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We investigate the use of Cu,_,Zn Fe,0, ferrites (0.60 < x < 0.76) as potential sensors for magnetic-
resonance-imaging thermometry. Samples are prepared by a standard ceramic technique. Their structural
and magnetic properties are determined using x-ray diffraction, scanning electron microscopy, super-
conducting quantum-interference device magnetometry, and Mossbauer and 3-T nuclear-magnetic-
resonance spectroscopies. We use the mass magnetization of powdered ferrites and transverse relaxivity
r; of water protons in Ringer’s-solution-based agar gels with embedded micron-sized particles to determine
the best composition for magnetic-resonance-imaging (MRI) temperature sensors in the (280-323)-K
range. A preclinical 3-T MRI scanner is employed to acquire 7”; weighted temperature-dependent images.
The brightness of the MRI images is cross-correlated with the temperature of the phantoms, which allows
for a temperature determination with approximately 1 °C accuracy. We determine that the composition of
0.65 < x < 0.70 is the most suitable for MRI thermometry near human body temperature.
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I. INTRODUCTION

Localized temperature is an important parameter that
describes the health status of an individual during a medical
diagnosis or treatment. It can reflect multiple health issues
such as the presence of inflammation or tumors [1,2]. To
determine the temperature deep in the body, one may use an
invasive probe that delivers a single reading [3-5] or
noninvasive technique such as magnetic-resonance-
imaging (MRI)-based thermometry that can provide
temperature maps. Such maps, in contrast to single-point
measurements, are useful during certain MRI-guided pro-
cedures, such as thermal treatments (e.g., ablation [6] or
hyperthermia [7]). During these procedures, the temper-
ature is monitored to protect healthy tissue from damage
and to ensure that the treated part is sufficiently heated.

Several MRI-based methods have been developed to
measure local body temperature [8,9]. Intrinsic properties
such as the spin-lattice relaxation time, 7'j, the spin-spin
relaxation time, 7, and the diffusion coefficient of water
molecules have been suggested as a method for determining
temperature [10]. Currently, the most popular method for
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MRI-based thermometry involves measuring the proton-
resonance frequency (PRF) shift [11,12]. This method gives
an accuracy of approximately 1°C in nonmoving tissues
[13]. PRF may also be used for in vitro applications to
monitor the temperature inside cell cultures [14]. However,
this method has certain limitations. PRF does not work with
adipose tissue and is very sensitive to body movement
(cardiac and/or respiratory) [15]. These issues can be
partially mitigated with the referenceless PRF method
[16]. In addition, the phase component of the image strongly
depends on the stability and homogeneity of the static
magnetic field Bjy. Although, in recent studies, the
effect of the magnetic-field drift has been reduced, field
inhomogeneity remains a significant obstacle in MRI
thermometry [17].

Recently, we proposed the use of an exogenous agent in
the form of magnetic particles suitable for MRI thermom-
etry [18]. If the magnetic moment of magnetic particles is
temperature dependent, this magnetic moment creates a
temperature-variable inhomogeneous local magnetic
field leading to nuclear-magnetic-resonance (NMR) line-
width and MRI intensity changes as a function of temper-
ature. Preliminary results using Gd particles allowed us to
produce a temperature-dependent MRI image. Employing
the MRI image signal (i.e., the brightness), we could
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determine the temperature with 1 °C accuracy. However, Gd
alone is toxic and is only used in clinical settings if
appropriately sequestered [19]. We have already investi-
gated the possibility of using iron-based oxides (ferrites) as
more biocompatible materials for designing MRI temper-
ature sensors [20]. Studies on a CuZn ferrite reported a
toxicity slightly above Fe;O,, and close to that of Fe,0s5.
The same work indicated some DNA damage in cells
exposed to the CuZn ferrite [21].

Lately, ferrites have experienced an application
renaissance due to the combination of their unique magnetic
and electrical properties, as well as very high chemical and
mechanical stability. Besides their traditional uses as mag-
netic storage media and in telecommunications, ferrites are
used as gas, stress, bio-, and humidity sensors [22-26]. In
this paper, we present systematic studies of Cu;_,Zn, Fe,O,
ferrite particles to be used as temperature-dependent MRI
sensors. Our objective is to determine the optimum com-
position for this class of agents suitable for the detection of
temperature changes in a range near human body temper-
ature. Below, we provide a detailed description of the
experimental results we use to select the best candidate
materials for MRI thermometry.

