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DETAILED METHODS FOR THE QUANTIFICATION OF NITRIC OXIDE IN
AQUEOUS SOLUTIONS USING EITHER AN OXYGEN MONITOR OR EPR
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Abstract—The interest in nitric oxide has grown with the discovery that it has many biological functions. This has
heightened the need for methods to quantify nitric oxide. Here we report two separate methods for the quantification of
aqueous stock solutions of nitric oxide. The first is a new method based on the reaction of nitric oxide with oxygen in
liquid phase (4•NO 1 O2 1 2H2O3 4HNO2); an oxygen monitor is used to measure the consumption of oxygen by
nitric oxide. This method offers the advantages of being both simple and direct. The presence of nitrite or nitrate,
frequent contaminants in nitric oxide stock solutions, does not interfere with the quantification of nitric oxide. Measuring
the disappearance of dissolved oxygen, a reactant, in the presence of known amounts of nitric oxide has provided
verification of the 4:1 stoichiometry of the reaction. The second method uses electron paramagnetic resonance
spectroscopy (EPR) and the nitric oxide trap {Fe21-(MGD)2}, (MGD 5 N-methyl-D-glucamine dithiocarbamate). The
nitrosyl complex is stable and easily quantitated as a room temperature aqueous solution. These two methods are
validated with Sievers 280 Nitric Oxide Analyzer and cross-checked with standards using UV-Vis spectroscopy. The
practical lower limits for measuring the concentration of nitric oxide using the oxygen monitor approach and EPR are
approximately 3mM and 500 nM, respectively. Both methods provide straightforward approaches for the standardiza-
tion of nitric oxide in solution. © 2000 Elsevier Science Inc.
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INTRODUCTION

Nitric oxide (•NO) has been shown to have a role in
many biochemical processes [1,2]. To investigate the
biochemistry and biology of•NO, researchers often em-
ploy saturated solutions of•NO, but the standardization
of these solutions can be problematic. A common
method employed to determine the concentration of•NO
in near-saturated solutions is to estimate the concentra-
tion of •NO using physical-chemical data [3]. These
estimations can be inaccurate due to insufficient removal
of oxygen during solution preparation, inadequate bub-
bling with •NO gas, changes in temperature, or changes
in pressure. Another frequently used method is to mea-
sure nitrite formation that results from the aerobic oxi-
dation of •NO [4]. This approach can also lead to erro-
neous results because trace amounts of oxygen present

during the initial preparation of the•NO solution will
lead to nitrite formation and therefore an overestimation
of the actual concentration of•NO. Other approaches use
instrumentation that is not available in many laborato-
ries, such as a nitric oxide analyzer (NOA) [5]. Thus, the
advent of a new technique that would eliminate the
hindrances and uncertainties associated with the quanti-
fication of •NO in aqueous solution would be of benefit
to researchers using such solutions.

The objective of this work is to provide a convenient and
accurate method to quantify•NO in aqueous solutions. To
accomplish this we have used two methods. The first uses
the widely available oxygen monitor (Clark electrode) to
determine the concentration of•NO in aqueous samples.
The measurement relies on the accepted stoichiometry of
the reaction of nitric oxide with dioxygen, reaction 1 [6,7].

4•NO 1 O2 1 2H2O3 4HNO2 (1)

The concentration of•NO determined from the con-
sumption of oxygen, using the oxygen monitor, was
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verified with a NOA. A second method, EPR with
{Fe21-(MGD)2} as a trap for•NO [8], was also investi-
gated as a means for standardizing aqueous•NO solu-
tions. This technique was verified with both the NOA
and the spin probe 3-carboxy proxyl. Both the oxygen
monitor and EPR techniques are well suited for the
determination of the concentration of•NO in aqueous
solutions.

MATERIALS AND METHODS

Ferrous sulfate and sodium nitrite were purchased
from Fischer Scientific (Pittsburgh, PA, USA). Catalase
(bovine liver) was obtained from Sigma (St. Louis, MO,
USA). Pure nitric oxide gas was purchased from Mathe-
son (Cleveland, OH, USA) and argon was purchased
from Air Products (Allentown, PA, USA). The spin
label, 3-carboxy proxyl (3-CP) was purchased from Al-
drich (Milwaukee, WI, USA).

