
www.elsevier.com/locate/jmr

Journal of Magnetic Resonance 182 (2006) 273–282
Dynamic nuclear polarization properties of nitroxyl radicals used
in Overhauser-enhanced MRI for simultaneous molecular imaging

A. Milton Franklin Benial 1, Kazuhiro Ichikawa, Ramachandran Murugesan 2,
Ken-ichi Yamada, Hideo Utsumi *

Department of Bio-functional Science, Faculty of Pharmaceutical Sciences, Kyushu University, Fukuoka 812-8582, Japan

Received 8 March 2006; revised 14 June 2006
Available online 27 July 2006
Abstract

DNP parameters relevant to Overhauser-enhanced magnetic resonance imaging (OMRI) are reported for a few nitroxyl radicals and their
corresponding 15N and 2H enriched analogues, used in simultaneous imaging by OMRI. DNP enhancement was measured at 14.529 mT,
using a custom-built scanner operating in a field-cycled mode, for different concentrations, ESR irradiation times and RF power levels. DNP
enhancements increased with agent concentration up to 2.5 mM and decreased above 3 mM, in tune with ESR line broadening measured at
X-band as a function of the agent concentration. The proton spin-lattice relaxation times (T1) measured at very low Zeeman field
(14.529 mT) and the longitudinal relaxivity parameters were estimated. The relaxivity parameters were in good agreement with those inde-
pendently computed from the linear region of the concentration dependent enhancement. The leakage factor showed an asymptotic increase
with increasing agent concentration. The coupling parameters of 14N- and 15N-labeled carbamoyl-PROXYL showed the interaction
between the electron and nuclear spins to be mainly dipolar in origin. Upon 2H labeling, about 70% and 40% increases in enhancement
for 15N- and 14N-labeled nitroxyl agents were observed, respectively. It is envisaged that the results reported here may enable better under-
standing of the factors determining DNP enhancement to design suitable ‘beacons’ for simultaneous molecular imaging by OMRI.
� 2006 Elsevier Inc. All rights reserved.
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carboxy-PROXYL, 3-carboxy-2,2,5,5-tetramethyl-pyrrolidine-1-oxyl; car-
bamoyl-PROXYL, 3-carbamoyl-2,2,5,5-tetramethyl-pyrrolidine-1-oxyl;
DNP, dynamic nuclear polarization; ESR, electron spin resonance; FID,
free induction decay; FWHM, full-width half-maximum; GE, gradient
echo; GP, gradient phase; GS, gradient slice; I, nuclear spin quantum
1. Introduction

Molecular imaging is rapidly emerging as an important
biomedical tool for the visual representation, characteriza-
tion, and quantification of biological processes at cellular
and subcellular levels [1–3]. By exploiting specific molecules
as the source of image contrast, it promises new insights
into disease processes. Further, the use of fewer animals
in biological assays with molecular imaging is highly
appealing, both on ethical as well as on economical
grounds. The involvement of free radicals in a range of
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diseases has provoked considerable interest in the develop-
ment of different modalities for free radical imaging in
different laboratories [4–11]. Though ESR3 imaging has
number; MC-PROXYL, 3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrroli-
dine-1-oxyl; mI, nuclear spin magnetic quantum number; MRI, magnetic
resonance imaging; NMR, nuclear magnetic resonance; Nrf2, NF-E2-
related factor-2; OMRI, Overhauser enhanced magnetic resonance imag-
ing; PBS, phosphate buffered solution; RF, radio frequency; ROS, reactive
oxygen species; S, electron spin quantum number; T1, proton spin-lattice
relaxation time; TE, echo time; TEMPOL, 2,2,6,6-tetramethylpiperidine-
N-oxyl-4-ol; TESR, ESR irradiation time; TR, repetition time.
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exemplified as a sensitive and decisive free radical imaging
modality, for morphological information of the radicals, it
is often necessary to co-register the ESR images with MR
images. Such co-registrations require additional hardware
(MR imaging facility), well-thought out as well as delicate
fiducial markings and suitable software for inferring the
interrelated information [12]. Recently, Overhauser mag-
netic resonance imaging is shown to be a viable alternative
to these difficulties because of the advantage that both
physiologic and anatomic information can be extracted
simultaneously [4–6]. OMRI is based on the Overhauser
effect, wherein ESR resonance of the free-radical is irradi-
ated during the acquisition of an MR image. Transfer of
polarization from unpaired electron spins to the coupled
proton spins results in the enhancement of the NMR signal
in regions of the sample containing free-radical, revealing
its spatial distribution in the final image. This leads to
the possibility of NMR imaging at very low magnetic fields
[4–6,13–16]. OMRI offers better sensitivity than the native
MRI, and its spatial resolution is not limited by the line
width of the free-radical, in contrast to the ESR imaging.
Both the temporal and the spatial distribution of spin
probes in vivo can be simultaneously monitored with rea-
sonably good resolution. These advantages motivated us
to explore, for the first time, the potential of OMRI for
simultaneous molecular imaging of redox reactions using
nitroxyl radicals [4].