II. SAMPLE PREPARATION AND
CHARACTERIZATION METHODS

Samples of Cu;_,Zn Fe,0, ferrites are prepared with a
standard ceramic technique [27,28]. Ferrite compositions
of 0.60 <x <0.76 are used in the NMR and MRI
measurements. Samples with compositions x =0, 0.4,
0.65, and 1 are prepared for the Mdssbauer spectroscopy
studies. CuO, ZnO, and Fe, O3 powders are mixed with an
appropriate stoichiometry in isopropanol. The oxide mix-
ture is ball milled for 18 h, and the slurry is then dried and
pressed into disk-shaped samples. Samples are presintered
at 970°C for 9 h and calcined at 1130°C for 4 h. The
resulting ferrites are crushed using a mortar and pestle for
either about 10 min to be studied by x-ray diffraction
(XRD) and Mossbauer spectroscopy or for 2 h to be studied
in NMR and MRI experiments. The ferrite structure is
determined using an XRD system with Cu K, radiation
(4 = 1.5406 A). All of the XRD measurements are carried
out using the Bragg-Brentano geometry with a mono-
chromator in front of the detector. A scanning electron
microscope (SEM) equipped with energy-dispersive spec-
troscopy is employed to confirm the sample composition
and monitor the size distribution of particles in the powders
used in the NMR and MRI experiments.

The magnetic properties are determined using a super-
conducting quantum-interference device (SQUID) magne-
tometer. All of the reported measurements are carried out
on a bulk piece of the ferrite sample (approximately 2 mg of
weight). The measurements are conducted in field-cooled
fashion; i.e., samples are cooled to 4 K while in a 5-T
field. Temperature-dependent measurements of mass

magnetization are carried out at desired field values
(0.002, 0.02, 0.364, 3.0, and 5.0 T) in the temperature
range of 4 to 350 K.

Méssbauer >’Fe spectra are measured by recording
7.3 keV conversion electrons (conversion electron
Maossbauer spectroscopy mode) at different temperatures
(from 6 to 300 K) in zero magnetic field, after magnetizing
the samples in a strong magnetic field. Spectra are collected
using a standard spectrometer working in a constant
acceleration mode for all samples. Further experimental
details are found in Przybylski et al. [29].

For NMR measurements, samples consisted of
Cu;_,Zn,Fe,0, ferrite particles suspended in 2%
Ringer’s-solution-based agar gels with a concentration of
3.5 mM for x = 0.65, 0.68, 0.70, and 0.73. Compositions
of x = 0.60 and 0.76 are not studied due to a high initial
value of mass magnetization and a slow decrease of
magnetization near targeted temperature (310 K), respec-
tively, as described in the following sections. Measurements
of temperature-dependent linewidth and nuclear relaxation
times 7'; (inversion-recovery method) and T, (Carr-Purcell-
Meiboom-Gill sequence) are performed at 364 mT. For r3,
determination of the NMR linewidth at FWHM is calcu-
lated from the free-induction-decay Fourier transform
obtained after a 2-us hard rf pulse.

The observed experimental linewidth is converted
to relaxivity r; using a known formula [30]: r;=
{[1/(T3mam'x+panicles)]_[1/(TZmam'x)]}/C7 where (1/T§ matrix)
is the relaxation rate of the diamagnetic host (agarose) and
(1/T3 syawix- particles) 18 the relaxation rate of the host with

ferrite particles of concentration C in mM. The 'H NMR
linewidth v} is related to T3 by vy, = [1/(2T3)] [31].
Temperature-dependent MR images of a prepared phan-
tom are obtained from a MRI preclinical scanner equipped
with a 3.0-T, 30-cm-bore superconducting magnet. The
phantom consists of three cylindrical plastic cryogenic vials
(10-mm inner diameter and 80-mm length). One vial is
filled with a pure 2% Ringer’s-solution-based agar gel.
The other two vials are filled with 1 and 0.5 mM of
three different compositions of Cu;_,Zn,Fe,O, ferrite
(x =0.65, 0.70, and 0.73) dispersed in a 2% Ringer’s-
solution-based agar gel. Each tube has three different ferrite
composition zones. The details of the phantom preparation
protocol were described earlier [17]. The phantom is placed
in a custom-built temperature-controlled cell shown in the
Fig. 1. The temperature of the cell is controlled using a
standard bath circulator with a continuous flow of proton-
less perfluorocarbon (PFC) coolant to eliminate extranous
'H signals from the MR images. The temperature of the
samples is monitored by a fiber-optic sensor placed at the
center of the temperature cell. Temperature data are
acquired every 5 s throughout the imaging experiment.
The gradient-echo method, sensitive to local magnetic-field
inhomogeneity [32-34], is employed for imaging using
the following parameters: slice orientation, axial; field of
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FIG. 1. Temperature-controlled cell for a temperature-
dependent MRI. The picture shows only one sensor attached,
although up to four sensors can be inserted.

