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Abstract
Isoindoline nitroxides are potentially useful probes for viable biological systems, exhibiting low
cytotoxicity, moderate rates of biological reduction and favorable Electron Paramagnetic
Resonance (EPR) characteristics. We have evaluated the anionic (5-carboxy-1,1,3,3-
tetramethylisoindolin-2-yloxyl; CTMIO), cationic (5-(N,N,N-trimethylammonio)-1,1,3,3-
tetramethylisoindolin-2-yloxyl iodide, QATMIO) and neutral (1,1,3,3-tetramethylisoindolin-2-
yloxyl; TMIO) nitroxides and their isotopically labeled analogues (2H12- and/or 2H12-15N-labeled)
as potential EPR oximetry probes. An active ester analogue of CTMIO, designed to localize
intracellularly, and the azaphenalene nitroxide 1,1,3,3-tetramethyl-2,3-dihydro-2-azaphenalen-2-
yloxyl (TMAO) were also studied. While the EPR spectra of the unlabeled nitroxides exhibit high
sensitivity to O2 concentration, deuteration resulted in a loss of superhyperfine features and a
subsequent reduction in O2 sensitivity. Labeling the nitroxides with 15N increased the signal
intensity and this may be useful in decreasing the detection limits for in vivo measurements. The
active ester nitroxide showed approximately 6% intracellular localization and low cytotoxicity.
The EPR spectra of TMAO nitroxide indicated an increased rigidity in the nitroxide ring, due to
dibenzo-annulation.
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1. Introduction
Nitroxides are persistent, stable free radicals, in which the unpaired electron is delocalized
across the N-O moiety, occupying p orbitals of the nitrogen and oxygen atoms. Nitroxides
readily react with carbon-, sulfur- and phosphorous-centered radicals to form diamagnetic
adducts at close to diffusion controlled rates. They also readily undergo single-electron
reduction and oxidation processes to form, hydroxylamine and oxoammonium cation
derivatives respectively. In more complex interactions with oxygen-centered radicals,
cycling between these oxidation states can occur, providing a catalytic mechanism for the
dismutation of reactive oxygen species [1].

The potential applications of EPR (Electron Paramagnetic Resonance) spectroscopy using
nitroxides include biophysical and biochemical studies, such as the analysis of membrane
fluidity, pH, thiols, temperature, assays for reactive free radicals, oximetry and measurement
of redox interactions with antioxidants and oxidants [2-9]. With the development of in vivo
EPR, it is now possible to perform non-invasive studies of the pharmacokinetics of
nitroxides, providing an effective approach to understand the fundamental aspects of the
metabolism (redox status) and distribution of the nitroxides in vivo. Nitroxides and their
hydroxylamine analogues have been suggested as potential therapeutic or diagnostic drugs
based on their function as superoxide dismutase mimics and their interactions with free
radicals such as superoxide and peroxynitrite [7]. In vivo EPR spectroscopy of nitroxides
provides a non-invasive method to measure the presence of such reactive free radicals
through their effects on the concentration of the nitroxides. It is possible to obtain images
that reflect these processes by combining Magnetic Resonance Imaging (MRI) with the
oxygen dependent metabolism of nitroxides [10-12].

The measurement of oxygen concentration in vivo using EPR spectroscopy has considerable
potential, as numerous deleterious pathologies are associated with low concentrations of
oxygen (hypoxia), including tumors, rheumatoid arthritis and tissues undergoing an
ischemic episode (e.g. myocardial infarct, ischemic stroke). EPR oximetry relies on the use
of paramagnetic probes with oxygen-dependent EPR spectra, and a number of particulate
and soluble materials have been utilized in this role [13]. Of the soluble probes, nitroxide
and triarylmethyl (trityl) radicals are those most widely investigated. While the narrow
single-line EPR spectra of triarylmethyl radicals are sensitive to O2 concentration, the
hydrophobicity of these probes restricts their biological application, although the use of
micro- and nano-scale delivery systems and preparation of new derivatives is promising
[14-19]. Nitroxides, in contrast, offer greater structural diversity and are readily
synthetically modified (including isotopic labeling) to enhance biocompatibility.

