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Figure 1.1 – Schematic representation of the anatomical structures of the 
microcirculation [20]. 

There have been several experimental and theoretical studies performed to explain 

the fate of NO within the microcirculation, proposing that NO may encounter limitations 

in its reaction with oxy- and deoxy-Hb either via RBC membrane resistance, or limited 

by extracellular diffusion.  It has also been suggested that NO can also be preserved.  

These hypotheses propose mechanisms that regulate NO’s bioavailability [19-25].  On 

the whole, parameter values as well as a final conclusion regarding what actually 

prevents NO uptake by the RBCs has yet to be elucidated. This information would be 

essential in understanding more about NO’s role as a vasodilator.  

1.3  Detection methods 

 There are various methods available for detecting NO.  Some methods merely 

detect the presence of NO, whereas other methods can determine NO concentrations 

([NO]).  All existing methods vary according to their sensitivities and specificities to NO. 
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 Chemiluminescence method.  Chemiluminescence is considered one of the most 

sensitive assay systems for the detection of NO.  It generally can detect any radical at low 

concentrations in real-time.  It has been noted that physiological levels of endogenously 

produced NO range from the pico- to nanomolar ranges, therefore this system has the 

ability to detect these low concentrations [26].  Drawbacks to this method are its inability 

to detect intracellular [NO], because only the supernatant fluid of a cellular system can be 

analyzed.  In addition, chemiluminescence cannot give real-time output.  Lastly, this 

assay cannot be performed in the presence of Hb [27].   

 Griess method.  Although this method is used to detect NO, it does not measure 

NO directly.  Rather, the measurement of the stable oxidation product nitrite is detected.  

This product is formed with the rapid interaction between NO and O2.  The Griess 

reaction is performed utilizing a two-step diazotiation reaction, in which under acidic 

conditions, the nitrite produces a diazonium ion.  This ion is further processed to form a 

chromophoric azo derivative, which can be monitored using spectrophotometric 

measurements [27].  The detection limits for this assay system is not that sensitive with a 

range between 0.1-1.0 μM. 

 Nitric oxide sensitive electrode sensors.  Electrodes sensitive to NO can be 

employed as a method for NO detection.  One benefit of electrodes is its ability to 

provide real-time detection of NO.  The drawback of this method however is its lack of 

ability to yield information about the spatial distribution of NO.  The amount of NO 

detected by the electrode is determined by the amount of NO sensed only at the electrode 

tip [28].   
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2.1  Abstract: 

Nitric oxide (NO) research in biomedicine has been hampered by the absence of a 

method that will allow quantitative measurement of NO in biological tissues with high 

sensitivity and selectivity, and with adequate spatial and temporal resolution.  4-amino-5-

methylamino-2’,7’-difluorofluorescein (DAF-FM) is a NO sensitive fluorescence probe 

that has been used widely for qualitative assessment of cellular NO production.  

However, calibration of the fluorescent signal and quantification of NO concentration in 

cells and tissues using fluorescent probes, have provided significant challenge.  In this 

study we utilize a combination of mathematical modeling and experimentation to 

elucidate the kinetics of NO/DAF-FM reaction in solution.  Modeling and experiments 

suggest that the slope of fluorescent intensity (FI) can be related to NO concentration 

according to the equation:  [ ] [ ] [ ] [ ]
[ ] [ ]DAFNOK

DAFONOαk2FI
dt
d

'
m

2
2

1 +
=  where α is a 

proportionality coefficient that relates FI to unit concentration of activated DAF-FM, k1 

is the NO oxidation rate constant, and '
mK  was estimated to be 4.3 ± 0.6.  The FI slope 

exhibits saturation kinetics with DAF-FM concentration.  Interestingly, the effective half-

maximum constant increases proportionally to NO concentration.  This result is not in 

agreement with the proposition that N2O3 is the NO oxidation byproduct that activates 

DAF-FM.  Kinetic analysis suggests that the reactive intermediate should exhibit NO-

dependent consumption and thus •
2NO  is a more likely candidate.  The derived rate law 

can be used for the calibration of DAF-FM fluorescence and for future quantification of 

NO concentration in biological tissues.  
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2.2  Introduction 

