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Imaging analysis for multiple paramagnetic
agents using OMRI and electrophoresis
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Nitroxides have been widely used as a molecular probe for
analysis of various diseases models. This article describes an
analytical method for separation and semi-quantification of
multiple paramagnetic contrast agents with simple procedure
combining electrophoresis and Overhauser enhancement
magnetic resonance imaging (OMRI) imaging. We used three
nitroxides, 3-carbamoyl PROXYL, 3-carboxy PROXYL, and CAT-1,
which have different ionic charges in the molecule. In addition,
we showed that this method could apply for in vitro
measurement using biological sample. The results showed the
nitroxides were successfully separated with electrophoresis
depending on their charge, and their separation was visualized
with OMRI after electrophoresis. Vehicle media such as whole
blood did not affect the electrophoresis results and OMRI
enhancement factor. Thus, the method can be used to analyze the
redox status of biological samples without preprocessing. This
analytical method enables in vitro measurement of biological
samples to determine the redox status of specific tissue layers
using paramagnetic agents, which is helpful for detailed analysis
of redox-related diseases.
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F ree radicals including reactive oxygen species and reactive
nitrogen species are associated with various physiological

processes such as immune functions(1) and cellular signaling.(2)

Excess production of reactive oxygen species causes disorders in
the redox balance and oxidative damage to cells and tissues,(3)

resulting in the onset of various diseases such as ischemia reper‐
fusion,(4,5) inflammation,(6) and diabetes.(7,8)

Monitoring of the redox status in vivo would be useful for
investigating the pathology of diseases related to oxidative stress.
Electron paramagnetic resonance (EPR) or Overhauser enhance‐
ment MRI (OMRI) are frequently used for imaging of the redox
status in the animal body.(7–9) These methods utilize molecular
probes containing paramagnetic sites, such as nitroxides, as “spin
probes”.(10)

Nitroxides can be used to investigate the redox status because
they have moderate stability and reactivity with redox-reactive
substances, such as ROS, RNS, antioxidants, and reducing equiv‐
alent such as TEMPOL.(11,12) The antioxidant effects of nitrox‐
ides(13) in animal disease models are reported to depend on the
octanol/water distribution coefficients.(14) For example, nitroxide
compounds act as antioxidants and have different mechanisms to
inhibit gastric ulcers depending on their properties.(14,15) Two spin
probes, which were either membrane-permeable or membrane-
impermeable probes were also detected simultaneously in the

intra- and extracellular compartments of the stomach of rats with
indomethacin-induced gastric ulcers and the difference in the
suppression of gastric mucosal damage was investigated using a
live rat stomach with indomethacin-induced gastric ulcers.(15) As
reported in those papers, observing nitroxides with different
tissue permeability is important to know point of action of each
nitroxide in gastric mucosa and also useful to understand the
detail mechanism of ulcer formation. Therefore, by using
multiple nitroxides with different tissue permeability, detailed
analysis of nitroxides reduction distributed in different layers of
gastric mucosal would be possible and be utilized to know the
more detail mechanism of gastric diseases related to free radicals.
However, simultaneous detection of more than two spin probes

in in vivo have not achieved because there were no methods to
detect more than two nitroxides simultaneously. There are some
reports describing methods for assessing two nitroxides simulta‐
neously with EPR(16) or OMRI.(17,18) These studies utilized two
nitroxides either with 14N or 15N nitrogen, which gives a different
paramagnetic spectrum, enabling simultaneous measurement by
OMRI or EPR. However, isotopic labeling method is limited to
the number of stable isotopes of each nuclide to detect multiple
agents. In case of nitroxide, there are only two stable isotopes of
nitrogen.
The current study was conducted to demonstrate the feasibility

of a new analysis method using OMRI and electrophoresis to
separate and image more than two nitroxides simultaneously. We
focused on the electric charge of nitroxides, demonstrating that
three nitroxides were separated by electrophoresis and semi-
quantified by an OMRI system, which is appropriate for
detecting small amounts of free radical samples because of its
high sensitivity.

