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Abstract: Vascular generation of nitric oxide (NO) plays an important role in the regulation of blood flow, and is 

counterbalanced by the formation of radical oxygen species (ROS). Thus, an imbalance in vascular NO and ROS 

production contributes to endothelial dysfunction, which is associated with cardiovascular disease. Here we review the 

main and commonly used methods that have been applied to determine vascular NO and ROS. Only NO microsensors, 

electron spin resonance (ESR), and NO sensitive fluorescent probes allow real time measurement of NO levels in cell 

suspensions, cell cultures, and isolated vascular segments in vitro, and of these techniques only NO microsensors have so 

far been developed for real time detection of NO in vivo. ROS formation has been detected in cell cultures by lucigenin-

enhanced fluorescence, fluorescent probes e.g. 2’,7’-dichlorodihydrofluorescein and dihydroethidium, by use of ESR, and 

also by electrochemical detection. The limitations of the electrochemical microsensors include interference from other 

substances, physical force on the sensors, and influence of temperature and changes in pH that may lead to artifactual 

changes in current. Therefore, specificity testing and calibration are pivotal, and in case of ROS, application of more than 

one technique is recommendable. Technical advances have allowed simultaneous detection of both NO and superoxide 

anion by use of electrochemical microsensors. Miniaturizing the sensors may also allow incorporation of those in lab-on-

a-chip and may lead to real time measurements of NO and ROS in the coronary circulation in situ, and hence provide 

direct evaluation of endothelial and vascular function in cardiovascular disease. 
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1. INTRODUCTION  

Reactive oxygen (ROS) and reactive nitrogen (RNS) 
species are involved in a wide range of biological functions, 
from physiological events such as neurotransmission to 
pathological situations such as inflammation, cancer, 
neurodegeneration and cardiovascular diseases. Particularly, 
both kinds of substances play a critical role in the 
maintenance of vascular homeostasis and injury [1, 2]. 

The prototype of RNS is nitric oxide (NO), which was 
identified decades ago as the long sought “endothelial-
derived relaxing factor”. NO was reported to be synthesized 
by endothelial cells in blood vessels and rapidly diffused to 
the adjacent smooth muscle cells inducing vasodilatation. 
The discovery of the role of NO on vascular tone, which 
resulted in the Nobel Prize in Physiology and Medicine in 
1998 to R.F. Furghgott, L.J. Ignarro and F. Murad, initiated 
an intensive research trying to elucidate how NO acts not 
only in vascular tissue, but also in the brain and immune 
responses. It has been also demonstrated that NO, in addition 
to relaxing blood vessels, inhibits platelet adhesion and 
aggregation as well as vascular smooth muscle cell 
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proliferation, and decreases the synthesis of pro-
inflammatory factors that promote vessel injury (Fig. (1)). 
The initial event generating the development of a vascular 
disease is a dysfunction in the endothelial layer of the blood 
vessel, changing the vasoreactivity and increasing 
permeability to pro-inflammatory mediators. Such 
endothelial dysfunction may arise from different causes 
including arterial hypertension, dyslipidemia, and diabetes 
and is associated with oxidative stress [1, 2]. The 
dysfunctional endothelium leads to a reduced formation of 
vasoprotective and vasodilating mediators such as NO, and 
in turn promote the formation of vasoconstricting mediators 
(e.g. TXA2, superoxide anion) inducing vascular 
inflammation and smooth muscle cell migration. Therefore, 
substances and drugs able to promote endothelial NO release 
and/or to reduce the presence of deleterious mediators such 
as superoxide anion (O2

-
)

 
are potential candidates to provide 

cardiovascular protection by restoring endothelial function 
[3]. 

The decreased bioactivity of vascular NO due to 
endothelial dysfunction may be, on one hand, associated to a 
lower synthesis of the mediator by the endothelial NO 
synthase (eNOS) or related to a higher breakdown of NO, 
especially by an increased oxidative stress. An important 
mechanism reducing vascular NO bioavailability is a rapid 
oxidative inactivation by reaction with O2

-
. In addition to 

enzymes directly regulating ROS formation e.g. NADPH 
oxidase and degradation e.g. superoxide dismutases (SOD), 
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eNOS may also be a source of oxidative stress underlying 
endothelial dysfunction (Fig. (1)). Accordingly, when the 
eNOS substrate L-arginine or an essential cofactor of eNOS, 
tetrahydrobiopterin (BH4) is oxidized to dihydrobiopterin 
(BH2) thus increasing the BH2/BH4 ratio, eNOS becomes 
uncoupled from L-arginine and shifts its product profile to 
O2

-
, instead of NO, by using molecular oxygen 

[4].Consistent determinations of vascular NO and ROS 
levels and their generation is relevant to understand the 
mechanisms underlying vessel damage as well as to identify 
potential targets for therapeutic interventions. Particularly, 
there is increasing evidence that several natural products and 
plant extracts from foods, drinks and herbal medicines may 
influence vascular production of NO and ROS thereby 
providing protection against cardiovascular diseases [2, 3]. 
The identification of such compounds and characterization 
of their cellular actions, extensively associated to antioxidant 
properties, may increase the understanding of the regulation 
of ROS and RNS and could provide valuable strategies for 
the prevention or treatment of cardiovascular diseases. 