With such high chemical versatility and a broad range of potential applications , a large
number of different nitroxides have been synthesized for specific applications [1, 7]. An
important goal of this work is the ability to selectively accumulate a nitroxide probe in a
tissue of choice and this is a major aspect of our quest to develop improved imaging and
oximetry agents. Contrast in EPR imaging and Magnetic Resonance Imaging (MRI) may be
obtained on the basis of both the paramagnetic nature of nitroxides and their differential
localization in vivo. Hepatic targeting has been demonstrated by Gallez et al, who used
nitroxide-labelled arabinogalactan [20] and lipids [21, 22] as contrast agents for hepatic
MRI.

More recently, the pyrrolidine nitroxide 3-acetoxymethoxycarbonyl-2,2,5,5-
tetramethylpyrrolidin-1-yloxyl (CxP-AM) has emerged as one of the most promising
compounds to partially address the goal of selective tissue accumulation, having been shown
to selectively accumulate in brain tissue [23-26]. In contrast to most water-soluble
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nitroxides, CxP-AM is membrane-permeable and capable of crossing the blood-brain
barrier. Intracellular esterases hydrolyze the compound to the corresponding carboxylate
which is resistant to bioreduction and accumulates to millimolar concentrations within the
cells. Selective localization and retention of this compound in the brain, has seen this
compound utilized for oximetry in mouse brains [27, 28]. Additionally, this nitroxide could
potentially be used to study the redox status of the cerebellum under physiological and
pathological conditions including primary or secondary brain tumors.

In previous work, we evaluated a number of isoindoline nitroxides, including anionic (5-
carboxy-1,1,3,3-tetramethylisoindolin-2-yloxyl; CTMIO), cationic (5-(N,N,N-
trimethylammonio)-1,1,3,3-tetramethylisoindolin-2-yloxyl iodide, QATMIO) and neutral
species (1,1,3,3-tetramethylisoindolin-2-yloxyl; TMIO), and an isoindoline-based
hydroxylamine, as probes for EPR oximetry in viable biological systems [29]. Structurally,
isoindoline nitroxides are benzo-annulated analogues of the pyrroline and pyrrolidine
nitroxides and are known to exhibit superior chemical and physical stability in a range of
environments [30-33], as well as narrow EPR line-widths [34-36]. The investigated
compounds exhibited low cytotoxicity and moderate rates of metabolism in the CHO cells.
The EPR spectra of the isoindoline nitroxides were also found to be more sensitive to
oxygen concentration than the piperidine and pyrrolidine nitroxides, TEMPONE and PCA
respectively, due to the presence of resolved superhyperfine splitting [29]. This suggested
them as potentially useful oximetry probes and here, we have furthered these investigations
by evaluating isotopically labeled (2H12- and/or 2H12-15N) CTMIO, QATMIO and TMIO
for this purpose. The three nitrogen-manifolds (14N; I = 1) observed in the EPR spectra of
the nitroxides are typically broadened by unresolved hyperfine coupling, primarily due to
protons on the four β methyl groups. Deuteration of these methyl groups can significantly
narrow the nitroxide EPR line-widths with a concomitant increase in signal intensity.
Isotopic labeling of the nitroxide moiety with 15N (I = 1/2) further simplifies the spectrum,
producing two resonances rather than three, with a corresponding increase in the signal
intensity.

We have also investigated two new nitroxides; 1,1,3,3-tetramethyl-2,3-dihydro-2-
azaphenalen-2-yloxyl (TMAO) [37] and 5-acetoxymethoxycarbonyl-1,1,3,3-
tetramethylisoindolin-2-yloxyl (AMCTMIO) [38]. The latter is an isoindoline nitroxide
analogue of CxP-AM and has consequently been studied with regard to its biological
localization and the effect of O2 on its EPR spectrum. TMAO is a dibenzo-annulated
analogue of the piperidine nitroxides such as TEMPO, in the same way that the isoindoline
nitroxides are benzo-annulated analogues of the pyrroline and pyrrolidine nitroxides. The
structural rigidity afforded by the fused rings in the structure of TMAO promises
improvements in the spectroscopic (EPR) characteristics of the compound, relative to
TEMPO and its analogues.

