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Nitric oxide (NO) biosensors are novel tools for real-time bioimaging of tissue oxygen changes and physiological monitoring
of tissue vasculature. Nitric oxide behavior further enhances its role in mapping signal transduction at the molecular level.
Spectrometric electron paramagnetic resonance (EPR) and fluorometric imaging are well known techniques with the potential for
in vivo bioimaging of NO. In tissues, NO is a specific target of nitrosyl compounds for chemical reaction, which provides a unique
opportunity for application of newly identified NO biosensors. However, the accuracy and sensitivity of NO biosensors still need to
be improved. Another potential magnetic resonance technique based on short term NO effects on proton relaxation enhancement
is magnetic resonance imaging (MRI), and someNO biosensors may be used as potent imaging contrast agents for measurement of
tumor size byMRI combined with fluorescent imaging.The present review provides supporting information regarding the possible
use of nitrosyl compounds as NO biosensors in MRI and fluorescent bioimaging showing their measurement limitations and
quantitative accuracy. These new approaches open a perspective regarding bioimaging of NO and the in vivo elucidation of NO
effects by magnetic resonance techniques.

1. Introduction

Nitric oxide (NO) as a metabolic nitrogen compound in
bound gas form plays an important role in physiological reg-
ulation of the cardiovasculature in our body [1, 2]. Since
endothelium-derived relaxing factor (EDRF) was first identi-
fied in 1980, biological and chemical evidence has suggested
that EDRF is nitric oxide (NO), a potent vasodilator [3].
NO is released through the intermittent catalytic action
of constitutive NO synthase (cNOS) [4]. In addition, large
transient production ofNOat sites of inflammation is derived
from inducible NO synthase (iNOS) and related to host
defense against infection [5]. In vivo imaging of NO as a
biosensor is an emerging monitoring technique that employs
EPR, fluoroscopy, and MRI [6]. The success of this method
depends on visualizing free radical distribution of in vivo
spin-trapped NO. NO imaging techniques primarily utilize
magnetic resonance (MR), electron paramagnetic resonance
(EPR) spectrometry, and fluorometry. NO is a diatomic

free radical that contains one unpaired electron derived
from L-arginine via the catalytic action of NOS. The in situ
visualization of NO using bioimaging techniques provides
information pertaining to the production and diffusion
processes of NO [7, 8]. Real-time bioimaging techniques
using EPR, fluorescent indicators, chemiluminescence, real-
time MRI, and functional MRI (fMRI) have recently been
introduced [9–11].

Physiological Basis of Bioimaging of NO. NO is synthesized
by neuronal NOS, endothelial NOS, which is commonly
referred to as cNOS, and other types of iNOS specific to
macrophages andmicroglia through stimulation by cytokines
and endotoxins at sites of inflammation. NOS isoforms are
generally classified as either cNOS (Ca2+) or iNOS (Ca2+
independent) [12]. NO is a highly unstable molecule that
is rapidly oxidized into nitrite (NO2−) and nitrate (NO3−)
in the presence of oxygen, especially in the liquid phase.
SynthesizedNO combines with oxygenwithin themembrane
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Figure 1: Proposed mechanism of NO production from epithelial cells. NO∙ is released by several isoforms of the enzyme, NOS, which
catalyzes the 5-electron oxidation of the guanidino nitrogen moiety of a nonaromatic amino acid (L-arginine) to citrulline via N𝜔-hydroxy-
L-arginine. The enzyme utilizes O

2
and NADPH as cosubstrates and thiol, tetrahydrobiopterin (BH4), FAD, and FMN as cofactors. NOS is

unique among eukaryotic enzymes in being a dimeric, calmodulin-dependent or calmodulin-containing isozyme.

and blood [13]. As shown in Figure 1, NO is released from L-
arginine via catalytic action of themembrane-bound enzyme,
NO synthase (NOS). NO is a physiologically important
mediator in metabolically active organs and tissues, as well
as in neurotransmitters in central and peripheral neurons in
vivo [14].

1.1. Bioimaging of NO in Cardiovascular System

1.1.1. Electrochemical Measurement of NO. NO biosensors
were initially developed for high resolution electrochemical
measurement methods of NO by several groups [15–17].
These NO biosensors enable evaluation of dynamic changes
in NO concentration in solutions and tissues in response
to agonists, NO-generating reagents, and physical stimuli
[18–20]. However, their electrochemical applications are
primarily limited to short term recording of NO sensitive
myocardial changes for monitoring the effect of cardiac
potassium channel blockers [21]. Use of this technique is also
limited due to its poor sensitivity.

1.1.2. NO Biosensing by Electron Paramagnetic Resonance
(EPR) Spectrometry. EPR spectroscopy is a specific technique
for measurement of in vivoNO free radicals by spin-trapping
compounds (spin-traps) [22]. A number of derived pyrroline
oxide and dithiocarbamate compounds have been shown to
be potential EPR spin-trap biosensors (Table 1).

1.1.3. NO Biosensing by Fluorometry. Recently reported flu-
orescent indicators allow real-time bioimaging of NO with

high spatial and temporal resolution. Diaminorhodamines
and diaminofluorescein compounds undergo specific reac-
tions with NO in cardiovascular tissues and may serve as
potential biosensors in fluoroscopy [23, 24].

