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ABSTRACT 
 

 Accurate detection of nitroxyl (HNO) is essential to understanding its bioactivity, 

metabolism, and relation to health and disease.  However, detection and quantitation of 

HNO has been complicated by the rapid self-consumption of HNO through irreversible 

dimerization, poor selectivity of trapping agents against other nitrogen oxides, and/or low 

sensitivity towards HNO. In this work we have used thiols to efficiently and selectively 

trap HNO. We then used fluorescence-based detection methods for highly sensitive and 

selective detection.   

 An in vitro assay was developed for quantifying HNO from donors.  HNO was 

trapped by glutathione (GSH), a commercially and biologically available thiol.  GSH was 

then selectively labeled with the fluorogenic agent, naphthalene-2,3-dicarboxaldehyde 

(NDA), which removes the need for separation prior to analysis, enabling high 

throughput analysis.  HNO released from micromolar doses of donors was then 

quantified by measuring changes in GSH concentration.  

 GSH reacts with HNO to produce glutathione sulfinamide (GS(O)NH2), which is 

a selective biomarker of HNO.  We developed an in vivo assay that indirectly detects 

HNO by quantifying the production of GS(O)NH2. The free amine on GS(O)NH2 was 

fluorescently labeled with NDA, and capillary zone electrophoresis with laser-induced 

fluorescence (CZE-LIF) was used for separation and detection.  CZE-LIF provided high 

analytical sensitivity for GS(O)NH2, with a limit of detection (LOD) of 1.4 ± 0.1 nM.  

Cultured cells were treated with micromolar doses of HNO donor, and the concentrations 

of GS(O)NH2 increased in a dose-dependent manner showing that the concentration of 
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GS(O)NH2 can be correlated to the intracellular concentration of HNO.   

Another in vivo assay was developed using an exogenous fluorescein thiol dye 

(CFS) to simultaneously trap and fluorescently label HNO as a fluorescent sulfinamide 

adduct (CFS(O)NH2).  CZE-LIF was used to separate and detect CFS(O)NH2, and 

provided a LOD of 0.40 ± 0.01 nM for CFS(O)NH2.  Cultured cells treated with 

micromolar doses of HNO donor showed a dose-dependent response for CFS(O)NH2.  

Therefore, quantitation CFS(O)NH2 can be indirectly correlated to the concentration of 

HNO in cells. Additionally, this assay decreases analysis time by removing the need for a 

labeling reaction, and increases the overall sensitivity of the assay by minimizing 

dilution.   
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CHAPTER 1 

INTRODUCTION 

 

Nitroxyl (HNO) has become a molecule of interest because of its diverse 

pharmaceutical potential.  In the cardiovascular system, HNO has shown protective 

effects against reperfusion injury in heart tissue similiar to ischemic preconditioning.
1
  

Additionally, these protective effects were greater than those elicited by nitric oxide 

(NO), a related nitrogen oxide. Also in the cardiovascular system, HNO has also shown 

the ability to enhance contractility in failing hearts, whereas NO was shown to weaken 

contractility under such cases.
2
 Considering that more than 25% of deaths in the United 

States are caused by some form of heart disease, and more than $273 billion are spent 

annually for medical care,
3, 4

 developing new drug therapies and effective treatments is of 

high importance.  

HNO is also effective at inhibiting certain enzymes with the pharmaceutical effect 

dependent on the function of the particular enzyme.  For example, aldehyde 

dehydrogenase (AlDH) catalyzes the second step in the metabolism of ethanol.  

Inhibition of AlDH leads to accumulation of acetaldehyde, which in turns leads to 

unpleasant side effects including nausea, rapid heartbeat, and facial flushing.
5
 HNO 

releasing drugs are selective inhibitors of AlDH, and for this reason have been used as 

alcohol deterrents.
5
 According to the Centers for Disease Control (CDC), problematic 

alcoholic consumption and alcoholism result in 80,000 deaths each year (3.3% total), and 

$223.5 billion in lost productivity, criminal justice costs, and health-care expenditures.  
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Most recently, HNO has been used to inhibit tumor growth and angiogenesis for 

the treatment of caner.
6
  Inhibition of glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), a key enzyme for conversion of glucose into energy, has been correlated to 

the anti-cancer activity of HNO.
7
  Cancer related deaths account for nearly 25% of deaths 

each year in the United States, and more than $157 billion in medical cost, according to 

the National Cancer Institute. 
3
 

 It is evident that HNO is capable of treating a variety of serious diseases.  The 

pharmaceutical effects of HNO have been studied using HNO donors.  These HNO 

donors are necessary for studying the chemistry, biochemistry, and pharmaceutical 

properties of HNO due to the inability to store HNO as a result of rapid and irreversible 

dimerization.
8-10

 Self-consumption of HNO has also complicated quantitation of HNO.  A 

variety of detection methods have been developed for HNO, but quantitation is often 

hindered in these methods by depletion of HNO through dimerization.  Additionally, 

many available detection methods also suffer from poor selectivity, in particular against 

NO, which complicates quantitation of HNO from donors that release both HNO and NO.  

Finally, HNO and NO cross reactivity has also inhibited quantitation of HNO.
11-13

  Thus, 

although a variety of HNO donors have been synthesized, the amount of HNO released 

from many of these donors has only been evaluated qualitatively. 

Detection of HNO in vivo is even more complicated than in vitro quantitation of 

HNO.  Although endogenous production of HNO is still widely debated, NO is produced 

endogenously,
14

  and the physiological concentrations of NO range from pico- to 

micromolar.
15

  NO is a principle interference for many of the current detection methods, 
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and as such causes difficulty in discerning cellular responses to HNO from NO.  

Additionally, HNO exhibits high reactivity towards an extensive number of biomolecules 

including NO, ferrihemes, oxyhemes, and thiols.
16, 17

  Thus, the transient nature of HNO 

complicates in vivo detection.  Finally, therapeutic doses of HNO range from low 

nanomolar to micromolar,
1, 2, 5, 7

 and taking into consideration the likely consumption of 

HNO through these other pathways, a  high sensitivity method will be required for 

detecting HNO in vivo.  Thus, although a variety of HNO detection methods have been 

developed, many of the current methods suffer from poor selectivity and sensitivity, and 

thus have not been capable of providing detection of HNO from therapeutic doses of 

donors. 

  The work herein focuses on developing detection methods for HNO both in vitro 

and in vivo.   Chapter 2 includes the development of a selective method for quantifying 

HNO release from donors in vitro.  Chapters 3 and 4 describe two methods for detecting 

HNO in cultured cells that have been treated with therapeutic doses of HNO donors.  

Finally, Chapter 5 includes conclusions for each of the data chapters, and future 

directions that employ the newly developed detection methods. 

 

1.1. Nitric oxide  

1.1.1. Endogenous production of NO 

For many years scientists were unable to identify the endothelium-derived 

relaxing factor (EDRF), a molecule that is produced and released in the endothelium to 

promote smooth muscle relaxation.
18

  Based on the activity of HNO as a potent 
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vasodilator, it was once considered a candidate for the EDRF.
19

  However, after the 

discovery that NO release accounts for the biological activity of the EDRF,
20, 21

 HNO was 

largely ignored, whereas NO was studied extensively.  NO was named molecule of the 

year by Science in 1992, and six years later Robert F. Furchgott, Louis J. Ignarro, and 

Ferid Murad won the Nobel Prize for Physiology or Medicine for their work, mostly in 

the 1980s, towards establishing endogenous NO production.
22

  NO synthases (NOS) 

catalyze the two-step, five-electron oxidation of L-arginine via N-hydroxy-L-arginine to 

L-citrulline and NO (Scheme 1.1).
23

  

 

 

Scheme 1.1.  Pathway for endogenous formation of NO from L-arginine, oxygen, and 

NADPH by NOS enzymes. Adapted from Groves et al.
23

 

 

1.1.2. Chemistry and biochemistry of NO 

After the discovery that NO is endogenously produced via the NOS catalyzed 

oxidation of L-arginine, thousands of publications have illustrated the multifaceted 

effects of NO in the biochemistry and physiology of organisms.  NO can induce 

protective, regulatory, or deleterious effects in biological systems.
24-29

  A multitude of 



32 

 

factors determine the biological responses to NO, including where, when, and how much 

NO is present or is being produced under given conditions.
24

 Under physiological 

conditions, NO is oxidized to form dinitrogen trioxide (N2O3) (eqs 1.1-1.2), which then 

undergoes hydrolysis to produce nitrite (NO2
-
) (eq 1.3).  

 

2NO + O2 → 2NO2        (1.1) 

NO + NO2 → N2O3        (1.2) 

N2O3 + H2O → 2NO2
–
 + 2H

+
       (1.3) 

 

The overall rate law for NO autoxidation is second order with respect to NO, 

which dictates that the half-life depends on the initial concentration of NO (eq 1.4; with 

4kaq = 9  10
6
 M

-2
 s

-1 
at 25°C).

30
 

 

-d[NO]/dt = 4kaq[NO]
2
[O2]       (1.4) 

 

Additionally, the rate law for NO is dependent on the concentration of molecular 

oxygen, which at 20°C is saturated in water at 240 μM,
31-33

  but is approximately 70 μM 

in mammalian cells.
30

  At 70 μM O2, the half-life of 1 μM NO with respect to 

autoxidation is 800 s. However, if the NO concentration is increased to 100 μM, the half-

life is reduced to 8 s. Considering that the physiological concentration of NO ranges from 

pico- to micromolar,
15

 the half-life of NO with respect to autoxidation can range from 

seconds to years (Table 1.1).
30
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Table 1.1.  Half-life of NO due to autoxidation.
30

 

[NO] t1/2 

100 μM 8 s 

1 μM 13.3 min 

100 nM 2.2 h 

1 nM 9.3 d 

100 pM 93 d 

1 pM 25 y 

 

NO exhibits both direct and indirect effects on biological targets.  Many factors 

influence the interactions of NO, in particular an important consideration is the 

concentration.  NO will diffuse from its site of origin and decrease in concentration with 

distance.
30

 As the NO concentration is diluted, the lifetime increases, which facilitates the 

interaction of NO with metal complexes or free radicals (Figure 1.1).
24, 26, 34, 35

   However, 

if the local NO concentration is high, the formation of reactive nitrogen oxide species 

(RNOS) from the autoxidation reaction increases.
30

  Production of RNOS results in 

nitrosation, oxidation, and nitration with the impact dependent on the function of the 

protein that is modified.
24
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Figure 1.1.  The chemical biology of NO including direct and indirect effects.  Adapted 

from Wink et al.
24

   

 

1.1.3. Detection methods of NO 

The diverse reactivity of NO has made it challenging to understand the 

relationship of NO biosynthesis to health and disease.  An important parameter in 

evaluating beneficial and adverse effects of any molecule or drug is the determination of 
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concentration. However, the transient nature of NO in cells as well as the wide range of 

concentrations has made quantitation a challenging task.   Additionally, NO 

concentration ranges from pico- to micromolar in cells, and thus necessitates techniques 

with wide linear dynamic ranges for accurate detection.  For these reasons, it has been 

difficult to develop methods that have the required sensitivity, precision, and accuracy for 

quantifying NO in vivo. 

Nonetheless, a variety of detection methods have been developed for monitoring 

NO in vitro and in vivo.  The methods for detecting NO include electrochemical, 

absorbance, fluorescence, chemiluminescence, and electron paramagnetic resonance 

(EPR) approaches.  Hetrick and Schoenfisch recently evaluated multiple analytical 

methods for detecting NO.
15

 The review explains the underlying mechanisms of the 

various techniques and compares analytical figures of merit for each method including 

detection limits, linear dynamic ranges, selectivity for NO over common interferents, and 

response times.
15

  The available detection methods for NO are numerous and diverse.  

Thus, here we have focused our attention on the most common methods.   

A variety of electrochemical techniques have been employed to detect NO.  

Electrodes specific to NO have been developed and are available commercially (e.g., 

World Precision Instruments Apollo 4000 ISO-NOP).  The electrodes in these 

instruments are typically coated with membranes that allow the diffusion of gases while 

excluding other potentially interfering species, such as NO2
-
, ascorbic acid, and other 

redox-active molecules that are common in physiological samples.
15

  Additionally, the 

membrane often contains an electroactive compound that lowers the potential necessary 
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to oxidize NO in comparison to other interferents.
36

 NO-specific electrodes have sub-

nanomolar limits of detection and have been used to measure physiological levels of NO 

in vitro and in vivo.
37

   

Another commercially available instrument for NO detection utilizes 

chemiluminescence. This method involves detection of emitted light that results from the 

reaction of NO with ozone (eq 1.5).
38

 

 

NO + O3 → NO2
* 
+ O2 → NO2 + hv                                        (1.5) 

 

A common chemiluminescence setup uses an inert carrier gas (such as Ar or N2) 

to deoxygenate the sample and carry NO to the reaction chamber where it reacts with 

ozone in a reaction chamber. The photon is then measured using a photomultiplier tube. 

The commercially available Sievers 280i NOA has LODs ranging from pico- to 

nanomolar.
15, 39

  The necessity of completing the measurement under deaerated 

conditions makes this detection method incompatible with many biological experiments 

and does not allow temporal measurement of NO.  However, NOA measurements have 

been used to measure NO from some biological samples including human arterioles
40

 and 

exhaled breath.
41

  Additionally both NO-specified electrodes and NOAs have been used 

to evaluate NO donating capacities of various donors.
42, 43

 

Absorbance-based methods for detecting NO often rely on simple, affordable 

instrumentation that is commonplace in many laboratories, and as such are widely used 

for the routine analysis of NO.  One of the most common absorbance-based methods for 
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detecting NO in a variety of samples is the Griess assay.  First described in 1864,
44

 this 

assay is now routinely used to measure NO production in many biological samples.
45

  

The Griess assay uses nitrite (NO2
-
), the autoxidation product of NO, to indirectly 

measure NO production (eqs 1.1-1.3). Under acidic conditions, NO2
-
 is converted to 

N2O3, which reacts with sulfanilic acid to form a diazonium salt intermediate (Scheme 

1.2).
46

  The diazonium salt is then coupled to N-(1-naphtyl)ethylenediamine to form a 

water-soluble azo dye with a wavelength maximum of 543 nm.  Absorbance 

spectroscopy is then used to indirectly quantify NO by measuring changes in NO2
- 
levels.  

The Griess assay has a limit of detection of 0.5 μM,
45

and has been used to detect NO is a 

variety of samples including urine,
47

 cerebrospinal fluid,
48

 plasma,
49

 serum,
50

 and 

blood.
51

  

 

 

Scheme 1.2. Indirect detection of NO through NO2
-
 using the Greiss assay.

46
  Adapted 

from Miranda et al.
46

 

 

Many fluorescence-based probes have been developed for detection of NO.   Most 

of these probes are fluorogenic, and become highly fluorescent after reactivity with a by-

product of NO reactivity in solution.
15

  Fluorogenic probes are useful for the detection of 
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NO in a variety of samples, but are widely used to monitor NO in cultured cells via 

fluorescent imaging.  Of the available fluorogenic probes, diaminofluorescein (DAF) and 

derivatives are among the most widely employed reagents.  The advantages of DAF 

derivatives, such as diaminofluorescein diacetate (DAF-2), are cell permeability, 

fluorogenic response, high sensitivity, and high selectivity over a variety of nitrogen 

oxides and other species.
15

  Such modification of diamino groups provides an indirect 

assay of NO as it relies on autoxidation of NO to produce N2O3, which nitrosates the 

diamine to form a nitrosamine that then rearranges to form the fluorescent triazole 

(Scheme 1.3).
52

   

 

 

Scheme 1.3.  Fluorometric detection of NO using DAF-2 upon diffusion into a cell, 

where esterases hydrolyze the diacetate residues, thereby trapping DAF-2 within the 

intracellular space. N2O3 nitrosates DAF-2 to yield its highly fluorescent product DAF-2 

triazole. Adapted from Wardman et al.
52

 

 

The detection limits for DAF derivatives are as low as 5 nM,
53

 and DAF 

derivatives have been used to image NO in cells,
53

 rabbit hearts,
54

 and live fish.
55

 

However, recent investigations have shown that fluorogenic assays using DAF-2 are not 
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specific for N2O3 and are subject to interference from other biological species.  For 

example, DAF-2 has been shown to react with both ascorbate and dehydroascorbic acid 

under physiological conditions to produce compounds with fluorescent spectra similar to 

the DAF-2 triazole, and thereby resulting in false positives.
56, 57

  And although DAF 

derivatives are selective over a variety of nitrogen oxides, autoxidation of HNO produces 

higher yields of fluorescent triazole than NO.
58

  Nonetheless, the DAF-2 assay is still 

commonly employed for detecting changes in NO.
59

 

A variety of methods have been developed for NO over the last 30 years.  

Absorbance based assays, such as the Griess assay, are widely used in vitro because of 

their simple and affordable design, but the low sensitivity of these assays typically 

preclude their use for in vivo sampling. Fluorogenic assays, such use of DAF-2, allow 

sensitive quantitation of NO indirectly in a variety of biological samples.  However, 

greater specificity is still required from the available fluorogenic probes, in particular 

when used for cellular imaging.  NO-specific instrumentation, such as the NOA and NO-

specific electrodes, have increased specificity towards NO.  However, the NOA has been 

subject to interferences from other nitrogen oxides, including HNO.
60

  On the other hand, 

membrane-modified NO-specific electrodes are highly selective and sensitive; thus NO-

specific electrodes have been used to selectively quantify NO in numerous samples.  In 

summary, selecting detection methods for NO requires careful consideration of 

sensitivity and sensitivity, especially for biological samples. 
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1.2. Nitroxyl 

1.2.1. Chemistry and biochemistry of HNO 

Numerous studies indicate that exogenous HNO administration results in 

potentially important pharmacological and toxicological effects.
61

  HNO, like NO, also 

elicits protective, regulatory, or deleterious effects in biological systems and cultured 

cells.
61

  The pharmacological properties of HNO include protective effects against 

reperfusion injury for treatment of myocardial infarction,
1
 the ability to improve 

myocardial contractility for treatment of heart failure,
2
 inhibition of aldehyde 

dehydrogenase for treatment of alcoholism
62

 and inhibition of tumor growth and 

angiogenesis for treatment of cancer.
6   

The acid-base properties of HNO are rather complicated and have been 

misinterpreted for many years (see reference 62 for a complete discussion).
 
 HNO has a 

singlet ground state (
1
HNO)

63, 64
 separated from its triplet lowest excited state (

1
HNO) by 

18-19 kcal/mol.
65, 66

 Conversely, the conjugate base of HNO, NO
−
, has a triplet ground 

state (
3
NO

-
) with a singlet excited state (

1
NO

-
) separated by ~16-21 kcal/mol.

67-72
  The 

different ground states complicate the acid-base relationship between HNO and NO
−
, and 

result in an atypical equilibrium system. This spin-forbidden relationship was probed by 

investigating the efficiency of proton transfer from a variety of acids to 
3
NO

− 
in the gas 

phase.
73

 The results suggest that rather than spin conversion occurring through 

intersystem crossing, spin conversion actually occurs during the deprotonation step 

(
1
HNO ↔ 

3
NO

-
).

 
This analysis allowed for the exclusion of 

1
NO

−
 and 

3
HNO in the acid-

base system.  
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Initial examination of the chemistry of NO
−
 via the reduction of NO in pulse 

radiolysis experiments, resulted in a reported pKa of 4.7 for HNO.
13 

Based on this value 

and the assumption that the relevant acid–base equilibrium is between 
1
HNO and 

3
NO

−
, 

the standard potential of the NO/ 
3
NO

−
 couple was determined to be +0.39 V (1 M vs 

NHE).
74

 However, experimental data opposing these pKa and reduction potential values 

began to accumulate. For instance, oxidation of reduced methyl viologen (MV
2+

/MV
+

 is 

−0.45V vs NHE)
75

 by O2 (O2/O2
−
 is −0.16 V, 1 M vs NHE)

76
 is 100-fold faster than by 

NO, indicating a considerably lower reduction potential for NO than for O2 and certainly 

much lower than +0.39 V (vs NHE). 

The inconsistencies between the published pKa for HNO and the observed 

chemistry of HNO donors led to revision of the reduction potential of NO and of the pKa 

for HNO. Bartberger et al.
77

 utilized computational methods, cyclic voltammetry, and 

spectrophotometric observation of viologen reduction during decomposition of HNO 

donors to determine a new reduction potential for the NO/ 
3
NO

−
 couple (−0.8 V vs NHE), 

which agreed with other reported values.
78, 79

  From the new reduction potential, the pKa 

for 
1
HNO deprotonation to 

3
NO

−
 was revised to be >11.

71
 Thus, under physiological 

conditions, nitroxyl exists as 
1
HNO rather than 

3
NO

-
.   

The relevant equilibrium is between 
1
HNO and 

3
NO

−
 and is dependent on and the 

forward and reverse rate constants corresponding to this equilibrium.  Further 

investigation of the relationship between HNO and its conjugate base demonstrated that 

the rate constants for this spin-forbidden process are unusually slow in both directions (eq 

1.12; kf = 5 × 10
4
 M

−1
 s

−1
 and kr = 1 × 10

2
 s

−1
).

10
 For HNO donors, the significant 



42 

 

reactions involving proton transfer are generally unidirectional due to a slow back 

reaction relative to other consumption pathways (eq 1.6).
80

 

 

1
HNO + OH

−
 ↔ 

3
NO

−
 + H2O                                                     (1.6) 

 

HNO has a relatively short half-life under physiological conditions due to 

irreversible dimerization (eqs 1.7;
8, 9

 8  10
6
 M

-1
 s

-1
, pH 7.4, 22°C).

10
  The dimerization is 

second order with respect to HNO, and thus the half-life of HNO is dependent on the 

initial concentration of HNO (eq 1.8).
10

  For example, 100 μM HNO has a half-life of 630 

μs; however, 1 nM HNO has a half-life of 63 ms (Table 1.2).
10

   

 

2HNO → [HONNOH] → N2O + H2O     (1.7) 

-d[HNO]/dt = kdim[HNO]
2
       (1.8) 

 

Table 1.2.  Half-life of HNO with respect to dimerization.
10

   

[HNO] t1/2 

1 mM 63 μs 

100 μM 630 μs 

1 μM 63 ms 

100 nM 630 ms 

1 nM 63 ms 

 

The fast rate of HNO dimerization has made quantitative detection of HNO 

particularly challenging.  Additionally, dimerization of HNO prevents its storage, and 

thus HNO donors are typically used for in vitro and in vivo studies. Quantitation of HNO 
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from donor compounds will aid in selecting suitable donors for pharmaceutical studies.  

