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Multimodal imaging agents that combine magnetic
and fluorescent imaging capabilities are desirable
for the high spatial and temporal resolution. In the
present work, we report the synthesis of multifunc-
tional fluorescent ferrofluids using iron oxide as the
magnetic core and rhodamine B as fluorochrome
shell. The core—shell structure was designed in such
a way that fluorescence quenching due to the inner
magnetic core was minimized by an intermediate
layer of silica. The intermediate passive layer of silica
was realized by a novel method which involves the
esterification reaction between the epoxy group of
prehydrolysed 3-Glyidoxypropyltrimethoxysilane and
the surfactant over iron oxide. The as-synthesized
ferrofluids have a high saturation magnetization in
the range of 62—65 emu/g and were found to emit
light of wavelength 640 nm (Aggitation = 446 nm).
Time resolved life time decay analysis showed a
bi-exponential decay pattern with an increase in the
decay life time in the presence of intermediate silica
layer. Cytotoxicity studies confirmed the cell viability
of these materials. The in vitro MRI imaging illus-
trated a high contrast when these multimodal nano
probes were employed and the R2 relaxivity of these
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sample was found to be 334 mM~'s~! which reveals
its high potential as a T2 contrast enhancing agent.

Keywords: SPION, GPTMS, Multimodal Imaging,
MRI Imaging, T2 Contrast Agent.

1. INTRODUCTION

Superparamagnetic iron oxide nanoparticles (SPIONs)
owing to its finite size and fast response to applied mag-
netic fields with negligible remanence and coercivity, has
gained significance as a potential candidate for various
scientific and technological applications such as mag-
netic storage media, contrast enhancing agents for mag-
netic resonance imaging (MRI), cell labeling, cell tracking,
cytometry, magnetic separation and targeted drug delivery
devices.'™ The cellular imaging has become an inevitable
diagnosis methodology for the effective treatment of var-
ious diseases in the modern world of medicine.>® The
computed tomography (CT), nuclear imaging (positron
emission tomography, single photon emission computed
tomography), optical and magnetic resonance imaging
(MRI) have made profound contributions in the diagno-
sis and therapy.”® However each imaging modality has its
own advantages and limitations as far as sensitivity and
resolution is concerned.” Even though MRI has excellent
soft tissue contrast, it has a very low sensitivity whereas
the major draw backs of optical imaging are poor depth
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penetration and low absolute quantitative accuracy due to
the absorption of light in tissues.'’ Therefore researchers
are trying to integrate different imaging modalities syner-
gistically to facilitate efficient diagnosis and therapy.®'4
The combination of MRI and optical imaging will facil-
itate the high spatial and temporal resolution of optical
imaging and depth of magnetic imaging.'®'* Due to the
unique physical properties of SPIONs, it has long been
studied as a contrast enhancing agent in MRL"> The incor-
poration of fluorescent materials in to these SPIONs can
provide a new multimodal imaging platform which opens
up new avenues for the diagnosis and therapy encompass-
ing photodynamic and hyperthermic abilities also.'? These
multimodal materials could be easily controlled by an
external magnetic field and can be monitored by MRI and
fluorescent microscopy. They can also act as nano-blocks
to fabricate various nanoelectronic and photonic devices in
which the magnetic nanoparticles can be controlled by an
external magnetic field and their positioning can be visu-
alized using fluorescence confocal microscopy.!?

