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Abstract. NO plays an important role in the regula-

tion of physiological and pathophysiological mechan-

isms, and quite a lot of investigations have been

focused on this kind of special molecule. It is difficult

to achieve reliable ex vivo NO measurements with the

existing analytical methods, and developing a reliable

in vivo monitoring method for NO is still an urgent

task. In this review, the techniques utilized for the

determination of endogenous NO formed by enzymatic

action and its reactions with other biological sub-

stances found in living organisms are discussed with

respect to applications both in vivo or in vitro. In

addition, various NO (micro)sensors and trap probes

based on different principles are presented with their

respective advantages and limitations. Finally, an NO

monitoring system based on the combination of mi-

crodialysis sampling and chemiluminescence is intro-

duced which is considered to be a prospective method

for in vivo monitoring.

Key words: Nitric oxide; nitric oxide synthase; NO determination;

chemicalandbiosensors;biologicalsample assaychemiluminescence.

As a widespread intracellular and intercellular second

messenger in the human body, nitric oxide (NO) plays

an important role in the regulation of diverse physio-

logical and pathophysiological mechanisms of the

cardiovascular system, the central and peripheral ner-

vous system, and the immune system. The biological

roles of NO have been associated with numerous clin-

ical disorders (e.g. asthma, rheumatoid arthritis, mul-

tiple sclerosis, tuberculosis and Alzheimer’s disease).

Its physiological effects are attributed to a very small,

freely diffusible, and potentially highly reactive radi-

cal. Recently, quite a lot of research in medicine,

pharmacology, toxicology, biochemistry and so on

have been focused on NO. NO can exhibit both pro-

tective action and destructive action [1–10]. Much

progress has been made in understanding the action

of NO in the human body, but it must be realized that

the knowledge in this field is still quite poor. Numer-

ous difficulties are still encountered concerning the

detection of NO due to the following:

– The half-life time of NO is very short, implying

that the steady-state concentration of NO in the

organism quite low. This makes it very hard to

achieve accurate monitoring of NO in vivo. Up to

now, no ‘‘perfect’’ method exists. Studies on the

variation of NO concentrations in biological fluids

form the basis for understanding the effects of NO

in different functions of the organism.

– As a free radical, the effect, or the related damage to

the organism, is greatly disturbed by the following

reactive species: (a) Free radicals such as the

hydroxy radical (OH�) and superoxide anions

(O2
��), all of them being present in living organism

and able to react with NO and to generate other kinds

of reactive compounds. (b) Oxidant materials such

as hydrogen peroxide (H2O2) and oxygen (O2), and� Author for correspondence. E-mail: nevmirid@cc.uoi.gr



antioxidant materials such as ascorbic acid, cysteine,

NADPH, NADH and glutathione. (c) Some enzymes

or proteins such as superoxide dismutase (SOD),

catalase, hemoglobin and cytochrome c. (d) Certain

metal ions, such as Fe2þ, Fe3þ, Cu2þ and Ca2þ. All

the above species can react with NO directly or indi-

rectly and enhance or quench the effect of NO by

forming derived chemical species, which will result

in a very complicated situation.

– As a second messenger, its effect is also disturbed

by other neurotransmitters, such as acetylcholine,

dopamine. Therefore, it is difficult to separate the

contribution of NO from that of other species.

In order to understand the NO activity, it seems we have

to know every detail of the mechanisms of operation of

the human body. Quite a lot of progress concerning NO

has been made so far, but there is still a need for much

more research so as to fully understand the role this

special molecule plays in the human body; thus the

development of a reliable method for NO determination

is still in urgent demand as pointed out or implied by

numerous papers and many reviews about the progress

of analytical techniques relating to in vivo and ex-vivo

NO assays of biological interest, i.e. monitoring

changes of NO production [11], establishment of phy-

siological functions of NO [12, 14, 17, 19], evaluation

of its toxicity [13, 18], analysis of samples [20], and

determination of its kinetic or other properties [15, 16].

Properties and Function of Nitric Oxide

Investigating the properties and function of NO can

provide important information with respect to devel-

oping methods for determination of NO [21–28].

Physical Properties of NO

NO is a colorless gas. The solid and liquid forms exhibit

a pale blue color. The solubility of NO is 1.9 mM in

aqueous solution at 1 atm pressure, and NO has been

reported to diffuse at a rate of 50mm per second in a

single direction in biological systems. A simple rule of

thumb for the solubility and transport of NO is that

these properties are similar to those of dioxygen [29].

Chemical Properties of Nitric Oxide

One of the principal reasons that the chemical biology

can be categorized into direct and indirect effects is

due to the fundamental chemical properties of NO. It

has an odd number of electrons with the unpaired

electron in a n�
� antibonding orbital; hence, it is a

stable radical. NO does not react rapidly with most

biological substances (which is in contrast to oxygen

radicals such as HO�). Since the in vivo lifetime of NO

is relatively short (less than 10 sec), only the faster

direct reactions of NO, (such as those with metal cen-

ters or other radicals), are likely to be important [30].

Direct Effects of NO

Direct effects involve the interaction of NO with the

chemical or biological target.

(a) Nitric oxide reactivity with metals: reactions with

metal centers are critical to understand the bio-

regulatory behavior of NO and why this molecule

can serve as a signaling agent. The reaction of NO

with some transition metal complexes results in

the formation of metal-nitrosyl adducts. NO can

react with ferrous ion to form iron nitrosyl. Heme-

containing proteins are important in the biology

of NO, i.e. the reaction between NO and heme

cofactors within the protein are important in the

regulation of guanylate cyclase activity. NO has

been shown to bind to the heme moiety of this

protein, thereby stimulating the conversion of

GTP to cGMP.

(b) The interaction of NO with cytochrome P450: sev-

eral studies have shown that NO inhibits mamma-

lian P450 which is thought to regulate the hormone

metabolism and decrease the drug metabolism in

the liver under infectious conditions.

(c) The direct reaction of NO with metallo-proteins is

a major in vivo control mechanism of NO concen-

trations. NO reacts with oxy-hemoglobin (HbO2)

or oxy-myoglobin to form nitrate and met-hemo-

globin (MetHb) or met-myoglobin. This reaction

has been proposed as a key mechanism to control

NO in vivo:

HbO2 þ NO ! MetHb þ NO3
�

The reaction of ferryl heme proteins with NO is

important to understand the mechanism of protec-

tion against reactive oxygen species by NO [30].

Reaction with Radicals

Rapid reactions with other radical species are the

rule since NO has an unpaired electron. For

2 D. Yao et al.



example, NO reacts with hydroxy radicals accord-

ing to

NO þ HO� ! HNO2

and with NO2 to form N2O3:

NO þ NO2 ! N2O3

NO also reacts with alkyl-, alkoxy-, and alkylperoxide

radicals according to the following reaction:

ROO� þ NO ! ROONO

The reaction between NO and superoxide to form

peroxynitrite has received considerable attention in

the literature both as a potentially deleterious reaction

and as a detoxication mechanism for reactive oxygen

species (ROS):

NO þ O2
� ! OONO�

Indeed, the reaction of O2
� with NO is 5 times faster

than the decomposition of superoxide by superoxide

dismutase. Peroxynitrite is relatively unreactive in

alkaline solution and slowly dismutates to nitrite and

oxygen. It reacts with sulfhydryl compounds, which

results in the formation of disulfides at a rate constant

of 103 M�1 sec.�1. Protonation of peroxynitrite gives

the neutral HOONO species which can oxidize var-

ious biological substrates in competition with isomer-

ization to nitrate:

OONO� , HOONO

HOONO þ biomolecule ! oxidized biomolecule

HOONO ! NO3
�

Despite the facile reactions discussed above, NO does

not react with all radicals [31].

Nitric Oxide Synthase (NOS)

Nitric oxide (NO) is synthesized in vivo from L-argi-

nine by nitric oxide synthases (NOS) [32–35] which

occur in three different isoforms. The properties of

immobilized NOS showed differences compared to

native NOS. For instance, the activity of immobilized

NOS is independent of NADPH and calmodulin but

Ca2þ is needed; it also shows much higher stability in

operation and during storage than the free NOS. The

activity of immobilized enzyme does not show any

evident decrease in six months; on the other hand,

the free NOS, which is stored under the same condi-

tions, loses about 60% activity after three months

[36].