In addition, quantifying HNO the amount of HNO release from dual donors has been 

difficult because of interference from NO.   

 

1.2.2. Donors of NO and HNO 

HNO dimerization mandates the use of HNO donors.  Diazeniumdiolates, more 

commonly referred to as NONOates, have been extremely useful in the investigation of 

the biological effects of nitrogen oxides including NO and HNO.
60

 NONOates are a 

common class of NO and HNO donors due to their structural tunability,
60

 which allows 

for the synthesis of donors with a variety of half-lives, various charge states including 

ionic and zwitterionic structures, and variable product distribution ranging from pure NO, 

pure HNO, or a mixture of HNO and NO release, which are often referred to as dual 

donors. 

Angeli’s salt (Na2N2O3, sodium trioxodinitrate), which is the most commonly 

used HNO donor, decomposes to exclusively HNO versus NO at pH > 3
81-86

 (eq 1.9; t1/2 

2.5 min, pH 4.0-8.0, 37°C).
87

  

 

     (1.9) 

 

The ability of HNO to cross cell membranes was demonstrated by treating intact 

tumor cells
58

 or whole-cell yeast systems with Angeli’s salt.
88

  Although, HNO can be 

indirectly accessed through its biological activity, it has yet to be quantified in vivo.   



44 

 

The similarity in the structures and rates of decomposition of Angeli's salt and the 

secondary amine NONOate DEA/NO (Na[Et2NN-(O)NO], sodium (Z)-1-(N,N-

diethylamino) diazen-1-ium-1,2-diolate) has allowed convenient comparison of the 

pharmacological properties of HNO and NO donors (eq 1.10; t1/2 2.3 min, pH 7.4, 

37°C).
87

 Such analyses have revealed that HNO repeatedly induces distinct effects from 

NO.
61, 89

  Thus, DEA/NO, a pure NO donor,
59

 is typically chosen to compare the 

selectivity of an assay for HNO over NO.  

 

    (1.10) 

 

Recently, the related primary amine NONOate, IPA/NO 

(Na[(CH3)2CHNH(N(O)NO)], sodium 1-(N-isopropylamino)diazen-1-ium-1,2-diolate), 

has been shown to mimic the chemical and biological properties of Angeli’s salt.
90

 

IPA/NO decomposes to release both HNO and NO due to competing pH-dependent 

decomposition mechanisms (eq 1.11; t1/2 5.7 min, pH 7.4, 37°C).
90

  

 

   (1.11) 
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Other primary amine NONOates, such as cyclic amine NONOates, are also dual 

donors that have similar half-lives to IPA/NO (Table 1.3; unpublished results).  Primary 

amine NONOates that donate both HNO and NO can be used to illustrate the 

effectiveness of the assay for quantifying HNO even in the presence of NO.  

Additionally, IPA/NO is the only dual donor for which the percentage of HNO released 

has been quantified,
91

 and thus it can be used to validate the accuracy of newly developed 

assays. Finally, dual donors, such as IPA/NO can be used to study the effects of 

concomitant release of HNO and NO. 

Unfortunately, the short half-lives of ionic donors under physiological conditions 

inhibits analysis of the effect of chronic exposure to HNO.
92

 There have been recent 

efforts to synthesize longer-lived donors.  For instance, IPA/NO has proven amenable 

to alkylation to produce a neutral species that can be easily purified by column 

chromatography, then induced to release HNO by either a hydrolytic (Scheme 1.4) or 

enzymatic pathway (Scheme 1.5).
93, 94

 AcOM-IPA/NO functions as an exclusive HNO 

in the absence of esterases (Scheme 1.4).
94

 The half-life of IPA/NO also increases to 41 

min in the absence of esterases and under physiological conditions. In the presence of 

esterase, the half-life of decomposition was similar to the parent diazeniumdiolate.
94

 

The initial step involves cleavage of the ester bond (Scheme 1.5), and subsequent 

production of free diazeniumdiolate, which decays to release both NO and HNO (eq 

1.11).  
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Table 1.3.  Names, structures, molar absorptivities, and half-lives of NONOates. 

[NONOate] Structure 
ε (M

-1
 cm

-1
, 250 

nm) 

t1/2 (37°C, pH 

7.4) 

Angeli’s salt  

(AS) 

 

7,600 2.5 

Diethylamine NONOate 

(DEA/NO) 

 

6,700 2.3 

Isopropylamine NONOate 

(IPA/NO) 

 

8,800 5.7 

Cyclopentylamine NONOate   

(CPA/NO) 

 

6,800 3.7 

Cyclohexylamine NONOate  

(CHexA/NO) 

 

8,200 6.4 

Cycloheptylamine NONOate  

(CHeptA/NO) 

 

6,800 5.9 

Cyclooctylamine NONOate  

(COA/NO) 

 

8,000 5.2 
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Scheme 1.4. Mechanism of decomposition of acetoxymethyl protected primary amine 

diazeniumdiolate in phosphate buffered saline (PBS).
94

 

 

 

Scheme 1.5. Mechanism of decomposition of acetoxymethyl protected primary amine 

diazeniumdiolate in the presence of esterase. 
94
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To compare the pharmaceutical capabilities of longer-lived donors, such as 

AcOM-IPA/NO, to shorter-lived donors, such as IPA/NO, mice hearts were treated with 

various concentrations of each donor, and changes in contractility of the heart tissue was 

measured. AcOM-IPA/NO elicited a roughly 4-fold higher change than IPA/NO in 

sarcomere shortening in ventricular muscles isolated from wild-type mice relative to 

baseline at 3 μM.
94

 A sarcomere is the basic unit of a muscle, and its shortening is 

indicative of the increase is contractility in failing hearts that is expected of HNO 

donors.
2
  This finding suggests enhanced pharmacological utility for AcOM-IPA/NO as 

compared to IPA/NO presumably due to a higher effective concentration of HNO that 

interacts with biological targets.   

 

1.2.3. Generation of HNO from biochemical reactions 

 Donors of HNO and NO, such as NONOates, provide convenient, controlled 

release of nitrogen oxides.  However, there are also biological reactions that are capable 

of generating nitrogen oxides.  For example, although the NOS catalyzed oxidation of L-

arginine definitively produces NO (Scheme 1.1), HNO may be produced under certain 

conditions.  For instance, several chemical studies have suggested that HNO can be 

generated from oxidation of N-hydroxy-L-arginine, the intermediate formed in the first 

step of the NOS reaction (Scheme 1.1).
95-100

 Hypochlorous acid (500 μM, HOCl) has 

been shown to oxidize N-hydroxy-L-arginine (100 μM) to form HNO.
99

  Others have 

suggested that oxidation of N-hydroxy-L-arginine can result in either NO or HNO 

production depending on the oxidant employed.
97

 N-hydroxy-L-arginine is present in 
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some cultured cells at nanomolar concentrations (100 nM),
101, 102

 and has been detected at 

micromolar concentrations (3.7-15.8 μM) in plasma.
103

  

Another possible mechanism for endogenous production of HNO is the reaction 

of S-nitrosothiols (RSNO) with a thiol (R’SH), which results in the formation of a 

disulfide and HNO (eq 1.12).
104, 105

   

 

RSNO + R’SH → RSSR’ + HNO      (1.12) 

 

Although, NO does not directly react with thiols,
106

 S-nitrosothiols are formed by 

the oxidation of NO to N2O3 (eq 1.13)
107

 and nitrosation of thiols (eq 1.14).
108

  

 

4NO + O2 → 2N2O3          (3.5  10
6
 M

-2
 s

-1
)
107

    (1.13) 

N2O3 + RSH → RSNO     (2.1  10
8
 M

-1
 s

-1
)
108

      (1.14) 

 

The concentration of S-nitrosothiols in human plasma and cells is estimated to be in the 

upper pico- to lower nano-molar range,
109-112

  whereas the concentration of thiols ranges 

from 0.5-10 mM in cells.
113

   

HNO is the one-electron reduced and protonated form of NO. Reduction of NO to 

3
NO

-
 (eq 1.15)

74, 114-117
  is a possible mechanism for endogenous HNO generation.   

 

NO + e- ↔ 
3
NO

-
        (1.15)  
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For example, it has been proposed that NO can be reduced by ubiquinol,
114

 

cytochrome complex,
115

 manganese superoxide dismutase,
116

 and xanthine oxidase.
117

  

The propensity of NO reduction by the above reducing agents was originally based on a 

widely-quoted, theoretically-derived reduction potential of NO/
3
NO

-
 of + 0.39 V (vs 

NHE), which was first calculated in 1989.
74

  However, after the reduction potential of 

NO was revised and validated with experimental evidence in 2002 to be -0.8 V (vs 

NHE),
77

  it was concluded that NO is relatively inert to direct, one-electron reduction 

processes that can occur under physiological conditions.  Also the variety of studies 

showing the distinct effects of NO and HNO donors in biological systems suggested that 

facile redox conversion does not occur.
1, 16, 118

 

Although HNO production from biological reagents has been demonstrated, 

endogenous production of HNO is still widely debated.  The absences of detection 

methods for HNO that can be used in vivo have prevented the collection of data to prove 

or disprove endogenous production of HNO.  Although there are a variety of detection 

methods for detecting HNO, in particular from donor compounds, many of the available 

methods lack the selectivity to be used in a biological matrix where there are a variety of 

interfering species.  Additionally, many of the available methods are not particularly 

sensitive, and may not be suitable for detecting HNO produced from endogenous sources.  

 

1.2.4. Detection methods of HNO 

A number of methods have been developed for detecting NO both in vitro and in 

vivo, each with its own advantages and limitations.  Similarly, the recent manifestation of 
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the diverse pharmacology and biochemistry of HNO has led to the development of 

numerous HNO detection methods.  There are similar challenges for accurately 

quantifying HNO both in vitro and in vivo as there were for NO.  For instance, the 

fleeting behavior of HNO as a result of dimerization has made quantitative detection a 

challenging task.
10

  HNO also rapidly reacts with a variety of biological reagents, 

including NO, which contributes further to its transient nature and difficulties in 

detection.
17

  Additionally, HNO and NO both exhibit activity towards a variety of 

biological species, which has made selective detection challenging in many cases.  

Fortunately, the diverse nature of HNO has led to a wide array of detection methods.  

Additionally, many of the available NO detection methods have been used for indirect 

detection of HNO following oxidation to NO.  Although, many of the available methods 

do not provide quantitative detection of HNO, they have been used successfully to 

characterize HNO release from a variety of donors.  Additionally, many of the available 

detection methods that have been employed in vitro show potential for their use in vivo. 

 

1.2.4.1. Direct methods  

HNO can be directly detected by IR spectroscopy, but the low sensitivity of IR 

demands that high concentrations of HNO be employed.
119, 120

  At these high 

concentrations, quantitation of HNO in vitro is hindered by dimerization.
119, 120

 

Nonetheless, IR spectroscopy is currently the only technique for direct detection of HNO, 

and thus is powerful for confirming HNO release from new donors.  However, IR 

spectroscopy is not useful for monitoring HNO in biological samples. 
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1.2.4.2. Indirect methods  

The dimerization product, N2O, has often been used as an indirect indicator for 

HNO production, typically by headspace sampling. Comparison to calibrated standards 

allows for calculation of the amount of N2O formed, which can be confirmed with mass 

spectrometry.
121

 Toscano et al. reported that aryl-substituted Piloty’s acids, such as 2-

bromo-N-hydroxybenzenesulfonamide, could release HNO at physiological pH with a 

half-life similar to Angeli’s salt under physiological conditions.
122, 123

 The release of 

HNO was demonstrated by monitoring the dimerization product of HNO, N2O, using 

MS.
124

   

However, formation of N2O by other pathways, including reaction of NO with 

HNO (eqs 1.16-1.18)
11-13

 complicates the information obtained from N2O measurements.  

 

HNO + NO → HN2O2      (6  10
6
 M

-1
 s

-1
)
10

     (1.16) 

HN2O2 + NO → HN3O3   (8  10
6
 M

-1
 s

-1
)
10

     (1.17) 

HN2O3→N2O + HNO2    (2  10
4
 M

-1
 s

-1
)
10

      (1.18) 

 

While HNO and NO cross reactivity does require the intermediacy of HNO, its 

quantitative indication for this nitrogen oxide is complicated by concomitant 

consumption of NO. 
11-13

 In analysis of HNO generation, especially as delivered from 

dual donor systems, N2O is not a selective reporter molecule for HNO.   

Oxidation of HNO to NO has been utilized broadly to detect HNO.  For example, 

addition of ferricyanide (eq 1.19; 1  10
4
 M

-1
 s

-1
)
17

 allows indirect detection of HNO by a 
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variety of NO-specified techniques (e.g., electrochemical detection or 

chemiluminescence assays).
17, 43, 125, 126

 

 

HNO  + [Fe(CN)6]
3-

     →   [Fe(CN)6]
4-

  +  NO  + H
+
                         (1.19) 

 

Although, oxidation of HNO has the potential to be competitive with HNO 

dimerization in the presence of excess oxidant, the cross reactivity of HNO with NO (eqs 

1.16-1.18) interferes with HNO quantitation from dual donors, or systems that generate 

both HNO and NO. Still, these strategies have been used successfully to qualitatively 

compare the HNO and NO donating capacities of various donors by employing 

scavengers of either HNO or NO.
42, 43

  

 

1.2.4.3. Trapping assays  

A variety of trapping assays have been used for indirect detection of HNO from 

donors.  When HNO is released it can either dimerize to N2O or react with a trapping 

agent to produce an assay product (Figure 1.2). The transient nature of HNO requires that 

a competitive trapping agent be employed for quantitative detection of HNO. Several 

trapping assays have been developed that employ absorbance or fluorescence detection.  

HNO concentration is accessed by evaluating the concentration change of the reporter 

molecule, which can be either the trapping agent or the assay product. The ability of the 

assay to quantify or detect HNO in vitro and in vivo will depend on several factors 
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including the efficiency of the trapping agent, sensitivity of the detection method for the 

reporter molecule, and selectivity of the reporter molecule for HNO.   

 

 

Figure 1.2.  Illustration of trapping assays for nitroxyl (HNO).    

 

To achieve quantitative or competitive HNO trapping efficiency, the rate of the 

trapping agent reaction with HNO must exceed the rate of HNO dimerization. For in vitro 

quantitation of HNO release from donors, if the trapping agent does not efficiently trap 

HNO, a non-linear response will result, and it will not be possible to directly correlate 

changes in concentration of reporter molecule to the concentration of HNO released from 

the donor. For in vivo detection of HNO, low trapping efficiency can significantly lower 

the sensitivity of the method because HNO is being competitively consumed by 

dimerization, and/or other reactions with relevant biomolecules.
17, 61

 

 A competitive trapping reaction is more likely to occur when detecting lower 

concentrations of HNO or with very small fluxes of HNO that result from slow decay of 

HNO donors.  Additionally, efficient trapping of HNO is also predicted to occur if the 

rate constant for the trapping agent reactivity with HNO (ktrap) is large, and if at the same 

HNO 
HNO Donor HNO N

2
O + H

2
O 

Assay Product 

Trapping agent 

Reaction 1 

Reaction 2 
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time, the concentration of trapping agent is high with respect to the concentration of 

HNO.   

Additionally, the trapping agent or the reporter molecule must be selective for 

HNO.  This is particularly important when systems generate HNO and NO, as is the case 

with dual HNO and NO donors, or biological samples that contain NO.  A variety of 

molecules and biomolecules that react with HNO also exhibit significant reactivity with 

NO (Table 1.4).  In these assays it is often difficult to discriminate signals generated from 

HNO from signals generated from NO.  Although a variety of assays have discriminated 

HNO from NO by using selective scavengers of HNO, none of the available assays have 

been able to quantitatively detect HNO using this strategy, in part due to low conversion 

efficiencies.  

The sensitivity of detection for the reporter molecule is an important 

consideration for quantitation and detection of HNO.  The obvious advantage of more 

sensitive methods that are capable of detecting lower concentrations of HNO is the 

reduction of donor material necessary for analysis, or the ability to detect smaller fluxes 

of HNO that may be produced endogenously. Another benefit of sensitive detection is the 

decrease in dimerization, which will result in more efficient trapping efficiencies.   
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Table 1.4.  Rate constants for reaction of molecules with HNO or NO.  

 

 k (M
−1

 s
−1

) 

Reactant HNO NO 

HNO 8×10
6
 (22°C)

10
 6×10

6
 (23°C)

10
 

NO 6×10
6
 (22°C)

10
 NA 

O2 3×10
3
 (37°C)

16
  6×10

6
 (23°C)

30
 

NH2OH 4×10
3
 (23°C)

127
 7×10

−3
 (25°C)

127
 

NO2
-
 1×10

3
 (23°C)

128
 NR 

selenomethionine 9×10
3
 (23°C)

127
 NR 

NADPH 1×10
4
 (23°C)

127
 NR 

NADH 1×10
4
 (23°C)

127
 NR 

Thiosulfate 2×10
4
 (23°C)

127
 NR 

Trolox 2×10
4
 (23°C)

127
 NR 

Tempol 8×10
4
 (37°C)

16
 NR 

Tempo 6×10
4
 (23°C)

127
 NA 

Ascorbate 1×10
5
 (23°C)

127
 NR 

Ferricyanide >10
4
 (23°C)

17
 NR 

GSH 2×10
6
 (37°C)

16
 NR 

N-acetyl-l-cysteine 5×10
5
 (37°C)

16
 NR 

GAPDH 10
9
 (37°C)

7
 NR 

Triscarboxyethylphosphine 8×10
6
 (23°C)

127
 NR 

Cu,Zn SOD 1×10
6
 (37°C)

16
 NR 

Mn SOD 7×10
5
 (37°C)

16
 NA 

Ferricytochrome c 4×10
4
 (37°C)

16
 7×10

2
 (20°C)

129
 

Ferric Mb 6–8×10
5
 (37°C)

16
 2×10

5
 (20°C)

129
 

Ferrous Mb 1×10
4
 (37°C)

130
 2×10

7
 (37°C)

131
 

MbO2 1×10
7
 (37°C)

16
 4×10

7
 (37°C)

132
 

Catalase 3×10
5
 (37°C)

16
 3×10

7
 (37°C)

129
 

HRP 2×10
6
 (37°C)

16
 2×10

5
 (20°C)

133
 

Fe(III)TPPS 3×10
5
 (25°C)

134
 5×10

5
 (25°C)

135
 

Mn(III)TPPS/Mn(II)(TPP)Cl 4×10
4
 (25°C)

136
 NA 

Not reactive (NR).  Not available (NA). 
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1.2.4.4. Trapping assays with UV-visible detection 

Several spectrophotometric methods have been developed for the detection of 

HNO do to the simplicity of the instrumentation and assays.  A common indicator of 

HNO production is the reductive nitrosylation of iron, cobalt, and manganese complexes 

(eq 1.20). The nitrosylated product is often amendable to spectrophotometric detection.  

 

HNO + M
n+

 → M
(n-1)+

NO + H
+
      (1.20) 

 

Discrimination of HNO and NO has been achieved with metalloproteins, such as 

metmyoglobin (metMb; 8  10
5
 M

-1
 s

-1
),

16, 43, 115, 137
 or small molecules, such as 

manganese(III) meso-tetrakis(4-sulfonatophenyl) porphyrinate (Mn(III)TPPS; 4  10
4
 M

-

1
 s

-1
)
136

 or cobalt(III) 5,10,15,20-tetrakis[3-(p-acetylthiopropoxy)phenyl]porphyrinate (2 

 10
9
 M

-1
 s

-1
).

138
 
 
 Heme proteins such as myoglobin are particularly useful in this assay 

due to the dissimilar spectral signatures of the oxidized trapping agent and the 

nitrosylated product. For example, the spectral changes upon complete reductive 

nitrosylation of metMb to MbNO by Angeli's salt (Figure 1.3 A).
60

  

An excess of Angeli's salt was required for complete conversion of metMb, 

presumably due to competitive HNO consumption by dimerization. The relative yield of 

MbNO from Angeli's salt, the dual donor IPA/NO, or the NO donor DEA/NO was 

compared in Figure 1.3 B. To ascertain that the signal change is due to HNO, reductive 

nitrosylation can be conveniently coupled with quenching by excess thiol.  Glutathione 
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(GSH), which reacts rapidly with HNO,
 
was added to the reaction and quenched the 

formation of MbNO from both Angeli’s salt and IPA/NO (Figure 1.3 C).  

 

 

Figure 1.3. Spectroscopic trace of the reductive nitrosylation of metMb (50 μM) to 

MbNO by NONOates.  (A) Angeli's salt; (B) Angeli's salt (--), IPA/NO ( ), or DEA/NO 

(− −); and (C) Addition of GSH. Reprinted with permission from Miranda et al.
60
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Although, cobalt porphyrin has been used to detect HNO, the quantitative ability 

and utility of the system under aerobic conditions has yet to be evaluated due to stability 

issues of the trapping agent in the presence of oxygen, thus limiting the utility of this 

assay.
138

  Additionally, although the manganase system provides selective detection of 

HNO with respect to NO, quantitation is limited by oxidation of Mn(II)(NO)TPPS to 

Mn(III)TPPS.
136

  In an attempt to overcome this limitation, Mn(III)TPPS was 

encapsulated in an aminoalkoxysilane-based xerogel matrix to enhance the stability of the 

Mn(II)(NO)TPPS complex.
139

 Unfortunately, the resultant Mn(III)TPPS doped-xerogel 

was found to have low HNO permeability inhibiting quantitative detection of HNO.
139

  

Finally, quantitative analysis of HNO with both the iron and manganese trapping agents 

was limited by the low trapping efficiency as a result of slower trapping rates compared 

to the rate of dimerization.
136, 140

 Therefore, due to low trapping efficiency, low 

sensitivity for reporter molecules, and low stability of reporter molecules, none of the 

available spectrophotometric methods have provided quantitative detection of HNO from 

donors.  However, these absorbance-based detection methods are particularly useful for 

evaluating HNO release from a variety of donors because the instrumentation is widely 

available and the assays are simple and convenient. 

