 mL of MMA, 67 mg of copper bro-
mide (1), and 73 mg of 2–20-bipyridyl, was stirred at ambient tem-
perature for 30 min under N2 protection. The color of the mixture
changed to deep brown. 156 mg of 2-bromo-2-methylpropionic
acid was added to the mixture as an initiator. After 6 h at 90 �C,
the products were diluted with THF and precipitated with cold
methanol in a dropwise manner. The solution was cooled to room
temperature and the precipitates filtered and dried under vacuum.
2.3. Synthesis of magnetic nanocrystals (MNCs)

2 mmol of iron (III) acetylacetonate, 10 mmol of 1,2-hexadec-
anediol, 6 mmol of oleic acid, 6 mmol of oleyl amine, and 20 mL
of benzyl ether were magnetically stirred under a flow of nitrogen.
The mixture was preheated to 110 �C for 30 min, heated to 200 �C
for 2 h, and refluxed at 300 �C for 30 min under a blanket of nitro-
gen. The black mixture was cooled to room temperature by remov-
ing the heat source. Under ambient conditions, ethanol (40 mL)
was added to the mixture, and MNCs were precipitated and sepa-
rated via centrifugation. The MNCs were dispersed in hexane in the
presence of oleic acid and oleyl amine. Centrifugation (6000 rpm,
10 min) was applied to remove any un-precipitated product. The
6 nm Fe3O4 MNCs were then precipitated with ethanol, centrifuged
(6000 rpm, 10 min) to remove the solvent, and redispersed into
hexane. MNCs of 10 nm were synthesized using the seed-mediated
growth method [20].

2.4. Preparation of fluorescent magneto polymeric nanoparticles
(FMPNs) by nano-emulsion method

For preparation of FMPNs, MNCs (10 mg; FMPNs-10 and 50 mg;
FMPNs-50, respectively), PMMA (50 mg) and Nile Red (5 mg) were
dissolved in 4 mL chloroform. This organic phase was mixed with
200 mg PVA in 20 ml aqueous solution. After mutual saturation
of the organic and the continuous phase, the mixture was emulsi-
fied for 10 min by ultrasonification (ULH700S, Ulssohitech) at
200 W. After solvent evaporation, FMPNs were purified by three
cycles of centrifugation (10,000 rpm, 10 min) and magnetic separa-
tion. The products were dried and stored under vacuum.

2.5. Characterizations

The chemical structure of the synthesized PMMA polymer was
confirmed by 1H NMR spectra (JNM-ECP300, JEOL Ltd.), and the
molecular weight of the PMMA was measured using a gel perme-
ation chromatography column (Acme 9200 GPC, Young Lin Instru-
ment Co., Ltd.). Morphology and size distribution were evaluated
using transmission electron microscopy (TEM) and laser scattering
(ELS-Z, Otsuka electronics), respectively. FT-IR spectra (ExcaliburTM

series, Varian Inc.) analysis was used to confirm the characteristic
bands of the synthesized nanoparticles. Magnetic composition of
FMPNs was determined by a thermogravimetric analyzer (TGA,
SDT-Q600, TA instrument). The saturation of magnetization of
FMPNs was evaluated using a vibrating-sample magnetometer at
300 K (VSM, MODEL-7300, Lakeshore).

2.6. Magnetic mobility test of FMPNs

FMPNs were injected into a borosilicate micro-channel (sq I.D.
1000 lm, VitroCom Inc.), and within 1 min the magnetic mobility
of FMPNs under a magnetic field (Nd-B-Fe magnet, 0.35 T) was
investigated using an epi-fluorescence microscope (Olympus,
BX51).

