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Abstract

We report a facile one-step hydrothermal approach to the synthesis of iron oxide (FezO4)
nanoparticles (NPs) with controllable diameters, narrow size distribution, and tunable magnetic
properties. In this approach, the iron oxide NPs were fabricated by oxidation of FeCl,-4H;O in basic
aqueous solution under an elevated temperature and pressure. Transmission electron microscopy
(TEM) and X-ray diffraction (XRD) studies reveal that the particles are highly crystalline and that
the diameters of the particles can be tuned from 15 nm to 31 nm through the variation of the reaction
conditions. The NPs exhibit high saturation magnetization in the range of 53.3 ~ 97.4 emu/g and
their magnetic behavior can be either ferromagnetic or superparamagnetic depending on the particle
size. A superconducting quantum interference device magnetorelaxometry (SQUID-MRX) study
shows that the size of the NPs significantly affects the detection sensitivity. The investigated iron
oxide NPs may find many potential biological applications in cancer diagnosis and treatment.
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Introduction

The synthesis of various functional nanomaterials such as metals, semiconductors, and
magnetic materials etc. has been of immense scientific and technological interest.] > Among
these nanomaterials, magnetic nanoparticles (NPs) have been extensively studied and applied
in numerous fields, such as magnetic recording media, sensors, spintronics and many biological
applications including cell type recognition, drug delivery, targeted therapeutics, and
intracellular imaging.*~8 Magnetite (Fe304) NPs are a common magnetic material with a cubic
inverse spinel structure that have been extensively investigated and used as an in vivo contrast
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agent for cancer diagnosis.”~!2 The applications for the Fe30,4 NPs often require a controllable
synthesis to obtain particles with desirable size and tunable magnetic properties. This remains
a great challenge.

Magnetite NPs are commonly synthesized through a controlled co-precipitation of Fe (II) and
Fe (III) ions in a basic aqueous solution.!3~16 This method generates Fe304 NPs with a
diameter around 10 nm, hence lacking the ability to control the particle size. Organic phase
synthesis of iron oxide NPs has been recently developed. Though the Fe;04 NPs display a
narrow size distribution and the synthetic procedure allows fine control of the particle size
from several nanometers up to about 20 nm,!7-18 the approach involves toxic organic reagents
and a high reaction temperature. Moreover, phase transfer of the NPs to aqueous solution is
necessary when these particles are used for biological applications.!%-20 These difficulties
suggest that development of new approaches to synthesizing size- and property-tunable
magnetic NPs soluble in aqueous solution is important for their further biological applications.

To evaluate and detect the magnetic NPs, a superconducting quantum interference device
(SQUID) is one of the best tools due to the fact that it is the most sensitive detector of magnetic
field. The use of SQUID in the biological environment to detect the minute amount of magnetic
NPs in the human body was first attempted by Cohen to examine the damage of human lungs
by minerals.2! More recently, advances in biological nanotechnology have shown that the
surface of NPs can be modified with specific ligands for subsequent targeting the particular
tissues through ligand-receptor interaction.11:12:22725-19 Because of the high sensitivity and
non-invasive nature, SQUID imaging appears as a promising technology for diagnosing a tissue
that specifically uptakes the targeted magnetic NPs.

So far, three SQUID methods have been used for detecting the magnetic NPs: remanence,26°
27 susceptibility,28 30 and magnetorelaxometry (MRX),31=35 where MRX records the
magnetic relaxation process. In general, the relaxation time of magnetic NPs is mainly
dependent on their size. Therefore, the size and size distribution are key factors in determining
the sensitivity of MRX. Unfortunately, in most previously reported MRX results,
commercialized NPs were used and it has been difficult to synthesize size-tunable, water-
soluble magnetic NPs to achieve the optimal MRX sensitivity.34°36

In this present work, a simple, facile hydrothermal approach was developed to synthesize
Fe;04 NPs. We show that the size of the formed Fe;O4 NPs can be tuned through variation of
the reaction conditions. Accordingly the magnetic properties of the synthesized Fe304 NPs
can be varied. These NPs were investigated using a superconducting quantum interference
device magnetorelaxometry (SQUID-MRX) technique and the results clearly reveal that the
particle size can significantly affect the MRX sensitivity. The developed synthetic approach
allows fine control of the particle sizes and hence the magnetic properties of the formed
Fe;04 NPs, thus providing a unique platform for their biomedical applications.