Nitroxyl radicals have been widely used as spin probes
for low-frequency in vivo ESR imaging, and as contrast
agents for Overhauser imaging. Reasonable pharmacoki-
netic features, such as that the imaging agent reaches its
intended target at sufficient concentration and remains
there for sufficient time to be detectable in living subjects,
are mandatory for the externally administered nitroxyl
agent. Obstacles such as rapid excretion, nonspecific bind-
ing/trapping, metabolism and delivery barriers must be
overcome for useful in vivo applications. The primary
factor to be taken into account for in vivo imaging is
the stability of the imaging agent. In this respect, the
nitroxyl radical, carbamoyl-PROXYL outscores other
agents to become an automatic choice for in vivo free rad-
ical imaging and ROS monitoring [17–22]. Carbamoyl-
PROXYL has also been widely used for the evaluation
of in vivo free radical reactions and redox status in living
animals. Hepatic oxidative stress in liver, increased oxida-
tive stress in the kidneys of diabetic mice, oxidative stress
during ischemia-reperfusion in acute renal failure and the
tissue-reducing activity of Nrf2 transcription factor defi-
cient mice are a few examples that are visualized by using
carbamoyl-PROXYL in conjunction with low frequency
ESR imaging [23–26]. Recently, we have used 14N- and
15N-labeled carbamoyl-PROXYL, carboxy-PROXYL
and MC-PROXYL to demonstrate the capability of
OMRI to simultaneously image two different but related
reactions [4]. In continuation to this work, here we report
the DNP properties of these nitroxyl radicals, and their
deuterated derivatives to enable us to make further
improvements in the design of the nitroxyl probes,
because progress in the field of simultaneous molecular
imaging of redox reactions by OMRI is conditional on
the construct of suitable ‘beacons’.

1.1. Theory

Theoretical principles of OMRI are well documented
[13–15]. Nevertheless, a brief outline of the principles rele-
vant to the experiments reported herein is presented in this
section. OMRI is based on the Overhauser effect that
enhances the amplitude of the NMR signal of the solvent
water protons while the ESR transition of the dissolved
paramagnetic solute is saturated. The enhancement, E of
the NMR signal of the 1H nuclei (I = 1/2) of water
molecules with couplings to an unpaired electron spin
S = 1/2 of a dissolved free radical, is given by,

E ¼ hIZi
I0

¼ 1� qfs
jcej
cN

: ð1Þ

Here, ÆIzæ denotes the expectation value of the dynamic
nuclear polarization, I0 is its thermal equilibrium value, q
is the coupling parameter, f is the leakage factor, s denotes
the saturation parameter, and ce and cN are, respectively,
the electron and nuclear gyro magnetic ratios. In native
MRI, the spectral densities of the fluctuating 1H–1H
dipolar fields, modulated by random molecular motion
determine the T1 and T2 contrasts. For example, the differ-
ences in spectral weights at the proton Larmor frequency
relate to the T1 contrast. But, in OMRI, the spectral densi-
ty function of the electron–proton interaction plays a ma-
jor role. The enhancement is appreciable only when
molecular motion takes place in a timescale faster than
the inverse Larmor frequency of the electron spin. In the
extreme narrowing limit, where the inverse electronic Lar-
mor frequency is larger than the characteristic correlation
time of the molecular motion, the coupling mechanism in
most nitroxyl agents and water proton system becomes
entirely dipolar in origin, and the coupling parameter q
takes a value of 0.5, leading to maximum enhancement un-
der the ideal conditions of 100% saturation of ESR transi-
tion and no loss of NMR polarization. But, there is a loss
in polarization, brought about by the spin-lattice relaxa-
tion of nuclei within the solvent molecules via proton–pro-
ton dipolar couplings. The leakage factor f in Eq. (1) that
accounts for the loss of polarization is sensitive to the mo-
tion and it depends also upon the concentration of the
nitroxyl agents, as given by,

f ¼ 1� T 1

T 10

¼ kCT 10

1þ kCT 10

: ð2Þ

Here, T1 denotes the NMR spin-lattice relaxation time of
the water protons of the nitroxyl agent solution. Intrinsic
nuclear relaxation rate of water protons in the absence of
nitroxyl agent is denoted by 1/T10. The concentration of
the nitroxyl agent is given by C, and k denotes the relaxiv-
ity constant. As the concentration of the agents is increased
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the leakage factor approaches to unity, because with
increasing C, kC� 1/T10.

