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Introduction

Multimodality molecular imaging is now playing a pivotal 
role in biomedical research for noninvasive, quantitative 
visualization of in  vivo fundamental molecular and cellu-
lar processes [1]. This combined imaging modality is an 
emerging technology that utilizes the strength of different 
modalities and yields a hybrid imaging platform with ben-
efits superior to those of any of its individual components 
[2–4]. Most of the molecular imaging techniques require 
molecular probes capable of interacting with specific tar-
gets of the imaging technique.

Since magnetic resonance imaging (MRI) provides 
noninvasive, three-dimensional examination of biological 
events in living organisms, it is one of the most powerful 
diagnostic tools in modern clinical medicine [5]. Contrast 
in anatomical MR images is mainly due to differences in 
proton density and inherent differences in the relaxation 
times of tissue water. Relaxation times can be manipulated 
with the use of exogenous contrast agents [6, 7].

MRI has high spatial resolution and is able to provide 
detailed anatomical information, but in order to become a 
competitive molecular imaging modality, this technique 
has low sensitivity which may be realized by developing 
contrast agents with a very high relaxivity [8–10]. Progress 
in generating suitably high relaxivities has been achieved 
through the formulation of nanoparticulate contrast agents 
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mainly including iron oxide [11–19]. Due to recent devel-
opments in the successful synthesis of more effective 
versions of these contrast agents, MRI is becoming an 
increasingly important molecular imaging technique. Sig-
nificantly, multimodal MRI contrast agents have been 
developed that are equipped with labels for complementary 
imaging modalities, such as fluorescence [20–26]. Apart 
from using as MRI contrast agents, superparamagnetic 
iron oxide nanoparticles have various applications in dif-
ferent fields including drug delivery [27–33], gene deliv-
ery [34–36], separation [37–40], tumor treatment through 
hyperthermia [41], biosensing [42], and material assem-
bly [43–46], that show the high importance of research on 
these nanomaterials.

Imaging tools highly complementary to MRI are optical 
modalities [47–49] such as confocal microscopy, intravital 
microscopy [50] and fluorescence imaging [26, 51–53]. 
These techniques allow the detection of multiple fluores-
cent species with high speed and sensitivity. However, the 
major limitation of optical imaging methods is related to 
the low tissue penetration depth of light and also a draw-
back of these optical techniques is that little anatomical 
information can be obtained. Therefore, the combination of 
MRI and optical methods would provide significant advan-
tages [54] and can be accomplished by designing imaging 
probes that exhibit both magnetic and fluorescent proper-
ties. This can be realized with nanotechnology, which 
offers the exciting possibility of creating high efficient and 
targeted contrast agents that have multiple properties inte-
grated [55, 56].

In the present study, superparamagnetic iron oxide nano-
particles were synthesized in polyol media to obtain nano-
particles with narrow size distribution. In order to introduce 
amino groups on the surface of nanoparticles to facilitate 
the further rhodamine B conjugation through amide link-
age, nanoparticles were modified with 3-aminopropyl-
triethoxysilane (APTES). APTES is a well-known inter-
mediate for surface modification of nanomaterials that is 
used in various researches [57, 58]. Finally, rhodamine B 
was chemically linked to the APTES-modified iron oxide 
nanoparticles. Different characterization methods including 
MRI and optical imaging of final products revealed their 
high potential as bimodal contrast agents for magnetic res-
onance and optical imaging.

Experimental

Materials

Ferric chloride solution (FeCl3, 45  %), ferrous chlo-
ride tetrahydrate (FeCl2.4H2O, >99  %), sodium 
hydroxide, and diethyleneglycol were purchased from 

Fluka. 3-aminopropyltriethoxysilane (APTES), N-(3-
dimethylaminopropyl)-N′-ethyl carbodiimide hydro chlo-
ride (EDC.HCl), glycerol, methanol, diisopropylethylamine 
(DIPEA), and ethanol were purchased from Sigma-Aldrich. 
All the materials mentioned above were used without fur-
ther purification. Dialysis membranes (MWCO =  30,000 
and 12,000) were purchased from Sigma-Aldrich 
(Germany).