view, 30 x 30 mm?; matrix, 64 x 64 (in-plane resolution,
—0.47 mm/pixel); slice thickness, 4 mm; repetition time,
—100 ms; echo time, —2.52 ms; and radio-frequency flip
angle, —20°.
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FIG. 2. The coronal image of the phantom used for positioning
of the axial slices. (Right) Pure 2% Ringer’s-solution-based agar
gel. (Left) 0.5-mM concentration of Cu,_,Zn,Fe,0, particles in
a Ringer’s-solution-based agar gel. The top of the vial on the left
is terminated with pure agar gel.

Figure 2 shows the coronal image used to navigate to
locations of axial images. The right vial is filled with a pure
2% Ringer’s-solution-based agar gel, which is used as a
control sample. The left tube consists of agar gel with
embedded Cu;_,Zn,Fe,0, ferrite particles with different
compositions of x = 0.73, 0.70, and 0.65 from the bottom,
respectively. The location of different compositions in
Fig. 2 is easily distinguished by different brightnesses,
as the image is 75 weighted. The concentration of ferrite
particles in this tube is 0.5 mM. In the image analysis, the
intensities of three axial slices within each composition are
added to obtain the mean intensity value and the standard
deviation. Axial images are averaged over the entire tube
cross section. The following slices are used: (a) the con-
centration x = 0.65 uses slices 5, 6, and 7; (b) the con-
centration x = 0.70 uses slices 9, 10, and 11; and (c) the
concentration x = 0.73 uses slices 13, 14, and 15.

III. RESULTS AND DISCUSSION

A. Structural characterization

The XRD measurements confirm the formation of a
single Cu;_,Zn,Fe,0, crystallographic phase (Fd3m,
space group 227). Figure 3 shows a typical XRD pattern
for prepared ferrite samples obtained specifically for
Cug35Zng ¢5Fe,0, composition with the green solid bars
of copper zinc ferrite obtained from Ref. [35]. The
determined lattice constant, a, is 8.4021 A for x = 0.65.
However, the measured relative intensities differ for some
(hkl) peaks, indicating that the distribution of Cu and Zn
atoms in the Fe sites is different from those reported in the
literature for these ferrites [22].

SEM is employed to determine the size distribution of
the particles used in our NMR and MRI studies. The inset
in Fig. 4 shows a typical SEM image of the particles
dispersed on the surface of a Si wafer covered with Pt.
Image analysis allows us to obtain histograms of the major

(311)

Cug.35Zng 65Fe204

(440)

(220)
(511)

Relative intensity (arb. units)

2I0 I 4I0 I 6IO I 80 I 100
0-20 (deg)
FIG. 3. XRD pattern of the ferrite powder sample in the

Cug35Zng 65sFe, 0, composition. Solid green bars represent the
corresponding positions of the peaks from Ref. [35].
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FIG. 4. Histogram of a particle-size distribution for the
Cuy»7Zn, 73Fe,04 sample obtained from the SEM image shown
in the inset.

axis length for the measured powders. We estimate the
median value at 2.38 um. Figure 4 shows an example of
such a histogram for the Cug,7;Zn-3Fe,O, sample.

B. SQUID magnetometry

Figure 5(a) displays an example of the temperature
dependence of the mass magnetization measurements
using a SQUID magnetometer at selected fields for the
Cug357Zng ¢5Fe,0, sample. Other measured ferrite samples
exhibit a similar qualititative behavior. In high applied
magnetic fields (3 and 5 T), the magnetization is a linear

function of temperature above 150 K. A rapid decrease of
magnetization with increasing temperature above 150 K is
also observed for measurements carried out in a 364-mT
field. This effect is important because we perform NMR
studies at 364 mT applied field. As discussed later, the
temperature-dependent changes of the water proton trans-
verse relaxivity 5, and the image intensity of the phantoms
in MRI studies will be correlated with changes of mag-
netization of particles embedded in prepared phantoms.
The data in Fig. 5(a) clearly indicates that, as the applied
field increases, the transition to the paramagnetic state
shifts to higher temperatures. The measurements of
the temperature dependence of the magnetization at low
applied fields (2 and 20 mT) exhibit very different behavior.
The magnetization is almost constant over a large temper-
ature range and decreases rapidly near the Curie transition
temperature, 7'c.