The generation and the reaction pathways of NO in

vivo are summarized in Table 1.

Analysis of Nitric Oxide

Rapid and accurate determination of NO in biological

matrices is needed to unravel its action. Usually, the

following three main methods are used to detect NO.

The first is based on the chemiluminescence reaction

of NO with ozone or the luminol-H2O2 system. The

second is dependent on the conversion of oxyhemo-

globin to methemoglobin upon reaction with nitric

oxide, followed by subsequent absorbance measure-

ments with electron spin resonance (ESR) or by

spectrophotometry. The third is based on either a

fiber-optic or amperometric sensor, which, in turn, is

based on the above or some other reaction principle

[37, 39–42].

Table 1. Formation and reaction pathways of NO in biological

systems

Enzymatic formation of NO in biological systems

L-Arginine��������!NOS;cofactors
L-citrullineþNO

Reactions of NO in biological fluids in the presence of oxygen

NOþO2ðor O2HbÞ�!NOx
RNOS�species

½NO2;N2O3;NO2
�;NO3

�;ONOO��
Mechanism of formation of RNOS species (NOx)

2NO� þO2�! 2NO2

NO� þNO2�!N2O3

N2O3þH2O�!NO2
�

NO� þO2
� �!ONO2

� �!NO3
�

NO� þO2Hb�!NO3
�

NO2
� þO2Hb�!NO3

�

Reactions of RNOS species in biological systems

Substrates with ks=kH� 103

Fe(II) heme proteins

Fe(II) complexes

Cysteine

Glutathione

Ascorbate

Amino salicylic acid

Dopamine

Aromatic amines

ks¼ kinetic constant for reaction with the substrate

kH¼ kinetic constant of hydrolysis to nitrite

Determination of Nitric Oxide in Biological Samples 3



Other methods include (a) the use of bio-chemi-

cal, spectrophotometric or fluorimetric methods to

detect the substrates of NO in the course of meta-

bolism or (b) indirect methods via the determination

of NOS [38, 43], cGMP and related substrates such

as nitrite anion (NO2
�), peroxynitrate (ONOO�)

[44]. However, these methods can not be used for

monitoring in vivo, since they are not able to detect

NO directly. The sensitivity of this assay is poor and

is affected by numerous interfering compounds. All

of these methods have their advantages and disad-

vantages. The dynamic detection of NO in vivo can

provide important evidence for the biological func-

tion of NO. NO is stable in the gas phase but not in

liquid phase. The following paragraphs give an over-

view of methods for NO determination and applica-

tions [45–115].

Electrochemical Assays for NO

These are based on the electrochemical oxidation

(mostly) or reduction of NO on solid electrodes. If

the current generated during NO oxidation is linearly

proportional to the concentration, the oxidation (or

reduction) current can be used as the analytical signal

[75]. The majority of the electrode sensors are based

on the electrooxidation process of NO since the elec-

troreduction meets O2 interference. The electrode oxi-

dation sensors are usually classified as either direct

detection or catalytic electrooxidation detection [112].

(a) The porphyrinic type is a catalytic electrooxida-

tion sensor. It is based on the electrochemical

oxidation of nitric oxide on a conductive poly-

meric porphyrine layer [39, 112, 37]. Using the

porphyrinic sensor, NO is oxidized on a poly-

meric metalloporphyrin (n-type semiconductor)

on which the oxidation reaction occurs at

630 mV versus the saturated calomel electrode

(SCE), 270 mV lower than the potential required

for the respective metal or carbon electrodes. The

current (analytical signal) efficiency for the reac-

tion is high, even at pH 7.4. The sensor was used

for NO monitoring in dorsal horn of spinal cord of

rat [37], in biological materials [39], and for the

measurement of NO release of a single cell in situ

[50].

(b) The Clark-type electrode, a direct electrooxida-

tion sensor, is based on the oxygen probe (Clark

electrode) and operates in the amperometric

mode. The Clark-type electrode sensor consists

of a platinum wire as the working electrode

(anode) and a silver wire as the counter-electrode

(cathode). The electrodes are mounted in a capil-

lary tube filled with a sodium chloride=hydrochlo-

drochloric acid solution separated from the

sample solution by a gas-permeable membrane

[75, 76, 112]. A constant potential of 0.9 V is

applied, and the current (analytical signal) that

results from the electrochemical oxidation of

nitric oxide on the platinum anode is measured.

Several improvements of this pseudo-type Clark

electrode have been made by other researchers

using carbon, glassy carbon, platinum or gold

electrodes covered by selected types of mem-

branes to make them selective. The selectivity

with all these electrode sensors was further

improved by using multi-layered Nafion film.

However, the gain in selectivity is at the cost of

sensitivity, and reported sensitivities are deter-

mined at concentrations higher than physiological

relevant ranges [112]. A commercial ISO-NOP

(Shibucki’s-prototype electrode implemented

with gas permeable NO-selective membrane) dis-

tributed by World Precision Instruments with the

aid of an isolated NO meter (ISO-NO Mark II),

made by the same company, was used to measure

the NO generated by the vascular endothelium.

Direct measurements of NO release induced by

acetylcholine and bradykinin from the surgically

prepared saphenous veins were compared with the

control veins [57].

(c) An NO-sensitive catalytic electrooxidation elec-

trode coated with the Ni(TMPP) complex by elec-

trochemical oxidation (anodization) was proposed

for enhanced sensitivity of the carbon fiber elec-

trodes. Furthermore, by covering the coated elec-

trode with Nafion film, better selectivity for NO is

obtained [76].

These methods based on the use of porphyrine

and Nafion film display good specificity, but the

stability is not good enough for reproducible

detection; furthermore, the sensitivity is still not

high enough for in vivo monitoring.

Several other catalytic electrode oxidation

microsensors have been prepared using different

modifiers with Nafion film protection for electro-

catalytic oxidation [112]; however, the lowest

limit of detection among the catalytic electroox-

idation sensors reported lies with the use of a

porphyrinic microsensor operated in differential

4 D. Yao et al.



pulse voltametry (DPV) mode or differential pulse

amperometry (DPA) mode [112].

(d) An NO-resistivity sensor has recently been pro-

posed using carbon fiber electrodes connected with

polymerized metal organic material (Co-Salen)

that changes resistivity with adsorption of NO; this

device is still under investigation but it seems pro-

mising since its function is reversible [97].

Colorimetric Assays for NO

Distinct color changes are caused by NO in solutions

of ABTS (2,20-azinobis-(3-ethylbenzthiazoline-6-sul-

fonic acid) or SULF=NEDD (sulfanilamide)=(N-(1-

naphthyl)-ethylene-diamine dihydro chloride), known

as the Griess method. The assays based on these

changes are useful for tests in laboratory experiments

involving NO dosing or administration. The ferrocya-

nide oxidation method can be used with NO concen-

trations of >25mM, whereas ABTS can be used at NO

concentrations as low as 2 mM. The oxidative methods

are useful; however, interference from reductants may

in some cases limit their use. On the other hand, the

Griess method is not subject to this interference prob-

lem and is relatively accurate at levels lower than

5 mM of NO. These methods are relatively simple

and can be performed with a UV-vis spectrophoto-

meter [77]. In addition, a variety of different spectro-

photometric methods have been developed to measure

NO directly, as in the case of the reaction of NO with

oxyhemoglobin to produce methemoglobin [54] or

indirectly via the Griess reaction.

The Griess reaction is a diazotation reaction of sul-

fanilamide and further condensation of the produced

diazonium salt with naphthyl-ethylene diamine hydro-

chloride. It is a two-step reaction, and interference

may come only from compounds of sample matrix

capable of entering the diazotation reaction step, such

as NO=O
�
�
2 intermediates, antioxidants, and nitrosating

compounds or the condensation reaction step. Azide,

ascorbic acid, cysteine glutathione, dithiothreitol,

mercaptoethanol interfere at concentrations as low

as 100mM. Compounds such as alkylamines, most

sugars, lipids, and aminoacids except those containing

sulfhydryl groups do not interfere. Intermediates in

Fe(II)=peroxide reaction do not interfere with

SULF=NEDD to increase the absorption at 496 nM,

nor do other NOx species [99]. Indirect methods of

analysis with the Griess reaction are common practice

in biological sample assays.