1.1.4. Spin-Trapping Technique in NO Biosensing. The pre-
sence of NO radicals at greater than the EPR detection limit
(0.1–0.01𝜇M) can be detected by nitrone traps: 5,5-dimethyl-
1-pyrroline-𝑁-oxide (DMPO), 5-diethoxyphosphoryl-5-
methyl-1-pyrroline-𝑁-oxide (DEPMPO), 𝛼-phenyl-𝑁-tert-
butylnitrone (PBN), and 𝛼-(4-pyridyl-1-oxide)-𝑁-tert-buty-
lnitrone (POBN), as well as by nitroso traps: 2-methyl-2-
nitrosopropane (MNP) and 3,5-dibromo-4-nitrosobenze-
nesulfonic acid (DBNBS) [25–28].

1.1.5. In Vivo EPR Detection by Biosensing Free Radicals. EPR
spectrometers operating at S-band (1.6–4GHz) and L-
band (0.4–1.6GHz) microwave frequency and at radio
frequency (0.2–0.4GHz) are utilized for in vivo measure-
ments of the whole body of small animals. The electronic
configuration of NO with 11 valence electrons is
(K2K2)(2s𝜎b)2(2s𝜎∗)2(2p𝜋b)4(2p𝜎b)2(2p𝜋∗)1. NO is a free
radical with one unpaired electron in the antibonding
𝜋 orbital; therefore, EPR is considered to be the most
appropriate tool for its detection. The electronic ground
state of NO is expressed by the term symbol

2

∏
1/2,3/2

[8, 22, 29]. EPR signals from large biological samples cannot
be detected with a conventional X-band spectrometer
due to its poor sensitivity and detection limit. However,
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Table 1: Various complexes as nitric oxide biosensors and NO bioimaging contrast applications and limitations.

Complexes bound with NO NO bioimaging contrast applications and limitations
(N-Methyl-D-glucamine)2-Fe(II)-NO complex EPR low contrast and MRI high contrast
5-Diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide NMR imaging with good possibility
5,5-Dimethyl-1-pyrroline N-oxide (DMPO) EPR spin-trap with possibility of EPR imaging
5-Diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide EPR spin-trap with possibility of EPR imaging
𝛼-Phenyl-N-tert-butylnitrone (PBN) EPR spin-trap with possibility of EPR imaging
𝛼-(4-Pyridyl-1-oxide)-N-tert-butylnitrone EPR spin-trap with possibility of EPR imaging
nitroso traps: 2-methyl-2-nitrosopropane (MNP) EPR spin-trap with possibility of EPR imaging
3,5-Dibromo-4-nitrosobenzenesulfonic acid EPR spin-trap with possibility of EPR imaging
3-Carbamoyl-2,2,5,5-tetramethylpyrrolidine-1-yloxyl EPR spin-trap with possibility of EPR imaging
Dithiocarbamate derivatives (Fe-DTCs) EPR spin-trap with possibility of EPR imaging
Pyrrolidine dithiocarbamate (PDTC) EPR spin-trap with possibility of EPR and MRI
N-Methyl-D-glucamine dithiocarbamate (MGD) EPR spin-trap with possibility of EPR imaging
N-(Dithiocarboxy)sarcosine (DTCS) EPR spin-trap with possibility of EPR imaging
N-Methyl-L-serine dithiocarbamate (MSD) EPR spin-trap with possibility of EPR imaging
L-Proline dithiocarbamate (ProDTC) EPR bioimaging
Disulfiram (disulfide of DETC) EPR bioimaging
Diglutathionyl dinitrosyl iron complex, [DNIC-(GS)2] EPR bioimaging
Fe(III)(DTCS)3 and NO-Fe(II)(MGD)2 MRI, EPR, and chemiluminescence bioimaging
Fe-DETC trap EPR imaging of cultured alveolar cell
[
14N]ISDN or [15N]ISDN EPR-CT bioimaging
Dinitrosyl dithiolate iron complex EPR-CT bioimaging
NO-Fe(DTC)2 EPR-CT bioimaging
(MGD)2-Fe(II)-NO complex MRI, NMR, and EPR bioimaging
Diaminonaphthalene: DAN Fluorescent biosensor
Dichlorofluorescein: DCFH Fluorescent biosensor
Iron(II)-quinoline pendant cyclam Heme fluorescent reporter biosensor
Co complex: [Co(NO)2(

RDATI)] Fluorescent biosensor
Cheletropic traps: FNOCTs ESR and fluorophobic bioimaging
Diaminofluoresceins: DAFs Fluorometry
Diaminorhodamines: DARs Fluorometry

EPR spectrometers operating at lower frequency are
now applied to in vivo measurements of EPR signals
from the whole body of small animals. In this method, a
nitro-compound spin-trap generates a frequency sensitive
electron resonance signal due to the hydroxyl ion change
in spin-trap energy [30]. By application of a suitable analog
to digital simulation (Monte Carlo simulation), all digitized
simulations generate a colorful spot image at different
locations that results in a whole body in vivo animal image
[31]. In vivo EPR imaging experiments using 4-hydroxy-
2,2,6,6-tetramethylpiperidine-1-yloxyl(4-hydroxy-TEMPO)
and 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-1-yloxyl
(carbamoyl-PROXYL) have been extensively developed
as a promising approach to oximetry for noninvasive
measurement of tissue oxygen status.This technique also has
the possibility of physiological oxygen imaging application
to NO-based fMRI in the near future. For in vivo detection
of hydroxyl radical using a DEPMPO spin-trap in mice,
iron complexes with dithiocarbamate derivatives (Fe-DTCs)
were used as spin-traps for NO adduct [NO-Fe(DTC)

2
]

[32–34].