Figure 5(b) displays the temperature dependence of the
mass magnetization measured in the field of 2 mT for
different ferrite samples. Using these data, we determine
the T value for the different compositions using an
approach, based on the expansion of the free energy near
T, that is described in detail by Fabian et al. [36].

Figure 5(c) shows T as a function of the composition,
the values of which we obtain by an analysis of the data
shown in Fig. 5(b). The Curie temperature decreases almost
linearly with increasing Zn concentration. The determined
T values are also listed in Table I. The presented results
are in agreement with earlier experimental reports [21,37],
as well as theoretical predictions [38].

' ' ' ' ' ; ' FIG. 5. (a) Temperature-de-
1004 Cu,,7n  FeO, e 5T 3 T T T T ey G 5 (a p S
- 3T S 2mT = x=0 pendent mass magnetization of
2 0.364 T 2 ¢ x=065 Cuyg 35Zn ¢sFe, O, measured in
« 0.020 T « »x=0.68 o . .
g 0.002 T B fmme ~0.70 different magnetic fields for the
< : < 5/ v vx=0.70 ]
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TABLE 1. Summary of analysis of Cu,_,Zn Fe,0, ferrite samples. T, Curie temperature; dM,,/dT, slope of the
mass magnetization as a function of temperature calculated in the temperature range 280-333 K in an applied field
of 3 T, M,,, mass magnetization at 310 K in an applied field of 3 T; [(dr3)/(dT)], slope of the proton transverse
relaxivity 7 as a function of temperature in the temperature range 280-323 K in an applied field of 364 mT; Pearson
correlation coefficient calculated between the mass magnetization and experimental r; data for measurements taken
in an applied field of 364 mT. NMR in agar gel with embedded particles of composition x = 0.60 and 0.76 is not
carried out due to the high value of the mass magnetization (44 A m?kg~!) and the slow decrease of magnetization

PHYS. REV. APPLIED 9, 054030 (2018)

vs temperature (—0.15 Am?kg~! K1), respectively.

dM,/dT H=3T M, H=3Tat310K [(dr)/(dT)] H =364 mT Pearson

x T¢ (K) (Am’kg 'K (Am?kg™) s 'mM~'K coefficient
0.60 340 —0.285 £ 0.001 44

0.65 295 —0.287 £ 0.001 29 —9.39 £0.58 0.99
0.68 265 —0.276 £ 0.002 24 —7.46 +0.36 0.99
0.70 230 —0.261 £ 0.004 20 —4.72 £0.24 0.99
0.73 220 —0.234 £ 0.004 17 —2.36 +£0.39 0.91
0.76 145 —0.150 £ 0.003 12

Figure 5(d) summarizes the temperature dependence
of the mass magnetization at 3 T for all samples with
different Zn concentrations. While the magnetization
decreases with increasing temperature for all of the mea-
sured samples between 280 and 333 K, the largest slope is
observed for samples with x = 0.6 and 0.65. The slope
values (dM/dT) in this temperature region are listed
in Table I. We note that the change in the mass magneti-
zation with temperature, at 3 T, for the Cug35Zng ¢sFe, Oy
ferrite is similar to that obtained for micron-sized
metallic Gd particles (—0.287 +0.001 A m*kg~!' K™!
and —0.278 & 0.008 Am? kg~! K~!, respectively), indicat-
ing that the ferrites may be a reasonable, and more
biocompatible, alternative to Gd for MRI thermometry
[18]. We also note that measurements performed on
micrometer-sized particles confirmed that they exhibit
magnetic properties similar to the properties of bulk
materials. For the composition Cujs3,ZngesFe;O4, we
perform measurements using bulk (green triangles) and
powder (black stars) samples with micrometer-sized par-
ticles [see Fig. 5(d)]. The agreement is remarkable.