The measurement of nitric oxide (NO) in biological samples has been hampered 

by the lack of sensitive probes that can detect NO in nanomolar levels without 

interference from other species.  The available methods for NO detection include the 

colorimetric Griess reaction, chemiluminescence, electron paramagnetic resonance, 

electrochemical and fluorometric analyses [1, 2, 3].  Available assays to asses NO 

availability measure free NO or NO oxidation products (i.e. −
2NO , −

3NO , 32ON ) and 

signaling derivatives (i.e. S-nitrosothiols, cGMP).  Available methods vary in their 

sensitivity, specificity and interference from biological constituents.  NO is highly 

reactive with other modalities and has a very short half-life and steep concentration 

gradients.  Determining local availability and intracellular concentrations has proven to 

be quite challenging.  

Fluorometric methods have been used to assess intracellular NO levels [4].  The 

development of fluorescent probes in recent years has provided sensitive and specific 

assays that are gaining wide applications in measuring nitrogen oxides [5, 6, 7, 8, 9, 10, 

11].  NO-reactive fluorescent indicators allow bio-imaging of NO with high spatial 

resolution, permitting investigation of two-dimensional NO production in real time by 

digital fluorescence imaging, which is not possible with other methods [7].  These 

fluorescent probes may be used to measure nanomolar levels of NO in vitro and in vivo 

[12].  Diamine derivatives of fluorescein are the most widely used NO fluorescent probes 

(i.e.  4,5 Diaminofluorescein (DAF-2) and 4-amino-5-methylamino-2’,7’-

difluorofluorescein (DAF-FM)).  Exposure of these compounds to NO, generates highly 
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fluorescent triazole derivatives  (DAF-T) [13].  Fluorescence to NO, however, is 

achieved only under aerobic conditions, indicating that DAF reacts with an oxidative 

product of NO, rather than NO itself [14].  The nature of the NO active derivative has not 

been established, although N2O3 has been proposed as a candidate for the reactive 

intermediate [14].  An alternative reaction scheme has also been proposed [15] where 

activation of DAF occurs through a two step process by initially reacting with NO2 

radical.  Therefore, controversy exists as to the actual kinetic mechanism for the reaction 

between DAF and NO. 

The vast majority of studies incorporating the use of DAFs have only reported 

relative changes in fluorescent signal [16, 17, 18, 19, 20].  Quantification of NO 

concentration ([NO]) in biological tissues using fluorescent probes is hindered by a series 

of challenges, including uneven dye loading, dye leakage, motion artifacts, 

photoactivation and photobleaching [14, 21, 22].  In addition, the dye may also exhibit 

increase in fluorescence due to the presence of cations [23].  Most importantly, 

elucidating the kinetics of NO-dye interaction is a prerequisite for developing meaningful 

calibration protocols.  In this study, we utilize mathematical modeling and 

experimentation to investigate the reaction of NO with DAF-FM and to gain further 

insight into the actual intermediate that activates DAFs.  Based on the proposed 

mechanism and kinetic law, recommendations for calibration of DAF fluorescence and 

the quantification of NO in biological tissues are provided. 
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2.3  Methods 

Kinetic analysis.  We investigated the kinetic mechanism that leads to activation 

of DAF by NO and the formation of the triazole derivative, DAF-T.  Assuming that the 

intermediate product of NO’s autoxidation reacting with DAF is N2O3, [24] DAF-T 

formation will proceed through the following reactions [7, 20, 25].   

•→+ 2
k

2 NO2ONO2 1      (Reaction 2.1)      

32

k

k
2 ONNONO

2

2−

→←+•      (Reaction 2.2) 

+• +→+ H2NO2OHON 2
k

232
3     (Reaction 2.3) 

TDAFDAFON 4k
32 −→+      (Reaction 2.4) 

Reaction rate constants k1 (3.15x106 M-2s-1), k2 (1.1x109 M-1s-1), k-2 (8.1x104s-1), and k3 

(38130 s-1) have been previously reported [26].  Applying the law of mass action to this 

reaction scheme yields differential equations that can be solved numerically to describe 

the rates of change of NO, •
2NO , N2O3, and DAF-T (see Appendix 2.1).   

