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A method is presented for the preparation of a biocompatible ferrofluid containing dye-functionalized magnetite
nanoparticles that can serve as fluorescent markers. This method entails the surface functionalization of
magnetite nanoparticles using citric acid to produce a stable aqueous dispersion and the subsequent binding
of fluorescent dyes to the surface of the particles. Several ferrofluid samples were prepared and characterized
using Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), thermogravi-
metric analysis (TGA), BET surface area analysis, transmission electron microscopy (TEM), and SQUID
magnetometry. In addition, confocal fluorescence microscopy was used to study the response of the fluorescent
nanoparticles to an applied magnetic field and their uptake by cells in vitro. Results are presented on the
distribution of particle sizes, the fluorescent and magnetic properties of the nanoparticles, and the nature of
their surface bonds. Biocompatible ferrofluids with fluorescent nanoparticles enable optical tracking of basic
processes at the cellular level combined with magnetophoretic manipulation and should be of substantial
value to researchers engaged in both fundamental and applied biomedical research.

Introduction

There is substantial and growing interest in the development
of magnetic nanoparticles for use in a broad range of applica-
tions that span both fundamental and applied research. The
fundamental research involves the study of important physical
phenomena such as superparamagnetism,1 magnetic dipolar
interactions,2 single electron transfer,3 and magnetoresistance.4

The applied research has led to the integration of magnetic
nanoparticles in a myriad of commercial applications including
ferrofluids5 and data storage devices.6 Magnetic nanoparticles
are also used in important biomedical applications. These include
magnetic bioseparation of labeled cells and biological entities,7

therapeutic drugs,8 gene and radionuclide delivery,9 radio
frequency induced destruction of cells and tumors via hyper-
thermia,10 and contrast enhancement agents for MRI.11 Magnetic
nanoparticles are well suited for these applications for several
reasons. First, they can be selectively fabricated in sizes that
range from several to hundreds of nanometers making them
smaller than or comparable in size to important biological
entities such as cells (10-100 µm), viruses (20-450 nm),
proteins (3-50 nm), and genes (10-nm wide and 10-100-nm
long).12 Second, they can be surface-functionalized with biologi-
cal molecules that enable selective interaction with various target
bioentities.13 Third, their motion can be manipulated and
controlled by an external magnetic field.14 Fourth, they can
absorb energy from a time-varying magnetic field and dissipate
it at the cellular level in the form of heat.10

A relatively recent enhancement of magnetic nanoparticle
systems is the introduction of surface-bound fluorescent dyes.

These dyes can be optically activated with the particles in situ.
Upon activation, the dyes emit light that enables optical tracking
of the particles using ordinary or two-photon confocal micros-
copy.15 This, in combination with target-specific surface func-
tionalization, provides a powerful tool for studying a variety of
biological interactions at the cellular level.

It is a technological challenge to control the size, shape, and
dispersibility of nanoparticles in desired solvents. Such particles
have large surface-to-volume ratio and therefore high surface
energies. Consequently, they tend to aggregate so as to minimize
the surface energy. In addition to a high surface energy,
magnetic nanoparticles experience interparticle dipolar attrac-
tions that tend to further destabilize a colloidal dispersion of
them.16 A suitable surface functionalization and choice of solvent
are crucial to achieving sufficient repulsive interactions to
prevent aggregation so as to obtain a stable colloidal solution
of magnetic nanoparticles, a ferrofluid.

Among the various methods for producing nanoparticles, wet
chemical routes have the advantages of being relatively simple
and providing good control over particle properties. Introducing
a suitable surfactant during or after the synthesis prevents
aggregation of the nanoparticles and makes a stable colloidal
dispersion possible. Most surfactants adhere to surfaces in a
substrate-specific manner. For example, thiols bind to gold and
silver surfaces, carboxylic acids bind to oxide surfaces, and
nitriles and amines bind to platinum.17 However, the mere
presence of a functional group does not guarantee that a ligand
will bind to the surface of a nanoparticle or that a stable
dispersion will form. Often, the chain length and solvent system
have significant influence on the formation of a truly stable
dispersion. In the magnetic ferrite particles, the carboxylate ends
of long-chain carboxylic acids such as oleic acid and stearic
acid bind well to the particles so that the aliphatic chains
extending out from their surface of the particle make them
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effectively hydrophobic and dispersible in nonpolar solvents.18