2. Results and Discussion
2.1. EPR characteristics and the effects of the oxygen concentration

We have previously reported the potential of isoindoline nitroxides as EPR oximetry probes
in viable biological systems [29]. At low oxygen concentrations these nitroxides exhibit
EPR spectra with well-resolved superhyperfine coupling due to the twelve protons of the
methyl groups. In contrast, the superhyperfine coupling is unresolved in spectra of
piperidine and pyrrolidine type nitroxides such as Tempone and PCA. The isoindoline
nitroxides display high sensitivity to oxygen, exhibiting large relative changes in the line-
width with increasing oxygen concentration.
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The nitroxides utilized in this study are shown in Figure 1. The isotopically labeled
isoindoline nitroxides were synthesized according to established procedures [39-41], using
appropriately labeled reactants and/or reagents. The EPR nitrogen manifolds of the
deuterated compounds are free of the superhyperfine features that are readily observed in the
spectrum of TMIO at 0% O2 (but unresolved at high O2 concentrations). Consequently, the
overall manifold width is narrowed, with a concomitant increase in signal amplitude.
Labeling with 15N (I = 1/2) gives two nitrogen manifolds, rather than the usual three, again
with an increase in the signal amplitude. These changes are illustrated for the parent
isoindoline nitroxide, TMIO, in Figure 2.

Similar changes were noted in the EPR spectrum of CTMIO upon deuteration and 15N
labeling (Figure 3). Relative to 2H12-15N-TMIO, the spectrum of 2H12-15N-CTMIO shows a
greater discrepancy in the signal intensity between the high and low field lines, suggesting
that its motion in solution is more anisotropic in character. This has been previously
observed for unlabelled CTMIO and attributed to the formation of hydrogen bonding dimers
in solution [36, 39].

As expected, the EPR spectra of the nitroxides investigated here displayed oxygen-induced
line broadening, with absolute increases in line-width of approximately 0.1 G as the oxygen
concentration increased from 0 to 21%. Table 1 lists the fitted line-width of the low field (N
= 1) hyperfine manifold for each nitroxide. The standard deviation in the line-widths was
<1% in all cases, and the fitting procedure is described in detail in the Experimental section.
While the absolute EPR line-width changes with oxygen concentration, the relative change
in the line-width provides a better measure of the sensitivity of a given probe, as it is easier
to accurately measure a given change in line-width on a narrower line. Figure 4 shows the
relative change in the line-width for the nitroxides and these results indicate that the
nitroxides can be potentially categorized into two classes on the basis of their relative
sensitivity to oxygen.

Significantly, the oxygen sensitivity of the unlabelled isoindoline nitroxides is comparable
to PDT, which is one of the most sensitive nitroxide oximetry probes available. CTMIO and
PDT are essentially indistinguishable, while TMIO and QATMIO are slightly less sensitive
than PDT. Thus, the isoindoline nitroxides offer oxygen sensitivity which matches that of
PDT, but without the expense and synthetic complexity of isotopic labeling, and with the
potential for more specific localization. Notably it is the superhyperfine resolution of the
EPR spectra of the isoindoline nitroxides that provides the basis of the high sensitivity to
oxygen. Changes in the line-width of the narrow superhyperfine features are readily
measured and the resulting relative line-width changes are high. For Tempone, line-width
changes must be measured across the whole of the nitrogen manifold, as the superhyperfine
interactions are unresolved and relative line-width changes are consequently smaller.
Notably, the unlabelled isoindoline nitroxides TMIO, CTMIO and QATMIO represent
sensitive neutral, anionic and cationic oximetry probes respectively, with significantly
varied partitioning coefficients [36].

