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Chapter 8

Detection of Nitric Oxide by Electron Paramagnetic 
Resonance Spectroscopy: Spin-Trapping 
with Iron-Dithiocarbamates

Luisa B. Maia and José J.G. Moura

Abstract

Electron paramagnetic resonance (EPR) spectroscopy is the ideal methodology to identify radicals (detection 
and characterization of molecular structure) and to study their kinetics, in both simple and complex bio-
logical systems. The very low concentration and short life-time of NO and of many other radicals do not 
favor its direct detection and spin-traps are needed to produce a new and persistent radical that can be 
subsequently detected by EPR spectroscopy.

In this chapter, we present the basic concepts of EPR spectroscopy and of some spin-trapping meth-
odologies to study NO. The “strengths and weaknesses” of iron-dithiocarbamates utilization, the NO 
traps of choice for the authors, are thoroughly discussed and a detailed description of the method to quan-
tify the NO formation by molybdoenzymes is provided.
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Nitrite, Xanthine oxidoreductase, Aldehyde oxidoreductase
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AOR Aldehyde oxidoreductase
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DETC Diethyldithiocarbamate
DMPO 5,5-Dimethyl-1-pyrroline N-oxide
EPR Electron paramagnetic resonance
Fe-(TC)2 Iron-bis-dithiocarbamates
Fe2+-(TC)2 Ferrous-bis-dithiocarbamate
Fe3+-(TC)2 Ferric-bis-dithiocarbamate
Hb Hemoglobin
MGD N-methyl-d-glucamine-dithiocarbamate
MNIC Mononitrosyl-iron complex
MNP 2-Methyl-2-nitrosopropane
NO Nitric oxide radical (•NO)
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ST Spin-trap molecule
TEMPO 2,2,6,6-Tetramethylpiperidinyl-N-oxyl
XO Xanthine oxidase

1  Introduction

Nitric oxide radical (chemical formula •NO, abbreviated as NO), is 
a signaling molecule involved in several physiological processes, in 
mammals, plants, and prokaryotes [1–8]. However, while in some 
situations the participation of NO is already compelling, in many 
other cases its involvement is less certain. Also the sources of NO 
are a matter of debate. Presently, different pathways are thought to 
contribute to the NO generation, including mammalian and pro-
karyotic NO synthases and several mammalian, plant, and prokary-
otic “non- dedicated” nitrite reductases, that make use of 
metalloproteins, present in cells to carry out other functions, to 
reduce nitrite to NO. Hence, the advancement of knowledge of 
NO Biology demands for methods, not only to quantify, but also 
to unequivocally identify the NO. Several methodologies were 
developed to measure NO, either indirectly, quantifying for exam-
ple the NO oxidation products, and directly, exploring different 
properties of NO, such as its ability to react with ozone to produce 
light (chemiluminescence) or its radical nature (electron paramag-
netic resonance (EPR) spectroscopy).

NO, with its 11 valence electrons, has an unpaired electron in a 
π-antibonding orbital, polarized toward the nitrogen atom (the 
unpaired electron is delocalized over the nitrogen) (Fig. 1). As a 
result, NO is a radical molecule and this feature makes the EPR spec-
troscopy an ideal methodology to both quantify and identify NO.

Because of its spin, the electron has a magnetic moment and, in the 
presence of an applied magnetic field (B0), the magnetic moment 
has two allowed orientations (the principles of quantum mechanics 
states that only two energy states or levels are allowed), corre-
sponding to two spin states, with energies (E),

 E g B E g Ba bm m= = -‰ ‰B Band0 0  (1)

where μB is the Bohr magneton (=9.2740154 (31) × 10−24JT−1) and 
the parameter g (also called g-factor) is a constant that is dependent 
on the nature, structure, and environment of the paramagnetic 
species (for a free electron, g = 2.0023). Transitions between the 
two states can be induced when electromagnetic radiation with 
energy equal to ΔE = Eα − Eβ is applied perpendicularly to the exter-
nal magnetic field, or better saying, radiation of appropriate fre-
quency, υ (because E = hυ, where h is the Planck constant 
(=6.6260755 (40) × 10−34 Js)),
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 h E g Bu m= =D B 0  (2a)

This is the relationship (the resonance condition) that must be sat-
isfied for microwave radiation (≈109–1011 Hz) absorption to occur. 
Hence, in simple words, in EPR spectroscopy one detects unpaired 
electrons by measuring the absorption of electromagnetic radia-
tion, when the paramagnetic sample is placed in a magnetic field 
(e.g., B0 ≈ 10–600 mT for a spectrometer that operates at ≈9.5 
GHz). One can also quantify the concentration of the paramag-
netic species, by simple calculation of the area under the absorp-
tion line (that is, the double integral of the spectrum, because the 
EPR spectrum is recorded as the first derivative of absorption). 
Contrary to absorbance measurements, the intensity of an EPR 
spectrum is independent of the species that has originated it and, 
thus, quantification does not require the previous knowledge of an 
extinction coefficient.