Preparation of•NO stock solution

Nitric oxide gas was either obtained from a nitric
oxide gas tank or prepared from acidified sodium nitrite
solutions [9]. To prepare gaseous nitric oxide, 50 ml of
deoxygenated 2 M H2SO4 was introduced into a 250 ml
gas sampling bottle containing 100 ml of deoxygenated
4 M NaNO2 solution. During this addition•NO gas is
produced. The rate of addition was carefully controlled
to keep a modest pressure inside the system to avoid
stoppers from popping open.

Since the•NO gas from either source can be contam-
inated with other oxides of nitrogen, it was purified by
passing it through 100 ml of 4 M NaOH solution and
then through 100 ml DDI water that was previously
purged with argon for at least 30 min [10]. The NaOH
solution and DDI water were in 250 ml gas washing
bottles. Finally, the purified•NO gas was bubbled
through approximately 300 ml of DDI water in a 500 ml
gas sampling bottle for at least 20 min. This procedure
produced stock solutions of 1.6 to 1.8 mM•NO, as
measured by the NOA. The gas sampling bottle (Alltech
Co., cat. No. 6944, Deerfield, IL, USA) has two stop-
cocks and a side arm with a septum through which the
solution was accessed. The•NO stored in this way was
stable for at least one week at room temperature. The
concentration of nitrite, present as a contaminant, varied
between 50 to 100mM initially, but increased up to 300
mM if stored for 2 to 3 weeks, as determined by the
NOA.

Aliquots of the•NO stock solutions were delivered
to the various assay systems using argon-flushed gas-
tight microliter syringes (Hamilton Co., Reno, NV,

USA). Prior to aspiration of the•NO sample, an equal
volume of argon was injected into the bottle contain-
ing •NO stock solution to minimize contamination
with oxygen.

Nitric oxide analyzer

A Sievers 280 NOA was used to standardize the
•NO stock solution and to measure nitrites. The•NO
solution was injected into the empty purge vessel of
the analyzer and measured directly. To measure ni-
trite, the purge vessel contained a reducing agent (1%
potassium iodide in glacial acetic acid) to convert
nitrite to nitric oxide. The•NO produced is swept into
the NOA where it reacts with ozone, forming electron-
ically excited nitrogen dioxide; the associated emis-
sion is proportional to the amount of•NO present in
the sample. The amount of•NO present was deter-
mined by integrating the emission signal over time and
was calibrated using known amounts of nitrite as a
source of•NO. The•NO solution standardized by the
NOA served as a standard for the validation of the
oxygen monitor and EPR techniques.

Oxygen monitor

The YSI 5300 Biological Oxygen Monitor (Yellow
Springs Instruments, Inc., Yellow Springs, OH, USA)
uses a Clark-type polarographic oxygen probe im-
mersed in a magnetically stirred sample chamber to
measure oxygen concentration in aqueous solutions.
The electrode has a 90% response time of, 60 s. To
determine the concentration of•NO in a stock solution,
2.80 to 3.00 ml of DDI water were introduced into the
sample chamber and stirred for approximately 3 min to
allow for temperature equilibration. Next, the probe
was placed in the sample chamber and the recorder
output was followed for 1–2 min at 100% air satura-
tion to ensure system stability. Once steady-state con-
ditions were achieved, 50 –200ml of •NO stock solu-
tion were injected and changes in the oxygen
concentration recorded. This change in the oxygen
concentration is a result of a dual effect. While the
injection of aliquots of anaerobic•NO solution causes
the oxygen level to decrease due to reaction 1, the
oxygen level will also decrease due to dilution of the
aerobic solution. To account for the latter effect, 50 –
200 ml of argon-bubbled DDI water were added to the
sample chamber containing air-saturated DDI water.
The corresponding changes in the oxygen concentra-
tion due to this addition were measured and used as a
correction factor to calculate the exact concentration
of •NO in the anaerobic stock solution.
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The quality of the oxygen probe measurements was
assured by consecutive injections of the same volume of
the •NO stock solutions into the sample chamber, allow-
ing 3–4 min between additions. If drastic, inappropriate
changes in oxygen concentration were observed, the
membrane was changed. The initial concentration of
oxygen in air-saturated DDI water was taken as 250mM
under our conditions of room temperature (25°C), atmo-
spheric pressure, and ionic strength. This value was
obtained by interpolation from the plots of [O2] vs.
temperature at various ionic strengths and then corrected
for atmospheric pressure [11]. The oxygen monitor was
calibrated with the amount of oxygen liberated when 500
U/ml of catalase were added to the sample chamber
containing 50mM hydrogen peroxide, at the same tem-
perature and pressure as the•NO sample measurements.
The catalase/H2O2 reaction will produce one equivalent
of O2 for every two equivalents of H2O2 added. The
hydrogen peroxide stock solution in DDI water was
standardized spectrophotometrically using«240 5 43.6
M21 cm21 [12].