Numerous methods for detecting NO and ROS such as 

O2
-
 and H2O2 have been developed in order to measure 

(direct or indirectly) these molecules by electrochemical, 

chemiluminiscent and spectrophotometric techniques [5, 6]. 

Nevertheless, the very rapid time course of events in 

endothelial dysfunction makes monitoring changes in these 

molecules electrochemically in real time the most useful and 

reliable approach. Additionally, the short half-life (seconds) 

of reactive oxygen and nitrogen species and the efficient 

systems scavenging them require that any detection method 

must be sensitive enough and must allow in situ 

measurements in the tissues of interest. Therefore, 

technology allowing both real-time and direct measurements 

of NO, O2
-
 or other free radicals in vascular cells or tissues is 

the aim of an intensive research nowadays. Developing these 

methods will permit in situ measurement of pharmacologic 

substances or antioxidants aimed to prevent endothelial 

dysfunction and the subsequent vessel injury. The present 

review is focused in commonly used approaches to detect 

oxygen and nitrogen reactive species, with special attention 

paid to NO and O2
-
 detection in vascular cells and tissues 

and how these approaches are used to evaluate the effects of 

pharmacological substances and/or antioxidants on vascular 

function. 

2. VASCULAR NO DETECTION 

NO levels are altered and of importance for the 
development of several diseases e.g. low NO levels is related 
to Parkinson’s disease, cardiovascular pathologies and 
conversely, high NO levels may participate in inflammatory 
diseases and cancer. Therefore, from a medical and 
biochemical point of view, it is important to detect the NO 
flux in living cells under normal or pathological 
circumstances, and if possible, a direct and real-time 
determination in response to different stimuli or drugs. 
Numerous studies have indirectly estimated NO levels in 
biological samples by measurements of NOS activity, NO 
metabolites nitrate and nitrite using Griess reaction or, in 
many cases, by using pharmacological tools that inhibit the 
formation of NO [5]. Although these approaches are easily 
applied and provide indications about the involvement of 
NO pathway in the physiological event under evaluation, 
cross reactivity with related substances and the real 
production of NO involved is underestimated. Only direct 
and real time measurements of NO levels in cells and tissues 
allow a conclusion on the exact NO concentration produced 
by a particular cell in response to a stimulus or in basal 
conditions. However, so far the results obtained by different 
investigations regarding to direct measurements of NO in 
living cells are disappointing since there is a huge variability 
in tissue NO concentrations determined by different groups 
using different direct electrochemical detectors [7, 8]. 

 

Fig. (1). Role of NO and ROS in regulating vascular functions. Physiological levels of vascular NO provide protection to blood vessels 

against damages. Conversely, increased levels of O2
-
 inactivate NO, and counteract its vasoprotective effects. ROS produced from several 

sources mediates many of the responses to vascular injury by impairing vessel tone and by inducing an inflammatory state and apoptosis. Cyt 

c: cytochrome c; NOS: nitric oxide synthase; SOD: superoxide dismutase. 
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2.1. Electrochemical NO Microsensors 

NO microsensors allow direct and real-time detection of 
NO generated in the nanomolar range both in vitro and in 
vivo [7-10]. The principle is that NO is oxidized at the 
surface of a working electrode, thus transferring one electron 
from the NO molecule to the anode generating current and 
nitrosonium cation (NO

+
), which is finally converted to 

nitrite (NO2
-
). The first successful NO sensor was a 

miniature solid-state probe, based on the Clark electrode for 
the detection of oxygen, with a diameter of approximately 2 
mm [7]. Malinski and co-workers [11] developed a much 
smaller microsensor based on a carbon fibre with a dual 
coating compromising polymerized metalloporphyrin and an 
outer layer of Nafion, which excluding access of nitrite. 
Most of published studies with NO sensors are based on the 
described electrode type (see ref. [7]).  

