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Abstract

Measurement of thiol-disulfide redox status is crucial for characterization of tumor physiology. 

The electron paramagnetic resonance (EPR) spectra of disulfide-linked dinitroxides are readily 

distinguished from those of the corresponding monoradicals that are formed by cleavage of the 

disulfide linkage by free thiols. EPR spectra can thus be used to monitor the rate of cleavage and 

the thiol redox status. EPR spectra of 1H,14N- and 2H,15N-disulfide dinitroxides and the 

corresponding monoradicals resulting from cleavage by glutathione have been characterized at 

250 MHz, 1.04 GHz, and 9 GHz and imaged by rapid-scan EPR at 250 MHz.
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1. Introduction

A key parameter for understanding the physiology of heterogeneous tumor 

microenvironments is thiol redox status [1–5]. Nitroxide diradicals joined by a disulfide 

bond (-S-S-) can be cleaved by reaction with other molecules containing sulfhydryl groups 

to produce monoradicals. Cleavage of the S-S bond results in distinctive changes in the EPR 

(electron paramagnetic resonance) spectrum, thereby providing information on the redox 

status of the environment of the diradical probe [6, 7]. Most EPR studies of nitroxide 

diradicals have been performed at a microwave frequency of about 9.5 GHz (X-band) [7–

10]. To achieve adequate depth penetration of the electromagnetic radiation for in vivo 

imaging, lower frequencies are required such as 1.0 GHz (L-band) or 250 MHz [11]. 

Recently EPR spectra have been reported for disulfide dinitroxides at ~1 GHz [7, 12]. We 

now report the frequency dependence of EPR spectra at 9.5 and 1.0 GHz, and 250 MHz of 

normoisotopic and 2H,15N-substituted disulfide dinitroxides that can be used to probe redox 

status.

Oximetric imaging at 250 MHz, a powerful tool for measuring local oxygen concentration in 

vivo, is based on changes in lineshapes or electron spin relaxation times of a relatively 
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narrow EPR signal [13]. Monitoring the conversion of nitroxide diradical to the 

corresponding monoradical to determine redox status is enhanced by measurement of the 

full hyperfine-split EPR spectrum as a function of position in the sample. We have recently 

developed a new approach for EPR 2D spectral-spatial imaging with spectral widths up to 

5.0 mT at 250 MHz [14] and demonstrated its application to imaging the full spectrum of 

spin-trapped hydroxyl radical [15]. In essence, each projection is a row in a matrix of 

information, which can be mathematically converted into a set of spectra at known spatial 

positions, which is a spectral-spatial image. Unlike the traditional filtered back-projection, 

this new method allows acquiring projections at selected gradients, which can be arbitrarily 

spaced - some closely spaced near zero for good spectral definition and some closely spaced 

at maximum gradient to define spatial resolution.

To enhance the signal-to-noise (S/N), projections are acquired by rapid-scan EPR. In rapid-

scan EPR the magnetic field is scanned through resonance in a time that is short relative to 

electron spin relaxation times [16]. Deconvolution of the rapid-scan signal gives the 

absorption spectrum, which is equivalent to the first integral of the conventional first-

derivative continuous wave (CW) spectrum. For a wide range of samples including rapidly-

tumbling nitroxides in fluid solution [17], spin-trapped O2
•− [18], the E′ center in irradiated 

fused quartz [19], paramagnetic centers in amorphous hydrogenated silicon [20], N@C60 

diluted in C60 [20], and the neutral single substitutional nitrogen centers (NS
0) in diamond 

[20], rapid-scan EPR provides substantial improvements in S/N relative to CW EPR for the 

same data acquisition time [16]. The improvement in S/N that can be obtained by recording 

the projections for EPR imaging at 250 MHz by rapid scan compared with CW EPR has 

been demonstrated for phantoms containing multiple nitroxide radicals [21]. To achieve 

about the same S/N for an image of the phantom required about 10 times as long for CW as 

for rapid scan [21].

In this report we show images at 250 MHz of phantoms comprised of a diradical and the 

corresponding monoradical (Fig. 1) that take advantage of the sensitivity enhancement of 

rapid-scan EPR. The cleavage reactions are shown in Fig. 1. Developing the ability to 

characterize and image redox-sensitive diradicals at 250 MHz is an important first step 

towards in vivo monitoring of the thiol redox status of a tumor deep within an animal.