The factor more critical to the sensitivity of OMRI is
given by the degree of saturation of the electron spin,

s ¼ ðS0 � hSZiÞ
S0

; ð3Þ

which at a given ESR power, depends on the electron spin
relaxation rates of the nitroxyl agent. For on resonance
irradiation at the center frequency of one of the hyperfine
components of the nitroxyl agent, by an oscillating magnetic
field of amplitude B1, the saturation factor is given by,

s ¼ c2
eB2

1T 1eT 2e

1þ c2
eB2

1T 1eT 2e
: ð4Þ

Here, T1e and T2e are the electron spin–lattice and spin–
spin relaxation times, respectively. The transverse relaxa-
tion rate, given by,

1

T 2e
¼ 1

T j2e

þ 1

T j1e

ð5Þ

contains a secular term 1=T j2e and a lifetime broadening,
nonsecular term 1=T j1e. For small free radical concentration
and low viscosity, both 1=T j2e þ 1=T j1e are often dominated
by motion-induced modulation of intramolecular aniso-
tropic interactions, and the saturation parameter, s is
expected to be independent of free radical concentration.
Under such condition the enhancement factor is mainly
determined by Eq. (2). Hence, in this regime a plot of
1/(1 � E) vs. 1/C is expected to be linear. But as the con-
centration of the nitroxyl agent is further increased, the
interaction between the radicals dominates, leading to line
broadening, and consequently to reduced saturation factor
at a given RF power level. For complete saturation of one
of the ESR transitions, and the condition that 1/T10�
1/T1, the enhancement factor is given by,

1� E ¼ �ðce=cNÞq
ð2I þ 1Þ ; ð6Þ

where I is the relevant nuclear spin quantum number, (1 for
14N and 1/2 for 15N). The Overhauser enhancement reach-
es maximum values of 110 and 165, respectively, for 14N
and 15N nitroxyl agents for pure dipolar, and 220 and
330 for scalar interactions. Experimentally, these maximum
values are not realized due to many factors. In nitroxyl
agents, there is additional hyperfine interaction between
the hydrogen nuclei and the unpaired electron. Hence the
three (for 14N) or two (for 15N) ESR lines are inhomoge-
neously broadened due to the presence of the unresolved
hydrogen hyperfine. An inhomogeneously broadened
ESR line with very closely spaced hyperfine lines has Voigt
line shape function, the convolution of a Lorentzian line
shape with a Gaussian intensity profile [16]. Hence, Eq.
(4) will no longer hold good, and irradiation of one of
the nitrogen hyperfine lines will result only in partial satu-
ration. Nevertheless, the enhancement factor, achieved by
irradiating a single ESR line of the nitrogen hyperfine line
of the nitroxyl agent can be approximately given [14,15] by
combining Eqs. (1), (2) and (6),

1

1� E
¼ 1

658
1þ 1

kCT 10

� �
ð2I þ 1Þ 1þ 1

aP

� �
1

q
: ð7Þ

Here, P is the applied ESR power level, which is propor-
tional to B2

1, and a is a constant related to the conversion
efficiency of the coil and the relaxation times of the electron
spins. Therefore, a plot of reciprocal enhancement against
reciprocal power, 1/P, should give a straight line with inter-
cept 1/(1 � Emax) where Emax is the maximum enhance-
ment achieved under complete saturation of the ESR
signal. The effect of concentration on the enhancement fac-
tor can be better visualized by rearranging Eq. (7) as

s
1� E

¼ 1

658
1þ 1

kCT 10

� �
1

q
; ð8Þ

where s = [1/(2I + 1)] · aP/(1 + aP). Therefore, a plot of
s/(1 � E) against 1/C should be linear and the slope must
be consistent with the independently determined kT10.
The intercept of the low concentration region, linear por-
tion of s/(1 � E) extrapolated to 1/C = 0, can thus provide
an additional check of the experimental data.

2. Materials and methods

The spin probes, carboxy-PROXYL, carbamoyl-
PROXYL were purchased from Aldrich Chemical Co,
St. Louis, MO, USA. MC-PROXYL was synthesized
as described earlier [27]. 15N-Labeled nitroxyl probes
were synthesized in our laboratory by using 15N-ammo-
nium chloride (Cambridge Isotope Laboratories, Inc.
MA, USA) as per literature [28]. 15N-Labeled deuterated
nitroxyl probes were synthesized by using 15N-ammoni-
um chloride and deuterated acetone. Any contamination
of 14N was ruled out by ESR spectroscopy. All other
chemicals used were of commercially available reagent
grade quality.