Experimental section

Materials

All chemicals used were reagent grade from commercial sources. FeCl,-4H,0 (99%) and
ammonia (28%) were purchased from Aldrich. Ethanol was obtained from AAPER Alcohol
& Chemistry Co. Water used in all experiments was purified using a Milli-Q Plus 185 water
purification system (Millipore, Bedford, MA) with resistivity higher than 18 MQ-cm.

Synthesis of Fe3O4 NPs

In a typical synthesis (e.g., Product 1 in Table 1), FeCl,-4H,0 (0.5 g) was dissolved in 25 mL
water. Under vigorous stirring, ammonium hydroxide (2.5 mL) was added and the suspension
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was continuously stirred in air for 10 min, allowing the iron (II) to be oxidized. The reaction
mixture was then autoclaved (Tuttnauer 2540M Analog Autoclave, Krackeler Scientific, Inc,
Albany, NY) in a sealed pressure vessel with a volume of 48 mL at 134°C for 3 h under air
with a gauge pressure of 2 bar and cooled down to room temperature. The black precipitate
was collected and purified with water via a centrifugation-dispersion process. The final
Fe;04 NP suspension was lyophilized to obtain black dry powder.

Transmission electron microscopy (TEM)

TEM experiments were performed either on a Philips CM-100 microscope operating at 60 kV
or on a JEOI 2010F analytical electron microscope operating at 200 kV. The former TEM was
equipped with a Hamamatsu digital Camera ORCA-HR and operated using AMT software
(Advanced Microscopy Techniques Corp, Danver, MA) for the study of the NP morphology.
The latter TEM was used to analyze the selected area electron diffraction (SAED) of the NPs.
TEM samples were prepared by placing one drop of diluted iron oxide suspension (5 uL.) onto
a 200-mesh carbon-coated copper grids and air-dried before measurements.

X-ray diffraction (XRD)

The crystalline structure and the size of the products were determined by a Scintag powder
XRD system using Cu Ka radiation with a wavelength of 1.5404 A at 40 kV and 30 mA. First,
a coarse scan from 20° to 70° (20) was performed to acquire an overall spectrum to identify
the crystal structure. Then, a finer scan of the major peak was repeated to produce a smoother
peak for better estimating the size of NPs.

X-ray photoelectron spectroscopy (XPS)

XPS was performed using a Kratos Ultra DLD XPS operated at 15 kV using a monochromated
Al source that can give an energy resolution of ~ 0.5 eV. Both broad and narrow (or core) scans
were carried out to collect XPS spectra.

Superconducting quantum interference device (SQUID) magnetometry

The magnetic hysteresis loops were measured using a Quantum Design MPMS-5 SQUID
magnetometer (San Diego, CA) at room temperature. The Fe;04 NP powder was loaded into
a plastic capsule and the capsule was put into a plastic straw before measurement.

SQUID magnetorelaxometry (SQUID-MRX)

Experimental control—A different SQUID system based on magnetorelaxometry was built
in our lab and used to test the synthesized Fe3;04 NPs for medical imaging applications. The
SQUID is a 2nd order gradiometer system (Model 601 DC LTS) provided by Tristan
Technology Inc. The measurement was performed in two screen rooms: an rf-screen room and
a mu-metal shield. The former can significantly reduce the noise above kilohertz and the latter
was mainly used to minimize the 60 Hz noise and magnetic influence. The sample was placed
at a distance of 1.5 cm to the SQUID sensor. A typical measurement sequence was designed
as follows: (1) apply a reset pulse to the SQUID feedback controls; (2) apply current to the
excitation coil to produce magnetizing field of ~15 G for 1 s; (3) turn off the current quickly
(within several ms); and (4) after 20 ms delay, remove the reset pulse and start data acquisition
for 1 s. This sequence was repeated 10 times and averaged for each sample to enhance the
signal to noise ratio. The unavoidable background signal was subtracted. To prepare a sample
for SQUID-MRX measurement, a known amount of Fe;04 NPs was suspended in deionized
water (with a pH value of 6.0) and vortexed to achieve good dispersion. Serial dilutions were
prepared and each was loaded onto a piece of filter paper with the area of ~ 0.5 x 0.5 cm2. The
loaded filter paper was air dried before SQUID-MRX measurements.
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Theoretical model—The magnetic relaxation of NPs after magnetization takes place via
two different mechanisms: Brownian relaxation and Neel relaxation. Brownian relaxation is
induced by the physical rotation of the particles in the carrier solution with time constant