Even though these fluorescent magnetic materials have
tremendous application in biomedical fields, this research
field still remains in infancy due to the complexities in the
synthesis procedures.'> %! The major challenges in the
synthesis of magnetic-fluorescent materials are the quench-
ing of the fluorescence of the particle by the magnetic core
due to the energy/charge transfer between metal ions and
chromophore, and the agglomeration of particles during
the multi-step preparation stages.'® The quenching could
be minimized by providing an intermediate shell between
the magnetic core and the outer layer of fluorescent
molecules.'® Therefore many synthesis strategies include
core—shell nanostructures in which intermediate shells con-
sists of polymers, surfactants or silica.!® The advantages
of silica coating is its inertness, optical transparency,
ease of functionalisation, biocompatibility and stability
in most of the biosystems.!®?? Sol-gel coatings using
tetraethoxysilanes and 3-aminopropyltrimethoxysilane has
been reported to synthesize the core—shell nanostructures
of magnetic fluorescent materials.'>?* However the use
of silanes that possess versatile groups such as epoxy
will be more advantageous for the surface modifica-
tion of magnetic nanoparticles since it can act as a
linker between magnetic nanoparticles and additional func-
tionalizing agents such as antibodies, proteins, dyes,
drugs etc. Even though 3-glycidoxypropyltrimethoxysilane
(GPTMS) has been widely used for the synthesis of
organic-inorganic hybrid materials due to its flexible
epoxy and alkoxy groups, a few reports are available
for its application for the surface engineering of mag-
netic nanoparticles.?*?* Quantum dots of heavy metal ions
or organic dyes are the frequently used fluorophores for
the synthesis of magnetic fluorescent materials. However
quantum dots incorporated fluorescent materials are not
recommended for biomedical applications due to its tox-
icity and easy sustainability to surrounding environments
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which will affect the fluorescence.?*>® Rhodamine B has
been proved as a nontoxic fluorescent molecule that can be
used for in vitro and in vivo applications.!% 13-29 Therefore
the present work has emphasis on the synthesis of fluo-
rescent ferrofluids through a novel method by conjugating
rhodamine dye molecules on to the magnetic nanoparticles
employing a passive coating of silica using GPTMS. Prior
to conjugation with dye, the iron oxide particles were
treated with a prehydrolysed GPTMS so as to avoid fluo-
rescence quenching. Structural, optical and magnetic char-
acterizations of the samples were carried out using Fourier
transform infrared spectrophotometer (FT-IR), ultraviolet-
visible spectrophotometer (UV), photoluminescence spec-
trophotometer (PL), X-ray diffraction technique (XRD),
transmission electron microscope, vibrational sample mag-
netometry (VSM) and zeta potential measurements. The
cytotoxicity was evaluated on human L312 embry-
onic lung cells following XTT (2, 3-bis[2-methoxy-4-
nitro-5-sulfopheny|-2H-tetrazolium-5-carboxyanilide inner
salt) assay.

2. EXPERIMENTAL DETAILS
2.1. Chemicals

Ferrous sulphate, ferric chloride, ammonia, isopropanol,
citric acid and rhodamine B were purchased from Merck,
India Ltd. GPTMS was from Aldrich Chemicals. All the
chemicals used were of analytical grade and used without
further purification.

2.2. Synthesis of Ferrofluids

SPIONS were prepared by the standard co-precipitation
method using FeSO, and FeCl; as precursors in 1:2 molar
ratio.”** A homogenous solution of FeSO, and FeCl, in
water medium was mixed under stirring in a magnetic stir-
rer. Ammonium hydroxide was added to this reaction mix-
ture till the pH reaches ~10. The stirring was continued
for half an hour. The reddish brown precipitate formed was
heated at 80 °C to expel excess ammonia. Further the solu-
tion was separated using electromagnet of 1 T and washed
four times using distilled water. About 20 ml of distilled
water is added to the washed precipitate. Further about 1 g
citric acid dissolved in 10 ml distilled water was added to
the above solution and kept for stirring for about one hour.
Finally the solution was ultrasonicated for five minutes to
obtain a stable ferrofluid (F). The resultant ferrofluid was
divided into two portions. Rhodamine B (9.2 mg dissolved
in 2.5 ml water) was added to one portion and stirred for
3 hours (FR). Silane modified ferrofluid (FG) was synthe-
sized by the addition of a 1 ml of pre-hydrolysed GPTMS
to a 20 ml of stable ferrofluid suspension (F) under con-
stant stirring for 6 hours. The pre-hydrolysed GPTMS was
obtained by adding 10 ml of water:isopropanol (1:2) mix-
ture to 1 ml of the former under stirring for 1 hour. Further
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Fig. 1. Process scheme for the synthesis of ferrofluids.

rhodamine B was added to the silane modified ferrofluid
under continuous stirring for 3 hours (FGR). The detailed
process scheme for the synthesis of ferrofluids is provided
as Figure 1. The concentration of ferrofluids estimated
using gravimetric method for the samples F and FG are
7.8 mg/ml and 12 mg/ml respectively.