Preparation of {NO-Fe21-(MGD)2} complex
and EPR

N-Methyl-D-glucamine dithiocarbamate (MGD) so-
dium salt was synthesized by the method of Shinobu et
al. [13]. Stock solutions of {Fe21-(MGD)2} were pre-
pared by dissolving MGD sodium salt and ferrous sulfate
in DDI water, molar ratio 5:1, respectively. All solutions
were prepared with argon-purged DDI water. Because
MGD is in excess, the concentration of the {Fe21-
(MGD)2} complex is always expressed with respect to
[Fe(II)]. In general, the concentration of {Fe21-
(MGD)2} stock solutions prepared for the experiments
ranged from 2–10 mM depending on the experimental
conditions.

Although •NO by itself is a paramagnetic com-
pound, it is EPR silent at room temperature in aqueous
solutions. However, when•NO is trapped with {Fe21-
(MGD)2}, the resulting complex {NO-Fe21-(MGD)2} is
EPR-detectable [8]. The {NO-Fe21-(MGD)2} samples
were prepared by first pipetting different amounts of
{Fe21-(MGD)2} stock solution, 50–400ml, into a 10 ml
test tube kept under argon. To this solution, various
volumes of•NO stock solutions were added using gas-
tight syringes, resulting in the formation of the {NO-
Fe21-(MGD)2} complex. The pH of this solution varied
between 7.5 and 8.0. To generate standards for quanti-
tative measurement of•NO, various dilutions of known
concentrations of•NO stock solutions were used to pre-
pare {NO-Fe21-(MGD)2} samples. The concentrations

of the •NO stock solutions were standardized using the
NOA. The concentration of {Fe21-(MGD)2} was always
in 3- to 5-fold excess of the•NO added to ensure that all
the•NO was trapped. The spin label 3-CP was used as an
additional standard to verify the concentrations of {NO-
Fe21-(MGD)2} standards, correcting for the difference
in their g-values [14]. The 3-CP solution was standard-
ized spectrophotometrically using«234 5 2370 6 50
M21 cm21.

Once formed, the {NO-Fe21-(MGD)2} samples were
quickly transferred to the degassed flat cell to avoid
oxidation of the complex, and EPR spectra were re-
corded within 5–10 min. This {NO-Fe21-(MGD)2} com-
plex gives a 3-line EPR spectrum. Control experiments
were done by adding various volumes of NaNO2 to the
{Fe21-(MGD)2} solution, and EPR spectra were re-
corded. Pilot experiments were also done to see if {Fe21-
(MGD)2} could be used as the limiting reagent when
studying the {NO-Fe21-(MGD)2} complex. It was found
that when the•NO is added in great excess to {Fe21-
(MGD)2}, the resulting complex is EPR-silent under our
instrument settings. We hypothesize that this may be due
to the formation of diamagnetic dinitrosyl complexes
similar to those reported by Vanin et al. [15]. In our
experiments nitric oxide was always the limiting reagent.

EPR spectra were obtained using a Bruker X-band
300-EMX spectrometer (Karlsruhe, Germany) at
room temperature. The typical instrument settings
were: 9.75 GHz microwave frequency; 100 kHz
modulation frequency; 10 mW, a nonsaturating micro-
wave power [16], 1 G modulation amplitude; 3418 G
center field for {NO-Fe21-(MGD)2} and 3475 G for
3-CP; 100 G/84 s scan rate; and 82 ms time constant.