Sahoo et al.19 have shown that alkyl phosphonates and phos-
phates also bind to magnetite particles well and render their
surfaces hydrophobic. Shen et al.20 have shown that intermediate
length carboxylic acids from C9-C12 can form a bilayer structure
and make the surface hydrophilic, enabling formation of a stable
aqueous dispersion.

Aqueous colloidal dispersions of magnetic nanoparticles hold
great potential for use in a variety of new and existing
bioprocesses because of the compatibility of the aqueous
medium with biosystems. Specific applications include magnetic
bioimaging and magnetocytolysis. The results presented below
demonstrate that surface modification of magnetite particles by
citric acid (CA) allows the formation of a stable aqueous
dispersion. Moreover, the active carboxylate group on the
surface of the particles makes them amenable to binding with
fluorescent dyes. The resulting combination of magnetic and
fluorescent properties opens a new gateway for a host of
magnetophoretically controlled bioapplications.

Experimental Section

Materials. FeCl2‚4H2O and FeCl3‚6H2O were purchased from
J. T. Baker; citric acid monohydrate (CA) from Fisher Chemi-
cals; 1-[3-(dimethylaminopropyl)-3-ethylcarbodiimidehydro-
chloride (EDC) and (2-N-morpholinoethanesulfonic acid) (MES)
from Sigma-Aldrich; and Rhodamine 110 from Molecular
Probes.

Nanoparticle Synthesis.Magnetite particles were prepared
by coprecipitation of Fe3O4 from a mixture of FeCl2 and FeCl3
(1:2 molar ratio) upon addition of NH4OH. In a typical reaction,
0.86 g FeCl2 and 2.35 g FeCl3 were mixed in 40 mL water and
heated to 80°C under argon in a three-necked flask. While
vigorously stirring the reaction mixture, 5 mL of NH4OH was
introduced by syringe, and the heating continued for 30 min.
After that, 1 g of CA in 2 mL water was introduced, the
temperature was increased to 95°C, and stirring continued for
an additional 90 min. A small aliquot of the reaction mixture
was withdrawn, diluted to twice its initial volume, placed in a
vial, and then subjected to a static magnetic field of several
hundred Gauss. The particles remained dispersed in the fluid
even in the presence of the external field indicating that a stable
colloidal solution had formed.

Dialysis.The as-formed reaction product contains an excess
of citric acid. Therefore, the nanoparticle dispersion was
subjected to dialysis against water using a 12-14 kD cutoff
cellulose membrane (Spectrum Laboratories, Inc., USA) for 72
h to remove the excess unbound CA.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
spectra were taken of neat citric acid, coated magnetite particles,
and rhodamine dye-bound magnetite particles in KBr pellets.
These measurements were made using a Perkin-Elmer FTIR
spectrometer model 1760X operating in transmission mode.

X-ray Photoelectron Spectroscopy (XPS).XPS studies were
performed on a Physical Electronics/PHI 5300 X-ray photo-
electron spectrometer with a hemispherical analyzer and a
single-channel detector that was operated at 300W (15 kV and
20 mA). Mg KR radiation (1253.6 eV) and pass energies of
89.45 eV for survey scans and 17.9 eV for high-resolution scans
were used.

Thermogravimetric Analysis (TGA). The TGA spectro-
grams were taken on a Perkin-Elmer instrument model TGA7.
Typically, 5 mg of the sample was weighed into a sample
compartment that was dried and flushed with ultrapure Argon.

The spectrograms were collected at a heating rate of 5°C/min
up to 800°C.

BET Surface Area Analysis. Nitrogen physisorption (the
BET method) was performed to determine the specific surface
area of the particles using a Micromeretics Model 2010 ASAP
physiosorption apparatus.