While the presented structural and magnetometry results
are for micron-sized particles or bulk materials, we rec-
ognize that, in order to use these ferrites as intravenously
administered, contrast in MRI thermometry nanoparticles
has to be used. Our initial results indicate that fabrication of
nanosized ferrite particles can be accomplished by using a
colloidal method [39,40].

C. Mossbauer spectroscopy

To understand the substitution of Zn and Cu atoms into
two different sublattices of the Fe;O, structure and the
resulting magnetic properties of the Cu;_,Zn Fe,O, fer-
rites, we perform Mossbauer >’Fe spectroscopy measure-
ments. Owing to the scope of this paper, here we highlight
only the most important conclusions and show the evolu-
tion of the measured spectra at selected temperatures for

x = 0.65 of our Mossbauer studies (see Fig. 6). The
detailed analysis will be presented in an upcoming paper.
We note that similar results, focusing primarily on room-
temperature measurements for bulk samples, were pub-
lished earlier [41,42].

Because there are two Fe positions (tetrahedral and
octahedral) in the spinel structure, at least two components
should be expected in the Mossbauer spectra. Fe atoms
occupying octahedral sites are antiferromagnetically
coupled to Fe atoms occupying tetrahedral sites. Their
occupation should follow a ratio of 2:1; however, the site
occupation is more complicated because the octahedral
positions are occupied by both Me?* and Fe** cations. We
note that, at room temperature, the spectra of the samples
with x > 0.4 exhibit a relaxation character.

Room-temperature measurements are done at zero exter-
nal magnetic field and at 300 K, where there is no net
magnetization. Thus, the standard six-peak Fe spectrum is
not observed (see the top panel of Fig. 6). Moreover, the
relaxation spectra do not show well-defined discrete
components that can be attributed to Fe atoms in different
crystallographic sublattices.

The magnetization relaxation is fully supressed only at
6 K, and a well-defined magnetic splitting is observed.
Therefore, only low-temperature (6-K) spectra are ana-
lyzed, employing the Voigt-based method proposed by
Rancourt and Ping [43.,44]. The spectra are assumed to be a
sum of two components (octahedral and tetrahedral sub-
lattices) with Gaussian magnetic hyperfine parameter dis-
tributions and the relative contributions of both the
components to be closed to a 72:28 ratio. The average
magnetic hyperfine field, By, of 510.1 kG corresponding to
both the components (512 and 506 kG) is similar to the
average By of 510 kG measured for Fe;O,4 [45] at 6 K, and
it is only weakly dependent on x. This weak dependence of
Byr on x means that the substitution of Fe for Cu and Zn
does not change the average magnetic hyperfine field at the
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FIG. 6. The Mdssbauer 3’Fe spectra at different temperatures
for x = 0.65.

Fe nuclei significantly. Isomer shifts for both components
are large, suggesting that there are Fe3* atoms in both
sublattices. From our analysis of the spectra for x = 0.4 and
0.65 we conclude that, for increasing x values, Cu and Zn
atoms are preferentially substituted into the octahedral
sites. As a result, the net magnetic moment, i.e., Mg —
M 4 decreases in agreement with the SQUID measurements.

D. NMR spectroscopy

As expected for such large particles, very low values of
longitudinal relaxivity r; are obtained. For all compositions
and concentrations measured in the temperature range of
5°Cto 50°C, ry is less than 0.2 s~' mM~!. Figure 7 shows
the results of nuclear transverse relaxivity r5. The r; value
clearly exhibits a significant monotonic temperature
dependence. These results are consistent with the
SQUID measurements showing a reduction of magnetiza-
tion with temperature. We correlate the measured

10 20 30 40 50 (°C)
800 T T T T T
I x=0.65
700 T ® x=068 ]
by T ® x=0.70
600 - ® x=073 ]

400 ]
I
* e 300 > o g
200 ]
100 1 N

0

280 290 300 310 320 (K)
Temperature

FIG. 7. Temperature dependence of transverse nuclear relax-
ivity 5. The solid lines represent linear regression (see Table I for
a list of the slope values).

temperature-dependent r5 value with the temperature-
dependent mass magnetization at a field of 364 mT (see
the calculated Pearson correlation coefficients in Table I).
All samples show high correlation, larger than 0.9, between
the mass magnetization and r5. Moreover, we note that 3
decreases with an increasing Zn concentration (see Fig. 7
and Table I).