RESULTS

Oxygen monitor

To determine the concentration of a stock solution of
•NO, 100ml of the solution was introduced into 2.90 ml
of DDI water in the oxygen monitor chamber. The per-
cent total change in oxygen concentration was recorded
as YA1B. As a control for the effect of anaerobic dilution
(see Methods), 100ml of nitrogen- or argon-bubbled
DDI water were added to the chamber instead of the•NO
solutions, and the corresponding change in the oxygen
concentration was recorded as YB. The concentration of
•NO in the original solution was then calculated by the
following formula:

[•NO] 5 ((YA1B 2 YB)/100)3 [O2]air 3 DF 3 4 (2)

Where:
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YA1B 5 percent change in oxygen
concentration upon addition of•NO
stock solution;

YB 5 percent change in oxygen
concentration due to anaerobic
dilution;

(YA1B 2 YB) 5 percent change in oxygen
concentration due to the reaction of
•NO with oxygen alone;

[O2]air 5 the oxygen concentration of an air-
saturated solution under the physical
conditions of the experiment (for this
work it was taken to be 250mM);

DF 5 dilution factor of •NO (for example,
in our experiments it is (2900ml 1
100 ml)/100 ml);

and “4” accounts for the stoichiometry of the reaction
(reaction 1).

The concentration of the•NO stock solutions deter-
mined by the oxygen monitor method correlates ideally
with that obtained from the NOA, Fig. 1 (see also inset).
The slope of the best-fit line being 0.997 indicates that
the oxygen monitor is a reliable method for the quanti-
fication of•NO stock solutions. Neither nitrite nor nitrate
interfere with this quantitation, as control experiments in
which 100 ml of various concentrations of NaNO2 or
NaNO3 solutions were added to achieve a final concen-
tration of 500–1000mM showed no electrode response.
Our results suggest that the oxygen monitor can be used
to standardize•NO stock solutions with concentrations in
the range of approximately 10mM–1.9 mM at room
temperature. The higher concentration of 1.9 mM is the
upper limit of the solubility of•NO in aqueous solution
at room temperature.

The focus of this work is the quantification of nitric
oxide in aqueous solution. The slope in Fig. 1 (0.997)
coupled with the stoichiometric factor used in equation 2,

Fig. 1. Standardization of oxygen monitor technique with NOA and EPR. The data represent the concentrations of various stock
solutions of•NO determined by the NOA (abscissa) and the oxygen monitor (D) and EPR (Œ) (ordinate). The inset shows the best-fit
line for the oxygen monitor results alone. The units on all axes are in mM. Identical volumes of various•NO stock solutions were
injected into the NOA. The oxygen monitor analyses were performed by adding 100ml of various•NO stock solutions to 2.90 ml of
air-saturated DDI. EPR analyses were performed by adding 100ml of •NO stock solution to a solution of {Fe21-(MGD)2} under argon.
Each point represents the mean of three independent measurements and the bars the standard error. The size of the error bars in some
data points is smaller than that of the symbols used.
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is the first verification of the 4•NO:1O2 stoichiometry of
reaction 1 determined by measuring the consumption of
oxygen, a reactant.

EPR quantitation of•NO with {Fe21-(MGD)2}

To determine the concentration of•NO using EPR,
100 ml of various concentrations of•NO stock solutions
were introduced to a solution of {Fe21-(MGD)2} com-
plex in water. A three-line EPR spectrum was observed
corresponding to the {NO-Fe21-(MGD)2} complex at
giso 5 2.04, aN 5 12.8 G. The concentration of this
nitrosyl complex was obtained by double integration of
the three lines, calibrated against standards of {NO-
Fe21-(MGD)2}, and cross-checked with 3-CP. The con-
centration of•NO solutions determined by EPR measure-
ments correlates well (slope5 1.08) with those
determined from the NOA, and are plotted in Fig. 1
along with the results from the oxygen monitor.