 Activation of DAF by an oxidation product of NO, rather than NO itself, will 

affect the functional dependence of the rate of DAF-T formation on the reactants.  

Assuming that the concentrations of unstable intermediates (i.e. N2O3 and •
2NO ) are 

small relative to the reactants, and therefore show negligible rates of change, a Pseudo 

Steady State Approximation (PSSA) can be employed for their concentrations.  This 

simplifies the proposed kinetic mechanism (Reactions 2.1-2.4) and yields Equation 2.1: 

 [ ] [ ] [ ] [ ]
[ ]DAFk

k
DAFONOk2TDAF

dt
d

4

3
2

2
1

+
=−    (Equation 2.1) 
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[ ]
[ ]DAFk

k
DAFγ

4

3 +
=  is the fraction of N2O3 that is utilized to activate DAF-FM  at any 

given moment (i.e. rate of reaction 2.4 over reaction 2.3 and 2.4).  Note that the kinetic 

mechanism and the simplified kinetic behavior depicted in Equation 2.1 are analogous to 

the kinetics of nitrosation of thiols by NO in [27].  Equation 2.1 simply states that the 

formation rate of the triazole derivative, DAF-T, will be limited by the rate of NO 

oxidation (Reaction 2.1) and the fraction of N2O3 that reacts with DAF-FM.  This 

approximation was validated against the numerical solution of the system for the assumed 

parameter values for k1, k2, k-2, k3 and a wide range of values for k4.  Assuming a 

constant fraction γ, Equation 2.1 can be integrated to give the increase in DAF-T after the 

addition of a bolus amount of NO.  For limiting initial NO concentrations ([NO]i) this 

increase will be approximately equal to: 

 [ ] [ ]iNO2
γTDAFΔ =−      (Equation 2.2) 

Thus, a linear dependence between fluorescent intensity (FI), and total amount of NO 

added, is possible under some conditions despite a square dependence of the increase in 

FI on [NO] at any particular instance.  

Materials.  Dulbecco’s phosphate buffered saline was purchased from Invitrogen 

(Grand Island, NY).  DAF-FM was from Molecular Probes (Eugene, OR).  Spermine 

NONOate (SPER/NO) was from Cayman Chemicals (Ann Arbor, MI).  DMSO (dimethyl 

sulfoxide anhydrous) was purchased from Sigma-Aldrich (St. Louis, MO), and the 

sodium hydroxide (NaOH), 2N solution was from Fisher Scientific (Fair Lawn, NJ). A 7 
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mM stock solution of DAF-FM was made with DMSO. Dilutions to final working 

concentrations were done by the addition of DPBS.  Spermine NONOate (t1/2= 230 

minutes at 22-25ºC) was chosen as a slow releasing NO donor.  Final working 

concentrations were made with DPBS immediately prior to experimentation.  

Measurement of NO.  We investigated the NO released from a NO donor 

(SPER/NO) at 25ºC, obtaining the resulting [NO] profile using a NO sensitive electrode 

(ISONOP, WPI; Sarasota, FL).  Different concentrations of the NO donor (50 nM to 500 

μM), were prepared in an aerated buffered solution (pH 7.4).  The NO released was 

detected using the electrode.  The reaction of DAF-FM with NO liberated from the NO 

donor was monitored using a computer controlled automatic microplate fluorometer 

(GENios; TECAN, Inc.; Durham, NC).  Samples were loaded in black 96-well plates and 

fluorescence intensity (FI) was recorded at an emission wavelength 535 nm followed 

excitation at 485 nm.  FI increase with time was recorded at different combinations of 

DAF-FM and NO donor concentrations to assess the dependency of FI on both DAF-FM 

and NO. 

2.4  Results 

The “Clamped NO” protocol.  First, we examined the NO release pattern from 

SPER/NO in aerated solution.  An NO donor, with a relatively long half-life, can provide 

continuous release of NO over the duration of a typical experiment (~ 15 minutes).  