1.1.6. Trapping Target Complexes of Nitric Oxide. Thecomplex
form of NO (e.g., nitrosothiol) has a relatively longer half-life
than free NO. NO is rapidly oxidized into nitrite or nitrate in
the presence of oxygen, especially in the liquid or tissue phase,
and must be trapped by chemical NO biosensors to monitor
its physiological concentration. In previous studies, different
levels of NO concentrations were measured in different
organs or tissues as tissue specific NO targets (Table 2).
Figure 2 shows the different levels of effector molecules
or free radical induced cyclic guanosine monophosphate
(cGMP), which are proportional to NO concentration. We
previously reported guanylate and adenylate cyclase activity
and intracellular levels of cGMP proportional to NO con-
centration in alveolar epithelial cells and hepatocytes [35,
36]. NO concentration is proportional to the intracellular
specific tissue responses that reflect the measurable physical
properties of tissue metabolic state detectable using routine
spin-trap imaging modalities of CT, EPR, MRI, and optical
techniques. NO concentration in cardiovascular tissue is in
the range of nanomoles and picomoles. These new biosensor
approaches have opened a new realm of nanomolar and
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Table 2: In tissues, concentrations of NO are shown in different
organs or tissues up to the level of nanomol/L and picomol/L.

Specific organs/tissues Mean concentrations References
Brain 250 pmol/L [112, 113]
Postischemic muscle 227 nmol/L [109]
Breast cancer tissue 36–70mmol/L [103]
Serum 22.5 nmol/L [116]
Liver 600 nmol/L [104]
Endothelium 120–68 nmol/L [106]
Alveoli 1500 pbb [117]
Erythrocytes 4.38 to 14.60mmol/L [118]
Articular cartilage 20–140 nmol/mg protein [105]
Subchondral bone 0.45–2.9 𝜇mol/mg protein [105]
Trabecular bone 0.5–0.75 𝜇mol/mg protein [105]
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Figure 2: Nitric oxide-induced cascade with a role of guanylate
cyclase to generate physiological response detectable by NO bound
biosensor compounds (modified from the reference) [115]. GTP:
guanosine triphosphate,GDP: guanosine diphosphate, cGMP: cyclic
guanosinemonophosphate, G

𝛼
: G protein alpha, G

𝛽
: G protein beta,

and G
𝛾
: G protein gamma.

picomolar scale molecular imaging that has yet to be fully
developed.

1.2. NO Specific Spin-Trapping and Biosensing Active Groups
in Bioimaging. Different types of NO biosensors have active
chemical groups that capture nitric oxide at various levels of
sensitivity in the body. The ability to capture NO depends on
the active chemical structure of nitrone or cheletropic groups
and the oxidation state of inorganic iron elements present in
the biosensing molecule. The oxidation state of nitric oxide
is crucial to its capturing property and its sensitivity as a
bioimaging target. Accordingly, various trapping chemicals
are routinely used.

1.2.1. NO-Trapping Reagents. The major classes of compo-
unds are nitrone (DMPO) and nitroso (MNP, DBNBS)

spin-traps, NO cheletropic traps (NOCTs), o-quinodi-
methane, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-yloxyl-
3-oxide (PTIO), ferrous iron complexes such as Hbs and
Fe-DTC complexes, Fe(III) hemoproteins, and porphyrin
complexes [37–40]. Consider

Fe (III) (Heme) + 2NO → NO − Fe (II) (Heme) +NO+

(1)

Cytochromes 𝑐 are hemoproteins common in denitrifying
and photosynthetic bacteria that have high affinity for NO
and can be used as biosensors for NO. Recently, NO-selective
photometric or electrochemical biosensors have been devel-
oped using cytochrome 𝑐 immobilized on an optical fiber or
electrode or encapsulated in sol-gel glass [41].

1.2.2. Dithiocarbamates. Pyrrolidine dithiocarbamate
(PDTC), N-methyl-D-glucamine dithiocarbamate (MGD),
N- (dithiocarboxy)sarcosine (DTCS), N-methyl-L-serine
dithiocarbamate (MSD), L-proline dithiocarbamate
(ProDTC), disulfiram (disulfide of DETC), N,N-diethyldi-
thiocarbamate (DETC), and diglutathionyl dinitrosyl iron
complex [DNIC-(GS)

2
] are major nitric oxide biosensor

com pounds. Pyrrolidine dithiocarbamate (PDTC) inhibits
oxidative activation of nuclear transcription factor 𝜅B (NF-
𝜅B) to develop immunity, stress responses, inflammation,
glial and neuronal function, and the inhibition of apoptosis.
Therefore, inhibition of NF-𝜅B activation by PDTC and
DETC causes various biological phenomena, including
inhibition of iNOS expression, inhibition of apoptosis
in thymocytes, leukemic cells, and L929 fibroblasts, and
induction of heme oxygenase-1 gene expression [42–49].

1.2.3. Iron-Dithiocarbamate Complexes as NO-Trapping
Reagents. NO-Fe(II)(DTCS)

2
(>100mM) and NO-Fe(II)

(MGD)
2
(<1mM) showed specific ability for NO-trapping

of NO-Fe(II)(MGD)
2
and NO-Fe(II)(DTCS)

2
complexes

[50–52].