Deuteration of the nitroxides results in the narrowing of the nitrogen manifolds due to a
significant reduction in magnitude of the superhyperfine coupling. For Tempone, this leads
to increased oxygen sensitivity (as observed for PDT) as relative line-width changes are
increased. The consequence for the isoindoline nitroxides however, is that the useful
superhyperfine lines are unresolved, so that the changes in the line-width must now be
monitored for the whole nitrogen manifold, as for the piperidine nitroxides. The narrowing
of the manifold does not compensate for the loss of hyperfine structure, and the relative
changes in line-width with oxygen content are smaller than those observed for the unlabelled
compounds. Labeling with 15N results in a two-line EPR spectrum but has essentially no
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effect on oxygen sensitivity, with the 2H12-15N-labeled compounds exhibiting essentially
identical sensitivity to the 2H12-14N compounds. The 15N-labeled compounds do however
possess a signal-to-noise advantage, due to the greater signal intensity of their two-line
spectrum, which could be significant for in vivo oximetry.

The X-band EPR spectra of active ester nitroxides CxP-AM and AMCTMIO were acquired
in solution at 37 °C. Nitroxide CxP-AM exhibited a typical 3-line spectrum, with no
resolution of superhyperfine coupling across the studied range of oxygen concentration. In
contrast, the spectrum of nitroxide AMCTMIO featured resolved superhyperfine lines as
observed for other isoindoline nitroxides (Figure 5). The spectrum of AMCTMIO was
simulated by assuming four equivalent methyl groups and notably, the superhyperfine lines
broadened linearly with increases in perfused oxygen concentration. The oxygen sensitivity
of AMCTMIO is similar to the parent CTMIO [29]. While the sensitivity of nitroxide CxP-
AM is similar to that of the isoindoline nitroxides, in previous work its parent nitroxide 3-
carboxy-2,2,5,5-tetramethylpyrrolidin-1-yloxyl (PCA) was found to be considerably less
sensitive than the isoindoline nitroxides [29]. It must be noted that in a biological
environment, esters CxP-AM and AMCTMIO are expected to be hydrolyzed to generate the
parent nitroxides PCA and CTMIO, and it is most likely that these will be the actual species
detected by in vivo EPR oximetry.

The azaphenalene nitroxide TMAO is essentially insoluble in water and, while this
complicates direct delivery to a biological system, the probe may instead be delivered by
utilizing a lipophilic micro- or nano-scale delivery vehicle. This has the added potential of
increasing its sensitivity to oxygen concentration as previously demonstrated for liposome
[42], microsphere [16, 43] and nano-emulsion [15] systems containing nitroxide and trityl-
radical oximetry probes. Encapsulation has the added advantage of protecting nitroxide
probes from bioreduction. Here, the EPR characteristics of TMAO and its sensitivity to O2
concentration were studied in ethanol. The room-temperature X-band EPR spectra feature
resolved superhyperfine interactions at very low oxygen concentrations (Figure 6).
Resolution of the superhyperfine splittings rapidly decreases with increasing O2 content of
the perfusing gas and the superhyperfine features are completely broadened at 2% O2. In
contrast, these features are resolved in the spectra of isoindoline nitroxides at O2
concentrations of up to 5% - 10%. Additionally, an extremely large relative change in line-
width is observed in going from 0% to 21% perfused O2 (Table 2).

The pronounced sensitivity to oxygen of TMAO is likely to be a consequence of the high
solubility of O2 in ethanol. The mole fraction solubility of O2 (at 101.325 kPa partial
pressure of O2 and 298.15 K) in ethanol (5.83 × 10−4) is more than 25 times greater than
that in water (2.293 × 10−5) [44]. Consequently the dynamic range of EPR line widths of the
nitroxide in ethanol, with changing O2 concentration, will be much greater than in water,
resulting in increased sensitivity [43]. As mentioned above, this again suggests that the
encapsulation of TMAO (or other probes) in a non-aqueous or lipophilic vehicle could have
significant benefits in terms of sensitivity.

The resolution of the superhyperfine interactions in the spectra of TMAO at low O2
concentrations illustrates one of the significant effects of benzo-annulation. For normal
piperidine nitroxides, such as TEMPO, the superhyperfine interactions are unresolved under
identical experimental conditions. Crystallographic studies [37] show that the geometric
parameters of TMAO and TEMPO are very similar. The compounds also share very similar
steric environments around the nitroxide moieties. It is most likely that the improved
resolution in the TMAO spectra is due to the increased rigidity in the 6-membered ring. The
motion that occurs in the TEMPO ring on the EPR timescale is precluded in TMAO due to
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the dibenzo-annulation of the nitroxide containing ring, and consequently narrower EPR
manifolds are observed.