The DNP experiments were performed on a custom-
built (Philips Research Laboratories, Hamburg, Germany),
human whole-body (Magnet bore: 79 cm diameter; 125 cm
length), low field (14.529 mT) scanner operating in a field-
cycled mode to avoid excess RF power deposition during
the ESR cycle [29]. The BESR

0 was set at 6.089 and
6.569 mT for 14N- and 15N-labeled nitroxyl radical, respec-
tively, and the BNMR

0 was set at 14.529 mT. The ESR irra-
diation frequency used was 220.6 MHz. A saddle coil
(13.5 cm diameter, 23.5 cm length) was used as the ESR
resonator. The efficiency parameter of the ESR coil used
was measured to be 5.2 lT/W1/2. The NMR resonator
assembly consisting of a transmit saddle coil (25 cm
diameter, 23 cm length) and a receive solenoidal coil
(5 cm diameter, 6 cm length) was tuned to 617 kHz with
a band width of 1.5 kHz. The phantoms employed in the
DNP experiments were 2 cm diameter tubes filled
with 10 ml of nitroxyl radical solutions of various
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concentrations in water. The phantom tubes were placed
vertically in the solenoidal receive coil.

DNP spectra of 2 mM aqueous solutions of 14N- and
15N-labeled carbamoyl-PROXYL were recorded by
sweeping the magnetic field (BESR

0 ) from 5 to 10 mT, in
steps of 0.1 mT, while away from the resonance and in
steps of 0.01 mT, while near the resonance for better
peak identification using ESR irradiation time (TESR),
800 ms and power, 53.8 W. ESR line width measure-
ments for various concentrations of nitroxyl radicals in
water were carried out with an accuracy of �±0.5 lT
using an X-band ESR spectrometer (JEOL Co. Ltd.,
Akishima, Tokyo, Japan).

Imaging experiments were performed by using standard
spin warp gradient echo sequence for MRI, except that
each phase encoding step was preceded by an ESR satura-
tion pulse to elicit the Overhauser enhancement (Fig. 1).
The pulse sequence started with the ramping of the B0 field
to 6.089 mT for 14N-labeled nitroxyl radical or 6.569 mT
for 15N-labeled nitroxyl radical, followed by switching on
the ESR irradiation. Then, the B0 was ramped up to
14.529 mT before the NMR pulse (617 kHz) and the asso-
ciated field gradients were turned on. At the beginning or
end of the cycle, a conventional (native) NMR signal inten-
sity (with ESR OFF) was measured for computing the
enhancement factors. A Hewlett-Packard PC (operating
system, LINUX 5.2) was used for data acquisition. The
images were reconstructed from the echoes by using stan-
dard software, and were stored in DICOM format (Digital
Imaging and Communications in Medicine). MATLAB
codes were used for the computation of DNP parameters
and curve fitting. The reproducibility of the data was con-
firmed with several experiments, and fitted parameters and
enhancement factors which were obtained from one of the
data set showed good correlation (R2 > 0.999). Typical
scan conditions were as follows, repetition time (TR)/echo
time (TE): 2000 ms/25 ms; ESR irradiation time (TESR):
50 � 800 ms, in steps of 50 or 100 ms; ESR power,
53.8 W; no. of averages, 10; phase encoding steps, 64 and
slice thickness, 20 mm. The image field of view (48 mm)
Fig. 1. Field-cycled OMRI pulse sequence starts with the ramping of the
BESR

0 field to 6.089 mT for 14N-labeled nitroxyl radical or 6.569 mT for
15N-labeled nitroxyl radical, followed by switching on the ESR irradia-
tion, (220.6 MHz). The B0 is ramped up to 14.529 mT before the NMR
pulse and the associated field gradients are turned on. The field settling
time was set at 18 ms.
was represented by a 64 · 64 matrix, with a pixel size of
0.63 mm · 0.63 mm.

3. Results and discussion

3.1. DNP spectra

To find the optimal resonance conditions for ESR
excitation in the OMRI experiments, field-cycled DNP
spectra of aqueous solutions of 14N- and 15N-labeled car-
bamoyl-PROXYL were measured at 23 �C by field-cycled
DNP spectroscopy, by irradiating at a fixed ESR fre-
quency (220.6 MHz) while sweeping the magnetic field
to cover each resonance. When an ESR resonance is
encountered, the Overhauser effect causes an enhance-
ment of the NMR signal, and its amplitude is altered.
Therefore, a plot of NMR signal amplitude versus BESR