 

1.2.4.5. Trapping assays with fluorescence detection 

Several fluorescence detection methods have been developed for detecting HNO 

due to the increase in sensitivity provided by fluorescence.  Recently, Rosenthal and 

Lippard combined the advantages of reductive nitrosylation and fluorescence detection 
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into a fluorescence turn-on assay using a tripodal Cu(II) boron-dipyrromethene 

(BODIPY) complex (Cu(II)[BOT1]).
141

 The reduction of Cu(II) to Cu(I) labializes NO 

and generates a fluorescent complex (Cu(I)[BOT1) (eq 1.21).  

 

Cu(II)[BOT1]  + HNO → [Cu(I)BOT1]
+ 

+ NO    (1.21) 

 

 The rate constant for Cu(II)[BOT1] reactivity with HNO has not been 

determined, but the low trapping efficiency of the assay for HNO implies that the rate 

constant for Cu(II) reduction is very small.  For instance, 1000 equivalents of HNO (3 

mM) were used to convert Cu(II)[BOT1] (3 μM) into the fluorescent product, suggesting 

that the rate of Cu(II)[BOT1] reaction is not competitive with dimerization. Additionally, 

the reaction of HNO with Cu(II)[BOT1] also produces NO, which will presumably lead 

to significant cross reactivity, further inhibiting quantitation of HNO in vitro. 

Furthermore, although the assay is fluorogenic, which is appealing for in vivo imaging of 

HNO, the Cu(II)[BOT1] is only ~3-fold more selective for HNO versus NO, which 

would make it difficult to differentiate HNO from NO in biological samples, and 

impossible to quantify HNO from dual donors.  Finally, the Cu(II)[BOT1] trapping agent 

is not commercially available, limiting the accessibility of this assay.  To summarize, this 

method is still in development with evaluation of selectivity, sensitivity, stability, and 

trapping efficiency requiring further analysis.   

Other turn-on assays have been developed for detection of HNO both in vitro and 

in vivo. For instance, the two-electron oxidation of dihydrorhodamine (DHR) by HNO/O2 
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to produce fluorescent rhodamine (RH) provides micromolar sensitivity.
142

 However, for 

the DHR assay, quantitation of HNO in vitro is impeded by the slow rate of autoxidation 

of HNO (3  10
3
 M

-1 
s

-1
)
16

 relative to HNO dimerization. Additionally, other species, 

such as those produced during NO autoxidation also induce fluorescence, which inhibits 

selective detection of HNO in vivo. 

Interestingly, the autoxidation product of HNO is also capable of modification of 

DAF
58

 derivatives into the fluorescent triazolofluorescein (Scheme 1.3).
142

  Although, 

DAF ia very commonly used to detect NO, HNO donors actually result in an almost 5-

fold increase in DAF-2 triazole production under physiological conditions in comparison 

to NO donors.
58

  Because DAF derivatives respond to both HNO and NO, they cannot be 

used for selective detection of HNO either from dual donors or in vivo. Additionally, 

quantitation of HNO is also inhibited by the slow rate of autoxidation of HNO (3  10
3
 

M
-1 

s
-1

)
16

 relative to HNO dimerization.  Thus, although fluorescent turn-on assays, or 

fluorogenic assays, provide sensitive detection of the reporter molecules, their 

sensitivities are limited by the low trapping efficiency of HNO due to the slow rate of 

HNO oxidation. 

   

1.2.4.6. Trapping assays coupled to HPLC with UV-visible detection 

Recently, assays have been reported that rely on high efficiency trapping of HNO 

and subsequent detection of products that are unique to HNO; these assays overcome 

many of the issues associated with selectivity and specificity. Although, these assays 
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have only been employed in vitro, they are coupled to separation methods, and thus have 

the potential to be used for analysis of HNO in biological samples.  

Reisz and coworkers recently developed an assay that uses water-soluble 

phosphines to trap HNO (9 × 10
5
 M

-1 
s

-1
)
91

 and generate an aza-ylide (R3P=NH), a unique 

HNO product, and in the presence of water, a phosphine oxide (R3P=O) (eq 1.22).
91

  

 

2R3P + HNO → R3P=NH + R3P=O      (1.22)  

 

HPLC-UV analysis was capable of detecting low millimolar concentrations of 

HNO from donors (1 mM donors) using 5 mM trapping agent.
91

  This was the first 

published assay for quantitation of HNO from dual donor compounds. However, the 

phosphine trapping agent used in this assay is not commercially available.  Moreover, the 

cell permeability of the phosphine trapping agents has not been determined.  

Additionally, therapeutic doses of HNO range from low nanomolar to micromolar,
1, 2, 5, 7

 

and taking into consideration the likely consumption of HNO through these other 

pathways, a  higher sensitivity method will be required for detecting HNO in vivo.  Thus, 

although the phosphine assay has the required specificity for HNO due to the production 

of a unique biomarker, the low sensitivity of the assay inhibits its use for detecting HNO 

in biological samples.  

Thiols (RSH) exhibit high specificity for HNO over NO because HNO directly 

reacts with thiols,
104, 143

 whereas NO does not.
143

 For this reason, thiols have commonly 

been used to discriminate signal responses due to HNO from those of NO.
1, 43, 60

  Thiols 
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react rapidly with HNO (10
5
-10

6
 M

-1 
s

-1
, pH 7.4, 37°C)

16, 17
 to produce unique 

sulfinamide products and/or disulfides (eqs 1.23-1.24).
104

  

 

RSH + HNO → [RSNHOH] → RS(O)NH2     (1.23) 

RSH + [RSNHOH] → RSSR + NH2OH     (1.24) 

 

The initial addition product, an N-hydroxysulfenamide, is subject to two possible 

reactions (Scheme 1.6). 
104

 It can react with another equivalent of thiol to generate the 

corresponding disulfide and hydroxylamine (Scheme 1.6, pathway b) or it can 

spontaneously eliminate hydroxide ion followed by addition of water to the sulfiminium 

intermediate to give a sulfinamide (Scheme 1.6, pathway a).
104, 143

 

 

Scheme 1.6.  Reaction between HNO and thiols.  Adapted from Wong et al.
104
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Recently, an HPLC-UV trapping assay was developed using GSH as the trapping 

agent.
143

  Donzelli et al. demonstrated that after treating GSH (100 μM) with Angeli’s 

salt (100 μM), both GS(O)NH2 and GSSG were detected in the HPLC chromatogram 

(Figure 1.4).  The decrease in GSH concentration was not linear with respect to an 

increase in HNO donor concentration (Figure 1.5) because GSH is consumed both by 

HNO (Scheme 1.7, pathway a), and also by excess GSH (Scheme 1.7, pathway b); thus, 

the stoichiometry is complicated when a high concentration of GSH is used.  Lack of an 

authentic standard of GS(O)NH2 prevented further development of this assay. 

 

 

 

Figure 1.4. Representative chromatograms from the GSH trapping assay.  (A) 100 μM 

GSH and 100 μM GSSG mixed standard and (B) 100 μM GSH incubated with 100 μM 

Angeli’s salt (pH 7.4, 37°C). Reprinted with permission from Donzelli et al.
143

 

A 

B 
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Figure 1.5. Dose-dependent effects for GSH (100 μM) treated with various 

concentrations of Angeli’s salt. Reprinted with permission from Donzelli et al.
143

 

 

 

Scheme 1.7.  Reaction of HNO with GSH to produce GS(O)NH2 (pathway a) or in the 

presence of excess thiol, GSSG (pathway b).
104
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1.3. Summary 

A multitude of factors determine the biological responses to NO, but an important 

consideration is how much NO is present or being produced.  NO can participate in direct 

and indirect reactions depending on its concentration in relation to biological scavengers.  

Quantitation and detection of NO has been difficult, despite significant progress, due to 

the relatively short lifetime of NO and diverse reactivity with a variety of biomolecules.  

The biochemistry of HNO will also depend on its concentration.  Additionally, detection 

of HNO has been equally challenging due to its transient nature as a result of irreversible 

dimerization and its diverse reactivity with a variety of biological targets. Finally, HNO 

and NO sometimes react with the same biological targets, and thus selective detection has 

been an issue for both nitrogen oxides.   

Although several detection methods exist for HNO, only fluorescence-based 

methods
58, 141, 142

 have been used for detection of HNO in cultured cells or tissues in part 

due to the higher sensitivity of fluorescence detection.
58, 141, 142

  However, most of these 

fluorogenic reagents are not selective against other nitrogen oxides.  Selective detection 

of HNO has been achieved with absorbance-based assays that are coupled to separation 

methods, but the sensitivity of these assays must be improved to analyze biological 

samples.   

Pharmacological properties of HNO have been accessed in vivo and in situ using 

HNO donors. Development of new methods for quantitation and detection of HNO are 

necessary to realize the pharmaceutical potential of HNO.  In this work, an in vitro assay 

was developed for quantifying HNO from NONOates.  Additionally, two in vivo methods 
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were developed for selectively quantifying the intracellular release of HNO from 

NONOates by monitoring unique HNO-markers. 
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CHAPTER 2  

QUANTITATION OF HNO IN VITRO USING GLUTATHIONE  

 

2.1. Introduction 

Several detection methods exist for HNO including direct detection by IR 

spectroscopy,
1, 2

 indirect detection of the dimerization product N2O by MS,
3
 chemical 

oxidation of HNO to NO and indirect detection via NO-specific techniques,
4-7

 and several 

trapping assays for indirect detection of HNO using absorbance
7-13

  or fluorescence-based 

methods.
14-16

  However, quantitation of HNO in these assays has been complicated by 

HNO dimerization, HNO and NO cross reactivity, low conversion efficiencies, low 

sensitivity, and poor selectivity.   

Recently, two methods have been developed for quantitative detection of HNO 

from donors.  Reisz and coworkers showed that phosphines react with HNO (9 × 10
5
 M

-1 

s
-1

)
17

 to generate an aza-ylide (R3P=NH), a unique HNO product, and in the presence of 

water, a phosphine oxide (R3P=O).
17

 HPLC-UV analysis was capable of detecting low 

millimolar concentrations of HNO from donors (1 mM donors) using 5 mM trapping 

agent.
17

  This was the first published assay that claimed quantitative detection of HNO 

from dual donor compounds. However, the phosphine trapping agent used in this assay is 

not commercially available, which limits the utility of this assay.  

Similarly, the glutathione (GSH) trapping assay developed by Donzelli et al.
18

 

provides detection HNO from micromolar concentrations of donor (10-200 μM) due to 

the competitive rate constant (2 × 10
6
 M

-1
 s

-1
)
10 

 and concentrations of GSH (1 mM) 
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employed. This assay has the added benefit that GSH is commercially available. 

However, the long separation times (>32 min) for this HPLC method inhibits high-

throughput quantitation of HNO in vitro from donors.  We aimed to develop a trapping 

assay that could quantify HNO using GSH without the need for separation.   

Although a variety of analytical methods are available to quantify GSH, 

derivatizing GSH with a thiol-specific, fluorogenic labeling enhances sensitivity.
19

 Of the 

available fluorogenic labeling reagents, naphthalene-2,3-dicarboxaldehyde (NDA) and its 

antecedent ortho-phthaldialdehyde (OPA) provide the highest selectivity towards GSH, 

due to their bifunctional labeling reactions that require both the free amine and thiol to 

produce a fluorescent aminothiol–aromatic dialdehyde adduct (Scheme 2.1).
19-22

  

 

 

Scheme 2.1.  Fluorogenic labeling of GSH with NDA to produce a produce a fluorescent 

aminothiol–aromatic dialdehyde adduct.
19-22

 

 

Additionally, NDA and OPA have much lower fluorescence backgrounds than 

other thiol-specific, fluorogenic reagents.
19-22

 However, the GSH-NDA adduct has a 

higher fluorescent quantum yield, leading to greater sensitivity,
21

 and thus NDA is 

typically chosen as the fluorogenic labeling reagent for GSH. Because our assay uses a 
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fluorogenic labeling reagent, it removes the need to separate excess labeling reagent 

before detection. These characteristics support the development of a sensitive and high-

throughput assay that can be used to rapidly quantify HNO from donor compounds in 

vitro by measuring the change in GSH concentration.   

 

2.2. Experimental 

2.2.1. Instrumentation 

UV-visible absorption spectroscopy was performed with a Hewlett-Packard 8453 

diode-array spectrophotometer. Fluorescence measurements were made either on a 

Thermo Spectronic Aminco Bowman Series 2 Luminescence Spectrometer or a BioTek 

Synergy 2 Microplate Reader with a 485/20 nm excitation filter, a 528/20 nm emission 

filter, and a 510 nm dichroic mirror. Mass spectra were collected on a LCQ OGCT, 

BrukerICR-ESI instrument, using ESI in the negative mode. 

 

2.2.2. Chemicals 

 Unless otherwise noted, chemicals were purchased from Sigma-Aldrich and used 

without further purification. Angeli’s salt (Na2N2O3, sodium trioxodinitrate), IPA/NO 

(Na[(CH3)2CHNH(N(O)NO)], sodium 1-(N-isopropylamino)diazen-1-ium-1,2-diolate), 

and DEA/NO (Na[Et2NN-(O)NO], sodium (Z)-1-(N,N-diethylamino) diazen-1-ium-1,2-

diolate)  were synthesized as previously described.
23-25

 Diazeniumdiolate (NONOate) 

stock solutions (>10 mM) were prepared in 10 mM NaOH and stored at –20°C. 

Extinction coefficients at 250 nm in 10 mM NaOH were as follows: 7,600 M
-1

 cm
-1

 for 
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Angeli’s salt, 8,800 M
-1

 cm
-1

 for IPA/NO, and 6,700 M
-1

 cm
-1

 for DEA/NO. 

The pH of solutions was measured before and after each experiment and were 

found to be unchanged within ± 0.02 pH units. Borate buffer (20 mM) was made with 

boric acid and adjusted to pH 9.2 with 1 M NaOH. Stock solutions of GSH (>10 mM) 

were prepared in assay buffer and stored at 4°C. S-Nitrosoglutathione (GSNO) (Cayman 

Chemicals) stock solutions (>10 mM) were made in assay buffer, stored on ice and 

protected from light. NDA (Invitrogen Molecular Probes) stock solutions (80 mM) in 

dimethyl sulfoxide (DMSO) were stored at 4°C protected from light. Tris(2-

Carboxyethyl)phosphine (TCEP) (Alfa Aesar) and sodium azide (NaN3) stock solutions 

were prepared daily in Barnstead Nanopure Diamond filtered H2O and stored on ice. 

 

2.2.3. Labeling GSH with NDA: stability and sensitivity 

To label GSH (50 μM) with NDA, 20 mM borate buffer (pH 9.2; 390 μL) and1 

mM NaOH (100 μL) was added to adjust the pH to 9.0, or 1 M NaOH (100 μL) was 

added to adjust the pH to 13.  Then 80 mM NDA (5 μL) was added and the samples were 

reacted in the dark at 4°C for 30 min. The fluorescent intensity of the samples at two 

different pH values was then measured with respect to time to evaluate the optimal 

labeling time and stability.  For plate reader measurements of fluorescent intensity, using 

a BioTek Synergy 2 Microplate Reader with a 485/20 nm excitation filter, a 528/20 nm 

emission filter, and a 510 nm dichroic mirror, 200 μL of the samples were placed into 96-

well plates (Costar 3915 assay plates, black polystyrene). The sensitivity of the method 

was evaluated by generating a GSH calibration curve. 
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2.2.4. Assay selectivity 

To evaluate the reactivity of GSH with autoxidation products of NO, GSH (50 

μM; 500 μL; pH 7.4) was treated with various concentrations of Angeli’s salt (0-100 μM) 

and DEA/NO (0-500 μM) by adding stock solutions (5 μL). The samples were then 

incubated for 1 h before labeling with NDA as described above.   

To evaluate the reactivity of GSH with a dual donor, such as IPA/NO, GSH (50 

μM; 500 μL; pH 7.4) was treated with Angeli’s salt, DEA/NO, and IPA/NO (50 μM).  

The samples were then incubated for 1 h before labeling with NDA as described above.   

To evaluate the selectivity of the assay over NO in the presence and absence of 

NaN3, GSH (50 μM GSH ± 100 μM NaN3; pH 7.4; 500 μL) was treated with various 

concentrations of Angeli’s salt and DEA/NO (0-40 μM).   The solutions were incubated 

(37°C) for 1 h before labeling with NDA as described above.  

Because the primary use of the method is to quantify HNO from donors, the 

selectivity of the assay over the decomposition products of the NONOates and common 

end products of NO chemistry was evaluated.  GSH (50 μM GSH + 100 μM NaN3; pH 

7.4; 500 μL) was incubated for 1 h with 200 μM decomposed DEA/NO, 40 μM 

decomposed IPA/NO, 20 μM decomposed Angeli’s salt, 20 μM GSNO, 20 μM nitrite, 20 

μM nitrate, 5 μM DEA/NO, 10 μM Angeli’s salt, or a mixture of 10 μM Angeli’s salt and 

5 μM DEA//NO at pH 7.4, 37°C, and in the presence of 100 µM NaN3. Stock solutions of 

NONOates were allowed to decompose in pH 7.4 buffer at 37 °C for 24 h before 

exposure to GSH.  The remaining GSH was labeled with NDA as described above.   
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2.2.5. Evaluating HNO trapping efficiency 

The products of the reaction of HNO with GSH are dependent on the initial 

concentration of GSH.
18, 26

 Donzelli et al. suggest that GS(O)NH2 is the exclusive 

product at <100 μM GSH.
18

 Thus, initial experiments were performed with 12 or 50 μM 

GSH. GSH (50 μM GSH + 100 μM NaN3; pH 7.4; 500 μL) was treated with various 

concentrations of Angeli’s salt (0-50 μM) and incubated at 37°C for 1 h.  The remaining 

GSH was labeled with NDA as described above.  The experiment was repeated with 12 

μM GSH treated with 0-12 μM Angeli’s salt. 

 

2.2.6. Quantifying HNO from NONOates 

To quantify the amount of HNO from Angeli’s salt, primary amine NONOates, 

and DEA/NO at pH 7.4, GSH (50 μM GSH + 100 μM NaN3; pH 7.4; 500 μL) samples 

were treated with 20 μM Angeli’s salt and 40 μM primary amine NONOates and 

incubated at 37°C for 1 h before labeling with NDA as described above.  The experiment 

was repeated using GSH in pH 7.0 buffer treated with 20 μM Angeli’s salt and 60 μM 

primary amine NONOates.  

 

2.3.7. Synthesis and characterization of GS(O)NH2 

GS(O)NH2 can be formed by reacting GSH with excess Angeli’s salt, which is 

added slowly in aliquots to minimize dimerization of HNO. GSH (50 μM GSH + 100 μM 

NaN3; pH 7.4; 10 mL) was combined with various concentrations of Angeli’s salt (0-210 

μM final concentration) by adding 20 μL aliquots of a 20 mM Angeli’s salt stock solution 
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to the GSH sample every 10 min while incubating the sample at 37°C for a total of 100 

μL. The remaining GSH was labeled with NDA as described above.   

 

2.3.8. Evaluating the effects of GSH concentration on product distribution  

To quantify the amount of GS(O)NH2 formed from treating a larger concentration 

of GSH (500 μM) with Angeli’s salt, GSH (500 μM GSH + 100 μM NaN3; pH 7.4; 500 

μL) samples were treated with Angeli’s salt (0-170 μM) and incubated at 37°C for 1 h.  

Note: 500 μM GSH samples were diluted ten-fold after incubation so that the highest 

concentration of GSH labeled was 50 μM to ensure complete labeling. GSH was labeled 

with NDA as described above.   

To quantify the amount of GSSG formed from treating a larger concentration of 

GSH (500 μM) with Angeli’s salt, GSH (500 μM GSH + 100 μM NaN3; pH 7.4; 500 μL) 

samples were treated with Angeli’s salt (0-170 μM) and incubated at 37°C for 1 h.  Note: 

500 μM GSH samples were diluted ten-fold after incubation so that the highest 

concentration of GSH treated with TCEP and then labeled was 50 μM to ensure complete 

labeling. GSSG was reduced to GSH by adding TCEP (5 μL of a 50 mM stock) for 15 

min at room temperature.
27

  Remaining GSH was labeled with NDA as described above.   

 

2.3.9. Evaluating the effects of pH on product distribution  

To quantify the amount of GS(O)NH2 formed from treating GSH samples at 

various pH’s (PBS, 7.4, 8.0, or 9.5) with Angeli’s salt, GSH (50 μM GSH + 100 μM 

NaN3; at pH 7.4, 8.0, or 9.5; 500 μL) samples were treated with Angeli’s salt (0-17 μM) 
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and incubated at 37°C for 3 h.  GSH calibration curves were also created for GSH at each 

pH (0-50 μM GSH + 100 μM NaN3; at pH 7.4, 8.0, or 9.5; 500 μL).  GSH was labeled 

with NDA as described above.  

 

2.3. Results and discussion 

Here, we have developed an assay that combines the high HNO trapping 

efficiency of GSH with the sensitivity of fluorescence detection to enable quantitation of 

low micromolar concentrations of HNO. Furthermore, our assay uses a fluorogenic 

labeling reagent, which removes the need to separate excess labeling reagent before 

detection. These characteristics support the development of a sensitive and high-

throughput assay that can be used to rapidly quantify HNO from donor compounds.   

 

2.3.1. Labeling GSH with NDA: stability and sensitivity  

NDA is commonly used to detect GSH in biological samples by fluorescent 

microscopy,
21

 capillary electrophoresis coupled with laser-induced fluorescence,
20

 HPLC 

using fluorescence detection,
28, 29

 or total change in fluorescence.
19, 29, 30

 Previous studies 

have found that GSH-NDA adducts have higher fluorescence intensities and are more 

stable under basic conditions.
20, 21

 Because higher fluorescence intensity provides greater 

sensitivity and stability of the GSH-NDA adduct is necessary for the development of a 

high-throughput assay, we evaluated the affects of pH on NDA labeling. 

