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ABSTRACT 

Liu, Chen 

THE ROLE OF NITRIC OXIDE IN THE BLOOD STORAGE LESION 

Dissertation under the direction of 

Daniel B. Kim-Shapiro, Ph.D., Professor of Physics 

 

The blood storage lesion refers to changes in red blood cells (RBCs) during 

storage. It includes a number of chemical and morphological changes in RBCs, which 

result in reduced integrity of the erythrocyte membrane with formation of microparticles, 

and increased cell-free hemoglobin in plasma. The geometry of the red blood cell tends to 

become more spherical, the mean cell hemoglobin concentration (MCHC) in RBCs 

decreases, RBC volume varies, and the structure of RBC membrane changes significantly. 

The adverse effects associated with the blood storage lesion are under investigation. We 

hypothesize that increased nitric oxide (NO) scavenging due to red cell breakdown 

contributes to the blood storage lesion. In this study, we examined the rate of cell-free 

hemoglobin and microparticles reacting with NO and found that microparticles scavenge 

NO only 3 times slower than cell-free hemoglobin but still about 1000 times faster than 

RBCs. Thus, release of cell-free hemoglobin and microparticles during storage and post 

transfusion reduces NO bioavailability. We further explored factors that would determine 

the extent to which red cell microparticles contribute to NO scavenging, such as the 

ability of these microparticles to concentrate in the cell free zone. We found that 

microparticles, like cell-free hemoglobin, enter the cell-free zone and as little as 5 µM 
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hemoglobin encapsulated in microparticles has the potential to reduce NO bioavailability 

and impair endothelial-dependent vasodilation. Additionally, we examined the rate of NO 

scavenging by fresh and old stored RBCs and found that old stored RBCs scavenge NO 

about 2 times faster than fresh stored RBCs. In order to understand the mechanisms of 

increased NO scavenging by older stored RBCs, we simulated NO scavenging by RBCs 

using 3D single RBC models. Our work shows that the rate of NO scavenging by RBCs 

increases as RBC MCHC or volume decreases. RBC membrane permeability needs to 

increase 5 to 70 fold to compensate the effect of geometry and explain our experimental 

findings. In summary, we have elucidated the extent and mechanisms of reduced NO 

bioavailability due to red cell breakdown thereby establishing how it contributes to 

pathological consequences of the storage lesion. 
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CHAPTER I 

INTRODUCTION 

Blood transfusion is one of the most common medical therapies, with about 14 

million units of red blood cells (RBCs) having been transfused in the United States in 

2011 and approximately 40% of all critically ill patients receiving at least one unit of 

packed RBCs in the intensive care unit [1-4]. RBCs preserved in ADOSL can be stored 

up to 42 days and the average age of red blood cells at transfusion is approximately 

18days [4]. In recent years, a growing body of literature has demonstrated an association 

between an increased incidence of adverse clinical outcomes of blood transfusion and the 

storage of RBCs [5-10]. The adverse effect of blood transfusion is also suggested to be 

related to the number of units transfused [11, 12]. These effects include increased risk of 

infection, renal failure, respiratory failure, and multiple organ failure and death, 

particularly in physiologically compromised patient populations [5-10].  

Nitric oxide (NO) functions as the endothelial derived relaxing factor, decreases 

platelet activation and vascular cell adhesion, influences oxidative and nitrosative stress, 

functions in host defense, and influences a large number of cellular functions through 

protein modification [13-17]. Given that cell-free hemoglobin (Hb) scavenges NO at a 

very high rate of 3 to 8 ×10
7
 M

-1
s

-1
 and that there is so much Hb in the blood (10 mM in 

heme), the ability of NO to function as an important signaling molecule without being 

scavenged by Hb was seen as a paradox [18-21]. However, it has been explained by the 

fact that when Hb is encapsulated inside of a RBC, it scavenges NO up to one-thousand 

times slower than when the Hb is not encapsulated (as cell-free Hb) [22-25]. A similar 
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effect is observed for the uptake of oxygen [26-28]. The reasons for the reduction of the 

rate of NO scavenging by red cell-encapsulated vs. cell-free Hb have been extensively 

investigated and the difference in the scavenging rates has been attributed to three 

mechanisms. One mechanism that accounts for the reduced rate of NO scavenging by red 

cell-encapsulated Hb is the formation of a cell-free zone [23, 24]. During blood flow, red 

blood cells are pushed inward away from the endothelium forming a cell-free zone next 

to the endothelium. In addition, an unstirred layer forms around the red blood cells 

because NO reacts so fast with Hb, any NO that is close to a red blood cell after mixing is 

rapidly scavenged [22, 28-31]. The rate of NO scavenging by a red cell is thus limited by 

the time for external diffusion to the red blood cell. Another mechanism that has been 

proposed to account for slower NO scavenging by red blood cells compared to cell-free 

Hb is that the red cell membrane has a finite permeability to NO, so that there is a 

physical barrier to NO diffusion across the membrane [32, 33].  

However, a number of chemical and morphological changes in RBCs occur 

during blood storage including a reduction in levels of 2, 3-diphosphoglycerate, ATP, and 

pH values, as well as an increase of potassium and lactate [34]. These changes result in a 

reduced deformability, increased osmotic fragility, spheroechinocyte formation, reduced 

integrity of the erythrocyte membrane with formation of microparticles (MPs), and 

increased cell-free hemoglobin (Hb) in plasma [35-41]. The geometry of the red blood 

cell tends to be more spherical during storage which has smaller surface area to volume 

ratio, the mean cell hemoglobin concentration (MCHC) in RBCs decreases, and the 

structure of RBC membrane changes significantly during storage [42, 43]. Changes in 

RBCs during storage are referred as the blood storage lesion. Precise mechanisms that 
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explain how the blood storage lesion is associated with adverse effect of blood 

transfusion remain unclear. 

Microparticles are small phospholipid vesicles released from a variety of cells, 

such as platelets, erythrocyte, leukocyte, or endothelial cells [44]. Microparticles contain 

a subset of protein derived from their parent cells and have long been considered as cell 

fragments without any biological function. However, research shows that microparticles 

are involved in many biological activities, such as haemostasis, thrombosis, inflammation, 

transfer of surface proteins, or even angiogenesis [44-47]. Microparticles in body fluids 

constitute a heterogeneous population, differing in cellular origin, numbers, size, 

antigenic composition, and functional properties. The clinical significance of 

microparticles has been studied for years. In this study, we focused on microparticles 

derived from red blood cells and formed during blood storage and post transfusion.  

In the laboratory of Daniel B. Kim-Shapiro, we hypothesize that NO scavenging 

due to red cell breakdown contributes to the blood storage lesion. Thus, the work 

described in the dissertation was aimed to elucidate the extent to which older stored blood 

scavenges more NO than fresher stored blood by studying the extent of hemolysis, 

microparticle formation, and intrinsic changes of older stored red blood cells to NO 

scavenging.  

In this dissertation, the second chapter, “Nitric Oxide Scavenging By Red Blood 

Cell Microparticles and Cell-Free Hemoglobin as a Mechanism for the Red Cell Storage 

Lesion”, and the third chapter, “Mechanisms of Slower Nitric Oxide Uptake by Red 

Blood Cells and Other Hemoglobin-Containing Vesicles”, describe how we explored the 

rate of cell-free hemoglobin and microparticles reacting with NO using time-resolved 
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stopped-flow spectroscopy, laser photolysis technique, and electron paramagnetic 

resonance spectroscopy and conclude that both cell-free hemoglobin and microparticles 

scavenge NO about 1000 times faster than RBCs. In the fourth chapter, “Nitric Oxide 

Scavenging by Red Cell Microparticles”, we explored factors that would determine the 

extent to which red cell microparticles contribute to NO scavenging, such as the ability of 

these microparticles to concentrate in the cell free zone using computational simulation 

and single vessel myography. Our work shows that microparticles, like cell-free 

hemoglobin, enter the cell-free zone and in this case as little as five µM hemoglobin in 

red cell microparticles has the potential to reduce NO bioavailability and impair 

endothelial-dependent vasodilation. In chapter five, “Mechanism of Faster NO 

Scavenging by Older Stored Red Blood Cells”, we examined the rate of NO scavenging 

by both fresh and old stored RBCs using time-resolved stopped-flow absorption 

spectroscopy and electron paramagnetic resonance spectroscopy. We found that old 

stored RBCs scavenge NO about 2 times faster than fresh stored RBCs. In this chapter, 

computational simulations were also conducted to explore the effects of morphological 

changes, RBC volume, MCHC, and permeability to NO on the rate of NO scavenging 

using 3D single RBC models. We used results of these simulations to account for the 

observed increase in NO scavenging by RBCs as a function of storage age and found that 

the spherical geometry which represents the geometry for old stored RBCs scavenges NO 

slower than the biconcave geometry which stands for fresh stored RBCs. In addition, we 

found that the rate of NO scavenging by RBCs increases as RBC MCHC and volume 

decrease. RBC membrane permeability to NO needs to increase 1000 to 3000 folds in 

order to explain our experimental finding that older stored RBCs scavenges NO faster. 
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Abstract 

Background: Intravascular red cell hemolysis impairs NO-redox homeostasis, producing 

endothelial dysfunction, platelet activation and vasculopathy. Red blood cell storage 

under standard conditions results in reduced integrity of the erythrocyte membrane, with 

formation of exocytic microvesicles or microparticles and hemolysis, which we 

hypothesized could impair vascular function and contribute to the putative storage lesion 

of banked blood.  

https://owa.upmc.edu/owa/redir.aspx?C=c0bfec2d5b1a4198bfe4a7794379cd76&URL=mailto%3ashapiro%40wfu.edu
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Methods and Results: We now find that storage of human red blood cells under standard 

blood banking conditions results in the accumulation of cell free and microparticle-

encapsulated hemoglobin which, despite 39 days of storage, remains in the reduced 

ferrous oxyhemoglobin redox state and stoichiometrically reacts with and scavenges the 

vasodilator nitric oxide (NO). Using stopped-flow spectroscopy and laser triggered NO 

release from a caged NO compound we found that both free hemoglobin and 

microparticles react with NO about 1000 times faster than with intact erythrocytes. In 

complementary in vivo studies we show that hemoglobin, even at concentrations below 

10 µM (in heme), produces potent vasoconstriction when infused into the rat circulation, 

while controlled infusions of methemoglobin and cyanomethemoglobin, which do not 

consume NO, have substantially reduced vasoconstrictor effects. Infusion of the plasma 

from stored human red cell units into the rat circulation produces significant 

vasoconstriction related to the magnitude of storage related hemolysis.  

Conclusions: The results of these studies suggest new mechanisms for endothelial injury 

and impaired vascular function associated with the most fundamental of storage lesions, 

hemolysis. 

Key words: Hemoglobin, microparticles, nitric oxide, blood transfusion, storage 

lesion, reactive oxygen species 

Short Clinical Summary: 

Transfusion of blood represents one of the most common medical therapies with 

over 14.5 million packed red blood cell units, or 48.9 units per thousand persons, 

administered in the United States per year.
1
 It is remarkable that approximately 40% of 

all critically ill patients receive at least one unit of packed red blood cells in the intensive 
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care unit, with a mean of 5 units per patient.
2-4

 In recent years a growing body of 

literature has demonstrated an increased incidence of adverse clinical outcomes 

associated with the transfusion of a large number of units or, potentially, with increased 

storage time of the units. We now find that storage of human red blood cells under 

standard blood banking conditions results in progressive red blood cell hemolysis, with 

the accumulation of cell free and microparticle-encapsulated hemoglobin. This cell-free 

hemoglobin and red cell microparticles released during blood storage react with and 

destroy an important blood vessel dilating molecule called nitric oxide about 1000 times 

faster than intact red cells. This scavenging of nitric oxide increases with the age of blood 

in storage and produces vasoconstriction in animal models in proportion to the levels of 

cell-free hemoglobin and red cell microparticles that accumulate. These studies suggest 

that red blood cell hemolysis during storage and after transfusion could contribute to the 

observed adverse cardiovascular effects of transfusion. 