1.2.4. Reactions of NO, NO+, NO−, and NO2
− with Fe-

DTC Complexes. NO reacts with disulfiram derivative
Fe(II)(DTC)

2
complex to form NO-Fe(II)(DTC)

2
as the pri-

mary product and Fe(III)(DTC)
3
as a secondary product as

shown below. Consider

NO + Fe (II) (DTC)
2
→ NO − Fe (II) (DCT)

2 (2)

Fe (III) (DETC)
3
+ NO → NO − Fe (II) (DETC)

2

+ DETC∗
(3)

Basically, there are three mechanisms responsible for the
reductive nitrosylation of Fe(III)(DETC)

3
complexes to form

Fe(III)(DETC)
2
[53]. Consider

2DETC∗ → bis (DETC) (4)
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The reductive nitrosylation of Fe(III)(MGD)
3
in the presence

of thiols generates NO-Fe(III)(MGD)
2
, which is further

oxidized into NO-Fe(II)(MGD)
2
products. Consider

2NO + Fe (III) (MGD)
2

H
2
O(∗OH)
→ NO − Fe (II) (MGD)

2

+NO
2

−

(5)

NO + Fe (III) (MGD)
2

Reducing Equivalent
→ NO

− Fe (II) (MGD)
2

(6)

The reducing equivalent refers to endogenous reducing
agents such as ascorbate, hydroquinone, and thiol. MRI,
EPR, optical, and chemiluminescence, LC-electrospray mass
spectroscopy showed that bioimaging of NO could be
accomplished using Fe(III)(DTCS)

3
and NO-Fe(II)(MGD)

2

[54]. In another mechanism, unreacted Fe(III)(DTCS)
3

donates an electron to the NO-Fe(III) complex to form NO-
Fe(II)(DTCS)

2
and Fe(IV)(DTCS)

3
in the presence of ascor-

bate and glutathione, suggesting that Fe-DTC complexes are
efficient as NO traps in vivo and should be suitable for in vivo
real-time measurements of NO [55]. Consider

[Fe (III) (DTCS)
3
]
3−

+NO → [NO − Fe (III) (DTCS)
3
]
3−

(7)

[NO − Fe (III) (DTCS)
3
]
3−

+ [Fe (III) (DTCS)
3
]
3−

→ [NO − Fe (II) (DTCS)
2
]
2−

+ [Fe (IV) (DTCS)
3
]
2−

+ DTCS2−

(8)

[Fe (IV) (DTCS)
3
]
2−

+ DTCS2− → [Fe (III) (DTCS)
3
]
3−

+
1

2
[bis (DTCS)]2−

(9)

The overall reaction is as follows:

[Fe (III) (DTCS)
3
]
3−

+ NO → [NO − Fe (II) (DTCS)
2
]
2−

+
1

2
[bis (DTCS)]2−

(10)

TheoxidizedNO− nitroxyl ion donormoleculewith Fe-MGD
complex and Fe(II)(MGD)

2
complex is EPR, which can be

used to visibly distinguish NO and reduced to molecular
NO
2

− under low pH conditions such as tissue ischemia [56].

1.3. In Vitro and Ex Vivo EPR Detection of NO Using Fe-
DTC Traps. Current studies of nitric oxide bioimaging are
mainly focused on detection ofNO in cultured cells and using
EPR and fluoroscopy methods to generate images of small
animals. The following sections provide an account of both
detection and bioimaging of NO in cultured cells, tissues, and
organs.

1.3.1. In Vitro Detection of NO from Cultured Cells Using
Chemiluminescence Method. NO is highly unstable in the
presence of oxygen and is rapidly converted into NO

2

− and
NO
3

− in the liquid phase. To detect NO, both NO
2

− and
NO
3

− were converted into NO using a reducing agent (vana-
dium (III) chloride). In cultured cells, NO was measured
based on the chemiluminescence (Model 280 NOA, Sievers,
Inc., Boulder, CO). To achieve high conversion efficiency, the
reduction was performed at 90∘C [4, 5].

1.3.2. Detection of NO in Resected Tissues and Organs. In
the last decade, Fe-DETC traps have also been applied to
measure NO concentrations in the liver, kidney, intestine,
spleen, heart, and lung, as well as in regenerating rat liver,
mouse stomach during adaptive relaxation, and rat jejunum
and ileum under ischemia reperfusion [57–59].The Fe-MGD
trap detectedNO formation fromnitrovasodilators including
glyceryl trinitrate, isosorbide dinitrate (ISDN), and SNP [60,
61].

1.4. In Vivo EPR Detection and Imaging of NO in Living Small
Animals. In vivo EPR bioimaging is used for visualization
of iron bound nitrone and dithiocarbamates. NMR imag-
ing provides higher resolution than EPR imaging, enabling
observation of spatial distribution of nitrone free radicals
due to NMR sensitivity to iron paramagnetic behavior in the
body.

1.4.1. Instrumentation and Imaging Techniques for In Vivo EPR
Measurements. The three-dimensional EPR image (i.e., EPR-
CT) was constructed based on Lauterbur’s method [62]. In
this method, a pair of magnetic field gradient coils for the 𝑥-,
𝑦-, and 𝑧-axes are attached to the surface of the main magnet
to obtain one set of EPR-CT images. The microwave circuit
was constructed with a signal source, a VSWR bridge, a
phase shifter, a preamplifier, and a double-balancedmixer for
homodyne detection. The projection spectra were obtained
by changing the angles of the field gradient sequentially under
a fixed gradient intensity in one plane. The direction of the
field gradient was rotated in 20∘ steps, and projections were
collected. The obtained data for nine spectra of each two-
dimensional projection constituted a three-dimensional set
of images. Arbitrary slice planes (i.e., CT images) can be cut
from the three-dimensional data. Thus, data on 81 projection
spectra were needed under the selected field gradients to
obtain one set of EPR-CT images [63, 64].