2.2. Intracellular localization of nitroxides CxP-AM and AMCTMIO
The localization of nitroxides in various intravascular compartments could potentially
provide a direct measure of oxygen concentration and related parameters non-invasively
using in vivo EPR spectroscopy and imaging. Utsumi et al have recently demonstrated this
approach for simultaneous molecular imaging of redox processes using Overhauser-
enhanced MRI with 14N- and 15N-labelled nitroxides [45-47]. Nitroxides that exhibit
different EPR and partitioning properties could be used simultaneously to monitor intra and
extra-cellular oxygen concentrations in cell suspensions or in vivo. As shown in Figure 7, an
intracellularly localized 14N nitroxide (anionic CTMIO generated by intracellular
metabolism of AMCTMIO) and an extracellularly localized 15N-labelled nitroxide
(cationic 15N-QATMIO) may be interrogated simultaneously by EPR to provide localized
measures of oxygen concentration. In a similar approach, the combination of an insoluble
particulate probe, such as lithium phthalocyanine (LiPc), localized in tissue and a circulating
nitroxide probe can simultaneously report tissue and intravascular oxygen concentrations,
respectively. The well-resolved EPR spectra of LiPc and 15N-QATMIO shown in Figure 8
were recorded in PBS buffer at X-band and demonstrate the potential feasibility of this
approach. Further control over localization can be achieved according to the size and
placement of the external loop resonator used for the in vivo measurements.

The intracellular localization of active ester nitroxides AMCTMIO and CxP-AM was
assessed in Chinese Hamster Ovary (CHO) cell suspensions (1 × 106 cell/100 μl). Results
indicate that, with an initial nitroxide concentration of 0,2 mM, approximately 6% of
AMCTMIO and 19% of CxP-AM was localized in the intracellular compartment within 2
hours and no significant increase in intracellular signal intensity was observed at 4 and 6h
time points. Importantly, >90% cell viability was maintained over the course of these
experiments.

2.3. Cytotoxicity of active ester nitroxide AMCTMIO in CHO cells
While the non-toxicity of CxP-AM [23-26] and CTMIO [29, 38, 48, 49] (the hydrolysis
product of AMCTMIO) have been established in cell-based assays and live animal studies,
the effects of AMCTMIO on biological systems were unknown. Subsequently, three
different methods were used to determine the toxicity of the nitroxide; (i) the Trypan blue
assay which provides a measure of cell membrane integrity, (ii) the Colony formation test, a
more rigorous test to determine the ability of cells to multiply and (iii) the effect of
nitroxides on the oxygen consumption rate of the cells.