Transmission Electron Micrographs (TEM). TEM were
obtained using a model JEOL 100 CX II microscope at an
acceleration voltage of 80 kV in the bright field image mode.
Samples were prepared for TEM imaging by evaporating
multiple drops of the clear dispersion onto a carbon-coated
copper grid (300 mesh, Electron Microscopy Sciences).

Magnetization. DC magnetization measurements were made
using a superconducting quantum interference device (SQUID)
MPMS C-151 magnetometer from Quantum Design. The
aqueous sample was placed in a nonmagnetic capsule that was
then wrapped with layers of Teflon tape to prevent breakage
under vacuum. The magnetic field was ramped from 0 to 10 000
G at both 300 and 5 K. At 5 K, the sample medium was frozen,
but there was enough room left in the capsule to accommodate
the expansion of water upon freezing.

Electrophoresis.A horizontal gel system with 2.5% agarose
gel was used in the electrophoresis experiments. MP-CA and
MP-CA-dye particles of equal concentration were run in
parallel channels while applying a dc voltage of 80 V for 1 h.

Fluorescent Dye Binding and Fluorescence Spectroscopy.
The fluorescent dye Rhodamine 110 was bound to the surface
of the MP-CA particles following standard procedures for
linking this dye to a carboxyl group.21 Briefly, a concentrated
dispersion of magnetic particles with practically no free citric
acid was prepared in a 25 mM aqueous (2-N-morpholino-
ethanesulfonic acid) (MES) buffer. The amount of citric acid
in 2 mL of the dispersion was estimated to be 0.2 mmol. To it
was added 0.076 g (∼4 mmol) of (1-[3-(dimethylaminopropyl)-
3-ethylcarbodiimidehydrochloride (EDC) followed by 0.009 g
(0.25 mmol) of rhodamine 110 dye and the reaction vial was
vortexed for 4 h. The resulting dye-linked particles were washed
several times through alternate cycles of sonication and cen-
trifugation to remove any unbound rhodamine dye. The steady-
state fluorescence, as well as fluorescence anisotropy spectra,
were acquired using a Fluorolog-3 spectrofluorometer (Jobin
Yvon).

In Vitro Studies of Nanoparticle Uptake and Imaging. KB
cells (ATCC, Manassas, VA) were maintained in a DMEM
medium with 10% fetal bovine serum (FBS) according to ATCC
instructions. For the nanoparticle uptake and imaging studies,
the cells were trypsinized, resuspended in medium at a
concentration of 7.5× 103 cells/mL, and replated into 60-mm
culture plates (5.0 mL in each). Cells were then placed in an
incubator overnight at 37°C with 5% CO2 (VWR Scientific
model 2400, Bridgeport, NJ). The following day, the cells
(∼50% confluency) were rinsed with phosphate-buffered saline
(PBS), and 5 mL of fresh medium was replaced on the plates.
Then, 50µL of an aqueous dispersion of nanoparticles was
added to appropriate plates and mixed gently. The treated cells
were returned to the incubator (37°C, 5% CO2) for 1 h. After
incubation, the plates were rinsed with sterile PBS, and 5.0 mL
of fresh medium was added to each. The cells were incubated
(37 °C, 5% CO2) for 2 h. They were then directly imaged using
a confocal laser scanning system (MRC-1024, Bio-Rad, Rich-
mond, CA), which was attached to an upright microscope
(Nikon model Eclipse E800). A water immersion objective lens
(Nikon, Fluor-60X, NA) 1.0) was used for cell imaging. An
argon ion laser (Spectra-Physics) was used as a source of
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excitation (488 nm), and a long-pass (585 LP) filter was applied
as an emission filter for imaging.

Results and Discussion

The formation of Fe3O4 particles by coprecipitation of Fe2+

and Fe3+ by an alkali is well known and widely practiced.18,19

There are many reports of long-chain carboxylic acid coated
particles dispersible in organic nonpolar solvents.