Figure 2.1A shows representative model simulations (using the model in Appendix 2.1) 

for the evolution of NO in an aerated solution ([O2] = 2.77x10-4 M) at three different 

SPER/NO concentrations (10, 500 and 1000 µM).  NO is released and accumulates until 

reaching a maximum concentration (represented by a circle) that is followed by a slowly 
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Figure 4.4 – Previous model predictions for the observed first order reaction rate 
constant of NO in blood (37 ºC, 45% Hct), kbl [20] 

 
 Figure 4.4 exhibits the previous model’s predictions on how kbl behaves with 

respect to Hct and Pm.  At 45% Hct, predictions for kbl vary between 7.5x102 and 6.5x103 

s-1 when Pm changes between 0.04 and 40 cm·s-1 [20].  Figure 4.5 however, shows this 

same relationship incorporating the different temperature and koxy values, inclusion of 

extracellular Hb, as well as experimental data observed from flow chamber experiments. 
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Figure 4.5 – Updated model predictions of kbl at 25 ºC including experimental data. 

 According to the experimental observations, at low Hct it is not distinguishable 

whether the values follow the low or high Pm values.  However, once the Hct reaches 

physiological levels, it is noted that the extracellular space between the RBCs diminishes 

and allows the NO to diffuse faster to the RBCs, increasing the reaction rate.  A trendline 

was added by minimizing the SSE of the experimental values.  This fitting suggests an 

experimental Pm value of approximately 1.5 cm·s-1 and a reaction rate constant kbl of 

3500 ± 700 s-1. 

4.5  Discussion 

 The estimated kbl for porcine RBCs at 25 ºC and 45% Hct was found to be 

approximately 3500 s-1.  In addition, the calculated Pm was found to be 1.5 cm/s.  It has 

been previously discussed that the actual mechanism of how NO is able to escape being 

scavenged by RBCs has yet to be established.  Therefore, the value of Pm was determined 

in order to differentiate whether NO consumption is limited by extracellular diffusion or 
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membrane resistance.  In this study, extracellular diffusion was shown to play a 

predominant role in the limiting of NO consumption due to several factors.  As 

previously mentioned, if extracellular diffusion resistance is negligible and would 

ultimately not play a role in limiting NO uptake, then the effective reaction rate constant, 

kbl, would remain invariant of the Hct values.  However, our experimental data clearly 

exhibits an apparent nonlinear dependence of kbl and Hct, therefore suggesting the 

conclusion that extracellular diffusion is indeed the reason for limiting NO uptake by 

RBCs.   

In addition, Pm values that vary between 1-40 cm·s-1 also exhibit this nonlinear 

behavior.  Our experimental data yielded a value of 1.5 cm·s-1 which falls in this range 

and further corroborates our conclusion.  Concluding that extracellular diffusion as the 

limiting mechanism also aids in explaining how NO’s reaction rate with RBCs is similar 

to oxygen’s reaction rate with Hb which is noted to be limited by extracellular diffusion 

and not by RBCs membrane [10].  However, it was noted that Pm values smaller than 1 

cm·s-1 exhibited a somewhat linear relationship.  This type of behavior on the other hand 

suggests membrane resistance as the limiting factor rather than extracellular diffusion.  

Therefore, the value of Pm is a critical variable needed to determine the actual limiting 

factor of NO uptake by RBCs.   

 Summary.  This study was successful in measuring NO consumption by RBCs to 

predict both the reaction rates (kbl) and Pm value at physiological Hct.  With these 

information, we were also able to distinguish a means of how NO is able to escape 

scavenging by the RBCs.  Prior experimental studies measuring NO consumption above 

20% Hct had not been properly performed.  The experimental setup for these groups 
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measured NO consumption at low Hct incorporating the use of NO donors and NO 

sensitive electrodes with measurements taken after different time intervals.  Using this 

prior technique, measurements at higher or physiological Hct could not be possible.  This 

is because the reaction between NO with RBCs occurs within milliseconds, therefore 

measurements in time intervals would not capture the reaction.  A proper measuring 

technique at physiological Hct must be able to capture real-time information. 