According to the Trypan blue test, nitroxide AMCTMIO exhibited no significant toxicity at
concentrations up to 0.5 mM for exposures of up to 4 hours. At 1 mM however, cell viability
decreased by approximately 60% after 1 hour exposure, and no viable cells were present
after 4 hours exposure. Colony formation by CHO cells exposed to 0.2 mM AMCTMIO for
6 hours was similar to that of the control, but at higher concentrations (0.5 and 1 mM) the
nitroxide completely inhibited colony formation. Exposure to nitroxide AMCTMIO for 16
hours resulted in complete inhibition of colony formation at all tested concentrations >0.1
mM. The oxygen consumption rates of the CHO cells were determined immediately and 2
hours post-treatment with different concentration of the nitroxides (0.05, 0.1, 0.2 and 0.5
mM). Biologically significant decreases (>50% compared to control) in the oxygen
consumption rates were observed only at the concentration of 0.5 mM, both immediately
and 2 hrs after treatment with AMCTMIO (Figure 9).
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3. Conclusions
The EPR spectra of the isoindoline nitroxides CTMIO, TMIO and QATMIO exhibit
sensitivities to oxygen concentration, in terms of relative change in line-width, which are
equivalent to that of PDT. Significantly, in contrast to PDT, this sensitivity is achieved
without isotopic labeling (deuteration or 15N). Isoindoline nitroxides with a range of
partitioning characteristics and charges are available synthetically, and the compounds are
non-toxic at the concentrations required for oximetry [29, 38, 48, 49]. The compounds may
consequently prove useful in EPR oximetry for simultaneously measuring intra- and
extracellular oxygen concentration in cell suspensions or in vivo. Deuteration of the
isoindoline nitroxides fails to increase their sensitivity to O2 concentration due to the loss of
narrow superhyperfine features in the EPR spectra. 15N-labelling has essentially no effect on
O2 sensitivity, but does increase the EPR signal intensity which may be important for in vivo
applications. The active ester isoindoline nitroxide AMCTMIO exhibits low toxicity and
evidence of localizing partially in the intracellular compartment. The EPR spectra of
AMCTMIO and its hydrolysis product (CTMIO) exhibit high sensitivity to O2
concentration. The isoindoline nitroxides investigated here are potentially useful probes for
in vitro and in vivo EPR oximetry. For the isoindoline nitroxides, the ideal combination of
O2 sensitivity and signal intensity may be achieved with non-deuterated 15N-labeled
compounds. Notably, refinements in spectral fitting methodology, such as the development
of efficient procedures based on molecular structure, are expected to aid the derivation of
line-width data from the experimental spectra and further improve the reliability of oximetry
measurements. This is especially true when utilizing unresolved, or poorly resolved,
superhyperfine features.

Superhyperfine resolution in the EPR spectrum of the azaphenalene nitroxide TMAO at low
O2 concentration appears to be a consequence of increased structural rigidity (with respect to
piperidine nitroxides such as TEMPO) due to dibenzo-annulation. The spectrum of TMAO
is sensitive to O2 concentration, but its poor solubility in water means that, for biological
applications, it may be more readily utilized in association with a lipophilic nanoscale
delivery vehicle.

4. Experimental
4.1. General

All reactions were conducted in oven- or flame–dried glassware. All solvents and reagents
were used as commercially supplied. TLC was carried out on pre-coated silica gel 60 F254
plates. Chromatography refers to flash chromatography on silica gel 60, 230-400 mesh
(eluants are given in parentheses). 3-Acetoxymethoxycarbonyl-2,2,5,5-
tetramethylpyrrolidin-1-yloxyl (CxP-AM) [23, 24], 1,1,3,3-tetramethylisoindolin-2-yloxyl
(TMIO) [40], 5-carboxy-1,1,3,3-tetramethylisoindolin-2-yloxyl (CTMIO) [39], 5-(N,N,N-
trimethylammonio)-1,1,3,3-tetramethylisoindolin-2-yloxyl iodide (QATMIO) [41], 1,1,3,3-
tetramethyl-2,3-dihydro-2-azaphenalen-2-yloxyl (TMAO) [37] and 5-
acetoxymethoxycarbonyl-1,1,3,3-tetramethylisoindolin-2-yloxyl (AMCTMIO) [38] were
prepared according to previously published procedures. 4-Oxo-2,2,6,6-tetramethylpiperidin-
d16-1-15N-oxyl (PDT) was purchased from MSD Isotopes (St. Louis, MD). Tempone was
obtained from Molecular Probes (Junction City, OR). The gadolinium complex (Magnevist-
GdDTPA) was obtained from Berlex Imaging (Wayne, NJ).

4.2. 15N labeled isoindoline nitroxides
2H12-15N-TMIO was synthesized according to published procedures [40, 50].
Similarly, 2H12-15N-CTMIO was synthesized from 15N-N-benzylphthalimide according to
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procedures established for the unlabelled analogue [39, 41]. 15N-N-benzylphthalimide was
synthesized from potassium 15N-phthalimide and benzyl bromide according to the method
of Betley et al [51].