2.3. Characterization Techniques

The ferrofluids were further characterized by vari-
ous analytical techniques namely XRD (Rigaku D, C,
A=1.5418 A), FT-IR (Thermo Nicolet Avatar 370
DTGS), UV spectroscopy (Hitachi U-3410 UV-Vis-NIR),
photoluminescence spectroscopy (Fluoromax-3), vibra-
tional sample magnetometry (EG&G Par 4500), zeta
potential analysis (Malvern instruments MALS500909)
and transmission electron microscopy (TEM, JEOL
JEM 2200 FS). Fluorescence lifetime measurements were
carried out in an IBH picosecond single photon count-
ing system. The fluorescence decay profiles were de-
convoluted using IBH data station software version 2.1,
and fitted with a bi-exponential decay, minimizing the x>
values of the fit to 1+£0.05.

2.3.1. In Vitro MRI Imaging

All relaxation measurements were performed using a 7 T
Biospec system (Bruker Biospin MRI, Billerica, MA) with
a 30 cm bore, imaging gradients with an inner diameter of
60 mm, and a volume resonator with 35 mm inner diam-
eter. Serial dilutions of the contrast agent were sealed in
NMR tubes and suspended in relaxed water in order to
minimize the effects of susceptibility differences between
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the samples and their surroundings. Spin-spin (T2) relax-
ation times were measured using a multi-echo spin echo
sequence (TEmin = 8.5 ms, with 8.5 ms echo spacing
over 24 echoes; TR = 5000 ms), and T2* relaxation times
were measured using a multi-echo gradient echo sequence
(TEmin = 1.92 ms, with 3.25 ms echo spacing over 16
echoes; TR = 500 ms; 30° excitation angle). All images
were acquired with matching slice geometry (I mm axial
sections, 32 mm X 32 mm field-of-view over a 64 x 64
image matrix). Relaxation time constants for each sample
were measured by fitting signal decay curves to a stan-
dard model in ParaVision, the operating environment for
the Biospec platform.

2.3.2. In Vitro Cytotoxicity

For cytotoxicity assay, ~1 x 10°L-132 cells were inocu-
lated into each well of a 96 well tissue culture plate and
incubated for 12 hours at 37 °C, 5% CO,. Cells were
washed copiously with PBS, exposed to different concen-
trations of ferrofluid for 24 hour at 37 °C and further sub-
jected for XTT assay following standard protocol. Briefly,
ferrofluid treated cells were supplemented with 50 wl of
XTT substrate (2,3-bis[2-methoxy-4-nitro-5-sulfopheny]-
2H-tetrazolium-5-carboxyanilide inner salt) dissolved in
buffer and kept for incubation under dark at 37 °C for
5 hour. Subsequently, the viability of the cells was mea-
sured as a function of reduction of XTT to soluble for-
mazan by mitochondrial dehydrogenase enzyme of healthy
cells. The absorbance was recorded at 480 nm using a
microplate reader (Infinite M-200 Tecan). Each experiment
was repeated six times, and mean and standard error were
calculated.
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Fig. 2. XRD pattern of ferrofluids that establishes the presence of
spinel structured Fe;O, and amorphous silica.

3. RESULTS AND DISCUSSION
3.1. Characterization of SPIONs

XRD pattern of the ferrofluid samples is provided as
Figure 2. All the diffraction peaks of ferrofluids match
well with those from JCPDS data (75-0449) for iron oxide.
The peaks in the graph corresponding to the crystal planes
(220), (311), (400), (422), (511) and (440) established the
presence of spinel structured Fe;O, in the samples. In the

Count

case of FG and FGR a broad peak near 20° corresponds
to amorphous silica is observed due to the functionaliza-
tion with GPTMS. Crystallite size was calculated using
the Debye-Scherrer equation for the strongest peak (311)
and was found to be 7.6, 9.7 and 10.5 nm respectively
for F, FG and FGR. Transmission electron micrographs
and the particle size distribution of FG are provided in
Figure 3. The particle size distribution curve shows that
the average particle size of GPTMS modified iron oxide
particle is 9 nm. The SAED pattern of FG given in the
figure confirms the crystalline nature of the iron oxide
nanoparticles. The crystal planes (311), (400), (511), (440)
identified from the SAED matches well with that of XRD
results and this verifies the presence of spinel structured
iron oxide nanoparticles.