0

shows the positions of the ESR resonances. The relative
amplitudes of the peaks (or, more usually troughs) pro-
vide information on the ESR line intensities, modulated
by the electron–proton coupling. field-cycled DNP spec-
tra (Fig. 2) were collected with a field sweep of 5 mT
both for 14N and 15N, centered on 7.5 mT using the
field-cycled DNP pulse sequence given in Fig. 1. The
DNP spectra show three hyperfine lines for 14N and
two for 15N-labeled carbamoyl-PROXYL. The position
of the peaks and the FWHM of each line are listed in
Table 1. A small mI dependent line width and second-or-
der effects in hyperfine splitting were observed. While iso-
topic substitution is not expected to affect the g-factor,
Fig. 2. Field-cycled DNP spectra of 2 mM aqueous solution of (A) 14N-
and (B) 15N-labeled carbamoyl-PROXYL. Pulse sequence parameters:
TR/TESR/TE, 2000 ms/800 ms/25 ms; no. of averages, 2; other scan
parameters are as given under Section 2.



Table 1
Peak positions and FWHM of DNP spectra of 14N- and 15N-labeled carbamoyl-PROXYL

Nitroxyl radical Peak position (mT) FWHM (lT)

Low frequency Middle frequency High frequency Low frequency Middle frequency High frequency

14N carbamoyl-PROXYL 6.092 (335.3) 7.542 (336.9) 9.337 (338.5) 120 (116.4) 115 (117.5) 130 (121.2)
15N carbamoyl-PROXYL 6.570 (335.8) — 8.865 (338.0) 120 (111.2) — 120 (111.2)

X-band ESR spectral data are given inside the parentheses.

Fig. 3. Illustration of the effect of TESR on the DNP enhancement of (A)
14N- and (B) 15N-labeled carbamoyl-PROXYL of various concentrations.
The solid lines correspond to an exponential decay curve fit to Eq. (9).
Scan parameters are as given in Section 2.
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the hyperfine values are expected to change in
accordance with the c of the nuclei. Thus, the hyperfine
coupling of 15N is expected to be about 1.4 times that of
14N based on the nuclear gyro-magnetic ratio [30]. Using
an average value for the observed A14

N the experimentally
observed ratio was computed to be 1.41.

In the pulse sequence employed in the OMRI experi-
ments, a saturating ESR pulse of duration TESR is
applied preceding the NMR pulse. After switching on
the ESR irradiation the nuclear polarization builds up
at a rate governed by the NMR longitudinal relaxation
time, T1. To achieve the maximum possible Overhauser
enhancement, it is necessary to irradiate the ESR transi-
tion of the nitroxyl agent for at least 3T1. But at high
power, long TESR is an undesirable option for in vivo

studies. Short TESR not only minimizes the heating effects
but also reduces unwanted RF interference and hence
limits the instrumental noise. Therefore, in the selection
of TESR an optimal compromise needs to be made
between the signal enhancement and the RF heating.
Hence to arrive at optimal TESR, the enhancement fac-
tors were measured as a function of TESR for a moderate
power of 53.8 W for various concentration of the nitrox-
yl agent. These results, plotted in Fig. 3 show increasing
signal enhancement with increasing TESR. However, for
TESR > 600 ms, the increase in enhancement was not
significant enough to offset the disadvantage of RF
heating. Therefore, TESR = 600 ms was selected as an
optimal compromise for the imaging experiments.

3.2. Concentration dependence of enhancement factor

To determine the optimal nitroxyl radical concentra-
tion for imaging, the enhancement factors were mea-
sured as a function of various nitroxyl agent
concentrations ranging from 0.45 to 5 mM by irradiating
at the low field ESR line of 14N as well as 15N-labeled
carbamoyl-PROXYL. The enhancement values were neg-
ative as usually reported in the DNP literature that
takes account of the 180� phase shift of the FID when
DNP occurs. The results, plotted in Fig. 4 show an
increase in enhancement up to a concentration of about
2.5 mM. A linear relationship between 1/(1 � E) and 1/C
was observed in this range, as predicted by Eq. (7).
However, with further increase in concentration, the
enhancement factor no longer increased; instead it
reached a plateau at 2.5–3 mM, and then started declin-
ing above 3 mM. At higher concentrations, it is likely
that dipolar and spin-exchange interactions can broaden
the ESR resonance, resulting in a decrease in saturation
of the electron spin system for a given applied power,
compared to that at lower concentrations, which in turn
will reduce the OMRI signal enhancement. The decrease
in enhancement above 3 mM is greater for 14N, perhaps
due to the greater line broadening possible for the quad-
rupolar 14N nucleus.

3.3. T1 relaxivity and enhancement

Eqs. (2) and (7) indicate the effect of free radical concen-
tration on the enhancement factor. Eq. (2) reveals that the



Fig. 4. Concentration dependence of the DNP enhancement for aqueous
solutions of 14N (D) and 15N (s) labeled carbamoyl-PROXYL. Pulse
sequence parameters: TR/TESR/TE, 2000 ms/600 ms/25 ms; no. of averag-
es, 10; other scan parameters are as given under Section 2. The solid line
represents a linear fit to Eq. (7).