The parameter g, which can be identified as the spectroscopic 
manifestation of the magnetic moment, is obtained experimentally 
from Eq. 2a,

 g h B B= = ´ - -( / )( / ) . ( ( ) / ( ))m u uB Ts s T0
11 1

07 14 10  (2b)

It is a measure of the local magnetic and electric fields experienced 
by the unpaired electron(s) and it provides valuable information 
regarding the nature, structure, and environment of the paramagnetic 
species and, therefore, information about the identity of the 
paramagnetic species. Regarding nature of radical species, while 
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paramagnetic transition metal ions, such as Mo5+, Fe3+, or Cu2+ 
(with d1, d5, or d 9 configuration, respectively), display a large range 
of g values (g ≈ 0–10), organic radicals have g values around the 
one of free electron (g ≈ 2). Nevertheless, the presence of electron 
donor or acceptor groups modify the g value (e.g., the delocalization 
of the unpaired electron over heteroatoms generally causes an 
increase in the g value) and such effects can be used as “diagnostic” 
of the structure of the detectable paramagnetic species. A substan-
tial understanding of the EPR phenomenon is required to obtain 
structural information from this technique (which is outside the 
scope of this chapter, please refer to refs. 9–11). More simple and 
relevant in the context of this chapter, is the effect caused by the 
presence of neighboring nuclei with nuclear magnetic moment 
(I ≠ 0, e.g., I (1H) = 1/2, I (14N) = 1, or I (15N) = 1/2), which cre-
ate a local magnetic field that is superimposed onto the applied one 
(B0). In general, there will be 2I + 1 orientations for a given nuclear 
spin (2I + 1 allowed energy states); the unpaired electron experi-
ences these different magnetic fields and the EPR signal is split into 
2I + 1 lines of equal intensity and equally spaced. For example, for 
one unpaired electron localized into a nitrogen atom (I (14N) = 1), 
the EPR signal consists of a 1:1:1 triplet of equally spaced lines. 
The magnitude of the splitting between the lines is called hyperfine 
splitting constant (if it arises from the “parent” nucleus) or super-
hyperfine splitting constant (when it arises from a satellite nucleus; 
both abbreviated as a); equivalent nuclei give rise to equivalent 
splitting constant values, while nonequivalent nuclei originate 
different patterns of lines. In addition, the EPR spectrum reflects 
also the environment of the paramagnetic species (physical state, 
solvent) which also determine its “motion” (refer to refs. 9–11).

In summary, EPR is a powerful spectroscopy that probes 
the paramagnetic center, by defining the size and shape of the 
magnetic moment produced by the unpaired electron(s) and by 
characterizing the magnetic field created by the vicinity of the 
unpaired electron(s). It can demonstrate the presence of paramag-
netic species (radicals and some transition metal ions) and provide 
information on its concentration, nature and structure (identity) 
mobility, and intra- and intermolecular interactions. Moreover, as 
only unpaired electrons are able to absorb microwave radiation 
under these conditions, the EPR spectroscopy is specific for para-
magnetic species. Hence, regardless of the complexity of the sam-
ple, there will be no spectroscopic signal (absorption) apart from 
the one of the paramagnetic species (i.e., there will be no back-
ground signal from the biological matrix).

In spite of its radical nature, the characteristics of NO (and of many 
other radicals) do not favor its direct detection by EPR spectros-
copy [7, 12–17]: (1) generation in low concentration (e.g., 10−9–10−7 
M in humans), (2) ability to freely permeate membranes (k diffu-
sion ≈ 1010–1011 M−1 s−1), (3) reactivity with dioxygen (k ≈ 106–107 
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M−2s−1), (4) high reactivity with superoxide anion radical (k ≈ 109–1010 
M−1s−1), (5) with metalloproteins (mostly haems and labile [4Fe–4S] 
centers, to yield nitrosyl derivates (metal-N=O)), and (6) with cys-
teine residues and other thiols (to yield S-nitrosothiol derivates 
(–S–N=O)). Hence, the NO available to be detected (difference 
between NO formed and NO consumed) is usually rather low, par-
ticularly in complex biological samples, where several “sinks” of 
NO could be present.

As a result, with the exception of a few radicals with long half-
life (e.g., ascorbyl and tocopheroxyl radicals that are intrinsically 
stabilized by electron delocalization and less reactive), one needs 
first to “stabilize” the radical to, then, be able to detect it. This 
“stabilization” is achieved by spin-trapping and it involves the 
reaction of the radical (X•) with a spin-trap molecule (ST) to yield 
a new and persistent radical (•ST-X; Eq. 3) that can be subsequently 
detected by EPR spectroscopy.

 X ST ST X" "+ ®   (3)

In practical terms, the spin trap, in many cases a nitrone (R1-(R2=)
N+–O−, e.g., DMPO) or a nitroso (R1-N = O, e.g., MNP) com-
pound, is added at an appropriate concentration to ensure the effec-
tive trapping of the radicals present in the sample (the trap 
concentration is dictated by the ratio between the rate constant of 
•ST-X formation and the rate constants of radical consumption 
reactions; the slower the •ST-X formation reaction, the higher the 
trap concentration should be, in order to be able to effectively com-
pete with the other radical consumption reactions). The stable 
nitroxide radicals formed (R1-(X-R2-) N–O• or R1-N(-X)–O•) are, 
then, detected. Because different •ST-X radicals give rise to distinc-
tive EPR signals (determined by the X• structure), the spectra can 
be used to identify the radical X•, as well as, to follow the kinetics of 
its formation/consumption. This approach has been widely used to 
study not only the obvious small radicals, such as the superoxide 
anion (O2

•−) and hydroxyl (HO•) radicals [18–22], but also radicals 
on biomacromolecules, proteins, lipids, and nucleic acids [23–25].

To trap NO, three main types of spin-traps have been 
explored, nitronyl nitroxides, hemoglobin (and myoglobin), and 
iron-bis-dithiocarbamates.

Nitronyl nitroxides (e.g., CPTIO) are N-oxo-imidazoles radi-
cals that react with NO to yield nitrogen dioxide radical (•NO2) 
and an imino-nitroxide radical [26, 27]. Hence, there is no NO 
trapping, what hampers studies with labeled nitrogen (see below 
how convenient this could be). In addition, because both the spin-
trap itself and its product (the imino-nitroxide radical) are radicals, 
the resulting EPR spectrum obtained after the reaction of NO with 
the nitronyl nitroxide is the sum of two overlapped signals, what 
makes the spectrum interpretation and quantification not a 
straightforward task [28]. Moreover, also because these spin-traps 
give rise to an EPR signal, one cannot increase their concentration 
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to overcome the relatively low rate constant of the reaction of 
nitronyl nitroxide with NO (k ≈ 103 M−1s−1). On the other hand, 
the nitrogen dioxide radical formed reacts with NO to convert it 
into nitrite [8, 29, 30] and, thus, leads to an undervaluation of NO 
concentration (in other words, the ratio between the NO and the 
imino-nitroxide signal is not one to one) [28]. The nitrogen diox-
ide radical could also compromise the integrity of the biological 
sample (it is a powerfully oxidizing and nitrating agent that can 
nitrate protein residues, fatty acids, and nucleotides) [8]. Finally, 
because nitroxides are good oxidants, one must evaluate if these 
compounds are interfering with redox chemistry of the system 
under study [31, 32].