1.4.2. In Vivo EPR Detection of Endogenous NO. In vivo real-
time detection of NO in the mouse tail was reported using a
Fe-MGD trap and a Fe-DETC trap with an L-band (1.14GHz)
EPR spectrometer. In vivo NO detection at the head region
models of sepsis and bacterial meningitis by the Fe-DETC
trap for NO-Fe(DETC)

2
suggested that the NO-Fe(DETC)

2

signal is dependent on iNOS induced by IFN-𝛾 [65–71].

1.4.3. In Vivo EPR Imaging of Endogenous NO. In vivo EPR
imaging was used by applying the Fe-DTC traps for three-
dimensional EPR imaging of NO in ischemia-hypoxia. EPR
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images from the frozen resected brain were obtained by
employing a Fe-DETC trap and an EPR imaging system with
a microwave frequency of 1.2 GHz [72]. An in vivo EPR
imaging system with 700MHz microwave unit was designed
for bioimaging with a two-gap and loop-gap resonator using
NO-Fe(DTC)

2
complexes as a spin probe or an imaging

agent [73]. Our continued interest in in vivo EPR and MRI
imaging of endogenously produced NO in the abdominal
region in a mouse encouraged us to use a NO-Fe-DTCS trap
to image free radicals. Another approach focused on using
[14N]ISDN or [15N]ISDN to image the liver and kidney. A
more complex multimodal imaging set of EPR-CT images in
the 𝑧-𝑥 plane showed the upper abdomen of a mouse due to
15N substitution in the liver [74].

1.5. EPR Detection and Imaging of Endogenous
NO-Relevant Complexes

1.5.1. Nitrosylheme Complexes Produced from Infused Nitrite.
An approach employing a combination of nitrite compound
and a Fe-MGD trap to detect NO in ischemia using L-band
(1.3 GHz) EPR imaging of a heart subjected to cardiopul-
monary arrest was reported [8].

1.5.2. Dinitrosyl Dithiolate Iron Complex Administered as
a Spin Probe. Dinitrosyl dithiolate iron complex (DNIC)
consists of paramagnetic molecules that exhibit a charac-
teristic EPR spectrum in both the solution state at room
temperature and the frozen state in tissues at low temperature.
Physiologically, DNIC and nitrosothiol (RSNO) compounds
stabilize and transport NO in biological systems. In vivo
real-time detection and three-dimensional EPR-CT imaging
of DNIC-(GS)

2
in the abdomen in a 700MHz EPR system

showed NO in blood and NO delivery to the abdomen and
liver [75].

1.5.3. NO-Fe(DTC)
2
Complexes as Spin Probes and Imaging

Reagents. Paramagnetic NO-Fe(DTC)
2
complexes serve as

spin probes or imaging reagents for in vivo EPR imaging.
Using these compounds, a 700MHz EPR-CT system gen-
erated a two-dimensional image of blood circulation in the
coronal section of the rat head (spatial resolution = 6.0mm)
in which the high-intensity area (ventral side) was clearly
distinguished from the low-intensity area (dorsal side) [73].
EPR-CT imaging in the mouse abdomen was accomplished
using NO-Fe(DTCS)

2
, NO-Fe(MGD)

2
, and NO-Fe(DETC)

2

complexes as spin probes with the 700MHz EPR system.
EPR-CT images showed the utility of NO-Fe(DTCS)

2
and

NO-Fe(DTC)
2
complexes (spatial resolution, 3.6mm) [73].

1.6. Approaches to NO Evaluation by Magnetic Resonance
Imaging (MRI) Techniques. Recently, EPR-NMR techniques
employing a proton-electron-double-resonance-imaging
(PEDRI) hybrid technique showed enhancement of proton
NMR signal intensity in the presence of radicals through
the Overhauser effect or relaxation of neighboring protons
such as the nitrosyl iron complex. This method may be
useful as a functional MRI contrast agent specific for NO in

living organisms [76–79]. L-Arginine increased the cerebral
blood volume in hypertensive rats, while ISDN increased
both tumor blood flows on the NO images via magnetic
resonance techniques [11]. We propose that another use of
NO exposure to hemoglobin may be capturing fMRI BOLD
signal hyperintensities on T1-, T2-, and T2∗-weighted images
due to the addition of aqueous NO, nitrite, or dithionite and
nitrite to the hemoglobin in the blood, that is, metHb and
NO-Hb. However, additional studies are needed to confirm
this.

Multimodal InVivoNOSpin-TrappingMRI-EPRExperiments.
In Vivo MRI imaging of Fe(II)-chelate spin-trapped nitric
oxide by N-methyl-D-glucamine dithiocarbamate- (MGD-)
NO mapping revealed radical distribution to localize nitric
oxide in liver [80, 81]. Synthase (iNOS) is the main source of
NO. At the optimal concentration of (MGD)

2
-Fe(II) [MGD:

100mM, Fe: 20mM], MR images on a GE 2-T CSI and IBM
PC20 MiniSpect measured millimolar relaxivity of (MGD)2-
Fe(II)-NO at parameters of TR 500msec, TE 10msec, NEX
2, 4mm slice thickness, 1mm slice gap, field of view 12 ×
3 × 12 cm, and matrix 256 × 256. A 20MHz Jeol JES-FG2XG
EPR spectrometer (microwave frequency, 9.4GHz; incident
microwave power, 20mW; 100 kHz modulation amplitude,
2G; sweep width, 100G; scan time, 2min) was used for EPR
imaging.