Increasing the pH of the NDA labeling reaction from 9.0 to 13.6, while storing the 

samples in the dark at 4ºC, significantly improved the stability of the GSH-NDA adduct 
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(Figure 2.1). Under these conditions, at 6 h the percent difference from initial 

fluorescence was 8%, compared to 19% for samples labeled at pH 9.0. In addition, the 

labeling reaction was complete in 30 min at both pH 9.0 and 13.6 (Figure 2.1), indicating 

that the kinetics of the NDA labeling reaction were not significantly affected by pH.   
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Figure 2.1. Relative fluorescence of GSH (50 µM) labeled with NDA as described in the 

Experimental section at pH 13.6 (red) or pH 9.0 (blue).   

 

The sensitivity of the method was evaluated by generating a GSH calibration 

curve (0-50 μM; Figure 2.2; linear regression equation: fluorescence = 

21,000[GSH](μM)+1,200; R
2 
= 1.00). The reproducibility of the GSH calibration curve 

was high between sets prepared on consecutive days (Figure 2.2). The limit of 

quantitation (LOQ) and limit of detection (LOD)
31

 were determined to be 17.1 ± 1.8 and 
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2.7 ± 0.3 nM GSH, respectively. A recent 96-well plate method developed by Lewicki et 

al. for the quantification of GSH using NDA reported a LOQ and a LOD of 300 and 50 

nM, respectively,
30

 indicating that our method has enhanced sensitivity for GSH. 

However, typical dissociation constants (Kd) for fluorescent labeling reactions are 

between 10-100 nM,
32

 and thus the thermodynamics of the labeling reaction, not the 

calculated LOQ and LOD, actually stipulate the lowest measurable concentration of 

GSH.  The lowest concentration of GSH labeled under these conditions was 1.2 μM, 

which is well within the thermodynamic limitations of labeling reactions.  
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Figure 2.2. Blank corrected fluorescence of GSH (0-50 µM, pH 7.4) labeled with NDA as 

described in the Experimental section on six different days.  
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2.3.2. Assay selectivity 

Many methods for detection of HNO have suffered from poor selectivity, in 

particular toward NO. This complicates assessing concentrations of HNO from dual HNO 

and NO donors. For example, IPA/NO, a primary amine NONOate, decomposes to form 

both HNO and NO due to competing pH-dependent decomposition mechanisms.
24

 Since 

at pH 5-8, IPA/NO donates both HNO and NO, it was chosen to illustrate the 

effectiveness of the assay for quantifying HNO even in the presence of NO.  

Additionally, IPA/NO is the only dual donor for which the percentage of HNO released 

has been quantified, and thus it can be used to access the accuracy of this assay.
17

 

Angeli’s salt, which is the most commonly used HNO donor, decomposes to exclusively 

HNO versus NO at pH > 3
33-38

 DEA/NO, a secondary amine based NONOate, was used 

to compare the selectivity of the assay for HNO over NO because it is a pure NO donor 

with respect to HNO.
59

  

Treatment of GSH (50 μM) with all three donors led to decreases in both the 

absorbance (Figure 2.3) and fluorescence intensities (Figure 2.4), although to different 

extents. Although, NO does not directly react with thiols,
39

 oxidation of NO
40

 can lead to 

nitrosation of GSH.
41

 The subsequent lower concentration of GSH produces a false-

positive for HNO.   

Deaeration would inhibit the formation of N2O3 and should improve the 

selectivity of the assay for HNO over NO, but would also complicate the development of 

a high throughput assay. Therefore, the selective N2O3 scavenger, azide (N3
-
)
 
(eqs 2.1-

2.2),
42

 was added to the assay buffer.   
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Figure 2.3. Absorption spectra following reaction of 50 μM GSH with Angeli’s salt and 

DEA/NO. (A) Angeli’s salt (0, 5, 10, 30, 40, 50, and 100 μM) or (B) DEA/NO (0, 5, 30, 

50, 100, 300, and 500 μM) at pH 7.4 and 37°C and subsequent labeling with NDA.   
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Figure 2.4. Relative fluorescence spectra following reaction of 50 μM GSH with 

NONOates: 10 mM NaOH (black) or 50 μM DEA/NO (red), IPA/NO (green), or 

Angeli’s salt (blue) at pH 7.4 and 37°C and subsequent labeling with NDA.   

 

N2O3 + N3
-
 → N3NO + NO2

-
 
        

(2.1  10
9
 M

-1
 s

-1
)   

 
(2.1) 

N3NO → N2 + N2O              (2.2) 

 

For GSH treated with DEA/NO, a decrease in fluorescence intensity was not 

observed until 30 μM due to nitrosation of GSH, even though DEA/NO provides two 

equivalents of NO per molecule
25

 (Figure 2.5). However, higher concentrations of 

DEA/NO resulted in a decrease in fluorescence. This decrease was effectively inhibited 

by N3
-
, while the linear decrease of fluorescence intensity with increasing concentrations 

of Angeli’s salt was not significantly impacted by the addition of N3
-
 (Figure 2.5). 
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Figure 2.5. Relative fluorescence following reaction of 50 μM GSH with 0-40 μM 

Angeli’s salt or DEA/NO: Angeli’s salt (blue) or DEA/NO (red) with (dashed line, 

unfilled boxes) and without (solid line, filled boxes) 100 µM NaN3 at pH 7.4 and 37°C. 

Angeli’s salt linear regression equation without N3
-
 (y = -0.98x – 0.02; R

2 
= 1.00) and 

with N3
-
 (y = -0.98x – 0.02; R

2 
= 1.00). 

 

GSH may be consumed by other pathways, which would produce a false-positive 

for HNO. For instance, GSH could react with contaminating GSNO, albeit slowly, to 

form GSSG and HNO.
18

 Alternatively, HNO may be consumed by cross-reactivity with 

NO, which would produce a false-negative for HNO. Additionally, because the primary 

use of the method is to quantify HNO from donors, the selectivity of the assay over the 

decomposition products of the NONOates and common end products of NO chemistry, 
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nitrite (NO2
-
) and nitrate (NO3

-
), must also be evaluated. The addition of GSNO, 

decomposed NONOates, nitrite, or nitrate to GSH did not alter the fluorescence of the 

GSH-NDA adduct, demonstrating high selectivity over these potentially interfering 

species (Figure 2.6). Additionally, the fluorescence intensity of GSH treated with 

Angeli’s salt alone was not significantly different from that of a mixture of Angeli’s salt 

and DEA/NO (Figure 2.6), illustrating that HNO and NO cross reactivity does not occur 

to a significant extent under these conditions. Strong oxidants, such as H2O2, are known 

to oxidize GSH to GSSG, and thus the assay utility is expected to be limited under these 

conditions. However, completing the experiment in the presence and absence of catalase 

could allow discernment of H2O2 from HNO, if necessary. 
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Figure 2.6. Relative fluorescence following reaction of 50 μM GSH with RNOS at pH 

7.4, 37°C, and in the presence of 100 µM NaN3. Stock solutions of decomposed 

NONOates are indicated by an asterisk. 

 

2.3.3. Evaluating HNO trapping efficiency 

 The products of the reaction of HNO with GSH are dependent on the initial 

concentration of GSH.
18, 26

 Donzelli et al. suggest that GS(O)NH2 is the exclusive 

product at <100 μM GSH.
18

 Thus, initial experiments were performed with 12 or 50 μM 

GSH. Exposure of GSH (50 μM) to Angeli’s salt led to a linear decrease in fluorescence 
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intensity (Figure 2.7).  
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Figure 2.7. Relative fluorescence following reaction of 50 μM GSH with 0-25 μM 

Angeli’s salt (green) at pH 7.4, 37°C, and in the presence of 100 µM NaN3.  

 

A GSH calibration curve was used to calculate the remaining concentration of 

GSH in each sample, and the change in GSH concentration was assumed to be equivalent 

to the concentration of HNO trapped. The trapping efficiency was then calculated by eq 

2.3.  

 

% trapping efficiency = [HNO]/[donor]  100 = ∆[GSH]total/[donor]  100 (2.3) 

 

The trapping efficiency was found to be quantitative for GSH (50 μM) exposed to 
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various concentrations of Angeli’s salt up to 25 μM (Table 2.1). At 50 μM Angeli’s salt 

the trapping efficiency was reduced to ~90%, indicating some loss due to dimerization. 

Reducing the concentration of GSH to 12 μM permitted the measurement of HNO 

production from 1 μM Angeli’s salt (Table 2.1), which provides three orders of 

magnitude higher sensitivity than the HPLC-UV phosphine trapping method.
17

  

 

Table 2.1. Percent HNO trapping efficiencies determined from treating GSH with 

Angeli’s salt.  

[GSH], μM [AS], μM % trapping efficiency 

12 0 ND 

1 102 ± 2 

2 97 ± 8 

4 92 ± 1 

6 91 ± 2 

8 90 ± 2 

12 90 ± 1 

50 0 ND 

8 97 ± 6 

12 105 ± 6 

16 102 ± 5 

20 99 ± 1 

25 97 ± 2 

50 89 ± 1 

Not detected (ND).   
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2.3.4. Quantifying HNO from NONOates 

The percentage of HNO from cyclic amine NONOates decreases with increasing 

acidity due to dual decomposition mechanisms, and this has been well-established.
7, 13, 17, 

24, 43
 Treatment of GSH (50 μM in pH 7.4 buffer with 100 μM NaN3) with 40 μM 

IPA/NO led to a calculated percent HNO of 59 ± 2% at pH 7.4 (Table 2.2). This value is 

in good agreement with that obtained previously with the phosphine assay (65 ± 3.5%).
17

  

 

Table 2.2.  Percent HNO from NONOates using 50 μM GSH at pH 7.0 and at pH 7.4. 

[NONOate] Percent HNO, pH 7.0 Percent HNO, pH 7.4 

Angeli’s salt  

(AS) 
97 ± 1 98 ± 3 

Diethylamine NONOate  

(DEA/NO) 
5 ± 1 5 ± 1 

Isopropylamine NONOate  

(IPA/NO) 
35 ± 2 59 ± 2 

Cyclopentylamine NONOate   

(CPA/NO) 
28 ± 1 54 ± 4 

Cyclohexylamine NONOate  

(CHexA/NO) 
25 ± 1 50 ± 4 

Cycloheptylamine NONOate  

(CHeptA/NO) 
24 ± 1 46 ± 4 

Cyclooctylamine NONOate  

(COA/NO) 
31 ± 1 59 ± 2 

  

At pH 7.0, the HNO yield was reduced to 35 ± 2%, indicating the high sensitivity of 

product distribution to pH in this range (Table 2.2). Treatment with Angeli’s salt (20 μM) 

at pH 7.0 and 7.4 produced quantitative amounts of HNO (97 ± 1% and 98 ± 3%, 

respectively), illustrating that the GSH assay accurately determines the concentration of 

HNO in this pH range. The assay was then used to determine the percent HNO from a 

variety of cyclic amine NONOates at both pH 7.0 and 7.4 (Table 2.2).  Thus, the 
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described assay is selective, sensitive, quantitative and high throughput for detection of 

HNO from donor compounds in vitro. This assay could be used for screening and 

selecting suitable donor compounds for pharmaceutical studies. 

 

2.3.5. Synthesis and characterization of GS(O)NH2 

GS(O)NH2 is a potential specific biomarker for HNO.
6, 18, 26

 GS(O)NH2 can be 

generated in situ by reacting GSNO (10 mM) with solid sodium cyanoborohydride in a 

boiling water bath until the red color from GSNO disappears.
18, 26, 44

 Here, we 

demonstrated that GS(O)NH2 can also be formed by reacting GSH with excess Angeli’s 

salt, added slowly in aliquots to minimize dimerization of HNO. The percent yield can be 

determined by measuring the remaining GSH using this newly developed assay.  When 

GSH (10 mL, 50 μM) was reacting with various concentrations of Angeli’s salt, 

quantitative conversion was possible when the ratio of Angeli’s salt to GSH exceeded 1.7 

(Table 2.3).   

 

Table 2.3.  Percent GSH reacted following treatment of 50 μM GSH with various 

concentrations of Angeli’s salt. 

[Angeli’s salt], μM % GSH reacted 

0 0.5 ± 0.1 

42 84 ± 1 

50 89 ± 1 

83 95 ± 1 

125 96 ± 1 

170 98 ± 2 

210 95 ± 2 

 

The 1.7-fold excess solution was analyzed by MALDI-TOF, and the [M-H]
-
 peak in the 
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negative mode was found at 337.1 g/mol, which is consistent with GS(O)NH2. 

Additionally, there were no peaks for GSH (307.3 g/mol) or GSSG (612.6 g/mol), 

indicating that the sample was relatively pure and that GS(O)NH2 is the only product 

under these conditions. Such preparation of GS(O)NH2 could now be used to produce 

standards.  

 

2.3.6. Evaluating the effects of GSH concentration on product distribution 

Donzelli et al. confirmed that at higher concentrations of GSH (1 mM), the 

reaction between GSH and HNO is no longer 1:1; in fact, a mixture of GS(O)NH2 and 

GSSG is formed (Table 1.6).
18

  Correspondingly, when GSH (500 μM) was treated with 

Angeli’s salt (90-170 μM), the percent trapping efficiency, as determined by the total 

change in GSH concentration (eq 2.3), exceeded 100% (Figure 2.8). Assuming that HNO 

is completely trapped by GSH, then the concentration of HNO is equal to the 

concentration of GS(O)NH2 and GSSG produced (eq  2.4) and the total change in GSH 

concentration is also equal to the concentration of GS(O)NH2 and GSSG produced (eq 

2.5). 

 

[HNO] = [GS(O)NH2] + [GSSG]      (2.4) 

∆GSHtotal = [GS(O)NH2] + 2[GSSG]      (2.5) 

 

The concentration of GS(O)NH2 can be found by reducing GSSG back to GSH, 

with a reducing agent such as TCEP, before NDA labeling (eq 2.6). The concentration of 
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HNO can subsequently be quantified by completing the assay in the presence and 

absence of TCEP (eqs 2.7-2.8). After reducing GSSG to GSH with TCEP, the percent 

trapping efficiencies for 500 μM GSH samples treated with Angeli’s salt (90-170 μM) 

were quantitative (Figure 2.8), which supports the reaction mechanism between HNO and 

thiols suggested by Wong et al.
26

 

 

∆GSH+TCEP = ∆[GS(O)NH2]       (2.6) 

 [HNO] = ∆GSH+TCEP + ½ (∆GSH-TCEP − ∆GSH+TCEP)   (2.7)  

% trapping efficiency = ([GS(O)NH2]/[Donor] + [GSSG]/[Donor])  100 (2.8) 
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Figure 2.8. Trapping efficiency and product distribution following reaction of 500 μM 

GSH with Angeli’s salt at pH 7.4 and 37°C. Percent trapping based on the total change in 

GSH concentration (blue) or from the concentrations of GS(O)NH2 and GSSG (red).  
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2.3.7. Evaluating the effects of pH on product distribution 

 Higher pH should enhance the reactivity of excess GSH with the GSNHOH 

intermediate, due to greater nucleophilicity of the thiolate (pKa of 8.7).
45

 The slopes of 

the GSH calibration curves were independent of pH (Figure 2.9 A) showing that the 

labeling reaction is insensitive to pH when the measurements is taken at a labeling time 

of 30 min.   However, the slopes of the Angeli’s salt response curves increased under 

more basic conditions (Figure 2.9 B). This indicates that a mixture of GS(O)NH2 and 

GSSG is being formed as suggested by Wong et al.
26

 

The trapping HNO trapping efficiency as determined by the total change in GSH 

concentration (eq 2.3), exceeded 100% for pH 8.0 and 9.5 (Figure 2.10), which again 

indicates that a mixture of GS(O)NH2 and GSSG is being formed under more basic 

conditions. Assuming that HNO is completely trapped by GSH, then the concentration of 

HNO is equal to the concentration of GS(O)NH2 and GSSG produced (eq  2.4) and the 

total change in GSH concentration is also equal to the concentration of GS(O)NH2 and 

GSSG produced (eq 2.5).  The concentration of GS(O)NH2 can be found by reducing 

GSSG back to GSH, with a reducing agent such as TCEP, before NDA labeling (eq 2.6).  

The concentration of HNO can subsequently be quantified by completing the assay in the 

presence and absence of TCEP (eqs 2.7-2.8).  After accounting for both GS(O)NH2 and 

GSSG, the trapping efficiencies were quantitative for all pH values (Figure 2
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Figure 2.9. Calibration curves and product distribution following reaction of GSH with 

Angeli’s salt at 37°C at various pHs. (A) GSH calibration curves at pH 7.4 (red), 8.0 

(blue), and 9.5 (green); R
2
>1.00. (B) Response curves following reaction of 50 μM GSH 

with 9-17 μM Angeli’s salt at pH 7.4 (red), 8.0 (blue), or 9.5 (green).    



92 

 

0

40

80

120

160

7.4 8 9.5

%
 t

ra
p

p
in

g
 e

ff
ic

ie
n

c
y

pH
 

Figure 2.10. Percent trapping efficiency determined by total change in GSH 

concentration (blue) or change in both GSSG and GS(O)NH2 concentrations (red). 

 

2.4. Summary 
 

Many methods for detection of HNO have suffered from poor selectivity, in 

particular toward NO. This complicates assessing concentrations of HNO from dual HNO 

and NO donors. Addition of the selective N2O3 scavenger, azide (N3
-
)
 
 to the assay buffer 

increased the selectivity of the assay over the autoxidation of NO to the point where no 

false positive were observed.  The GSH assay exhibited high selectivity over a variety of 

potentially interfering species. Additionally, HNO and NO cross reactivity does not occur 

to a significant extent under these conditions.  Thus, the assay is selective for quantifying 

HNO from dual donors. 

The LOQ and limit of detection LOD were determined to be 17.1 ± 1.8 and 2.7 ± 
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0.3 nM GSH, respectively, which is more sensitive than similar 96-well plate methods.
30

 

The newly developed assay provided quantitative trapping efficiency of HNO from 

micromolar concentrations of donors, which is more sensitive than the phosphine 

trapping assay that used HPLC-UV detection.  Additionally, our assay uses a fluorogenic 

labeling reagent (NDA), which not only resulted in better sensitivity, but removed the 

need to separate excess labeling reagent before detection. These characteristics supported 

the development of a sensitive and high-throughput assay that can be used to rapidly 

quantify HNO from donor compounds.  Thus, the percentage of HNO was quantified 

from a variety of NONOates at pH 7.0 and 7.4.  Quantitation of HNO from donor 

compounds will aid in selecting suitable donors compounds for pharmaceutical and in 

vivo studies.   

We also used our newly developed assay to determine the product distribution for 

the reaction of HNO with higher concentrations of GSH and our findings match the 

results from the GSH assay with HPLC-UV detection developed by Donzelli et al.
18

 At 

Finally, we evaluated the effect of  pH on the product distribution, and our results support 

the reaction mechanism between HNO and thiols first suggested by Wong et al.
26

  This 

assay can be used to rapidly and accurately quantify HNO released from other 

NONOates, or different classes of HNO donors. 
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CHAPTER 3 

QUANTITATION OF HNO IN VIVO USING GLUTATHIONE 

 

3.1. Introduction 

Cells treated with low nanomolar to micromolar doses of HNO donors have 

shown beneficial pharmaceutical responses for the treatment of cancer, alcoholism, and 

cardiovascular diseases.
1-4

  Several detection methods exist for HNO including direct 

detection by IR spectroscopy,
5, 6

 indirect detection of the dimerization product N2O by 

MS,
7
 chemical oxidation of HNO to NO and indirect detection via NO-specific 

techniques,
8-11

 and several trapping assays for indirect detection of HNO using 

absorbance-based methods
11-17

  or fluorescence-based methods.
18-20

 However, only 

methods based on fluorescence intensity changes have been used for detection of HNO in 

cultured cells or tissues.
18-20

   

The available fluorescence-based methods are subject to interference from NO, 

and thus suffer from poor selectivity against NO.
18-20

 Assay selectivity can be improved 

by detecting selective markers of HNO.  For example, absorbance-based trapping assays 

have been coupled to HPLC.
21, 22

   Reisz and coworkers used HPLC-UV detection to 

selectively detect formation of aza-ylide (R3P=NH), a unique HNO product from the 

reactivity with phosphines.
21

 This assay is able to discriminate HNO from NO by 

employing a separation method, and was the first assay to quantify the HNO release from 

the dual donor Isopropylamine NONOate (IPA/NO).  However, this assay required high 

doses of HNO donors (>1 mM), and therefore the low sensitivity would limit its use for 
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detecting therapeutic doses of HNO in vivo.  Donzelli et al.
22

 also provided selective 

detection of HNO using HPLC-UV detection by utilizing glutathione (GSH) as the HNO 

trapping agent.  GSH reacts with HNO to produce oxidized glutathione (GSSG) and 

glutathione sulfinamide (GS(O)NH2), a selective biomarker of HNO.
23

  The assay was 

used to quantify HNO from micromolar doses of Angeli’s salt, an HNO donor.  However, 

the HPLC assay required long separation times (>30 min).  Additionally, the sensitivity 

of the assay should be improved to detect the full range of therapeutic doses of HNO.   

Fluorescent labeling is commonly used to increase sensitivity in assays for 

biomolecules.
24-30

  Both GSH and GS(O)NH2 contain a free amine, and thus fluorescent 

tagging can be achieved by modifying the free amine group.  Roach and Harmony 

reported that free amines could be detected at subfemtomole levels using NDA labeling 

with cyanide as the nucleophile.
31

 The authors separated 16 NDA labeled amino acids 

using gradient HPLC with laser-induced fluorescence (LIF) (Figure 3.1).  The mass 

sensitivity for glutamic acid was 0.16 fmol, and given the injection volume of 20 μL, this 

corresponds to a LOD of 8 pM.
31

 Additionally, NDA and cyanide fluorescent adducts are 

extremely stable, the labeling reactions are relatively fast (15-30 min), the adducts have 

moderately high quantum yields, and the excitation wavelength in the visble region aligns 

well with available lines from an Ar
+
 laser (457 nm).