T,=3V'n/k,T )

where V' is the hydrodynamic volume of the particle and 1 the dynamic viscosity. Neel
relaxation is due to the reorientation of the magnetization vectors inside the particles, the time
constant of which is expressed by

Ty=Toexp(=KV/k,T) 2

where 1 is usually quoted as 107 s, K is the anisotropy constant in the range of (1-5)x10% J/
m3.37-38 When the NPs are immobilized, the relaxation can only happen through the Néel
mechanism which is very sensitive to the particle size. The magnetic signal decay, instead of
being exponential, takes a logarithmic form due to the size distribution of the magnetic NPs.
In terms of the detected field by SQUID, the decay can be expressed as

B(t)=BypIn(1+1,/t)+B’ )

where the characteristic time t; = ty,, (time of biasing field applied) in case of weak
magnetization field.? B’ means an arbitrary static field, which has no physical significance
since SQUID only measures change in fields. B reflects the amplitude of the decay, which
depends on the amount, size distribution of particles, and temperature. So for a particular
sample of NPs at a certain temperature, By is directly related to the amount of NPs. In our
experiments, the data were fitted and the relationship between the best fitting parameter B
and the amount of NPs was established.

Results and discussion

Characterization of Fe304 NPs

A typical TEM image of the as-synthesized Fe;04 NPs (Product 1 listed in Table 1) is shown
in Figure 1a. In the image, the NPs exhibit spherical or slightly ellipsoidal shape. Statistical
analysis of the size of the particles (Figure 1b) shows that the average diameter of the NPs is
31.1 £6.1 nm, indicating that the NPs are uniform when compared with other Fe304 NPs
synthesized in aqueous conditions.11:40-*! The selected area electron diffraction (SAED)

pattern of the same Fe304 NPs (Figure 1¢) confirmed a typical magnetite crystalline structure.
42,43

The composition of these nanocrystals was identified by XPS (Figure 2). The survey scan
shows clear peaks corresponding to the binding energies of Fey, and Oy (Figure 2a). Further
fine scanning around the Fe;,, peaks reveals two characteristic binding energy peaks at 710.4
and 723.3 eV for Fey3 and Feppy o, respectively, which are consistent with the reported values
of Fe30y in literature (Figure 2b).#*%5 Other peaks in the spectrum (Figure 2a) are ascribed to
the indium substrate and carbon contamination on the substrate.
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Size-control of the Fe304 NPs

After the Fe;04 NPs with a diameter of 31 nm were synthesized and characterized, we expected
that by altering the reaction conditions, the size of Fe304 NPs could be controlled. To test the
influence of FeCl, concentration on the size of the as-synthesized NPs, our experiments were
designed to minimize the change of other parameters. First, we kept a constant volume of the
mixture solution (14 mL) in the pressure glass vessel to ensure that a similar amount of oxygen
was used for the oxidation of Fe (II). And the volume of ammonium was adjusted proportional
to the amount of FeCl,. A series of changes on the experimental parameters with their
corresponding products are shown in Table 1.

From Product 1 to 4, as the concentration of FeCl, increases, the synthesized NPs get smaller.
The TEM images (Figure 3a—c) with the same magnification as Figure 1a obviously show the
monotonic size change. Size distributions were evaluated by randomly measuring 300 NPs in
the images, also listed in Table 1. With the amount of FeCl,-4H,O increasing from 0.25 to
1.25 g, the size of the synthesized NPs decreases from 31.1 to 15.4 nm. This could be due to
the fact that the concentration of Fe (II) ions strongly affects the nucleation and growth rate of
Fe;04 particles. The higher initial precursor concentration led to smaller particles size due to
the formation of a large number of seed nuclei, which provided high particle concentration and
yielded smaller particles.*0-40

Another important factor affecting the size of the synthesized Fe304 NPs is the composition
of the solvent. For Product 5, we replaced half the volume of water used for Product 1
preparation (6.375 mL) with ethanol, while keeping all other parameters unchanged. The
resulting NPs have a significant size decrease (from 31.1 nm for Product 1 to 19.9 nm for
Product 5), as can be seen from the TEM image and size distribution histogram in Figure 3d.
Similar effects have been reported previously.*”-#8 The reason for this could be due to the fact
that the formed Fe;04 NPs with considerable numbers of hydroxyl groups on the surface can
absorb ethanol via hydrogen bond formation. Accordingly, there were more ethanol molecules
attached on the NP surfaces, which inhibited the subsequent growth and aggregation of the
particles, leading to the formation of smaller particles.