Hemoglobin (Hb) (and also myoglobin) has been widely used 
in NO research. It is cheap, reacts with NO with high rate con-
stants [k >107 M−1s−1 (reviewed in ref. 8)] and can be used in UV–
visible [33] and EPR spectroscopy. Besides being used in detection/
quantification, the ability of hemoglobin to trap NO has also been 
used to “remove” NO from a system or to confirm its presence (in 
a negative control assay). Both oxy-hemoglobin ((Hb)Fe2+–O2; 
Eq. 4) and deoxy- hemoglobin ((Hb)Fe2+; Eq. 5) react with NO 
(reviewed in ref. 8):

 ( ) ( )"Hb Fe O NO Hb Fe NO2
2

3
3

+ + -+ ® +  (4)

 ( ) ( )"Hb Fe NO Hb Fe NO2 2+ ++ ®   (5)

Met-hemoglobin ((Hb)Fe3+; Eq. 4), with its oxidized iron atom 
(Fe3+, d 5 configuration), can be easily followed by EPR spectros-
copy, with high sensitivity at low (liquid helium) temperatures 
(≈100 nM, although the use of liquid helium increases the assays 
cost) [34]. However, there is no NO trapping and the formation 
of methemoglobin is not specific for NO, as peroxynitrite and 
other oxidants can also oxidize hemoglobin. Alternatively, one can 
follow the formation of the stable hemoglobin–NO complex ((Hb)
Fe2+–NO, Kd ≈ 10−12 to 10−10 M [8]; Eq. 5), at 77 K (liquid nitro-
gen temperature), without compromising the sensitivity (≈200 
nM) [34]. The assay has to be carried out under anaerobic condi-
tions (to maintain the deoxygenation of hemoglobin) and the EPR 
signal is more complex in this case, but can be deconvoluted (by 
simulation) in three main species, penta- and hexacoordinated 
α-Hb-NO and hexacoordinated β-Hb-NO [34–38]. Furthermore, 
since NO is effectively trapped by hemoglobin, experiments with 
isotopically labeled nitrogen (15N) can be carried out to undoubt-
edly identify the NO source (this is due to the fact that naturally 
abundant isotope of nitrogen (14N) and 15N have different nuclear 
magnetic moments (1 and 1/2) and thus originate different 
splittings).

The last type of spin-traps here described, and the one whose 
utilization is detailed discussed, makes use of the high affinity of NO 
to bind to ferrous chelates to detect it: iron- bis -dithiocarbamates 
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(Fe-(TC)2) [39–45]. A dithiocarbamate (Fig. 2b) is a derivate of 
the carbamic acid (Fig. 2a), in which both oxygen atoms were 
replaced by sulfur—key to coordinate the iron atom—and whose 
amine function can be differently substituted (different R1 and 
R2, Fig. 2b) to produce hydrophobic and hydrophilic spin-traps 
(e.g., diethyldithiocarbamate (DETC) and N-methyl-d-glucamine 
dithiocarbamate (MGD), respectively; Fig. 2b). Biding of NO to a 
ferrous- bis- dithiocarbamate (Fe2+-(TC)2) results in formation of a 
mononitrosyl-iron complex (MNIC) (Fig. 2c; Eq. 6), that gives 
rise to a simple EPR signal that can be easily detected and analyzed 
at room temperature. The formation of MNIC is very fast (k ≈ 106–
108 M−1s−1 [46–51]) and its stability is high (NO does not dissociate) 
as long as a high ratio of dithiocarbamate:iron is used (≥10) [51].

 
Fe TC NO Fe TC NO FeNO paramagnetic2

2
2

2
7+ ++ ®   ( ) ( ) ({ } , )"

 (6)

(The charge distribution in metal-NO adducts is frequently 
ambiguous; as such, the Enemark and Feltham notation was adopted, 

carbamic acid dithiocarbamates

a b

c

g ≈ 2.04

a 
N

iron-bis-dithiocarbamate

mononitrosyl-iron complex
(MNIC)

R1= CH3

R1

R2 R1= R2=CH2CH3   (DETC)

R2=CH2(CHOH)4CH2OH  (MGD)

only Fe2+-(TC)2
no EPR signal

with 14NO

with 15NO

Fig. 2 Iron-dithiocarbamates. (a) Structure of the carbamic acid. (b) General structure of dithiocarbamates; 
amine substitutions (R1 and R2) of MGD and DETC are shown. (c) Structures of Fe-(TC)2 and Fe-(TC)2-NO and 
the respective characteristic EPR spectra Fe-(TC)2 do not give rise to any EPR signal, while Fe-(TC)2-14NO and 
Fe-(TC)2-15NO yield a triplet and doublet signal, respectively)
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{FeNO}n, where the superscript “n” indicates the number of metal d 
electrons plus the number of NO π-antibonding electrons [52].)

The MNIC EPR signal, with a g value of ≈2.04, is character-
ized by a 1:1:1 triplet pattern produced by the bound nitrogen 
atom of natural NO (I (14N) = 1), with a nitrogen hyperfine split-
ting constant, aN, of 1.2–1.3 mT. In the presence of isotopically 
labeled 15NO, the resulting MNIC will give rise to the doublet 
signal characteristic of a nucleus with a I of 1/2, thus, allowing the 
clear identification of the NO source (e.g., study of NO generation 
in the presence of NO synthase and l-(15N)-arginine).