Fig. 5. The water proton longitudinal relaxation rate as a function of
concentration for 14N (D) and 15N (s) labeled carbamoyl-PROXYL
solutions. The solid line indicates a linear fit to Eq. (2).

Fig. 6. X-band ESR line width measured as a function of concentration
for 14N (D) and 15N (s) labeled carbamoyl-PROXYL solutions. The ESR
line width of nitroxyl radical is generally larger for the quadrupolar 14N
system.
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concentration dependence is via the leakage factor where
the longitudinal NMR relaxivity (k) of the nitroxyl radical
plays a significant role. The DNP factor is proportional to
the free radical concentration as long as the concentration
is low enough to cause any line broadening. Hence, it
would be of interest to estimate the relaxivity, k from the
concentration-dependent enhancement. It is readily seen
from Eq. (7) that from the slope and intercept of the linear
region of the plot (Fig. 4), kT10 can be computed. The com-
puted kT10 values 1.01 and 0.97 mM�1 for 14N- and 15N-la-
beled carbamoyl-PROXYL are nearly the same, but are
about 40% less than that of TEMPOL [14].

Another factor that affects the build up and decay of the
polarization of water protons is the NMR T1. Following
the ESR irradiation, it is necessary to ramp up the magnet-
ic field from the evolution field (6.089/6.569 mT) to the
detection field (14.529 mT) in a time that is short compared
to the sample’s T1. Hence, it would be of interest to analyze
how T1 is affected by the free radical concentration. While
it is straightforward to determine proton T1 values at high
Zeeman fields using standard pulse sequences, such mea-
surements are not practical because of the poor native
(unenhanced) NMR sensitivity at the very low Zeeman
field (14.529 mT) used in OMRI. To alleviate this problem,
a simple method for proton T1 measurement, using OMRI
has been recently reported [31]. This method is based on fit-
ting the enhancement factors as a function of TESR using
the equation [31,32].

E � 1 ¼ ðEinf � 1Þ � ð1� exp
�T ESR

T 1 Þ: ð9Þ
Here, E is the Overhauser enhancement factor, and Einf is
the theoretical maximum enhancement factor corrected
for the actual T1. Hence, DNP enhancement was measured
as a function of TESR for 14N- and 15N-labeled carbamoyl-
PROXYL in water for various concentrations and these re-
sults are presented in Fig. 3. By curve fitting the observed
enhancement factors to Eq. (9), the NMR spin-lattice
relaxation time for different concentrations of the free rad-
ical solutions was computed. The proton spin-lattice relax-
ation rate thus calculated (Fig. 5) showed an increase with
increasing agent concentration. The change in the enhance-
ment factors brought about by the different concentration
may arise from the different proton T1 values or different
saturation factor brought about by the ESR line broaden-
ing. However, X-band ESR linewidth measurements (given
in Fig. 6), showed very small ESR line broadening was ob-
served at radical concentration up to 2.5 mM and caused



Fig. 7. Concentration dependence of the leakage factor for 14N (D) and
15N (s) labeled carbamoyl-PROXYL in aqueous solutions. The solid line
corresponds to an exponential growth curve fit.
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little change in the saturation factor. A plot of solvent pro-
ton relaxation rate, 1/T1 against the agent concentration is
linear as expected from Eq. (2). From the linear fit (Fig. 5),
the longitudinal relaxivities (k) of the nitroxyl radicals were
calculated from the slope and are given in Table 2. The
proton spin-lattice relaxation time at zero radical concen-
tration (T10) was computed from the intercept (Fig. 5).
These values 2311 and 2287 ms for 14N- and 15N-labeled
carbamoyl-PROXYL, respectively, compare well with the
reported value of 2650 ms measured at 16 mT [15], thus
validating the accuracy of the experimental procedure.
Additional support for experimental consistency comes
from the fact that the kT10 values, thus computed from
T1 relaxation time measurements agree well with the value
obtained earlier, independently from the intercept and
slope of the linear region of the plot (Fig. 4) and as predict-
ed by Eqs. (7) and (8).