The electrode is commonly operated by applying an 
optimal poise potential for detection of NO relative to a 
reference electrode and hence detecting current by direct 
amperometry. By sweeping the electrode through a range of 
potentials it is also possible to construct a voltammogram 
which based on the optimal poise voltage for a substance 
provides information about the substance that is being 
oxidized at the working electrode. Commercially available 
needle-type NO-sensors provide tip diameters ranging from 
0.1 μm to 2 mm. Manufacturers establish that the 
arrangement of the electrodes, in combination with highly 
selective gas permeable membranes and special multi-
layered selective coatings result in NO-sensors with 
excellent performances and minimal susceptibility to 
environmental noise. No specific information is available 
concerning the nature of the membranes and their 
mechanisms of action, which is probably based on size and 
charge exclusion effects [12]. For further information about 
specific NO microsensors and how they are constructed 
please consult previous reviews [7, 11, 12].  

NO microsensors have been applied for measurements in 
cell suspensions e.g. measurements of NO formation by 
platelets and leukocytes [13], measurements of NO 
formation in cell cultures (e.g. [14-17]), and in isolated 
arterial segments (e.g. [18-22]) (see ref. [7]). NO 
microsensors allow simultaneous measurements of NO 
concentration and vascular tone in isolated arteries [20-23]. 
An example of simultaneous measurements is shown in Fig. 
(2), where the experiment revealed that the natural 
triterpenic acid, oleanolic acid, induces endothelium-
dependent relaxations mediated by low nanomolar NO 
concentrations in arterial segments [22]. In addition to the 
NO levels altered by agonists or drugs, it is possible to 
estimate the basal concentration by an NO scavenger by 
observing the decrease in NO concentration [20, 24]. NO 
microsensors inserted through catheters have also been 
applied for in vivo experiments and yielded information of 
NO release in connection with flow-induced vasodilation 
[25], alterations in NO concentration during limb ischaemia 
[26], and NO concentration during hypoxia in the brain [27]. 
Moreover, development of catheters containing a 
microsensor detecting NO by back conversion of nitrite to 
NO has recently allowed the measurement and evaluation of 
NO concentration in the coronary circulation of patients with 
dilated cardiomyopathy [9].  

The microsensors for electrochemical detection of NO 
have a series of limitations that increase with the complexity 
of the system where the NO flux is measured. The NO 
microsensors require daily calibration and extensive testing 
for specificity to avoid that non-NO substances (e.g. 
catecholamines, tyrosine, nitrite) interfere with the 
measurements. Moreover, the microsensors should be tested 
to address whether changes in pH, oxygen, and vehicles may 
influence the measurements [7]. Physical force on the sensor 
will also change the measurements, but this appears to be 
solved with the development of protected nanosensors or in 

 

Fig. (2). Simultaneous determination of NO (lower original traces) and dilatation (upper original traces) induced by the natural triterpenoid 

oleanolic acid in rat superior mesenteric arteries by using a selective NO-microelectrode and wire myography. Oleanolic acid induced 

simultaneous arterial vasorelaxation and NO release (A). These responses were abolished in endothelium-denuded arteries (B). Adapted from 

[22]. 
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case of isolated vascular segments to measure 
simultaneously changes in force and NO levels. However, 
increasing protective layers on the sensors often increases 
the diffusion distance and hence response time, while 
minimizing the electrode surface area is often associated 
with decreases in the sensitivity of the NO microsensor.  

2.2. Electron Spin Resonance (ESR) with NO-specific 

Spin Traps  

ESR (or electron paramagnetic resonance - EPR - spin 
trapping) spectroscopy is one of the most commonly used 
method for detection of paramagnetic species. This implies 
the absorption of microwave energy by paramagnetic species 
in the presence of an external magnetic field resulting in the 
transition of spin states. NO is a relatively stable radical that 
can conjugate with specific compounds called “spin traps”, 
fundamentally metal complexes that are able to selectively 
react with NO prolonging its half life and generating a 
characteristic spectrum that can be quantitatively analyzed 
by ESR [28]. Numerous investigations describe the use of 
ESR spin trapping methods to detect NO in several in vitro 
and in vivo systems including renal and vascular regions [29, 
30] as well as in tumors [31]. Different iron compounds have 
been used to specifically trap NO such as diethyldi-
thiocarbamate (DETC) and N-methylglucamine dithiocarba-
mate (MGD) [32]. MGD is useful for extracellular detection 
of NO whereas DETC is especially helpful for monitoring 
NO in the cellular lipid membrane [6]. 