Materials and Methods

Chemicals. Three nitroxides were used in the study;
negatively charged 3-carboxy-PROXYL (CxP; Sigma Aldrich,
St. Louis, MO), neutral charged 3-carbamoyl-PROXYL
(CmP; Sigma Aldrich), and positively charged 1-oxy-4-
trimethylamine-2,2,6,6,tetramethyl-piperidine (CAT-1; Invitrogen,
Carlsbad, CA). These nitroxides are selected since they are
frequently used for in vivo measurement.(8,19,20)

Measurement of 9.4-GHz EPR spectra. In OMRI, because
the NMR signal intensity of the area in which free radicals were
distributed is amplified as a result of the transfer of polarization
from electrons to protons, EPR irradiation at an appropriate
microwave (MW) frequency was required to obtain the distribu‐
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tion image of nitroxides. Therefore, to verify the EPR absorption
positions of CxP, CmP, and CAT-1, we obtained their 9.4-GHz
X-band EPR spectra. X-band EPR spectra were obtained to
verify the EPR absorption position of 4 mM aqueous solution of
nitroxides using an X-band EPR spectrometer (JES-RE01; JEOL,
Tokyo, Japan).
Additionally, to determine the optimum concentration of

nitroxides, we investigated the relation between the concentration
and EPR signal intensity.
The parameters were as follows: 9.4 GHz microwave

frequency, 330.8 mT center field, 10 mT scanning field, 8,192
acquisition points, 0.1 mT magnetic field modulation, 100 kHz
modulation frequency, 120 s field scanning duration, 0.3 s time
constant, and 1 mW incident power. The absorption position
was calculated using the middle peak of the triplet EPR signal.
Calibration curves were obtained using 0.5, 1, 2, 3, 4, and 5 mM
aqueous solutions of nitroxides. The number of each nitroxide
was calculated by double integration of each EPR spectrum.

Electrophoresis of nitroxides. To demonstrate that sample
included multiple nitroxides were separated with electrophoresis
method, we mixed an equal volume of 12 mM solutions of the
three nitroxides to prepare a mixed solution containing 4 mM of
each nitroxide. We compared the three individual nitroxide
solutions and mixture solution.
Furthermore, to investigate the effect of using biological

samples on the electrophoresis of nitroxides, we mixed each
nitroxide with serum or whole blood from mice. Blood samples
were obtained approximately 500–1,000 μl from 5–7-week-old
female C57BL mouse (CLEA JAPAN, Inc., Tokyo, Japan). The
serum was prepared using a standard method. Whole blood
samples were mixed with the individual nitroxides immediately
after blood sampling. To prepare biological samples containing
nitroxide, we mixed equal amount of 8 mM nitroxide aqueous
solution and the serum or whole blood to give a final nitroxide
concentration of 4 mM. All procedures involving animals were
approved by the ethics committee of Nagasaki International
University.
For gel electrophoresis, 1% agarose gel (FUJIFILM Wako

Pure Chemical Corporation, Osaka, Japan) was prepared with
Tris-acetate EDTA buffer (FUJIFILM Wako Pure Chemical
Corporation). The size of each well was 2 × 3 × 7.5 mm and the
gap between wells was 2 mm. Before starting electrophoresis, the
agarose gel was left in Tris-acetate EDTA buffer for at least
10 min, after which 30-μl samples were applied to each well as
shown in Fig. 3A. For a set of one measurement, a mixture of
nitroxides, CAT-1, CmP, and CxP was applied to the gel
(Fig. 3A).
Electrophoresis was performed at a constant voltage of 135 V

for 7 min, and then a gel piece 22 × 25 × 9 mm was cut from the
gel to fit an OMRI measurement tray (25 mm × 30 mm × 9 mm).
All experiments were carried out 4 times.
OMRI imaging. A laboratory-built 16 mT OMRI system was

used in the experiments. For EPR excitation, a 30 × 30 mm
square surface coil resonator was used (Supplemental Fig. 1A*).
After electrophoresis, a gel piece in the OMRI measurement tray
was placed in the slot of the EPR surface coil to assure reproduc‐
tion in repeatable measurements (Supplemental Fig. 1B*). The
NMR frequency was 685 kHz and EPR excitation frequency was
set to 456 MHz. The parameters for OMRI were as follows:
1,000 ms repetition time, 40 ms echo time, 60° flip angle, 500 ms
EPR excitation time, 60 × 60 mm field of view, 0.93 × 0.93 mm
pixel size, 100 mm slice thickness, and 9 accumulation times.
To calculate the enhancement factor, we used a mean value of

3 × 4 pixels (2.8 × 3.7 mm) to completely cover the individual
area of the wells, considering that OMRI images were blurred
because of diffusion during electrophoresis. The enhancement
factor was calculated as the ratio of the mean values of signal
intensity of the well area including each nitroxide to those of the
same position in the image without EPR excitation. The enhance‐
ment factors were evaluated by analysis of variance.