Background 

Transfusion of blood represents one of the most common medical therapies with 

over 14.5 million packed red blood cell units, or 48.9 units per thousand persons, 

administered in the United States per year.
1
 It is remarkable that approximately 40% of 

all critically ill adult patients receive at least one unit of packed red blood cells in the 

intensive care unit, with a mean of 5 units per patient.
2-4

 The five-unit mark is notable 

when one considers that this represents 50% of the human blood volume. Since the 

1960’s multiple red cell transfusion, or hypertransfusion, has been recognized as a risk 

factor for acute lung injury. It was first noted during the Vietnam War that “the lungs are 

a vulnerable target organ to a variety of pathogenetic stimuli,” including blood.
5-7

 In 
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recent years a growing body of literature has demonstrated an increased incidence of 

adverse clinical outcomes associated with the transfusion of a large number of units or, 

potentially, with increased storage time of the units. These events include increased risk 

of infection, renal failure, respiratory failure, multiple organ failure and death, 

particularly in physiologically compromised patient populations.
8-13

 This is an active area 

of investigation with competing studies suggesting a risk and others suggesting that 

storage duration risk is confounded by the number of units transfused and associated 

severity of illness.
14,15

 

The Food and Drug Administration and American Association of Blood Banks 

currently permit blood preserved in ADSOL solution to be stored for 42 days. Stored red 

blood cells undergo a number of morphologic and biochemical changes with increased 

storage time.
16,17

 Morphologic changes include reduced deformability, increased 

osmotic fragility, and spheroechinocyte formation, associated with progressive 

reduction in the intracellular levels of ATP and DPG and dropping pH values. In 

addition, prolonged red cell storage favors oxidant stress conditions leading to lipid 

peroxidation, oxidation of membrane and cytoskeletal proteins and reduced integrity of 

the erythrocyte membrane.
16-19

 These and other changes in red blood cell functionality 

and integrity during storage are commonly referred to as the “storage lesion.” 

There is increasing hemolysis during packed red blood cell storage which 

increases cell free plasma hemoglobin over time.
20-22

 Fragmentation and formation of 50-

100 nm microparticles, which contain a substantial amount of hemoglobin, also occurs as 

red blood cells age.
21,23,24

 According to current FDA guidelines, at the end of the storage 

period, only 75% of erythrocytes are required to be recoverable 24 hours after transfusion, 
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suggesting that further hemolysis and microparticle formation occurs in vivo after 

transfusion, although much of this is likely extravascular red cell clearance. These 

findings are concerning as it is known that free hemoglobin reacts with the vasodilator 

nitric oxide (NO) in a 1:1 stoichiometric reaction that occurs at high rate of 6-8x10
7
 

mol/L/s.
25

 This consumption of NO by cell free plasma hemoglobin has been shown to 

cause changes in vascular function in subjects with sickle cell anemia who had plasma 

heme concentrations as low as 6 µM.
26

 Approximately half of the observed “hemolysis” 

in stored blood is also encapsulated in microparticles, and, in theory, based on their small 

molecular size, microparticles may also exhibit accelerated NO scavenging rates 

compared with intact erythrocytes.
27

 The effect of microparticles on NO scavenging 

could be especially important, particularly in the microvasculature where their clearance 

may not be reflected by systemic clearance rates. Indeed, in a rat model, approximately 

90% of red cell microparticles are cleared systemically by 30 minutes after injection and 

distribute predominantly into the liver but also throughout multiple organs such as the 

bone, kidneys, skin, and lungs.
28

 Hemolysis also decreases NO bioavailability by 

releasing red cell arginase-1, an enzyme that converts arginine to ornithine, thereby 

reducing arginine, a substrate for nitric oxide synthase.
29,30

 

We therefore initiated in vitro chemistry and biophysical studies of stored blood 

cell free hemoglobin and microparticles and in vivo physiological studies with infusions 

of the plasma collected from fresh and aged stored human red cell units, to explore 

whether the formation of microparticles and accumulation of cell free hemoglobin during 

in-storage red blood cell hemolysis will increase the rate of NO catabolism and impair 

endothelial function. The results of these studies suggest new mechanisms for endothelial 
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injury and impaired vascular function associated with the most fundamental of storage 

lesions, hemolysis. 

Methods 

Packed Red Blood Cells 

 Nine randomly selected packed red blood cell units were obtained from the 

Central Blood Bank, Pittsburgh, PA. These units were non-leukoreduced and preserved in 

ADSOL solution, which is standard at the University of Pittsburgh Medical Center. 

Additional units that were leukoreduced were also studied for comparison. The units 

were stored in a temperature controlled refrigerator at 1-6°C and sampled weekly over 6 

weeks starting at an age of 4 days old. At the end of storage samples were cultured to 

exclude bacterial contamination. Samples collected at weekly intervals were centrifuged 

at room temperature at 2700 x g for 20 min. The supernatant was stored at -80°C and 

later thawed for analysis of the free hemoglobin, NO consumption, electron paramagnetic 

resonance (EPR), hemoglobin spectral deconvolution, and arginase-1 assays as well as 

for in vivo infusion studies in a rat model as described below.  

Cell-Free Plasma Hemoglobin Levels and Spectral Deconvolution of Species 

Cell free plasma hemoglobin was measured by conversion to 

cyanomethemoglobin using Drabkin’s reagent and then measuring absorbance 

spectrophotometrically at 540nm. (Beckman Coulter DU 800 UV/Visible 

Spectrophotometer, Brea, CA).
31,32

 Hemoglobin concentration and spectra were also 

measured on an Agilent 8453 UV-Visible Spectrophotometer (Agilent 

Technologies, Santa Clara, CA) using 1 cm path length cuvettes. The concentrations of 

oxyhemoglobin and methemoglobin in the plasma samples were analyzed by 
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deconvoluting the spectrum into components from standard UV-visible spectra of human 

hemoglobin composed of oxyhemoglobin, methemoglobin and deoxyhemoglobin in PBS 

buffer using a least-square method as previously described with some adjustments to 

correct for the background signal from plasma.
33

 Additional experimental detail are 

summarized in the on-line supplement.  

Nitric Oxide Consumption 

 The ability of the cell free hemoglobin in the supernatant to scavenge NO was 

measured with a previously published and validated NO consumption assay using an NO 

chemiluminescence analyzer (Sievers, Boulder CO).
34

 Additional experimental details are 

summarized in the on-line supplement.  

Arginase-1 Assay 

Plasma levels of arginase-1 were measured via ELISA (Human Arginase 1 

ELISA-Test-kit, Hycult biotechnology BV, Netherlands) according to the manufacturer’s 

instructions and our previous publications.
35 

Electron Paramagnetic Resonance Spin Trap Detection of Reactive Oxygen Species 

and Free Iron 

The spin probe 1-hydroxy-3carboxy-2,2,5,5-tetramethylpyrrolidine (CPH; Alexis 

Biochemiclas), was added to each stored red blood cell supernatant sample to achieve a 

final concentration of 200 µM. Samples were placed in 50 µL glass capillaries and 

analyzed on a Bruker eScan Spectrometer at 37°C and 21% O2. Spectra were signal 

averaged (5 scans over 10 minutes). The instrument settings were as follows: field sweep 

50G; microwave frequency 9.78 GHz; microwave power 20 mW; modulation amplitude 

2G; conversion time 327 ms; time constant 655 ms; and receiver gain 1x10
5
. To evaluate 



19 

 

whether the signal was derived from non-transferrin bound iron versus reactive oxygen 

species a variety of reagents were added as indicated in the results, including allopurinol, 

L-nitroargine methyl ester (L-NAME) and diphenyleneiodonium chloride (DPI), and 

catalase (Sigma, St. Louis, MO), CuZn superoxide dismutase (OXIS International Inc. 

Portland, OR), and deferoxamine mesylate (Sigma, St. Louis, MO). 

Detection and Quantification of Red Blood Cell Microparticles 

Quantification of microparticles was performed at 14-day intervals for each unit 

of packed red blood cells. Two µL of PE-Cy 5 conjugated glycophorin A (BD 

Pharmingen, San Jose, CA) was added to 5 µL packed red blood cells. After incubation 

for 30 minutes in the dark at room temperature, 2 µL FITC conjugated Annexin V was 

added followed by 500 µL Annexin V binding buffer, per kit instructions (Annexin V- 

FITC Kit, Beckman Coulter, Bera, CA). After 30 minutes of incubation in the dark at 

room temperature the analysis was performed using a CyAn ADP cytometer (Beckman 

Coulter, Miami FL). An effort was made to acquire a total of 100,000 events per sample 

at rates not exceeding 10,000 events/second. The cytometer was calibrated to 

predetermined photomultiplier target channels prior to each use, using 8-peak Rainbow 

Calibration Particles (Spherotech, Libertyville, IL, Cat. No. RCP-30-5A). Offline spectral 

compensation and analyses were performed using the VenturiOne analysis package 

(Applied Cytometry, Dinnington, Sheffield, UK). Flow cytometric histograms of forward 

light scatter and fluorescence intensity are displayed on a 4-decade logarithmic scale. 

Microparticles were quantified as a percent of GPA positive events. The fraction of 

hemoglobin contained in microparticles compared with the total hemoglobin in the 



20 

 

plasma of stored blood was measured by differential centrifugation at 750 x g for 10 

minutes at 4 C for the first spin and 37,000 x g for 10 minutes for the second spin.  

Stopped-Flow Analysis 

Hemoglobin was purified and NO-saturated buffers prepared as described 

previously.
33

 For these experiments a unit of outdated packed red blood cells with ACD 

anticoagulant was purchased from Interstate Blood Bank, Inc. (Memphis, TN). The 

microparticles were isolated as previously described.
36

 The absence of red blood cells in 

the microparticle preparation was confirmed by microscopy. The physical stability of 

microparticles over time was confirmed by measuring the free hemoglobin concentration 

in a microparticle preparation that had been left at 4 °C for 7 days. Free hemoglobin in a 

one day old preparation was not detectable by absorbance (intensity in the Soret range). 

Stopped-flow experiments of the reaction between NO and free hemoglobin as 

well as with red cell-encapsulated hemoglobin and microparticle-encapsulated 

hemoglobin were performed as described previously 
37

 and in described in detail in the 

supplementary methods section. Briefly, one syringe of the stopped-flow apparatus was 

loaded with NO saturated buffer, another with oxygenated cell free hemoglobin, red cell-

encapsulated hemoglobin or microparticle-encapsulated hemoglobin, and a third syringe 

was loaded with deoxygenated PBS for dilution purposes. The hemoglobin concentration 

after mixing was 0.05 mM in heme and the NO was 1-8 times in molar excess to heme. 

An upper bound for the dead time of the Stopped Flow instrument was estimated using a 

procedure similar to that described by Tonomura et. al.
38

 as 16.4±7.4 mseconds by 

observing the reduction of 2,6-dichlorophenolindophenol (DCIP) by L-ascorbic acid.  
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Photolysis experiments to measure the very fast dioxygenation rate of NO by 

microparticles compared with cell free hemoglobin were performed under aerobic 

conditions similarly to those described previously 
39

 and in described in detail in the 

supplementary methods section for time-resolved absorption measurements. A solution of 

microparticle-encapsulated hemoglobin or cell free hemoglobin was mixed 1:1 with a 

solution of the caged NO donor compound, potassium pentachloronitrosyl-ruthenate (II). 

A quantum yield of NO in each experiment was calculated from each observed reaction 

rate between cell free hemoglobin and NO and a 5×10
7
 M

-1
s

-1 
bimolecular rate constant 

for NO scavenging by free oxyhemoglobin 
40

, a lower bound which we have previously 

established. Each obtained value for the yield of NO was used to calculate a 

corresponding bimolecular rate constant for every observed reaction rate between 

microparticle-encapsulated hemoglobin and NO. The absence of lysis of microparticles 

during a photolysis experiment was confirmed by measuring the absorbance of the 

supernatant after photolysis, which showed no detectable amount of cell free hemoglobin. 

The age of blood used for preparation of vesicles for photolysis experiments was 28 or 33 

days old. 

Rat Vasoactivity Model 

This study was reviewed and approved by the ethical committee for animal 

subjects of the University of Pittsburgh, PA, USA. Wistar male rats (Charles River, 

Wilmington, MA) with a body weight of 325 ± 4 g (mean ± SEM) were utilized in this 

study.  

Rats were anesthetized with an intraperitoneal injection of a mixture of 90 mg/kg 

ketamine (Ketaject, Phoenix, St. Joseph, MD), 0.5 mg/kg medetomidine (DexDomitor; 
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Pfizer,#6295), and 0.005 mg/kg atropine sulfate (Med-Pharmex, Pomona, CA). Details of 

experimental set-up are summarized in the on-line supplement. A fluid-filled catheter was 

inserted into the right carotid artery catheter and connected to a pressure transducer 

(model MLT844, AD instruments, Colorado Springs, CO) that was connected to a data 

acquisition system (Powerlab 8/30, AD Instruments) for continuous monitoring of mean 

arterial blood pressure (MAP) and heart rate. MAP was calculated with the use of the 

formula: (systolic blood pressure - diastolic blood pressure)/3 + diastolic blood pressure. 