Several studies have identified the use of colloid iron (II) 

DETC (Fe(DETC)2) as the most promising spin trap for 

vascular NO detection by ESR [6, 32, 33]. Monitoring of 

NO generated in blood vessels as well as in human umbilical 

endothelial cells has been successfully reported using 

colloidal Fe
2+

-DETC prepared by mixing DETC and Fe
2+

 in 

a concentrated Krebs-HEPES solution [34]. This spin trap is 

specific for bioactive NO and does not detect nitrite or 

nitrate. Besides, the Fe(DETC)2-NO complex allows 

measuring of cumulative quantity of bioactive NO generated 

over time. Although ESR offers the advantage of specific 

and direct monitoring of NO in situ, it has some limitations 

including the special handling required for Fe(DETC)2 

colloid to prevent oxidation and the fact that Fe(DETC)2-NO 

complex can be easily oxidized by extracellular H2O2 and 

O2
-
 generating an ERS silent form [6]. In addition, ESR 

measurements often require low temperatures and long 

recording times thus hampering the use of this approach for 
NO and ROS detection in physiological conditions [6, 28].  

2.3. Fluorescent Indicators of NO 

Imaging of NO production in living cells has been 
achieved using a range of organic-based and metal-based 
fluorescent indicators that interact with NO in a fast, 
sensitive and selective manner. In both instances, the aim is 
to modify the fluorescent properties of the probe by an 
interaction with NO [35]. Organic probes use fluorophores 
with functional groups able to quench their fluorescence 
until being restored by a specific reaction with NO. Organic-
based indicators incorporating fluorescein such as diamino-
fluoresceins (DAFs) were the first fluorescent NO sensors 
developed and up to now are commonly used for NO 

detection. The widespread application of DAFs for NO 
determination is related to their high selectivity to NO since 
they do not react with NO metabolites and other reactive 
species including O2

-
 and H2O2. DAFs are also extremely 

sensitive NO indicators showing a detection limit between 3-
10 nM [35, 36]. These probes are available as cell 
permeating acetoxymethyl esters (AM) or diacetates that 
undergo hydrolysis intracellularly to liberate the active 
compound. Currently, 4,5-diaminofluorescein (DAF-2) has 
been widely used for vascular detection of NO in cultured 
cells [37-41], isolated and intact vessels [42, 43] in 
combination to fluorescence microscopy or flow cytometry. 
The main limitations of the DAFs probes are fluctuations of 
the fluorescence by pH alterations in addition to a notorious 
autofluorescence background as a consequence of an 
intracellular accumulation of DAF [36, 44, 45]. Another 
limitation is that the simultaneous presence of a NO source 
and a superoxide source such as xanthine oxidase may 
decrease the fluorescence of DAF, resulting in 
underestimation of NO production. On the other hand, it has 
been reported that the presence of H2O2 may increase the 
rate of fluorescence of DAF thus generating false-positive 
readings under conditions of low rates of NO production 
[46]. Also, the autoxidation of DAF, which is potentiated by 
light exposure and interference with oxidants (e.g. 
superoxide), may lead to a fluorescence spectra indistin-
guishable from that of the NO adduct of DAF [46]. In 
addition, these fluorescent indicators of NO are oxygen 
sensitive and therefore are not recommended to use under 
hypoxic conditions [47].  

These facts limit the sensitivity of this probe and may 
interfere with the detection of low concentrations of NO in 
living cells. In order to improve the pH tolerance and to 
reduce autofluorescence of these NO indicators, Kojima and 
co-workers [48] developed a membrane-permeable fluore-
scent indicator for NO based on the rhodamine chromo-
phore, DAR-4M AM, which was successfully applied to 
practical bioimaging of NO produced in bovine aortic 
endothelial cells. In that study, the detection limit of NO was 
7 nM, and the fluorescence showed no pH dependency 
above pH 4. Nevertheless, later investigations questioned the 
specificity of DAR-4M AM, since it is a suitable fluorescent 
probe for qualitative assessment of RNS, but not specific for 
NO, and the fluorescent yield is affected by the presence of 
other oxidants [49, 50]. Subsequently, new probes based on 
the boron dipyrromethene (BODIPY) structure have been 
synthesized for ex vivo NO imaging. These BODIPY-based 
probes have been used to detect NO production in a cell line 
derived from rat pheochromocytome and in human vascular 
endothelial cells. Although authors described this probe as 
an useful approach for NO detection showing short reaction 
time, high photostability and minimal fluorescence 
background [51], no references have been reported about the 
specificity or any interference of the indicator with other 
reactive species different from NO in living cells. 

The use of organic-based fluorescent dyes for NO 
detection are, in general, limited by several factors, since any 
change in the redox state of a cell may alter the degree of 
oxidation of the fluorophore leading to a modification in the 
amount of radical species able to react with NO and, hence, 
an alteration in the fluorescence. Therefore, an interpretation 
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of the fluorescent signal in terms of NO is problematic and 
quantification of the signal attributed to NO is unfeasible. 

