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Abstract
Despite growing reports on the biological action of nitric oxide (NO) as a function of NO payload,
the validity of such work is often questionable due to the manner in which NO is measured and/or
the solution composition in which NO is quantified. To highlight the importance of measurement
technique for a given sample type, NO produced from a small molecule NO donor (N-
diazeniumdiolated L-proline, PROLI/NO) and a NO-releasing xerogel film were quantified in a
number of physiological buffers and fluids, cell culture media, and bacterial broth using the Griess
assay, a chemiluminescence analyzer, and an amperometric NO sensor. Despite widespread use,
the Griess assay proved to be inaccurate for measuring NO in many of the media tested. In
contrast, the chemiluminescence analyzer provided superb kinetic information in most buffers, but
was impractical for NO analysis in proteinaceous media. The electrochemical NO sensor enabled
greater flexibility across the various media with potential for spatial resolution, albeit at lower than
expected NO totals versus either the Griess assay or chemiluminescence. The results of this study
highlight the importance of measurement strategy for accurate NO analysis and reporting NO-
based biological activity.
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Introduction
Nitric oxide (NO), an endogenous free radical produced by a collection of enzymes known
as NO synthases (NOS), is a physiological mediator of the cardiovascular, immune and
nervous systems.1 For example, NO produced in the vasculature by endothelial NOS serves
as a vasodilator and blood pressure regulator.2, 3 The immune system produces NO at high
concentrations via inducible NOS to serve as a signaling molecule4, 5 and potent
antimicrobial agent.6 In the brain, NO produced by neuronal NOS functions as a
neurotransmitter and is involved in memory formation.7 The physiological significance of
NO has led to increased research on NO and NO-releasing scaffolds as potential
therapeutics.8-14 Given that the location and concentration of NO governs its biological
activity, the validity of analytical methods for measuring NO is critical.
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While understanding NO's behavior in vivo is important, this task is far from trivial. Nitric
oxide is reactive and short lived with a lifetime on the order of seconds to minutes.15

Additionally, the diffusion of NO is rapid, with diffusion coefficients approaching 3300 μm2

s-1 in physiological buffer.16, 17 Complicating matters further, the physiological
concentration of NO spans six orders of magnitude (pM to μM).18 Sensitive analytical tools
for measuring NO over wide concentration ranges are thus a necessity.19 To date, three
analytical techniques account for the majority of NO measurements used in the literature to
quantify NO.12, 20 First described in 1864,21 the Griess assay (“Griess”) allows for the
estimation of total NO concentrations via nitrite analysis. Although inexpensive, readily
available commercially, and useful for the determination of NO totals, the limit of detection
for Griess is only ~0.5 μM.12, 22, 23 In contrast, chemiluminescence detection via a
commercially available NO analyzer is a more costly method primarily due to the
instrumentation, but the NO is measured more directly via reaction with ozone.24 Since NO
is also redox active, electrochemical sensors have also been developed to quantify NO from
sources as small as single cells made possible via sensor miniaturization.23

While each of these techniques has inherent advantages for measuring NO, it is important to
consider the environment (i.e., solution or sample) in which the measurement takes place.
Since NO readily reacts with free radical species (e.g., superoxide, thiyl radicals, and lipid
peroxyls), metal-containing proteins (e.g., hemoglobin), and (to a lesser extent) thiols, the
available (i.e., free) NO will vary depending on the sample medium.25-27 While recent
reviews have focused on the methodologies for measuring NO in biological
samples,23, 24, 28-35 an understanding of the influence of the technique and sample milieu on
the validity of such measurements is lacking. Herein, we evaluate the accuracy of NO
analysis with respect to measuring NO in physiological buffers and fluids, cell culture
media, and bacterial broth using the Griess assay, a chemiluminescence NO analyzer, and an
amperometric NO sensor.