To further confirm the crystal structure and the size of the formed Fe;04 NPs under different
conditions, XRD experiments were performed (Figure 4). The XRD patterns labeled from (a)
to (e) correspond to Product 1 to 5, respectively. The lattice spacing calculated from the
diffraction peaks observed at 30, 35.4, 37.2, 43, 53.4, 56.9, and 62.5 matched the [220], [311],
[222], [400], [422], [511], and [440] planes of Fe3O4 crystals, respectively. The XRD patterns
are consistent with those reported in literature. 49! The comparison of pattern (e) with the
other four patterns suggests that the use of water/ethanol mixture as solvent does not have any
appreciable effect on the crystal structure of the NPs when compared to those NPs formed in
pure water. To obtain the average size of the Fe304 NPs, we performed fine scans on the major
peak (plane [311]) of each product and calculated their sizes using Scherrer’s equation. The
results (Table 1) are in very good agreement with TEM data. It can be further concluded that
the synthesized Fe;04 NPs are nearly single crystals.

Magnetic properties of the Fe304 NPs

The magnetic hysteresis loops of Fe304 NPs at room temperature were obtained by a DC
SQUID magnetometer (Figure 5). For the largest NPs (Product 1 with mean diameter of 31.1
nm), the specific saturation magnetization (o) is 97.4 emu/g, which is close to the bulk
magnetite (92 emu/g).72 The slightly higher o of Product 1 could be due to the specific surface
characteristics of the Fe304 NPs prepared using our approach. In addition, the relative large
size of Product 1 (31 nm) also contributes to the higher saturation magnetization. As the size
of the Fe3O4 NPs is reduced to 22.4, 16.7, and 15.4 nm, o decreases to 81.2, 65.1 and 53.3
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emu/g, respectively. This phenomenon was observed in many other magnetic NPs and could
be explained by the existence of a magnetically inert layer on the surface of the particles.”>
Due to this surface effect, oy is contributed by an effective volume, which is a fraction of the
nominal volume. As the particle gets smaller, the magnetic effective volume accounts for
smaller proportion and the specific saturation magnetization decreases.

Figure 6 displays the profile of o, as a function of the inverse of the particle mean diameter.
The data points were fitted linearly. A theoretical approach to quantitatively explain this linear
relationship assumes that each nanocrystal consists of two parts: the nonmagnetic outer layer
with thickness ¢ and magnetic normal core with the same property as bulk material. By keeping
the first order in ¢, the specific saturation magnetization is found to be proportional to the inverse
of diameter.

(4)

The nonmagnetic layer on the surface of the Fe304 NPs can be calculated, and is found to be
about 1.4 nm.

As can be seen from Figure 5b, in the particle size range of our synthesized products (from
31.1 to 15.4 nm) ferromagnetism was observed. But as the mean size decreases, the coercivity
(H,) also decreases to values smaller than the reported for ferromagnetic bulk material.>2 This
suggests a gradual transition from ferromagnetism to superparamagnetism as a function of the
size of the magnetic NPs. This transition meets the requirements for using these NPs as contrast
agentin the SQUID-MRX measurement. Due to the millisecond time delay between the biasing
field turning off and measurements starting, NPs that are far in the region of
superparamagnetism decay too rapid to be detected. On the other hand, large particles can not
generate detectable decay signal during the measurement time course and will also be ignored.
So only the NPs on the magnetic properties transition region with the appropriate relaxivity
rate provide signal contribution, and thus preferred by the MRX technique.

SQUID-MRX results

Figure 7 shows a typical relaxation curve recorded by the SQUID-MRX system with the
theoretical fitting for 200 pg NPs of Product 4. The “no sample” curve in Figure 7 was acquired
in the absence of the Fe30,4 NPs after the background was subtracted. By applying Equation
(3) to fit the experimental curve in the presence of NPs, the best-fit parameters B’ and B( can
be determined to be 87.9 and 20.5 pT, respectively. The value of B’ can be ignored because it
contains no information about the sample. By depends on a number of parameters, including
the biasing field strength, signal recording time, distance from the sample to SQUID detector,
mass of the NPs, etc. However, as long as the SQUID detection parameters do not change,
By is only affected by the mass of NPs. This relationship can be well fitted with a linear
equation, shown in Figure 8.