Indirect Detection of NO by Measuring

Related Substrates

Indirect determination procedures of NO include the

following:

(a) Determination of the selectivity of reactive NO

species on various substrates. A method for deter-

mining the effectiveness of different compounds

in scavenging these intermediates in the NO=O2

reaction has been described [79].

(b) Quantitation of nitrate, nitrite, and nitrosating

agents [80, 47]. Quantitation of nitrate and nitrite

is based on the Griess reaction, in which a chro-

mophore with a strong absorbance at 540 nm is

formed by reaction of nitrite with a mixture of

naphthylethylendiamine and sulfanilamide. NO-

related nitrosations arise from either N2O3 or

N2O4, although N2O3 predominates in physiolo-

gical systems. Both N2O3 and N2O4 react rapidly

with water, amines, and other nucleophiles that

may be present in the system, and the steady state

concentrations of these intermediates are there-

fore low. Their net nitrosating potential, however,

can be readily estimated by quantitating the nitro-

sation products. Morpholine is often used as the

nitrosable amine because its relatively high pKa

assures a significant concentration of free amine

at physiological pH. Quantitation is obtained by

GC-TEA (gas chromatography-thermal energy

analyzers) or by GC-MS (gas chromatography-

mass spectrometry) [80].

(c) Analysis of nitrate and nitrite using nitrate re-

ductase and the Griess reaction. The Griess re-

action turned out to be an extremely durable

experimental tool. When used in conjunction with

a nitrate reductase assay, it is sensitive, accurate,

inexpensive, and accessible to all laboratories for

measuring nitrite and nitrate in tissue culture

systems and in biological fluids. When properly

prepared and used, nitrate reductases are highly

effective analytical tools [81].

(d) Analysis of nitrate, nitrite, and nitric oxide

synthase activity by an automated flow injection

(FI) technique. An automated FI technique for

nitrate and nitrite analysis in the brain and its

application in the determination of NOS activity

were described. It is dependent on the principle of

the Griess reaction for diazonium ion [82].

(e) Microtiter plate assay for determining the kinetics

of nitric oxide synthase enzymatic action. NO

Determination of Nitric Oxide in Biological Samples 5



production is monitored via the rate of oxidation

of ferroheme by NO, resulting in a progressive

increase in A450. NO assay by using ferroheme

capture can be used to quantify NO production

from any source. This method was used in the

determination of nitric oxide synthase activity in

crude and purified enzyme preparations [83].

(f) The Griess method is demonstrated for the

determination of NO after deproteinization and

reduction of nitrates in the presence of NADPH-

sensitive reductase in human body fluids (serum,

urine, and CSF) [100]. The Griess reaction was

used also for the determination of nitrite released

by macrophages as indicator of NO production in

an investigation of its anti-leishamanial activity

[73].

(g) The Griess reaction has also been used as a stan-

dardization method for the evaluation of biomar-

ker capability to accurately measure the NO

released in vivo, i.e. biomarker 8-hydroxy-20-
deoxyguanosine (8-OHdG) determination in uri-

nary excretions of rats after chronic NO blockade

using ELISA assay [67]. Generally, such indirect

NO-selective assays have poor sensitivity with

much interference and can detect NO in vitro with

complicated sample preparation.

Other indirect methods for measurement of NO

generated during the enzymatic action of NOS have

been applied as follows:

(a) Liquid scintillation counting to measure the radio-

isotope emission change of the 14C or 3H-isotope

labeled substrates for measurements of L-arginine

conversion and=or L-citrulline formation after

isolation of L-citrulline by passing the reaction

mixture through cation exchange resin. The meth-

od was used for measurement of NO synthase

activity in biological tissues [43] and in peritoneal

biopsies [65].

(b) Pre-column derivatization with o-pthalaldehyde

(OPA) HPLC-assay with fluorescence detection

of L-hydroxyarginine (L-NHA) (a by-product of

the NO synthase enzymatic activity treated with

lipopolysaccharide (LPS)) after extraction from

the incubation mixture of NOS-related basic

amino acids by cation exchange resin; mass spec-

trometric determination was made possible by pre-

column derivatization of the basic amino acids

through treatment with HCl acid in methanol

and pentafluoropropionic acid anhydride to form

the pentafluoropropionyl methyl ester derivatives.

The derivatives were then sent through HPLC-MS

apparatus for separation and detection=identifica-

tion of eluted derivatives [38].

(c) A modified capillary electrophoresis method for

the determination of nitric oxide correlated nitrate

in several homogenates is also described [71]. The

nitrate level of the tissue homogenates of control

and L-NAME treated organs (heart, brain, kidney,

stomach, lung, testis, and liver) were monitored,

and it was found that the method is precise and

accurate. The method was used at concentrations

of the 10�5 region, and the %RSD was concentra-

tion-dependent and around 0.2.

(d) Confocal laser scanning microscopy combined

with histochemistry for NADPH diaphorase (mar-

ker for neurons containing NO synthase) revealed

that the number of NADPH-d-positive neurons in

the cerebral cortex and striatium of old rats is

significantly reduced compared to that in young

rats [63].

(e) A photoacoustic spectroscopic technique equipped

with a laser light source for the determination and

monitoring of endogenous nitric oxide is reported

[74]. The method was applied to fruits [74].

The majority of the above methods can detect NO

only indirectly; they are still far away from an in vivo

monitoring sensor, but provide important information

for NO-mediated biological reactions and in general,

and the sensitivity based on indirect methods is not

high.

Fluorimetric Probe Assays

In attempts to enhance the sensitivity of measuring

NO generated under physiological conditions or

NO2
� under acidic conditions, several fluorimetric

methods have been developed that exploit the abil-

ity of NO to produce N-nitrosating agents. A num-

ber of these methods employed the use of the

aromatic diamino compound 2,3-diaminonaphtha-

lene (DAN) as an indicator of NO formation. The

relatively nonfluorescent DAN reacts rapidly with

the NO-derived N-nitrosating agent to yield the

highly fluorescent product 2,3-naphthotriazole

(NAT) [78].

DAN fluorescent probe detection was also used

with an HPLC separation technique to monitor brain

NOx outflow through microdialysis procedure. The

nitrate anion in microdialysate was converted to nitrite
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by enzymatic reduction, which – when acidified –

turns into an N2O3 species that reacts with the DAN

probe and produces fluorescent triazole-derivatives;

the triazole-derivative is then separated from the other

constituents of the sample through HPLC elution and

is detected by its fluorescence emission [55]. A detec-

tion limit of less than 1 nM is claimed when interfer-

ing compounds are absent.

The thermolysis of NO-related compounds found in

the blood samples converts them into nitrates, and

after enzymatic reduction to NOx-species and further

reaction with DAN fluorescent probe reaction, they

are detected fluorimetrically [44].

Determination of Nitric Oxide by Electron

Spin Resonance (ESR)

ESR or Electron Paramagnetic Resonance (EPR)

based methods have been considered reliable tools

with high sensitivity and selectivity, and various meth-

ods using different spin-trap probes have been pro-

posed [102, 111] based on the following principles

[84]:

(a) NO can react with a number of intercellular

heme- and non-heme targets to form ESR-active

nitrosyl complexes. These complexes have char-

acteristic ESR spectra that can be detected at

ambient and low temperatures. Iron dithiocarba-

mates can be added as exogenous traps to detect

intracellular and extracellular formation of NO.

Nitronyl nitroxides react with NO to form imino

nitroxides. This transformation can be monitored

with ESR continuously. Nitronyl nitroxides can,

therefore, be used to efficiently antagonize other

NO trapping reactions in biological systems under

physiological conditions. The synthesized chelo-

tropic spin-traps [109] are thermally stable, water

soluble, and react with NO and NO2 to form

stable nitroxides; the reactions can be used to

detect NO in hydrophilic and hydrophobic com-

partments of different types of cells. Nitric oxide

causes physical broadening of cell membranes,

forming stable lipid-soluble nitroxides, and ESR

can be used to calculate the diffusion coefficients

of NO in biological membranes. ESR can also

provide quantitative measurements of NO produc-

tion using standard signals from commercially

available spin-standards [84].