Experimental Section
Reagents and Materials

(Heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane (17FTMS),
isobutyltrimethoxysilane (BTMOS), and N-(6-aminohexyl)aminopropyltrimethoxysilane
(AHAP3) were purchased from Gelest (Morrisville, PA). Methyltrimethoxysilane
(MTMOS) was purchased from Fluka (Buchs, Switzerland). Griess assay reagents were
purchased from Promega (Madison, WI). Tryptic soy broth (TSB) and brain heart infusion
(BHI) broth were purchased from BD Biosciences (San Jose, CA). Dulbecco's Modified
Eagle Medium (DMEM), McCoy's Medium 5A Modified, fetal bovine serum (FBS),
dipotassium ethylenediaminetetraacetic acid (K2EDTA), nicotinamide adenine dinucleotide
phosphate (NADPH), and nitrate reductase (from Aspergillus niger) were purchased from
Sigma (St. Louis, MO). Opti-MEM I (a reduced serum medium) was purchased from Life
Technologies (Grand Isle, NY). Leibovitz medium (L-15; a carbon dioxide-free cell culture
medium) was purchased from Lonza (Basel, Switzerland). Porcine blood was obtained from
the Francis Owen Blood Research Laboratory (University of North Carolina; Chapel Hill,
NC). Blood serum was obtained by collecting porcine blood without the addition of
anticoagulant. After allowing the blood to clot, it was centrifuged at 2500 rpm for 15 min
and the supernatant (i.e., serum) was removed. To obtain blood plasma, porcine blood was
drawn into a tube with K2EDTA (~1.8 mg mL-1), mixed immediately, and then centrifuged
at 2500 rpm for 15 min. After centrifugation, three layers were present (from top to bottom:
plasma, leukocytes, and erythrocytes); the top layer was removed. A Millipore Milli-Q UV
Gradient A10 System (Bedford, MA) was used to purify distilled water to a final resistivity
of 18.2 MΩ·cm and a total organic content of ≤6 ppb. Nitrogen and argon gases were
purchased from AirGas National Welders (Raleigh, NC). Nitric oxide gas was purchased
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from Praxair (Danbury, CT). Other solvents and chemicals were analytical-reagent grade
and used as received.

Phosphate buffered saline (PBS; 10 mM, pH 7.4), physiosol36 (pH 6.0), artificial urine37

(pH 5.9) and artificial saliva38 (pH 6.7) were prepared as described in Supporting
Information. A saturated NO solution (1.9 mM NO) was made by purging ~20 mL of PBS
with argon for 30 min to remove oxygen, followed by NO gas for 20 min.

Synthesis of PROLI/NO
N-diazeniumdiolated L-proline (PROLI/NO) was prepared following a previously published
protocol.39 Briefly, L-proline (2.05 g) was dissolved in a solution of methanol (25 mL) and
sodium methoxide (2.00 g). The solution was then placed in a stainless steel reaction vessel
and flushed with Ar six times (three in succession, three for 10 min each), then charged with
NO at a pressure of 10 atm for 3 d with constant stirring. Six additional Ar purges were
performed after 3 d. The solution was then precipitated by the addition of diethyl ether (150
mL) at –20 °C for 4 h. The white precipitate was isolated by vacuum filtration and dried in
vacuo to yield PROLI/NO, which was stored at –20 °C until use. Ultraviolet spectra of a
14.9 μg mL-1 solution of the product (in 1.0 M sodium hydroxide) was acquired using a
Thermo Scientific Evolution Array UV-visible spectrophotometer. The molecular weight of
pure PROLI/NO was taken to be 251 g/mol.39