In addition, the jugular vein was cannulated to infuse maintenance anesthesia (ketamine, 

58 mg/kg/hr in Ringer’s solution). The femoral artery was cannulated for blood 

withdrawal and arterial blood-gas sampling. The femoral vein was cannulated for the 

infusion of the packed red blood cell supernatant. 

After surgery, the rat was allowed to stabilize for 30 minutes after which 0.2 mL 

of blood was drawn for blood gas analysis. As replacement for the drawn blood 0.2 mL 

of 6% Hextend in Ringer’s lactate (Hospira, Lake Forest, IL) was infused and the rat was 

allowed to stabilize for 10 minutes. Subsequently a volume of 4.95 mL/kg of supernatant 

from either 4 or 39 days stored packed red blood cells was infused for approximately 40 

min at a rate of 7.5 ml/kg/hr. Responses in blood pressure and heart rate were recorded 

continuously up to an hour after the end of the infusion. Experiments were performed on 

5 individual days. Each day, the effect on blood pressure of infusion of packed red blood 

cell supernatant from the same red cell donor obtained at day 4 and day 39, from the 

same bag and frozen at -80 °C, was determined in two separate rat experiments. 

Additional experiments with infusion of microparticles are summarized in the 

supplemental on-line methods. 
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Statistical Methods 

Analysis was performed using Microsoft Office Excel 2007 (Redland, OR), 

Graphpad Prism, version 5 (Graphpad Software, LaJolla, CA), Systat Version 12 ( Systat 

Software Inc, Chicago, IL) and OriginPro 8 (OriginLab Corp.,Northampton, MA) 

software. Time course experiments of banked blood were analyzed by repeated measures 

analysis of variance (RM-ANOVA) with post-test Bonferroni corrections for multiple 

comparisons at each time point. 

Results 

Accumulation of Plasma Ferrous Oxyhemoglobin (Fe
+2

-O2) during Red Blood Cell 

Storage 

It is known that progressive low level hemolysis occurs during standard red blood 

cell storage in ADSOL preservation solution, a result that we confirm in our 9 packed red 

blood cell units (Figure 1A and 1B). The cell free plasma hemoglobin concentration 

(measured in heme) in supernatants from 9 packed red blood cell units increased over 

time from a baseline 4 day mean of 11.6 ± 2.5 µM (range of 4.6 to 27.7 µM) to a 39 day 

mean value of 81.0 ± 18.4 µM (range of 31.0 to 173.3 µM). While our primary analysis 

was performed in non-leukoreduced blood, which is the standard at our center, we also 

performed the experiments in leukoreduced blood. There were no significant differences 

in the levels of plasma hemoglobin at 39 days of storage (non-leukoreduced 81.0 ± 18.4 

µM ±vs. leukoreduced 88.10 ± 47.84 µM). Because low levels of plasma hemoglobin in 

the ferrous redox state (oxyhemoglobin or deoxyhemoglobin, but NOT methemoglobin) 

have the capacity to react with and inactivate NO via the classic dioxygenation reaction 
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(Eq. 1) we quantified both the extent of hemolysis and the redox state of the cell free 

plasma hemoglobin in supernatant over 39 days in blood from nine normal blood donors:  

(1) Fe
+2

-O2 (oxyhemoglobin) + NO (nitric oxide) → Fe
+3

 (methemoglobin) + 

NO3
-
 (nitrate) 

Although it might be expected that cell-free plasma hemoglobin would be 

oxidized to ferric methemoglobin over 39 days of storage, which could not catabolize NO, 

we have previously found that normal human plasma actively reduces ferric heme to 

ferrous heme.
34

 To explore the redox status of the cell free plasma hemoglobin during red 

cell storage we measured the concentration and percentages of methemoglobin, 

oxyhemoglobin and deoxyhemoglobin by UV-visible spectroscopy and least-squares 

spectral deconvolution. To some surprise, we found that at least 92% of the cell free 

plasma hemoglobin remained in the ferrous oxyhemoglobin (Fe
+2

-O2) form (Figure 1C 

and 1D). The deconvolution model had a larger fitting error at 4 days of storage due to 

the lower overall hemoglobin levels, and hence lower absorbance signals.  
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Figure 1. Cell Free hemoglobin and NO scavenging in stored blood. (A) Photograph 

of stored red blood cell supernatant over time. (B) Average cell free plasma heme 

concentration (µM) over time. (C) Absorbance spectra of representative packed red blood 

cell supernatants at 4 and 39 days of storage. (D) Concentration (µM) of methemoglobin 

and oxyhemoglobin by spectral deconvolution of packed red blood cell supernatant. (E) 

Raw data for NO consumption assay. (F) NO Consumption over Time. An * represents 

statistically significant from 4, 11, 18, and 25 days of storage, # represents statistically 

significant from 4 and 11 days of storage, and ** represents statistically significant from 

4 days of storage. Overall P value for RM-ANOVA. (G) Nitric oxide consumption is 

directly proportional to the plasma heme concentration. (H) Arginase-1 levels increasing 

over time. 
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Cell Free Plasma Hemoglobin and Microparticles Released During Red Blood Cell 

Storage Stoichiometrically Consumes Nitric Oxide via the Dioxygenation Reaction 

Ferrous oxyhemoglobin is known to react with NO via the dioxygenation reaction 

to form methemoglobin and nitrate (Eq. 1).
41

 Consistent with its redox status measured 

by spectral deconvolution we hypothesized that one heme would react with and consume 

one NO via this reaction. To measure NO catabolism we injected supernatant from 

packed red blood cell units taken at one week intervals from 4 to 39 days into an 

anaerobic solution of NO, generated from the NO donor DETANOate.
34

 As shown in 

Figure 1E we found that the concentration of NO consumed increased dramatically with 

red cell storage time. Suggesting a 1:1 reaction stoichiometry, the concentration of NO 

consumed rose to a similar extent as the concentration of cell free plasma hemoglobin 

(concentration measured and reported in terms of heme; Figure 1F). Indeed, the R
2
 value 

for measured stored red cell supernatant heme vs. NO consumption was 0.99; (P<0.0001; 

Figure 1G) indicating a reaction of 1 mole of heme with one mole of NO consistent with 

Eq. 1. This is interesting as it indicates that hemoglobin remains in the reduced form 

capable of NO scavenging even after 39 days of storage. 

In addition to NO dioxygenation reactions that could modulate NO bioavailability, 

human red cells also contain arginase-1, which metabolizes arginine to ornithine and thus 

reduces arginine bioavailability for de novo NO synthesis. We found that the stored red 

cell supernatant contains increasing concentrations of erythrocyte arginase-1 ranging 

from an average of 280 ± 69 ng/mL at 4 days of storage to 4633 ± 631 ng/mL at 39 days 

of storage (Figure 1H). We also found that the amount of cell free plasma hemoglobin 

and arginase-1 correlated significantly for each individual unit of packed red blood cells 
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with R
2
 values for nine units ranged from 0.81-0.99 (all P values <0.015; Table I). While 

cell-free hemoglobin to arginase-1 correlation was high for individual units, when data 

from all units was combined the R
2
 value dropped to 0.51 indicating that the hemoglobin 

to arginase-1 ratio varied considerably among donors. 

 

TABLE I. R
2
 and P values for arginase-1 vs. cell-free plasma hemoglobin for each 

unit of packed red blood cells.  

PRBC Unit R
2
 p 

A 0.93 0.002 

B 0.97 <0.001 

C 0.87 0.006 

D 0.99 <0.001 

E 0.91 0.003 

F 0.93 0.002 

G 0.97 <0.001 

H 0.91 0.003 

I 0.81 0.015 

 

 

Red Blood Cell Microparticles Inactivate Nitric Oxide at Rates Approaching Cell-

Free Hemoglobin 

It has been known that stored red cells undergo membrane oxidation, damage and 

exocytosis to form microparticles. We measured these microparticles using flow 

cytometry of whole blood without centrifugation as shown in Figure 2A, for a 
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representative unit of packed red blood cells at days 4, 18 and 32. A small proportion of 

microparticles are evident at 4 days, but they increase dramatically over time. The 

percent microparticles in the packed red blood cell units increased with storage duration 

(median values were 0.24%, 0.37%, and 1.99% of total events at days 4, 18 and 32, 

respectively; Figure 2B). The microparticle doubling time was 9.0 days (95% CI: 7.7-

10.7 days; P < 0.001) as determined by linear regression analysis.  

While increases in microparticles have been appreciated for decades, to our 

knowledge the ability of these microparticles to react with NO faster than red cells has 

never been evaluated. Because the dioxygenation reaction of NO with hemoglobin (Eq. 1) 

is limited by compartmentalization within a red blood cell, which is substantially 

determined by red cell size, we hypothesized that hemoglobin in small microparticles 

should react with NO much faster than hemoglobin contained in red blood cells. To 

measure the reaction rates we first performed time-resolved absorptions measurements 

using a stopped flow apparatus for red cells and microparticles reacting with NO. Time-

resolved absorbance spectra of the reaction of 0.05 mM red cell-encapsulated hemoglobin 

with 0.1 mM NO using the stopped-flow apparatus is described by an observed rate 

constant of 2.8 s
-1

 (Figure 2C). Consistent with previous measurements 
37,42

, this gives a 

bimolecular rate constant on the order of 1000 times slower than for the NO 

dioxygenation by oxygenated cell free hemoglobin and illustrates the dramatic slowing of 

NO dioxygenation by intact red blood cells. Figure 2D displays analogous absorbance 

data, but for a reaction between 0.05 mM oxyhemoglobin encapsulated in microparticles 

and 0.05 mM NO. This NO concentration provides the slowest possible reaction rate 

while allowing complete conversion of microparticle-encapsulated hemoglobin into the 
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ferric form. The only species visible in this case, methemoglobin is the final product of 

the reaction. This is because the reaction is much faster than the reaction between red cell 

hemoglobin and NO and it is completely over within the dead time of the stopped flow 

apparatus. Assuming that it takes at least two lifetimes of the reaction until no kinetics 

may be observed, the lifetime of the dioxygenation of NO by microparticle–encapsulated 

hemoglobin must be less than or equal to half of the dead time of the stopped flow 

instrument. Considering the smallest NO concentration of 0.05 mM used in the reaction, 

this gives a lower boundary on the dioxygenation bimolecular rate constant for 

microparticles of at least 2.4 ×10
6 

M
-1

s
-1

. These studies indicated that the reaction of 

microparticles with NO is too fast to be observed by stopped-flow, similarly to the 

reaction of NO and cell-free hemoglobin.  

To more accurately measure the kinetics of the reaction of NO with microparticles 

we employed a laser photolysis method and compared the results to those obtained using 

cell-free hemoglobin. A mixture of red cell microparticles or hemoglobin and a solution 

of the NO donor potassium pentachloronitrosyl-ruthenate(II) (“caged NO”) was passed 

through a quartz flow cell and the caged NO was released by laser photolysis as 

described in the methods section. Figure 2E shows the time-resolved absorbance data 

collected from the reaction between 0.02 mM cell-free oxyhemoglobin and a solution of 

4 mM caged NO. The NO yield for this reaction was calculated to be 155 μM by using 

the observed rate of 7.75 ×10
-3 

μs
-1

 and the known bimolecular rate (see methods) of 5 

×10
7 

M
-1

s
-1

. Figure 2F shows the absorbance spectra collected from a reaction of 0.02 

mM microparticle-encapsulated hemoglobin and the same 4 mM caged NO solution as 

that used in the experiment of Figure 2E. The observed rate constant for this data set was 
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2.74 ×10
-3 

μs
-1

 giving a bimolecular rate constant of 1.77 ×10
7 

M
-1

s
-1

 when calculated 

using the NO yield from Figure 2E. The average value for the bimolecular rate constant 

of the dioxygenation reaction between microparticles and NO, for all experiments was 

1.81 ± 0.40 ×10
7 

M
-1

s
-1

 (n = 301, 3 separate experiments). Thus the dioxygenation 

reaction between microparticle-encapsulated hemoglobin and NO is only 2.5 to 3 times 

slower than that for free hemoglobin reacting with NO and approximately 1000 times 

faster than the reaction with red cell encapsulated-hemoglobin, as measured by photolysis 

experiments and by stopped flow (Figure 2G). The inset of graph of panel (2G) shows the 

three bimolecular rate constants on a logarithmic scale, which more clearly highlights the 

similarity of the cell free hemoglobin and microparticle NO reaction rates and their large 

difference from red cell-encapsulated hemoglobin. Hence, it is likely that in vivo 

microparticles will have an effect on NO bioavailability very similar to that of cell free 

plasma hemoglobin. This could be particularly important as microparticles are 

continuously elaborated after transfusion and are not known to be cleared by haptoglobin. 
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Figure 2. Microparticle formation and NO scavenging in stored blood. (A) The flow 

cytometry histograms show forward light scatter (FSc Log) versus fluorescence intensity 

of labeled glycophorin A PE-Cy5. Intact red blood cells have relatively high forward 

light scatter (green box). As they transition (blue box) to microparticles (MP) (red box) 

forward light scatter and GPA fluorescence intensity decrease. A small proportion of 

MPs are evident after short storage (4 days), but they increase significantly over time (B). 