(b) Ferrylhemoglobin (ferrylHb) and ferrylmyoglobin

(ferrylMb), the high oxidation state hemoproteins

and analogs of peroxidases formed by interactions

of methemoproteins with hydroperoxides, are

known to promote peroxidative reactions. Since

NO inhibits these oxidations by reducing ferryl-

hemoproteins, the interaction of NO with ferryl-

hemoproteins can be detected by ESR [85, 45,

46]. The formation of S-nitroso-hemoglobin

(SNO-Hb) mediated with heme-redox and prefer-

ential reactivity in �-subunits was found to take

place after NO-release in vivo. The experimental

procedure was based on monitoring the progress

of reaction by UV-Vis spectroscopy and deconvo-

lution of the spectra through computer software to

find the contribution from met–Fe(II)NO- and

Fe(III)NO-Hb and by sampling the reaction mix-

ture at selected times and analyzing either by

ESR-spectroscopy or directly for nitrite and nitro-

sothiols by Griess and Saville assays, respectively

[115].

(c) 3,5-Dibromo-4-nitrosobenzenesulfonate (DBNBS)

can trap radicals derived from the reaction related

to nitric oxide. The NO-dependent radical formation

in the human platelet system using DBNBS, and

some basic reaction between DBNBS and various

NO-related compounds can be assessed to identify

DBNBS spin adducts by ESR [86].

(d) Stable organic radical nitronyl nitroxide deriva-

tives, namely 2-phenyl-4,4,5,5-tetramethylimida-

zoline-1-oxyl 3-oxide (PTIO) and its derivatives

(PTIOs), possess a specific scavenging action

against NO released in both in vitro and in vivo

systems. Evaluation of the scavenging ability was

confirmed in biological systems using a TMA-

PTIO spin-trap probe [110]. The reaction of

PTIOs with NO changes the ESR signal, and the

amount of NO can be quantitated by measuring

the change of ESR signals [87].

(e) Several distinct dithiocarbamate ions, such as

N,N-diethyl dithiocarbamate (DETC) [49, 103,

104] and N-methyl D-glucamine dithiocarbamate

(MGD) [104–108], are used as ligands for the iron

complex spin-trap probe. The complex [Fe(II)

(DETC)2] is not particularly soluble in water

while the complex [Fe(II)(MGD)2] is readily solu-

ble. The obtained ESR signal consists of a gk¼
2.02 and g?¼ 2.04 with unresolved hyperfine

structure in axial symmetry (frozen solutions) or

an isotropic triplet at gav¼ 2.03 at 37 �C. ESR spec-

troscopy using a [Fe(II)(DETC)2] spin-trap probe

was applied to on-line detection of NO formation in
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aqueous phases [49]. An improved version that

increases the solubility of the [Fe(II)(DETC)2]

spin-trap probe using albumin and stabilizes the

Fe(II) oxidation state by sodium thiosulfate gave

a significantly lower detection limit [103]. Ex-vivo

detection of NO with samples taken from several

regions of the brain was obtained [104]. The

detection sensitivity was increased significantly

with the use of a [Fe(II)(MGD)2] spin-trap probe,

and measurements of NO release from nitroprus-

side NO donor were accurate [105]; it was further

used for continuous monitoring of NO formation

ex-vivo and in vivo of the rat liver [106, 107] and

for quantitation of NO levels in heart after experi-

mental myocardial ischemia [108].

All in all, the above methods can provide adequate

sensitivity and specificity in NO detection, but they

cannot be used for NO monitoring in vivo directly,

and they are mostly limited by expensive instrumen-

tation, time-consuming sample preparation, and com-

plicated operation.

Determination of NO by Using

Chemiluminescence Assays

The chemiluminescence (CL) assay is considered to

be the most useful method because of its high sensi-

tivity and its capability for real-time monitoring of

NO. The CL detection methods proposed are based

on the following reactions of NO:

The reaction of NO with ozone (O3) yields excited-state

nitrogen dioxide (NO2
�) which emits a photon on conver-

sion to NO2 (ground state), with the photon emission being

quantitated by chemiluminescence detection [59].

NO þ O3 ! NO2
� þ O2; NO2

� ! NO2 þ light:

The above CL-based assay for direct measurement of

NO is rapid and reliable. The method was applied to

the determination of NO in whole blood samples

through quantitative reduction of nitrite and nitrate

to NO using V(III) at 98 �C [64] or by thermolysis

of NO-related compounds to nitrate, enzymatic reduc-

tion to NO and CL detection or fluorescence detection

[44]. The ozone CL reaction was utilized for monitor-

ing NO formation and its release by endothelial cells

[114], for NO formation by NO synthase activity, for

the quantitation of NO produced in assays of denitri-

fying enzymes [48], for NO production during the

biotransformation of nitrovasodilator agents including

glyceryl trinitrate and sodium nitroprusside, and for

NO production during photochemically induced

degradation of sodium nitroprusside and strepto-

zotocin. The CL assay is also used to ensure that the

desired NO dosage is warranted by inhalation in the

treatment of persistent pulmonary hypertension

of the newborn and the adult respiratory distress

syndrome [88], as well as for the determination of

exhaled NO levels, since NO is associated with pul-

monary inflammation in asthma cases [66, 68, 69],

and nasal NO-measurements [70]. This method has

very high sensitivity, but it can detect NO in gas phase

only. As a result, it is not suitable for NO in vivo

monitoring, which usually involves an aqueous phase.

Furthermore, it is prone to certain interferences, and

the reproducibility is strongly affected by the ozone

gas stream, since it is difficult to control a stable,

repeatable gas stream from ozone generators. How-

ever, headspace gas analysis techniques can be com-

bined with CL detection to provide NO detection with

samples that are relatively rich in NO [88].

The reaction of NO with H2O2 to form peroxynitrite

(ONOO�), a stronger oxidizing species than H2O2

[51, 53], has been linked to the CL reaction of luminol

with peroxynitrite. This reaction forms the basis for

the detection of NO production in biological samples:

ONOO� þ luminol ! light:

The luminol-H2O2 system is fairly specific to NO in

that other nitrogen-containing compounds (organic

nitrite, organic nitrate, and thio-nitroso compounds)

or endothelium-derived compounds do not interfere.

This method is characterized by high sensitivity and is

applicable to aqueous phases. However, selectivity is

dramatically affected by some reductants. If imple-

mented with another selective tool, this method will

allow significantly improved assays.

Newly Developed NO Detection Methods

Several novel methods based on electrode or CL sen-

sors and on spectrophotometers with multichannel

detectors to measure spectral changes at more than

one wavelengths were also designed.

(a)

(1) Nitric oxide can be electrocatalytically

reduced at electrodes modified with electro-

polymerized films of [Cr(v-tpy)2]3þ. Upon

further modification of the electrodes with a

thin film of Nafion (to prevent interferences

from anions, especially nitrite), these elec-
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trodes can be employed as NO sensors in solu-

tion with submicromolar detection limits and

fast response. Preliminary studies of cellular

NO release from Rhodobacter sphaeroides

bacterial cells yielded very good results [52].

The above Nafion-coated electrode still

encountered biological interferences, and

mostly it was strongly interfered by the intrin-

sic voltage and current of the whole body; thus

in vivo monitoring is rather difficult.

(2) A high spatial resolution electrode microsen-

sor was developed based on the Shibucki

electrode probe for the measurement of cellu-

lar NO formation in vitro and in vivo [58].

(3) A Cu–Pt microparticle CME anode microsen-

sor [60] was constructed to measure NO

release from hippocampus of rat. Real-time

continuous measurements of NO production

in rat heart were obtained by the use of the

above electrode microsensor [62], and

changes of physiological NO level were

induced and monitored using NO release inhi-

bitors.

(4) A new tool for O
�
�
2=NOx using a suitable

enzymatic electrode sensor. The electrode is

a Shibucki type including a membrane part

for the immobilization of enzyme that con-

verts the superoxide to hydrogen peroxide.

The NO reacts with superoxide, causing the

response of the combined electrode to be

decreased [89].

(b) A fiber-optic sensor for NO was constructed by

placing a small amount of an internal reagent

solution at the tip of a fiber-optic bundle with a

piece of gas-permeable membrane. Nitric oxide

diffuses across the membrane into this internal

solution, where a chemiluminescence reaction

between nitric oxide, hydrogen peroxide, and

luminol takes place. The resulting light intensity

is related to the concentration of nitric oxide in

the sample [53]. This method has the big advan-

tage of excluding potential interferences by using

a pore-size-limited membrane, but NO diffusion

efficiency was limited as well, and sensitivity is

not high enough for in vivo monitoring.