2.7. MR and optical imaging procedures

MR imaging experiments were performed with a 1.5 T clinical
MRI instrument with a micro-47 surface coil (Intera, Philips Med-
ical Systems). 1/T2 relaxivities of the FMPNs were measured at
room temperature by the Carr-Purcell-Meiboom-Gill (CPMG) se-
quence: TR = 10 s, 32 echoes with 12 ms even echo space, number
of acquisitions = 1, point resolution of 156 � 156 lm, section thick-
ness of 0.6 mm. The relaxivity coefficient (mM�1 sec�1) equals the
ratio of 1/T2 to FMPNs concentration. To assess the potential of
FMPNs as optical imaging agents, fluorescence intensities of
FMPNs were investigated using an optical imager (Explore Optix
MX, GE Healthcare).

3. Results and discussion

To facilitate synthesis of monodispersed vehicles containing
magnetic nanocrystals (MNCs) and fluorescent dye, PMMA was
synthesized by ATRP. The PMMA monomer radicals were gener-
ated through a reversible redox process, catalyzed by a transition
metal complex that undergoes a one-electron oxidation with con-
comitant abstraction of a (pseudo) halogen atom. The PMMA
chains grow by the addition of the intermediate radicals to mono-
mers from a dormant species, and in a well-controlled ATRP, no
more than a few percent of the polymer chains undergo termina-



Fig. 2. (a) 1H NMR spectra and (b) gel permeation chromatography for synthesized PMMA.

Fig. 3. FT-IR spectra of (a) FMPNs-50 and (b) FMPNs-10.
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tion as persistent radicals to reduce the stationary concentration of
growing radicals. A successful ATRP will have not only a small con-
tribution of terminated chains, but also a uniform growth of all the
chains, which is accomplished through fast initiation and rapid
reversible deactivation.

The final chemical structure of synthesized PMMA was con-
firmed by 1H NMR spectrometer (Fig. 2a); –OCH3 of the ester
groups: d = 3.7 and 3.6 ppm; –CH2– of the methacrylate: d = 1.9
and 1.8 ppm; and a-CH3 of the methacrylate chain: d = 1.0 and
0.8 ppm. GPC analyses were run at room temperature in THF at a
flow rate of 1 ml/min (Waters with a series of columns (Styragel�

HR 2, HR 3 and HR 4)). The injection volume was 50 ll of a 10-wt.%
copolymer in THF. Molecular weight (Mw) calculations were based
on a linear calibration curve obtained using three narrow molecu-
lar weight polystyrene standards Mw (3950, 31,400 and 202,000)
(Shodex� STANDARD). The molecular weight (Mw) of the PMMA
Fig. 4. Size distribution histograms of (a) FMPNs-50, (b) FMPNs
was 242,222 Da with a narrow polydispersity index (Mw/Mn) of
1.02, as shown in Fig. 2b.

There are two main reasons why carefully synthesized PMMA
was needed. First, MNCs were well organized but not dispersed
cause of lauric acid on the surface. To increase colloidal stability
of MNCs in the aqueous phase, initially PVA was introduced in
the fabrication of MNCs. PVA has a broad molecular weight distri-
bution, and did not provide enough surfactant to make a monodi-
spersed nanoprobe. Thus, PMMA is needed to fabricate
monodispersed nanoparticles. In addition, adapted PMMA is a
medium substrate to assist in the formation of clustered nanocom-
posites, because MNCs can be easily fabricated into the PMMA ma-
trix by the hydrophobic interaction between methylene groups of
PMMA and lauric acid on the surface of MNCs [21].

We also encapsulated optical probes during fabrication of MNCs
with PMMA and PVA. PMMA, MNCs and Nile Red were dissolved in
organic phase (chloroform), which was mixed with aqueous PVA
solution (200 mg PVA in 20 ml aqueous solution). The mixture
was emulsified for 10 min under ultrasonification. Nile Red is an
agent that can be only dissolved in non-polar solvent such as like
chloroform. So, it was naturally encapsulated as chloroform evap-
orated in o/w emulsion process of forming monodispersed nano-
particles by PVA, facilitated by the PMMA matrix.