Several assumptions were made regarding multimodal
in vivo NO spin-trapping MRI-EPR experiments: (1) spin-
trapped NO is stable in vivo, (2) its contrast enhancement
properties in MRI have been assessed, and (3) simultaneous
visualization and mapping of free radicals are possible by
MRI. The NO complex (MGD)

2
-Fe(II)-NO is stable in

tissues and organs for MRI imaging and subsequent L-band
EPR measurements. The liver is the most sensitive to NO
complex upon X-band EPR [80, 81]. The (MGD)

2
-Fe(II)-

NO complex shows remarkably strong proton relaxation
enhancement because of its paramagnetic properties. The
strong magnetic moment of the unpaired electron promotes
both spin lattice and spin-spin relaxation of the surround-
ing water protons, resulting in a decrease in their spin-
lattice (T1) and spin-spin (T2) relaxation times. These effects
can be exploited to enhance signal intensity in T1 or T2
weighted MR images in vivo in areas in which NO is trapped
[78, 79].

The NO complex acts as an effective intrinsic contrast
agent, enhancing its contrast in the images of several organs.
MRI analyses have shown that the NO complex can be a
potentially usefulNO specificcontrast agent.Mapping the site
of NO generation is possible by L-band EPR, combined with
MRI spin-trapping, for the direct detection of NO radicals in
vivo. Here, we propose a multimodal MRI-EPR-fluorometry
approach to map NO radicals within tissues and organs at
much higher spatial resolution. The spin-trapped adduct,
(MGD)

2
-Fe(II)-NO, a NMR contrast agent, has the potential

to providemuch higher spatial resolution than with EPR. NO
is known to bind to iron compounds to form generally stable
complexes such as (MGD)

2
-Fe(II)-NO. In vivo, hemoglobin

is normally a natural NO spin-trap. Specifically, NO tends to
bind with hemoglobin or to oxidize the hemoglobin, after
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which it was converted to nitrosyl-hemoglobin or methe-
moglobin, both of which are paramagnetic species.When the
brain is stimulated to generate NO, it is quite possible that
(paramagnetic) nitrosyl-hemoglobin andmethemoglobin are
formed. Signal intensity enhancement in functional MRI
(fMRI) is believed to result from changes in blood flow.
However, for blood flow independent effects in MRI, the
paramagnetic relaxation from spin-trapped NO might pro-
vide a new fMRI contribution using 5-diethoxyphosphoryl-
5-methyl-1-pyrroline-N-oxide (DEPMPO). This multimodal
methodology not only is suitable for mapping NO, but also
might be valid for other important free radicals in vivo when
combined with appropriate spin-trapping reagent techniques
[11, 82, 83].

1.7. Fluorometric Imaging of NO by Fluorescent Probes for NO

1.7.1. Diaminonaphthalene (DAN). NO is readily oxidized
into NO

2

− and NO
3

− as final products in the presence
of O
2
. The fluorometric assay for the quantification of

NO
2

−/NO
3

− up to 10 nM excited at 375 nm and emitted
at 415 nm is based on the reaction of NO

2

− with 2,3-
diaminonaphthalene (DAN) to form the fluorescent product
1-(H)-naphthotriazole (NAT). This method can serve as a
tool for defining the role of NOS in both normal and
pathophysiological processes. However, the method cannot
be adapted for NO bioimaging because it causes serious
damage to living cells [84].

1.7.2. Dichlorofluorescein (DCFH). 2,7-Dichlorofluorescein
(DCFH) is oxidized by NO to dichlorofluorescein. This
compound is a nonfluorescent species that may be used in
monitoring of intracellular NO formed in neuronal cells but
is not suitable for bioimaging [85]. DCFH has been shown
to readily react with all reactive oxygen species. Hence, the
overall fluorescence level of DCFH would be specific to all
levels of reactive oxygen species and not exclusive to any
individual of them [86].

1.7.3. Iron Complexes. The iron(II)-quinoline pendant cyc-
lam, a fluorescent probe for NO, is not convenient for
NO detection in biological systems. This probe mimics the
activation site of guanylate cyclase if used as a fluorescent
biosensor of NO. The iron(II) complex further showed poor
fluorescence emission at 460 nm,whichwas quenched byNO
from NO releasing agents. 2,2,6,6-Tetramethylpiperidine-N-
oxyl (TEMPO) labeled with acridine and Fe(II)(DTCS)

2

complex can be used to monitor direct production of NO in
biological systems but has not yet been applied in bioimaging
[87, 88].

1.7.4. Heme Domain with Fluorescent Reporter Dye. Cyto-
chrome 𝑐 labeled with a fluorescent reporter dye containing
fluorescent microspheres can serve as a ratiometric sensor
of intracellular macrophage NO levels in phagocytosis. NO-
selective sensors were reported as a heme domain of guany-
late cyclase (sGC) labeled with a fluorescent reporter dye.
The fluorescence intensity indicated the sGC heme domain’s

characteristic binding ofNO.The formation ofNO fromNOS
in endothelial cells has a detection limit of 8𝜇MNO [89, 90].

1.7.5. Cobalt Complex: [Co(NO)
2
(
RDATI)]. Aminotropon-

iminates (H RATIs) with a dansyl fluorophore serve as a fluo-
rescent NO biosensor, and paramagnetic Co2+ complexes
quench the fluorescence. The [Co(NO)

2
(
RDATI)] increases

fluorescence intensity, which is ideal for fluorescent NO
sensing but not for bioimaging [91].

1.7.6. Fluorescent NO Cheletropic Trap (FNOCTs). FNOCTs
react with NO in a formal cheletropic reaction. NO was
detected by this method in alveolar macrophages [92].