The Fe-(TC)2 have been widely used in in vitro studies, with 
purified and partially purified components [53–61], in vivo and in 
situ studies, with living animals, tissues, and cells [39–45, 62–70], 
using hydrophobic (e.g., DETC) and hydrophilic (e.g., MGD) 
spin-traps to target hydrophilic and lipophylic systems present in 
“aqueous compartments” and in membranes, respectively.

The Fe-(TC)2 and the respective MNIC are, however, redox 
active species and care must be taken for possible artifacts. In aque-
ous solution, the Fe2+-(TC)2 are easily oxidized by dissolved dioxy-
gen (k ≈ 105–106 M−1s−1 [71, 72]) to the respective ferric complexes 
(Fe3+-(TC)2), thus, decreasing the concentration of ferrous com-
plex available to detect NO. In addition, and more important, the 
Fe3+-(TC)2 formed rapidly consumes the NO (Eqs. 7–10; k ≈ 108 
M−1s−1 for Eq. 7 [46, 49–51]), but to yield an EPR signal whose 
intensity is less than 50 % of the one that would be originated by 
the ferrous complex (Eq. 11 vs. Eq. 6) [46, 51, 73–75]:

 Fe TC NO Fe TC NO FeNO diamagnetic3
2

3
2

6+ +- + ® - -( ) ( ) ({ } , )"

 
(7)

 Fe TC NO Fe TC NO FeNO diamagnetic3
2

2
2

6+ + +- - - -( ) ( ) ({ } , )  
((8))

 Fe TC NO H O or HO Fe TC NO2
2 2

2
2 2

+ + - + -- - ® - +( ) ___( ) ( )  (9)

 

Fe TC NO Fe TC Fe TC

Fe TC NO FeNO

3
2

2
2

3
2

2
2

7

+ + +

+

- - + - ® -
+ - -
( ) ( ) ( )

( ) ({ } , pparamagnetic)  
(10)

Global reaction (Eqs. 7 + 8 + 9 + 10):

 

Fe TC NO Fe TC

NO FeNO paramagnetic NO

3
2

2
2

7
2

2 1+ +

-

- + ® -
+

( ) ( )

({ } , )

"  

 
(11)

In this context, it should be here emphasized that Fe-(TC)2 behaves 
differently in aqueous and organic solutions (e.g., the hydrophobic 
DETC–MNIC is not easily oxidized by oxygen and the diamag-
netic complex is rapidly converted into the paramagnetic one in a 
hydrophobic medium [76]).

Fortunately, the oxidation of Fe2+-(TC)2 is easily detected by 
UV–visible absorption (even at naked eye), as the colorless ferrous 
complex solution is converted into an orange-brown solution 
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(details in the Subheading 3) [51, 75]. The potential formation of 
Fe3+-(TC)2 can also be monitored by EPR at 77 K, following the 
g ≈ 4.3 signal characteristic of high-spin Fe3+ (S = 5/2) [51, 74].

In a similar way, oxidation of Fe2+-(TC)2-NO and Fe2+-(TC)2 
by oxidants present in the sample to be analyzed would falsely lead 
to a decreased EPR signal and, consequently, to an underestima-
tion of the NO present. Yet, the other side of the coin is that reduc-
ers present in the sample (like ascorbate [51, 72, 77], GSH and 
l-cysteine [72, 78]) can promote the reduction of Fe3+-(TC)2-NO 
to the paramagnetic species. Hence, the ratio between reduced and 
oxidized Fe-(TC)2 and Fe-(TC)2-NO (particularly in cells, tissues 
and living organisms) would depend on the presence of endoge-
nous and exogenous oxidants and reducers and on the presence of 
endogenous or exogenous superoxide dismutase and catalase (dis-
cussed below).

To sum up, the redox properties of the Fe-(TC)2 and respec-
tive MNIC could greatly complicate the quantitative analysis of 
NO concentration. Accordingly, when possible and reasonable, 
care must be taken to ensure anaerobic and reducing conditions 
that preserve the Fe-(TC)2 and Fe-(TC)2-NO complexes in the 
ferrous state. This would not be possible, or even advisable, in 
many biological systems or in in vivo and in situ assays. Nevertheless, 
and most important, a qualitative or comparative analysis could 
still be made, since Fe3+-(TC)2 would also lead to the formation of 
measurable paramagnetic MNIC.

Other concern relates to the specificity of the Fe-(TC)2 com-
plexes for NO. There is some controversy regarding their ability to 
originate paramagnetic complexes with the nitrosonium cation 
(NO+) donor sodium nitroprusside and with the nitroxyl anion 
(NO−) donor Angeli’s salt. The complex resultant from the reac-
tion of Fe2+-(TC)2 with nitroxyl would be EPR silent ({FeNO}8) 
[79], and, while Xia and Zweier [54] in fact did not observed any 
EPR signal in the presence of Angeli’s salt, Komarov et al. [80] did 
obtain a signal. However, as Xia et al. [81] suggested, the nitroxyl 
is probably reacting with the oxidized trap (to yield a {FeNO}7), 
which, by intramolecular iron reduction, would result in the 
expected paramagnetic Fe2+-(TC)2-NO. In its turn, the paramag-
netic complex responsible for the nitrosonium signal in the pres-
ence of Fe2+-(TC)2 (an initial {FeNO}6 complex) [80] could be 
formed in a similar way to the one suggested for the signal obtained 
with NO and Fe3+-(TC)2 (also an initial {FeNO}6 complex that 
eventually yields an {FeNO}7 species (Eqs. 7–10)). In addition, 
also S-nitrosoglutathione (GSNO) was shown to elicit the forma-
tion of paramagnetic MNIC [78]. In contrast, there is no debate 
concerning the inability of Fe-(TC)2 to yield EPR signals with 
nitrite [56, 58–61, 80]. Furthermore, although nitrite was 
described to be able to oxidize Fe2+-(TC)2, the reaction is too slow 
to be of any practical relevance (≈5 M−2s−1) [75].