3.4. Leakage factor

The computation of T10 and the longitudinal relaxivity k

now enables to estimate the leakage factor (f) for the
nitroxyl radicals at different concentrations. The leakage
factors thus computed for 14N carbamoyl-PROXYL and
15N carbamoyl-PROXYL as a function of concentration
are plotted in Fig. 7. The leakage factor, f measures the
fraction of the total relaxation rate due to nuclear–electron
interactions. For weak interactions, f approaches zero and
when the interactions are dominant, f = 1. Fig. 7 reveals
that the leakage factor increases asymptotically approach-
ing unity, as the concentration of the agent is increased.
However, it is evident that above 2.5 mM the increase in
f is not very significant. Above 2.5 mM, the line broadening
will also offset any gain achieved from the increased ‘f’ val-
ue. Hence, the leakage parameter also points out to an
optimal concentration range of 2–2.5 mM.

3.5. Saturation parameter

Complete saturation of one of the ESR lines cannot
generally be achieved directly. According to the Bloch
equation the reciprocal of the spin polarization (ÆSæ�1) is
proportional to the reciprocal of the ESR irradiation
Table 2
The DNP parameters of various nitroxyl radicals

Nitroxyl radical Solvent DBpp
a (lT) k (mM s)�1 Emax

b f

14N carbamoyl-PROXYL Water 116.4 0.44 �64.4 0.
15N carbamoyl-PROXYL Water 111.2 0.44 �100.0 0.
14N carbamoyl-PROXYL PBS 112 0.57 �31.3 0.
TEMPOL PBS 151 0.66 �40.5 0.
TEMPOL Water — — — —

a X-band, peak to peak line width.
b Emax is the extrapolated enhancement factor at complete saturation measu
power (P�1). The saturation parameters (s) can be deter-
mined, for a given concentration by measuring the
enhancement as a function of applied RF power. The inter-
cept of a plot of 1/(1 � E) against 1/P can be used to esti-
mate Emax, the enhancement factor at complete ESR
saturation, which characterizes the overall interaction of
the free radicals with the solvent water molecules. In addi-
tion, Emax also enables to compare the enhancement effi-
ciency of different nitroxyl agents without being biased by
instrumental parameters such as resonator Q-factor, RF
power, TESR etc. Hence, enhancements at various power
levels were measured for 2 mM aqueous solutions of 14N-
and 15N-labeled carbamoyl-PROXYL. These results, plot-
ted in Fig. 8 as reciprocal enhancement 1/(1 � E), against
reciprocal power, 1/P, give a linear relationship according
to the Eq. (8). Therefore, from Fig. 8, on extrapolation to
1/P = 0, the Emax values were computed to be �64.4 and
�100 for 2 mM solutions of 14N- and 15N-labeled carbam-
oyl-PROXYL, respectively. For this investigation, a huge
power level of up to 152.8 W was used to make the
extrapolation more accurate. It would be of interest to
investigate the saturation factor at the RF power level used
for in vivo studies [4]. This can be readily achieved by com-
puting the ratio of 1/(1 � E) at the power opted for in vivo

studies. For 2 mM solutions of 14N- and 15N-labeled
q B0 (mT) kT10 from Ref.

ESR NMR T1

measurement
Concentration
dependent
enhancement

67 0.45 6.089 14.529 1.02 1.01 This work
67 0.46 6.569 14.529 1.00 0.97 This work
70 0.21 6.751 6.751 — — [33]
73 0.26 6.751 6.751 — — [33]

0.57 10.0 10.0 1.42 1.45 [14]

red for 2 mM concentration.



Fig. 8. Effect of ESR irradiation power on the enhancement for 2 mM
aqueous solution of 14N (D) and 15N (s) labeled carbamoyl-PROXYL in
aqueous solution. The ESR power varied from 53.8 to 152.8 W for ESR
irradiation time, 800 ms; other scan parameters are as given in Section 2.
The solid line represents a linear fit to Eq. (7).
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carbamoyl-PROXYL, the saturation factors at 53.8 W
were thus computed to be 0.023 and 0.037, respectively.
The low values of saturation parameter (s) indicate that
in the design of suitable agents for OMRI, importance
must be given to factors that can enhance the saturation
parameter (s) significantly.

3.6. Coupling factor

In dilute solutions of nitroxyl agents the rapid diffusion
of the solute ensures that all nuclei are equally affected.
Hence the nuclear relaxation is often dominated by the pair
wise interactions between the unpaired electron and the
nuclei. The strong local fields produced by the electron
can be coupled to the nuclei by a dipole–dipole interaction
and sometimes coupling by scalar interaction is also possi-
ble. Measurement of coupling parameter q (Eq. (1)) can
throw light on the mechanism of coupling. The measure-
ment of Emax enables the computation of q from Eq. (1).
The q values thus calculated were 0.45 and 0.46 for
14N- and 15N-labeled carbamoyl-PROXYL, respectively.
These values are in support of the dipolar interaction as
the major mechanism of coupling between the electron spin
with the nuclear spin, as observed in many other nitroxyl
agents [14,33].
Table 3
Comparison of the DNP enhancement factors and X-band ESR line widths o