As an alternative to organic-based probes, fluorophores 
complexed with Cu

2+
 have been recently designed for NO 

detection. Binding of NO causes reduction to Cu
+
 leading to 

the production of NO
+
 and the subsequent increase in 

fluorescence emission [52]. Although this Cu-based 
fluorescent probe has effectively detected NO production in 
vascular endothelial cells and macrophages, the lack of a 
consistent calibration of the response makes this approach 
still preliminary for NO quantification [8]. 

To overcome the limitations of the described fluorescent 
NO dyes, Sato and co-workers [53, 54] developed a 
genetically encoded fluorescent NO indicator, named CGY, 
that reversibly detects NO with a high sensitivity in living 
cells (detection limit of 0.1 nM). The basis of the sensor is 
the endogenous cell expression of soluble guanylate cyclase 
(sGC), which is a receptor protein for the selective 
recognition of NO leading the interaction to cGMP 
production. In this study [53], vascular endothelial cells were 
transfected with a plasmid vector encoding a fluorescent 
indicator for cGMP and fluorescence resonance energy 
transfer is recorded upon excitation of the cells. The 
sensitivity and reversibility of this genetically encoded NO 
indicator make it a powerful tool to measure nanomolar 
dynamics of NO concentrations in vascular cells and tissues. 
Despite of the interest of this approach, it involves a 
potentially problematic cross-talk with cGMP generated 
from endogenous GC in endothelial cells and does not 
estimate the bioavailable NO levels. Also, the sensitivity of 
the method may be modulated by the activity of the 
phosphodiesterases that catalyze the hydrolysis of cGMP to 
GMP. 

3. VASCULAR ROS DETECTION 

ROS are generated in vascular cells by oxidases such as 
NADPH oxidases, xanthine oxidase, lipoxygenases, 
cytochrome P450, or by uncoupling of the mitochondrial 
respiratory chain and uncoupled eNOS (Fig. (1)). Production 
of ROS is counterbalanced by antioxidant enzymes 
including SOD and catalase. It is well known that ROS, 
especially O2

-
, mediate several pathophysiological responses 

in the vessel wall. O2
-
 inactivates NO, thus counteracting its 

vasodilator, antiproliferative, and anti-inflammatory effects 
[1, 55]. Also, O2

-
 reacts extremely fast with NO to form the 

potent peroxynitrite anion ONOO
-
, which has injurious 

effects on vascular cells and leads to eNOS uncoupling. On 
the other hand, H2O2 derived from O2

-
 is involved in 

vascular smooth muscle cell proliferation, apoptosis and 
migration [1]. 

An intensive research has been developed regarding the 
identification of antioxidant drugs able to attenuate vascular 
injuries related to oxidative stress [55-57]. Nevertheless, a 
proper identification of antioxidant substances requires 
reliable and direct approaches for monitoring the ROS 
responsible for the vascular damage. The existence of such a 
series of interconnected ROS pathways and their rapid 
degradation, explains why determining the exact dynamic 
and direct quantification of ROS has not yet been fully 
achieved. 

Several spectroscopic and electrochemical methods are 
currently used for monitoring ROS production in living 
cells. These techniques are particularly efficient when 
applied to immune cells in which ROS are generated in very 
high levels, as an oxidative burst in response to the 
appropriate stimuli. In vascular cells and tissues, where ROS 
production occurs at lower levels, many of these approaches 
are limited by insufficient sensitivity and other practical 
considerations [5, 58]. For instance, reduction of cytochrome 
c has been widely used for measurement of O2

-
 production 

by isolated enzymes, cell homogenates and neutrophils [58]. 
However, cytochrome c is cell impermeant and hence this 
assay only measures extracellular O2

-
. In addition, reduced 

cytochrome c can be reoxidized by oxidases, peroxidases 
and oxidants, thereby underestimating the rate of O2

-
 [6, 58]. 

It has been suggested that the reproducibility of this method 
is very low, and not sensitive enough to detect the low levels 
of O2

-
 found in vascular cells. Therefore, the cytochrome c 

method is not widely used for detection of vascular O2
-
 [6, 

58]. As stated by Bedioui and co-workers [12], the only 
strategies allowing direct, real time, label free and in vivo 
detection of ROS are those based on the use of selective 
microelectrodes. We will discuss below the most frequently 
used methods for ROS detection in vascular cells and 
tissues. 