 The experimental model incorporated in this study differs from previous studies 

in that NO gas is the source of NO used as opposed to NO donors.  This method is 

advantageous in that the NO consumed within the system is limited only by the surface 

area of the liquid-gas interface.  In addition, there is a reduced NO concentration 

dissolved in the solution due to the low solubility of NO (λ=0.041 

mol(NOliq)/mol(NOgas)).  These advantages allowed measurements at physiological Hct 

possible.  These newly determined values for NO consumption and Pm can be further 

combined with derived NO production rates to yield information about the NO paradox 

and bioavailability of NO within the SMCs. 
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 Nitric oxide (NO) has been recognized for its importance in many physiological 

arenas including playing a major role in the regulation of vascular tone.  Upon realization 

that endothelial derived NO is responsible for inducing vasodilation in the smooth muscle 

cells (SMCs) of the vasculature, many have studied its production and consumption 

properties.  However, the phenomena known as the “NO paradox,” questions NO’s role 

as a vasodilator.  Due to NO’s known fast reaction with heme containing proteins such as 

hemoglobin (Hb), and given that red blood cells (RBCs) containing Hb are traveling 

within close proximity to the site of NO production, it is unclear how endothelial derived 

NO escapes scavenging by the RBCs to diffuse to the adjacent SMCs to induce 

vasodilation.  To determine both NO bioavailability in the SMCs and NO levels needed 

to induce vasodilation, information is needed about NO production and consumption 

within the vasculature.  The balance between these rates will determine NO’s ability to 

cause vasodilation  The work performed for this dissertation was aimed at understanding 

this balance. 

 In an attempt to address the questions arising from the NO paradox, theoretical 

and experimental studies were performed to yield information about NO production and 

NO consumption rates within the vasculature.  Cell culture studies utilizing Human 

Umbilical Vein Endothelial Cells (HUVECs) and incorporating the use of a NO-sensitive 

fluorescent dye, 4-amino-5-methylamino-2’,7’-difluorescein diacetate (DAF-FM da), 

were performed to determine NO production rates.  Solution experiments, without the 

presence of cells, were initially performed for the calibration of the fluorescent dye.  

These experimental results were verified against a detailed mathematical model that 



 96 

analyzed the kinetic behavior between DAF-FM and NO.  Once a calibration protocol for 

the fluorescent dye was developed for both solution and cellular experiments, production 

rates and NO concentration levels were determined upon agonist stimulation.  It was 

determined that at maximum agonist stimulation, the NO production rate was found to be 

0.418 ± 0.18 pmol/cm2s.  Assuming an endothelial layer thickness of 4 µm, this is 

equivalent to 1.05 µM/s.  This production rate value was noted to be within the same 

range as was previously observed by [1].  This group also utilized HUVECs and detected 

NO using chemiluminescence 

 The second major parameter in addressing the “NO paradox” is NO consumption 

by RBCs.  To address this concern, theoretical and experimental studies were performed 

by measuring the rate of NO consumption utilizing a NO gas source flowing above a 

porcine RBC solution at a specified hematocrit (Hct).  The methodology incorporated for 

this study allowed for investigation and measurements at physiological Hct.  The 

consumption rate constant of NO by RBCs (kbl) was estimated both theoretically and 

experimentally as a function of surface area (S), partition coefficient (λ), volumetric gas 

flow (Q) and NO diffusivity in the solution DNO.  It was found that kbl in porcine RBCs at 

25 ºC and 45% Hct was 3500 ± 700 s-1 with a membrane permeability (Pm) of 1.5 cm·s-1.  

A previous study showed a range of similar reaction rate values that were predicted for 

Pm values between 0.4 – 40 cm·s-1 at physiological Hct [2].  A nonlinear dependence of 

kbl on Hct as well as a nonlinear relationship of Pm was experimentally observed 

suggesting a predominant role for extracellular diffusion as the limiting factor for the 

reaction between NO and RBCs.   
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 Once both NO production and consumption rates were determined 

experimentally, a mathematical model was utilized to determine NO bioavailability in the 

SMCs.  A previously developed arteriolar model was utilized to yield this information 

[3].  This theoretical model incorporated a series of concentric cylinders to mimic the 

anatomy of a vessel.  RBCs, at chosen Hct, flow within the lumen of the vessel.  A RBC-

free layer was integrated into the model between the flowing blood and the inner layer of 

the vessel composed of endothelial cells (ECs).  Adjacent to the ECs is a layer of SMCs.  