FTIR spectra of F, FG and FGR are given as Figure 4.
The spectrum of GPTMS-modified iron oxide nano-
particles has characteristic bands of both silica and iron
oxide. FG samples shows the characteristic peaks of Fe—O
(673 cm™"), Si—O-Si and Si—OR (a broad peak centered at
1110 cm™").2%3% The peaks at 942 cm~! can be assigned to
asymmetric stretching vibrations of the terminal groups of
Si—OH. In the case of FGR the peaks due to CH, stretching
vibrations are observed at 1466 and 2985 cm™!. The pres-
ence of carboxylate groups were confirmed by the peaks at

14

(b)

9 10
Particle Size (nm)

Fig. 3.

(a) Transmission electron micrograph of FG (Inset: Magnified image of a single particle to show the single core single shell structure),

(b) Particles size distribution, (c) SAED Pattern of FG (crystal planes identified corresponds to that of Fe;O, and matches with that of XRD pattern).
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Fig. 4. FTIR spectra of F, FG and FGR showing the peaks corre-
sponding to the presence of silica and also confirms the ring opening
reactions of GPTMS.

1390 cm~'and the characteristic C-N vibration is observed
at 1327 cm™!. A schematic representation of surface func-
tionalization of SPIONS using GPTMS and rhodamine is
depicted in Figure 5. It is expected that citric acid is coated
over the iron oxide particles through an electrostatic attrac-
tion between the carboxylate ion and positive charge on
the surface or iron oxide particles. GPTMS hydrolyses in
presence of alcohol and water and the silanol group of
prehydrolysed GPTMS attach to the citric acid through
an ester linkage. Further upon addition of rhodamine the
epoxy ring opens and link to the carboxylic acid through
an esterification reaction. The ring opening is confirmed

by the absence of characteristic epoxy peaks at 3060 and
1250 cm™! in the FGR samples.’!

Figure 6 provides the photographs of ferrofluids synthe-
sized by co-precipitation technique. Photograph A in the
Figure 6 illustrates the ferrofluids modified with GPTMS
and rhodamine. The photographs B and C represent FGR
in the presence and absence of magnetic field respectively.
Photograph B was taken without a magnet and photograph
C was captured after placing a button magnet below the
petridish that contain FGR. The fluid accumulates at the
centre of petridish in accordance with the shape of magnet
placed below the petridish. Even under the influence of a
magnet there was no settling or aggregation and this is a
clear indication of the stability of the fluid.

3.2. { potential Measurements

The zeta potential values of ferrofluids were measured and
are given as Table I. The zeta potential of F, FG and
FGR are —38.0, —36.4 and —30.2 mV respectively which
means that the ferrofluids are quite stable even after modi-
fication with GPTMS and rhodamine. However in the case
of FR the zeta potential in reduced to —27.2 mV and this
indicates the decrease in stability when rhodamine was
incorporated into the bare ferrofluid.

3.3. Magnetization Studies

Room temperature magnetization measurements of ferro-
fluids were carried out and the magnetic hysteresis is given
as Figure 7. The ferrofluids have negligible coercivity

Fe;0,
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Si/
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v —_—
GPTMS
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Rhodamine = MO N

Fig. 5. Schematic illustration for the synthesis of FGR.
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Fig. 6. Photographs of (A) Different ferrofluids, (B) FGR ferrofluid in the absence of a magnetic field, (C) FGR in the presence of a magnetic field

(A round magnet is placed below the petridish).

and remanance which are the essential characteristics of
superparamagnetic iron oxide nanoparticles. The saturation
magnetization point of F is 65 emu/g, which upon func-
tionalization with GPTMS (FGR) decrease to 62 emu/g.
The slight decrease in magnetization occurred on modifi-
cation with GPTMS and rhodamine can be attributed to
the core—shell structure in which magnetic iron oxide is
encircled with nonmagnetic silica and rhodamine.