Synthesis of magnetite nanoparticles

Magnetite nanoparticles were prepared by co-precipi-
tation of Fe2+ and Fe3+ in polyol media according to the 
protocol described before [59]. Briefly, a 25  ml mixture 
of FeCl2.4H2O and FeCl3 (3.3  M with [Fe3+]/[Fe2+]=2) 
in diethyleneglycol (250  ml) was heated at 170  °C under 
argon protection. After 10 min, solid (pellet) NaOH (15 g) 
was added in order to prevent the addition of any aque-
ous media. The solution was stirred during 1 h at 170 °C. 
This mixture was then cooled to room temperature. The 
black gelatinous precipitate was isolated from the solution 
by magnetic decantation (B0 = 0.5T). Finally, the precipi-
tate was dispersed in deionized water and centrifuged at 
10,000 rpm for 15 min to remove aggregates.

Preparation of APTES‑modified magnetite 
nanoparticles

For the surface silanization reaction of the magnetite 
nanoparticles, a modification of Duguet’s method was 
used [60]. A solution of methanol (10  ml) and APTES 
(8.4  ml) was added dropwise for 5  min to a suspension 
of ferrofluid (20  ml, 0.25  M) dispersed into 10  ml of 
methanol. After stirring at room temperature for 12  h, 
20 ml of glycerol were added. Then, methanol and water 
were removed at 40 and 80 °C for methanol and for 2 h 
at 100 °C for water. Flocculated APTES-modified nano-
particles were washed three times with 40 ml of acetone. 
Following the addition of 40 ml of water, peptization was 
performed by slowly decreasing pH from 10.4 to 3 with 
nitric acid. The reaction mixture was magnetically stirred 
at this condition for 1 day, and then the pH was adjusted 
to 7 by sodium hydroxide solution. For further purifica-
tion, the product was dispersed in distilled water and dia-
lyzed for 4 days by changing the external water of mem-
brane every 12 h.

Synthesis of rhodamine B‑labeled magnetite 
nanoparticles

In order to label magnetite nanoparticles with rhodamine 
B as contrast agent for optical imaging, an amidation reac-
tion was done between amine groups of APTES-modified 
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nanoparticles and carboxylic acid groups of Rhodamine B. 
Briefly, 0.1855  ml (0.1064  mmol) diisopropylethylamine 
was added to 0.254 g (0.0532 mmol) rhodamine B. Then 
0.153  g (0.0798  mmol) EDC.HCl was added as coupling 
agent to the reaction mixture and mixed for some minutes. 
Afterwards, APTES-modified nanoparticles was added 
to the reaction mixture and magnetically stirred for 24  h 
while the reaction mixture was protected from intense light. 
Finally, ultrafiltration was used for purification of rhoda-
mine B-labeled nanoparticles from excess or unreacted 
reactants.

Characterization techniques

The size and shape of nanoparticles were observed 
with a transmission electron microscope (TEM) (JEOL 
TEM-2100, Japan) operated at 200 kV. For TEM inves-
tigation, the nanoparticles were deposited on a cop-
per-grid-supported perforated transparent carbon coil. 
The hydrodynamic sizes (dH) were obtained with a 
Zetasizer Nanoseries ZEN 3600 (MALVERN, United 
Kingdom).

The magnetization measurements were performed on a 
known amount of ferrofluid using a vibrating sample mag-
netometer (VSM-Nuovo Molspin, Newcastle-upon-Tyne, 
UK). The error on a magnetization measurement was 4 %. 
The fitting of the Langevin function [Eq.  (1)] to the mag-
netometric profiles provides important information such as 
the crystal radius (r) and the specific magnetization (Ms) 
[61].

where L(x) = coth(x) − (1/x) is the Langevin function and 
x = μB0 = kBT with μ the magnetic moment of the particle, 
kB the Boltzmann constant and T the absolute temperature.

Longitudinal (R1) and transverse (R2) relaxation rate 
measurements at 0.47 and 1.41 T were obtained on Min-
ispec Mq 20 and Mq 60 spin analyzers (Bruker, Karlsruhe, 
Germany). The MRI experiments were performed at room 
temperature on a 300 MHz (7T) Bruker Biospec imaging 
system (Bruker, Ettlingen, Germany) equipped with a Phar-
mascan horizontal magnet.