It is assumed NO is transported in the radial direction into either the lumen or SMC 

region.  Axial and angular NO transport was neglected with the assumption that there is 

symmetry in NO production [3].  Upon the addition of the recently acquired experimental 

NO production and consumption rates, NO profiles were generated to yield NO 

concentration levels within the SMCs.  Several NO production rates varying between 0.1 

– 1.0 pmol/cm2s were modeled while also varying the NO consumption rate between 

2500 – 6500 s-1 at 45% Hct.   

 

Figure 5.1 – NO concentration levels available in the SMCs assuming an endothelial 
derived NO production rate of 1.0 pmol/cm2s and an NO consumption rate of 3500 s-1. 

 Figure 5.1 shows simulation results of SMC [NO] levels utilizing a NO 

production rate of 1.0 pmol/cm2s at a NO consumption rate of 3500 s-1.  It is noted that at 
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this combination of NO production and consumption rate, a peak NO concentration that 

is available in the SMCs is approximately 36 nM.  Similar simulations were conducted 

with the varying NO production and consumption rate combinations, and the NO 

concentration levels within the SMCs were noted.  Figure 5.2 represents the simulation 

data acquired for the different NO production rates while maintaining a constant 

consumption rate of 3500 s-1.  It is noted that there is a linear relationship between NO 

production rate and NO concentration available in the SMCs.  For the average NO 

production rate achieved at maximum agonist stimulation (0.418 ± 0.18 pmol/cm2s), a 

corresponding SMCs NO concentration level obtained is 15.1 nM (using a kbl of 3500 s-

1).  Similar linear relationships were observed when evaluating the varying NO 

production rates with each constant NO consumption rate analyzed.   



 99 

Figure 5.2 – Linear relationship between varying NO production rates and a SMCs NO 
concentration levels simulated by theoretical arteriole model assuming a constant NO 

consumption rate of 3500 s-1.  
 

 Figure 5.3 summarizes the simulation data obtained for all combinations of NO 

production and consumption rates.  It is noted the NO production rate value has more of 

an effect on the available [NO] within the SMCs.  As the NO production rate increases, 

there is a noticeable increase in SMCs [NO].  Interestingly, varying the NO consumption 

rates had very little effect on the overall SMC [NO].  Therefore it is concluded that the 

NO production rate plays a significant role in the amount of NO available in the SMCs.  

This can aid in explaining that when there is damage to the lining of the vasculature and 

more specifically to the ECs and site of NO production, the ability to regulate vascular 

tone is dramatically impaired.  Further simulations were performed (not shown) to 

examine when the concentration of NO within the SMCs would be zero.  This situation 
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was noted to occur at NO production rates less than 0.001 pmol/cm2s.  Therefore, this 

value was noted to be the threshold value.  In order to observe physiological relevant 

[NO] levels within the SMCs, NO production rates had to be greater than this value. 

 
Figure 5.3 – Summarized data of simulations performed for varying combinations of NO 

production and consumption rates to evaluate SMC [NO] 
 

Conclusion.  In conclusion, the experimental and theoretical data achieved in this 

dissertation provided significant information in answering the “NO paradox” by 

accomplishing the aforementioned objectives.  Combining the values of NO production 

rates and NO consumption rates determined, suggests that endothelial derived NO is in 

fact able to escape scavenging by RBCs where it then diffuses to the adjacent SMCs to 

induce vasodilation.  The actual amount of bioavailable NO in the SMCs depends linearly 

on the endothelial NO production rate obtained.  However, it has been previously 

suggested that the amount of NO required for the activation of the enzyme responsible for 

inducing vasodilation is within the range of (1 – 250 nM) [4].  Our predicted SMC [NO] 

values are within this range.  Further experimental work can be performed to examine 
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production rates obtained upon stimulation at submaximal agonist levels.  In addition, 

shear stress induced NO production could be evaluated.  Also, NO consumption studies 

can be performed using human blood to see how reaction rates differ between porcine 

blood.  However, in summary, this work provides proper methodologies on evaluating 

NO bioavailability in the SMCs by determining the balance between NO production and 

NO consumption in the vasculature, which can be utilized in further studies.   
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