After 24 h of organic phase evaporation, MNCs were incorpo-
rated into the polymeric matrix. In Fig. 3a and b, the characteristic
bands of the FMPNs were observed at 1440 cm�1 (C–O stretch) and
1710 cm�1 (C@O stretch), due to the presence of the asymmetric
and symmetric vibrations for the carboxylic group of PMMA. A hy-
droxyl group of PVA was observed at 3000–3500 cm�1 because of
an O–H stretch. FMPN-50 was synthesized according to the
amount of magnetic nanocrystals (Fig. 3a and b). The prepared
FMPNs had a uniform size and spherical shape, with smooth sur-
faces. The sizes and the narrow size distributions of prepared nano-
particles were confirmed by laser scattering (Fig. 4). The size of
-10 and (c) FMPNs-0 by dynamic laser scattering analysis.



Fig. 5. Magnetic hysteresis loops using a vibrating-sample magnetometer; (a)
FMPNs-50 and (b) FMPNs-10.

Fig. 6. Thermogravimetric analysis curves of FMPNs; (a) FMPNs-50 (b) FMPNs-10
and (c) FMPNs-0.

Fig. 7. X-ray diffraction pattern of FMPNs.

Fig. 8. TEM images of (a) MNCs and (b) FMPNs-50 and dispe
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FMPNs-50 was increased because of the encapsulated amount of
MNCs, because hydrophobic MNCs in the organic phase increased
occupied volume. The diameters of FMPNs-50, FMPNs-10 and
FMPNs-0 were 152, 131 and 128 nm ± 3.0%, respectively. Size dis-
tribution histograms of (a) FMPNs-50, (b) FMPNs-10 and (c)
FMPNs-0 are presented as shown below. Average of hydrodynamic
diameters (dh) was obtained by analyzing the normalized second-
order exponential autocorrelation functions (i.e. scattered light
intensity–time autocorrelation function fitting) according to the
method of histogram. The histograms were performed five times
and the residuals for two-exponential fit were held within ±0.04,
each of that graph. Size distribution of the particles was presented
by histogram (OTSUKA ELECTRONICS software). Viscosity used was
that of water for whole solutions. As you can see, well synthesized
Polymethyl methacrylate (PMMA) assist the formation of monodi-
spersed clustered nanocomposites.

To evaluate the potential and sensitivity of FMPNs as MR imag-
ing nanoprobes, the magnetic properties of FMPNs under a mag-
netic field were evaluated by a vibrating-sample magnetometer
(VSM, MODEL-7300, Lakeshore). The magnetic hysteresis loops of
the FMPNs-50 and the FMPNs-10 were observed at 300 K (Fig. 5a
and b), and both FMPNs-50 and FMPNs-10 exhibited superpara-
magnetic behavior without magnetic hysteresis. The saturation of
magnetization values of FMPNs-50 and FMPNs-10 were 19.7 and
8.3 emu/g, respectively, on the basis of dried weight at 0.9 T. The
weight percentage of magnetic components in the FMPNs nano-
particles was determined to be 7.6% (FMPN-10) and 13.8%
(FMPN-50) using a thermo gravimetric analyzer (Fig. 6). Subse-
quently, X-ray diffraction data showed that the crystallinity of
MNCs in FMPNs was well maintained (Fig. 7). In Fig. 7, lattice
fringes characteristic of the magnetite structure were identified
as [2 2 0], [3 1 1], [4 0 0], [5 1 1] and [4 4 0].

The morphology and size distribution were evaluated with a
transmission electron microscope (TEM, JEM-1011, JEOL Ltd.).
Images of monodisperse magnetic nanocrystals (Fe3O4) (Fig. 8a)
and fabricated FMPNs (Fig. 8b) demonstrated that magnetic nano-
crystals were effectively incorporated into PMMA and PVA. The
prepared FMPNs have a uniformly spherical shape and smooth sur-
faces (Fig. 8b).

The colloidal stability of the prepared FPMNs-50 was deter-
mined from their resistance to sodium chloride and pH-induced
aggregation. Specifically, 1 mL of nanoparticle suspension (10 mg/
mL) was added to 3 mL of sodium chloride solutions under various
pHs (5–10) (Fig. 9a) and concentrations (0–1.0 M) (Fig. 9b) at room
temperature, respectively. After mixing for 24 h, the size distribu-
tion of the suspension was measured using laser scattering.