A similar value of transverse relaxivity of approximately
500 s'mM~! is obtained at room temperature for
100-nm iron oxide clusters at 7.0 T [46], compared to
550 s~' mM~! at 364 mT in this study of copper zinc
ferrites. We note that the authors in the aforementioned
study intentionally used clustering of magnetic nanopar-
ticles in the shape of large and low-symmetry aggregates to
enhance r, relaxivity. This clustering makes particles more
efficient as a contrast agent in detecting cancer in the mouse
model of a liver tumor.

The rapid decrease of r; with increasing temperature
suggests a possible temperature-dependent change in the
brightness of the 77;-weighted MRI images. In Table I, we
list slopes of the linewidth broadening in the temperature
range 278-323 K. From these data, we conclude that the
best ferrite composition to use for imaging is around
x = 0.65-0.68. This composition range has a relatively
high temperature dependence on the linewidth broadening
and small value of mass magnetization at 323 K. As a
result, one may expect bright MR images to be useful for
the determination of temperature changes.

To understand the r; vs temperature curves, we perform
calculations for the NMR linewidth broadening that is
expected from a distribution of 2.4-ym-diameter ferrite
particles, based on the following method [17]. Because of
the large particle size, we are in the static dephasing regime,
far from the narrowing conditions, where the diffusion of
water molecules may be neglected [47-50]. For the line-
width calculation, a sample volume is created based on the
concentration of ferrite particles in solution assuming no
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agglomeration of particles. The volume is then partitioned
into a three-dimensional grid of cells with a side length of
0.1 um. A ferrite particle is placed at the center of the
volume and given a magnetization based on experimental
measurements. The inhomogeneous field from the mag-
netic particle is calculated for each point in the grid and
then added to the static field to determine the total magnetic
field for each grid point in the sample volume. This
distribution of magnetic-field values is then multiplied
by the proton gyromagnetic ratio to get a frequency
spectrum, which allows us to calculate a linewidth. Then
the temperature of the system is changed and the calcu-
lation is performed again. Our calculation of linewidth uses
the measured magnetization as a function of temperature
and the average particle size and does not contain any
arbitrary fitting parameters.

A comparison of experimental results vs theoretical
calculations is shown in Fig. 8. As can be seen, the
magnitude of the experimental and theoretical results
varies; however, the slope of both sets of curves is
consistent up to 310 K. We note that bigger values of
linewidth broadening for experimental data than the
theoretical calculations may originate from the wide
dispersion of particle sizes in the samples. The variety
of sizes and shapes can increase local magnetic-field
inhomogeneity due to reduced dipolar field symmetry
[39]. This effect eventually leads to an increase of the
linewidth from water protons in agar gel with embedded
particles. We hypothesize here that less monodisperse and
less symmetrical particles will produce, in general, a more
efficient 5 contrast agent for MR imaging. The slope of r;
vs temperature is the determining factor in the MRI
temperature measurements, and we use it as a guide in
our selection of the best ferrite composition. This
method shows that the Cugss5ZngesFe,O, composition
displays the steeper slope necessary for MRI thermometry
(Table I).

1000 LA B S S B S B L
x=0.65
x=0.68 1

800 4
® x=0.70 4
® x=0.73 ]

600 J

400

200

Linewidth broadening (Hz)

280 200 300 310 320
Temperature (K)
FIG. 8. Experimental results (symbols) compared to theoretical

calculations (the solid lines) for the NMR linewidth as a function
of temperature for four different compositions.

E. MR imaging

Temperature-dependent MR images are acquired using a
Ringer’s-solution-based agar gel phantom for the three
most promising compositions of Cu,_,Zn Fe,O, ferrite
particles of x = 0.65, 0.70, and 0.73, as described in the
sample preparation and characterization method section
above. Figure 9 shows MRI axial images of the phantom at
three selected temperatures, where the brightness of the MR
images increases with temperature. In addition to the
temperature changes in the image brightness, we also
observe the influence of the ferrite composition and the
molar concentration of magnetic particles on the MRI
brightness. In the extreme case at 4.3 °C, the image of
x = 0.65 in a 1-mM concentration is hardly visible due to
the particles’ high magnetization at this temperature [see
Fig. 5(d)] and, consequently, the highest NMR line broad-
ening (see Fig. 7).