2. Methods

Disulfide dinitroxides I and II were synthesized as reported [22]. Stock solutions were 

prepared in DMSO (dimethylsulfoxide) for subsequent dilution with pH 7.2 Tris buffer. The 

DMSO in the final solutions was 1% for 0.5 mM solutions and 2% for 1 mM solutions of I 
or II. The temperature was 20 – 22° C unless otherwise noted.

2.1 250 MHz

Spectroscopy and imaging at 250 MHz (9 mT, 90 G) were performed on the previously 

described spectrometer [23]. Rapid sinusoidal scans were generated with a locally-designed 

coil driver [24] and 8.9 cm diameter Litz wire coils to ensure uniformity of the scanning 

field over the sample. A cross loop resonator [25, 26] was used to isolate the detection 

system from the excitation. The resonator and scan coils were mounted with vibration-
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isolating Sorbothane polymer (Sorbothane, Inc., Kent, Ohio) in a Nylon bracket. The 

Sorbothane was added to the resonator to damp motions that could contribute to the 

oscillating background signal generated by the rapidly changing magnetic fields. To monitor 

temperature a thermocouple was mounted within 2 – 3 cm of the active volume of the 

resonator.

Two geometries of phantoms were used for imaging. One phantom used a 16 mm OD quartz 

tube divided into three compartments with a 10 mm separation between the two outer 

compartments. Sample was present in the two outer compartments. Forty-one projections 

were acquired with 1 G/cm increments in gradient between 20 and −20 G/cm. Data 

acquisition parameters for images of II and IIa were B1 = 72 mG, 3.01 kHz scan frequency, 

20 ns timebase, 65,536 points per projection, 40,000 averages, 53 s/projection. A second 

phantom consisted of two 5 mm OD quartz tubes, separated by a 5 mm Styrofoam spacer, 

supported in a 16 mm OD pyrex tube, which provided a 6 mm separation between the two 

solutions. Images of II as a function of time after addition of glutathione were acquired with 

21 projections at increments of 2 G/cm between 20 and −20 G/cm. Data acquisition 

parameters were B1 = 72 mG, 8.856 kHz scan frequency, 10 ns timebase, 65,536 points per 

projection, 45,000 averages, 20 s/projection. The iron signal from the pyrex outer tube is 

sufficiently strong that a blank image was acquired with deionized water in both tubes and 

subtracted from each image of II and IIa to remove the g = 4 signal.

In the rapid-scan experiment the rapidly changing magnetic field generates a background 

signal at the fundamental scan frequency which was removed from the data as described 

previously [27]. Projections were collected for each image and reconstructed using the 

previously described algorithm [14, 26].

2.2 1.04 GHz

Rapid-scan and CW spectra at L-band (1.04 GHz) were recorded on a Bruker E540 Elexsys 

spectrometer using a locally-designed dielectric resonator. Sinusoidal scan widths were 

between 70 and 100 G [24]. For diradical I the scan frequency was 7.46 kHz and B1 was 

34.5 mG. For diradical II and monoradicals Ia and IIa the scan frequency was 2.06 kHz and 

B1 was 61.4 mG.

2.3 X-band

X-band CW spectra were obtained with 100 kHz modulation frequency. T2 and T1 were 

measured by 2-pulse echo decay and inversion recovery, respectively, on an E580 Bruker 

spectrometer. Solutions were de-oxygenated by passing N2 gas over Teflon tubes that 

contained the solutions.

3. Results

3.1 Spectroscopy at 250 MHz, 1.0 and 9.6 GHz

In I and II, the electron-electron exchange interaction between the two nitroxide moieties is 

not strong enough to fully average the hyperfine coupling to the two nitrogens. This 

intermediate exchange results in a 5-line spectrum for 1H,14N-containing (I = 1) diradical I 
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in which lines 1, 3, and 5 are relatively sharp and lines 2 and 4 are broader (Fig. 2A), and a 

3-line spectrum for 2H,15N-containing (I = ½) diradical II in which lines 1 and 3 are 

relatively sharp and line 2 is broader (Fig. 2C). For dinitroxides such as I and II in which 

there are several bonds between the two nitroxide rings, the exchange interaction is through 

space rather than through the intramolecular bond linkage [10]. The magnitude of the 

exchange interaction is strongly dependent on molecular conformation and increases with 

increasing frequency of collisions between the two nitroxide moieties. The collision 

frequency increases with increasing temperature, resulting in enhanced exchange interaction 

that narrows the EPR spectral lines. This is clearly illustrated when the temperature of the 

solution was raised from 19°C to 38°C (Fig. 3). The frequency dependence of linewidths can 

be described with a spectral density function [10] so linewidths are larger at lower frequency 

as shown in Fig. 4. Linewidths in the spectra of I, Ia, II, and IIa at the frequencies shown in 

Fig. 4 are summarized in Table S1.