It has been shown that nitrite in the presence of
{Fe21-(MGD)2} could be an additional source of•NO,
which in turn would form the {NO-Fe21-(MGD)2} com-
plex [17,18,19]. Small amounts of nitrite, invariably
present in•NO stock solutions, could lead to an overes-
timation of nitric oxide. It is therefore important to
determine whether or not the presence of small amounts
of nitrite will interfere with the standardization of•NO
solutions using {Fe21-(MGD)2} as a•NO trap. To check
whether the presence of nitrite as a contaminant inter-
feres with the estimation of•NO, NaNO2 was tested for
its reactivity with the {Fe21-(MGD)2} complex in the
time frame of our experimental conditions. The {Fe21-
(MGD)2}/NaNO2 solutions produced no detectable EPR
signals with our instrument settings until [NaNO2] . 500
mM. At 1 mM NaNO2, an EPR spectrum corresponding
to the {NO-Fe21-(MGD)2} complex was detected within
the first 3 min after addition of NaNO2. The signal
intensity increased approximately 5-fold over 30 min.
The signal intensity after 30 min corresponded to 110
mM of {NO-Fe21-(MGD)2}. This observation is consis-
tent with the conversion of nitrite to•NO in the presence
of {Fe21-(MGD)2} [18]. In another control experiment,
the•NO stock solution was purged with argon for 30 min
to ensure the solution was free of•NO and contained only
nitrite as a contaminant. When this solution was added to
the {Fe21-(MGD)2} solution no EPR signals were ob-
served, although the NOA revealed the presence of ni-
trite (150–250mM). Because the formation of nitric
oxide from nitrite depends on the concentration of
{Fe21-(MGD)2}, we added different concentrations of
{Fe21-(MGD)2} (0.3 mM to 0.6 mM) to the above
solution. No detectable {NO-Fe21-(MGD)2} signal was
observed under our experimental conditions. This dem-
onstrates that small amounts of nitrite, present as con-

taminants in the•NO stock solutions, do not interfere
with the quantification of•NO by EPR. When the mod-
ulation amplitude and the time constant of the EPR
spectrometer were increased, then the 3-line {NO-Fe21-
(MGD)2} signal could be seen from solutions containing
nitrite as low as 100mM. Thus, the potential interference
from nitrite must be considered. With appropriate proto-
cols, {Fe21-(MGD)2} can be used to quantitate•NO
stock solutions in the range of 500 nM (by peak height
measurements) to 1.9 mM.

DISCUSSION

How does the oxygen monitor method compare to
other methods for quantification of•NO in stock solu-
tion? The oxygen monitor method is an economical and
accurate approach to quantify•NO in only a few minutes.
In comparison to EPR, the oxygen monitor is the method
of choice when contaminating nitrite levels are high
($ 1 mM), because there is no interference from nitrite.
However, under our experimental conditions, i.e., the
sample solution with pH5 7.5–8.0, at room temperature
and when the nitrite is less than approximately 500mM,
there appears to be no interference with the {NO-Fe21-
(MGD)2} measurement by EPR. This is made clear in
Fig. 1 where the concentrations of•NO from both meth-
ods are compared with that from the NOA. At low nitrite
levels, both methods are excellent. Recall that both meth-
ods were cross-checked using UV-Vis spectroscopy, i.e.,
the oxygen monitor was calibrated using concentrations
of hydrogen peroxide that were determined spectropho-
tometrically and EPR measurements were referenced to
3-CP, which was again standardized by absorbance mea-
surements. The oxygen monitor can be used to estimate
the concentrations of aqueous•NO solutions having con-
centrations of' 10 mM to 1.9 mM.

Although there have been numerous studies using
EPR with {Fe21-(MGD)2} for the detection of•NO in
biological systems, we have extended this work by de-
veloping a protocol to quantify aqueous•NO stock
solutions. Nitric oxide must be the limiting reagent for
success in the {Fe21-(MGD)2}/

•NO reaction; {Fe21-
(MGD)2} should be at least 3- to 5-fold excess to ensure
that all the•NO is trapped. Nitrite can interfere with the
{NO-Fe21-(MGD)2} measurement, but if it is present at
less than approximately 500mM, pH 5 7.5–8.0, using
our EPR parameters we found no significant interference.
Both the oxygen monitor [20] and EPR [8] have been
used in the study of the biochemistry of nitric oxide.
Here we use these methods for the quantification of•NO.
In conclusion, the concentration of•NO determined us-
ing the oxygen monitor and EPR correlated ideally with
the results obtained from the NOA. The oxygen monitor
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provides a simple and fast approach to the standardiza-
tion of aqueous solutions of nitric oxide.
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