(c)

(1) A sensitive spectrophotometric assay was

developed for the simultaneous quantification

of NO and O
�
�
2 in aqueous solution that is

based on the NO-induced oxidation of oxyhe-

moglobin (oxyHb) to methemoglobin and the

O
�
�
2 -mediated reduction of ferricytochrome c.

to ferrocytochrome c. Using a photodiode

array photometer, spectral changes of either

reaction are analyzed, and appropriate wave-

lengths are identified for simultaneous moni-

toring of absorbance changes in the individual

reactions [54]. The method was tested for

accuracy using 3-morpholinosydnonimine

(SNAP) NO-donor and was applied in cul-

tured endothelial cells and isolated aortic tis-

sue NO measurements using Ca-ionophore

and NADH for stimulation of NO and O
�
�
2

formation, respectively [54]. This method is

reliable, but cannot be used for in vivo mon-

itoring; furthermore, its sensitivity is not high

enough.

(2) A flow-injection=spectrophotometric method

for NO was used for on-line detection of

NO3
� and NO2

�, after reduction with

Cu–Cd micro-column and formation of the

[Fe(II)(SCN)(NO)]þ complex [101].

Recently, a series of new fiber-optic chemical or bio-

sensors and new, more effective fluorescent probes for

NO have been developed with high sensitivity:

(a) A fiber optic NO sensor based on a gold-adsorbed

fluorophore was developed. This sensor is com-

posed of a fluorescein derivative dye attached to

colloidal gold. The fluorescein dye rearranges

as nitric oxide adsorbs onto gold, inducing a

decrease in the fluorescence intensity of the dye

[42]. Also, a similar fiber-optic NO biosensor was

developed by attaching cytochromes c0 to optic

fibers covered by colloidal gold [40]. The confor-

mational alterations in cytochrome c0 induced by

adsorbed NO binding to gold can be monitored

via the fluorescence of the hemoprotein at 630 to

640 nm. Earlier, fiber-optic sensors using cyto-

chrome c0 were prepared using sol-gel immobili-

zation, and the NO release detection was based on

shifts of the Soret absorbance peak (400 nm) of

the metal porphyrine [56]. The above fluorescent

probe sensors suffer from interference by poten-

tial biological fluids, and the surface fouling

brings about poor stability.

Last year a new fiber-optic sensor was reported

for measuring NO in the gas phase using the col-

orimetric reaction between Cu(II) complex of
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Eriochrome cyanine R (ECR) and NO in phos-

phate buffer (pH¼ 7.4). The sensor consists of

the Cu(II) complex incorporated into a silicone

rubber membrane that is attached on the optic

fiber. The changes of NO content in the gas phase

were detected by Vis-spectrometry through

changes of absorbance. A detection limit of

0.277 ppm is reported [113].

(b)

(1) The diaminofluoresceins (DAFs) have been

designed and synthesized for the detection

and imaging of NO. The fluorescent chemical

transformation of DAFs is based on the reac-

tivity of the aromatic vicinal diamines with

NO in the presence of dioxygen. The N-nitro-

sation of DAFs, yielding the highly green-

fluorescent triazole form, offers the advan-

tages of specificity, sensitivity, and a simple

protocol for direct detection of NO [41]. This

method has recently been criticized due to

severe interference from Ca2þ. In fact, it will

be difficult to use it for NO in vivo monitoring

in the presence of Ca2þ [90]. Furthermore, a

new method was proposed for the simulta-

neous measurement of intracellular Ca2þ and

NO [61] using DAF-2-DA and Fura-2 as fluo-

rescent probes for NO and Ca2þ, respectively,

and a photomultiplier or CCD camera

for recording the signals generated in

porcine endothelial cell cultures. DAF-FM

(3-amino-4-(N-methylamino)-20-70-difluoro-

fluorescein was used to detect the spontaneous

and substance P-induced NO-release from iso-

lated porcine coronary arteries, and to obtain

fluorescence images of cultured smooth mus-

cle cells of the rat urinary bladder. For quanti-

tative measurement of NO, the triazole

derivative was determined after RP-HPLC elu-

tion and fluorescence detection [72]. A linear

fluorescence intensity between 2–200 nM is

reported.

(2) A new ratiometric direct assay for NO

based on a novel signal switching mechan-

ism using a [Fe(II)(Mmc-cyclam)]-(fluoresca-

mine-PROXYL) adduct fluorescence probe is

proposed for NO determination in vivo [98].

(3) A new fluorescent probe for NO was developed

that is based on difluoroboradiaza-s-indacene

fluorophore (TMDABODIPY) with high photo-

stability, wide range pH-stability, and strong

autofluorescence and trapping NO capacity in

the presence of O2 forming weak fluorescent

triazole. The method gives a linear calibration

in the range of 0.01–0.40mM, and a detection

limit of 2.5 nM. The data were obtained using

S-nitroso cysteine as NO releasing agent [96].

(c) A novel nitroxyl spin-probe (refered to as DHLA-

TEMPO and being a conjugate of 4-amino-

2,2,6,6-tetramethyl-piperidine-1-oxyl with dihydro-

lipoic acid) was synthesized and proposed for the

evaluation of O
�
�
2 , NO, ONOO� by inhibition of

ESR signal [95b]. Nitroxyl probes are mainly used

for trapping free radicals, including reactive oxygen

and nitrogen species. Recently, in vivo ESR spectro-

scopy was developed, and it enabled non-invasive

in vivo measurements of radicals at all levels in

animals. ESR spectrometer, coupled to computed

tomography and implemented with spectral-spatial

imaging provides the means for imaging the reactive

oxygen and nitrogen species in living organisms.

Nitroxyl probes that pass through the blood-brain

barrier have also been synthesized for successful

non-invasive localization of free radicals in brain

tissue [95a].

The basic principles of the analytical methods men-

tioned above are summarized in Table 2 with some

brief remarks.

Generally, all the above methods have their own

advantages and limitations. Limitations include the

lack of appropriate sensitivity or specificity to inter-

ference from factors commonly present in biological

fluids. Specifically the reproducible Griess method

allows for standardization but is an indirect method

and unsuitable for kinetic studies, and it has a poor

detection limit; the oxyhemoglobin spectrophotom-

etric assay is time-consuming since the reagent is

not commercially available and its preparation needs

time and appropriate care; the ESR spectroscopy spin-

trap techniques have poor detection limits (1mM) and

because of the heavy apparatus are unsuitable for

routine work; the ozone CL assay is very useful for ap-

plications related to NO exhaled gas, but not for

effective NO detection in biological fluids; the elec-

trochemical sensors that are promising for in vivo and

in-situ measurements under physiological and patho-

physiological conditions have not found wide applica-

tion because of the inherent fouling problem; finally,

the fluorescent probes offer low detection limits, but
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Table 2. Reactions for NO determination in biological fluids

A. Electrochemical

One-electron oxidation:

NO���������!Anodeð0:63 VÞ
NOþ þ e

Porphyrinic sensor: (Malinski and Taha) polymeric porphyrine on carbon electrode at 630 mV (vs SCE) [75, 39, 50]

(a) Microsensor: chemically modified carbon fiber electrode (CME) by electropolymerization of Ni(II) tetrakis(3-methoxy-4-hydroxy-

phenyl)porphyrin (NiTMHPP) or by the Ni(II) tetra-N-methyl pyridiniumporphyrin chloride, coated with Nafion membrane [75]

(b) Integrated sensor: implemented with gas-permeable membrane

(c) New integrated sensor: improved integrated sensor [37]

(d) Gas-integrated sensor: modified for gaseous samples

Cu–Pt microparticles coated CF electrode [60, 62]

Two-electron oxidation:

2NO þ 4OH� ��������!Anodeð0:9 VÞ
NO3

� þ 2Hþ þ 4e

Clark-type probe (Shibuki): Pt-anode (800–900 mV), Ag=AgCl cathode [75]

(a) Integrated Clark type probe [76]: implemented with gas permeable membrane electrode

(b) Shibuki type probe [89]: implemented with enzymatic (superoxide dismutase) sensor

Generation of O��
2 : Xanthine þ H2O þ O2 ��������!