The use of the disulfide diradicals to monitor redox status requires understanding of the 

spectral changes that accompany the cleavage reaction at 250 MHz. Reaction of I with 

glutathione produces monoradical Ia with the familiar 3-line hyperfine pattern (Fig. 1 and 

2B). Reaction of II with glutathione gives IIa with the typical 2-line hyperfine pattern (Fig. 

1 and 2D). Under our experimental conditions, reaction of I (0.5 mM) with glutathione (1.0 

mM) goes to completion in about 3 hr at room temperature (ca. 20–22°C), and about 1 hr at 

37°C. The kinetics of the reaction is bimolecular [22]. The intracellular concentration of 

glutathione in cytosol is estimated to be in the range of 1 – 10 mM [7], so rates of cleavage 

in vivo are expected to be faster than for these in vitro studies [22].

X-band absorption spectra taken during the course of the reaction of I with an equimolar 

concentration of glutathione at 20°C are shown in Fig. 5. The time dependence of peak 

amplitudes in the corresponding first-derivative spectra is shown in Fig. 6. The spectra in 

Fig. 5 are shown as the absorption spectra, because the slices through the spectral-spatial 

images at 250 MHz that are shown in Fig. 7 are absorption spectra, and because the broad 

lines that are characteristic of the diradical are more conspicuous in the absorption spectra 

than in the first derivatives. In Fig. 5 the spectra are scaled to constant amplitude for the 

largest peak to emphasize changes in lineshape. In the diradical spectrum line 1 corresponds 

to the mI = +1 14N nuclear spin state for both nitrogens, which is 1 of 9 possible 

combinations of nuclear spin states and therefore accounts for 1/9 of the signal intensity. In 

the monoradical spectrum, line 1 corresponds to the mI = +1 nuclear spin state for a single 

nitrogen and accounts for 1/3 of the signal intensity. Thus, conversion of diradical to 

monoradical results in a 3-fold intensity increase for line 1. During the conversion of 

diradical I to monoradical Ia the amplitude of line 1 was observed to increase by more than 

a factor of three (Fig. 6), because of the narrowing of the line that accompanies the 

conversion of diradical to monoradical. This observation is consistent with the prior report 

that the amplitude of lines 1 and 5 in the spectra of another disulfide diradical increased by 

more than a factor of three during the conversion of diradical to monoradical [7]. The double 

integral of the signal from one mole of diradical is equal to that for two moles of 

monoradical. The double integrals of the spectra recorded during the course of the disulfide 

cleavage reaction (Fig. 5) did not change during the course of the reaction, which indicates 
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that reduction of the nitroxide moiety does not occur during the time of the cleavage 

reaction.

3.2 Electron Spin Relaxation Times at X-band

To further characterize the disulfide diradicals and the corresponding monoradicals, electron 

spin relaxation times were measured at X-band. CW power saturation curves (Fig. S1) 

demonstrated that relaxation rates were significantly faster for diradical I than for 

monoradical Ia. Pulse EPR was used to directly measure T1 and T2 in solutions equilibrated 

with air or N2 (Table S2). The relaxation times for the exchange-broadened lines are too 

short to be measured with available equipment. The electron-electron exchange interaction 

also shortens the relaxation times for lines 1, 3, and 5 in the spectrum of I and lines 1 and 3 

in the spectrum of II. Although pulsed EPR has been very effective for oximetric imaging 

based on trityl radicals that have relatively long spin relaxation times [28], the relatively 

long dead times of resonators at low frequency make it difficult to image radicals with 

shorter relaxation times. Rapid scan EPR is the preferred imaging modality for faster-

relaxing species such as nitroxide radicals [16].

3.3 Imaging at 250 MHz

Two spectral-spatial images of 2H,15N-dinitroxide II in a two-compartment phantom are 

shown in Fig. 7. In one image (Fig. 7A), both compartments of the phantom were filled with 

II. In the second image (Fig. 7B) one compartment contained II, and the other compartment 

contained monoradical IIa obtained by reaction with glutathione (Fig. 7B). The two images 

represent the extremes of the redox reaction. An in vivo environment would have a mixture 

of II and IIa. The image and slices through the image clearly display the changes in relative 

concentrations of mono and diradical.