X-ray photoelectron spectroscopy (XPS) (Figure 1) and X-ray
diffraction (XRD) (Figure 2) results are consistent with the
expected composition of Fe3O4 particles. The XPS shows that
the binding energy of the Fe 2p3/2 shell electron is slightly above
710 eV, which is consistent with the oxidation state of Fe in
Fe3O4.23 The XRD peaks can be indexed into the spinel cubic
lattice type with a lattice parameter of 8.34 Å. However, it
cannot be determined from the XRD whether the further
oxidized Fe2O3 phase exists in the sample because of the broad
peaks, as are usually seen in nanoparticles. The expected intense
peaks〈104〉 at 33.220° of rhombohedral Fe2O3 and 〈311〉 at
30.108° of cubic Fe3O4 cannot be differentiated from one
another in the XRD spectrum presented here.24

A TEM image of the as-prepared citric acid coated magnetite
particles, without any size selection, is shown in Figure 3a. The

sizes range from 4 to 20 nm with a dominant population at 10-
12 nm (28%) (Figure 3b). By incrementally adding a relatively
less polar solvent such as acetone or acetonitrile to the aqueous
dispersion followed by centrifugation, size selective precipitation
can be carried out. However, this size selection method is less
effective in this case than for oleic acid coated magnetite
particles or semiconductor nanoparticles dispersed in nonpolar
solvents, as widely reported in the literature.

The XRD shows a finite broadening of the diffraction lines
that provides an estimate of particle sizes from the Scherrer
formula: ddomain ) 0.9λ/â cos θ. For example, from the full
width at half-maximum (fwhm) of the〈311〉 peak of 0.017 rad
for λ ) 0.154178 nm andθ ) 35.5°, the particle size calculated

Figure 1. XPS spectrum of Fe in MP-CA showing the Fe 2p peaks.
The inset is a survey spectrum representing the constituent elements
in the sample.

Figure 2. XRD spectrum of MP-CA powder. The fwhm of the 311
peak gives a particles size of∼10 nm.

Figure 3. (a): TEM of magnetite nanoparticles MP-CA without size
selection. The sizes range from 5 to 20 nm. (b): Size statistics of a
polydisperse MP-CA sample.
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from the formula is 10 nm, which is consistent with the average
diameter observed in the TEM.

FTIR spectroscopy shows that the surface passivation of the
particles occurs via the-COOH group. Figure 4 shows the
FTIR spectra of the neat citric acid (CA), magnetite particles
coated with citric acid (MP-CA), and the ones further bonded
with dye (MP-CA-dye). The absorption bands for the neat
CA are well resolved, but those of the MP-CA and MP-CA-
dye are rather broad and few. The 1715 cm-1 peak assignable
to the CdO vibration in neat CA is present as a broad band.
Upon binding of CA to the magnetite surface, this band shifts
to 1690 cm-1 in MP-CA. Carboxylate groups of CA should
complex with the Fe atoms on the magnetite surface and render
a partial single bond character to the CdO bond, weakening it,
and shifting the stretching frequency to a lower value. This
observation is similar to the citrate complex in YFeO3 studied
by Todorovsky et al.25 It is proposed that CA binds to the
magnetite surface by chemisorption of the carboxylate, that is,
citrate ions. Earlier studies by Matijevic’s group26 have shown
that oxalic acid and citric acid bind to the hematite surface
through chemisorption that is highly pH dependent.12 In their
studies, zeta potential measurements indicated that citric acid
is bound either as a bidentate or a tridentate ligand. From the
FTIR features, it is undeterminable whether a covalent bonding
of the -COOH group with rhodamine-110 dye has been
accomplished. Hence, we must resort to other means of
confirming that the dye has been intimately bound to the
nanoparticles.