4.3. Deuterated TMIO and derivatives
The deuterated TMIO derivatives were synthesized from 2H12-2-benzyl-1,1,3,3-
tetramethylisoindoline or 2H12-15N-2-benzyl-1,1,3,3-tetramethylisoindoline, according to
procedures established for the unlabelled analogues [39-41, 50]. Deuterated 2-
benzyl-1,1,3,3-tetramethylisoindolines were obtained via the method described by Griffiths
et al [40], utilizing perdeuterated methyl iodide in the Grignard reaction [34]. Notably, the
yield of 2H12-2-benzyl-1,1,3,3-tetramethylisoindolines is significantly higher (~60 %) than
that obtained for the unlabelled analogue (~30 %). The yields of the subsequent synthetic
steps were unaffected by deuteration.

4.4. Cell Culture
Chinese hamster ovary (CHO) cells were seeded in McCoy’s 5A medium supplemented
with 10% fetal bovine serum, 20 mM HEPES, and 1% penicillin/streptomycin, and cultured
in a humidified incubator at 37 °C with 95% air and 5% CO2. The cells were maintained as
monolayers and subcultured three times before each experiment.

4.5. Cell Localization Studies
The intracellular concentration of the nitroxides was determined by comparing the EPR
signal intensities with/without the broadening agent. Briefly, the nitroxides (0.2 mM) were
added in the cell suspension containing 1 × 106 CHO cells/100 μl and the EPR spectra were
collected at 2 h, 4 h and 6 h time points at X-band EPR spectrometer. The suspension was
kept in the incubator to maintain cell viability during the experiments. An extracellular
broadening agent (Magnevist-GdDTPA, 20μl) was added to broaden the EPR signals of the
extracellular nitroxide present in the cell suspension. The final concentration of the
broadening agent was 20 mM. The remaining EPR signal provided a direct measure of the
nitroxide localized in the intracellular compartments of the CHO cells.

4.6. Clonogenicity Assay
The CHO cells were collected by trypsinization (0.25% trypsin), centrifuged (200 g, 5 min),
and then seeded into 12-well, round-bottom sterile plates at a concentration of 200 cells/
well. Different concentrations (0.1, 0.2, 0.5, 1 and 2 mM final concentration) of the
nitroxides were added into the culture media. After incubation for 36 hours, the cells were
washed 3 times with HEPES and cultured with fresh media. After being cultured for 7 days,
the cells were fixed and observed under a microscope to count visible colonies. The effects
of the nitroxides on colony formation were calculated by comparing with untreated controls.

4.7. Trypan Blue Exclusion Test
The effects of the nitroxides on cell integrity were measured by the trypan blue exclusion
test. Different concentrations (0.1, 0.2, 0.5 and 1 mM final concentration) of the nitroxides
were added to cultured media and incubated at 37 °C in a humidified incubator with 95% air
and 5% CO2 for 24 hours. The ability to exclude 0.4% trypan blue was determined using a
hemocytometer under a light microscope.

4.8. Oxygen Consumption Measurements
The effects of the nitroxides on cell function were assessed by measuring the rate of
consumption of oxygen. Each 100 μl sample of cells (2.5 × 106 cells/ml) was mixed with
10% dextran (to retard settling of the cells) and 0.5 mM 15N-PDT. Different concentrations
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(0.05, 0.1, 0.2 and 0.5 mM final concentration) of the nitroxides were added into the system.
The resulting solution was drawn into a 1 mm (inner diameter) quartz capillary tube that was
then sealed at both ends. The EPR spectra were recorded at 30 s intervals and the rates of
oxygen consumption by CHO cells were calculated from the slope of the change in line-
width of 15N-PDT with time. During the time required for the assay, the concentration of
PDT did not change significantly and therefore the changes in line-width could be attributed
entirely to changes in [O2].

4.9. Measurement of Sensitivity to Oxygen
Solutions of the various nitroxides (0.1 mM) were prepared and their EPR spectra recorded
in different concentrations of perfused gas. The relative sensitivity to oxygen was
determined in terms of the change in line-width with respect to that in 0 % oxygen.