Microparticle median values were 0.24, 0.37, and 1.99% at days 4, 18 and 32 of storage, 

respectively. (C) A reaction between 0.05 mM red cell-encapsulated oxyhemoglobin and 

0.1 mM NO measured by stopped-flow. The arrows point in the direction of changing 

absorbance at the methemoglobin peak of 405 nm and at the oxyhemoglobin peaks of 541 
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and 577 nm. The inset shows absorbance at 405 nm. (D) A reaction between 0.05 mM 

microparticle-encapsulated oxyhemoglobin and 0.05 mM NO as measured by stopped-

flow is too fast to be observed. (E) A reaction of 0.02 mM cell-free oxyhemoglobin with 

NO in a photolysis experiment. The inset shows absorbance at 405 nm. (F) A reaction of 

0.02 mM microparticle-encapsulated oxyhemoglobin with NO in a photolysis experiment. 

The caged NO solution used is the same as that in the experiment of panel E. (G) The 

measured bimolecular rate constants for the dioxygention of NO by microparticle- and 

red blood cell-encapsulated oxyhemoglobin compared with the rate for cell-free 

oxyhemoglobin. The inset displays these data on a logarithmic scale. 

 

Evaluation of Reactive Oxygen Species and Free Iron Formation During Red Blood 

Cell Storage 

We explored oxygen free radical generation in the stored red cell supernatant 

using EPR spin trapping. The hydroxylamine spin probe CPH reacts with ROS as well as 

free iron to form the CP• radical which demonstrates a characteristic, 3 line EPR 

spectrum (Figure 3A). Incubation of the packed red blood cell supernatant with CPH for 

10 min at 37°C produced a substantive CP• radical that increased significantly after 18 

days of storage (Figure 3B). The generation of the CP• radical was inhibited in a dose 

dependent manner by the Fe chelator, deferoxamine suggesting free iron as the seminal 

reactant producing the CP• signal (Fe
3+

 + CPH → Fe
2+

 + CP•) rather than ROS (Figure 

3C). To exclude contributions of ROS to the observed CP• formation and thus further 

support the interpretation that our signal was indeed dependent upon reaction of the spin 

probe and free iron, we exposed the packed red blood cell supernatants to the antioxidant 

enzymes catalase and superoxide dismutase, as well as a battery of inhibitors of 

enzymatic sources of ROS, (Figure 3D). Exposure of the 39-day samples to super oxide 

dismutase and/or catalase did not alter CP• radical production suggesting neither 

superoxide (O2
•-
) nor hydrogen peroxide derived hydroxyl radical were responsible for 

the observed signal. Furthermore, inhibition of NADPH oxidases, xanthine oxidase, 



33 

 

aldehyde oxidase and nitric oxide synthases with the global FAD inhibitor, 

diphenyleneiodonium and/or specific inhibition of these enzymes (allopurinol for 

xanthine oxidase, raloxifene for aldehyde oxidase, L-NAME for both NO from nitric 

oxide synthase as well as O2
•-
 produced from uncoupled nitric oxide synthases) did not 

alter the CP• intensity, confirming free iron as the seminal reactant responsible for our 

storage time-dependent CP• radical formation from the packed red blood cell 

supernatants. These experiments suggest that effects of stored red cell supernatant on NO 

levels are not driven by ROS-mediated NO catabolism. 

 

Figure 3. Storage of packed red blood cells induces time-dependent, iron-mediated 

radical formation. (A) Representative EPR spectra of CPH exposed to packed red blood 

cell supernatants for 10 min at 37°C. Spectra represent a signal average of 5 scans from 

t=9 to t=10 min. (B) The mean CP• signal intensity is displayed versus time (weeks) of 

storage (n=3). (C) Supernatants from 39 day old packed red blood cells were exposed to 



34 

 

50 µM CPH in the presence of increasing concentrations (10-200 µM) of deferoxamine 

(DFO). (D) Supernatants from 39 day old packed red blood cells were exposed to 50 µM 

CPH in the presence of SOD (100 U/mL), catalase (100 U/mL), SOD + catalase, 

diphenyleneiodonium (DPI) (100 µM), allopurinol (100µM), L-NAME (100 µM) and 

reloxifene (100 µM). Data represent mean ± SEM of at least three independent 

determinations, * indicates P < 0.05. 

 

Supernatant From Stored Red Blood Cells Produces Potent In Vivo 

Vasoconstriction in a Rat Model that Correlates With the Extent of In-Storage 

Hemolysis 

We have identified molecular mediators in stored red cell supernatant that have 

the potential to substantially impair NO signaling following red blood cell transfusion. In 

order to directly test whether these factors modulate vascular reactivity we infused the 

stored red cell supernatant from the stored red blood cell units into the rat systemic 

circulation and compared this with the supernatant from the same human blood donor 

that was obtained earlier at 4 days of storage. Infusions of stored red cell supernatant for 

each human donor unit were performed in two rats in the same day to control for 

potential time effects in the model. The mean cell free plasma hemoglobin concentration 

of the five packed red blood cell units used in this assay was 26 ± 7 µM (range 13-45 µM) 

at 4 days of storage and 125 ± 25 µM (range 87 -185 µM) at 39 days of storage. We 

infused 4.95 mL/kg of stored red cell supernatant into the rats in order to model the 

amount infused with a 3-unit red blood cell transfusion into humans. We found that the 4-

day old stored red cell supernatant increased MAP to a mean of 6 ± 2 % above baseline 

(n=5) over the approximate 40 minute period of infusion. All five infusions of 39 day old 

stored red cell supernatant showed a greater increase in MAP compared to infusion of the 

corresponding supernatant that was obtained at 4 days of storage. The mean increase in 
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normalized MAP after infusion of supernatant obtained at 39 days of storage was 

significantly higher (p=0.003) with an increase of 17 ± 4 % (n=5) in MAP above baseline 

(Figure 4A and B). There was a significant correlation (R
2
=0.65) between the amount of 

hemoglobin present in the supernatant and the percentage increase in blood pressure 

above baseline (Figure 4C).  
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Figure 4. Vasoactivity of infused packed red cell supernatant/plasma. (A) 

Experimental time line for packed red cell supernatant infusions. Rats were stabilized for 

30 minutes after surgery and blood gasses were drawn as indicated (BG 1 and 2). 

Supernatant (1.6 mL) of packed red blood cells stored either for 4 or 39 days was infused 

for 40 min, after which the rats were followed up for 1 hour (n=5). (B) Change in MAP 

over time after packed red blood cell supernatant infusion and 60 minute follow up. (C) 

Average percentage peak increase in MAP after infusion of packed red blood cell 

supernatants (P < 0.003). (D) Correlation (solid line) between the PRBC supernatant 

heme concentration and the percentage increase in MAP after a 40 minute infusion of 

either 4 days (●) or 39 days (■) stored PRBC supernatant (r
2
 = 0.65). Each data point 
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was obtained from a separate rat infusion experiment (2 groups of n=5). All values are 

displayed as mean ± SEM. 

 

Microparticle Hemoglobin Content in Stored Blood Plasma Infused in Rat 

Experiments and Half-Life in Vivo 

To quantify the concentration of hemoglobin contained in microparticles in aged 

blood infused in our experiments we measured hemoglobin concentrations in 

microparticles in the 9 units of banked human blood at 6-weeks of storage. In these 

samples we evaluated the concentration of microparticles after centrifugation speeds of 

2700 g, which was the protocol used to prepare the plasma. Note that quantification of 

microparticles by flow cytometry in Figure 2A and Figure 2B was measured in 

uncentrifuged stored units. The levels of microparticles were determined by measuring 

the hemoglobin concentration by Drabkin’s reaction before and after centrifugation at 

37,000 g to remove all microparticles. The median percentage of hemoglobin in the 

plasma contained in microparticles was 10.4 % (minimum = 3.2%, maximum = 23.7%). 

The mean ± SEM was 11.6% ± 2.2%. The hemoglobin concentration of these 

microparticles had a median of 9.1µM (minimum = 1.1µM, maximum = 17.2µM) and a 

mean ± SEM of 8.5 ±2.2µM. We also examined the amount of microparticles in 6 units 

of expired blood that was centrifuged at 750 x g and a median of 15% (minimum = 6%, 

maximum = 40%) of the plasma hemoglobin was contained in microparticles (mean 

±SEM measured 17.9% ± 4.8%. The hemoglobin concentration of these microparticles 

had a median of 30.2µM ( minimum = 3.4 µM, maximum = 56.6 µM) and a mean ±SE of 

31.9 ± 9.3µM. 
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Estimation of microparticle clearance rates for human microparticles infused into 

our in vivo rat model was achieved by infusing human RBC-derived microparticles into 

rats (n=2) and monitoring for human Hb in the rat plasma at selected time points (pre-

infusion, 5, 10, 15, 20, 30 and 45 min). Microparticles were quantified by measuring the 

total human hemoglobin concentrations (ELISA) and by flow cytometry. We measured 

the double positive events (Glycophorin A-PE
+
 Annexin V-FITC

+
) in the microparticle 

size range, enumerated based upon their ratio to a known amount of Absolute Count 

Standard fluorescent microbeads in each sample. As shown in Figure 1 in the online-only 

Data Supplemental, the half-life of human microparticles in our rat model is less than 15-

20 minutes, consistent with our observed drop in MAP after cessation of infusion of 

stored blood plasma. In aggregate these experiments suggest that the majority of 

hemoglobin in our rat experiments is in the form of free plasma hemoglobin. However, 

the effect of microparticles may be more after transfusion of packed red blood cell units 

as these have higher quantities of microparticles and the transfused red cells will continue 

to elaborate microparticles after infusion.  

Concentrations of Hemoglobin and Redox Status of Hemoglobin Necessary to 

Induce Vasoconstriction in the Rat Model 

Kinetic modeling suggests that levels of plasma hemoglobin as low as 1 μM can 

limit NO bioavailability.
43

 These results notwithstanding, doubts have been expressed as 

to whether such low levels of plasma hemoglobin can significantly modulate in vivo 

vascular function.
44

 Consistent with these theoretical studies, prior experiments have 

shown reduced NO responsiveness in rabbit tissues infused with as little as 6 µM 

hemoglobin (all concentrations in terms of heme), and we have found that vasodilator 
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responsiveness to NO donor (nitroprusside) are blunted by 80% in patients with sickle 

cell anemia who had plasma heme concentrations greater than or equal to 6 µM.
26 

Despite 

these data, a number of investigators suggest that these low levels of plasma hemoglobin 

cannot modulate vascular function.
44

 In order to directly test whether the low 

concentrations of cell-free plasma hemoglobin present in packed red blood cells are 

capable of producing vasoconstriction we infused a human hemoglobin solution over 10 

minutes and evaluated the changes in MAP vs. the cell free plasma hemoglobin 

concentration. As shown in Figure 5A (and inset), infusion of human oxyhemoglobin 

produces a robust and immediate vasoconstrictive effect, even at levels below 10 μM. To 

determine if this is related to the NO dioxygenation reaction (eq. 1) versus a colloid 

osmotic property or the generation of ROS by the ferric form of hemoglobin 

(methemoglobin or ferryl-hemoglobin) we compared the infusions of oxyhemoglobin to 

the same concentration of methemoglobin and cyanomethemoglobin. The latter species is 

“locked” in a redox inactive form which cannot bind oxygen or participate in redox 

reactions, and represents a more rigorous control for colloid osmotic property effects. As 

shown in Figure 5B, there were no significant differences between methemoglobin and 

cyanomethemoglobin, while ferrous oxyhemoglobin produced a robust vasoconstriction. 

