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Abstract

Functional four-dimensional spectral-spatial electron paramagnetic imaging (EPRI)
is routinely used in biomedical research. Positions and widths of EPR lines in the
spectral dimension report oxygen partial pressure, pH, and other important param-
eters of the tissue microenvironment. Images are measured in the homogeneous
external magnetic field. An application of EPRI is proposed in which the field is
perturbed by a magnetized object. A proof-of-concept imaging experiment was con-
ducted, which permitted visualization of the magnetic field created by this object.
A single-line lithium octa-n-butoxynaphthalocyanine spin probe was used in the
experiment. The spectral position of the EPR line directly measured the strength
of the perturbation field with spatial resolution. A three-dimensional magnetic field
map was reconstructed as a result. Several applications of this technology can be
anticipated. First is EPRI/MPI co-registration, where MPI is an emerging magnetic
particle imaging technique. Second, EPRI can be an alternative to magnetic field
cameras that are used for the development of high-end permanent magnets and their
assemblies, consumer electronics, and industrial sensors. Besides the high resolution
of magnetic field readings, EPR probes can be placed in the internal areas of various
assemblies that are not accessible by the standard sensors. Third, EPRI can be used
to develop systems for magnetic manipulation of cell cultures.
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1 Introduction

Functional electron paramagnetic resonance (EPR) imaging has been successfully
used in a wide range of biomedical studies [1-14]. Besides the distribution of spin
probes, spatial distributions of several tissue microenvironment markers, such as
oxygen partial pressure, pH or redox status have been measured [2, 5, 15-21]. Func-
tional information is encoded into an additional spectral and/or temporal dimension
[22, 23]. As a result, the images become four or even five dimensional [24]. Rapid
scan (RS) EPR is the method of choice for spectral-spatial imaging, especially when
multi-line spin probes are used. This technique demonstrates higher sensitivity in
comparison with the conventional first-derivative continuous wave (CW) EPR [1, 2,
9, 24-34]. RS spectra can be captured on a microsecond time scale. Thousands of
projections can be measured within a very small-time interval, which is an impror-
tant factor for 4D imaging. In comparison with pulsed EPR, the RS method is not
limited by bandwidth and relaxation times. As a result, multi-functional multi-line
spin probes can be used.

Conventional EPR imaging requires that the external magnetic field is homog-
enous. If this condition does not hold, corrections have to be made during data pro-
cessing and/or image analysis to avoid erroneous results. This manuscript explores
an experimental situation in which the distribution of the static magnetic field across
the sample volume is inhomogeneous by design. The field inhomogeneity is not
caused by the magnet or imperfect gradient coils. It is generated by the sample itself.
A proof-of-concept experiment is described in this manuscript, in which a small
magnetic particle was used to perturb field homogeneity. Magnetic field distribution
around this particle is imaged using a spin probe with a narrow EPR line. The spec-
tral line position in a given voxel directly reads the value of the local field generated
by the particle.

RS EPRI mapping of the magnetic field, both constant (DC) and low-frequency
AC, can be used in a wide range of applications, such as in the development of high-
end permanent magnets and sensors based on these magnets. In this case, EPR can
be used as an alternative to commercial magnetic field scanners. Another potential
application is co-registration with magnetic particle imaging (MPI) modality [35].
EPR can provide superior spatial resolution and help independently track the move-
ment of magnetic nanoparticles in vivo. The proposed method of magnetic field
mapping may be used as an imaging tool to design and test devices for magnetic cell
manipulation [36].

2 Sample Preparation

Iron oxide Fe;O, silicon-coated nanoparticles, 20-30 nm, were purchased from
US Research Nanomaterials Inc. Dry nanoparticle powder was placed on a Tef-
lon plate, and ethyl cyanoacrylate liquid glue (Loctite Super Glue, Henkel Corp.,
Dusseldorf, Germany) was added to the powder to completely soak it in the glue.
A second Teflon plate was placed on the top of the sample with a gap of 500 pm
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between the plates. As a result, a solid film was formed after the glue dried. A
square with the dimensions of 700 pm X700 pm was cut of the film that was used
in the imaging experiments. The final dimensions of the magnetic sample were
700 pm X 700 pm X 500 pm.

Lithium octa-n-butoxynaphthalocyanine (LiNc-BuO) microcrystals were the
imaging agents. The conventional use of this probe is for longitudinal oxygen
measurements in pre-clinical and clinical EPR applications [37—41]. For magnetic
field mapping described in this paper, LiNc-BuO spin probe was homogeneously
dispersed in a resin (‘Clear’ resin, FLGPL CLO4, Formlabs, Somerville, MA) at
0.5 mg/mL concentration. This resin, which is used in the commercial Formlabs
3D printers, polymerizes after irradiation of a violet light source (405 nm). The
polymerization process depletes oxygen dissolved in the resin so that the formed
solid sample becomes completely deoxygenated. Full-width half-magnitude EPR
linewidth of the deoxygenated LiNc-BuO was measured to be 0.1 G.

A hole (inner diameter 11 mm) was made in the Teflon plate (8 mm thickness)
that was half-filled with the resin-probe mixture. Light exposure caused polymeri-
zation of the resin. The magnetic sample was placed on the top of the polymerized
substance, and the liquid resin was added to fill the hole. After light exposure, the
entire sample was polymerized with the magnetic particle surrounded by LiNc-
BuO probes in the solid matrix. The sample was removed from the Teflon plate and
imaged.