Detection of NO by EPR
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Other issues can be raised regarding reactive oxygen species 
(superoxide radical anion, hydrogen peroxide, hydroxyl radical). 
Although they can be “normal” products of the system under 
study, reactive oxygen species can also arise as “by-products” of the 
dioxygen oxidation of Fe-(TC)2 and, thus, introduce “extra” oxi-
dative damages to the biomolecules (“extra” oxidative stress) or 
cause artificial NO generation from nitrogenous compounds [71, 
78]. Moreover, hydrogen peroxide [72], superoxide and peroxyni-
trite [48, 77] are able to convert paramagnetic MNIC into EPR 
silent complexes. Although the reaction of NO with superoxide (to 
yield peroxynitrite) is considerably faster (k ≈ 7 × 109M−1s−1 [12, 
13]) than its reaction with Fe-(TC)2, the presence of millimolar 
Fe-(TC)2 (comparatively to the low (micromolar at most) superox-
ide concentration normally found) would guarantee the formation 
of (at least some) Fe-(TC)2-NO. However, the formed Fe2+-
(TC)2-NO, present at low concentration, cannot escape to the 
“attack” of superoxide (k ≈ 3 × 107M−1s−1 [77]). In this context, the 
presence of exogenous and endogenous superoxide dismutase and 
catalase has to be carefully thought when quantitative analyses of 
NO concentration are made.

Finally, it should not be overlooked that the Fe-(TC)2 and 
Fe-(TC)2-NO complexes can also interfere directly with the system 
under study by inhibiting or inactivating enzymes, receptors, and 
many other biomolecules. Appropriate controls should be done to 
guarantee that, e.g., the absence (or weak) of EPR signal is not due 
to inhibition of the NO generating system; or the opposite, that an 
intense EPR signal is not the result of the inactivation of the NO 
target or scavenger. In this respect, particular attention has to be 
paid to in vivo and in situ studies (where the complexity of the 
system is very high) and to the use of different Fe-(TC)2 spin-traps, 
since different substitutions (R1 and R2, Fig. 2b) could have dis-
similar effects on the biomolecules and be differently accumulated 
subcellularly. The chelating activity of dithiocarbamates should 
never be disregarded. Dithiocarbamates are powerful chelators 
that can chelate free metal ions as well as metal ions present in bio-
molecules and, in this way, inactivate those biomolecules (e.g., the 
Cu, Zn-superoxide dismutase inhibition by DETC was attributed 
to the removal of the enzyme essential copper atom [82]). On the 
other hand, also the addition of iron can be detrimental (at least 
through the catalysis of radical species formation).

To conclude, the use each type of spin-trap has its advantages 
and disadvantages. In this chapter, particular attention was given 
to Fe-(TC)2 that are the NO traps of choice for the authors. 
Certainly, the redox chemistry and nature of Fe-(TC)2 and 
Fe-(TC)2-NO can introduce artifacts and drawbacks in their utili-
zation (Fig. 3). Nonetheless, the careful planning of the assays 
allows one to avoid the problems and use the Fe-(TC)2 as a valuable 
approach to obtain accurate and reproducible results that cannot 
be easily acquired other means.
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The NO spin-trapping with iron-dithiocarbamates methodology is 
here exemplified using the ability of mammalian xanthine oxidase 
(XO) and bacterial aldehyde oxidoreductase (AOR) to reduce 
nitrite to generate NO [60, 61]. The objective is to demonstrate 
and quantify the NO formation. For that purpose, the protocol is 
very simple to perform: it involves mixing the enzyme, a reducing 
substrate and nitrite in the presence of the spin-trap, in a buffered 
system. The EPR spectrum is, then, acquired. The observation of 
a triplet signal with the characteristic parameters confirms the pres-
ence of NO. The quantification is made with a standard curve pre-
pared with NO solutions of known concentration or by calibration 
with a nitroxide radical of known concentration. The NO forma-
tion over time can be followed through the increase of the signal 
intensity.

2  Materials

Preferably, use in all solutions water first distilled and then deion-
ized (with ≤18 MΩ (25 °C)), to avoid adding unwanted redox 
active metal ions and other compounds that may interfere with the 
redox chemistry of the spin-trap and with your system (many 
enzymes are inhibited by heavy metal ions).
 1. MGD (also named N-(dithiocarboxy)-N-methyl-d-glucamine), 

sodium salt, with a purity ≥98.0 % (for EPR spectroscopy).
 2. Ferrous ammonium sulfate, with a high purity (99.997 %).
 3. NO gas, ≈100 % or any percentage prepared by the gases sup-

plier, e.g., 5 % NO/95 % He.

1.3 Spin-Trapping 
with Iron- 
Dithiocarbamates

2.1 Preparation 
of Solutions 
and Materials for EPR 
Measurements

reductants

O2

reactive oxygen species

"extra"
oxidative stress

oxidants

O2 
●−

●

●

possible inhibition/inactivation
of biomolecules,

biological ion metal chelation

•NO
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other reactive 
oxygen species

NO

ONOO−

antioxidants

antioxidants

Fe2+-(TC)2 Fe2+-(TC)2-NO

Fe3+-(TC)2-NOFe3+-(TC)2

Fig. 3 Possible artifacts introduced by the redox chemistry and nature of Fe-(TC)2 and Fe-(TC)2-NO 
complexes
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 4. Gaseous argon or nitrogen with high purity (>99.999 %).
 5. Proper tube to delivery the gases (see Fig. 4a, b), which should 

not be permeable to argon, nitrogen, NO, and oxygen and 
other gases from the atmosphere.