Finally, in separate experiments we infused oxyhemoglobin and serially sampled the 

plasma from the rat for measurement of NO consumption during continuous infusion. As 

shown in Figure 5C, the infusion of oxyhemoglobin produced a dose dependent increase 

in the NO consumption within plasma, which was of similar magnitude to the levels of 

plasma hemoglobin in the circulation, consistent with a mechanism mediated by rapid 

NO dioxygenation (scavenging). As indicated in reference 44 this concept is still very 
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controversial. Our results are the first to show that such low concentrations of heme (6 

µM) scavenge NO and produce vasoconstriction, and the first to compare this response 

with an exact hemoglobin control, cyanomethemoglobin. 
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Figure 5. Low concentrations of ferrous oxyhemoglobin increase MAP in rats. (A) 

Percentage increase in MAP after infusion of human hemoglobin as a function of 

estimated rat plasma hemoglobin concentration (expressed as heme) as calculated from 

the dilution of infused hemoglobin in rat plasma volume over the 40-min infusion time. 

The inset shows a magnification of the data for a plasma hemoglobin concentration 

between 0 to 60 µM. (B) Percentage increase in MAP after infusion of unmodified 

human hemoglobin () and after modification of human hemoglobin to methemoglobin 

(◧) or cyanomethemoglobin () compared to infusion of the plasma expander hetastarch 

(). (C) Rat plasma samples obtained before (T0), and after 5, 10, 20 and 40 min (T5-40) 

of infusion of human packed red blood cell supernatant and then were analyzed by tri-

iodide chemiluminescence for NO consumption. (D) The area under the peaks (NO 

consumption) was quantified (open bars) and compared with the levels of cell free 

plasma hemoglobin. 
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Discussion 

In these studies, we have examined the novel hypothesis that a component of the 

storage lesion is directly related to in vitro and in vivo hemolysis with dysregulation of 

redox pathways in NO signaling mediated by catabolism of NO and arginine. Previous 

studies have documented substantial hemolysis that increases cell free plasma 

hemoglobin as a function of time, reaching 28 µM (in heme) in packed red blood cells on 

average after 35 days of storage in citrate-phosphate-dextrose-adenine anticoagulant 

(CPDA).
20

 Another study reported up to an average of 593 µM (in heme) after storage for 

35 days in CPDA.
21

 More recently, hemolysis was reported to be about 0.8% by day 50 

of storage.
22

 This is approximately 80 µM heme and consistent with our measurements in 

ADSOL. Given the low threshold for acceptable red blood cell viability (70% post-

transfusion) in current guidelines, we suggest that intravascular hemolysis and 

elaboration of microparticles after transfusion may also be considerable.  

A central problem with hemolysis in stored blood may involve the effects on NO 

bioavailability. Nitric oxide plays several major roles in human physiology. Nitric oxide 

functions as a neurotransmitter, a macrophage-derived host-defense molecule, inhibits 

platelet aggregation and endothelium adhesion molecule expression, is an antioxidant, 

and is a potent vasodilator. 
45,46

 To elicit its vasodilatory activity, NO must diffuse to the 

smooth muscle cells and activate sGC. In 1994, Lancaster suggested that the 

endothelium’s proximity to millimolar concentrations of hemoglobin, would severely 

compromise the efficiency of the NO/sGC pathway.
47

 Hemoglobin scavenges NO 

primarily through a classic dioxygenation reaction, where NO reacts with oxyhemoglobin 

to form methemoglobin (where the heme irons are ferric) and nitrate (Eq. 1). This 
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reaction, involving the oxidation of the ferrous heme iron (Fe
+2

) to a ferric iron (Fe
+3

), 

occurs at a rate of 6-8 × 10
7
 M

-1
s

-1
.
25,48

 Because of the speed of this reaction, NO can only 

diffuse about 0.07 µm (assuming a diffusion constant of 3000 µm
2
 s

-1
 and 10 millimolar 

hemoglobin). Since NO is freely diffusible, the presence of hemoglobin on one side of 

the endothelium decreases the concentration of NO on the other side as well.
 

The reason that endothelial-derived NO does not undergo the dioxygenation 

reaction (Eq. 1) to the extent predicted, based purely on kinetic calculations, is that red 

blood cell-encapsulated hemoglobin reacts with NO much more slowly than does cell 

free plasma hemoglobin.
42,49-53

 Three mechanisms contribute to reduced NO scavenging 

by red blood cells: (1) the rate of the reaction is largely limited by external diffusion of 

NO to the red blood cell; (2) NO diffusion is partially blocked by a physical barrier 

across the erythrocyte membrane; and (3) erythrocyte-encapsulated hemoglobin is 

efficiently compartmentalized in the lumen; it does not extravasate into the endothelium 

and interstitium. None of the three mechanisms responsible for reduced NO scavenging 

by hemoglobin encapsulated in intact red cells pertain to either free hemoglobin in 

plasma or to hemoglobin in microparticles, and all three of the mechanisms will break 

down upon hemolysis.  

The enhanced ability of cell free plasma hemoglobin to scavenge NO has been 

widely attributed to the hypertension, increased systemic and pulmonary vascular 

resistance, and morbidity and mortality associated with administration of hemoglobin-

based oxygen carriers (HbOCs or “blood substitutes”).
54-58

 Until recently, little attention 

has been paid to complications due to NO scavenging by cell free plasma hemoglobin in 

hemolytic disease, in part because the levels of plasma hemoglobin were so low.
26,59 
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However, experiments show reduced NO responsiveness in rabbit tissues infused with as 

little as 6 µM hemoglobin (all concentrations in terms of heme) 
60

, and we found that 

vasodilator responsiveness to NO donor (nitroprusside) was blunted by 80% in patients 

with sickle cell anemia who had plasma heme concentrations greater than or equal to 6 

µM.
26

 We also demonstrated that intravascular hemolysis leads to vasoconstriction and 

impairs renal function in a canine intravascular hemolysis model.
61

 Indeed, accumulating 

transgenic animal, large animal and human epidemiological evidence supports a role for 

hemolysis in the pathobiology of sickle cell disease and other hemolytic anemias.
29,30,61-65

 

In the current studies we confirm that levels of cell free plasma hemoglobin during acute 

infusions below 10 µM increased MAP. We further found that this effect was in large 

part mediated by ferrous oxyhemoglobin, rather than methemoglobin or protein-

dependent increases in colloid osmotic pressure. 

Our current studies suggest that a 3-4 unit packed red blood cell transfusion of 

aged blood has the potential to inhibit systemic NO signaling. The effects of cell free 

plasma ferrous oxyhemoglobin would be compounded by the delivery of red cell 

microparticles, and the latter may be more important owing to the fact that they would be 

resistant to clearance by the haptoglobin-CD163 clearance system and through the 

kidneys. In this study we hypothesized and confirmed using advanced reaction 

measurements that red cell microparticles scavenge NO rapidly, with the potential to 

inhibit NO bioavailability in transfused blood.  

We recognize that the ongoing steady-state levels of plasma hemoglobin in 

patients with hemolytic anemias, such as sickle cell disease, likely differ markedly from 

the situation after red blood cell transfusion, where plasma hemoglobin levels may only 
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be transiently elevated following even substantial blood transfusions. Based on the 

relatively short half lives of both free hemoglobin and microparticles derived from 

transfused stored blood, the overall impact of transfusion on NO depletion and other 

effects of non-erythrocyte hemoglobin will be transient. Whether a transient inhibition in 

NO signaling is sufficient to increase the risk of multi-organ dysfunction or hemostatic 

activation in at-risk populations of patients remains to be determined. 

Additional effects of hemolysis in stored blood were evaluated in our studies and 

may have contributed to the vasoactive effects we observed. One is the release of red cell 

arginase-1 into plasma. This enzyme converts arginine to ornithine, thus reducing 

arginine availability for NO synthesis.
29,63

 Arginasemia has been correlated with 

hemolysis in a number of human diseases and high enzyme activity is associated with the 

development of pulmonary hypertension and increased prospective mortality. Previous 

work has shown that arginase levels increase in stored blood as a function of time.
66,67

 

Conclusions 

Based on these studies showing that even low levels of cell free plasma 

hemoglobin are sufficient to inhibit endothelial NO signaling and induce vasoconstriction 

and hypertension, we propose that hemolysis and microparticle formation, as well as 

arginase-1 release, during storage and after transfusion of aged erythrocytes contributes 

to decreased NO bioavailability and cardiovascular dysfunction. This effect may 

represent a contribution to organ injury in the susceptible host receiving multiple red 

blood cell transfusions. These studies suggest that new therapeutic avenues for red cell 

storage and transfusion should be studied. For example, methods to limit storage related 

hemolysis and microparticle formation using ATP sustaining preservation solutions, co-
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transfusion of hemoglobin scavenger molecules like haptoglobin or hemoglobin-binding 

peptides, red cell membrane stabilizing agents, as well as NO signaling/donor agents. 
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ABSTRACT 

Nitric Oxide (NO) acts as a smooth muscle relaxation factor and plays a crucial 

role in maintaining vascular homeostasis. NO is scavenged rapidly by hemoglobin (Hb). 

However, under normal physiological conditions, the encapsulation of Hb inside red 

blood cells (RBCs) significantly retards this reaction, permitting NO to reach the smooth 

muscle. The rate limiting factors (diffusion of NO to the RBC surface, through the RBC 

membrane or inside of the RBC) responsible for this retardation have been the subject of 

much debate. Knowing the relative contribution of each of these factors is important for 

several reasons including optimization of the development of blood substitutes where Hb 

is contained within phospholipid vesicles. We have thus performed experiments of NO 

mailto:shapiro@wfu.edu
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uptake by erythrocytes and by microparticles derived from erythrocytes and conducted 

simulations of these data as well as that of others. We have included extracellular 

diffusion (that is, diffusion of the NO to the membrane) and membrane permeability, in 

addition to intracellular diffusion of NO, in our computational models. We find that all 

these mechanisms may modulate NO uptake by membrane-encapsulated Hb and that 

extracellular diffusion is the main rate limiting factor for phospholipid vesicles and 

erythrocytes. In the case of red cell microparticles, we find a major role for membrane 

permeability. These results are consistent with prior studies indicating that extracellular 

diffusion of several gas ligands is also rate limiting for erythrocytes, with some 

contribution of a low membrane permeability. 

INTRODUCTION 

Hemoglobin (Hb) encapsulated within red blood cells scavenges NO at a 

significantly slower rate than hemoglobin that is freely dissolved within blood plasma 

(cell-free Hb) (1-4). A similar effect is observed for the uptake of oxygen (5-7). This 

reduction in the scavenging rate allows NO that is produced in the endothelial cells 

within the walls of blood vessels to diffuse to the smooth muscle in sufficient 

concentrations to activate soluble guanylate cyclase (8-12), which would not be possible 

otherwise (13). NO thus effectively functions as a smooth muscle relaxant under normal 

physiological conditions. The reasons for the reduction of the rate of NO scavenging by 

red cell-encapsulated vs. cell-free Hb have been extensively investigated and yet this 

remains a debated subject. The difference in the scavenging rates has been attributed to 

four possible factors: (1) a red blood cell (RBC)-free zone adjacent to the endothelium 

due to the velocity gradient in laminar flow (2-4), (2) NO uptake being rate-limited by 



56 

 

diffusion of NO to the RBC, which contributes to the phenomenon of an unstirred layer 

around the RBC (1,6,14-16), (3) an intrinsic, physical RBC membrane barrier to NO 

diffusion (14,17-20), and (4) NO uptake being rate-limited by diffusion of NO within the 

RBC (intracellular diffusion) (17,21). Although there is no disagreement about the effect 

of the RBC-free zone along the endothelium on reducing NO reaction rates with red cell 

hemoglobin, the influence of the unstirred layer vs. membrane permeability vs. 

intracellular diffusion of NO is still disputed (21-24). There is, however, increasing 

evidence that the membrane of the RBC does provide some resistance to the passage of 

NO (14,19,20,22). 

Disease states highlight the importance of the reduced rate of NO scavenging by 

red blood cells. The mechanisms of retardation of NO scavenging by red cell-

encapsulated Hb are disrupted in hemolytic anemias due to intravascular hemolysis (25-

33). This also occurs during administration of some hemoglobin-based oxygen carriers 

(34-48). Transfusion of banked blood of more than two weeks of age may show similar 

effects in vivo due to release of hemoglobin as the red cells degrade (49,50).  

It is desirable to design blood substitutes that would not have the detrimental 

effects of cell-free hemoglobin. A potential candidate is hemoglobin encapsulated within 

phospholipid vesicles that are a few hundreds of nanometers in diameter (51-55). The 

vesicles are large enough to avoid extravasation into the endothelium and could 

potentially be affected by the radial pressure gradient within blood vessels so that NO 

consumption would be limited. Investigating the reaction kinetics of these vesicles with 

NO is therefore important to validate their functionality in place of red blood cells. 