XO;pH¼10:2
Uric:acid þ 2Hþ þ O��

2

Enzymatic reaction: 2O��
2 þ 2Hþ ���������������!Superoxide:Dismutase

H2O2 þ O2 . . . . . .

Electrode reaction: H2O2 ������������!
Pt-electrodeð0:7 VÞ

O2 þ 2Hþ þ 2e . . . . . . . . . . . .

(Based on the modulation of the probe response towards H2O2 due to NO that scavenges the superoxide radicals.

(c) Shibuki type probe [58]: modified for high spatial resolution for in vivo and in vitro measurements of NO in isolated cells

Two-electron reduction (assumed)

2NO þ 2e����������!Cathodeð�0:9 VÞ
N2O2

2�

1. CF j[Cr(v-tpy)2]3þjNafion-sensor. [52]: glassy carbon fiber-cathode, Pt-wire counter electrode (potential vs Ag=AgCl saturated elec-

trode) made of Chemically Modified Carbon Fiber Electrode (CM-CFE) by electropolymerized films of vinylterpyridine complex of

chromium, [Cr(v-tpy)2]3þ, and coated with nafion

2. Co-Salen polymer resistivity-sensor using microelectrode) [97]

Co-salen-polymerþNO�!NO-Co-salen-polymer

B. Colorimetric=spectrophotometric absorptiometry

1. (ABTS) chromogenic reaction: [77, 99]

ABTS2� þ NO
�

����!O2 ;�e ½oxidized:ABTS2� � NO�þ

ABTS¼ 2,20-azinobis-(3-ethylbenzthiazoline-6-sulfonic acid)

2. Griess reaction (A543) [77, 82, 99, 47, 73]:

4NO þ O2 þ 2H2O�!4NO2
� þ 4Hþ

NO3
� ����������������������!Reductionðchemical=enzymaticÞ

NO2
�

SulfanilamideþNO2
� þHX�! sulfanilamide.diazo.saltþ 2H2O

Sulfanilamide.diazo.saltþNEED�! sulfanilamide-NEED adductþ 3HCl

NEED¼N-(1-naphthyl)-ethylene-diamine dihydro chloride

(a) Batch method [100]

(b) Flow Injection method [82]

3. Ferrocyanide reaction:

K4½FeðCNÞ6� þ NO�!O2
K3½FeðCNÞ5ðNOÞ� þ KCN

NO þ FeðIIÞ�������!SCN� ;Hþ

½FeðSCNÞðNOÞ�þ

(a) Flow injection method [101]

4. Hb or Mb reaction (A434):

FeðIIÞ � HbðMbÞ��!NOx
FeðIIIÞ � HbðMbÞ

(a) Batch method

(b) Titer plate (A405) [83]: implemented with fiber-optic conduits.

(continued)
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Table 2 (continued)

(Used for kinetic analysis).

(c) Fiber optic sesnsor based on cytochrome c0 probe [56]

5. OxyHb (OxyMb) reaction:

Sensitive spectrophotometric assay of NO=O2
�� with the aid of diode array spectrophotometer and ferricytochrome c(Fe3þ) [54]

according to reaction

HbO2ðMbO2Þ þ NO�!metHbðMbÞ þ NO3
�

ferricytochrome c(Fe3þ)þO2
�� �! ferrocytochrome c(Fe2þ)þO2

C. Fluorimetric

1. Fluorescence of triazoles formed by the action of NO on o-diamino aromatic compounds

(a) Diaminonaphthalene (DAN) probe-reaction [78]:

Diaminonaphthalene��!NOx
Diazoaminonapthalene salt�!Triazole

(b) Diaminofluorescein (DAF) imaging-reaction [41, 61, 72, 90]:

DiaminofluoresceinþNOþO2�!fluorescein triazole

(c) Cytochrome c0 [40]

heme-[Fe(II)(histidine)2]þNO�! heme-[Fe(II)(histidine)2(NO)]

(The Fe(II) of the product is pentacoordinated)

(d) TMDABODIPY probe-reaction (�ex¼ 500, �em¼ 510 nm) [96]:

TMDABODIPY����!NO=O2

triazole:product

(TMDABODIPY¼ 1,3,5,7-tetramethyl-8-(3,4-diaminophenyl)-difluoroboradiaza-s-indacene)

2. Optochemical Sensors

(a) Hemoproteins on polyacrylamide-coated optic fibers [40]

(Based on shifts of the Soret absorbance peak at 400 nm of the metal porphyrin).

(b) Fluorescein derivatives attached on gold-coated optic-fibers [42]

(Based on the decrease of fluorescence emission at 517 nm by NO adsorbed on gold).

(c) Cytochrome c0 attached on gold-coated optic-fibers (monitor at 630–640 nm) [40]

(Based on the energy transfer between hemoprotein and the fluorescent dye).

(d) An adduct of fluorescent Mmc-cyclam iron complex with fluorescamine-PROXYL sensor [98].

[Fe(II)(Mmc-cyclam)]fluorescamine-PROXYLþNO![Fe(II)(Mmc-cyclam)(NO)]þ fluorescamine-PROXYL

fluorescamine-PROXYL¼Tetramethylpyrrolidin-N-oxid-fluorescein derivative [Fe(II)(Mmc-cyclam)]¼methoxycumarine Fe(II)

heme-complex

(�ex([Fe(II)(Mmc-cyclam)])¼ 360 nm, �em(Mmc-cyclam)¼ 410 nm, �em(fluorescamine-PROXYL)¼ 470 nm):

(e) Fiber-optic sensor for gas-phase NO monitoring [113]

Cu(II)(ECR)2
2þ þROHþNO�!Cu(I)(ECR)2

þ þRONOþHþ

(Based on the reduction of the Cu complex and then relevant change in absorbance spectrum)

D. Electron spin resonance

1. Formation of Nitrosyl complexes with Fe(II) compounds [84, 111]

(a) Heme-compounds [45, 46, 102]

½>N � FeðLÞ4�
2þ þ NO��!½>N � FeðLÞ4 � NO�2þ

(b) Non-heme compounds

FeðIIÞ þ 2L� þ 2NO��!½FeðNOÞ2ðLÞ2�
(c) Dithiocarbates (DETCs) [49, 104, 103, 105–108, 102]

FeðIIÞ þ NO� þ 2DETC��!½FeðNOÞðDETCÞ2�

2. Formation of Imino nitroxide (INO) compounds by reaction with Nitronyl nitroxide (N–NO) compounds [84, 87, 85]

(continued)
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Table 2 (continued)

(a) PTIOs-reaction [87, 110]

PTIOsþNO�! PTIsþNO2

PTIOs¼ derivatives of 2-phenyl-4,4,5,5-tetramethylimidazoline-1oxyl-3-oxide.

PTIs¼ derivatives of 2-phenyl-4,4,5,5-tetramethylimidazoline-1oxyl.

3. Nitroxide chelotrops (NOCTs) of NO to form nitroxide adducts [84, 109]

4. Dibromo-nitroso-benzene sulfonate (DBNBS)-reaction [86]

E. Indirect methods of analysis (NO-substrate determination)

Selectivity measurements of RNOS species with substrates

Reaction scheme for product formation analysis [79]

Reaction scheme for product quenching analysis [79]

Reactions of RNOS species with substrates

1. Diaminonaphthalene (DAN)-reaction [79]

DAN��!NOx
TRI

TRI¼Triazole derivative

(a) HPLC-NOx assay for microdialysate samples [55]

(Based on DAN-reaction with N2O3 formed from nitrates according to enzymatic reduction reactions)

NO3
� þ NADPH þ Hþ �������������!Nitrate Reductase

NO2
� þ NADPþ þ H2O

2. Sulfhydryl-reaction [81]

NOx þ RSH�!RSNO

3. Amine reaction [81]

N2O3 þ RNH2�!RNHðNOÞ þ NO2
� þ Hþ

(continued)
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the stability of the probes and=or products of reaction

and the specificity is questioned in biological fluids

for in vivo and in-situ monitoring of the endogenous

released NO. Table 3 tabulates the analytical param-

eters of the various detection methods applied in

NO determination as they are reported in the relevant

published papers; the table is divided into sub-tables

each associated with a particular class of detection

methods followed by some remarks about their per-

formance. Up to now, there has been no perfect

method that can quantify NO dynamically in vivo

with high sensitivity and selectivity, even though

much attention has been focused on this subject for

a long time. The development of a new NO in vivo

monitoring method is still an urgent demand.