31-33
  Finally, electrochemical 

detection is also possible, which could be useful for less expensive and more sensitive 

detection.
34
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Figure 3.1.  Chromatogram of a mixture of 16 NDA labeled amino acids.  The 

chromatographic run used a 30-min linear gradient of 15-40% phosphate buffer (solvent 

B, 0.05 M, pH 6.9) with acetonitrile (solvent A).  Reprinted with permission from Roach 

and Harmony. 
31

 

 

Labeling free amines with NDA requires the addition of a nucleophile to label the 

free amine.
31-33, 35-38

 Thiol containing nucleophiles, such as 2-mercaptoethanol, are 

commonly used. However, 2-mercaptoethanol is capable of reducing GSSG and forming 

mixed disulfides, which would complicate analysis.  Additionally, 2-mercaptoethanol has 

been cited as a specific HNO scavenger.
39, 40

 Thus, the non-thiol nucleophile, cyanide 

(CN
-
), was chosen for the labeling reaction to inhibit interference from side reactions.

23, 41
  

The free amine on GS(O)NH2 can be selectively labeled by NDA and cyanide to produce 

a fluorescent adduct with excitation at 457 nm and emission at 490 nm (Scheme 3.1).  

However, GSH can also be labeled with NDA in the absence of cyanide (Scheme 2.1)
38, 

41-43
  to produce a fluorescent adduct with more red-shifted excitation and emission 
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wavelengths.  The unique excitation and emission profiles of the NDA adduct compared 

to the NDA and cyanide labeled adduct is undesirable for a LIF detection method because 

there will be a significant difference in sensitivity for the two compounds.
31, 38

  Therefore, 

the free thiol on GSH can first be blocked with N-ethylmaleimide (NEM)
44

 to form GS-

NEM (Scheme 3.2), before labeling the available free amine with NDA and cyanide to 

produce a fluorescent adduct (Scheme 3.3).
31

  

 

 

Scheme 3.1.  Fluorogenic labeling of GS(O)NH2 with NDA in the presence of cyanide as 

a nucleophile to produce a fluorescent adduct.
31

  

 

 

Scheme 3.2.  Blocking the free thiol on GSH with NEM to produce GSH-NEM.
44
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Scheme 3.3.  Fluorogenic labeling of GSH-NEM with NDA in the presence of cyanide to 

produce a fluorescent adduct.
31

  

 

The method developed by Roach and Harmony used gradient HPLC with LIF 

detection (Figure 3.1).
31

  However, although gradient elution decreases analysis times and 

increases the peak capacity, the separation times were still long (>30 min) for this HPLC 

method do to high rentention of the analytes on the column.  Thus, we investigated 

separation methods that would result in shorter analysis times. Capillary electrophoresis 

(CZE) typically provides separation times of less than 10 min, and can be coupled with 

LIF detection to maintain high sensitivity.
45

  

 

3.2. Experimental 

3.2.1. Instrumentation 

UV-visible absorption spectroscopy was performed with a Hewlett-Packard 8453 

diode-array spectrophotometer. Fluorescence measurements were made on a Thermo 

Spectronic Aminco Bowman Series 2 Luminescence Spectrometer using 457 nm as the 
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excitation wavelength, 480 or 490 nm as the emission wavelength, a band-pass of 4 nm, 

and a detector voltage of 600 V. Fluorescence was converted to relative fluorescence by 

dividing the fluorescence intensities of the treated samples by the fluorescence intensity 

of GSH. For capillary zone electrophoresis using laser-induced fluorescence (CZE-LIF), 

a capillary with 25 μm inner diameter, 47 cm long, and 37 cm to the detector was 

regenerated for 5 min each with 0.1 M HCl, nanopure H2O, 0.1 M NaOH, nanopure H2O, 

and run buffer. A detection window was burned into the polyimide coating capillary (<1 

cm) using a lighter. Hydrodynamic injection for 5 s was achieved by raising one end of 

the capillary to a height of 10 cm, which corresponded to 10 nL hydrodynamic injection 

volume.
46

  The total volume of capillary and the effective volume from inlet to detector 

were calculated using the volume of a cylinder to be 922 and 726 nL, respectively. For 

detection, the 457 nm line of an Ar
+
 laser (Innova 70C series, Coherent, Santa Clara, CA, 

USA), was focused into the center of the separation capillary. The beam power was set to 

25 mW. The fluorescence signal was collected and passed through a 480 nm longpass 

filter (Chroma Technology E480LP filter). The signal was then detected by a 

photomultiplier tube (H957, Hamamatsu Photonics, Bridgewater, NJ, USA), current from 

which was amplified and filtered by a current amplifier (Model SR570, Stanford 

Research System, Sunnyvale, CA, USA). The filter frequency on the PMT amplifier was 

set to 10 Hz, and the gain was set to 10
6
 V/A. The signals were then collected by an A/D 

converter using software written in LabVIEW. Electric fields were applied using a 30 kV 

power supply (CZE-1000, Spellman High Voltage Corporation, Hauppauge, NY, USA) 

with potential of 25 kV applied across the capillary.  
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3.2.2. Chemicals 

 Unless otherwise noted, chemicals were purchased from Sigma-Aldrich and used 

without further purification. Angeli’s salt (Na2N2O3, sodium trioxodinitrate), IPA/NO 

(Na[(CH3)2CHNH(N(O)NO)], sodium 1-(N-isopropylamino)diazen-1-ium-1,2-diolate), 

DEA/NO (Na[Et2NN-(O)NO], sodium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-

diolate), and AcOM-IPA/NO (O
2
-(acetoxymethyl)1(isopropylamino)diazen-1-ium-1,2-

diolate) were synthesized as previously described.
47-50

 Diazeniumdiolate (NONOate) 

stock solutions (>10 mM) were prepared in 10 mM NaOH and stored at –20°C. 

Extinction coefficients at 250 nm in 10 mM NaOH were as follows: 7,600 M
-1

 cm
-1

 for 

Angeli’s salt, 8,800 M
-1

 cm
-1

 for IPA/NO, and 6,700 M
-1

 cm
-1

 for DEA/NO. AcOM-

IPA/NO stock solutions (>10 mM) were prepared in ethanol and stored at –20°C, and the 

extinction coefficient of AcOM-IPA/NO at 240 nm was 8,700 M
-1

 cm
-1

. 

The assay buffer included the metal chelator diethylenetriaminepentaacetic acid 

(DTPA, 50 μM) in calcium- and magnesium-free Dulbecco’s phosphate-buffered saline 

(PBS, pH 7.4) to reduce the oxidation of HNO to NO and catalytic decomposition of 

GSNO by copper.
51, 52

 Stock solutions of GSH (>10 mM) were prepared in assay buffer 

and stored at 4°C. GS(O)NH2 was prepared as previously described.
53

   

Borate buffer (20 mM) was made with boric acid (Spectrum) and adjusted to pH 

9.2 with 1 M NaOH. To generate CZE-LIF run buffer, borate buffer was filtered using a 

0.2 μm filter (Millipore), photobleached for at least 30 min using a UV mercury arc lamp, 

and degassed for at least 15 min by sparging with helium. Stock solutions of NDA 

(Invitrogen Molecular Probes BioChemika) were prepared in DMSO (4 mM) and stored 
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at 4°C protected from light and were used for several weeks. Tris(2-

Carboxyethyl)phosphine (TCEP; Alfa Aesar; 50 mM), N-ethylmaleimide (NEM; 50 

mM), and potassium cyanide (KCN; 80 mM) were made in H2O, stored at 4°C, and used 

that day. Fluorescein stock solutions (>1 mM), to be used as the internal standard for 

CZE-LIF samples, were prepared in DMF (EMD Millipore) and stored protected from 

light at 4ºC.  

 

3.2.3. Labeling GSH and GS(O)NH2: stability and optimal reaction time 

Solutions of GSH, GS(O)NH2, or GSSG (50 μM; 1 mL) were treated with NEM 

(50 mM; 10 μL) for 15 min at room temperature to specifically block the free thiol on 

GSH.
44

  To label the free amines on GSH, GS(O)NH2, or GSSG with NDA in the 

presence of cyanide, 20 mM borate buffer (pH 9.2, 800 μL), 4 mM NDA (120 μL), and 

80 mM KCN (8 μL) were added and reacted in the dark at 4°C for 15, 30, or 60 min 

before fluorescence measurements were taken.
31

   

 

3.2.4. Labeling GSH and GS(O)NH2: quantum yield 

The quantum yields of NDA labeled GS-NEM and GS(O)NH2 were evaluated 

using fluorescein as the molecule with a known quantum yield according to the method 

by Brouwer.
54

 GSH and GS(O)NH2 solutions (50 μM; 1000 μL; pH 7.4) where labeled 

with NDA and cyanide as described above.  Then standard solutions of known 

concentrations (0-50 μM) of fluorescein, GSH, and GS(O)NH2 were prepared for 

absorbance and fluorescence measurements.  
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3.2.5. Separation efficiency of GSH and GS(O)NH2 with CZE 

GSH and GS(O)NH2 solutions (50 μM; 1000 μL; pH 7.4) where labeled with 

NDA and cyanide as described above.  The samples were diluted to a final concentration 

of 175 nM with CZE run buffer (20 mM borate buffer; pH 9.2) that contained fluorescein 

(5 nM) as the internal standard.  Separation and detection was achieved with the system 

described above.  The separation parameters were as follows: 20 mM borate, pH 9.2; 

E=426 V/cm, Ld = 37 cm, I.D. 25 μm; tinj = 5 s (10 nL), Ar
+
 laser=457 nm.  

 

3.2.6. Sensitivity of GSH and GS(O)NH2 with CZE-LIF 

GSH and GS(O)NH2 solutions (50 μM; 1000 μL; pH 7.4) where labeled with 

NDA and cyanide as described above.  The samples were mixed together and diluted to 

final concentrations of 0, 35, 100, 175, or 350 nM with CZE run buffer (20 mM borate 

buffer; pH 9.2) that contained fluorescein (5 nM) as the internal standard.  Separation and 

detection was achieved with the system described above using the same separation 

parameters. 

 

3.2.7. Quantitation of HNO from Angeli’s salt 

To quantify the amount of HNO from Angeli’s salt, GSH (50 μM GSH; pH 7.4; 

500 μL) samples were treated with 0, 10, 20, or 30 μM Angeli’s salt and incubated at 

37°C for 1 h to allow complete decay.  GSH and GS(O)NH2 solutions where labeled with 

NDA and cyanide as described above.  The samples were diluted with CZE run buffer 

(20 mM borate buffer; pH 9.2) that contained fluorescein (20 nM) as the internal 
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standard. Separation and detection was achieved with the system described above using 

the same separation parameters. 

 

3.2.8. Evaluating the effects of GSH concentration on product distribution  

To quantify the amount of GS(O)NH2 formed from treating a larger concentration 

of GSH (500 μM) with Angeli’s salt, GSH (500 μM GSH; pH 7.4; 500 μL) samples were 

treated with Angeli’s salt (0-300 μM) and incubated at 37°C for 1 h to allow complete 

decay.  Note: 500 μM GSH samples were diluted ten-fold after incubation so that the 

highest concentration of GSH and/or GS(O)NH2 labeled were 50 μM to ensure complete 

labeling. GSH and GS(O)NH2 solutions were labeled with NDA and cyanide as described 

above.  The samples were diluted with CZE run buffer (20 mM borate buffer; pH 9.2) 

that contained fluorescein (20 nM) as the internal standard.  Separation and detection was 

achieved with the system described using the same separation parameters. 

 

3.2.9. Detection of GS(O)NH2 in cell lysate  

Human breast cancer cells (MDA-MB-231; American Type Culture Collection, 

Manassas, VA) were grown in RPMI medium supplemented with 10% heat inactivated 

fetal bovine serum and 1% penicillin-streptomycin (50 U/mL; Life Technologies, Inc., 

Grand Island, NY). The cells were maintained at 37°C in an atmosphere of 95% room air 

and 5% CO2, and the media was changed twice weekly. In a 35 mm culture plate, cells 

were grown for 24 h or until a cell density of 10 × 10
6 

cells/plate was achieved. 

Experiments were performed in triplicate sets of whole cells spiked with a known 
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concentration of GS(O)NH2. Single cell suspensions were obtained by trypsinization 

(0.05% trypsin-EDTA Life Technologies, Inc., Grand Island, NY) and were counted with 

a Bright Light Hemacytometer.  Cells were then diluted to a cell density of 6 × 10
6 

cells/mL and transferred to a 1.5 mL tube, and centrifuged to remove the supernatant. 

The cells were resuspended in 400 μL PBS buffer that contained 50 μM GS(O)NH2.  The 

cells were then lysed using 5× freeze/thaw cycles. The samples were collected and 

filtered through a Centricon MW 3000 cutoff filter. GSH and GS(O)NH2 in the cell lysate 

were labeled with NDA and cyanide as described above.  The samples were diluted with 

CZE run buffer (20 mM borate buffer; pH 9.2) that contained fluorescein (5 nM) as the 

internal standard.  Separation and detection was achieved with the system described 

above using the same separation parameters. 

 

3.2.10. Treatment of MDA-MB-231 with NONOates 

Cells were maintained as described above. Single cell suspensions were obtained 

by trypsinization (0.05% trypsin-EDTA Life Technologies, Inc., Grand Island, NY) and 

were counted with a Bright Light Hemacytometer.  Cells were then diluted to a cell 

density of 6 × 10
6 

cells/mL and transferred to a 1.5 mL tube, and centrifuged to remove 

the supernatant. The cells were then plated in a 35 mm culture plate and allowed to 

incubate in cell culture media for 4 h.  At this point, phosphate buffered saline was added 

(1 mL) followed by treatment with 10 μL of NONOates (10 mM stocks), untreated, 10 

mM NaOH, or ethanol. The cells were then incubated for 5 h to allow complete decay of 

the NONOates.  After incubation, cells were washed with 0.05% trypsin-EDTA, 
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transferred to a 1.5 mL tube, and centrifuged to remove the supernatant. The cells were 

resuspended in 400 μL PBS buffer and then lysed using 5× freeze/thaw cycles. The 

samples were collected and filtered through a Centricon MW 3000 cutoff filter. GSH and 

GS(O)NH2 in the cell lysate were labeled with NDA in the presence of cyanide as 

described above in the dark at 4°C for 30 min.  The samples were diluted with CZE run 

buffer that contained fluorescein.   

 

3.3. Results and discussion 

Trapping assays for HNO have been developed that are coupled to HPLC with 

UV detection.  Specificity for HNO detection is achieved in these assays by evaluating 

concentration changes of the unique assay products. However, low sensitivity of current 

HNO trapping assays precludes their use for monitoring the full range of therapeutic 

doses of HNO in vivo.  Additionally, HPLC analysis in prior methods had long 

separations times.  Here, we have developed an assay that combines the high HNO 

trapping efficiency of GSH with the sensitivity of LIF detection, and also uses CZE for 

the fast separation times.  

3.3.1. Labeling GSH and GS(O)NH2: stability and optimal reaction time 

There are a number of ways to determine the concentration of GSH,
41, 43, 55-57

 

GSSG,
37, 41

 and/or free amines,
24, 33, 36, 42, 58

 such as those present for the analytes of 

interest (GS(O)NH2, GSSG, and GSH). Derivatizing analytes with a fluorogenic or 

fluorescent label is common to enhance sensitivity. Of the available fluorogenic labeling 

reagents, NDA has been used for quickly labeling free amines to form adducts with 
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increased sensitivity and stability, moderately high quantum yields, and an excitation 

wavelength in the visble region that aligns well with available lines on a Ar
+
 laser (457 

nm).
31-33

  The fluorescence excitation spectra of NDA labeled GS(O)NH2 and GS-NEM 

showed the characteristic excitation wavelengths at 420 and 440 nm (Figure 3.2 A) and 

emission wavelength of 490 nm (Figure 3.2 B).
31-33

  Interestingly, the excitation and 

emission intensity for GSSG labeled with NDA and cyanide, a reaction that labels both 

the free amines in GSSG,  was markedly lower than either NDA labeled GS(O)NH2 or 

GS-NEM (Figure 3.3), presumably due to quenching of fluorescence from labeling of two 

amines in close proximity.
59, 60

 Similarly, NDA and cyanide labeled lysine also resulted 

in substantial quenching of fluorescence.
33

  Therefore, to detect changes in GSSG 

concentration with this strategy, GSSG was reduced first to GSH with TCEP before 

fluorogenic labeling.  

Although, NDA and cyanide
 
labeled adducts are reportedly more stable than other 

fluorogenic adducts,
31

  the adducts are sensitive to hydrolysis.
35

 Thus, we determined the 

optimized labeling time for maximum fluorescence and analyzed whether the adducts 

were stable for the duration of data collection. The reactions were complete for both 

GSH-NEM and GS(O)NH2 in 30 min, and the samples labeled in our experiments were 

stable for at least an additional 30 min (Figure 3.3).  Each run of CZE is complete in less 

than 3 min, and collection of samples in triplicate requires less than 10 min.  Thus, the 

samples are stable for longer than the duration of the experiment. Additionally, the 

labeling times and stability are similar to those obtained by Roach and Harmony for 

analysis of amino acids labeled with NDA and cyanide and detection via HPLC-LIF.
31
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Figure 3.2. Relative fluorescence excitation (A) and emission (B) spectra following 30 

min labeling with NDA in the presence of cyanide for 50 μM GS-NEM (red), GS(O)NH2 

(blue), GSSG (green) and assay buffer (black).   
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Figure 3.3. Fluorescence intensity at 490 nm after 15 min, 30 min, or 60 min of labeling 

with NDA and cyanide for 50 μM GS-NEM (red) or GS(O)NH2 (blue).  

 

3.3.2. Labeling GSH and GS(O)NH2: quantum yield 

The fluorescence intensity of NDA and cyanide labeled GSH was larger than 

GS(O)NH2 presumably due to differences in quantum yield (Schemes 3.1-3.3; Figure 

3.1).  Thus, the quantum yields of both fluorescent adducts were evaluated using 

fluorescein as the molecule with a known quantum yield according to the method by 

Brouwer.
54

 The quantum yield of the unknown (φunknown) was calculated using the 

quantum yield of fluorescein (φF=0.95) as a reference, the molar absorptivities of 

fluorescein (εF) and the unknown (εunknown), and the slopes of the fluorescence emission 

curves of fluorescein (mF) and the unknown (munknown) according to equation 3.1 (Table 

3.1).   
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φunknown = φF  (εF/εunknown)  (munknown/mF)     (3.1) 

 

The quantum yield of NDA and cyanide labeled GSH was 0.53 ± 0.002 and that of 

GS(O)NH2 was 0.49 ± 0.001 (Table 3.1). Similar quantum yields were found by de 

Montigny et al. for N- substituted 1-cyanobenz[f]isoindole derivatives (φ=0.54).
33

  

Additionally, when Hernandez et al. labeled glutamate with NDA and cyanide and used 

CZE-LIF for analysis, the linear dynamic range of the method was 10 nM to 10 μM.
61

  In 

summary, because the NDA and cyanide labeled adducts of GSH and GS(O)NH2 had 

similar quantum yield to free amino acids similarly labeled, we expected similar 

sensitivities using CZE-LIF. 

 

Table 3.1.  Absorbance and fluorescence emission response curves for fluorescein and 

NDA and cyanide labeled GSH and GS(O)NH2. 

 

Analyte Absorbance calibration 

curve slope 

Fluorescence calibration 

curve slope 

φ 

Fluorescein 9.6510
4
 13.610

6
 0.95 ± 0.01 

GSH 1.710
3
 13.710

4
 0.53 ± 0.002 

GS(O)NH2 1.410
3
 10.410

4
 0.49 ± 0.001 

 

3.3.3. Separation efficiency of GSH and GS(O)NH2 with CZE 

 Selective detection of GS(O)NH2 in vivo will require resolution from its 

precursor GSH and other intracellular interferents. CZE is known to provide good 

resolution in part due to fast separation times, which minimize diffusional broadening of 
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peaks.
45

 NDA and cyanide labeled GSH-NEM and GS(O)NH2 are both dianionic at pH 

9.2, and are very similar in size, which complicates separation via differential migration. 

Blocking the free thiol on GSH with NEM not only provides common excitation and 

emission wavelengths after NDA and cyanide labeling, but it also increases the size 

difference between the closely related analytes, which should enhance the resolution. 

GSH-NEM appears as a split peak in the electropherogram, presumably due to the chiral 

carbon on NEM resulting in diastereomers during the thiol blocking step (Scheme 3.1; 

Figure 3.4).
62
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Figure 3.4. Electropherogram of fluorescently labeled GS-NEM and GS(O)NH2 (175 

nM) with fluorescein (5 nM) as the internal standard.   

 

The migration times for the split peaks of GSH-NEM were 135.8 ± 0.7 and 136.5 

GSH-NEM F 

GS(O)NH2 



111 

 

± 0.7 s, with a valley migration time of 136.1 ± 0.8 s (Figure 3.4). NDA and cyanide 

labeled GS(O)NH2 migrates slower through the capillary with a migration time of 141.7 

± 0.7 s (Figure 3.4) due to a larger negative electrophoretic mobility. Fluorescein, which 

was used as an internal standard to adjust for changes in injection volume and migration 

times, is also dianionic at pH 9.2, but is smaller than labeled GSH and GS(O)NH2, and 

thus has the largest negative electrophoretic mobility resulting in a migration time of 

155.1 ± 0.7 s (Figure 3.4). The separation of all three analytes is complete in less than 3 

min. In comparison, the method by Roach and Harmony reported that free amines labeled 

with NDA and cyanide, and then separated with gradient elution with HPLC required >30 

min.
31

  

The resolution between GSH-NEM and GS(O)NH2 was 3.7 and that between 

GS(O)NH2 and fluorescein was 14.4, allowing quantitative detection of both GSH and 

GS(O)NH2 (Table 3.2; eq 3.2).  It should also be noted that the electropherograms 

produced realtively few peaks due to specific fluorogenic labeling, which enhances the 

selectivity of the LIF detection method with respect to a more universal detection method 

such as UV absorbance detection; this will be useful when analyzing biological samples 

that contain many molecules that absorb UV light.   