Phospholipid vesicles of differing sizes and concentrations of intracellular hemoglobin 
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may be made (21). Measuring the dependence of their uptake rates of NO on size and on 

hemoglobin concentration may also provide insight into the relative importance of factors 

intrinsic to the erythrocyte that influence its scavenging rate of NO. 

To elucidate the relative importance of factors that are intrinsic to red blood cells 

and phospholipid vesicles in their reactions with NO, another group of investigators 

(Sakai et al., (21)) performed stopped-flow experiments of the reaction of NO with 

vesicles of various sizes and with a number of different hemoglobin concentrations under 

anaerobic conditions. One great advantage of the elegant system developed by these 

authors is that it allows for modeling of well-characterized systems. The authors 

performed computer simulations of their experiments and also simulated reactions with 

smaller and larger vesicle diameters – from 50 nm up to that of a red cell (8000 nm). In 

their simulations the authors did not include either extracellular diffusion of NO (i.e. 

extravesicular, or diffusion to a vesicle through the bulk fluid up to (but not through) the 

membrane) or membrane permeability to NO (21). Only the diffusion of NO inside of a 

vesicle was simulated. The results obtained both experimentally and computationally 

showed that the bimolecular binding rate constant of NO decreases as intracellular 

hemoglobin concentration and vesicle diameter increase. The authors attributed these 

results to increasing viscosities of hemoglobin solutions and to increased diffusional 

distances of NO inside vesicles of larger diameters. This led them to conclude that the 

diffusion of NO inside a phospholipid vesicle is the rate limiting factor in the reaction 

and that this may also be the case for NO scavenging by red blood cells. 

In contrast, we hypothesize that rapid mixing of NO and phospholipid vesicles 

does not eliminate rate limitations due to extracellular diffusion. Performing our own 
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computer simulations of the stopped-flow experiments with vesicles and NO, we show 

that the effective diffusion distance of NO through this extracellular space is not reduced 

sufficiently by the rapid mixing in stopped-flow. In fact, it is the rate limiting factor in the 

reaction.  

In support of our simulations, we conducted stopped-flow absorption 

measurements of NO uptake by red blood cells under oxygenated and deoxygenated 

conditions. To explore the role of external diffusion, we employed a viscous and non-

viscous buffer. We found that the viscosity of the buffer had a substantial effect on 

external diffusion, supporting our computational simulations and previous reports that 

demonstrate the importance of external diffusion in limiting oxygen uptake by red blood 

cells (6,7). 

In addition, we have simulated our own kinetics measurements of NO uptake by 

microparticles derived from aged red blood cells under aerobic conditions (50). Unlike 

phospholipid vesicles, these microparticles still have lipid raft proteins and other 

components characteristic of red cells in their membrane (56). Our simulations show that, 

in our fast time-resolved kinetic measurements of NO scavenging by red cell 

microparticles under aerobic conditions, membrane permeability mostly likely limits the 

reaction rate.  

We also performed competition experiments that support the notion that in the 

case of these red cell microparticles, membrane permeability plays a substantial role in 

limiting NO uptake. These results support our previous data, showing that NO uptake by 

oxygenated red blood cells is mostly limited by extracellular diffusion, with a smaller 
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contribution of reduced membrane permeability under aerobic conditions (14,20). 

EXPERIMENTAL PROCEDURES 

Computational model development – We have constructed a three-dimensional 

model to simulate stopped-flow experiments of the anaerobic reaction between 

phospholipid vesicle-encapsulated hemoglobin and NO within the software package 

COMSOL Multiphysics (Comsol Inc., Burlington, MA; version 3.5), a partial differential 

equation-based finite element modeling environment. In these experiments deoxygenated 

hemoglobin within vesicles binds NO to form a ferrous heme-NO complex (Fe
II
-NO). 

We have assumed that vesicles are distributed homogeneously within the reaction volume. 

The reaction may then be simulated with a spherically symmetric model consisting of 

two spheres. The inner sphere represents a vesicle and the outer sphere represents the 

reaction volume, such that the difference between its radius and the radius of the vesicle 

is an average half-distance between any two vesicles in a real experiment (Figure 6A). To 

sufficiently resolve both the reaction volume and vesicles with enough finite elements we 

exploited the spherical symmetry of our model. The reaction was simulated solely over a 

20×20 degree square cone cut out of the two-sphere system (Figure 6A). This reduced the 

number of degrees of freedom that had to be solved for to between 20,000 and 30,000 

while allowing a sufficient number of finite elements (Figure 6B).  
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Figure 6. Three-dimensional model of NO uptake by phospholipid vesicles. A. The 

two-sphere model of a stopped-flow experiment between NO and 0.62 mM of 

deoxygenated hemoglobin encapsulated within a phospholipid vesicle with a diameter of 

8000 nm. The radius of the large outer sphere represents the half-distance between the 

centers of any two vesicles in a real experiment. The axes are marked in units of 10-5 

meters. On this scale the vesicle diameter is 0.8×10-5 m and the outer sphere diameter is 

6×10-5 m. The 20×20 degree square cone is the region over which we have solved our 

system of equations. B. A zoom-in to the finite element mesh of the cone solution region 

shown in panel A. The vesicle domain is the bottom section colored in pink and part of 

the extracellular volume domain is the gray section above. The border between the 

vesicle domain and the extracellular volume domain is the membrane of the vesicle. Each 

straight edge of the vesicle domain is the 4000 nm vesicle radius. C. The simulated 

concentrations in micromolar of unreacted hemoglobin inside the vesicle and NO in the 

extracellular space (Reaction Volume) at the half-life of the reaction. The domains are 

displayed with the same zoom as in panel B and the vesicle domain is outlined in black. 

The same color code is applied to both domains, but maps the concentration of unreacted 

hemoglobin inside the vesicle ([heme]in) and NO outside of the vesicle ([NO]ex). 
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Model-governing equations – The general mass-transport equation governing the 

reaction was as follows: 

 𝜕𝐶

𝜕𝑡
+ ∇ ∙ (−𝐷∇𝐶) = 𝑆 − 𝑅 (Eq. 1) 

Here C represents the concentration of NO or hemoglobin. The extra terms S and R refer 

to the rate of reactant production and consumption, respectively. In our case neither 

reactant was being produced so S was zero, and inside a vesicle 

 𝑅 = 𝑘𝐻𝑏[𝐻𝑏][𝑁𝑂], (Eq. 2) 

where [NO] and [Hb] are time dependent concentrations and kHb is the known 

bimolecular rate constant for the reaction of cell-free deoxygenated hemoglobin with NO 

(20,57,58). We used the value given in the recent work on phospholipid vesicles (21) 

(2.7×10
7 

M
-1

s
-1

, Table II). D is the diffusion rate constant of the particular diffusing 

species described by the equation (NO outside or inside or hemoglobin inside of a 

vesicle, Table II). The boundary condition employed on the surface of the outer sphere 

was: 

 −�̂� ∙ (−𝐷∇𝐶) = 0, (Eq. 3) 

and at the surface of the vesicle, the inward flux of NO was defined as: 

 −�̂� ∙ (−𝐷∇𝐶) = 𝑃𝑚(𝐶𝑒𝑥 − 𝐶𝑖𝑛) (Eq. 4) 

Here Cex and Cin represent the concentrations of NO on the outside (extracellular region) 

and on the inside (intracellular region) of the vesicle, respectively, �̂� is the unit vector 

normal to the sphere surface pointing in the radial direction and Pm is the lipid membrane 

permeability coefficient of NO (Table II). 
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TABLE II. Simulation parameters for phospholipid vesicles 

Parameter Value Units 

Vesicle diameter 

50, 100, 200, 250, 500, 

1000, 2000, 8000 

nm 

Total [heme] in solution 1.5 μM 

Initial [NO] in solution 1.9 μM 

kHb (aerobic reaction) 2.7×107 M-1 s-1 

Physiological Dex of NO 3300 μm2 s-1 

Physiological Pm of NO 9×105 μm s-1 

[heme]in → 0.62 6.2 12.4 21.7 mM 

Physiological Din of NO 2080 1590 1160 706 μm2 s-1 

Physiological Din of Hb 77 53 29 7.4 μm2 s-1 

Hematocrit 0.242 0.024 0.012 0.007 % 

Effectively infinite 

values of diffusion 

and permeability 

∞×(Dex, Din) ≡ 33×108 

∞×Pm ≡ 9×108 

μm2 s-1  

μm s-1 

Tested ranges  

of diffusion  

and permeability 

(Dex, Din, Pm) × 

(10-5, -4, -3, -2, -1, ⅓, ½, 1, 2, 3, 101, 2, 3, 4, 5) 

a The bimolecular rate constant for the NO reaction with free 

deoxygenated hemoglobin is represented by kHb. Dex is the 

diffusion rate constant of NO in saline (in the extracellular space) 

and Din refers to the diffusion rate constants of both NO and 

hemoglobin inside a vesicle (in the intracellular space). 

 Pm is the phospholipid membrane permeability of NO. The bottom 

row shows factors by which physiological parameter values were 

multiplied to test how this affects reaction kinetics. 

 

Simulation parameters for NO uptake by phospholipid vesicles – Each reaction 

was simulated until half of the intracellular hemoglobin had reacted with NO and this 
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time was taken as the half-life (t½) of the reaction. Figure 6C shows an example of 

simulated concentration profiles of unreacted hemoglobin inside a vesicle and NO 

outside of the vesicle at the half-life of the reaction. The apparent bimolecular reaction 

rate constant, 𝑘𝑜𝑛
′ , was calculated at 5 ms of reaction time, as in the recent publication on 

vesicles, from the following formula: 

 
ln (

[𝐻𝑏](𝑡)

[𝐻𝑏](0)
) = −𝑘𝑜𝑛

′ [𝑁𝑂](0) × 𝑡, (Eq. 5) 

which assumes pseudo first order initial kinetics with a constant concentration of NO 

equal to the initial concentration. The model parameters we used in our simulations are 

summarized in Table II. To properly simulate the stopped-flow experiment we included 

physiological values for the diffusion of NO in the extracellular region (Dex, 3300 μm
2 
s

-1
) 

and the lipid membrane permeability of NO (Pm, 9×10
5 

μm
 
s

-1
) which we have previously 

used (20,59). In the intracellular region we have used the diffusion constants for both NO 

and hemoglobin cited in the work on phospholipid vesicles (21), which increase with 

decreasing concentration of hemoglobin inside a vesicle. The total hemoglobin (in heme) 

used in our simulations was 1.5 μM and the initial concentration of NO in the whole 

reaction volume was 1.9 μM, as in the publication on vesicles (21). To assess whether 

extra or intracellular diffusion of NO or the membrane permeability of NO is rate limiting 

we have performed simulations where each of these parameters was varied over a range 

of fifteen different values by multiplying the physiological value of a parameter by fifteen 

different factors (from as small as 10
-5

 to as large as 10
5
, Table II, bottom row) while 

maintaining the other parameters constant at either physiological values (data not shown) 

or at very high values. The very high values were selected to make the corresponding 

parameters effectively infinite so that they would not contribute to the reaction rate (Table 
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II, bottom row). These simulations were performed for intracellular hemoglobin 

concentrations of 0.62, 12.4 and 21.7 mM and for vesicle radii of 50, 500 and 8000 nm 

(Table II). For simulations where intracellular diffusion was varied while extracellular 

diffusion and membrane permeability were constant the NO and hemoglobin diffusion 

coefficients were both multiplied by the same factor. Because these two parameters were 

always varied synchronously together they are both referred to by the same symbol, Din 

(intracellular or intravesicular diffusion). To fit all of the experimental and computational 

data presented in the recent work on phospholipid vesicles (21), we have also performed 

some simulations with vesicle diameters of 100, 200, 250, 1000 and 2000 nm. The 

experimental and simulated data in the recent work on phospholipid vesicles by Sakai et 

al. (21) have been obtained by precisely estimating the values from the graphs of their 

publication in order to compare it to our own. Some values explicitly given in the 

publication were also estimated from the graphs and these deviated by a maximum of 

1.4% from the exact values. 