1.8. Fluorescein Biosensors as NO Bioimaging Probes

1.8.1. Diaminofluoresceins (DAFs). Diaminofluoresceins
(DAFs) are used as novel probes for NO. DAFs change to
triazole forms (DAF-Ts) with changes in the absorbance
maxima of NO fluorescence intensity due to the conversion
of DAF-2 to DAF-2 T by NO in the presence of O

2
. Major

compounds include DAF-4M1, 4M2, 5M1, and 5M2
fluorinated fluorescein derivatives. These compounds are
derived amino acids (DAN) with aromatic groups. However,
use of these compounds in NO bioimaging is in its infancy
because DAN leaks easily through cell membranes after
loading. Nevertheless, the use of esterified DAN has shown
promise in studies of NO bioimaging [93, 94]. DAF has
emerged as a reliable fluorophore for real-time NO detection
in live cells. However, DAF is highly cytotoxic. Thus, DAF-
based measurements are only accurate if measured within
first 15–20 minutes. Beyond that it significantly affects the
viability of the cells. In some of the research studies, to
overcome the cytotoxicity of DAF, DAF was coincubated
with serum.This approach significantly improved the quality
of cells following DAF incubation. However, most of the
DAFs had reacted with serum to form fluorescent product,
which imposed limitations related to reproducibility of the
measurement.

1.8.2. Diaminorhodamines (DARs). Fluorescent rhodamine B
fluorophore imaging with DAR-1 AM, DAR-1 EE, DAR-M,
DAR-M AM, and DAR-4M has shown little success [95].

1.8.3. Emission Mechanism. DAF shows the photoinduced
electron transfer (PET) process of fluorescence quenching
or reduced fluorescence of the fluorophore. The mechanism
was reported using 9-[2-(3-carboxy) naphthyl]-6-hydroxy-
3H-xanthen-3-one (NX) and 9-[2-(3-carboxy) anthryl]-6-
hydroxy-3H-xanthen-3-one (AX). NX is highly fluorescent,
whereas AX is almost nonfluorescent [96].

1.9. Biological Applications of DAFs and DARs

1.9.1. Cardiovascular Tissue. Current studies are focusing
on fast real-time nitric oxide biosensing by electrochemical
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methods, as recently reported by electron transfer acrossmul-
tiassembly of hemoglobin-montmorillonite with polymer as
biosensors with high reproducibility [97]. Low nitric oxide
levels are considered potent markers of sickling and major
factors responsible for the inability of red blood cells to relax
arteries and oxygen deprivation. Nitric oxide is now on the
market as a nutrient supplement. Nitric oxide levels were
elevated following in vivo correction of cardiac ischemia,
and NO capture was detected by a nanobiosensor (Nafion,
m-phenylenediamine and resorcinol) based amperometric
technique [98]. The nitric oxide content in arteries was
determined by measuring superoxide anion from superoxide
dismutase enzyme at levels of up to 10 nM nitric oxide by
using an enzyme biosensor based amperometric method.

Nitric oxide is an organically produced signaling mole-
cule that regulates blood pressure, clots that cause stroke and
heart attack, and atherosclerosis. This molecule penetrates
across membranes with biological signals and messages,
influencing every organ, including the lungs, liver, stomach,
genitals, and kidneys. New technological developments such
as nanotechnology have led to great advances in nitric oxide
biosensing through use of fiber optic chemical sensing,
carbon nanotubes, and metalloporphyrin biosensors [99–
102].

1.9.2. Breast Cancer Tissue. Recently, nitric oxide was evalu-
ated as an angiogenesis marker in breast cancer patients with
the potential for generation of a biomarker of prognosis [103].

1.9.3. Liver. The major application of liver bioimaging was
established by nitric oxide and asymmetric dimethylarginine
in human alcoholic cirrhosis [104]. The mouse abdomen
was imaged in three dimensions by localization of NO-rich
regions in the liver [74].

1.9.4. Bone and Cartilage. The use of NO biosensor in bone
and cartilage application is still in its infancy and limited. A
recent report indicated the possibility of usingNO biosensors
as a method of detection of NO in bone and for cartilage
characterization [105].

1.9.5. Endothelial Cells. DAF-FM is a useful tool for visualiz-
ing the temporal and spatial distribution of intracellular NO.
Endogenous ATP plays a central role in HTS-induced NOS
in BAEC. Endothelial cNOS, a Ca2+/calmodulin-dependent
enzyme, is critical to vascular homeostasis and generates a
detectable basal level of NO production at low extracellular
Ca2+. Actin microfilaments in PAEC regulate L-arginine
transport, which can affect NO production by PAEC. DAR-
4M should be useful for bioimaging of samples that have
strong autofluorescence [106, 107].

1.9.6. Smooth Muscle Cells. DAF-2 DA and DAF-FM T
enhance fluorescence intensity [108]. This sensitive method
enables their use for detection of spontaneous and substance
P (active coronary artery protein) induced NO release from
isolated porcine coronary arteries. This NO release was

entirely dependent on the NOS activity in vascular endothe-
lial cells. Furthermore, fluorescence images of cultured
smooth muscle cells in the rat urinary bladder were captured
after loading with DAF-FMDA [109]. In cells pretreated with
cytokines, the fluorescence intensity increasedwith time after
DAF-FM loading.