Results

Comparison of absorption position of nitroxides. Figure
1 shows the comparison of the spectra of each nitroxide. To
investigate details of spectra, we magnified the middle peak of

−2.6

0.0

2.6

326.0 327.0 328.0 329.0 330.0 331.0 332.0 333.0 334.0 335.0 336.0

CAT-1

−2.6

0.0

2.6

326.0 327.0 328.0 329.0 330.0 331.0 332.0 333.0 334.0 335.0 336.0

CmP

−2.6

0.0

2.6

326.0 327.0 328.0 329.0 330.0 331.0 332.0 333.0 334.0 335.0 336.0

CxP

Magnetic field [mT]

In
te

ns
ity

 [
a.

u.
]

In
te

ns
ity

 [
a.

u.
]

In
te

ns
ity

 [
a.

u.
]

A
×104

×104

×104

−3.0

−2.0

−1.0

0.0

1.0

2.0

3.0

330.40 330.50 330.60 330.70 330.80 330.90 331.00 331.10 331.20 331.30

CxP
CmP
CAT-1

Magnetic field [mT]

In
te

ns
ity

 [
a.

u.
]

B

Fig. 1. Comparison of 9.4-GHz EPR spectra and concentration dependence of 4 mM CxP, CmP, and CAT-1. (A) Comparison of triplet EPR spectra of
nitroxides. (B) Magnified view of middle peaks of three nitroxides shown in (A).
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the spectra shown in Fig. 1A. As shown in Fig. 1B, the zero
crossing points of the middle peaks of CxP, CmP, and CAT-1
were 330.87, 330.86, and 330.82 mT, respectively. The
maximum difference in the absorption point was 0.05 mT
(CxP and CAT-1), i.e., approximately 1 MHz difference in the
EPR frequency at X-band.

Relation between concentration and EPR signal intensity.
The EPR signal intensity was proportional to the concentrations
of nitroxides up to 4 mM (Fig. 2). As the initial blood concentra‐
tion of nitroxides is generally 4–10 mM in animal experiments,
a concentration of 4 mM nitroxides is reasonable for all
experiments including animal experiments and thus was used
for semi-quantification analysis.

Visualization of nitroxides in gel. We separated the
nitroxide mixture based on charge by electrophoresis and then
visualized the separated nitroxides by OMRI. Figure 3 shows
the results of gel OMRI before and after electrophoresis. As
shown in Fig. 3A, it was difficult to identify individual nitroxide
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Fig. 2. EPR double integral intensity versus concentration for CxP,
CmP, and CAT-1. When the concentrations were less than 4 mM, EPR
double integral intensity was proportional to the concentration of CxP,
CmP, and CAT-1 and the correlation coefficients (r2 values) were 0.97,
0.99, and 0.97, respectively.

from a mixture without electrophoresis. In contrast, as shown in
Fig. 3B–D, the nitroxide mixture was separated based on the
charge of each nitroxide by electrophoresis. The distance moved
by charged nitroxides (CxP or CAT-1) in the mixture was similar
to the distance moved by those in single nitroxide aqueous
solutions. Figure 3C and D show the results of gel imaging of
nitroxides in a biological sample. Although there were some
differences in the distance moved, each nitroxide could be
identified and semi-quantified after electrophoresis. Table 1
shows the comparison of enhancement factor of each nitroxides
in different vehicle media. As a result of analysis of variance,
p value were 0.10 for CAT-1, 0.34 for CmP and 0.13 for CxP,
respectively. There was no significant difference depending on
vehicle media.