3.4. UV-Visible Spectral Analysis

The UV-Visible spectra of rhodamine and ferrofluids were
given as Figure 8(A). The maximum absorption of F is at
450 nm whereas it is at 446 nm for rhodamine, FR and
FGR. According to the band gap calculation using a first
differential analysis®? of hv vs In(ahv) the band gaps of
F and rhodamine are 2.08 eV and 1.97 eV respectively
(given as Fig. 8(B)). When rhodamine was incorporated
in to the ferrofluid the band gap was shifted from 1.97
to 1.8 eV and therefore a red shift is expected due to the
influence of iron oxide nanoparticles. However the FGR
has a band gap of 1.9 eV which means that the influence of
iron core over the fluorescence properties was minimized
due to the silica coating.

3.5. Fluorescence Studies

The emission spectra of ferrofluids obtained for an exci-
tation wavelength 446 nm is given in Figure 9(A) and
the colour coordinates (1931) for the emission of R(0.66,
0.30), FR(0.58, 0.35) and FGR (0.69, 0.30) are given as
Figure 9(B). R and FGR have very close x, y coordi-
nates which means the fluorescence property of rhodamine
molecules were retained in the case of FGR. When exited
at 446 nm, rhodamine shows an emission at 630 nm

Table I. Zeta potential values of different ferrofluids.

Sample name Zeta potential (mV)

F —38.0
FG —36.4
FR =2/
FGR -30.2
270

which is in the red region of visible spectrum. In the
case of FR a very broad peak with a lower intensity is
observed and it is shifted towards the higher wave num-
ber (650 nm). An inhomogeneous broadening of emis-
sion spectra towards larger wavelengths (red shift) has
been reported for rhodamine in close vicinity to metal-
lic surfaces and this was explained as an effect of the
reduced excited state lifetime.333* In the present study also
a red shift is observed when rhodamine was attached to
iron oxide nanoparticles(FR). This can also be attributed
to the reduction in excited state life time. Even though
rhodamine attached to iron oxide-silica core—shell nano-
particles (FGR) also shows a red shift, the extent of shift is
lower compared to FR. Cationic dyes in solution undergo
a spectral shift in the presence of anions to shorter wave-
lengths due to the formation of cation—anion charge trans-
fer complexes.’ % Since the silica is negatively charged
and the dye molecules are in proximity to the outermost
negative charge, there is a strong coupling of the posi-
tively charged dye molecules with the negative charge of
silica. This interaction will minimize the extent of shift
towards higher wave number in the case of FGR. The pho-
tographs of ferrofluids irradiated with an excitation wave-
length of 446 nm are given as Figure 10. The photographs

3| % 60+
— % —FGR 20 F
2| 40 —FG
1 é e A Applilgnﬁeldzfge) 1 ——FGR
2|2 » 20
c
2
b= 0
© T T 1 —v — T 7
-g -15000 -10000 -5000 5000 10000 15000
@
c -20 4
(o)}
=

-40

Applied field (Oe)

Fig. 7. Magnetic hysteresis of ferrofluids showing the superparamag-
netic behaviour with a saturation magnetization of ~60 emu/g. Inset:
The magnetic hysteresis plotted with a resolution of 100 Oe shows
negligible coercivity and remanance.
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also illustrate that in the case of FGR the influence of
iron oxide over the fluorescence of rhodamine was mini-
mized by the intermediate coating of prehydrolysed silica

particles.

Fig. 10. Photographs of ferrofluid samples irradiated with light
(A exeitation = 446 nm) (a) Rhodamine and (b) FGR. Blue light corresponds
to source and red is emission.

Mater. Express, Vol. 2, 2012

(a) UV-Visible spectra of rhodamine and ferrofluids and (b) First differential analysis plot of hv vs In(ahv) for band gap determination.

(a) Emission spectra of rhodamine (R) and ferrofluids (F, FR and FGR) and (b) Chromaticity diagram showing colour coordintes for the

3.5.1. Fluorescence Life Time Decay Analysis

To further understand the luminescent process, time
resolved life time decay curves of ferrofluid samples
FR and FGR are given as Figure 11. The life time
measurements showed a bi-exponential decay pattern when

10000 -
——FR
——FGR
= 1000 -
3
s
2
2
8 100
£
10 -
Ll M Ll v Ll Ll
2 4 6 8 10
Time (ns)
Fig. 11. Time resolved life time decay of ferrofluid samples.
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Fig. 12. XTT assay of FGR in L-132 cell showing the cell viability
of the modified ferrofluids.
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Fig. 13. Plots of inverse of relaxation time vs the concentration of
iron in the sample (A) T2* relaxation and (B) T2 relaxation.