3.1. Lucigenin-enhanced Chemiluminescence 

Chemiluminiscent methods for vascular detection of O2
-
 

have been widely used due to the specificity of the probe 
with O2

-
, low cellular toxicity and potential access to 

intracellular sites of O2
-
 production [5, 58]. These methods 

consist on the use of a probe or enhancer that emits light 
during reaction with O2

-
. Lucigenin is relatively specific for 

O2
-
 and is the most frequently used enhancer for vascular 

detection of O2
-
 with a detection limit about 20 nM [59]. 

Some investigations, however have suggested that lucigenin 
can undergo autoxidation and generate O2

-
 or even may 

reduce the acquired light signal, especially when high 
lucigenin concentrations (up to 250 μM) were used [5]. 
Therefore, the apparent rates of O2

-
 detected with this 

method might not reflect the real cellular ROS production. 
This limitation has been successfully minimized by using 
lower concentrations of lucigenin (5 μM) [58]. In addition to 
this consideration, some practical precautions must be taken 
into account when using this assay e.g. the use of NOS 
inhibitors and a variety of ROS scavengers in vascular 
samples. Consequently, this method, although indirect, is 
reproducible, inexpensive and reliable for vascular O2

-
 

determination. As illustrated in Fig. (3), lucigenin-enhanced 
chemiluminescence provides O2

-
 levels in arteries from 

animal models of hypertension, which is a well known status 
of vascular oxidative stress. Indeed, lucigenin-enhanced 
chemiluminescence represents a helpful approach for 
preliminary evaluation of the potential antioxidant properties 
of a molecule under investigation [60, 61]. 

3.2. Fluorescent Probes for ROS 

In the last years, numerous studies have used fluorescent 
probes to detect ROS in cultured vascular cells and tissue 
sections. In these investigations, confocal microscopy has 
been frequently used to directly image the fluorescence 
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produced by these dyes. Although these fluorescence-based 
assays are semi-quantitative they can provide relevant 
information about the localization of ROS in the vessel wall 
[58]. The most popular fluorescent dye to measure vascular 
O2

-
 is dihydroethidium (DHE) or hydroethidine. DHE is cell 

permeable and interacts with intracellular O2
-
 to form 2-

hydroxyethidium, which in turn intercalates with DNA 
providing fluorescence at an excitation wavelength of 520 
nm and an emission wavelength of 610 nm [6]. This form is 
relatively specific for O2

-
 with minimal potential of being 

oxidized by H2O2. Accordingly, using 520/610 nm should 
avoid eventual non-specific overlapping fluorescence 
induced by H2O2. It is also recommended to use cell 
permeable SOD mimetics (e.g. polyethylene glycol-
conjugated SOD) in parallel to minimize this non-specific 
reaction [6, 62]. DHE staining is a very sensitive and 
generally reproducible procedure, convenient to use as an 
initial screening for vascular O2

-
 production in cells and 

tissues. For instance, production of O2
-
 induced by 

endothelin-1 has been determined in sections from rat aorta 
and small mesenteric arteries by using DHE assays (Fig. 
(4)). This approach may hence provide important 
preliminary data about the antioxidant activity of natural 
molecules such as dietary flavonoids in rat arteries [61]. The 
results derived from DHE-based method should be 
confirmed by direct approaches such as ESR or selective 
microelectrodes.  

The evaluation of DHE fluorescence is limited by the 
possible simultaneous detection of its two main products: 2-
hydroxyethidium, which results from the specific interaction 
of DHE with O2

-
, and ethidium, mainly associated with 

pathways involving H2O2 and metal-based oxidizing systems 
(e.g. heme proteins and peroxidases). Both DHE-derived 
compounds are fluorescent products difficult to discriminate 
between each other by conventional fluorescent microscopy 
or fluorometry. Thus, high-performance liquid chromato-
graphy (HPLC) analysis of DHE-derived fluorescent 
compounds has been developed [63, 64] and validated in the 

vascular system [65] in order to achieve separation and 
individual analysis of such products. This technique provides 
a significant increase in the accuracy of O2

-
 output 

determinations and is an important advance toward the 
precise quantification of O2

-
 in cells and tissues. 

A cationic derivative of DHE, named MitoSOX Red 

indicator, has been recently designed for highly selective 
detection of O2

-
 in the mitochondria of living cells. 