Recently, a kind of on-line determination of NO by

flow injection and based on porphyrine compounds

combined with chemiluminescence detection was

Table 2 (continued)

4. Morpholine-reaction [81]

5. Nitrate reductase-reaction [81, 100]

NO3
� �����������!nitrate:reductase

NO2
� ����������!Griess:Reagents

colored:product

F. Chemiluminescence

1. NO–O3 CL-reaction [88, 66, 64, 65, 70, 48, 69]

NO� þ O3�! � NO2
� þ O2�! � NO2 þ O2 þ h�

2. Luminol-Peroxynitrite CL reaction [94]

NO� þ O2
���!ONOO� (formation in biological systems)

HONO þ HOOH�!HOONO þ H2O (preparation in the lab)

3. Luminol-H2O2 CL reaction. (Kikuchi) [51, 44]

H2O2 þ NO�!OONO� þ 2Hþ �����!luminol
aminophthalic acid þ h�

(a) Fiber-optic sensor [53]

(b) FI=Luminol CL detection implemented with NO trap [91]

(Based on the NO release from its complex with porphyrine substances)

(c) FI=Luminol CL detection implemented with composite membrane NO trap sampler [92].

(Based on the principle of previous reference, but with composite membrane sampler for extra protection from interference)

(d) Microdialysis sampler=Luminol CL detection [93].

(Based on the principle of previous reference, but using a microdialysis system for measurements in vivo and real-time monitoring of NO).

14 D. Yao et al.



Table 3. Analytical parameters of the assay methods used for NO measurements in biological samples

A. Electrochemical sensors

Sensor type Mode Sensitivity

LOD

Selectivity Valid

range

%RSD Interference

New integrated

porphyrinic

sensor� [75]

amperometric

differential

voltametry pulse

10�8 M–10�9 M At 630 mV

response free

of O2, CO, CO2, O2
�

10 nM–200 mM H2O2, nitrite

Integrated Shibucki-

style electrode��
[76]

amperometric 10–8 M non-specific 10–400 nM O2, NO2, N2O,

CO, CO2

Enzymatic Shibucki-

style electrode���
[89]

amperometric 5 mM specific 10–150 mM 4.2 not reported

Cu–Pt CME-CF

sensor [62]

amperometric 30 nM not reported 80 nM–4.8mM not reported

CF, Cr(v-tpy)2]3þ,

Nafion-cathode

sensor [52]#

voltametric submicromolar not reported 0.57 mA mM�1 O2

Co-salen-

microsensor## [98]

resistivity not

investigated

not

investigated

not

investigated

not

investigated

not reported

� Disadvantages: fragile gas-permeable membrane, relatively slow response time, expensive, tedious calibration, mechanical stability,

fouling, severe temp. dependence; the new type is improved and able to be used for in vivo measurements. �� Disadvantages: very slow

response time, high temp. coefficient not linear calibration curves above 1 mM, fragility of membrane, current saturation, baseline drift,

interference; it is used for real-time analysis in samples of low NO concentrations and for short periods of time. ��� Response time 5 min.,

life-time 4 days; not tested for real samples. # The sensor has a fast response time; it is used for NO determination released from cells.
## Under investigation.

B. Colorimetric=spectrophotometric methods and sensors

Method Mode Sensitivity

LOD

Selectivity Valid range %RSD Interference

Griess reaction spectrophotometric

FIA modified

method� [82]

500 nM good 0,1–1mM very good not repoted

classical

spectrophotometric

[95]

0.1–2 ppb [95]

"495¼ 12000 M�1

[99]

good up to 250 ppb 0.5–2 [95] 0.01 [99]

25–39mM in

blood [100]

1.3–2.2 [100]

Fe(II)

hemoprotein

reaction

kinetic method with

the use of titer plates

and fiber-optic

spectrophotometer��
[83]

5 pmol min�1 in

100 mL reaction

volume

non-specific not reported not reported not reported

OxyHb(Mb)

reaction��� [54]

spectrophotometric

diode array

maximal 25 nM

1 nM [102]

Non-specific 0.03–3mM 5.6 oxidizing

agents

ABTS#

[77, 99]

spectrophotometric "660¼ 13000 M�1

"750¼ 16000 M�1
non-selective max. conc.

100 mM

not reported reducing

compounds

and radicals

[Fe(II)(SCN)]þ## spectrophotometric

FIA [101]

NO2
�: 20 ppb

NO3
�: 13 ppb

not reported NO2
�: 0.3–3.0 ppm

NO3
�: 1.0–10.0 ppm

<10 not reported

Hemoprotein-

fiber-optic

sensor�#

[40, 56]

fiber-optic sensor

liquid phase

not reported selective

ccexcept

for CO

10–400 mM [56] 0.28 not reported

(continued)
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Table 3 (continued)

Method Mode Sensitivity

LOD

Selectivity Valid range %RSD Interference

Cu(II)(ECR)2

fiber-optic

sensor��# [113]

gas phase 8 mM not reported 0–6 ppm 2.8 not reported

� It is used for NO det., NOS activity, and NOS inhibition measurements; the FIA modification enables the analysis of 40 samples per hour.
�� Advantages: large data throughput, speed, precision, parsimony, high information yield, automation; it is used for measurements of NO

release from biological systems. ��� Applicable to biological systems to determine the rates of simultaneous evolution of NO=O2
��.

# Indirect method not used in vivo. ## 30 to 40 samples per hour. �# Earliest fiber-optic sensor.

C. Fluorimetric probe assays and sensors

Probe=Sensors Mode Sensitivity

LOD

Selectivity Valid

range

%RSD Interference

DAN� [78] conventional

fluorimetry

9 nM

(pH¼ 11,7)

specific 10 nM–250 nM not reported negligible from

O2
�, nitrite

DAF�� [41, 72,

61, 90]

conventional

fluorimetry

5 nM [41] highly

specific

0.01–2.4 mM poor [61] 0.005 Ca(II), Mg(II),

light

TMDABODIPY���
[96]

fluorimetry 2.5 nM high 0.01–0.4 mM 1.34 not reported

Fluorescein-Au

coated fiber-optic

sensor# [42]

fluorimetric

sensor

20 mM excellent 0.02–1.0 mM >1.0 H2O2, O
�
�
2 ,

ONOO–

Cytochrome c-Au

coated fiber-optic

sensor## [40]

fluorimetric

sensor

20 mM excellent 0.02–1.0 mM �1.0 rivoflavin,

dopamine

Pyrrolidin-Fe(II)

heme complex###

[98]

fluorimetric

probe

<100 nM not reported not reported good not reported

� It is used for quantitative measurements of NO generated by vasodilators, and by cultured cells under physiological conditions with

minimal interference from nitrite decomposition; it is also used for selectivity measurements. Used in conjuction with HPLC for

measurements of NO-metabolites from brain microdialysates [55]. �� Used in conjunction with RP-HPLC for detection of NO production

by macrophages stimulated with LPS or other stimulants, and for real-time biological imaging of NO in cells; used in conjunction with a CCD

camera or photomultiplier for measuring the fluorescence emission from porcine aortic endothelial cells [61]. ��� Under investigation for

biological samples. # The sensor was tested to measure NO production by BALB=c mouse macrophages. ## Promising. ### Not applied to

biological samples in vivo.