Discussion

The experimental results indicate that separation and semi-
quantification of individual nitroxides in a mixture was possible
by combining electrophoresis with OMRI. Therefore, since
vehicle media such as whole blood did not affect the elec‐
trophoresis results (Fig. 3C and D) or OMRI enhancement factor
(Table 1), the method can be used to analyze the redox status
of biological samples without preprocessing.
Variations in OMRI enhancement among nitroxides depend

on multiple factors. The average enhancement factor of CmP
was approximately 2-fold higher than that of CxP and CAT-1, as
shown in Table 1. According to dynamic nuclear polarization
theory,(21) the lineshape of the spectra of nitroxides, i.e., electron

Table 1. The enhancement factor when the different solvent was
applied

In water In serum In whole blood

CAT-1 2.17 ± 0.09 2.73 ± 0.48 1.88 ± 0.18

CmP 4.53 ± 0.13 5.02 ± 1.60 4.11 ± 0.29

CxP 2.44 ± 0.40 2.08 ± 0.34 1.64 ± 0.03

The enhancement factor was calculated with the methods referred in
Materials and Methods. Values are means ± SD of each three measure‐
ments.
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Fig. 3. Gel electrophoresis results of CxP, CmP, and CAT-1, and the mixture of these three free radical reagents. OMRI images were obtained (A)
without electrophoresis, Lane 1: mixture of CxP, CmP, and CAT-1, Lane 2: CAT-1, Lane 3: CmP, Lane 4: CxP, or after electrophoresis with a vehicle
media of (B) distilled water; (C) serum; and (D) whole blood, respectively. Experimental parameters for electrophoresis and OMRI measurement are
described in the Methods.
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relaxation, is one factor related to the degree of EPR saturation.
The linewidths of each nitroxide calculated from Fig. 1B were
0.164, 0.156, and 0.184 mT for CxP, CmP, and CAT-1, respec‐
tively. The order of the linewidth was inversely correlated with
that of the enhancement factors of the nitroxides.
The response of each nitroxide to the MW frequency for EPR

excitation also could contribute to the difference in the enhance‐
ment factor (Fig. 1B). Although each nitroxide had optimum
exciting frequency, the differences in MW frequency for EPR
excitation were approximately 40 kHz at 15 mT and may cause
small effect on enhancement factors as shown in Supplemental
Fig. 2*. Thus, we decided to use single frequency for EPR
excitation.
The other reason for the difference in the enhancement factor

may be the inhomogeneity of the B1 field generated by the EPR
excitation coil. As shown in Supplemental Fig. 2*, because the
difference of enhancement factors was within the measurement
error when nitroxide aqueous samples were placed the same
position, B1 field distribution would affect variations in OMRI
enhancement between each nitroxide shown in Table 1. The
bands of CAT-1 and CxP after electrophoresis were approxi‐
mately 6 and 7 mm away from the wells (Supplemental Fig. 1B*
and Fig. 3B–D). Therefore, the B1 field intensity may be lower
than that at the center of the coil, at which CmP remained, and
may contribute to smaller enhancement factors. Further, as
shown in Fig. 3A, as the nitroxide mixture in lane 1 was placed
on the edge of the coil, the enhancement factors appeared to be
lower than that in the other lane. The compensation for the B1
distribution should be determined in future studies for nitroxide
quantification.
We separated and analyzed individual nitroxides from a

nitroxide mixture by combining electrophoresis and OMRI,
although some technical issues must be overcome. One difficulty
of this method is extending the homogenate B1 area to measure
more than three probes. Because the size of the gel used for
electrophoresis would be increased as additional probes are used,
the B1 homogeneous area was limited. A larger coil or array coil
can expand the B1 area.(22) The EPR excitation of each nitroxide
must also be optimized. It would be helpful to switch the MW
frequency to the corresponding optimal EPR frequency of each
nitroxide to improve the enhancement factor and quantification

of nitroxides.
In theory, the number of nitroxide probes can be increased if

there are differences in the ionic valences of the probes. There‐
fore, for in vitro measurements, compared to isotopic labeling,
our method is practical for investigating the redox status in living
animals because more than two reagents can be used in this
simple process.

Conclusion

We demonstrated the feasibility of an analytical method for
separating and imaging multiple nitroxides simultaneously
using electrophoresis and OMRI. Depending on the moieties of
nitroxides, CmP, CxP, and CAT-1 were successfully separated
and imaged in a mixture after electrophoresis and OMRI. This
method is applicable for in vitro measurement of biological
samples. In principle, this method can separate more than three
paramagnetic compounds based on the ion valence. This
approach can be utilized for in vitro analysis of multiple probes,
which may be useful for detailed investigation of the redox status
in specific tissue layers.
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