TGA results show a single-step weight loss for both neat CA
and MP-CA (Figure 5). The weight loss in the latter case starts
at a higher temperature and occurs more gradually than the
weight loss for neat CA, which is quite sharp. CA does not
have a normal boiling point because it decomposes before
boiling at atmospheric pressure. There is approximately a 30
°C difference in the weight loss onset temperature (195° and
225 °C for the neat and MP-CA, respectively), which is an
indicator of the enthalpy of adsorption of the CA molecules on
the magnetite surface. Also, while the net weight loss for the
neat CA is 100% as expected, the weight loss for MP-CA is
6%. We can attribute this to desorption of citric acid molecules
from the surface of the magnetite particles. The mass of
surfactant bound to the surface of the particles can be calculated
as follows. If we assume a close-packed monolayer of the

surfactant on the surface of a nanoparticle of diameterdp, then
the total weight of the nanoparticle plus the monolayer is
(1/6)πdp

3F + (πdp
2/a)(M/N0), where F ) the density of the

particle,a ) the head area per molecule of the surfactant,M )
the molecular weight of the surfactant, andN0 ) Avogadro’s
number. Assuming that the TGA heating causes weight loss of
only the surface-bound surfactant, the percentage weight loss
from a particle of diameterdp is 100 × (4πdp

2/a)(M/N0)/
((1/6)πdp

3F + (πdp
2/a)(M/N0)). For a polydisperse sample with

a discrete size distributionf(dp), the fractional weight loss is
obtained by summing over the size distribution as shown in eq
1

Summing over the discrete nanoparticle size distribution
fractions given in Figure 3b, withF ) 5.18 g/cm3, a ) 21 Å2,
andM ) 192.12 amu, gives the percentage weight loss for this
particle size distribution as 4.7%. The experimentally observed
∼6% weight loss from the TGA curves is higher by only∼28%
(Figure 5). In the calculation, the assumed head area of 21 Å2

is appropriate for a close-packed configuration of monodentate
ligands.18,27 In the case of citric acid as a ligand, there is a
possibility of bidentate or tridentate binding depending on the
affinity of the ligand to the surface of the nanoparticle and on
steric effects. This would proportionately decrease the calculated
weight loss and enhance the discrepancy. Therefore, the present
result suggests that, despite repeated washing, more than a
monolayer of surfactant is present, possibly because of hydrogen
bonding among the citric acid molecules. Surfactant not bound
to the particle surface, but held by interdigitation with the first
monolayer, should in principle show an extra step in the TGA
curve.20 However, because of the strong hydrogen bonding in
CA, the molecules might still remain bound and leave en masse
on desorption giving rise to a single-step weight loss feature,
as seen in the TGA curve.

The surface area measured by nitrogen physisorption (the
BET method) was 75 m2/g, which is somewhat smaller than
the estimate of 93 m2/g that one obtains from the size
distribution shown in Figure 3b and a density ofF ) 5.18 g/cm3.
This discrepancy can possibly be explained by agglomeration

Figure 4. FTIR spectra of neat CA and MP-CA. The spectrum in
MP-CA is mostly featureless, but the CdO and CH2 stretching
frequencies are recognizable.

Figure 5. TGA curves of neat CA and MP-CA. The weight loss of
the former is obviously 100% whereas that of the latter is∼6%.

weight loss fraction)

∑
i

(πdp,i
2/a)(M/N0)f(dp,i)

∑
i

(1/6πdp,i
3F + (πdp,i

2/a)(M/N0))f(dp,i)

(1)
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of smaller particles to form larger ones, thereby effectively
reducing the collective surface area. The problem of agglomera-
tion in dried samples of the nanoparticles is particularly
aggravated by the possibility of strong hydrogen bonding among
the particle surfaces.

The CA coated particles forming the ferrofluid in this study
are in their superparamagnetic regime. At 300 K, the magnetiza-
tion of the sample, which was measured with an applied dc
magnetic field of up to 10 000 G, shows saturation, but no
hysteresis (Figure 6). However, when the same measurement
is repeated at a temperature of 5 K, hysteresis appears with a
coercive field of∼430 G, which suggests that the blocking
temperature of the particles is above 5 K. For the current work,
determination of the exact blocking temperature is not necessary.
The superparamagnetic character of the particles is important
for biomedical applications where a remanent magnetization is
undesirable. For such applications, the particles must rapidly
relax their magnetic moment vectors to random directions when
the applied magnetic field is removed.