Figures 10(a) and 10(b) depict the temperature depend-
ence of the relative image intensity (the ratio of image
intensity of pure agar gel to the image intensity of gel doped
with ferrite particles) measured in the MRI experiments for
different ferrite particle concentrations (0.5 and 1 mM,
respectively). The relative intensity of the images decreases
linearly with temperature, and it is more pronounced
for 1-mM ferrite particle concentration. This behavior is
complementary to the observed behavior from the SQUID
magnetometry, the NMR linewidth measurements, and
theoretical calculations of the NMR linewidth. The analysis
of the MR image intensity confirms the methodology for
selection of the composition of the ferrite temperature
contrast agent.

x=0.73

x=0.70

x=0.65

4.3°C

25.0°C 50.6 °C

FIG.9. MR images of a phantom at three different temperatures
for different compositions of ferrite: x = 0.73, 0.70, and 0.65.
Each square is a (3 x 3 )-cm image of the phantom. In the top
right corner of each square is the pure-agar-gel reference sample.
In the top left is the agar gel with a 0.5-mM concentration of
ferrite particles. At the bottom is the agar gel with a 1-mM
concentration of particles.
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FIG. 10. Temperature dependence of the relative image inten-
sity for different compositions of ferrite particles and for different
concentrations. (a) 0.5 mM. (b) 1-mM. The solid lines represent
the linear fit to our data (see the slope values in Table II).

The relative image intensity of the phantom is analyzed
at temperatures ranging from 4.3°C to 50.6°C using a
linear regression to obtain intensity vs temperature slopes
and 95% confidence bands. Numerical values of slopes are
given in Table II. Regression slopes and confidence bands
similar to those described earlier are used to determine the
temperature accuracy [17]. Figure 11 shows a summary of

TABLE 1II. Slopes of MR image brightness (dI,/dT) as a
function of temperature measured at an applied field of 3 T for
0.5- and 1-mM concentrations of Cu;_,Zn Fe,0, particles.

dl,./dT
X 0.5 mM 1.0 mM
0.65 —0.042 +0.001 —0.236 +0.018
0.70 —0.037 +0.001 —0.165 + 0.004
0.73 —0.012 £ 0.001 —0.048 + 0.002

2.5
- 0.5 mM
2.0+ B onM
~
@)
1.5
%y
£
5 1.0
Q
Q
<
0.5 1
0.0

0.70
X

0.65 0.73

FIG. 11. Temperature accuracy as a function of x for different
compositions of Cu;_,Zn Fe,0, ferrite (x = 0.65, 0.70, and
0.73) embedded in 0.5- and 1.0-mM molar concentrations of
Ringer’s-solution-agar gel. The best accuracy is found for
x = 0.65 and a concentration of 0.5 mM.

the temperature determination accuracy at 37 °C, i.e., near
human body temperature. For both concentrations of
particles, the best accuracy is obtained for the composition
characterized by the fastest magnetization drop (x = 0.65),
as predicted in the analysis of the SQUID and NMR results.
However, the 1-mM-concentration samples show worse
accuracy than the 0.5-mM ones. This happens due to the
short T3 value and, consequently, a drastic drop of the
signal-to-noise ratio (SNR) for images with the 1-mM
concentration of ferrite. The above observation emphasizes
the importance of a fast magnetization reduction in the
thermal region of interest, and of a high SNR from 'H in
water in designing magnetic contrast agents for MRI
thermometry and will be a subject of further investigation.

F. Particle stability

We test the particle stability of the Cug35Zngg5Fe,04
composition in dry form and in aqueous solutions. Samples
of a 2% agar Ringer’s-solution gel with particles are tested
for relaxivity R; immediately after fabrication and after
8 months of storage at 4 °C. We notice only a 5% decrease
of R} between 5°C and 50°C, a range within the exper-
imental error of our setup. The same composition stored at
room temperature in the dry form for 20 months shows only
a 3.6% drop of mass magnetization when measured with
a SQUID.

We conclude that ferrite particles are very stable in
aqueous solutions with a well-preserved original magneti-
zation that is necessary for an accurate temperature
determination.