Computational model validation for simulations of NO uptake by phospholipid 

vesicles – Several approaches were taken to confirm the validity of our computational 

approach. Normally the mesh of our 3D model had been created with a fine setting and 

further refined twice in the extracellular domain and five times in the intracellular 

(vesicle) domain (Figure 6B). Comparing these to simulations performed with a coarser 

mesh, we have identified that models with the largest vesicle diameter and the highest 

concentration of intracellular hemoglobin need the most number of mesh refinements to 

be properly resolved. To make sure that our chosen number of mesh refinements provided 

a sufficient number of finite elements the simulations requiring the most number of 
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refinements were also performed with three and six refinements for the intra and 

extracellular domains respectively. The average percent difference from simulations with 

lower, normally used, number of mesh refinements at physiological parameter values 

(Table II) was 0.16% ± 0.19% for the apparent rate constants and 18% ± 4% for the 

reaction half-lives (n = 2). When parameter values one tenth of physiological values and 

higher were included the percent difference was 1.65% ± 4.45% for initial rates and 12% 

± 8% for half-lives (n = 26). All of the simulations performed in three dimensions have 

also been performed in one dimension in spherical coordinates with only a radial 

dependence (data not shown). It was determined that to appropriately simulate apparent 

bimolecular rate constants for the smallest values of extra and intracellular diffusion used 

(10
-5

×Dex and 10
-5

×Din, Table II) the number of mesh refinements in 1D had to be 

increased to 10 for the extracellular space and 12 for the intracellular space, so that our 

three-dimensional model was not resolved enough at low diffusion rates (below one tenth 

of physiological values presented in Table II). However, the simulated half-lives had little 

dependence on the mesh size and gave qualitatively the same results for both one and 

three-dimensional simulations. Importantly, the mesh size in three dimensions resolved 

the model sufficiently for accurate simulations of both initial rates and half-lives at 

physiological parameter values. We are confident that our conclusions about mechanistic 

issues surrounding NO uptake by Hb containing vesicles could not be due to any 

deficiencies in the grid size or other model parameter.  

Computational model settings & data analysis – Normally simulations were 

performed with three application modes – two for diffusion of NO in the extra and 

intracellular regions and one for the diffusion of hemoglobin in the intracellular region. In 
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some cases formation and diffusion of the product of the reaction, iron-nitrosyl 

hemoglobin (Fe
II
-NO), was simulated with a fourth application mode and the results were 

found to be insignificantly different from that of a system of NO and hemoglobin only. 

Some simulations were also performed to completion, until all of the intracellular 

hemoglobin had reacted. Mass conservation of reactants and products was observed in all 

cases. The direct, UMFPACK, linear system solver was used by COMSOL Multiphysics 

during the simulations and the time stepping was performed by the default, Backward 

Differentiation Formula, method. To perform a large number of simulations in series, a 

Matlab code was used to control COMSOL Multiphysics. This included setting up the 

geometry of each model, creating and refining the mesh, collecting simulation data and 

calculating the apparent reaction rate constant of each simulation. 

Measurements of NO reactions with red blood cells. Stopped-flow time-resolved 

absorption measurements were conducted using a Molecular Kinetics three-syringe mixer 

(Indianapolis, IN) coupled to an Olis RSM spectrometer (Bogart, GA) using similar 

methods as described previously (14,50). Red blood cells were suspended in either 

Dubelco’s phosphate buffered saline (DPBS) (14) or a viscous buffer. The viscous buffer 

was made by first dissolving 50 g of dextran in 34 mL of water, 200 mL of DPBS and 10 

mL Optiprep (Sigma Aldrich) and then mixing this solution with the non-viscous buffer 

(DPBS) in a ratio of 3 to 1 under aerobic or anaerobic conditions. Anaerobic conditions 

were maintained using sodium dithionite at a maximum concentration of 5 mM. The NO 

donor PROLINONOate (Cayman Chemicals) was prepared in 0.0.1M NaOH at a 

concentration of 35 mM. These two solutions were loaded in two of the syringes and the 

third contained either the viscous or non-viscous buffer. The viscosity of the viscous 



67 

 

buffer used in our experiments (after dilutions) was measured to be 7.7 centistokes. In the 

first mix, the NO donor was diluted into the one containing buffer and then this mixture 

was aged for twenty seconds so that the NO would be released. Afterward, the NO buffer 

was rapidly mixed with the red cells. This two-step mixing procedure was performed to 

avoid degradation of the NO either from reactions with air or dithionite, as the donor is 

quite stable in 0.01 M NaOH. Time-resolved absorption spectra were collected and 

analyzed using Specfit software (Boston, MA) through singular value decomposition and 

global analysis as previously described (14,50).  

Measurements of NO uptake by red blood cell microparticles – We also simulated 

our own photolysis experiments measuring the very fast uptake of NO by red blood cell 

microparticle-encapsulated hemoglobin under aerobic conditions (50). In these 

experiments oxygenated hemoglobin inside microparticles reacts with NO to form 

methemoglobin (MetHb, Fe
III

). Microparticles were obtained from outdated packed red 

blood cell units with ACD anticoagulant purchased from Interstate Blood Bank, Inc. 

(Memphis, TN). The microparticles were prepared as previously described (50,60). The 

preparation was confirmed to contain only microparticle encapsulated hemoglobin via 

microscopy and absorbance measurements (50). We used dynamic light scattering to 

estimate the size of our microparticles. Samples were measured in a Zetasizer series 

instrument by Malvern Instruments Ltd and analyzed with Malvern software to obtain a 

size average by number. We found the diameter to be 200 ± 10 nm (from 4 separate 

microparticle preparations). The internal hemoglobin concentration was determined by 

measuring the total hemoglobin concentration in a resuspended microparticle pellet. 
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Hemoglobin was purified as described previously (61). All chemicals were 

purchased from Sigma (St. Louis, MO) unless stated otherwise. Measurements of NO 

dioxygenation by microparticles via the time-resolved photolysis method were performed 

similarly to those described previously (50,62). NO was photolyzed off of the donor 

compound potassium pentachloronitrosyl-ruthenate (II) in the presence of microparticle-

encapsulated or cell-free Hb and absorbance of the reaction mixture was simultaneously 

recorded by a CCD camera. A quantum yield of NO in each experiment was calculated 

from each observed reaction rate between cell-free Hb and NO and a 5×10
7
 M

-1 
s

-1
 

bimolecular rate constant for the same reaction, a lower bound which we have previously 

established (20). Each obtained value for the yield of NO was used to calculate a 

corresponding bimolecular rate constant for every observed reaction rate between 

microparticle-encapsulated hemoglobin and NO. Microparticles were confirmed to have 

remained intact during an experiment by measuring the absorbance in the Soret and 

visible ranges of the supernatant (after sedimention at 30,000 g for 90 minutes) after 

photolysis, which showed no detectable amount of freely dissolved hemoglobin. The age 

of blood used for preparation of microparticles for photolysis experiments was 28 or 33 

days old.  

Competition Experiments - Competition experiments were performed similarly to 

those described previously (14,17). Cell-free Hb at a concentration of 50 or 800 µM was 

mixed with red cell microparticles (prepared as described above) at a similar 

concentrations in heme (50 or 800 µM) in Phosphate buffered saline (PBS). The NO 

donor DEANONOate was added to a final concentration of 12.5 µM for the low heme 

concentration experiments and 200 µM for the high heme concentration experiments. 
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After 150 minutes the mixtures were centrifuged at 37,000 g for 60 minutes to sediment 

the microparticles. The amount of reacted NO in each fraction was determined by 

absorption and electron paramagnetic resonance spectroscopy as previously described 

(14,17). Experiments were performed under aerobic conditions. Control experiments 

were performed as described previously to account for any auto-oxidation or MetHb 

reductase activity (14). 

The ratio of the bimolecular rate constants for NO uptake by cell-free Hb 

compared to that encapsulated by red cell microparticles, kf / kmp is given by 

 
ln (1 −

[𝑀𝑒𝑡𝐻𝑏]𝑓(𝑡)

[𝐻𝑏𝑂2]𝑓(0)
) = 

𝑘𝑓

𝑘𝑚𝑝
ln (1 −

[𝑀𝑒𝑡𝐻𝑏]𝑚𝑝(𝑡)

[𝐻𝑏𝑂2]𝑚𝑝(0)
) 

(Eq. 6) 

where the subscript f refers to cell-free Hb and mp to red cell microparticles Hb. The 

natural log terms on both sides of the equation derive from the fact that the total amount 

of oxygenated hemoglobin in the free and microparticle fractions may decrease with time 

from its initial amount (18).  

Simulations of NO uptake by red blood cell microparticles – Photolysis 

experiments were simulated with the same computational model that we used to simulate 

the experiments with phospholipid vesicles. The different parameter values for these 

simulations are summarized in Table III. For simulations of each experiment the 

measured average NO yield was used as the initial concentration of NO (Table III). The 

total amount of oxygenated hemoglobin in each experiment was 19.8 µM. Our 

simulations focused on our own measured values of vesicle diameter and internal Hb 

concentration, but also included the full range of microparticle diameters that have been 
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reported by Kriebardis et al. (56) based on measurements of microparticle preparations 

similar to ours. Based on our measurements of the volume of a pellet of microparticles 

after sedimentation and on absorbance of the same microparticles suspended in buffer, we 

have estimated the average hemoglobin concentration inside microparticles to be 

approximately 12.7 mM. The diffusion rate constants of NO and hemoglobin inside 

solutions of various concentrations of internal Hb (Table III) were obtained by 

extrapolating the diffusion coefficients provided in the recent publication on phospholipid 

vesicles (21) (Table III) with a third degree polynomial. For each initial concentration of 

NO, total hemoglobin and microparticle diameter, the experiment was simulated with 25 

to 28 different microparticle membrane permeability values of NO, from 1×10
3
 to 9×10

5
 

µms
-1

. Some simulations were also performed when only one parameter (diffusion of NO 

outside, diffusion of NO and hemoglobin inside, or membrane permeability to NO) had a 

physiological value while the other two were assigned effectively infinite values (Table 

III), as in the simulations of vesicles. The time of each simulation at which Equation 5 

was used to compute a bimolecular rate constant was changed from 5 ms to 0.05 ms, 

because under the given conditions the reaction proceeds much faster and is complete 

within approximately 1 ms. The reported bimolecular rate constants are an average of 

three identical simulations but with different initial concentrations of NO (Table III). 
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TABLE III. Simulation parameters for red 

blood cell microparticles. 

Parameter Value Units 

Vesicle diameter 50, 150, 200, 210 nm 

Total [heme] in solution 20 μM 

Initial [NO] in solution 99, 130, 160 μM 

kHb (anaerobic reaction) 5×107 M-1 s-1 

Physiological Dex of NO 3300 μm2 s-1 

Physiological Pm of NO 1×103 - 9×105 μm s-1 

[heme]in → 8 12.7 15 21.7 mM 

Physiological Din of NO 1453 1142 1010 706 μm2 s-1 

Physiological Din of Hb 45.6 28 21 7.4 μm2 s-1 

Hematocrit 0.25 0.156 0.13 0.007 % 

Effectively infinite 

values of diffusion 

and permeability 

∞×(Dex, Din) ≡ 33×108 

∞×Pm ≡ 9×108 

μm2 s-1  

μm s-1 

a The bimolecular rate constant for the NO reaction with free 

oxygenated hemoglobin is represented by kHb. Dex is the diffusion 

rate constant of NO in saline (in the extracellular space) and Din 

refers to the diffusion rate constants of both NO and hemoglobin 

inside a microparticle (in the intracellular space).  

 Pm is the microparticle membrane permeability of NO. 

 

RESULTS 

 Extracellular diffusion limits the uptake rate of NO by phospholipid vesicles more 

than intracellular diffusion. The effect of different parameters (extracellular vs. 

intracellular diffusion vs. membrane permeability) on the apparent bimolecular reaction 

rate constant is compared with values obtained experimentally and with simulated data 

from the recent work on phospholipid vesicles (21) in Figure 7. The bimolecular rate 
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constant for a solution of cell-free Hb is shown on the y-axes (white squares). Figure 7A 

& B display apparent reaction rate constants vs. intracellular hemoglobin concentrations 

at a vesicle diameter of 250 nm. In Figure 7A the experimental results of Sakai et al. (21) 

are plotted along with their simulations that only include internal diffusion of NO as a 

rate-limiting factor. Our simulations, where we include extra and intracellular diffusion 

and membrane permeability of NO set to physiological values (Table II) are also plotted. 

It is evident that the rate constants obtained from our simulations where we have included 

physiological values of all parameters fit the experimental data of Sakai et al. more 

closely than their simulations which only include internal diffusion as a rate-limiting 

factor.  