 

R = 0.589Δtm / (average w1/2)       (3.2) 
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Table 3.2.  CZE-LIF separation figures of merit for fluorescein, GSH, and GS(O)NH2.  

Parameter GSH GS(O)NH2 Fluorescein 

tm(s) 135.8 

136.5 

141.7 155.1 

w1/2(s) 1.3 0.6 0.5 

Resolution 3.7  14.4 

tm is the migration time of the analyte and w1/2 is the width of the analyte peak at half-

height. 

 

3.3.4. Sensitivity of GSH and GS(O)NH2 with CZE-LIF 

The sensitivity of the trapping assay for detecting HNO will depend on both the 

trapping agent and the sensitivity of the detection method for the reporter molecule.  Low 

efficiency by the trapping agent will result in consumption of the analyte through HNO 

dimerization or by other species that may exist in the biological sample.  Additionally, a 

sensitive detection method will be required to detect low concentrations of HNO marker, 

which may exist from treatment of cells with therapeutic doses of HNO donors.  

To determine the linear dynamic range and sensitivity of the newly developed 

assay, calibration curves were generated using mixtures of labeled GSH-NEM and 

GS(O)NH2 with fluorescein as the internal standard. Because labeled GS-NEM exists as 

a split peak, the ratios of peak areas, rather than the ratio of peak heights, were used to 

generate calibration curves for both analytes (Table 3.3 and Figure 3.5).  Using the 

standard deviation of the baseline between GS(O)NH2 and fluorescein as the noise, LODs 

for GSH-NEM and GS(O)NH2 were 0.9 ± 0.1 nM and 1.4 ± 0.1 nM, respectively (Table 

3.3). The limits of quantitation (LOQ) were 3.1 ± 0.3 nM and 4.7 ± 0.3 nM, respectively 
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(Table 3.3). Additionally, the calibration curves were linear up to 350 nM for both 

compounds, showing a reasonably wide linear dynamic range of this method (Figure 3.5).  

The LODs and LOQs of our CZE-LIF method are similar to those reported for amino 

acids labeled with NDA/CN
-
 and analyzed with CZE-LIF.

61
   

 

Table 3.3.  CZE-LIF calibration curves, LOD, and LOQ for GSH and GS(O)NH2.  

Analyte Calibration curve LOD, nM Mass 

sensitivity, 

fmol 

LOQ, nM 

GSH I = 9.0  10
-3

 [GSH-NEM] 

R² = 1.00 

0.9 ± 0.1 0.009 ± 0.01 3.1 ± 0.3 

GS(O)NH2 I = 5.9  10
-3

 [GS(O)NH2] 

R² = 1.00 

1.4 ± 0.1 0.014 ± 0.01 4.7 ± 0.3 
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Figure 3.5.  Calibration curves for GSH-NEM (red) and GS(O)NH2 (blue) with 

fluorescein as the internal standard (5 nM).   
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The analytical sensitivities of this method are low nanomolar concentrations for 

both GSH-NEM and GS(O)NH2. However, the thermodynamics of the labeling reaction, 

not the LOQ and LOD, actually stipulate the lowest measurable concentrations of GSH 

and GS(O)NH2. As a note, the lowest concentration of GS(O)NH2 labeled under these 

conditions was 190 ± 10 nM, which is well within the thermodynamic limitation of 

labeling reactions. 

 

3.3.5. Quantitation of HNO from Angeli’s salt 

 

Several trapping assays for HNO have been developed for the selective detection 

of HNO, but their use for detecting therapeutic doses of HNO in vivo have been 

precluded by low sensitivity.  Low sensitivity can result from either low efficiency of the 

trapping agent or low sensitivity of the detection method for the reporter molecule.  

Consider for example, the two-electron oxidation of dihydrorhodamine by the 

autoxidation product of HNO to produce fluorescent rhodamine.
19

  Rhodamine is highly 

fluorescent allowing detection of low nanomolar concentrations. However, the 

dihydrorhodamine assay only provides micromolar sensitivity for HNO because the slow 

rate of autoxidation of HNO (3  10
3
 M

-1 
s

-1
)
14

 relative to HNO dimerization, which leads 

to loss of HNO and subsequently low trapping efficiency. Other the other hand, GSH has 

one of the most competitive rate constants for reactivity with HNO (2 × 10
6
 M

-1
 s

-1
)
14

, as 

compared to HNO dimerization and is capable of efficiently trapping HNO.
10, 22, 23

  

Exposure of GSH to various concentrations of Angeli’s salt led to a visible 

decrease in fluorescence intensity of the GSH peak and a corresponding increase in 
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fluorescence intensity of the GS(O)NH2 peak (Figure 3.6).   
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Figure 3.6. Electropherograms of 50 μM GSH following treatment with 10, 20, or 30 μM 

Angeli’s salt.   

 

The GS(O)NH2 calibration curve was used to calculate the concentration of 

GS(O)NH2 produced in each sample, and the change in GS(O)NH2 concentration was 

assumed to be equivalent to the concentration of HNO trapped. The trapping efficiency 

was then calculated (eq 3.3).  

 

% trapping efficiency = [GS(O)NH2]/[donor]  100                                       (3.3) 

 

The trapping efficiency was found to be quantitative for GSH (50 μM) exposed to various 

30 μM 

 

 

 

20 μM 

 

 

 

10 μM 

GS(O)NH2 

GSH 

F 
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concentrations of Angeli’s salt (Table 3.4), illustrating that GSH provides high trapping 

efficiency of HNO.  This should lead to an increase in sensitivity of this method in 

comparison to other trapping assays that use trapping agents with less competitive rate 

constants.  

 

Table 3.4. Percent HNO trapping efficiencies determined from treating 50 μM GSH with 

Angeli’s salt (0-30 μM).  

[AS], μM % trapping efficiency 

0 ND 

10 102 ± 1 

20 99 ± 1 

30 100 ± 1 

Not detected (ND).   

 

3.3.6. Evaluating the effects of GSH concentration on product distribution  

A separation method such as CZE-LIF allows analysis of product distribution.  

The products of the reaction of HNO with GSH are dependent on the initial concentration 

of GSH.
22, 23

 HNO reactivity with lower concentrations of GSH results in GS(O)NH2 as 

the exclusive product, while at higher concentrations of GSH, a mixture of GS(O)NH2 is 

produced.  To evaluate the product distribution for higher concentrations of GSH treated 

with Angeli’s salt, GSH (500 μM) was treated with various concentrations of Angeli’s 

salt (100-300 μM).  Assuming that HNO is completely trapped by GSH, then the 

concentration of HNO is equal to the concentration of GS(O)NH2 and GSSG produced 
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(eq  3.4). 

 

[HNO] = [GS(O)NH2] + [GSSG]      (3.4) 

 

Because the excitation and emission intensity for labeled GSSG was markedly 

lower than either GS(O)NH2 and GS-NEM due to fluorescent quenching,
59, 60

 GSSG was 

reduced with TCEP to GSH before fluorogenic labeling.
63

 The concentration of GSSG 

can be determined by completing the analysis with and without treatment with TCEP 

before NDA labeling (eq 3.5). 

 

 [GSSG]= ½ (∆GSHwithout TCEP 
_
∆GSHwith TCEP)    (3.5) 

 

The concentration of HNO trapped by GSH can subsequently be quantified by 

completing the assay in the presence and absence of TCEP (eq 3.6). 

  

% trapping efficiency = ([GS(O)NH2] + [GSSG])/[donor])  100  (3.6) 

 

The percent trapping efficiencies for 500 μM GSH treated with Angeli’s salt (10-

300 μM) were quantitative (Table 3.5), illustrating that GSH provides high trapping 

efficiency of HNO, and should lead to an increase in sensitivity of this method in 

comparison to other assays that use trapping agents with less competitive rate constants.  
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Table 3.5. Percent HNO trapping efficiencies determined from treating 500 μM GSH 

with Angeli’s salt (0-300 μM).  

 

[AS], μM % trapping efficiency 

0 ND 

100 96 ± 1 

200 96 ± 0.1 

300 95 ± 0.1 

Not detected (ND).   

 

3.3.7. Detection of GS(O)NH2 in cell lysate  

Selective detection of GS(O)NH2 in vivo will require baseline resolution from its 

precursor GSH and other intracellular components that may interfere.
31, 41, 64-67

 Many 

cellular components have UV-visible absorption, and thus even with a high resolution 

technique, such as CZE, there will be significant peak overlap.
41, 68

  Thus, we have opted 

to improve selectivity of the detection method by using fluorogenic labeling, coupled 

with a high resolution technique.
31, 33, 38, 68, 69

  However, many cellular components, such 

as peptides and proteins, contain free amines that may also be labeled with NDA in the 

presence of cyanide.
24, 31

  Thus, it is important to remove as many of these interfering 

compounds as possible before analysis.  To accomplish this, we have used a small 

molecular weight cutoff filter (3 kDa) to remove higher molecular weight proteins. 

The ability to resolve GS(O)NH2 from other cellular components was evaluated 

by spiking whole cells with a known concentration of GS(O)NH2 as.  After labeling the 

amino acids with NDA in the presence of cyanide, control cell samples did not have an 



119 

 

observable peak for GS(O)NH2 (Figure 3.7).  While, cell samples that were treated with 

50 μM GS(O)NH2 did (Figure 3.7).  GSH is also well-resolved from other cellular 

components, allowing quantitation of both GSH and GS(O)NH2 in cell lysate.  
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Figure 3.7. Electropherograms of cells not treated, cells spiked with 50 μM GS(O)NH2, or 

a standard mixture of GSH and GS(O)NH2 (175 nM).   

 

The percent recovery of GS(O)NH2 was calculated to be 62 ± 1%. GS(O)NH2 

may be lost in any one of the sample preparation steps (Scheme 3.4), or may be 

metabolized to form other oxidized derivatives (Figure 3.7).
70, 71

 For example, 

sulfinamide (RS(O)NH2) may be hydrolyzed to sulfinic acid (RSO2H) and then react 

further with ROS to sulfonic acid (RSO3H) (Figure 3.7).
70, 71

  It would be difficult to 

determine all the sources of loss and metabolism of GS(O)NH2 in cells.   

Extract of MB-231 

cells  

 

 

Extract of MB-231 

cells spiked with 

GS(O)NH2 

   

Standard mixture of 

GSH and GS(O)NH2  

 

GS(O)NH2 

GSH F 
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Figure 3.8. Complexity of thiol modifications that may occur within a cell. Adapted from 

Winterbourn and Hampton and Meister.
70, 71

  

 

3.3.8. Treatment of MDA-MB-231 cells with NONOates 

Many of the available detection assays, in particular fluorogenic assays, are not 

selective against NO, which is produced endogenously
72

 with physiological 

concentrations ranging from pico- to micromolar.
73

  Detection of the HNO biomarker 

GS(O)NH2 overcomes the issue of interference from NO.  Additionally, given relative 

rate constants and cellular concentrations, GSH is expected to be a primary target of 

HNO, which will increase the sensitivity of the detection method for HNO.  Lastly, the 

high sensitivity of CZE-LIF for GS(O)NH2 provides promise for detecting therapeutic 

doses of HNO. 

Cells treated with Angeli’s salt (100 μM) or IPA/NO (100 μM) did not show 

GS(O)NH2 (data not shown), presumably due to rapid decay of the ionic donors outside 

the cell and consumption of HNO through dimerization.  This would lead to a lower dose 



121 

 

of HNO within the cell.  There have been recent efforts to synthesize longer-lived donors, 

which will result in less dimerization due to the second order nature of HNO 

dimerization.
50

  IPA/NO has proven amenable to alkylation to produce a neutral species 

that releases HNO by either a hydrolytic or enzymatic pathway (Schemes 1.4-1.5).
50, 74

 

AcOM-IPA/NO functions as an exclusive HNO in the absence of esterases (Scheme 

1.4).
50

 The half-life of IPA/NO also increases to 41 min in the absence of esterases and 

under physiological conditions.  Andrei et al. found that in comparison to IPA/NO, 

AcOM-IPA/NO caused an increase in the contractility of the heart, suggesting that less 

HNO is lost to dimerization for the slower decaying AcOM-IPA/NO.
50

   

Upon treating cells with the longer-lived donor AcOM-IPA/NO (100 μM), a 

significant peak for GS(O)NH2  was observed (Figure 3.9).  Additionally, the GS(O)NH2 

analyte peak was well resolved from other cellular components that were labeled by 

NDA/CN
- 
(Figure 3.9), allowing quantitation of GS(O)NH2. We also confirmed that the 

NO donor, DEA/NO and vehicle (10 mM NaOH) did not produce GS(O)NH2 (data not 

shown).  There was a dose-dependent response for cells treated with various 

concentrations of AcOM-IPA/NO, showing that the concentration of GS(O)NH2 can be 

correlated to intracellular concentrations of HNO (Figure 3.10).   
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Figure 3.9.  Electropherograms of untreated cells, cells treated with 100 μM AcOM-

IPA/NO, or a standard mixture of GSH and GS(O)NH2 (175 nM).   
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Figure 3.10. Concentration of GS(O)NH2 in cells incubated with AcOM-IPA/NO. 
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3.4. Summary 

 

Many methods for detection of HNO have suffered from poor selectivity, in 

particular toward NO. This complicates assessing concentrations of HNO in vivo, where 

physiological concentrations of NO range from pico- to micromolar.
73

 We have 

developed an assay that uses GSH to trap HNO as GS(O)NH2, a unique marker, that can 

be separated and detected using CZE-LIF.  GS(O)NH2 is well resolved both in vitro and 

in vivo, allowing selective and quantitative detection of this biomarker for HNO. 

Additionally, the separation is complete in less than 3 min, which is significantly faster 

than the HPLC-UV method for quantifying GS(O)NH2.
22

  Finally, the electropherograms 

produced realtively few peaks due to specific fluorogenic labeling, which enhances the 

selectivity of the LIF detection method with respect to a more universal detection method 

such as UV.    

Of the available methods for detecting HNO, only the fluorogenic methods have 

the required sensitivity to detect the full range of therapeutic doses of HNO.  However, 

the available fluorogenic assays suffer from poor selectivity.  We improved the 

selectivity of the method for HNO by detecting GS(O)NH2, and also incorporated 

fluorescent labeling to enhance the sensitivity.  The LODs for NDA labeled GS-NEM 

and GS(O)NH2 were 0.9 ± 0.1 nM and 1.4 ± 0.1 nM, respectively. Additionally, this 

CZE-LIF method has enhanced the sensitivity for GS(O)NH2 by 1000-fold as compared 

to the HPLC-UV method developed by Donzelli et al.
22

 

Many of the available methods for detecting HNO have low trapping efficiencies, 

which in turn lead to lower sensitivity because HNO is lost either from dimerization or by 
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reactions with other components in the sample (Table 1.4).  We validated the high 

trapping efficiency of the method by treating GSH with known concentrations of HNO 

from Angeli’s salt, and found that the trapping efficiency was quantitative in all cases, 

illustrating that GSH provides high trapping efficiency of HNO, and should lead to an 

increase in sensitivity of this method in comparison to other trapping assays that use 

trapping agents with less competitive rate constants. Additionally, given the high 

intracellular concentration of GSH (0.5-10 mM)
75

 and the relatively large rate constant 

for reactivity with HNO (Table 1.4) as compared to other biological targets, GSH is 

predicting to be a primary target of HNO in vivo.  Cells treated with AcOM-IPA/NO 

showed a dose-dependent response for GS(O)NH2, which provides an indirect method for 

determining the concentration of HNO in a cell. This assay may be used to compare the 

intracellular concentration of HNO released from various classes of donors, included 

bioactivated donors, as well as investigate endogenous production of HNO. 
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CHAPTER 4 

QUANTITATION OF HNO IN VIVO USING THIOL-CONTAINING FLUOROPHORES 

 

4.1. Introduction 

HNO donors are used from low nanomolar to micromolar doses to elicit 

therapeutic responses.
1-4

 Direct detection by IR spectroscopy,
5, 6

 indirect detection of the 

dimerization product N2O by MS,
7
 chemical oxidation of HNO to NO and indirect 

detection via NO-specific techniques
8-11

 have been used for detection of HNO in vitro, 

but are not suitable for detection in vivo due to issues with selectivity, in particular 

against nitric oxide (NO).  Although trapping assays for indirect detection of HNO using 

absorbance-based methods
11-17

  or fluorescence-based methods
18-20

 have been developed 

and used for characterization of HNO donors in vitro, only methods based on 

fluorescence detection have been used for detection of HNO in cultured cells or tissues 

because of the low sensitivity of absorbance-based methods.
18-20

  However, the available 

fluorescence-based methods are subject to interference from NO, and thus suffer from 

poor selectivity against NO.  

The selectivity of methods can be improved by detecting selective markers of 

HNO.  For example, absorbance-based trapping assays have been coupled to HPLC to 

provide selective detection of HNO through monitoring markers of HNO.
21, 22

   For 

example Reisz and coworkers developed an HPLC-UV assay to detect aza-ylide 

(R3P=NH),  the unique HNO product for phosphine reactivity with HNO.
21

 However, the 

assay required high doses of HNO donors (>1 mM), and therefore the low sensitivity of 
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the assay would limit its use for detecting therapeutic doses of HNO in vivo.  An assay 

developed by Donzelli et al.
22

 provided selective detection of HNO from micromolar 

doses of HNO donor using HPLC-UV detection, by employing glutathione (GSH) as the 

HNO trapping agent.  GSH reacts with HNO to produce oxidized glutathione (GSSG) 

and glutathione sulfinamide (GS(O)NH2), a selective biomarker of HNO.
23

  However, the 

sensitivity of the assay needed to be improved to detect the full range of therapeutic doses 

of HNO, and the time for analysis was long for the HPLC separation (>30 min).  In 

Chapter 2, we improved the sensitivity of the GSH assay by labeling GSH and 

GS(O)NH2 with NDA and cyanide and analyzing the samples with capillary zone 

electrophoresis with laser-induced fluorescence (CZE-LIF).  However, the NDA/CN
- 

labeling reaction results in a 2-fold dilution of the samples, and requires 30 min of 

labeling time, which lowers the throughput of the method.  Here, we have attempted to 

decrease total analysis time, while enhancing the sensitivity of the method for HNO 

markers. 

Fluorescent labeling with fluorescein derivatives is commonly used for sensitive 

detection of many biomolecules.
24-30

  Fluorescein derivatives have excitation maxima that 

align well with the 488 nm line of an Ar
+
 laser, leading to high sensitivity for LIF 

systems. 
24-30

  For example, the fluorescein derivative 5-carboxyfluorescein N-

succinimidyl ester has been used with CZE-LIF to label glutamine with an LOD of 0.69 

nM.
25

  David Roberts from the Aspinwall group has synthesized a new fluorescein thiol 

dye that can be used to fluorescently label free amino acids.  For amine labeling, o-

phthaldialdehyde (OPA) functions as a cross linker between the thiol-containing dye and 
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the primary amine-containing analyte allowing for the use of visible excitation and 

emission wavelengths in detection and faster reaction kinetics compared to fluorescein 

isothiocyanates and succinimidyl esters.   

The fluorescein thiol dye can also be used to trap and fluorescently label HNO.  

The thiol-containing fluorescein has a fluorescein chromophore for high detection 

sensitivity, and a readily accessible thiol with a stable acid-labile protecting group that 

after deprotection will leave a free thiol; this free thiol can readily react with HNO for 

high trapping efficiency that will also improve sensitivity by minimizing dimerization. 

Protected thiol-containing carboxyfluorescein (PCFS) can be readily synthesized by 

forming an amide bond between carboxyfluorescein (CF) and methoxytrityl protected 

mercaptoethylamine.
31, 32

   PCFS can then be deprotected with trifluoroacetic acid (TFA) 

and triisopropylsilane (TIPS) to form carboxyfluorescein thiol (CFS) (eq 4.1).
31, 32

   HNO 

can then react with CFS to form a unique marker of HNO, carboxyfluorescein 

sulfinamide (CFS(O)NH2) (eq 4.2). 

 

 (4.1) 
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 (4.2)  

 

CFS can be loaded directly into the cell
33-37

 where it can react with HNO from 

either exogenous or endogenous sources to produce a unique, fluorescent marker of 

HNO.  With this strategy, the marker of HNO does not need to be labeled after the cell 

lysing step; this can improve sensitivity by minimizing dilution of the analyte during 

labeling. Additionally, the total analysis time will be shorter without the need for an 

additional labeling step. 

 

4.2. Experimental 

 

4.2.1. Instrumentation 

UV-visible absorption spectroscopy was performed with a Hewlett-Packard 8453 

diode-array spectrophotometer. Fluorescence measurements were made on a Thermo 

Spectronic Aminco Bowman Series 2 Luminescence Spectrometer using 488 nm as the 

excitation wavelength, 518 nm as the emission wavelength, a band-pass of 4 nm, and a  

detector voltage of 600 V. For capillary zone electrophoresis using laser-induced 



129 

 

fluorescence (CZE-LIF), a capillary with 25 μm inner diameter, 47 cm long, and 37 cm to 

the detector was regenerated successively for 5 min each with 0.1 M HCl, nanopure H2O, 

0.1 M NaOH, nanopure H2O, and run buffer.  For capillary zone electrophoresis using 

laser-induced fluorescence (CZE-LIF), a capillary with 25 μm inner diameter, 47 cm 

long, and 37 cm to the detector was regenerated for 5 min each with 0.1 M HCl, nanopure 

H2O, 0.1 M NaOH, nanopure H2O, and run buffer. A detection window was burned into 

the polyimide coating capillary (<1 cm) using a lighter. Hydrodynamic  injection for 5 s 

was achieved by raising one end of the capillary to a height of 10 cm, which 

corresponded to 10 nL hydrodynamic injection volume.
38

  The total volume of capillary 

and the effective volume from inlet to detector were calculated using the volume of a 

cylinder to be 922 and 726 nL, respectively. For detection, the 488 nm line of an Ar
+
 

laser (Innova 70C series, Coherent, Santa Clara, CA, USA), was focused into the center 

of the separation capillary. The beam power was set to 25 mW. The fluorescence signal 

was collected and passed through a 530 nm bandpass filter. The signal was then detected 

by a photomultiplier tube (H957, Hamamatsu Photonics, Bridgewater, NJ, USA), current 

from which was amplified and filtered by a current amplifier (Model SR570, Stanford 

Research System, Sunnyvale, CA, USA). The filter frequency on the PMT amplifier was 

set to 10 Hz, and the gain was set to 10
6
 V/A. The signals were then collected by an A/D 

converter using software written in LabVIEW. Electric fields were applied using a 30 kV 

power supply (CZE-1000, Spellman High Voltage Corporation, Hauppauge, NY, USA) 

with potential of 25 kV applied across the capillary. 
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4.2.2. Chemicals 

Unless otherwise noted, chemicals were purchased from Sigma-Aldrich and used 

without further purification. Angeli’s salt (Na2N2O3, sodium trioxodinitrate and DEA/NO 

(Na[Et2NN-(O)NO], sodium (Z)-1-(N,N-diethylamino) diazen-1-ium-1,2-diolate)  were 

synthesized as previously described.
39-41

 Diazeniumdiolate (NONOate) stock solutions 

(>10 mM) were prepared in 10 mM NaOH and stored at –20°C.  Extinction coefficients 

at 250 nm in 10 mM NaOH were: 7,600 M
-1

 cm
-1

 for Angeli’s salt and 6,700 M
-1

 cm
-1

 for 

DEA/NO.  