The fluorescence spectra from the dye-bound particles are
shown in Figure 7a. With 490-nm excitation, a clear peak is
observed at 520 nm. In one case, the dye was bound to the
surface of the particles by the chemical reactions described
above. These fluorescently tagged particles retain their fluo-
rescence after multiple washings (by adding a less polar solvent
such as acetonitrile or acetone followed by centrifugation) and
redispersions of the precipitate (through sonication) (Figure 7a,
curve 1). In this way, all the free dye has been removed. For
the purpose of control, of course, when the rhodamine 110 was
simply mixed with an aliquot of the MP-CA sample, it also
exhibited fluorescence because of the free dye in the environ-
ment of the MP-CA dispersion (Figure 7a, curve 2). However,
by imposing similar cycles of precipitation and redispersion on
the latter mixture sample, the free dye is washed away, and the
washed sample does not show any fluorescence (Figure 7a,
curve 3). This test negates the possibility of the dye being
strongly tagged to the negatively charged MP-CA surface by
electrostatic forces and demonstrates the necessity of a chemical
binding procedure. In Figure 7a, the binding of the dye to the
nanoparticles surface causes a minor blue shift (∼5 nm) of the
maximum of the fluorescence band.

Another demonstration that the dye is indeed bound to the
surface of a particle is presented in Figure 7b. The anisotropy
of the fluorescence from a free rhodamine 110 solution and from
a suspension of fluorescently labeled MP-CA particles was
measured. Anisotropy in a spectrofluorometer is defined asr
) (IVV - GIVH)/(IVV + 2GIVH), whereIVV, IVH, IHV, and IHH

are emission intensities for different positions of excitation and
emission polarizers; the first subscript indicates the position of

the excitation polarizer, the second that of the emission polarizer.
G ) IHV/IHH is a grating factor that must be included for
correction in a monochromator.28,29

The relative change inr(λ) shown in Figure 7b clearly points
to the binding of dye molecules and particles (curves 3, 4). As
shown in Figure 7b, the free rhodamine 110 solution exhibits
almost no fluorescence anisotropy, with or without the magnetic
field applied (curves 1, 2). However, the fluorescence of the
dye bound to the MP-CA particles manifests strong anisotropy
that further increases in the presence of an applied magnetic
field (curves 3, 4). This is understandable because of the
limitation of the rotational mobility of rhodamine molecules
bound to the particles.30 Moreover, the applied magnetic field
imposes an additional restriction on the movement of the
particles and, correspondingly, on the movement of the dye
molecules. The absolute value of anisotropy, which is experi-
mentally measured in the spectrofluorometer, is sensitive to the
excitation light that scatters off the sample. The anisotropyr(λ)
for the unlabeled MP-CA particles is shown in curve 5 of

Figure 6. Magnetization of magnetite ferrofluid showing superpara-
magnetic behavior of the particles because of their small size.

Figure 7. (a) Fluorescence spectra: (1) MP-CA tagged to rhodamine
110 dye and washed five times; (2) MP-CA mixed with rhodamine-
110 dye; (3) sample 2 after washing twice. Chemically tagged MP-
CA-dye conjugate retains its fluorescence even after multiple washings.
(b) Fluorescence anisotropy: (1, 2) Rhodamine 110 water solution in
a magnetic field (0.4 T) and without it; (3) MP-CA particles labeled
with rhodamine 110; (4) MP-CA particles labeled with rhodamine
110 in magnetic field (0.4 T); 5 MP-CA particles without fluorescence
labeling, linear fitting is applied.
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Figure 7b. This curve provides a baseline for the measurements
of the fluorescence anisotropy of the MP-CA-dye samples.