A key indicator of redox status is the rate of cleavage of the diradical. Fig. 8 displays the 

time dependence of images in a phantom with 6 mm separation between two tubes. After 

addition of glutathione to one of the tubes (under N2), images were collected to monitor the 

conversion of II to IIa. The ratio of the amplitudes of peaks 1 and 2 in the absorption 

spectrum changes from 1.6 at time zero to 4.9 at time = 107 min. The overall appearance of 

the images and the ratios of peak heights in slices through the tubes clearly show the 

progress of the reaction. The time dependence of slices through the image is shown in Fig. 

S3.

The substantial spectral changes between the diradicals and corresponding monoradicals 

provide well-defined metrics for monitoring redox status. The S/N of the rapid scan images 

demonstrates the feasibility of imaging the time dependence of the diradical cleavage. A 3D 

rapid-scan EPR image at 250 MHz of these diradicals in a tumor can be obtained in 35 s, 

which permits determination of the reaction kinetics in vivo [29]. With an octanol-water 

partition coefficient of Pow = 13.5, the diradical should permeate cell membranes and thus 

readily enter cells [22]. Preliminary results of the extension of the 2D imaging 

reconstruction method reported here to 4D have recently been reported [30]. These 

observations indicate that the disulfide diradicals will be useable for in vivo imaging of thiol 

redox status in cells.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• EPR spectra of disulfide dinitroxide cleavage are indicators of thiol redox status

• EPR spectra of dimers are readily distinguished from those of monomers

• Thiol cleavage reactions in phantoms were monitored by EPR imaging at 250 

MHz
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Figure 1. 
Structures of disulfide dinitroxides I and II examined in this report. The cleaved 

monoradical forms of I and II are designated as Ia and IIa.
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Figure 2. 
Absorption spectra for solutions of radicals acquired by rapid scan at 250 MHz. A) 0.5 mM 

I, B) 1 mM Ia, C) 0.5 mM II, and D) 1 mM IIa. Lines are numbered from low to high field. 

Ia and IIa were prepared by reaction of I (0.5 mM) or II (0.5 mM), respectively, with a two-

fold excess of glutathione (1 mM).
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Figure 3. 
Deconvolved rapid-scan absorption spectra of I (top) and II (bottom) in air at 250 MHz at 

19 °C (solid, blue) or 38 °C (dashed, red).
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Figure 4. 
Absorption spectra of diradical I obtained by CW (9.6 GHz) or rapid scan (1.04 GHz and 

250 MHz).
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Figure 5. 
Integrated X-band CW spectra at 20°C showing changes during the cleavage of dinitroxide I 
(0.5 mM) by glutathione (0.5 mM). Time 0 ( ), 30 min ( ), 60 min ( ), 90 min 

( ), 120 min ( ), 150 min ( ), and 180 min ( ) after adding glutathione. To 

obtain the limiting spectrum after 24 hr ( ) the sample was stored at 4°C overnight. The 

spectra were scaled to constant amplitude for the highest peak.
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Figure 6. 
Time dependence of the peak-to-peak amplitudes of lines 1 (◇) and line 2 (●) in the first-

derivative spectra after addition of glutathione (0.5 mM) to I (0.5 mM). The amplitude of 

line 1 increases by more than a factor of 3 as I is converted to Ia, because the linewidth of 

line 1 is narrower for Ia than for I. The error bars are three times the standard deviations 

calculated for three spectra recorded in rapid succession. The arrows indicate the y-axis 

scale that corresponds to each data set.
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Figure 7. 
2D spectral-spatial images of II and IIa in a two-compartment phantom with a 10 mm 

spacer between compartments. A) Left: both compartments contain 0.5 mM diradical II; 

right: slices through the upper (blue) and lower (red) compartments of the image. B) Left: 

the upper compartment contains 0.5 mM II and the lower compartment contains 1 mM IIa, 

generated by the reaction of 0.5 mM II with 1 mM glutathione; right: slices through the 

upper (blue) and lower (red) compartments of the image.
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Figure 8. 
250 MHz images at 30°C of a two-tube phantom with 6 mm separation between tubes. 

Initially both tubes contained 1 mM diradical II. At time = 0, 2 mM glutathione was added 

to the upper tube. The time at completion of data acquisition for each image was A) 0 min, 

B) 26 min, C) 43 min, D) 60 min, E) 76 min, and F) 107 min.

Elajaili et al. Page 17

J Magn Reson. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