The assay buffer included the metal chelator diethylenetriaminepentaacetic acid 

(DTPA, 50 μM) in calcium- and magnesium-free Dulbecco’s phosphate-buffered saline 

(PBS, pH 7.4) to reduce the oxidation of HNO to NO and to diminish catalytic 

decomposition of GSNO by copper.
42, 43

  Protected carboxyfluorescein thiol (PCFS) was 

used as received from the Aspinwall lab.  

Borate buffer (20 mM) was made with boric acid (Spectrum) and adjusted to pH 

9.2 with 1 M NaOH. To generate CZE-LIF run buffer, borate buffer was filtered using a 

0.2 μm filter (Millipore), photobleached for at least 30 min using a UV mercury arc lamp, 

and degassed for at least 15 min by sparging with helium.  Fluorescein stock solutions 

(>1 mM) were prepared in DMF (EMD Millipore) and stored protected from light at 4ºC. 

Fluorescein was used as the internal standard for CZE-LIF samples. Influx pinocytic cell-

loading reagent was purchased from Molecular Probes and used as described. 
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4.2.3. Spectral characterization of fluorophores 

Protected carboxyfluorescein thiol (PCFS) (3 mg) was placed into an amber vial 

to protect the fluorophore from light.  To deprotect, triisopropylsilane (TIPS; 25 μL) was 

added as a carbocation scavenger, followed by the addition of trifluoroacetic acid (TFA) 

to remove the methoxytrityl protection group  (Scheme 4.1).
31, 32

  The sample was reacted 

in the dark for 15 min at room temperature to form carboxyfluorescein thiol (CFS; 

Scheme 4.1).
31, 32

  The sample was heated to 77°C (the boiling point of TFA) in a water 

bath for 15 min to remove TFA. Then, the CFS was dissolved in 400 μL of 100% ethanol 

and filtered through a 30 kDa molecular weight cutoff filter (Pall Coroporation).  Finally 

the concentration of CFS was determined by UV-visible spectroscopy in 20 mM borate 

buffer, pH 10.  To generate CFS(O)NH2, Angeli’s salt (100 mM) was added to a stock 

solution of CFS(O)NH2 (10 mL, 100 μM, PBS buffer, pH 7.4) in aliquots (10 μL; 5 

aliquots) and allowed to incubate at 37°C for 20 min after each addition to ensure 

complete reactivity. 

The quantum yields of CFS and CFS(O)NH2 were evaluated using fluorescein as 

the molecule with a known quantum yield according to the method by Brouwer.
44

 

Briefly, standard solutions of known concentrations (0-10 μM) of fluorescein, PCFS, 

CFS, and CFS(O)NH2 were prepared in 20 mM borate buffer, pH 10, and absorbance and 

fluorescence measurements were taken as described in the instrumental section above. 

 

4.2.4. Stability of CFS and CFS(O)NH2 

PCFS was deprotected as described above.  The concentration of CFS was 



132 

 

determined by UV-visible spectroscopy in 20 mM borate buffer, pH 10.  A mixture of 

CFS(O)NH2 (100 nM) and CFS (900 nM) was separated and detected using CZE-LIF as 

described above.  The separation parameters were as follows: 20 mM borate, pH 10; 

E=426 V/cm, Ld = 37 cm, I.D. 25 μm; tinj = 5 s (10 nL), Ar
+
 laser=488 nm. The stability 

of the samples was monitored for 3.5 h. 

 

4.3.5. Separation efficiency of CFS and CFS(O)NH2 with CZE 

PCFS was deprotected as described above.  Then Angeli’s salt (200 nM) was 

added to the CFS and allowed to incubate at 37°C for 20 min to ensure complete 

reactivity. The samples were diluted with CZE run buffer (20 mM borate buffer; pH 10) 

that contained fluorescein (10 nM) as the internal standard, and separation and detection 

was performed using CZE-LIF as described above.   

 

4.2.6. Sensitivity of CFS and CFS(O)NH2 with CZE-LIF 

PCFS was deprotected as described above.  Then Angeli’s salt (0-200 nM) was 

added to the CFS and allowed to incubate at 37°C for 20 min to ensure complete 

reactivity. The samples were diluted with CZE run buffer (20 mM borate buffer; pH 10) 

that contained fluorescein (10 nM) as the internal standard, and separation and detection 

was performed using CZE-LIF as described above.   
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4.2.7. Treatment of MDA-MB-231 cells with CFS and detection of HNO from 

Angeli’s salt 

Human breast cancer cells (MDA-MB-231; American Type Culture Collection, 

Manassas, VA) were grown in RPMI medium supplemented with 10% heat inactivated 

fetal bovine serum and 1% penicillin-streptomycin (50 U/mL; Life Technologies, Inc., 

Grand Island, NY). The cells were maintained at 37°C in an atmosphere of 95% room air 

and 5% CO2, and the media was changed twice weekly. Experiments were performed in 

triplicate sets of whole cells. In a 200 mL culture flask, cells were grown until a cell 

density of 10 × 10
6 

cells/mL was achieved.  Single cell suspensions were obtained by 

trypsinization (0.05% trypsin-EDTA Life Technologies, Inc., Grand Island, NY) and 

were counted with a Bright Light Hemacytometer.  Cells were then diluted to a cell 

density of 5 × 10
5 

cells/mL and 1 mL of the cell suspensions were placed into a 1.5 mL 

Eppendorf tube and spun into a cell pellet at 2000 rpm.  Cells were treated with 

hypertonic medium containing 7.5 μM CFS, allowing the material to be carried into the 

cells via pinocytic vesicles, as described in Molecular Probes product information.  CFS 

was released from the pinocytic vesicles within the cells, filling the cytosol with the 

compound.  Cells were then washed with recovery medium before treatment with 

Angeli’s salt.   

Cells were treated with hypertonic medium containing various concentrations of 

Angeli’s salt (0, 0.5, 1, 5, 10, and 20 μM), allowing the material to be carried into the 

cells via pinocytic vesicles, as described in Molecular Probes product information.  

Angeli’s salt was released from the pinocytic vesicles within the cells, filling the cytosol 
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with the compound (0, 20, 40, 200, 400, and 800 μM).  Cells were then washed with 

recovery medium before lysing. 

After incubation, cells were washed with PBS buffer, transferred to a 1.5 mL 

tube, and centrifuged (2000 rpm for 5 min) to remove the supernatant. The cells were 

resuspended in 50 μL PBS buffer and then lysed using 5× freeze/thaw cycles. The 

samples were collected and filtered through a Centricon MW 3000 cutoff filter. The 

samples were diluted with CZE run buffer (20 mM borate buffer; pH 10) that contained 

fluorescein (10 nM) as the internal standard.  Separation and detection was achieved with 

CZE-LIF as described above.  Separation parameters were as follows: 20 mM borate, pH 

10; E=426 V/cm, Ld = 37 cm, I.D. 25 μm; tinj = 5 s (10 nL), Ar
+
 laser=488 nm. 

 

4.3. Results and discussion 

Trapping assays for HNO have been developed that are coupled to HPLC with 

UV detection.  Specificity for HNO detection is achieved in these assays by evaluating 

concentration changes of the unique assay products. However, low sensitivity of current 

HNO trapping assays precludes their use for monitoring the full range of therapeutic 

doses of HNO in vivo.  Additionally, HPLC analysis in prior methods had long 

separations times.  In Chapter 2, we developed an assay that combines the high HNO 

trapping efficiency of GSH with the sensitivity of LIF detection, and also uses CZE to 

provide fast separation times. However, the NDA labeling reaction used in Chapter 2 was 

time consuming and caused a 2-fold dilution of the samples.  Here, we have developed a 

CZE-LIF assay that should decrease the total analysis time and increase sensitivity.  
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These characteristics allowed the development of a sensitive and selective assay for 

quantifying CFS(O)NH2 in cultured cells treated with low micromolar doses of an HNO 

donor.   

 

4.3.1. Spectral characterization of fluorophores 

Fluorescent labeling with fluorescein derivatives is commonly used to enhance 

the sensitivity of methods for a particular analyte.
24-30

  Fluorescein derivatives have 

excitation maxima that align well with the 488 nm line of an Ar
+
 laser, leading to high 

sensitivity for LIF systems. 
24-30

  The absorbance of CFS and CFS(O)NH2 were nearly 

identical to fluorescein (Figure 4.1 A) with an absorbance maximum of 490 nm.  

However, there was a slight red shift for fluorescence emission intensities of CFS and 

CFS(O)NH2 from 512 nm for fluorescein to 519 nm, and the intensities were lower as 

compared to fluorescein, suggesting lower quantum yields for these fluorophores (Figure 

4.1 B).  

The quantum yields of PCFS, CFS, and CFS(O)NH2 were evaluated using 

fluorescein as the molecule with a known quantum yield according to the method by 

Brouwer.
44

 The quantum yield of the unknown (φunknown) was calculated using the 

quantum yield of fluorescein (φF=0.95) as a reference, the molar absorptivities of 

fluorescein (εF) and the unknown (εunknown), and the slopes of the fluorescence emission 

curves of fluorescein (mF) and the unknown (munknown) according to equation 3.1. 
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Figure 4.1. (A) Absorbance (10 μM  fluorophores) and (B) emission spectra (1 μM 

fluorophores) for CFS (blue), CFS(O)NH2 (green) and fluorescein (black). 
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The quantum yields of these fluorophores were lower than fluorescein, which may 

result in slightly lower sensitivity for each analyte in CZE (Table 4.1).  However, the 

quantum yields of CFS and CFS(O)NH2 are moderately high for fluorophores due to 

carboxyfluorescein as the fluorescent scaffold.  Additionally, these quantum yields are 

larger than the quantum yields for NDA labeled GS-NEM (0.53 ± 0.002) and GS(O)NH2 

(0.49 ± 0.001) (Chapter 3, Table 3.1), suggesting that this new CZE method may have 

improved sensitivity.   

 

Table 4.1.  Absorbance and fluorescence emission response curves for fluorescein, CFS, 

and CFS(O)NH2. 

Analyte Absorbance calibration curve 

slope 
Fluorescence 

calibration curve slope 
φ 

Fluorescein 7.610
4 13.610

6 0.95±0.01 
CFS 7.810

4
 10.410

6
 0.71± 0.01 

CFS(O)NH2 7.810
4
 10.310

6
 0.70± 0.007 

 

4.3.2. Stability of CFS and CFS(O)NH2 

Each run of CZE was completed in less than 4 min, and collection of samples in 

triplicate requires less than 15 min.  For the assay to provide accurate measurements of 

CFS(O)NH2, the fluorescent adducts need to be stable for the duration of data collection. 

The HNO derived CFS(O)NH2 was stable over the course of 3.5 h (Figure 4.2).  Thus, the 

stability of the marker for HNO is sufficient for the duration of the measurements when 

using CZE-LIF. 
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Figure 4.2. Relative fluorescence as determined by CZE-LIF following treatment of 1 μM 

CFS with 100 nM Angeli’s salt (HNO donor). 

 

4.3.3. Separation efficiency of GSH and GS(O)NH2 with CZE 

Selective detection of CFS(O)NH2 in vivo will require resolution from its 

precursor CFS and other intracellular interferents. CZE is known to provide good 

resolution in part due to fast separation times, which minimize diffusional broadening of 

peaks.
45

 CFS(O)NH2 and CFS are similar in size, which makes separation via differential 

migration difficult under certain pH conditions.  For example, CFS(O)NH2 and CFS are 

both dianions at pH 7.4, and thus their electrophoretic mobilities are also similiar. 

However, higher pH results in different charges for the analytes due to the deprotonation 

of the thiol on CFS (pKa ~8.7).
46

 Thus, a basic run buffer (20 mM borate buffer, pH 10) 

was chosen to achieve resolution between CFS(O)NH2 and CFS.  
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CFS appears as a split peak in the electropherogram because the synthesis uses 

5,6-carboxyfluorescein (CF), a mixture of 5 and 6 isomers (Figure 4.3). CFS(O)NH2 is 

also a split peak, but the isomers are less resolved due to faster migration through the 

capillary (Figure 4.3).  CFS(O)NH2 migrates the fastest through the capillary (tm = 151.4 

± 0.7 s; 152.3 ± 0.7 s) because it has a small charge (2-) and is larger than fluorescein, so 

it has the smallest negative electrophoretic mobility toward the anode, and thus the fastest 

migration towards the cathode (Figure 4.3).  Fluorescein (2-) migrates out second (Figure 

4.3; tm = 171.8 ± 0.8 s). CFS has a charge of 3- at pH 10, and has the largest 

electrophoretic mobility towards the anode and migrates out after the other two analytes 

(Figure 4.3; tm = 183.9 ± 0.8 s; 186.0 ± 0.8 s).  
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Figure 4.3. Electropherogram of CFS(O)NH2 and CFS with fluorescein (10 nM) as the 

internal standard.   
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The separation is complete in less than 4 min (Figure 4.3) and provides better than 

baseline resolution of all the analytes. The resolution between CFS(O)NH2 and 

fluorescein was 13.1 and that between fluorescein and CFS was 4.6, allowing quantitative 

detection of all analytes (Table 4.2; eq 3.2).  It should also be noted that the 

electropherograms produced realtively few peaks due to specific fluorogenic labeling, 

which enhances the selectivity of the LIF detection method with respect to a more 

universal detection method such as UV; this will be useful when analyzing biological 

samples that contain many molecules that absorb UV light.   

 

Table 4.2.  CZE-LIF separation figures of merit for fluorescein, CFS(O)NH2, and CFS. 

Parameter CFS(O)NH2 Fluorescein CFS 

tm(s) 151.4 

152.3 

171.8 183.9 

186.0 

w1/2(s) 1.20 0.6 2.8 

R 13.1  4.6 

tm is the migration time of the analyte and w1/2 is the width of the analyte peak at half-

height. 

 

4.3.4. Sensitivity of GSH and GS(O)NH2 with CZE-LIF 

The sensitivity of the trapping assay for detecting HNO will depend on both the 

efficiency of the trapping agent and the sensitivity of the detection method for the 

reporter molecule.  Low HNO trapping efficiency will result in consumption of the 

analyte through HNO dimerization or other species that may exist in the biological 

sample.  Additionally, a sensitive detection method will be required to detect low 
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concentrations of HNO marker that may exist for samples treated with therapeutic doses 

of HNO donors.  

To determine the linear dynamic range and sensitivity of the newly developed 

assay, calibration curves were generated using CFS(O)NH2 with fluorescein as the 

internal standard (Figure 4.4). Because CFS(O)NH2 exists as a split peak, the ratios of 

peak areas, rather than the ratio of peak heights, were used to generate calibration curves 

(Table 4.3).  Using the standard deviation of the baseline from the injection time to the 

CFS(O)NH2 peak as the noise, the limit of quantitation (LOQ) and limit of detection 

(LOD) were determined to be 1.33 ± 0.03 nM and 0.40 ± 0.01 nM, respectively (Table 

4.3). The calibration curve was linear up to 110 nM, showing the wide linear dynamic 

range of this method (Figure 4.4). In comparison, fluorescein derivatives such as 5-

carboxyfluorescein N-succinimidyl ester (CFSE) have been used with CZE-LIF to label 

glutamine with an LOD of 6.9 × 10
−10

 M.
25

  Thus, our method has comparative sensitivity 

to other CZE-LIF methods with similar fluorophores.  Finally, this method provided 

higher sensitivity for CFS(O)NH2 in comparison to GS(O)NH2, while reducing dilution 

of the sample from a labeling reaction and minimizing the total time required for 

analysis. 
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Figure 4.4.  Calibration curve for CFS(O)NH2 with fluorescein as the internal standard 

(10 nM).   

 

Table 4.3.  CZE-LIF calibration curves, LOD, and LOQ for CFS(O)NH2. I = ratio peak 

area, x = nanomolar concentration of analyte. 

Analyte Calibration curve LOD, nM Mass 

sensitivity, 

amol 

LOQ, nM 

CFS(O)NH
2
 I = 2.77  10

-2
 [CFS(O)NH2] 

R² = 0.99 

0.40 ± 0.01 4.0 ± 0.1 1.33 ± 0.03 

 

4.3.5. Treatment of MDA-MB-231 cells with CFS and detection of HNO from 

Angeli’s salt 

Many of the available detection assays, in particular fluorogenic assays, are not 

selective against nitric oxide (NO), which is produced endogenously
47

 with physiological 
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concentrations ranging from pico- to micromolar.
48

  Detection of the HNO marker 

CFS(O)NH2 overcomes the issue of interference from NO.  Additionally, the fast 

reactivity of HNO with thiols, such as CFS, combined with the high sensitivity of CZE-

LIF for CFS(O)NH2 provides promise for detecting therapeutic doses of HNO. Finally, a 

labeling reaction that dilutes the sample before analysis is not required, which should 

increase the sensitivity of the assay for HNO. 

Selective detection of CFS(O)NH2 in vivo will require baseline resolution from its 

precursor CFS and other intracellular components that may interfere.
49-54

 Many cellular 

components have UV-visible absorption, and thus even with a high resolution technique, 

such as CZE, there will be significant peak overlap.
53, 55

  Thus, we have chosen 

fluorescent labeling to enhance the selectivity.  Cells treated with Angeli’s salt (20 μM), a 

well-studied HNO donor, showed a significant peak for CFS(O)NH2 (97 ± 8  nM; Figure 

4.5).  Additionally, the CFS(O)NH2 analyte peak was well resolved from other cellular 

components, allowing quantitation of CFS(O)NH2. We also confirmed that the NO donor, 

DEA/NO and vehicle (10 mM NaOH) did not have any peaks for CFS(O)NH2 (Figure 

4.5).  There was also a dose-dependent response for cells treated with various 

concentrations of Angeli’s salt, showing that the concentration of CFS(O)NH2 can be 

correlated to intracellular concentration of HNO (Figure 4.6).   
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Figure 4.5. Electropherograms of untreated cells, cells treated with 20 μM Angeli’s salt, 

or a standard mixture of CFS (500 nM) and CFS(O)NH2 (100 nM).  
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Figure 4.6. Concentration of CFS(O)NH2 detected in cells incubated with Angeli’s salt. 
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4.4. Summary 

 

Many methods for detection of HNO have suffered from poor selectivity, in 

particular toward NO. This complicates assessing concentrations of HNO in vivo, where 

physiological concentrations of NO range from pico- to micromolar.
48

 We have 

developed an assay that uses CFS to trap HNO as CFS(O)NH2, a unique marker, that can 

be separated and detected using CZE-LIF.  CFS(O)NH2 is well resolved both in vitro and 

in vivo, allowing selective and quantitative detection of this marker for HNO. 

Additionally, the separation is complete in less than 4 min, which is significantly faster 

than the HPLC-UV method for quantifying CFS(O)NH2.
22

  Although this separation time 

is slower than the CZE-LIF method for GS(O)NH2, the total analysis time is shorter 

because a 30 min labeling reaction is not required for CFS(O)NH2 and the overall 

sensitivity of the assay for HNO markers is higher because there is less dilution of the 

original sample.  The LOD for CFS(O)NH2 was 0.40 ± 0.01 showing that this method did 

in fact provide enhance sensitivity as compared to our previously developed assay.  

Cells treated with Angeli’s salt showed a dose-dependent response for 

CFS(O)NH2, which provides an indirect method for determining the concentration of 

HNO in a cell.  This assay may be used to compare the intracellular concentration of 

HNO released from various classes of donors, included bioactivated donors, as well as 

investigate endogenous production of HNO. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1. Quantitation of HNO in vitro using Glutathione 

We have developed an assay that combines the high HNO trapping efficiency of 

glutathione (GSH) with the sensitivity of fluorescence detection to enable quantitation of 

low micromolar concentrations of HNO. Furthermore, this GSH assay uses a fluorogenic 

labeling reagent, which removes the need to separate excess labeling reagent before 

detection. These characteristics support the development of a sensitive and high-

throughput assay that can be used to rapidly quantify HNO from donor compounds.  We 

have used this newly developed assay to quantify HNO from NONOates.  However, there 

are a variety of other HNO donors for which the percentage of HNO release has not yet 

been quantified, and thus it has been difficult to compare their pharmaceutical 

capabilities even within the same class of donors.  

Piloty’s acid, N-hydroxybenzenesulfonamide (C6H5SO2NHOH), is a commonly 

used HNO donor.  Piloty’s acid has a first-order decomposition that is pH-dependent. 