The total iron concentration was determined by the 
measurement of the longitudinal relaxation rate R1 accord-
ing to the method previously described [61]. Briefly, the 
samples were mineralized by microwave digestion (MLS-
1200 Mega, Milestone, Analis, Namur, Belgium) and the 
R1 value of the resulting solutions was recorded at 0.47T 
and 37  °C which allowed determining iron concentration, 
using Eq. (2):

(1)M = MsL(x)

(2)[Fe] = (R
sample
1 − R

diam
1 )× 0.0915

where R1
diam (s−1) is the diamagnetic relaxation rate of 

water (0.36 s−1) and 0.0915 (s−1mM−1) is the slope of the 
calibration curve.

The emission spectra were measured at room tempera-
ture with a convenient excitation wavelength. The samples 
were measured on a PerkinElmer LS 55 spectrofluorometer 
(PerkinElmer, USA) and a 10 mm quartz cuvette. The exci-
tation and emission slits were set at 10 nm with the scan-
ning rate at 1200 nm min−1. Optical images were recorded 
using a PhotonImager from Biospace Lab (Paris, France), 
with excitation at 540 nm and emission at 625 nm.

Results and discussion

The original route to functionalize iron oxide nanoparticles 
with rhodamine B is shown in Fig.  1. Superparamagnetic 
iron oxide nanoparticles were prepared in polyol media to 
obtain nanoparticles with narrow size distribution. Figure 2 
shows the PCS diagram of synthesized nanoparticles in this 
condition with mean hydrodynamic size of 9.9  nm. As it 
can be seen from this diagram, there is only one peak with 
narrow size distribution. APTES-modified MNPs were 
achieved by the silanization reaction between APTES and 
the hydroxyl groups on the surface of magnetite. Figure 1b 
shows the procedure for labeling the nanoparticles with 
rhodamine B. The amidation reaction was carried out at 
room temperature between APTES-modified nanoparticles 
and rhodamine B. The excess and unreacted reactants were 
removed through membrane filtration.

TEM image of nanoparticles (Fig.  3) shows the good 
monodispersity of synthesized nanoparticles. The mean 
diameter of nanoparticles is 9 nm, while the diameter of the 
nanoparticles is spread between 6.5 and 12.9 nm. The com-
parison of the TEM image obtained for these nanoparticles 
with TEM image of Fe3O4 nanoparticles prepared in aque-
ous media [16, 17] revealed that nanoparticles prepared 
in polyol media are spherical with narrower particle size 
distribution.

The PCS diagram of rhodamine B-labeled nanoparticles 
(Fig. 4) show that the hydrodynamic diameter of nanopar-
ticles after modification with optical imaging probe has 
increased to 149.3  nm, but still the hydrodynamic size in 
a range that allow the nanoparticles to be used in vivo. The 
increase of hydrodynamic size is an indication of surface 
modification of magnetic Fe3O4 nanoparticles with rhoda-
mine B.

The TEM image of the rhodamine B-conjugated nano-
particles is shown in Fig.  5. According to this image, the 
size of these modified nanoparticles is between 7.4 and 
18.7 nm with mean particle diameter of 11.6 nm. As it is 
clear from this TEM image, the rhodamine B- labeled 
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nanoparticles are completely dispersible in water without 
aggregation, allowing them to be used in in vivo systems.

The magnetic properties of rhodamine B-labeled Fe3O4 
nanoparticles were measured using vibrating sample mag-
netometry (VSM) at room temperature (Fig. 6). As it can 
be seen, the curve does not display magnetic remanence 
and thus the nanoparticles are considered to be superpara-
magnetic. The magnetization saturation (Ms) of nanoparti-
cles is about 69.2 emu/g, and the mean radius of nanoparti-
cles obtained by this method is 4.18 nm which has a good 
correlation with particle diameter obtained by PCS.