As discussed above, when the average size of the iron oxide magnetic NPs is decreased from
31.1 to 15.4 nm, the magnetic behavior changes from ferromagnetic to superparamagnetic.
This transition affects the particles’ relaxation time constant, which in turn increases the MRX
signal intensity. To test this, similar amounts of iron oxide NPs (200 pg) from Products 1 to 4
were prepared and measured by SQUID-MRX. The decay amplitudes (i.e. Bg) for different
products were found to increase as the particle size decreases (Figure 9), with a signal
enhancement of three folds as the average size changing from 31.1 to 15.4nm. The size
dependence of MRX signal can be understood by considering the Neel relaxation’s relation to
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particle size. According to equation (2), larger NPs have longer magnetic decay time. When
the decay time is long enough that no obvious decay can be observed during the MRX
measurement time interval (in our case, 1 s), such particles have no contribution to the
measurement. As the average size decreases, larger portion of NPs will have the decay time
less than or equal to 1 s, thus increasing the MRX signal. And this behavior can be supported
by the magnetic property transition from ferromagnetism to superparamagnetism (Figure 5).

Conclusion

In summary, we report a facile route to hydrothermally synthesizing iron oxide NPs with
controllable size and tunable magnetic properties. The diameter ranges from 15 to 30 nm by
changing the concentration of the reactants or the reaction solvent composition. The resultant
Fe;04 NPs are single crystals and have high purity. Their magnetic property exhibits a
transition from ferromagnetic to superparamagnetic behavior as the particle’s diameter
decreases. Within the diameter range of the synthesized NPs, we show that the NPs with a
smaller size has higher signal in SQUID-MRX measurement. With the recent advances in the
development of shell-crosslinked iron oxide nanoparticles for in vivo magnetic resonance (MR)
imaging of tumors,!2 it is expected that the synthesized iron oxide NPs should be able to be
modified and conjugated with specific targeting ligands for future MR and SQUID imaging of
tumors. We are currently actively pursuing this area of research.
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Figure 1.

Page 10

A typical TEM image (a), size distribution histogram (b), and selected area electron diffraction

(SEAD) pattern (c) of Fe304 NPs (Product 1 listed in Table 1).
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Figure 2.
XPS survey of the as-synthesized Fe3;O4 NPs (a) and Fe2p core-level spectrum (b) of the same
NPs (Product 1 listed in Table 1).
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Figure 3.

TEM images of Fe3;04 NPs as the concentration of FeCl, increasing and the corresponding
statistical histograms. Mean diameters are (a) 22.4nm (b) 16.7nm (c) 15.4nm. Same condition
as the NPs in Figure 1 except that ethanol and water mixture was used as solvent (d) mean
diameter 19.9nm.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2010 August 6.



1duosnuely Joyiny Vd-HIN 1duosnuely Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Geetal.

Page 13

(311)

-~
o
N
o~
—

(440)

(511)

Counts (a.u.)

26 (degree)

Figure 4.

XRD patterns of (a) Product 1 (29.7 nm), (b) Product 2 (22.5 nm), (c) Product 3 (17.3 nm), (d)
Product 4 (16.0 nm), and (e) Product 5 (20.3 nm) (see Table 1). The diameter of each product
is calculated based on Scherrer’s equation.
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Figure 5.

SQUID magnetometry measurement of room-temperature magnetic hysteresis of NP Products
1-4: (a) full hysteresis loops, and (b) hysteresis at low field.
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Figure 6.
The saturation magnetization (c) decreases as the diameter of the Fe;04 NPs increases due to
the nonmagnetic surface effect.
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Figure 7.

Typical SQUID magnetorelaxometry curve with theoretical fitting B(t) = Boln(1+1/t)+ B’,
where By = 2.05x10" 11T and B’ = 8.79x10~ 11T The factor By is proportional to the amount
of NPs as shown in Figure 8.
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Figure 8.

A calibration curve shows a linear relationship between the detected magnetic field (B from
equation 3) and iron mass of Fe3O4 NPs. All data points were obtained by averaging over 50
measurements.
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Figure 9.

Constant mass of Fez04 NPs (200 pg) from each product (Products 1-4) shows that smaller
particles have the larger magnetic field signal.
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