4.10. EPR Spectroscopy
The EPR spectra were recorded on a Varian E-109 EPR spectrometer, equipped with a
Varian gas-flow temperature controller. Representative spectroscopic parameters were: field
centre, 3362 Gauss; frequency, 9.05 GHz; and non-saturating microwave power. The
modulation amplitude was kept one third of the line-width to avoid signal distortion due to
over modulation. To derive the line-width, the lower field component (N = 1) of the EPR
signal was fitted using the EWVoigt program (Scientific Software, IL), which utilizes a
convolution of Lorentzian and Gaussian functions to describe EPR line shape. To fit the line
shape of EPR signals without superhyperfine structure several parameters such as
Lorentzian line-width, signal intensity, centre field, and signal phase were adjusted while
keeping the Gaussian function constant as approximately 10% of the total line-width. To
derive the line-width of EPR signals with well resolved superhyperfine structure the signal
was fitted using the superhyperfine splitting of 12 equivalent protons as an additional
adjustable parameter. To fit the spectra of these radicals with unresolved superhyperfine
structures at 21% oxygen, the superhyperfine splitting derived at 0% perfused oxygen was
used as a non-adjustable parameter to derive the line-width. For EPR lines with
superhyperfine splittings, the line-width of each superhyperfine line was assumed to be the
same and the fitting gave the mean line-width of the superhyperfine splittings of the N = 1
hyperfine component. All line-widths are expressed as width at half height.

The EPR spectrum shown in Figure 8 was recorded from sample consisting of LiPc crystals
suspended in a PBS solution of 15N-QATMIO.

The EPR spectra of 2H12-15N-CTMIO and 2H12-15N-TMIO were recorded in CHCl3 (0.05
mM) at 298 K on a Bruker Elexsys E580 EPR spectrometer (X-band, ~9.2 GHz) using a
Bruker microwave frequency counter and a Bruker ER036M teslameter for microwave
frequency and magnetic field calibration. The resulting spectra were simulated using the
XSophe-Sophe-XeprView computer simulation software suite [52] running on a personal
computer with Mandriva Linux 2008 as the operating system.
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Research highlights

• Isoindoline nitroxides are promising in vivo and in vitro EPR oximetry probes

• Isoindoline nitroxides exhibit high oxygen sensitivity without isotopic labelling

• Active ester isoindoline nitroxide is non-toxic and partially localises in cells

• Rigid structure of azaphenalene nitroxide results in highly-resolved EPR spectra
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Figure 1.
Nitroxides used in this study
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Figure 2.
The effect of isotopic labeling on the EPR spectrum of TMIO (1 mM in water) in the
absence of O2
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Figure 3.
X-band EPR spectra of (a) 2H12-15N-CTMIO and (b) 2H12-15N-TMIO in CHCl3 (0.05 mM)
at 298 K
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Figure 4.
Increase in the EPR line-widths of the nitroxides relative to that at 0% O2 in the presence of
different perfused O2 concentrations in water
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Figure 5.
Simulation of the low field manifold of the X-band EPR spectrum of active ester nitroxide
AMCTMIO perfused with N2. Inset shows corresponding manifold for pyrrolidine nitroxide
CxP-AM under identical conditions

Khan et al. Page 18

J Magn Reson. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Low field manifold of the X-band EPR spectrum of TMAO perfused with various
concentrations of O2
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Figure 7.
Simultaneous measurement of intra- and extra-cellular oxygen concentration in cells using
two charged nitroxides
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Figure 8.
The well resolved X-band spectra of LiPc and 15N-QATMIO in PBS demonstrate the
feasibility of simultaneous measurement of tissue and intravascular oxygen concentration
using particulate LiPc and a charged nitroxide
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Figure 9.
Oxygen consumption rates of CHO cells treated with nitroxide AMCTMIO, immediately
and 2 hours post-treatment.
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Table 2

Line-width and percent change of the low field EPR manifold of TMAO in ethanol (0.1 mM) at different
concentrations of perfused O2

% O2 Line-width (G) % changea

0% 0.241 0.00

1% 0.304 26.1

2% 0.387 60. 6

5% 0.665 176

10% 1.179 389.2

21% 2.398 895.0

a
relative to line-width at 0% O2
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