G. Particle toxicity

Preliminary toxicity studies are conducted on particles
made of CugssZnge;Fe,O0,. Henrietta Lacks cervical-
cancer cells are seeded on to well plates with a
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poly-L-lysine treatment to improve cell adherence. Cells
are seeded at 50 000 cells per well, in accordance with the
layouts. Particles are then added in varying concentrations
from 0.1 to 10 mM and incubated for 8 h at 37°C.
A working concentration of 1-mM is also applied to several
plates that are incubated at increasing times (1, 2, 4, 8, and
24 h). Postincubation cell plates are then washed with
1x phosphate-buffered saline to rid them of any extra
nanoparticles. Cells are then fixed with a 2% formaldehyde
solution to prevent decay, terminate ongoing biochemical
reactions, and preserve the cells for analytical staining. We
then apply a 30-uM 4’, 6-diamidino-2-phenylindole (DAPT)
stain which binds to the DNA of fixed cells and gives off
fluorescence readings of 358-nm excitation and 461-nm
emission. Cell plates are then read on a plate reader, with
filters set to DAPI’s fluorescence. These readings of the
cells are then recorded and compared to the untreated cell
wells to assess the viability of the cells and, therefore, the
toxicity of the particles.

We see from the 8 h concentration curve assay that the
DAPI data show that particles display a slight increase in
toxicity (lower cell viability) with an increase in concen-
tration. The 1-mM working concentration is around 80%
viable. However, cell viability does not fall below 60%,
even after a 24-h time of incubation.

IV. CONCLUSIONS

In conclusion, Cu;_,ZnFe,O, ferrites in the form of
small particles can be employed as sensors in MRI ther-
mometry. With an appropriate doping of metallic cations,
one can control the transition temperatures of ferrites and
therefore shift the sensitivity to the temperature region of
interest imaged by MRI. In this paper, we target the
temperature region near human body temperature. We
demonstrate that micrometer-sized magnetic particles made
of the Cu 35Zn, ¢5Fe, 0, ferrite allows for a MRI determi-
nation of the temperature with an accuracy of £0.6°C at a
temperature of 37°C. The accuracy at 3.0 T for the
Cug 35Zn ¢5Fe, 0, ferrite is similar to the accuracy obtained
at 1.5 T with micrometer-sized metallic Gd particles [18], as
mass magnetization for both compounds drops at almost
the same rate. However, a significant difference in the
value of the mass magnetization at 310 K, for Gd
(8.3 Am?kg~' K1) and for the Cu35Zn ¢sFe,0, ferrite
(29 Am?kg~! K1), leads to greater NMR line broadening
and dimmer 77;-weighted MRI images for the latter.

Micrometer-sized ferrite particles are too large to be used
for intravenous injection during medical procedures that
require temperature monitoring with MRL It is generally
understood that particles with diameters of 10-100 nm are
appropriate for such procedures [51,52]. In addition, further
studies must be carried out to better understand the
particles’ level of toxicity. We do not expect problems
such as nanotoxicity that are common in nanoparticle-
based contrast agents [53]. However, recent investigations

have shown that iron overload in humans may cause serious
pathological changes leading to heart failure or liver or
brain dysfunction [54,55]. Further studies are necessary for
a comprehensive evaluation of the toxicity of iron oxides.
We note, however, that iron-oxide-based ferrites are, in
general, biocompatible and offer the possibility for temper-
ature control during MRI-guided thermal treatments. We
can envision, however, a variety of medical applications
with micrometer-sized ferrite particles. For example, by
embedding the large particles in a silicone cap, one can
measure the external temperature of a skull during trans-
cranial focused ultrasound procedures avoiding the gen-
eration of hot spots [56,57].

Finally, we would like to comment on the composition
selection of Cu;_,Zn,Fe,0, ferrites to work as temperature
sensors for clinical scanners operating at different By, fields
(1.5, 3, and 7 T). This is a multiparameter problem, and our
current work sheds some light on it. The three important
parameters are (a) the value of magnetization at a given
temperature and field, (b) the temperature dependence of
magnetization at a given field, and (c) the concentration of
magnetic particles in the solution. At a given value of By,
by decreasing the concentration of particles in the solution,
one may use particles with a smaller content of Zn. On the
other hand, for the same concentration of particles with
a different composition, our data clearly indicate that one
needs to increase the Zn content in Cu,_,Zn Fe,O4
ferrite particles for scanners operating at higher fields.
Specifically, we obtain the same dependence of dM /dT for
samples with x = 0.65 in a 3-T field and x = 0.7 in a 5-T
field (data not shown). Increasing the field to 7 T would
result in using particles with a composition of x = 0.73 to
obtain the same dependence of dM/dT. This observation
allows one to tailor a selection of the magnetic particles that
depends on the temperature range of interest and the
strength of the magnetic field B,,.
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