Synthesis of NO-releasing xerogels
Nitric oxide-releasing xerogels were fabricated using a procedure similar to one described
previously.40 Briefly, 378 μL BTMOS was pre-hydrolyzed in 633 μL ethanol, 190 μL
Milli-Q water and 31.7 μL 0.5 M hydrochloric acid for 1 h with agitation. Next, 255 μL
AHAP3 was added and the resulting aminosilane/alkylsilane sol was mixed for an additional
1 h. Glass micro slides (Gold Seal, Portsmouth, NH) were cut into 9 × 25 mm sections and
sonicated successively in water, ethanol, and acetone. The substrates were dried under a
stream of nitrogen and then cleaned in an ultraviolet-ozone cleaner (BioForce Nanosciences;
Ames, IA) for 20 min. Following, 40 μL aliquots of the sol were cast onto each substrate,
dried for 1 h in ambient conditions and cured at 70 °C for 3 d. To convert the secondary
amines in the matrix to N-diazeniumdiolate NO donors, the xerogels were placed in a
stainless steel 500 mL Parr bomb, purged copiously with argon gas, and held under 10 atm
NO gas for 3 d. After additional argon purging to remove unreacted NO, the films were
sealed under nitrogen and stored at –20 °C until use.

Griess assay
To quantify NO via the Griess assay,41 50 μL of a 2 mg mL-1 solution of PROLI/NO in 100
mM sodium hydroxide (NaOH) was added to 15 mL of desired media and incubated at room
temperature for at least 24 h. Aliquots (50 μL) of this sample were added to a sulfanilamide
solution (50 μL) and incubated in the dark at room temperature for 5 min.
Naphthylethylenediamine (50 μL) was added to the mixture to form a colorimetric product
with concomitant absorbance measured in each well at 540 nm using a LabSystems
MultiSkan RC microplate reader (Helsinki, Finland). Sodium nitrite standards were used to
normalize the assay reactivity and associated absorbance.

For analysis of blood constituents (i.e., plasma and serum), NADPH (25 μL) and nitrate
reductase (2 μL) were added to the samples and allowed to incubate for at least 30 min prior
to the addition of the Griess reagents. Headspace studies using Griess were conducted in the
same manner, but the volume of media added to the 20 mL scintillation vial was varied (10,
15, and 20 mL). Concentration dependence studies were conducted by varying the
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concentration of the stock PROLI/NO solution and injecting aliquots into 15 mL media to
yield final PROLI/NO concentrations of 0.67, 6.7, and 67 μg mL-1.

Chemiluminescence detection
Real-time NO release was monitored using a Sievers 280 Chemiluminescent NO Analyzer
(Boulder, CO). The instrument was calibrated with a 25.6 ppm gas standard (balance N2)
and an atmospheric sample that had been passed through a NO zero filter. Samples were
prepared by adding 10 μL of a 2 mg mL-1 solution of PROLI/NO in 100 mM NaOH to 30
mL of desired media that had been degassed in a sample vessel for at least 20 min. Nitric
oxide produced in the vessel was carried to the NO analyzer by a stream of nitrogen gas
bubbled into the solution (80 mL min-1) and across the headspace of the flask (120 mL
min-1), equivalent to 200 mL min-1 flow to the instrument. 1), equivalent to 200 mL min-1
flow to the instrument. Concentration dependence studies were conducted in the same
manner, but the concentration of the stock PROLI/NO solutions was varied to yield final
concentrations of 0.167, 1.67, and 16.7 μg mL-1 in 30 mL. Release of evolved NO from
40% AHAP (balance BTMOS) xerogels was measured similarly following placement of the
substrates directly into deoxygenated PBS using the vessels described above.

Electrochemical detection
Inlaid 2 mm diameter polycrystalline platinum (Pt) disk electrodes sealed in Kel-F (CH
Instruments; Austin, TX) were mechanically polished with successively finer grades of
deagglomerated alumina slurries down to 0.05 μm particles (Buehler; Lake Bluff, IL).
Residual alumina was removed using an ultrasonic cleaner (in water) and the electrodes
were dried with nitrogen. A fluorinated NO-selective xerogel membrane was applied to the
electrode as previously described to minimize response to common interferents.42, 43