Adsorption of citric acid on the surface of the particles renders
the surface negatively charged. This is demonstrated by the
response of the particles to an electric field. Figure 8 shows
results of electrophoresis measurements done on the MP-CA
and also on the dye-bound MP-CA. The particles moved from
their initial position toward the anode up to a distance of 40

mm in 1 h at anapplied voltage of 80 V. In the dye-bound
MP-CA, this movement was restricted and there was a clear
gradient of concentration along the channel. This is expected
because the dye-binding phenomenon results in partial annihila-
tion of surface charges, thus reducing the mobility of the
particles in an electric field. In an indirect way, thus, the
electrophoresis result also confirms the binding of the dye onto
the surface of the particles.

Figure 9 provides additional evidence of the binding of the
dye to the particles and also demonstrates manipulation of the
particles by an applied magnetic field. A suspension of
fluorescently tagged particles was placed in a Petri dish filled
with water, and a magnetic field (∼0.4 T) was applied. The
confocal image shows parallel lines in the fluorescence image
that are consistent with the alignment of the particles with the
applied field. Upon switching the field orientation to the
orthogonal direction, the alignment of the particles changes, and
the fluorescence image also changes to parallel patterns in the
orthogonal direction, which would be possible only if the
fluorescent dye is bound to the particles. An unbound dye would
produce a simple diffuse fluorescence that would not respond
to the magnetic field.

To check whether fluorescently labeled MP-CA particles
can be optically tracked in vitro, KB cells were incubated with
MP-CA particles and then imaged as described above. Trans-
mission and fluorescence images are shown in Figure 10. These
images demonstrate that the fluorescent particles are efficiently
taken up by the cells. Moreover, the fluorescence pattern seen
in Figure 10b is quite similar to that of cells stained with free
rhodamine 110 (Figure 10c). Rhodamine dyes are well-known
stains for mitochondria. Thus, the rhodamine molecules bound
to the surface of particles retain, to some extent, their ability to
interact with the surface of mitochondria, as free dye molecules
do.30 Furthermore, this suggests that other functional molecules
can be bound to the surface of magnetic particles without
significant degradation of their functionality.

These experiments collectively indicate that the amount of
free dye in the multiply washed sample of the fluorescently
labeled nanoparticles is negligible. This is reinforced by the
observation that the fluorescence images of the cells moved in
response to a magnetic field, while the ones due to neat
rhodamine 110 would not. A short movie of this motion is
included in the Supporting Information for this manuscript,
showing the cells of Figure 10b moving toward the lower left
in response to the application of a magnetic field.

Figure 8. Electrophoresis of (a) citric acid coated magnetic particles,
(b) dye-bound magnetic particles.

Figure 9. Confocal microscope fluorescence images of magnetic
particles labeled with Rhodamine 110. The arrows in the pictures show
the direction of the magnetic field.

Figure 10. (a) Transmission image of KB cells with MP-CA ingested. (b) Fluorescence image of KB cells treated with fluorescently labeled
MP-CA particles. (c) Fluorescence image of cells treated with Rhodamine 110 alone.
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Summary and Conclusions

In summary, the results presented herein demonstrate that
the surface of magnetite nanoparticles can be stabilized in an
aqueous dispersion by the adsorption of citric acid. The citric
acid may be adsorbed on the surface of the magnetite nano-
particles by coordinating via one or two of the carboxylate
functionalities, depending on steric necessity and the curvature
of the surface. This leaves at least one carboxylic acid group
exposed to the solvent, and this group should be responsible
for making the surface charged and hydrophilic. Further, the
presence of a terminal carboxylic group provides an avenue to
extended bond formation with fluorescent dyes, proteins,
hormone linkers, and other molecules so that specific targeting
within biological systems can be facilitated. We have shown
that rhodamine 110 dye can be bound to the surface of these
particles by standard procedures and still retain its fluorescence.
Such fluorescently labeled magnetic particles can be taken up
by cultured cells in vitro and optically tracked using confocal
fluorescence microscopy. Finally, because of the small sizes of
the nanoparticles, their stable dispersion in aqueous medium,
the presence of carboxyl groups on their surfaces, and the
magnetic characteristics of the particles, the biocompatible
ferrofluid presented here should be of considerable value in
numerous areas of biomedical research including bioingestion,
magnetophoretic control, and bioimaging.
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