1.9.7. Brain. DAF-2 DA was used for direct detection of NO
in theCA1 region of the hippocampus by imaging techniques.
DAF-FM DA was also applied to imaging of NO generated
in rat hippocampal slices [110, 111]. Recently, the use of NO
bioimaging for assessment of cortical impact injury was
evaluated and physiological concentrations of target NOwere
monitored [112, 113].

1.9.8. Ion Channels. Voltage-gated Na+ channels and the
mechanisms by which they enable signaling across cardiac
tissue are not well understood. However, NO is an endoge-
nous regulator of persistent Na+ current. NMDA-receptor-
(NMDAR-) associated ion channel has been reported to be
modulated by exogenous and endogenous NO. Endogenous
S-nitrosylation may regulate ion channel activity [114].

New Emerging Information Regarding Nitric Oxide. Nitric
oxide plays a unique role in the body, and its rapid real-time
biosensing and measurement may reveal a great deal of new
information in time. In the body, nitric oxide is known to

(i) fight bacteria, viruses, and parasites,
(ii) suppress proliferation of some types of cancer cells,
(iii) prevent serious complications in diabetic patients,

particularly in association with impaired blood flow,
(iv) play a major role in memory,
(v) act as a neurotransmitter,
(vi) increase sexual functioning,
(vii) act as a powerful antioxidant, deactivating free radi-

cals that contribute to cancer, diabetes, heart disease,
and stroke.

NO plays important roles in inflammatory processes.
For example, increased expression of iNOS mRNA causes
increasedNOproduction at sites of inflammation.Drosophila
utilizes components of the NO/cGMP signaling pathway,
and chemical sensors are specific to endothelial nitric oxide
and nitric oxide synthase enzyme systems. A new class of
biosensors that are multifunctional and multimodal has the
ability to perform as nitric oxide detectors and to monitor
tissue response to nitric oxide synthase biochemical mech-
anisms. Recently, DAF-2 DA has been reported as a useful
biosensor of hypoxia. Adenovirus-mediated gene transfer of
eNOS in adrenal zona glomerulosa (ZG) cells results in the
expression of active endothelial NOS enzyme, decreasing
aldosterone synthesis. Moreover, 𝛾-irradiation at doses of 2–
50Gy stimulates the expression of iNOS, which is accom-
panied by an increase in the fluorescence of DAF-2. NO
production by mitochondrial NOS plays a role in respiration,
as well as apoptosis in PC 12 and COS-1 cells. DAF-2 can
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be used to image real-time intracellular NO production in
retina specific synapses.Kalanchoe daigremontiana andTaxus
brevifolia showed NO-induced apoptosis upon application of
DAF-2 DA, while L-NMMA suppressed NO production and
apoptosis [114].

2. Conclusion

This review highlights the biosensing of NO by multimodal
in vivo EPR/MRI/fluorometry based on the potential use
of NO biosensors. Fluorescent biosensors such as DAFs
and DARs visualize the production of intracellular NO and
enable observation of the temporal and spatial distribution
of intracellular NO as a nitric oxide map. Additionally, the
currently available data indicate that more attention should
be given to in vivo real-time imaging of NO, which could
be developed based on a combination of EPR and NMR
techniques as NO sensitive fMRI. Amperometric and elec-
trochemical methods using nanotechnology and advanced
electronics appear to be a breakthrough in nitric oxide real-
time measurement. Currently, DAFs and DARs are good
candidates for bioimaging of NO in terms of specificity, sen-
sitivity, and handling. Therefore, the NO detection method
depends on reactive oxygen species such as NO

2

−, NO
3

−,
ROS, superoxide, hydrogen peroxide, and ONOO− to yield
any fluorescent product. Ratiometric probes are other options
for intensity measurements. Overall, further studies on the
development of novel ratiometric NO bioimaging probes are
warranted.
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Büttemeyer, “Concentration decrease of nitric oxide in the
postischemicmuscle is not only caused by the generation ofO

2
,”

Microsurgery, vol. 27, no. 6, pp. 565–568, 2007.
[110] H. Kojima, N. Nakatsubo, K. Kikuchi et al., “Direct evidence

of NO production in rat hippocampus and cortex using a new
fluorescent indicator: DAF-2 DA,” NeuroReport, vol. 9, no. 15,
pp. 3345–3348, 1998.

[111] O. Yermolaieva, N. Brot, H. Weissbach, S. H. Heinemann, and
T. Hoshi, “Reactive oxygen species and nitric oxide mediate
plasticity of neuronal calcium signaling,” Proceedings of the



Journal of Nanomaterials 13

National Academy of Sciences of the United States of America,
vol. 97, no. 1, pp. 448–453, 2000.

[112] C. N. Hall and D. Attwell, “Assessing the physiological concen-
tration and targets of nitric oxide in brain tissue,” Journal of
Physiology, vol. 586, no. 15, pp. 3597–3615, 2008.

[113] L. Cherian and C. S. Robertson, “L-arginine and free radical
scavengers increase cerebral blood flow and brain tissue nitric
oxide concentrations after controlled cortical impact injury in
rats,” Journal of Neurotrauma, vol. 20, no. 1, pp. 77–85, 2003.

[114] Y. Choi, L. Tenneti, D. A. Le et al., “Molecular basis of NMDA
receptor-coupled ion channel modulation by S-nitrosylation,”
Nature Neuroscience, vol. 3, no. 1, pp. 15–21, 2000.

[115] Y. Wang-Rosenke, H. Neumayer, and H. Peters, “NO signaling
through cGMP in renal tissue fibrosis and beyond: key pathway
and novel therapeutic target,” Current Medicinal Chemistry, vol.
15, no. 14, pp. 1396–1406, 2008.
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