The relaxation rates R1 (1/T1) and R2 (1/T2) were meas-
ured as a function of the iron molar concentration for the 
rhodamine B-labeled nanoparticles at 0.47 and 1.41  T 
in order to calculate the r1 and r2 relaxivities (defined as 
the enhancement of the relaxation rate of water protons 
in 1  mmol/l solution of contrast agents). The relaxivities 
were calculated as the slope of relaxation rate versus iron 

Fig. 1   a Surface modification of magnetic nanoparticles with APTES. b Conjugation of rhodamine B to APTES-modified superparamagnetic 
iron oxide nanoparticles

Fig. 2   Size distribution plot of Fe3O4 nanoparticles prepared in pol-
yol media

Fig. 3   TEM image of Fe3O4 nanoparticles prepared in polyol media

Fig. 4   Particle size distribution of rhodamine B-labeled magnetite 
nanoparticles
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concentration according to the Eqs.  (3) and (4), respec-
tively [62]:

r1 and r2 are the longitudinal and transversal relaxivities, 
respectively. T1

diam and T2
diam are the proton relaxation times 

in aqueous solutions without nanoparticles.
The r1 and r2 relaxivity, and r2/r1 ratio at different mag-

netic fields are summarized in Table 1. It is well known that 
the relaxivity ratio, r2/r1, is an important parameter to esti-
mate the efficiency of T2-contrast agents. In our work, the 
r2/r1 is calculated to be 9.52 and 21.45 at 0.47, and 1.41 T, 
respectively, which is much larger than that of commer-
cially available dextran-coated nanoparticles (Endorem) 
(11.9 at 1.5  T) [63], demonstrating that the rhodamine 
B-labeled nanoparticles could perform well as T2-contrast 
agents in magnetic resonance imaging.

Figure 7 shows the photoluminescence spectra of rhoda-
mine B, APTES-modified, and rhodamine B-labeled nano-
particles. As it is clear, rhodamine B-labeled nanoparticles 
have the same λmax as both rhodamine B and APTES-modi-
fied nanoparticles, proving the conjugation of rhodamine B 
to iron oxide nanoparticles.

Figure  8a shows T2-weighted MR images of various 
concentrations of rhodamine B-labeled Fe3O4 nanopar-
ticles in water. The MR signal intensity (related to the T2 
relaxation time in T2-weighted images) for the samples of 
different concentrations is not identical. With increasing 

(3)R1 =
1

T
obs
1

= r1[Fe] +
1

T
diam
1

(4)R2 =
1

T
obs
2

= r2[Fe] +
1

T
diam
2

Fig. 5   TEM image of rhodamine B-conjugated iron oxide nanopar-
ticles

Fig. 6   Hysteresis loop measured for rhodamine B-labeled iron oxide 
nanoparticles

Table 1   In vitro relaxivity measurement of rhodamine B-labeled 
magnetic nanoparticles at 0.47 and 1.41T (at 37 °C)

Magnetic field (T) r1 (mM−1s−1) r2 (mM−1s−1) r2/r1

0.47 16.93 161.21 9.52

1.41 7.22 154.84 21.45

Fig. 7   Fluorescence spectra of APTES-modified nanoparticles 
(blue), rhodamine B (black), and rhodamine B-labeled nanoparticles 
(red)
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nanoparticle concentration, the MR signal is significantly 
decreased (negative contrast in T2-weighted image). In the 
presence of an externally applied magnetic field, it is well 
known that superparamagnetic iron oxide nanoparticles 
create inhomogeneity in the magnetic field affecting the 
microenvironment, that results in dephasing of the magnetic 
moments of protons and hence T2 shortening. The results 
indicate that the nanoparticles can generate high magnetic 
field gradients near the surface of the nanoparticles.

Optical images of rhodamine B-labeled nanoparticles 
with the same iron concentration used for MR images are 
shown in Fig.  8b. Rhodamine B concentration was deter-
mined by a calibration curve obtained for rhodamine B. 
It is clear that by increasing the rhodamine B concentra-
tion in the sample, the fluorescence intensity is increasing. 
Considering the optical images beside the MRI images of 
the same samples, reveal the high potential of rhodamine 
B–conjugated magnetite nanoparticles as bimodal contrast 
agent for MRI and optical imaging.

Conclusion

This study shows that rhodamine B-tagged iron oxide nan-
oparticles are well suited as contrast agent for dual modal-
ity magnetic resonance and fluorescence imaging. The 
superparamagnetic core induces an enhancement of the 
negative contrast in MRI, whereas the fluorescence imag-
ing results from the presence of organic dyes conjugated on 
the surface of modified superparamagnetic nanoparticles. 
Because of their high transverse relaxivity and modified 
surface with amine functional groups, they could be very 

useful as a platform for further vectorization and bimodal 
molecular imaging purpose.
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