Briefly, a silane solution was prepared by mixing MTMOS (60 μL) in ethanol (300 μL). To
this solution, 17FTMS (15 μL) was added, resulting in a 20% v/v fluoroalkoxysilane
(balance MTMOS) mixture. The silane solution was subsequently mixed with water (80 μL)
and 0.5 M HCl (5 μL) for 1 h. The resulting sol (1.5 μL) was cast onto Pt working
electrodes and allowed to cure for 24 h under ambient conditions. To evaluate the analytical
performance of the NO sensors, amperometric measurements were performed using a CH
Instruments 730B bipotentiostat (Austin, TX). The electrode assembly (3-electrode
configuration) consisted of the xerogel-modified Pt working electrode, a Pt-coiled counter
electrode, and a Ag/AgCl reference electrode (3.0 M KCl; CH Instruments).
Electrooxidation currents were recorded at an applied potential of +700 mV (vs. Ag/AgCl).
When measuring the NO in the various media using PROLI/NO as the NO source, a 2 mg
mL-1 solution of the NO donor (i.e., PROLI/NO) was added to a constantly stirring 30 mL
solution to achieve a final concentration of 0.1 mg mL-1. Of note, the larger volume of
media was necessary to accommodate the working, reference, and counter electrodes in the
flask. Concentration dependence studies were conducted in the same manner, but the
concentration of the stock PROLI/NO solutions was varied to yield final PROLI/NO
concentrations of 0.67, 6.7, and 67 μg mL-1. Xerogel film studies were conducted by
placing the film directly below a working electrode and using a micromanipulator to adjust
the electrode distance from the NO-releasing surface.

Results and Discussion
Diverse biological media were chosen for these experiments to properly represent
environments in which NO measurements are relevant (e.g., in vivo, cell/tissue culture,
bacteria culture). Solutions included simple physiological buffers (PBS and physiosol),
simulated biological fluids (saliva, urine, and wound fluid), cell culture media (DMEM,
McCoy's, L-15, and Opti-MEM), bacterial broth (TSB and BHI), whole blood, plasma, and
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serum. The salt, amino acid, protein, and vitamin content of these media vary significantly
(Tables 1–4 in the Supporting Information) and thus were predicted to impact the results.

NO determination via Griess
The Griess assay allows for indirect measurement of NO by quantifying nitrite, NO's
reaction product in oxygenated media (eqs 1–3):

(1)

(2)

(3)

Once formed, the nitrite is reacted with the Griess reagents, sulfanilamide and N-(1-
naphyl)ethylenediame, to produce an azo dye with an absorbance maximum at 540 nm. To
accurately quantify NO, calibration curves are constructed using a standard nitrite solution
in the sample medium.41

In theory, one mole of PROLI/NO decomposes to release two moles of NO, producing 7.9
μmol NO mg-1 PROLI/NO total.39 Following synthesis, PROLI/NO was characterized
using UV/VIS spectroscopy (Supporting Information, Figure S1). An observed λmax at 252
nm confirmed N-diazeniumdiolate formation from the L-proline precursor, consistent with
prior reports.39 A 14.9 μg ml-1 solution was prepared in 1.0 M sodium hydroxide and the
molar absorptivity coefficient (ε) reported previously by Saavedra et al at 252 nm (8.4 mM-1