Oxidation of MitoSOX Red probe by O2
-
 results in a 2-

hydroxyethidium derivative that exhibits a fluorescence 
excitation peak at 400 nm absent in the excitation spectrum 

of products derived from ethidium oxidation by ROS other 

than O2
-
 [66]. Therefore, fluorescence excitation at 400 nm 

with emission detection at 590 nm provides optimum 

discrimination of O2
-
 from other ROS. The MitoSOX Red 

indicator has been used for confocal microscopy analysis of 
ROS generation by mitochondrial NO synthase in cat 

ventricular myocytes [67]. MitoSOX Red has also been 

applied in combination with Ample Red reagent, which is a 
specific fluorescent indicator of H2O2, for measurement of 

mitochondrial O2
-
 and H2O2 production in rat vascular 

endothelial cells [68]. Mukhopadhyay and co-workers [69] 
established a method for simultaneous measurements of 

mitochondrial O2
-
 production using MitoSOX Red probe in 

combination with apoptotic markers by both flow cytometry 
and confocal microscopy in human coronary artery endo-

thelial cell lines. The authors propose that the application of 

this methodology combined with fluorescent microscopy 
may be very useful to reveal important spatial-temporal 

changes in mitochondrial O2
-
 production and execution of 

programmed cell death in virtually any cell type. Despite the 
potential advantages of this probe, some authors consider 

that the chemical reactivity of MitoSOX with O2
-
 is similar 

to the reactivity of DHE with O2
-
, and therefore, all of the 

 

Fig. (3). Detection of O2
-
 by lucigenin-enhanced 

chemiluminescence in aortic segments isolated from Spontaneously 

Hypertensive Rats (SHR) and their normotensive strain Wistar 

Kyoto (WKY) rats. The detection was developed under basal and 

NADPH (10
-4

 M)-stimulated conditions in the presence or absence 

of superoxide dismutase (SOD, 100 U/ml) or the NADPH oxidase 

inhibitor diphenyleneiodonium chloride (DPI, 10
-5

 M). Data are 

means ± SEM of n=4. *P<0.05 vs WKY, #P<0.05 vs strain-

matched basal conditions. 

 

Fig. (4). Dihydroethidium staining for O2
-
 detection in rat aortic 

and small mesenteric artery (SMA) sections in control conditions or 

incubated with endothelin-1 (ET-1) (1 mg/ml). The red 

fluorescence indicates an intense O2
-
 production in all layers of the 

arterial wall. 
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limitations attributed to the DHE assay are applicable to 

MitoSOX as well [70]. 

The fluorescent dye 2’,7’-dichlorodihydrofluorescein 
(DCFH) has been also used to detect ROS in cultured cells. 
The use of this probe in vascular cells or tissues is not 
further extended as DHE, maybe due to the fact that DCFH 
is not very specific and yields fluorescence in response to 
several ROS including H2O2, ONOO

-
 and OH . DCFH may 

also autoxidize to form H2O2. Despite the use of DCFH can 
be problematic, it may be an approach for vascular ROS 
detection, except for O2

-
 determination. In this regard, Chin 

and co-workers have recently determined intracellular levels 
of H2O2 and OH  by using the fluorescent probe DCFH 
diacetate (H2DCFDA) within human vascular endothelial 
cells from umbilical vein cultured in a hemodynamic Lab-
on-a-chip system [71]. The authors evaluated the levels of 
ROS in endothelial cells in response to various shear stresses 
either alone or in combination with different glucose con-
centrations to mimic hyperglycemic conditions. Although 
the detection of ROS is similar to previous approaches 
regarding sensitivity and specificity, the advantage of this 
Lab-on-a-chip system over conventional setups is that it 
provides the use of pulsatile shear stress to represent the 
physiological conditions of the blood flow.  

3.3. ESR Spectroscopy 

Both electrochemical and ESR-based methods are 

currently the only analytical approaches allowing a direct 

detection of ROS. The ESR technique is based on the 

magnetic properties of the unpaired electrons in ROS, as 

previously described (see section 2.2). It is very common the 

use of spin traps, which reacts with ROS incorporating the 

radical into their structure [5, 28, 58]. The most frequently 

used spin traps for ROS detection are the pyrroline-based 

cyclic nitrones, such as DMPO and DEPMPO, which react 

with the OH  and O2
-
 radicals to form –OH and –OOH 

adducts, respectively. A limitation of this assay is that the 

product of the trap-ROS interaction can be either 

metabolized or reduced by endogenous antioxidants [72]. 

However, later studies provided evidence that cyclic 

hydroxylamines can react with O2
-
 to form more stable 

adducts compared to those with nitrone spin traps [6]. There 

are several investigations using these spin traps to selectively 

and effectively measure O2
-
 production in vascular cultured 

cells or tissue homogenates [73, 74].  