3 EPRImaging Results

Locally built modular EPR system operating at 800 MHz was used [1] for 4D spec-
tral-spatial imaging. All measurements were done in the rapid scan mode. A total of
2546 projections were acquired per image, including intermediate 26 zero-gradient
spectra. These spectra were used to correct for a slow drift of the external magnetic
field caused by a temperature-sensitive permanent magnet. Gradient coils embed-
ded into the magnet cause heating and a slow field drift as a result. RS signals were
transformed into absorption EPR spectra using a previously developed algorithm
[42]. The scan frequency was 9400 kHz. Scan amplitude was varied depending on
the gradient value to maximize signal-to-noise ratios of projections. The maximum
gradient value of 3 G/cm was used to measure projections. Images were recon-
structed using a previously described algorithm [22] developed by Komarov et. al.
[5] The result of reconstruction was a 4D array (three spatial and one spectral coor-
dinate). Each voxel containing a spectrum was line fitted using a standard MATLAB
function. The line position parameters were extracted to form 3D images of mag-
netic field distributions.

The magnetic field map was reconstructed that is shown in Fig. 1. Six cross sec-
tions along the z-direction of the external magnetic field are presented. Figure 1 is
in a good qualitative agreement with the field distribution around a magnetic dipole
(see Fig. 2). Figure 2 schematically places cross sections in Fig. 1 in the correspond-
ing regions of the dipole field. The white area in the cross section (see Fig. 1d)
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Fig.1 Cross sections of magnetic field map along the z-axis parallel to the external magnetic field.
Z-coordinates of the 2D slices were — 3 mm, — 2 mm, — 1 mm, 0 mm, 1 mm, 2 mm for a, b, c, d, e, and
f sections, respectively

Fig.2 Sketch of magnetic field B
produced around a magnetized 0
object containing iron nanopar-
ticles. Regions corresponding to
cross sections {a, b, c, d, e, f} in
Fig. 1 are depicted
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Fig. 3 Histogram of magnetic 2000
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corresponds to the position of the magnetized object. Figure 3 shows the distribution
of the magnetic field values within the entire image.

4 Discussion

EPR imaging was demonstrated as a method to map the static magnetic field pro-
duced by the magnetized assembly of iron nanoparticles. Measurements were done
at 800 MHz, which for LiNc-BuO probe corresponds to the magnetic field strength
of approximately 256 G. Alternating field scans did not exceed 6 G in peak-to-peak
amplitude, so that the particles were magnetically saturated, and the scans did not
significantly affect their magnetization. If an object is magnetized in the strong
external magnetic field, as in the described here experiment, only the field compo-
nent parallel to that field (B, in Fig. 2) can be imaged. Re-orientation of the object in
the magnet will change the direction of the magnetization vector which will remain
to be aligned with the external field. If the magnetized sample is not magnetically
isotropic, anisotropic properties of this sample can be imaged. It is also possible to
image the magnetic field created by a magnetized object that retains its magneti-
zation in the absence of an external force. In this case, components in the plane
orthogonal to the excitation alternating field can be measured. Repositioning of a
resonator or cavity with respect to the sample can be used to create a complete vec-
tor map around the magnetized object.

EPR imaging has the potential to occupy an application niche that cannot be
claimed by MRI, superconducting quantum interference devices (SQUID), and simi-
lar techniques that can measure very weak fields but may become impractical for the
measurements requiring a large dynamic range. In principle, given the current RS
state-of-the-art, magnetic field distributions as wide as 150 G can be imaged. This
range can be extended by combining slow external field sweep with fast scans [43].
Since MRI operates at much higher compared to EPRI magnetic fields, the place-
ment of a magnetized object that creates such strong fields may not only be imprac-
tical but also dangerous. The maximum sample size will depend on the resonator
type and radiofrequency, RF. Using relatively low RF, such as 250 MHz, will permit
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imaging objects several centimeters in size. However, the use of low frequency will
restrict the range of magnetic fields that can be imaged.

Several applications can be anticipated. First is the co-imaging with MPI.
EPRI can be used to visualize and track magnetic nanoparticles that are routinely
used in pre-clinical studies. Toward this goal, maps similar to one shown in Fig. 1
can be used. By solving an inverse deconvolution problem, the distribution of
nanoparticles can be obtained. EPRI may be able to compete and/or be comple-
mentary to MPI. For example, particle position and pH mapping can be done
simultaneously, as hyperfine splitting will not be affected. The entire EPR spec-
trum will be offset by induced magnetization so that relative line positions will
be preserved. Testing various types of devices and sensors based on small perma-
nent magnets will be a potential industrial application of this technology. In this
case, EPRI will become an alternative to the currently used magnetic field cam-
eras. This method has the advantage of imaging the interior of the objects while
scanners collect data outside. EPRI field mapping can also be used to design and
test devices for magnetic cell manipulation [36].

The described approach to imaging of the magnetic field distribution is not
limited to RS EPR. The standard first-derivative CW method can be used as well.
However, rapid-scan images can be acquired much faster given the same mag-
netic field map resolution. RS EPR was demonstrated to provide superior sensi-
tivity when probes with long relaxation times are used [30]. Magnetic field imag-
ing based on pulsed EPR may not be practical if wide magnetic field distributions
are measured. In this case, the free induction decay signal may be very short to be
adequately captured. Also, RS EPR may be used to image time-dependent peri-
odic AC magnetic fields. RS EPR can capture a single projection within tens of
microseconds. Synchronizing imaging acquisition with the scan frequency will
permit measurements of AC fields.
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