excited at 446 nm indicating the presence of two distinct
luminescent species. In the case of FR, life time of the
major component (87%) and the minor component (13%)
are 1.60 ns and 0.84 ns respectively. FGR also showed

(a)

e ©

(a) T2* weighted gradient echo MR phantom images of various concentration of FGR and (b) T2 weighted spin echo MR phantom images
of various concentration of FGR. (A: 1.26 mM, B: 0.12 mM, C: 0.012 mM, D: Water)

Fig. 14.
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a bi-exponential decay with a life time of 2.62 ns for
major component (67%) and 1.13 ns for minor compo-
nent (33%). The increase in life time of FGR indicates a
slower decay process of the luminescent entity and there-
fore it can be concluded that quenching is minimum in
this case.”’

3.6. In Vitro Cytotoxicity

Biocompatibility and nontoxicity of nanoparticles are very
much important as far as biomedical application is con-
cerned. Figure 12 shows the viability of L-132 cells in the
presence of different concentrations ferrofluid (FGR). The
cell viability was measured as a function of mitochondrial
dehydrogenase enzyme activity in healthy cells to reduce
assay substrate XTT into water soluble formazan, mea-
sured at 480 nm. Any decrease in the release of formazan
is considered as an index of mitochondrial damage and
cell death. The ferrofluid did not show any decrease in
the viability of human L-132 cells upto a concentration of
100 wg mL~'. It may be noted that 100 ug mL™! is a
concentration far higher than the normal use. A marginal
decrease in the viability was observed when the cells were
exposed to 1000 wg mL~! ferrofluid.

3.7. In Vitro MRI Imaging

Figure 13 provides the change in the inverse of transverse
relaxation time (T2 and T2*) with respect to the concentra-
tion of iron. Slope of these plots is the relaxivity, which is
a measure of the ability of a particular MRI contrast agents
to increase the relaxation of the surrounding nuclear spins
(hydrogen protons) and thereby improve the contrast dur-
ing imaging.*® Thus R2 and R2* relaxivity of the FGR was
found out to be 334 mM~!s™! and 312 mM~'s™! respec-
tively. The values are quite high, which is an indicative
of the ability of FGR materials as negative MRI contrast
agents.*

Mater. Express, Vol. 2, 2012



Fluorescent Superparamagnetic Iron Oxide Core—Shell Nanoprobes

Smitha et al.

Materials Express

Figure 14 demonstrates the MR phantom images
obtained from different concentrations of FGR sealed on
NMR tubes and submerged on relaxed water. From the
image, it can be observed that the contrast shown by FGR
dilutions is greater in comparison to relaxed water. Even
with a 0.012 mM of FGR good contrast is obtained indi-
cating its potential as a MRI contrast agent.

4. CONCLUSION

A multimodal fluorescent nano probe based on SPIONS
with a high saturation magnetization of ~62 emu/g and
a visible luminescent emission of 640 nm (A iuion =
446 nm) was developed using rhodamine as the fluores-
cent entity. The core—shell structure was designed in such
a way that fluorescence quenching by the inner magnetic
core was minmized by means of an intermediate passive
layer of silica that was developed over the iron oxide parti-
cles by a prehydrolyzed GPTMS. The increase in life time
in the case of FGR observed in the time resolved mea-
surements indicates a slower decay process of the lumi-
nescent entity and therefore it is assumed that quenching
is minimum in this case. Structural investigations by FTIR
back up the possibility of functionalisation of hydrolyzed
GPTMS over the SPIONs through an ester linkage and fur-
ther epoxy ring opening of GPTMS through which attach-
ment to the rhodamine molecules take place. The in vitro
studies on human L-132 embryonic lung cells revealed that
these materials can find potential application especially in
biomedical fields in the simultaneous diagnosis and treat-
ment of diseases like cancer. The in vitro MR imaging
demonstrated a high contrast when these multimodal nano
probe was employed and the R2 relaxivity of these sam-
ple was found to be 334 mM~!s~! which reveals its high
potential as a T2 contrast enhancing agent.
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