Nitroxyl radical DNP enhancement factor

14N,H 14N,D 15N,H

Carbamoyl-PROXYL �5.26 �7.44 �8.31
Carboxy-PROXYL �5.06 �7.32 �8.06
MC-PROXYL �5.08 �7.21 �7.94
3.7. 2H-substituted nitroxyl agents

Major limitations that hinder the development of
OMRI as a simultaneous molecular imaging tool for bio-
medical application are the sensitivity of detection and
RF-tissue heating. These two problems can be, to some
extent alleviated by designing nitroxyl radicals with very
small line width. In our laboratory, we have been focus-
ing on the development of spin probes for site-specific
imaging of redox-status or ROS generation at intra-
and extracellular locations [18,34,35]. Hence, line width
reduction in these nitroxyl agents for enhancing their
potential as simultaneous molecular imaging agent in
OMRI was investigated by deuterium substitution. In
addition to the line width reduction, there are two more
added advantages upon 2H labeling. The deuterated
nitroxyl agents are known to exhibit nearly homogeneous
line width whereas the corresponding protonated spin
probes exhibit substantial inhomogeneity [36,37]. For
inhomogeneous lines, the hypothesis of single electron
Zeeman spin temperature is not valid. The RF irradia-
tion results in hole-burning rather than uniform excita-
tion. Although the electron-electron cross relaxation
across the inhomogenously broadened ESR line can ren-
der the line homogeneous over sufficiently long time
scales, at low concentrations more power is needed to
saturate the homogeneous line width. 2H substitution
can reduce the width of the ESR lines, because of the
lower magnetic moment of deuterium (compared to that
of the proton). Analysis of line width data given in Table
3, shows that the 15N substitution does not significantly
reduce the line width, whereas the line width reduction
is significant for 2H labeling.

The saturation of a resonance line depends on the
power of the RF field and on the relaxation times of
the free electrons. Therefore, the same electron resonance
saturation can be obtained for a deuterium substituted
nitroxyl radical as that of 1H nitroxyl radical, but with
less RF power. This is a good way to decrease the
RF-heating of in vivo samples during ESR irradiation
in OMRI. Alternatively, the advantage of increase in sig-
nal intensity for the same level of power can be used to
reduce the toxicity by reducing the dose of the nitroxyl
agent. Another factor to be considered in in vivo studies
is the three spin effect. The biological system is not a
homogeneous proton system. Instead it consists of water
protons, protein protons, and lipid protons. The DNP
f low field line for different nitroxyl radicals

ESR line width (lT)

15N,D 14N,H 14N,D 15N,H 15N,D

�13.58 116.4 78.0 111.2 70.3
�14.18 115.2 77.3 113.1 70.7
�13.69 115.5 79.1 110.2 71.0
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enhancement will in principle depend on the transfer of
magnetization between these proton systems. Protein
binding can quench the DNP enhancement. Therefore,
the deuterated nitroxyl agents will have the additional
advantage of low in vivo toxicity and reduced quenching
of DNP enhancement. Hence, DNP enhancement mea-
surements were carried out for 2 mM aqueous solutions
2H-labeled 14N and 15N carbamoyl-PROXYL, carboxy-
PROXYL, and MC-PROXYL. These values, listed in
Table 3 show increase of enhancement of about 70%
and 40% for 15N- and 14N-labeled nitroxyl agents,
respectively, upon 2H labeling.

4. Conclusions

The objective of this study was to investigate the DNP
properties of 14N and 15N substituted carbamoyl-
PROXYL, carboxy-PROXYL and MC-PROXYL and
their deuterated derivatives to assess their use as molec-
ular imaging probes in OMRI. The rationale for the
selection of these agents were that (i) they have relatively
long in vivo stability, (ii) in combination they can be used
as probes for simultaneously monitoring inter- and intra-
cellular redox status, if one of them is labeled with 15N.
The measurement of DNP parameters that govern the
water proton signal enhancement can provide guideline
for further enhancing their utility as simultaneous molec-
ular imaging agent in OMRI. We have measured
Overhauser enhancement over a wide range of concentra-
tion, saturating RF power level and RF irradiation time
completely to assess the various DNP properties such as
longitudinal relaxivity, saturation parameter, leakage fac-
tor, coupling factor etc. The 15N substitution increases
the signal intensity, because the saturation of one ESR
line in 15N nitroxyl radical induces a 17% (50–33%)
increase in the proton polarization. Similarly, the signif-
icant increase in enhancement for 14N- and 15N-labeled
nitroxyl agents, upon 2H substitution strongly recom-
mends 2H labeling of both the agents.
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