 6. Flasks with a neck suitable to be closed by a rubber stopper and 
the respective rubber stoppers; aluminum crimp caps (to fix 
the rubber stoppers, if needed) and a hand-operated aluminum 
cap crimper.

 7. Needles; we find the ones with 0.9 × 90 mm and 0.8 × 50 mm 
suitable to bubble the gas and to act as “escape,” respectively 
(dimensions are diameter × length).

 8. Gastight syringes.
 9. Flat cell or 50 μL capillaries.

 10. X-band (9.5 GHz) EPR spectrometer.

a 

"escape" 

rubber stopper 

"escape" 

NO source 

10% KOH water 

laboratory fume hood with forced ventilation 
and with its front panel down

 
  

b

Ar or N2 source 

Fig. 4 Settings used to prepare deoxygenated solutions (a) and the stock NO 
saturated solution (b)
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 1. Buffer: 50 mM phosphate buffer, pH 6.0–7.8, 100 mM MES 
buffer for pH 5.5–6.0; 100 mM Tris–HCl buffer is also suit-
able for pH 7–9.

 2. The enzymes used are purified, but partially purified samples 
or crude extracts can also be used.

 3. Nitrite.
 4. Reducing substrate, xanthine for the XO reaction and benzal-

dehyde for the AOR reaction (see Note 1).

3  Methods

As described in the “Introduction,” if the system and study aims 
allow it, take great care to guarantee anaerobic (deoxygenated) 
conditions throughout all the procedure (see Note 2). In this way, 
the Fe-(MGD)2 and Fe-(MGD)2-NO complexes would be main-
tained in the ferrous state (see Note 3). The anaerobic conditions 
can be achieved by using flasks sealed with rubber stoppers and 
purging the solutions or water with an inert gas, nitrogen, or argon 
(see Note 4) (Fig. 4a). Also the MGD and iron powders have to be 
deoxygenated in sealed flaks before the addition of the solution in 
which they will be dissolved. To transfer the solutions/water from 
one flask to another or to the EPR flat cell, use gastight syringes 
(syringes whose plunger tip, often in PTFE, creates a leak-free seal, 
e.g., Hamilton® GASTIGHT® Syringes). During the transfer 
operations, be very careful to avoid contaminations by oxygen 
from the atmosphere. Ideally, the assay mixtures should be pre-
pared inside an anaerobic chamber (see Note 5), as this allows one 
to manipulate the solutions and powders without taking the risk of 
contaminating them with the atmospheric oxygen.

 1. The two solids, MGD and ferrous ammonium sulfate, 
should be brought together and deoxygenated in a sealed 
flask; subsequently, deoxygenated buffer or water should be 
added to dissolve them.

 2. Prepare the solution only immediately before use—do not use 
“old” solutions.

 3. Weight the necessary masses to prepare a mixture of 20 mM 
MGD:2 mM iron, final concentrations.

 4. A high MGD:iron ratio is important to ensure the stability of 
the future Fe2+-(MGD)2-NO complex (see Note 6).

 5. However after a first trial, you may want to test a lower ratio 
to save MGD. In our assays, we use a ratio of 10 (5 mM 
MGD:0.5 mM iron) with the DEAE NO donor, while a ratio 
of 5 (10 mM MGD:2 mM iron, final concentrations) results 
very well with purified enzymes [60, 61].

2.2 For the AOR 
and XO-Dependent NO 
Generation Assays

3.1 Preparation 
of Fe-(MGD)2
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The Fe2+-(MGD)2 solution should be light colorless and the 
potential formation of ferric complexes can be easily followed and 
quantified through the UV–visible spectrum due to their orange- 
brown coloration [maximum absorption at 340 nm (ε = 20,000 M−1 
cm−1) and shoulders at 385 nm (ε = 15.000 M−1 cm−1) and 520 nm 
(ε = 3.000 M−1 cm−1).

 1. The saturated solution of NO is prepared by bubbling NO gas, 
first, in a potassium hydroxide 10 % solution, to remove other 
nitrogen oxides present in the NO gas, and, then, in water, as 
shown in Fig. 4b (see Notes 7 and 8).

 2. It is crucial that the potassium hydroxide solution is prepared 
in deoxygenated, deionized water, and the “final” water (where 
NO gas will be dissolved) should also be deoxygenated and 
deionized (follow the indications provided in the beginning of 
this section on how to deoxygenate solutions).

 3. The NO purging should be performed in an ice-water bath, 
because lower temperatures increase the NO solubility in solu-
tion (see Note 9). The NO bubbling time is dependent on the 
NO gas concentration: for a pure gas (≈100 % NO), 10 min 
would be sufficient, but, for a 5 % gas (5 % NO/95 % He), 
purge for at least 30 min.

 4. After that time, close the NO source and, immediately, remove 
the two needles from the water flask (see Note 10).

 5. The concentration of NO dissolved in water is dependent on 
the percentage of NO gas used and on the temperature: for 
≈100 % NO, it is ≈3.3 and ≈1.91 mM, at 0 and 20 °C, respec-
tively, and for 5 % NO, it is ≈170 and ≈100 μM, at 0 and 20 
°C, respectively. Dilutions can be, then, prepared from the 
stock NO saturated solution (see Note 11).

 1. Deoxygenate all solutions immediately before being used.
 2. Prepare your reactions mixtures starting with the buffer and 

spin- trap; the NO generating/consuming system should be 
the last to be added (this is the moment that establishes the 
“time zero” of the reaction and the spin-trap must already be 
present to trap the NO).

 3. For the AOR- and XO-catalyzed nitrite-dependent NO gen-
eration, this means that the additions should be made by the 
following order: buffer (and water if necessary), spin-trap, 
enzyme, reducing substrate and at least nitrite.