cm-1)2 was used to determine a PROLI/NO concentration of 55.7 μM. Assuming total
purity, the concentration of this solution would be 59.5 μM, implying a relative purity of
93.5%. This value is also supported by the chemiluminescent NO release totals in buffers
lacking scavenging components (i.e., PBS). Estimated NO release totals derived from the
total nitrite present in each type of media as determined using the Griess assay are given in
Figure 1 along with totals derived from chemiluminescence detection. The total NO
measured in PBS via Griess was only 5.67 ± 0.27 μmol mg-1, roughly 30% lower than the
theoretical amount and that detected via the chemiluminescence method (7.24 ± 0.04 μmol
mg-1). Of note, care was taken to add fresh PROLI/NO solution to the media quickly. In
addition, multiple samples were analyzed to obtain standard deviations. Similar depressed
NO levels were observed in all of the media types tested using Griess. We attribute the
deviation between Griess and theoretical to lost (e.g., escaped) NO gas (from solution) that
subsequently was not accounted for in the total nitrite levels. Indeed, when the headspace in
a 20 mL scintillation vial was reduced by adding 20 mL of PBS versus 15 mL, the total
nitrite detected was increased by 44 ± 12%. Conversely, when the total buffer volume was
decreased to 10 mL, the total nitrite recovered was reduced by 32 ± 21% (data not shown).
The most significant deviations of measured vs. theoretical NO totals were observed in
bacterial broth (i.e., TSB and BHI), McCoy's and L-15 cell culture media, and plasma and
serum. These results were somewhat expected as both cell culture and bacterial growth
media consist of complex mixtures of amino acids, proteins, sugars, and vitamins of various
concentrations (Tables SI21–4 in the Supporting Information). Proteins and other additives
have been shown to interfere with the Griess assay previously,44-46 acting as either positive
or negative interferents. For example, positive interferents such as NOS and hemoglobin
absorb light around 540 nm. Other interferents including cysteine, tyrosine, ascorbate, and
NADPH react with nitrite to negatively skew NO totals. Although interfering proteins could
be removed by chemical precipitation or ultrafiltration,28 such solution conditioning is
tedious and would be at the expense of biological relevance. As anticipated, NO was not
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quantifiable in whole blood via Griess due to the opacity of blood and presence of
interfering proteins.45 Additionally, NO and nitrite are readily oxidized to nitrate in whole
blood by oxyhemoglobin.47, 48 Nevertheless, nitrite levels were measureable in plasma and
serum samples extracted from the blood with the caveat that nitrate reductase and NADPH
were used to revert nitrate that formed back to nitrite. Despite this, NO lost by its conversion
to nitrosylheme via the reaction with deoxyhemoglobin could not be recovered using this
assay. In both plasma and serum, the NO totals were >15% lower (4.75 ± 1.1 and 4.18 ±
0.85 μmol mg-1, respectively) than that in PBS, further indicating measurement inaccuracies
in protein-rich samples. Of note, nitrite recovery is highly variable and dependent on
enzyme activity.28, 33, 49

The accurate detection of NO via the Griess assay is also concentration dependent in certain
types of media. While no significant differences were observed for non-proteinaceous
media, detection in the more complex media (i.e., cell culture media and bacterial broth)
varied significantly depending on the amount of PROLI/NO added to solution (Figure S2 in
Supporting Information). For example, while the addition of 0.67 μg mL-1 PROLI/NO in
DMEM yielded nitrite totals that were only 48 ± 9% of those achieved at the highest
concentration of PROLI/NO, a 10X more concentrated sample yielded nitrite amounts that
nearly matched those of the highest concentration (97 ± 1%). The same trend held true for
the bacterial broth TSB. This can be attributed to the effect of scavenging, as the
concentration of such scavengers in a given media is constant, so adding more NO allows
this effect to be overcome to some extent.

Given these results, the use of Griess for quantifying NO in most biological media leads to
questionable results. Nevertheless, the potential for high throughput analysis via microtiter
plates and readers makes Griess useful for initial screening of NO-release materials in less
complex media (e.g., PBS) so long as such data is supplemented with more rigorous analysis
in relevant milieu prior to drawing conclusions regarding clinical utility. In addition, some
kinetic data is obtainable using Griess by taking aliquots from a sample solution at set
periods or moving bulk (i.e., larger) substrates (e.g., polymer-coated slides) in and out of a
soak solution, and subsequently sampling those solutions. For example, AHAP films soaked
in select media yielded totals similar to those obtained under the same conditions using
chemiluminescent detection (Table S5 in Supporting Information) after one week. Although
the low levels of NO release were undetectable with chemiluminescence after 2 weeks, the
accumulation of nitrite was still measureable using the Griess assay and indicated a
continued release of NO from the substrates.