To evaluate the effectiveness of the FMPNs as diagnostic MR
imaging probes, we investigated the magnetic properties and in-
rsion in aqueous phase (PBS) and organic phase (HEX).



Fig. 9. Photographs for FPMNs solution against various (a) pH conditions and (b) NaCl concentrations. Particle size of FPMNs plotted against various (c) pH conditions and (d)
NaCl concentrations.

Fig. 10. T2-weighted MR images of FMPNs and their color maps in aqueous
solution; (a) FMPN-50 and (b) FMPN-10. (c) Graph of 1/T2 versus the iron
concentration in FMPNs; FMPNs-50 (N) and FMPNs-10 (d).

Fig. 11. Fluorescence microscopic images of FMPNs-50 in an aqueous solution (a)
without and (b) with magnetic field (Nd-Fe-B magnet; 0.35 T). FMPNs were
gathered at the side of the micro-channel with a magnetic field (200�
magnification).
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duced MR signal intensities in FMPNs-10 and FMPNs-50. In the
spin–spin relaxation time (T2)-weighted MR images, FMPNs-50
solutions had a darker color than the FMPNs-10 (Fig. 10a and b).
MR signal intensity increased according with concentration of
FMPNs, and the relaxivity coefficient of FMPNs-50 was
720.6 mM�1 sec�1, which was larger than that of FMPNs-10
(406.7 mM�1 sec�1) because of a greater amount of magnetic
material.

Using the magnetic properties of FMPNs, we investigated the
encapsulation of Nile Red under an external magnetic field (Nd-
Fe-B magnet; 0.35 T). The FMPNs-50 were dispersed in the aque-
ous phase in a rectangular channel (square inside diame-
ter = 1.0 mm) without any applied magnetic field (Fig. 11a).
When the magnetic field was applied at the side of the micro-chan-
nel, however, FMPNs-50 clustered to the side of the micro-channel
within one minute (Fig. 11b). These results demonstrated that



Fig. 12. Photographs of FMPNs solution in the microtube (a) without and (b) with external magnetic field and their corresponding optical images (c and d) and spectrum
intensities (e) (blue line; without magnetic field, red line; with magnetic field), respectively. (Intensity was identified as black arrow indicated location). (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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FMPNs had sufficient magnetic sensitivity and that the fluorescent
dye, Nile Red, was well encapsulated in FMPNs under external
magnetic fields, such that the dye and the FMPNs were moving
together.

To estimate the potential of FMPNs as optical imaging probes
for biomedical applications, we investigated the optical intensity
of FMPNs-50, before and after the application of a permanent mag-
net (Fig. 12a and b). The corresponding photons to the excited
wavelength were dispersed (Fig. 12c, blue line) and then gathered
together (Fig. 12d, red line) by the magnet. The photons were
quantified using Analysis Workstation Software (ART Advanced
Research Technologies Inc.), and determined to be 10,680 when
dispersed and 14,160 when gathered (black arrow indicates loca-
tion of measured intensity). Optical intensities demonstrated that
FMPNs produced excellent photon intensity, especially in the gath-
ered FMPNs, indicating application potential as effective optical
imaging agents (Fig. 12e) [22].
4. Summary

We synthesized fluorescent magneto polymeric nanoparticles
(FMPNs) from superparamagnetic magnetic nanocrystals (MNCs)
and fluorescent dye (Nile Red), by a nano-emulsion method. Facil-
itated by a carefully synthesized PMMA matrix, hydrophobic
MNCs were successfully encapsulated by PVA, and Nile Red,
was loaded into PVA as the organic solvent evaporated. The
FMPNs can be used as both MR and optical imaging contrast
agents, as they exhibited excellent magnetic sensitivity, and pro-
duced high fluorescence intensity These inorganic/organic nano-
composites can be used in a various of diagnostic applications
as bimodal imaging probes.
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