 4. Usually, the measurements are carried out in 275–300 μL flat 
cells (see Note 12), but 50 μL capillaries can also be used to 
save sample, if it has a sufficiently high concentration of para-
magnetic species to give rise to a measurable signal with the 
smaller sample amount.

3.2 Preparation 
of Stock NO Saturated 
Solution

3.3 Preparation 
of Reaction Mixtures
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 5. If an anaerobic chamber is used to prepare the reactions mix-
tures, filling the flat cell or the capillary should be an easy task, 
using a simple glass pipette, or by capillarity, respectively (both 
ends of the capillary should then be sealed).

 6. But, if an anaerobic chamber is not available, it would be very 
difficult to work with capillaries and maintain the anaerobic 
conditions.

 7. Regarding the flat cell, this must be first sealed with a rubber 
stopper and made anaerobic; after that, the sample can be 
transferred with a gastight syringe.

 1. The EPR signal of the Fe2+-(MGD)2-NO complex has a g value 
of ≈2.04, an aN of 1.2–1.3 mT and an 1:1:1 triplet or 1:1 dou-
blet pattern, depending if it is originated from 14NO or isotopi-
cally labeled.

 2. In an X-band EPR spectrophotometer, with a frequency of 9.7 
GHz, the signal will be centered around 340 mT (Eq. 2b) and 
a window width of 8 mT would be ample to display the 
signal.

 3. A modulation amplitude of 0.1–0.3 mT is used and the micro-
wave power needed would depend on the concentration of 
paramagnetic complexes present; usually a value between 10 
and 100 mW is employed (see Note 13).

 4. The observation of the characteristic signal confirms the pres-
ence of NO in the sample.

 5. For the AOR and XO assays, the use of normal nitrite (that is, 
with naturally abundant isotope of nitrogen (14N)) and of iso-
topically labeled 15NO2

−, results in the expected triplet and 
doublet signals, respectively. These two results demonstrate 
that is nitrite the source of NO.

 6. To quantify the concentration of NO (or more precisely of Fe2+-
(MGD)2-NO), a standard curve can be prepared using the spin- 
trap and solutions equilibrated with different NO concentrations 
prepared from the stock NO saturated solution.

 7. It is crucial, that the standard curve is obtained under the same 
conditions as the assays, same buffer composition (buffer spe-
cies and other compounds present, concentration, pH, and 
ionic strength), temperature, and spin-trap concentration.

 8. The EPR signal is exactly the same in both cases, the signal 
intensity of the assay and standard can be measured by the 
height of one of its three lines, or by the double integral (see 
Note 14)—what is easier for the researcher.

 9. Quantification can also be performed by comparison with the 
signal of 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO). 
TEMPO is a nitroxide radical that gives rise to a triplet signal, 

3.4 EPR 
Measurements
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with an aN of ≈1.75 mT, and the double integral of its signal 
provides a relation area—concentration that can be subse-
quently used to convert the areas of the signal of the assays 
into concentration values (see Note 15).

 10. In general, Fe2+-(MGD)2-NO as low as 10 nM can be detected, 
with the advantage that also kinetics of NO increase can be 
easily followed in one unique sample.

 11. Because of the high stability of the Fe2+-(MGD)2-NO com-
plex, NO decreases over time could not be measured in the 
only one sample.

 12. Yet, different samples can be prepared to be read at different times.
 13. For the AOR and XO assays, the concentration of NO formed is 

dependent on the reducing substrate and nitrite concentration, on 
the pH and also on the enzyme concentration/time of reaction.

 14. Different proportions of reducing substrate/nitrite should be 
assayed to find the ones that give rise to better results at each 
pH value.

As in other methodologies, it is essential to carry out the appropri-
ate controls to guarantee that the conclusions drawn are correctly 
supported.

The first obligate controls involve the study of the potential 
Fe2+-(MGD)2-NO formation in the absence of each individual 
component of the system. For the AOR- and XO-catalyzed nitrite-
dependent NO generation, the Fe2+-(MGD)2-NO formation 
should be studied in the absence of nitrite (presence of all the other 
components), absence of enzyme (presence of all the other com-
ponents), and absence of reducing substrate (presence of all the 
other components). No observation of EPR signal in the absence 
of any of the three components demonstrates that it is the enzyme 
(AOR or XO) that is responsible for the NO formation. The obser-
vation of EPR signal in the presence of reducing substrates of differ-
ent nature further confirms the XO ability to form NO (see Note 
16). To discriminate if it is an enzymatic reaction, or, on the 
contrary, is just a nonspecific reaction carried out by the protein 
moiety, test the inactivated or denaturated enzyme.

If no EPR signal is observed in a situation where it is expected 
the NO formation, investigate the interference of Fe2+-(MGD)2 
and Fe2+-(MGD)2-NO with the system, for example, the potential 
enzyme inhibition.

Another control that can be helpful in case of no EPR signal 
formation is to test if the medium/conditions of the system inter-
fere with the Fe2+-(MGD)2-NO formation. For this, test the ability 
of Fe2+-(MGD)2 to generate the paramagnetic species with the 
stock NO saturated solution under the same medium/conditions 
used in the system under study. If, hypothetically, the buffer hin-
ders the formation of the Fe2+-(MGD)2-NO complex, then no 

3.5  Controls
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EPR signal will be formed either with the stock NO solution or 
with your system.

Pay special attention to the controls, if you use partially puri-
fied enzymes or crude extracts, as the number of problems that can 
arise are proportional to the complexity of the system under study.

4  Notes

 1. The reducing substrate reacts with the enzyme; the reduced 
enzyme, then, reduces nitrite to NO, closing the catalytic 
cycle. Other reducing substrates of each enzyme can be equally 
employed.