Chemiluminescence NO analyzer
To facilitate real-time measurement of NO with greater time resolution and lower limits of
detection relative to the Griess assay, chemiluminescence-based instrumentation is a
standard tool for solution-based analysis.20 Using measurement principles from its original
use (i.e., respiratory applications), NO is carried from the sample (e.g., exhaled breath,
solution vessel, etc.) by an inert gas (e.g., nitrogen, argon) to an instrument where the NO is
reacted with ozone to form an excited-state nitrogen dioxide species that emits a photon
upon relaxation back to the ground state. This light, ranging from 600–875 nm, is detected
by a photomultiplier tube and is proportional to the NO present in the sample. The reaction
of NO with ozone is both specific for and sensitive to NO with a detection limit approaching
0.5 ppb (0.66 pM in 100 mL) in PBS.12 Detection limits in solutions other than PBS have
not been reported previously.

Analogous to the Griess experiments above, samples of PROLI/NO (0.67 μg mL-1) were
introduced into a solution, but analyzed using chemiluminescence detection to quantify NO.
Unexpectedly, the media compatible with this method was limited to solutions that did not
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foam as a result of purging with nitrogen gas (necessary to carry the NO to the instrument
and eliminate auto-oxidation to nitrite by removing oxygen). Foaming due to nitrogen
bubbling was most prominent for culture media, bacterial broth solutions, and blood (i.e.,
whole, plasma, serum) due to their high protein content.50 Nitric oxide release totals via
chemiluminescence for the compatible media are also shown in Figure 1, allowing for direct
comparison of total NO detected with Griess as a function of media type. Of note, the 7.24 ±
0.04 μmol NO mg-1 measured in PBS via chemiluminescence was near the predicted NO
payload for PROLI/NO based on the theoretical total and calculated relative purity. The NO
totals measured in low protein content media using chemiluminescence were not
significantly different from theoretical NO payloads, indicating high accuracy of this
technique for measuring total NO. While L-15 cell culture media contains biomolecular
components that may scavenge NO, such reactivity was limited as the NO was rapidly
moved out of the sample vessel to the instrument by the carrier gas after formation.

A key advantage of chemiluminescence NO detection is the ability to obtain information
about NO release from NO-donor systems. In addition to total NO amount, the maximum
NO flux, time to the maximum release (tmax) and NO-release half-life (t1/2) may be
determined for a particular NO source (e.g., small molecule, macromolecular scaffold).
These parameters were extracted from the NO-release profile of PROLI/NO in PBS,
physiosol, artificial saliva, and L-15 (Table 1). Little variation in the NO-release kinetics for
PROLI/NO in these media was noted using chemiluminescence, with two exceptions. In
artificial saliva, the maximum NO release was significantly lower than that in PBS (73,360
± 1,100 versus 86,200 ± 3,700 pmol s-1 mg-1, respectively). This behavior may be attributed
to greater scavenging of NO by components in saliva relative to PBS. Likewise, the half2life
of PROLI/NO in L-15 cell culture media was smaller (reduced by ~8 s) than that measured
in PBS. These variances are not surprising given the complex and varying nature of
biological media (Supporting Information).

Analogous to the Griess assay, the accurate measurement of NO totals from PROLI/NO was
dependent on the concentration of the NO donor introduced into the sample flask (Figure S1
in Supporting Information). As expected, no difference was observed between
concentrations in the buffer solution (PBS) or the simulated biological solution tested
(saliva), as these are simply composed of various salts. However, a slight decrease of 9 ± 1%
was observed for the lowest concentration relative to the 100X more concentrated sample
for the cell culture media tested (L-15 in this case, as DMEM foams too significantly to be
used with this technique).