Under anaerobic conditions, Piloty’s acid decomposes through a base-catalyzed 

deprotonation mechanism followed by S-N bond heterolysis (Scheme 5.1).
1, 2
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Scheme 5.1.  Proposed mechanism of HNO release from Piloty’s acid.  Adapted from 

Aizawa et al.
3
 

 

The pKa of Piloty’s acid is 9.29,
1
 and the rate of decomposition reaches a 

maximum value when Piloty’s acid is completely deprotonated (Table 5.1).  The half-life 

of Piloty’s acid decomposition is 36 h at pH 7.4 and 37°C (Table 5.1), and thus Piloty’s 

acid is typically used as an HNO donor only under alkaline conditions.
1
 

 

Table 5.1.  Half-lives of Piloty’s acid with respect to pH under anaerobic conditions by 

monitoring decay of Piloty’s acid using HPLC-UV.
1
   

 

pH t1/2 

7.0 92 h 

7.4 36 h 

8.0 9.4 h 

8.6 2.9 h 

9.0 1.5 h 

9.5 44 min 

10.0 33 min 

  

Additionally, under physiological conditions Piloty’s acid can also be oxidized to 

produce a nitroxide radical that decomposes to benzenesulphinic acid and nitric oxide 

(NO), rather than HNO (Scheme 5.2).
4
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Scheme 5.2.  Oxidation of Piloty’s acid to produce benzenesulphinic acid and NO.  

Adapted from Zamora et al.
4
  

 

Only minor kinetic differences were found using HPLC-UV to monitor the 

decomposition of Piloty’s acid under aerobic versus anaerobic conditions,
4
  which 

suggests that deprotonation of Piloty’s acid and oxidation of Piloty’s acid at pH 7.4 and 

37°C occur at similar rates.  Oxidation of Piloty’s anion to the nitroxide radical has been 

accelerated with strong oxidants, such as hexacyanoferrate (III), resulting in a faster 

decay of Piloty’s acid to NO and arylsulfinic acid under physiological conditions.
4
  

Additionally, it is believed that oxidation of Piloty’s acid is accelerated in cells by an 

unidentified enzyme, so release of NO may be higher in cells.
4
   

Piloty’s acid is considered an NO donor under physiological conditions, and an 

HNO donor at higher pH, although the exact product distribution with respect to pH has 

not been quantified due to the lack of suitable HNO quantitation methods.  Our newly 

developed method can be used to quantify the percentage of HNO release from Piloty’s 

acid as a function of pH.  Our method is very useful for quantifying HNO from donors 

because it is highly sensitive and high-throughput, allowing rapid determination of HNO 
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release from donors. We have already completed a similar analysis with IPA/NO (see 

Chapter 2). 

Although Piloty’s acid is considered an NO donor under physiological conditions 

and in cells, recent derivatives of Piloty’s acid have been synthesized in an attempt to 

make HNO releasing analogs. Toscano reported that aryl-substituted Piloty’s acids, such 

as 2-bromo-N-hydroxybenzenesulfonamide, could release HNO at physiological pH with 

a half-life similar to Angeli’s salt under physiological conditions.
5, 6

 The release of HNO 

was demonstrated by monitoring the dimerization product of HNO, N2O, using MS.
7
  

Since the discovery of N-hydroxysulfonamide derivatives, a variety of Piloty’s acid 

derivatives have been synthesized.  Recently, Aizawa et al. synthesized 22 derivatives of 

Piloty’s acid (Figure 5.1).
3
  

 

 

Figure 5.1.  Synthesis of Piloty’s acid derivatives 2–23.  Reprinted with permission from 

Aizawa et al.
3
 

 

The authors evaluated the HNO-releasing characteristics of Angeli’s salt, Piloty’s 



150 

 

acid, and Piloty’s acid derivatives by detecting the dimerization product, N2O, through 

headspace sampling using GC-MS.  Interestingly, the authors found that some of their 

derivatives produced more N2O than Angeli’s salt, which is a pure HNO donor (Figure 

5.2). For example, both compound 2 and compound 11, 2-bromo-N-

hydroxybenzenesulfonamide and 2-trifluoromethyl-N-hydroxybenzenesulfonamide, 

respectively produced ~1.5-fold increases in N2O production after 30 min of decay in 

comparison to Angeli’s salt (Figure 5.2).
3
 Additionally, a 3-fold increase in N2O was 

produced by Compound 17, 2-nitro-N-hydroxybenzenesulfonamide, after 30 min of 

decay (Figure 5.2).  The authors stated that the enhanced N2O production from Piloty’s 

acid derivatives resulted from higher amounts of HNO released from Piloty’s acid 

derivatives as compared to Angeli’s salt.  However, considering Angeli’s salt is a pure 

HNO donor that donates one molecule of HNO for each molecule of Angeli’s salt, the 

justification from Aizawa et al. cannot be correct.   
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Figure 5.2. N2O formation from Piloty’s acid derivatives. Calibration curves were 

constructed using standard solutions of Angeli’s salt and measuring the N2O production 

in the headspace of a vial.  Angeli’s salt (500 μM in 50 mM Tris–HCl pH 7.5) or a 

Piloty’s acid derivative (500 μM in 50 mM Tris–HCl pH 7.5, 20% DMSO) was put in a 

cuvette at room temperature and the reaction headspace gas (50 μL) was sampled and 

injected into the Rt-QPLOT column of a GC–MS instrument. The area of the N2O peak 

(tR = ca. 3 min) was calculated by the instrument software. Reprinted with permission 

from Aizawa et al.
3
  

 

Angeli’s salt has a half-life of 17 min under the conditions employed by Aizawa 

et al. for headspace analysis (pH 7.4, 25°C).
8
 The half-lives of compound 2 and 

compound 17 were reported in the supporting information to be 9.2 and 2.1 min, 

respectively.
3
  Typical endpoint assays are carried out after at least 4 half-lives to ensure 

complete decay of the donors into their products.  Therefore, the authors should have 

sampled the Angeli’s salt headspace after 68 min, but the maximum sampling time was 

30 min.  Sampling at 30 min will result in less than 75% decay of Angeli’s salt into HNO.  



152 

 

On the other hand, 30 min sampling will allow more than 88% decay of compound 2, and 

complete decay of compound 17.  Thus, the higher signal for N2O does not indicate a 

higher percentage of HNO released per Piloty’s acid derivative, but rather it results from 

the faster decay of the derivatives, which leads to more N2O generation in that time 

period.  To increase the accuracy of the measurements, the authors would need to extend 

the time allotted for donor decay.   

However, even if the decay time were extended for these N2O measurements 

there are other issues with the conclusions drawn by the authors.  There are selectivity 

issues associated with using N2O to monitor HNO production that will lead to inaccurate 

quantitation of HNO, especially from dual donors.  The production of N2O from HNO 

dimerization (8  10
6
 M

-1
 s

-1
, pH 7.4, 22°C) 

9
 requires two molecules of HNO.

10, 11
 Thus, 

with the pure HNO donor Angeli’s salt, the stoichiometry is such that for every two 

molecules of Angeli’s salt, one molecule of N2O will be produced. However, formation 

of N2O by other pathways, including reaction of NO with HNO
12-14

 complicates the 

information obtained from N2O measurements because the stoichiometry is difficult.  

With HNO and NO cross reactivity, the stoichiometry is such that one molecule of HNO 

and two molecules of NO are consumed to produce one molecule of N2O.  Thus, if we 

assume that NO is completely consumed by HNO and NO cross reactivity, we can 

calculate the total concentration of N2O formed from dual donors (Table 5.2).  We realize 

that this is not the best assumption because of differences in the two rate laws for 

dimerization versus NO and HNO cross reactivity, but making this assumption allows us 

to highlight the issues with using N2O production to compare the percentage of HNO 
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released from donors.  For example, consider the N2O production from a donor that 

releases 65% HNO and 35% NO, which is the case with IPA/NO.
15

  From the N2O 

production, the percentage of HNO released from IPA/NO would be incorrectly reported 

as 82% HNO (Table 5.2); this is a 27% error from the true value.  

  

Table 5.2.  Calculated N2O production from dual donors of HNO and NO.  The 

concentration of donor is 500 μM in a total volume of 3 mL, which results in 1.5 μmol 

donor.   

% 

HNO 

HNO 

released 

from the 

donor, 

μmol 

% 

NO 

NO 

released 

from the 

donor, 

μmol 

N2O 

generated 

from HNO 

and NO 

cross 

reactivity, 

μmol 

N2O 

generated 

from HNO 

dimerization, 

μmol 

% HNO 

donation 

based on 

N2O  

% 

Error 

100 1.50 0 0.00 0.00 0.75 100 0 

90 1.35 10 0.15 0.08 0.64 95 6 

80 1.20 20 0.30 0.15 0.53 90 13 

70 1.05 30 0.45 0.23 0.41 85 21 

65 0.98 35 0.53 0.26 0.36 83 27 

60 0.90 40 0.60 0.30 0.30 80 33 

50 0.75 50 0.75 0.38 0.19 75 50 

40 0.60 60 0.90 0.45 0.08 70 75 

35 0.53 65 0.98 0.49 0.02 68 93 

 

Now, assuming half the NO is consumed via HNO and NO cross reactivity, which 

is a more reasonable approximation given the relative rates of reactivity, the percent 

HNO released from IPA/NO would still be incorrectly reported by 13%  (Table 5.3).  The 

error in determining percent HNO release is even higher for dual donors that actually 
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release a smaller percentage of HNO.  Consider for example, a compound that releases 

50% HNO and 50% NO; the amount of N2O produced under our assumptions would 

result in a 50% error (Table 5.2).  Clearly N2O measurements are complicated, and 

cannot provide accurate concentrations of HNO and NO generation from dual donors. 

 

Table 5.3.  Calculated percent HNO from IPA/NO with different amounts of NO 

consumed by HNO and NO cross reactivity.  The concentration of donor is 500 μM in a 

total volume of 3 mL, which results in 1.5 μmol donor.   

 

% NO consumed through HNO and NO 

cross reactivity 

% HNO donation based on N2O 

measurement 

% 

Error 

100 83 27 

50 74 13 

25 69 7 

10 67 3 

5 66 1 

0 65 0 

 

It should be noted that Aizawa et al.
3
 did use an HNO scavenger, 2-

mercaptoethanol, and found that the N2O peak disappeared for both Angeli’s salt and the 

Piloty’s acid derivatives.
16, 17

  However, because production of N2O via HNO and NO 

cross reactivity requires HNO, it is expected that the HNO signal would be diminished.  

Thus, the selective HNO scavenger simply provides evidence that HNO is being formed, 

but it does not prove or disprove the production of NO, and it does not help compare the 

amount of HNO production between donors. To address the possible production of NO, 

selective NO sampling techniques, such as an NO-specific electrode or 
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chemiluminescence assays with a nitric oxide analyzer (NOA),
18-21

 need to be employed. 

Distinguishing production of HNO from NO is important for studying the 

chemistry, biochemistry, and pharmaceutical properties of these two distinct nitrogen 

oxides.  Our method could easily be implemented to rapidly and selectively quantify 

HNO from these Piloty’s acid derivatives.  Additionally, we could also use NO-specific 

techniques in conjunction with our method to characterize HNO and NO releasing 

properties of these new Piloty’s acid derivatives.
3
  For example, primary amine 

NONOates, such as IPA/NO, have been thoroughly characterized using NO-specific 

electrode or chemiluminescence assays with a NOA.
18-21

 The same detailed analysis 

should be completed on these Piloty’s acid derivatives to truly compare their 

pharmaceutical potentials.   

 

5.2. Quantitation of HNO in vivo using Glutathione 

We have demonstrated the high selectivity of GSH, a biologically available thiol 

with high intracellular concentration, for HNO over other nitrogen oxide species. HNO 

rapidly reacts with GSH to produce glutathione sulfinamide (GS(O)NH2), a selective 

biomarker, and oxidized glutathione (GSSG). GSH and GS(O)NH2 were fluorescently 

labeled and separated from other cellular components, with better than baseline 

resolution, using capillary zone electrophoresis (CZE). MDA-MB-231 breast cancer cells 

were treated with micromolar concentrations of a nitroxyl prodrug of the 

diazeniumdiolate class, and the concentrations of GS(O)NH2 increased in a dose-
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dependent manor showing that the concentration of GS(O)NH2 can be correlated to HNO 

concentrations in cells.   

Now that a suitable in vivo assay has been developed for monitoring HNO in 

cells, the concentration of HNO released from a variety of donors can be determined and 

compared.  NONOates are a popular class of HNO donor because they spontaneously 

decay under physiological conditions, which has made them extremely useful for 

evaluating the pharmaceutical effects of HNO.  However, some donors must first be 

bioactivated to release HNO. Thus, accurate detection of HNO from these donors 

requires the use of a suitable in vivo assay.
 
 For example, cyanamide releases HNO after 

activation by mitochondrial catalase (eq 5.1).
22

 

 

   (5.1) 

 

Cyanamide has been used clinically to treat alcoholism,
22

 and functions by 

inhibition of the active cysteine site of alcohol dehydrogenase (AlDH).  This enzyme 

catalyzes the second step of ethanol metabolism, converting acetaldehyde to acetic acid 

for excretion (eq 5.2).  

 

     (5.2) 
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The buildup of acetaldehyde levels induces unpleasant effects, such as increased 

heart rate, hypotension, and facial flushing that discourage consumption of alcohol. 

Although Cyanamide is used clinically in various regions of the world, it is not approved 

for use in the United States because it also releases cyanide, and there have been reports 

of increased liver damage.
22, 23

  

Alternative HNO donors have been synthesized that do not contain cyanide.  For 

example, Nagasawa and coworkers have shown that C-nitroso compounds can directly 

inhibit AlDH in vitro.
24

 For example, C-nitroso-benzene (Figure 5.3) provided an IC50 

value of 2.5 μM for yeast AlDH in vitro.
24

  

 

 

Figure 5.3. C-Nitroso-benzene. 

 

However, C-nitroso-benzene and other C-nitroso compounds did not show any 

inhibitory effects on AlDH in vivo.
24

   The authors were originally surprised by this 

outcome given the strong inhibitory effects for these HNO donors in vitro. However, 

because these C-nitroso compounds do not require bioactivation, as is the case with 

cyanamide, the authors hypothesized that the C-nitroso compounds likely do not reach 

the liver before decomposing to release HNO in a non-specific manner. Thus, although in 

vitro studies can be used to compare the pharmacological responses of donors under 

physiological conditions, the location of HNO release will determine its efficacy for 
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treating certain diseases.  These studies highlight the importance of having suitable in 

vivo donors of HNO and also the need for in vivo detection assays for HNO that can be 

used to determine the concentration of HNO in specific tissues.   

Interestingly, chlorpropamide, a Piloty’s acid derivative, did not show inhibition 

of AlDH in vitro, but chlorpropamide was an effective AlDH inhibitor in vivo.
25, 26

  Later 

studies speculated that compounds such as chlorpropamide, with a free hydroxyl group 

on the sulfonamide nitrogen are unstable and disproportionate in vivo to give 4-

chlorobenzenesulfinic acid and a nitrosocarbonyl compound (Figure 5.4; compound 15).   

 

 

Figure 5.4.  Possible route for bioactivation of chlorpropamide leading to HNO.  Adapted 

from Lee et al.
27
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Nitrosocarbonyls can then readily solvolyze to HNO.
27

 However, HNO production from 

chlorpropamide in vivo has not been formally investigated due to the lack of suitable 

HNO detection methods.  Numerous derivatives of chlorpropamide have been 

synthesized, but their HNO releasing potentials in vivo have not been evaluated.
27

 

HNO donation from cyanamide or derivatives of chlorpropamide have yet to be 

detected in liver.
27

 Our GSH trapping assay with CZE-LIF detection could be used to 

evaluate HNO release from bioactivated donors in liver samples.  Rats are typically used 

to evaluate the candidacy of new drugs for the treatment of alcoholism. Our assay uses 

GSH, a bio-available trapping agent that exists at moderately high concentrations in rat 

liver; GSH concentrations in rat livers have been reported as 4.39 ± 0.7 μmol/g liver.
28

  

The concentration of HNO released in the liver by these bioactivated donors could be 

compared by treating rats with therapeutic doses of donors, and monitoring GS(O)NH2 

levels in the livers.  Additionally, AlDH levels in the same samples could be monitored 

using commercially available assays.  Then the concentration of HNO released by the 

various donors could be correlated to a biological response (AlDH levels).  Data such as 

this could support the mechanism proposed by Lee et al. for the in vivo activation of 

chlorpropamide derivatives to release HNO and subsequently inhibit AlDH.   

 

5.3. Quantitation of HNO in vivo using Thiol-containing Fluorophores 

In Chapter 3, we developed an assay that combines the high HNO trapping 

efficiency of GSH with the sensitivity of LIF detection, and also uses CZE for fast 

separation times. However, the NDA labeling reaction was time consuming (30 min) and 
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caused a 2-fold dilution of the samples.  In Chapter 4, we discussed work that led to the 

development of an assay that uses a thiol containing fluorescein derivative to 

simultaneously trap and fluorescently tag HNO, which decreased the total analysis time 

and increased the overall sensitivity.  We have developed an assay that uses 

carboxyfluorescein thiol (CFS) to trap HNO to produce a unique marker, 

carboxyfluorescein sulfinamide (CFS(O)NH2).  CFS and carboxyfluorescein CFS(O)NH2 

are both fluorescein derivatives, and thus were expected to be highly fluorescent.  The 

fluorescent molecules had relatively high quantum yields and were stable for much 

longer than required for sample analysis.  The LOD for CFS(O)NH2 was 0.40 ± 0.01 nM, 

which is significantly enhances the sensitivity as compared to the HPLC-UV method 

developed by Donzelli et al.
29

 Additionally, the CFS method provides higher sentivity for 

the marker of HNO than the GSH trapping  assay that we previously developed using 

CZE-LIF (Table 5.4).  Finally, a labeling reaction is not required, the overall sensitivity 

of the assay is improved, and the total time for analysis is decreased (Table 5.4).  

CFS(O)NH2 is well resolved both in vitro and in vivo, allowing selective detection of this 

biomarker for HNO.  Cells treated with therapeutic doses of Angeli’s salt showed a dose-

dependent response for CFS(O)NH2, allowing indirect quantitation of HNO.  
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Table 5.4.  Comparison of detection methods for various markers (analytes). 

Analytes Method Sample 

size, 

μL 

LOD Mass 

sensitivity 

Analysis time 

(min) 

Phosphine
15

 HPLC-UV 20 1 mM 20 nmol 30 

GSH, 

GS(O)NH2, 

GSSG
29

 

HPLC-UV 250 10 μM 2.5 nmol 32 

Amino acids
40

 HPLC-LIF 20 8 pM 0.16 fmol 30 

ROS and GSH
41

 CZE-LIF 0.024 160 nM 4 fmol 11 

GSH  

(this work) 

Plate reader-

fluorogenic 

detection 

200 1 μM 0.2 nmol <1 

For 96 samples 

 

30 min labeling 

time  

GSH and 

GS(O)NH2  

(this work) 

CZE-LIF 0.01 1.4 nM 0.014 fmol <3 

30 min labeling 

time 

CFS and 

CFS(O)NH2 

(this work) 

CZE-LIF 0.01 0.4 nM 4 amol <4 

 

Donors of HNO and NO, such as NONOates, provide convenient, controlled 

release of nitrogen oxides.  However, there are also biological reactions that are capable 

of generating nitrogen oxides.  Several chemical studies have suggested that HNO can be 

generated from oxidation of N-hydroxy-L-arginine, the intermediate formed in the first 

step of the NOS reaction (Scheme 1).
30-35

 Hypochlorous acid (500 μM, HOCl) has been 

shown to oxidize N-hydroxy-L-arginine (100 μM) to form HNO.
34

  Others have 

suggested that oxidation of N-hydroxy-L-arginine can result in either NO or HNO 

production depending on the oxidant employed.
32

 N-hydroxy-L-arginine is present in 

some cultured cells at nanomolar concentrations (100 nM),
36, 37

 and has been detected at 
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micromolar concentrations (3.7-15.8 μM) in plasma.
38

 Macrophages have micromolar 

concentrations of NO generated from NOS.
39

  The relatively high concentrations of NO 

in macrophages have caused some to speculate that these cells may produce measurable 

concentrations of HNO as well.  

The concentration of HNO produced from the NOS reaction is almost certainly 

smaller than the concentration of NO, and thus detecting endogenous HNO is expected to 

be quite challenging.  The CFS trapping assay with CZE-LIF detection provides sub-

nanomolar LODs and amol mass sensitivity for CFS(O)NH2.  Additionally, the overall 

sensitivity of the assay for HNO is expected to at least 2-fold higher than the GSH assay 

because the sample is not diluted by a labeling reaction.  Also, further minimizing 

dilution of cells will increase the likelihood of detecting endogenous HNO. Dilution of 

samples can be substantially lowered by injecting a single cell onto a column where it can 

be lysed on-column,
42-47

 or by lysing a batch of cells and injecting directly onto the 

capillary without further dilution (pre-column).
48-50

  The CFS trapping assay is a prime 

candidate for both on-column or pre-column injection for two reasons.  First, CFS can be 

loaded directly into the cell
48, 51-54

 where it can react with HNO from either exogenous or 

endogenous sources to produce a unique, fluorescent marker of HNO, and thus the assay 

does not require post-lysing labeling.  Second, the CFS trapping assay coupled to CZE-

LIF detection produces relatively few peaks, and thus does not require purification before 

injection.  

The increase in sensitivity by decreasing dilution of the analytes during sample 

preparation may provide the necessary sensitivity to investigate endogenous production 
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of HNO.  Meineke et al. recently showed that alveolar macrophages generated 37.5 nmol 

h
-1

 NO.
55

  Briefly, 10
6
 cells were pretreated with lipopolysaccharides for 11 h to induce 

NO production, which was monitored in the supernatant of the cells with a fluorescent 

nitric oxide cheletropic trap (FNOCT).
55

  Given that the average volume of a rat alveolar 

macrophage is 1 pL,
56

 the concentration of NO generated from these cells over the course 

of an hour is 37.5 mM.   Because the LOD for CFS(O)NH2 is 0.4 nM, the concentration 

of HNO in these cells could be substantially lower than the concentration of NO, and still 

be detected using our assay. Consider a batch of macrophages (10
6
 cells) that are lysed (1 

μL volume after lysing) and directly injected on the capillary without further dilution; the 

CFS(O)NH2 generation in these cells could be 10
7
-fold less than the concentration of NO, 

and still detected with this assay.  Thus, the next step of this research should be to 

investigate endogenous production of HNO in macrophages with CFS as the trapping 

agent, and monitoring CFS(O)NH2 as the specific HNO marker with CZE-LIF.
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