Although ESR spin trapping is an useful strategy for 

ROS determination in vivo/in vitro with a detection limit of 

1nM for O2
-
, it requires spin traps that reduce specificity and 

stability to the measure. In addition to the main limitations 

already described in section 2.2, the ESR set up is a 

cumbersome and expensive system that makes difficult the 
application in vivo, particularly in humans [11].  

3.4. Electrochemical Detection  

The use of electrochemical methods for ROS detection 
must solve important limitations already described with 
previous approaches, including: 1) the difficulty of the 
assays to discriminate between O2

-
 and other ROS; 2) the 

inability to be applied in vivo. Then, microelectrode-based 

strategies allow direct, real time, label free and in vivo 
detection of ROS. Development of new ROS microsensors is 
currently in progress to specifically measure vascular O2

-
 

and other ROS in vivo/in vitro and even for simultaneous 
determinations of vascular production of ROS and RNS [11, 
12, 75]. Recently, Bedioui and co-workers [12] have 
extensively reviewed the most significant strategies for 
electrochemical detection of ROS and RNS in biological 
systems, with especial attention paid to O2

-
 and NO. A 

detection limit between 5 μM and 15 nM has been achieved 
for O2

-
 in living cells [12, 59]. While several microelectrodes 

have been recently designed for detection of O2
-
 and of other 

ROS in living cells such as neutrophils and macrophages 
[12, 76, 77], the application of these sensors to vascular cells 
or tissues requires further testing and evaluation. 
Accordingly, Fujita and co-workers recently developed a 
novel O2

-
 electrochemical sensor to monitor and evaluate in 

vivo O2
-
 generation in circulating blood of rats [75]. 

Nevertheless, it has been suggested that the adoption of 
smaller diameter sensors could improve the in vivo 
application in humans or animals as a low invasive method 
for monitoring oxidative stress in blood vessels [11]. 

CONCLUSION 

Vascular generation of ROS and NO plays a crucial role 
in the function of blood vessel and their production is tightly 
regulated to maintain vascular homeostasis. An intensive 
research has been focused on the identification of drugs and 
natural antioxidants able to rebalance vascular ROS and 
RNS levels, altered by cardiovascular diseases. An 
increasing attention has been paid in revealing their 
mechanisms of action by measuring spatial and temporal 
distribution and levels of ROS and RNS in living cells. 
Therefore, a better understanding of ROS and RNS in 
vascular function will improve targeting specific sources, 
locations, cell types or even treatment of cardiovascular 
diseases. In addition, development of novel and more 
effective approaches directed to selective and sensitive 
measuring of vascular ROS and RNS may assess the 
beneficial antioxidant properties of drugs. 

The present review describes the main methods that have 
been applied to determine vascular NO and ROS. Only NO 
microsensors, ESR, and NO sensitive fluorescent probes 
allow real time estimation of NO concentrations in cell 
suspensions, cell cultures, and isolated vascular segments in 
vitro. Of these techniques only NO microsensors have so far 
been developed for real time detection of NO in vivo. ROS 
formation has been detected in cell cultures by lucigenin-
enhanced fluorescence, fluorescent probes e.g. DCFH and 
DHE, by use of ESR, and also by electrochemical detection. 
Strategies based on the use of microelectrodes are hence the 
only that allow direct, real time, label free and in vivo 
detection of NO and ROS. The use of electrochemical 
methods for ROS and RNS detection may solve important 
limitations that entail the use of other approaches already 
described, including specificity and application in vivo. The 
limitations of the electrochemical microsensors currently 
used for measuring ROS and RNS include interference from 
other substances, physical force on the sensors, and 
influence of temperature and changes in pH that may lead to 
artifactual changes in current. Regarding that, specificity 
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testing and calibration are pivotal, and in case of ROS, 
application of more than one technique is recommendable.  

Technical advances have allowed simultaneous detection 
of both NO and ROS by use of electrochemical micro-
sensors. Miniaturizing the sensors may allow incorporation 
of those in lab-on-a-chip systems and may also lead to real 
time measurements of NO and ROS in the coronary 
circulation in situ, thus providing direct evaluation of 
endothelial and vascular function in cardiovascular disease. 
Additionally, an intensive research is now focused in 
developing electrochemical/optical sensors devoted to the 
simultaneous sensitive and selective detection of specific 
ROS or RNS in vascular cells and tissues. The application of 
these novel and combined approaches in complex situations 
such as in vivo or for clinical tests remains a future 
challenge. Such tools and real-time measurement strategies 
may open the door to identify very fast and intricate 
biochemical processes regulating NO and ROS release under 
different pathophysiological conditions. After further 
improvements, these promising approaches may open new 
diagnostic and therapeutic possibilities in patients with 
cardiovascular diseases and related complications. 
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