Despite the advantage of kinetic NO-release parameters, the required purging of the sample
vessel remains problematic for measuring NO via chemiluminescence in biological samples
due to undesirable frothing. Furthermore, the reaction vessel should be free of oxygen to
minimize any side reactions that would decrease NO entering the instrument.12, 24

Unfortunately, mammalian cells and tissues that produce NO require an aerobic
environment for survival, thus excluding chemiluminescence for measuring NO production
from cells and/or tissue in their native environment for extended periods.

Amperometric NO sensor
In contrast to Griess and chemiluminescence, electrochemical sensors allow for the
measurement of NO in almost any biological setting down to the single cell level.51-53 The
advantages of electrochemical detection of NO include superior spatial and temporal
resolutions, excellent limits of detection and dynamic ranges, and the ability to miniaturize
the sensor. Both the selectivity and sensitivity of the sensor are tunable by changing the
applied potential to the working electrode and/or modifying the working electrode with a
catalyst and/or permselective membrane.12, 54 Due to these inherent advantages,
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amperometric NO sensors have been used extensively to examine both
endogenous11, 52, 53, 55-58 and exogenous59-61 NO production. Nitric oxide measured using
an amperometric sensor results in current proportional to the NO concentration upon the
oxidation of NO via a three-electron process (eqs 4–6):62, 63

(4)

(5)

(6)

Depending on the thickness of the permselective membrane, the response to NO can be fast
(subsecond) with limits of detection approaching 83 pM.51 For this study, a NO-selective
fluorosilane-based xerogel-coated platinum working electrode42 was used to measure the
electrooxidation of NO as current at an applied potential of +700 mV vs. Ag/AgCl reference
electrode in a well-stirred solution. Total NO release was determined by integrating the
current vs. time response for each sample, since the charge at the electrode surface is
proportional to the moles of analyte oxidized.64 More accurate predictions of NO totals in
the bulk solution were then obtained by relating these values to a calibration curve created
using aliquots of a saturated NO solution (1.9 mM) in PBS. As shown in Figure 2, the
integrated totals yielded NO concentrations significantly lower than the theoretical amount
of NO produced from PROLI/NO regardless of sample medium. These results were
somewhat expected since the electrode is only able to oxidize (i.e., measure) a portion of the
NO in its vicinity due to probe geometry despite vigorous stirring. While electrochemical
sensors are clearly less suitable for characterization of NO donors or drugs that produce/
consume NO, useful information may be deduced by comparing the relative NO totals in
different media and when quantifying more localized NO generation (e.g., from a surface or
single cell). The solutions resulting in the greatest total NO detected when oxygenated were
PBS and physiosol (~1.07 ± 0.09 μmol mg-1), not surprising due to the similarities of these
solutions; only their salt concentration and pH differ slightly. The NO totals in oxygenated
L-15 and Opti-MEM cell culture media were also in line with that in PBS despite significant
protein content. In assessing trends, we noted that L-15 and Opti-MEM solutions do not
contain fetal bovine serum (FBS) as do the DMEM and McCoy's solutions, the latter
resulting in NO scavenging via sulfhydryl-containing proteins (e.g., albumin, fibrinogen,
macroglobulins, glycoproteins).65, 66 The amount of NO measured in simulated wound fluid
(10% v/v FBS in water) with the electrochemical sensor was also significantly lower (0.40 ±
0.05 μmol mg-1). In whole blood, undoubtedly the most complex of all the media tested, the
measured NO total was the lowest (12.0 ± 3.2 × 10-4 μmol mg-1) due to the anticipated
reaction of NO with blood proteins including oxyhemoglobin.67 Despite the lower totals in
whole blood, NO concentrations were still measurable using the amperometric sensor, as
was construction of a calibration curve (in whole blood). Nitric oxide totals in plasma and
serum measured greater than in blood (0.27 ± 0.09 and 0.11 ± 0.04 μmol mg-1, respectively)
as would be predicted due to the reduced hemoglobin concentration in these samples.