D. Chemiluminescence probe assays and sensors

Probe Mode Sensitivity

LOD

Selectivity Valid

range

%RSD Interference

O3
� [88] gas-FI-

method

20 pmol [102] nearly specific 8–186 pM 10 (interday)

Luminol-H2O2
�� solution-FI

method

100 fM non-specific 100 fM–1 nM nitroso-compounds

(minor)

NO-trap=
Luminol-

H2O2
��� [91]

solution-FI

method

2.63	105

mVmol�1
nearly specific 2.0	10�5–1.0	

10�2 mol

1.0 minor from nitrite,

nitrate, oxygen,

iodide, iodine

Membrane

sampler=
Luminol-H2O2

#

[92]

solution-FI

method

0.9	10�6 mol nearly specific 1.8	10�6–2.7	
10�3 mol

5 minor from BME,

DTT, ascorbate,

H4BP NADPH

(continued)
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Table 3 (continued)

Probe Mode Sensitivity

LOD

Selectivity Valid

range

%RSD Interference

Microdialysis=
Luminol-H2O2

##

[93]

solution-FI

method

1 nM nearly specific 5.0 nM–1.0 mM minor from small

oxidizing or recucing

molecules

Luminol-H2O2=
Sensor### [53]

solution-FI

method

1.3 mM non-specific 5.0–40mM 5.5 minor from

dopamine,

uric acid, ascorbic

acid, L-cysteine

Luminol-

ONOO�@

[94]

solution-FI

method

4 mV per

nM 10 pM (LOD)

nearly specific 8	10�11–

1	10�7 M

minor from H2O2

� NO recovery depends on the sample matrix. Used for exhaled NO in several cases. The use of the method for biological fluids was applied

with the use of head-space gas analysis. �� The method is free from nitrite nitrate and other substances biologically active on endothelium and

endothelium derived compounds; it is mainly used for NO determination in perfusates [51]. ���The method is simple and rapid (about five

samples per minute). # The method was tested with artificial blood samples. ## The method was used for real-time monitoring of NO release in

vivo after injection of drugs, NO activators, cofactors, etc. ### Response time 8–17 s; disadvantage: consumption of internal solution; sensor

life >2 weeks; membrane stability 3 months. @ In this method the performance is compared to involvement of membrane sampler and no

involvement; the mechanism of luminol CL emission and the kinetics of peroxynitrite decomposition are discussed.

E. Electron spin resonance probe assays

Probe Mode Sensitivity

LOD

Selectivity Valid

range

%RSD Interference

Fe(II) Heme-

complexes�
[84]

classical

E.S.R.

1 nmol

[102]

not-specific

for certain

specimen

not reported 10 P450-NO is unstable,

mixture of signals;

other NO complexes

in microsomal

preparations

of NO-SGC

Fe(II) Non

Heme-complexes�#

[84]

classical

E.S.R.

1 nmol

[102] high

intensity

not specific

for certain

applications

not reported not

reported

in the case of

Fe(NO)2L2

other paramagnetic

species are present;

exchange reaction

between nitrosylated

complexes

DETCs Fe(II)

complexes��
[84]

monitoring

E.S.R.

DETC:

10 nM [103]

MGD:

5 nM [106]

spin-specific not reported the ESR signal

of Fe(NO)(dithiol)2

is complicated by

the endogenous

Cu(DETC)2 signal

NNO��� [84] classical

E.S.R.

1 nmol spin-specific semi-quantitative

[107]

ascorbic and glutathione

act as reductants

to reduce NNO

and INO to

inactive

hydrohylamines

PTIOs# [87] classical

E.S.R.

0.1 mM selective not

reactive with

other NO-related

molecular species

0.1–10mM

[110]

the free forms

are susceptible to

various reducing

compounds that form

N-hydroxyPTIOs

and PTIs

NOCTs## [84] classical

E.S.R

not reported spin-specific for

�NO and �NO2

detection not reported reduction of nitroxide

by reductants

in cellular systems

(continued)
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developed in our lab. Porphyrine-containing biomole-

cules, such as hemoglobin, HRP (horseradish per-

oxidase), cytochrome c, and catalase were tested for

their affinity to NO. In this method, the NO is

extracted on-line from the biological fluid (such as

blood) and brought to the chemiluminescence reaction

system for detection. By changing the reaction condi-

tions, the porphyrines are denatured and lose the abil-

ity to generate light with the luminol-H2O2 system,

while the NO is set free. When using this method,

the NO half-life time is extended, yielding higher

stability, and by using a membrane sampler based on

selective trapping of NO from biological fluids, we

obtained the highest sensitivity and selectivity [91, 92].

Based on these findings, a new method was developed

by employing a microdialysis sampler coated with a

perm-selective membrane and chemiluminescence

detection. High sensitivity is achieved under optimal

conditions and sampling time improvement. This

system was used in vivo to monitor the variation of

NO in blood and brain tissue of rats and rabbits and

proved very successful. The system is sensitive

enough to detect variations of NO formation under

different pathophysiological conditions. The linear

valid range of NO determination is 5 nM–1 mM with

a detection limit of 1 nM; real NO concentrations in

animals are found to be in the range of 1–5 nM or even

less [93]. Further improvement of the above method

was reported by using the same FI=CL detection appa-

ratus but with peroxynitrite-luminol CL reagent;

reaching a detection limit of 10�10 M with dialysis

membrane sampler and 10�11 M without the sampler

[94]. To our knowledge, this is the first system capable

of monitoring NO concentrations in real time and in

vivo. We anticipate that this system might be useful

for NO detection in a number of different fields.

Table 3 (continued)

Probe Mode Sensitivity

LOD

Selectivity Valid

range

%RSD Interference

DBNBS### [86] classical

E.S.R

not reported non specific detection not reported unsaturated fatty acids,

some amino acids

cause C-centered

radical adducts

through nonradical

reactions

Nitroxyl

probe��# [95]

ESR_computed

tomography

not reported non-specific imaging not reported reductants, O2, ROS

� Interpretation of ESR spectra can be complex because of dynamic equilibrium between conformers; low S=N ratio, which improves at

low temperatures but exhibits powder pattern signal. Used for detection of the NO mainly: in blood or blood perfusate samples under different

treatment conditions of the living organism; in heart tissues; in liver. �# Used mainly in biological systems to examine NO influence on the

activity of certain enzymes and on the release of iron from ferritin. The NO–Fe–S type signal was observed in cytokine-activated

macrophages, pancreatic islets, vascular smooth cells, tumor target cocultured with activated macrophages, and hepatocytes exposed to

inflammatory stimuli. �� Used for continuous monitoring of NO generation from NO donors and enzymatic generation; in vivo NO

formation in different organs during ischemia. The Fe(II)(dithiol)2 complexes have higher affinity for NO relative to O2 and in vivo

measurements in real-time are feasible, while Fe(II)(NO)(dithiol)2 complexes are stable in the presence of O2, and specifically the

Fe(II)(NO)(MGD)2 complex can be quantitated. The dithiolate ligands are toxic, especially the lipid soluble and dithiols inhibit the activity

of NO-synthase and SOD enzymes. ��� The NNO (reagent) and INO (product) produce different ESR signals; used as probes for

investigating the mechanism of vasodilatory action of nitrovasodilators and spin traps; as antagonist in perfused organs. The ESR assay

is continuous. The products of the NNO reaction (�NO2, N2O3) can be toxic. # Some PTIOs commercially available are not satisfactory for

quantitative work due to impurities. The radicals are very stable in aqueous solutions. Liposome protects the PTIOs from the reducing action

of reductants. Quantitation is obtained by double integration of experimental signals after normalization with the MnO signal, and very good

linear correlation is obtained: The ESR signals of PTIOs and PTIs are somewhat broadened by liposome encapsulation. Used for quantitation

of NO release from cells in culture. The S=N can be improved by repeated sweeps in the magnetic field. ## The rate of formation can be

measured; spin concentation can be measured by double integration of the nitroxide and comparison with the spin standard; both �NO and

�NO2 can be measured; it is best suited for measurements in lipid phase; imaging in tissues is likely. The compounds are not commercially

available; the reduction in cellular systems is a common problem; the trap is generated by photolysis. Used for monitoring NO generation in

extracts of cultured liver macrophages (Kupffer cells) and from NO-releasing agents. ### The obtained spectra are a mixture of more than one

signal and need to be simulated by an appropriate computer program for analysis. Caution: several radicals can be trapped; resulting spin

adducts are not stable and decompose to radical and non-radical products. Used: for measuring NO formation platelet-related reaction.
��# Nitroxyl radicals lose their ESR signal by reaction with free radicals through conversion to oxoammonium ion, secondary ammine

or hydroxylamine; nitroxyl probes that pass the blood-brain barrier have been synthesized to be used for in vivo measurements in the

brain.
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Conclusion

Undoubtedly, NO plays a very important role in the

human body with different functions under physio-

logical or pathological conditions. Recent research

work produced inconsistent or even contradictory

results. Better methods for determination of NO are

needed in order to understand its involvement in bio-

logical reaction paths and its functions under physio-

logical and pathophysiological conditions.
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