 2. However, even if the Fe2+-(MGD)2 solution is mostly oxidized 
to the ferric state, the formation of measurable paramagnetic 
Fe2+-(MGD)2-NO may not be hindered (via Eq. 11 and 
through reducing compounds present in the sample that can 
reduce the ferric complexes back to Fe2+-(MGD)2 and Fe2+-
(MGD)2-NO). The possible presence of antioxidants, as well 
as, of oxidants must be considered.

 3. Note that the preparation of Fe-(MGD)2 under aerobic condi-
tions leads to its rapid and uncontrolled oxidation to Fe3+-
(MGD)2 prior to its utilization. Moreover, after addition to the 
system, the concomitantly reduced oxygen would scavenge the 
NO and increase the oxidative stress induced in the system. 
These should affect (diminish) the reproducibility and accu-
racy of the data to be obtained. Therefore, even if the assays 
are to be performed under aerobic conditions, prepare the 
spin-trap under anaerobic conditions and tightly control the 
timing when it becomes in contact with oxygen.

 4. To deoxygenate a solution/water (or a powder), the dissolved 
oxygen must be removed, being replaced by an inert gas, 
nitrogen, or argon. To do this, bubble the inert gas into the 
solution/water (it can be done under stirring to facilitate the 
gases exchange). For oxygen to be released (and do not build 
in pressure), a pressure relief must be provided during purging 
(an “escape”), which is usually achieved by the insertion of a 
second needle that must not touch the liquid, as illustrated in 
Fig. 4a. The bubbling time should be proportional to the vol-
ume of liquid to be deoxygenated; for 10–20 mL, 30 min 
would be sufficient. The efficiency of deoxygenation can be 
greatly improved if purging is intercalated by an equal time 
period of vacuum (usually three cycles of purging/vacuum are 
sufficient). Regarding the choice of the inert gas: argon is more 
expensive than nitrogen, but, because it is heavier, its “deoxy-
genation ability” is more efficient. Obviously, this procedure 
also removes carbon dioxide and other atmospheric gases that 
are dissolved in the solutions/water.
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 5. Please refer to the instructions of the respective anaerobic 
chamber (also known as glove box) before attempting to use 
it. Although all solutions and powders must be made anaerobic 
before entering the anaerobic chamber (that is, that part can-
not be circumvented), the use of an anaerobic chamber avoids 
the problems of oxygen contaminations during the transfer 
and mixing procedures.

 6. In in vivo or in situ assays, guarantee that MGD and iron are 
added in sufficient concentration to facilitate the formation of 
a high MGD:iron ration inside the cells; also consider the solu-
bility of the trap chosen (MGD and DETC accumulate in 
aqueous and lipidic compartments).

 7. The NO gas handling must be performed only in a laboratory 
fume hood with forced ventilation and with its front panel 
down. The personnel handling the gas must be thoroughly 
familiar with the Material Safety Data Sheet and with the 
proper handling procedures.

 8. With the setting shown in Fig. 4b, be particularly cautious, 
because the gas “escape” is present only in the water flask. You 
must confirm that NO is bubbling through the KOH solution 
to the “final” water flask, not only for safety reasons, but also 
to guarantee that the water is in fact being saturated with NO.

 9. At room temperature, the NO solubility would decrease, but, 
in this way, when you use the solution at room temperature 
you will be sure that the solution is truly saturated with NO.

 10. If the two needles are not removed immediately, the oxygen 
from the atmosphere will get in into the solution through the 
“escape” needle and the NO concentration will be decreased 
(NO reacts with oxygen to yield nitrogen dioxide radical and 
other products).

 11. When working outside an anaerobic chamber, do not forget to 
be very careful during the dilutions to avoid contamination 
with the oxygen from the atmosphere.

 12. The common 4 mm (internal diameter) tube cannot be used in 
X-band EPR spectroscopy at room temperature of aqueous 
 solutions, because the water present in the sample hinders the 
measurements: the electric dipole moment of the water mole-
cule interacts with the electric field in the resonator and a large 
amount of the microwave energy is absorbed (lost) by the 
water. To circumvent the problem created by liquids with 
dielectric loss (in X-band EPR cavities) one can use flat cells, 
which confine the sample to a 0.3 mm thick space, in a volume 
typically of 275–300 μL. The flat cell has to be placed in the 
rectangular cavity exactly perpendicularly to the external mag-
nets, parallel to the electric field, in a nodal plane where the 
electric field intensity is minimal and the magnetic field is maxi-
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mal; a few degrees of misalignment of the cell inside the cavity 
results in a sharp increase in the dissipated (lost) energy, with 
the concomitant decrease in the energy stored to drive the 
absorption by EPR. Alternatively, a 50 μL capillary, with an 
internal diameter of 0.8 mm, can solve the problem if the sam-
ple has a sufficiently high concentration of paramagnetic species 
to give rise to a measurable signal with the small sample amount.

 13. Confirm that your signal is not saturated. For a nonsaturated 
signal, the intensity is directly proportional to the square root 
of the power. The intensity can be determined by measuring 
the height of one of the signal three lines, or by the double 
integral (see also Note 14).

 14. Note that it is necessary to calculate the double integral, 
because the EPR spectrum is recorded as the first derivative of 
absorption (double integral = area under the absorption line).

 15. The direct comparison of EPR spectra is possible, because 
the intensity of an EPR signal is independent of the species 
that has originated it (it is not necessary the previous knowl-
edge of an extinction coefficient). The use of TEMPO or 
NO saturated solution may depend on their availability. The 
usage of a NO saturated solution has the advantage of pro-
viding hints of possible problems arising from the assay sys-
tem/mixture, if it is possible to compare the results obtained 
in different media.

 16. It is known that XO displays catalytic activity (oxygen-reducing 
activity) with reducing substrates of different nature (e.g., purines 
and aldehydes), being classified as a promiscuous enzyme.
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