While testing of deoxygenated media was limited to biological solutions that did not foam
upon purging with nitrogen, the measured NO levels were greater as would expected upon
eliminating NO's propensity to react with oxygen.68, 69 In blood and other media containing
high protein content and cells, fouling of the electrode resulting from protein/cell adsorption
may also impact the analytical accuracy of the measurement for electrochemical
sensors.70-73 In the short experiments described herein, such fouling only accounted for a 3–
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5% decrease in sensitivity (data not shown), and therefore did not contribute significantly to
the differences observed in the NO totals.

Analogous to the Griess assay and chemiluminescent detection, the accurate electrochemical
detection of NO was also dependent on the concentration of the NO donor. However, a
concentration-dependent effect was observed in all media (Figure S1 in Supporting
Information). We attribute this effect to the finite surface area of the working electrode
whereby greater concentrations of the NO donor readily alter the local NO concentrations.

As the amount of NO donor near the electrode surface influences the concomitant NO
measured, the electrode distance from an NO source should have a similar effect on NO
measurement. To examine this methodically, a NO-selective electrode was placed 25, 50,
and 100 μm above a NO-releasing surface (xerogel polymer cast on glass) under ambient
conditions in PBS. The amperometric signal (current) obtained when the working electrode
was placed 50 μm above the surface at 95 min was ~45% that recorded at 25 μm (Figure S3
in Supporting Information). Similarly, the signal was reduced by ~73% at 100 μm above the
surface (relative to the 25 μm working electrode placement). While such NO source/
electrode distance-dependence will clearly impact the analytical accuracy of a measurement,
it may be useful for measuring the diffusion of NO from surfaces or cells as a function of
biological medium.

Despite the lower NO totals quantified electrochemically, the use of amperometric sensors
remains advantageous due to unparalleled spatial and temporal resolutions.74 As such,
electrochemistry remains the method of choice for the characterization of NO generation
from cells11, 52, 53, 55-58 and confined surface locations.75 Unfortunately, both commercial
and home-built sensors are generally not robust, requiring frequent (e.g., after analysis of 1
or 2 samples) calibration and performance testing to maintain data integrity.

Conclusions
The analytical measurement of NO is clearly complex,12 requiring careful scrutiny of the
analysis method with respect to performance. While prior work has described the utility of
the Griess assay, chemiluminescence analyzers, and electrochemical sensors for measuring
NO in solution, performance discrepancies as a function of sample type have been
disregarded. The data reported here clearly demonstrate the significant variations between
analysis technique and sample composition. As such, the caveats of the analytical method
employed must be carefully considered with respect to sample, desired data (e.g., NO totals,
flux, kinetics and bioavailability), and result integrity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Total NO released from PROLI/NO in several types of biological media determined via
Griess assay (solid) and chemiluminescence (striped). Theoretical NO release from PROLI/
NO is 7.9 4.82 ± 0.21 μmol mg-1. *Denotes a significant difference (p <0.05) relative to
PBS.
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Figure 2.
Nitric oxide totals measured using an amperometric NO sensor and PROLI/NO as the NO
source as a function of biological media that with (black) and without (gray) oxygen present.
Theoretical NO release from PROLI/NO is 7.9 μmol mg-1. *Significant difference (p <0.05)
relative to PBS. #Significant difference (p <0.05) relative to deoxygenated solution.
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Table 1

Kinetic parameters of NO release from PROLI/NO in PBS, physiosol, L-15, and artificial saliva.

tmax (s) max NO release (pmol s-1 mg-1) t1/2 (s)

PBS 42 ± 1.9 86,200 ± 3,700 65 ± 3.0

Physiosol 40 ± 1.7 81,200 ± 36 64 ± 1.1

L-15 40 ± 1.2 96,600 ± 3,100
57 ± 0.7

*

Saliva 47 ± 5.2
73,400 ± 1,100

* 74 ± 3.5

*
Denotes a significant difference (p <0.05) relative to PBS.
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