 Figure 7B shows the effect of each individual rate-limiting mechanism in our 

simulations on the apparent reaction rate constant. We also include results from the 

simulation where all three parameters (intracellular diffusion constant, extracellular 

diffusion constant, and membrane permeability) are kept at their physiological values (as 

also plotted in Figure 7A). We display results from when only extracellular diffusion was 

set to its physiological value and the intracellular diffusion (of both NO and Hb) and 

membrane permeability of NO were effectively infinite. In addition the panel displays 

results from simulations where we have set diffusion parameters only inside a vesicle 

(both of NO and Hb) to physiological values while letting extracellular diffusion and 

membrane permeability be effectively infinite. Finally, the case where only membrane 

permeability of NO had a physiological value (for a phospholipid vesicle) while diffusion 

rate constants inside and outside of a vesicle were effectively infinite is also shown, and 

the effect of this single factor alone is not great. The fact that including only extracellular 
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diffusion as a rate limitation reduces the rate constants more than including only 

intracellular diffusion as a rate limitation, demonstrates that diffusion of NO through the 

extracellular space limits the reaction rate more than diffusion inside of the vesicle. In 

addition, although extracellular diffusion by itself is not sufficient to explain the observed 

rate, it gives a better approximation to experimental data than when only intracellular 

diffusion is included in our simulations. 

 

Figure 7. Apparent bimolecular binding rate constants for NO uptake by 

phospholipid vesicles under anaerobic conditions. A. The apparent bimolecular rate 

constant (y-axis, logarithmic scale) plotted vs. intracellular hemoglobin (Hb) 

concentration for a vesicle with a diameter of 250 nm. Our simulations which included 
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physiological values of NO diffusion outside (Dex), diffusion of NO and Hb inside (Din) 

and of membrane permeability of NO (Pm) are shown as black circles. The multiplication 

factor of one used in the legend indicates that these parameters retained physiological 

values presented in Table II. The simulated rate constants of Sakai et al. are displayed as 

white circles and their experimentally measured rate constants are shown as gray 

rhombuses. The rate constant for NO binding by a solution of free deoxygenated Hb is 

shown with the white square on the y-axis. B. Our simulated rate constants plotted vs. 

intracellular Hb concentration for a vesicle of 250 nm in diameter when all parameters 

had physiological values (black circles, the same data as in panel A), when only diffusion 

rate of NO outside a vesicle had a physiological value while the other parameters were 

effectively infinite (gray triangles), when only diffusion rate inside (of both NO and Hb) 

had a physiological value (white circles) and when only membrane permeability of NO 

had a physiological value (gray squares). For each set of simulations, the parameter that 

was assigned its physiological value presented in Table II is indicated with a 

multiplication factor of one in the legend. The parameters which were assigned 

effectively infinite values (Table II) are indicated with a multiplication factor of infinity 

in the legend. For example, 1×Pm refers to the physiological phospholipid membrane 

permeability of 9×105 µm s
-1

 and ∞×(Dex, Din) indicates the very high diffusion rate 

constants of 33×108 µm
2
 s

-1
 for both diffusion of NO outside (Dex) and diffusion of NO 

and Hb inside (Din). C. Rate constants analogous to those of panel A, but plotted vs. 

vesicle diameter at an intracellular Hb concentration of 21.7 mM. D. Rate constants 

analogous to those of panel B, but plotted vs. vesicle diameter at an intracellular Hb 

concentration of 21.7 mM. 

 

 The data displayed in Figure 7C & D are analogous to those of Figure 7A & B, 

but here the apparent bimolecular rate constant is plotted vs. vesicle diameter at the 

highest concentration of intracellular hemoglobin of 21.7 mM. In Figure 7C, again, we 

overlay our simulated rates when physiological values of all parameters were included 

with the experimental and simulated data from the recent work with phospholipid 

vesicles (21). As before, our simulations using all three physiological parameters agree 

best with the experimental data. Figure 7D shows a similar pattern to Figure 7B where 

diffusion of NO to a vesicle through the extracellular space limits the reaction rate more 

than diffusion inside of a vesicle. Membrane permeability has little additional effect. 

Importantly, our simulations in which physiological values of intracellular diffusion only 
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were included (Figure 7B & D, white circles) agree well with the similar simulations 

presented in the recent work with vesicles (21). (Figure 7A & C, white circles). These and 

other data are overlaid for better comparison in Figure 9.  

 

Figure 8. Comparisons of bimolecular rate constants for NO uptake by 

phospholipid vesicles. A. The percent difference between experimentally obtained rate 

constants by Sakai et al. and simulated rate constants plotted vs. intracellular Hb 

concentration from the data in Figure 7A (250 nm vesicle diameter). A multiplication 

factor of 1 in the legend for extracellular Diffusion of NO (Dex), intracellular diffusion of 

NO and Hb (Din) and for membrane permeability of NO (Pm) indicates that the 

physiological values of these parameters were used in our simulations (Table II). B. The 

percent difference between the cell-free Hb uptake rate constant of NO and our simulated 

rate constants for a vesicle of 250 nm in diameter and with 21.7 mM of intracellular 

hemoglobin from Figure 7B. Employed parameter values for extra (Dex) and intracellular 

diffusion (Din) and membrane permeability (Pm) are indicated below the x-axis. A 

multiplication factor of 1 refers to the physiological value presented in Table II and the 

infinity symbol signifies the effectively infinite parameter value from Table II C. Percent 
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difference between simulated rate constants and the experimentally measured rate 

constants of Sakai et al. from the data of Figure 7C (intracellular hemoglobin 

concentration of 21.7 mM) plotted vs. vesicle diameter. Our simulated data and that of 

the other authors was extrapolated with a third degree polynomial to the average vesicle 

diameters (x-axis) in the experiments of the other authors. D. Percent difference between 

the NO uptake rate of cell-free Hb and our simulated NO uptake rate constants for a 

vesicle of 500 nm in diameter and with 21.7 mM of intracellular Hb plotted, analogous to 

data in panel B, from the data in Figure 7D. Parameter values in each simulation are 

indicated below the x-axis. 

 

 In Figure 8 A and C, the percent difference between the data and the theoretical 

simulations are shown. The comparisons support the notion that simulations which 

include all three potential rate-limiting factors set at their physiological levels fit the data 

substantially better than when only intracellular diffusion is included. In addition, as 

shown in Figure 8B and D, when any single one of the three potential rate-limiting 

factors is included, external diffusion has the largest effect. The data shown in Figure 7 

and Figure 8 compare rate constants for the reactions under certain conditions and 

simulation parameters, as expected, similar results are obtained when comparing half-

lives of the reactions. 

 Effect of extracellular diffusion on NO uptake by phospholipid vesicles increases 

with vesicle size and with concentration of encapsulated hemoglobin. We summarize the 

differences between the simulations presented in the recent work with phospholipid 

vesicles (21) and our simulations which best approximate the experimental data of the 

same authors in Figure 9. This figure displays the bimolecular reaction rate constant 

calculated by Equation 5 vs. vesicle diameter at the lowest (0.62 mM, light colors) and 

highest (21.7 mM, dark colors) concentrations of hemoglobin inside a vesicle. The 

bimolecular rate constant for a reaction of cell-free Hb with NO (2.7 × 10
7
 M

-1
 s

-1
) is 

shown on the y-axis as a white square. We have already pointed out that our simulations 
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where only intracellular diffusion is rate limiting (light blue and blue squares) 

appropriately agree with the simulations of Sakai et al. (light green and green triangles). 

Our simulations where physiological values of all parameters (extracellular diffusion of 

NO and intracellular diffusion of NO and Hb, as well as membrane permeability to NO, 

Table II) were used are plotted as light blue circles (0.62 mM intracellular Hb) and blue 

circles (21.7 mM intracellular Hb). With 0.62 mM of intracellular hemoglobin, only one 

experimentally measured bimolecular rate constant for a vesicle diameter of 305 nm 

(pink rhombus) was provided (21). At this diameter and hemoglobin concentration all of 

the data converge to the bimolecular rate constant of the cell-free Hb reaction. However, 

experimental data of the other authors at 21.7 mM of intracellular hemoglobin (red 

rhombuses) agrees best with our simulations where both diffusion inside and outside and 

membrane permeability were included. The results of these simulations indicate that, at 

high concentrations of intracellular hemoglobin and large vesicle diameters, the reaction 

is limited by diffusion of NO through the extracellular space and suggest that intracellular 

diffusion alone is not sufficient to explain the decrease in the reaction rate compared with 

cell-free Hb. This conclusion and the relationships between vesicle diameter and the 

extent of rate limitations shown in Figure 9 were previously demonstrated for the case of 

oxygen uptake by red cells of various sizes and artificial vesicles (7). 
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Figure 9. Simulated apparent bimolecular rate constants for NO uptake by 

deoxygenated phospholipid vesicles compared with the experimentally measured 

constants. The bimolecular rate constant (y-axis, logarithmic scale) is plotted vs. vesicle 

diameter (x-axis, logarithmic scale) for two different concentrations of intracellular 

hemoglobin (Hb) (0.62 mM, pink legend items and 21.7 mM, dark red legend items). 

Experimentally obtained rate constants (21) are shown as red rhombuses (21.7 mM 

[heme]in) and as the pink rhombus (0.62 mM [heme]in). The simulated rate constants of 

Sakai et al. are represented by light green triangles (0.62 mM [heme]in) and by dark 

green triangles (21.7 mM [heme]in). Our simulations mimicking the simulations of the 

other authors, when NO (and Hb) diffuses only inside of a vesicle, are shown in light blue 

(0.62 mM [heme]in) and dark blue squares (21.7 mM [heme]in). That the physiological 

rate constant presented in Table II was used for intracellular diffusion of NO (Din) is 

indicated by multiplying this parameter with a factor of one in the legend. The diffusion 

rate outside (Dex) and the membrane permeability of NO (Pm) were assigned effectively 

infinite values (Table II, second-to-bottom row), this is indicated by multiplying these 

parameters with a factor of infinity in the legend. Finally, our simulations with 

physiological values of extra (Dex) and intracellular (Din, both NO and Hb) diffusion and 

membrane permeability (Pm) of NO are displayed as light blue circles (0.62 mM 

[heme]in) and dark blue circles (21.7 mM [heme]in). These parameters are multiplied 

with a factor of one in the legend to indicate that they have the same physiological values 

as presented in Table II. The rate constant for the reaction of NO with free deoxygenated 

Hb is plotted as a white square on the y-axis. 
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 Experimental support of contribution by external diffusion for large vesicles. In 

order to provide experimental support for our conclusion that extracellular diffusion is a 

major contributor to rate limitations in NO reactivity with large vesicles with high 

hemoglobin concentrations, we performed stopped-flow absorption experiments with red 

blood cells (Figure 10). In these experiments we varied the viscosity of the buffers similar 

to experiments published previously examining the reaction of red blood cells and 

oxygen (6). If external diffusion is not a major factor in limiting NO reactivity, we would 

expect the viscosity of the buffer not to have any effect on the kinetics of the reaction. 

Figure 10A shows typical spectra for the reaction of NO and red blood cells under 

anaerobic conditions in non-viscous buffer and that in Figure 10B shows analogous data 

for when viscous buffer is used. These data represent the binding of NO to deoxygenated 

Hb to form the nitrosyl (NO bound) species. Figure 10C shows kinetic traces and their 

fits for the reaction of NO and red cells for the viscous and non-viscous buffers. The 

average rate constant was 4.2 ± 1.0 × 10
3
 M

-1
s

-1
 for viscous buffer and 20.9 ± 8.1 × 10

3
 

M
-1

s
-1

 for non-viscous buffer (from greater than 25 mixes from three separate sample 

preparations on different days). Analogous data for the reaction of NO with red blood 

cells under aerobic conditions are shown in Figure 10D and E. Here, NO reacts with 

oxygenated Hb to form MetHb and then can bind to the ferric heme to form a NO bound 

MetHb species. Thus, the data were fit to a bi-exponential process to properly represent 

these two reactions. Figure 10F shows kinetic traces and their fits for the reaction of NO 

and red cells for the viscous and non-viscous buffers under aerobic conditions (from 

greater than 25 mixes from three separate sample preparations on different days). The 

average rate constant for MetHb formation in viscous buffer was 8.5 ± 1.3 × 10
3
 M

-1
s

-1
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and 29.8 ± 10.4 × 10
3
 M

-1
s

-1
 for non-viscous buffer. The large deviations in the data for 

non-viscous buffer are due to the reaction being very fast for the instrumentation 

employed. However, the data under both aerobic and anaerobic conditions clearly 

demonstrate that the reaction is retarded when a viscous buffer is employed (P < 10
-6

), 

supporting a major role for external diffusion in limiting NO uptake by red blood cells as 

similarly observed in the case of oxygen uptake (6,7). 

 

 



81 

 

Figure 10. Stopped-flow absorption of red blood cells in viscous and non-viscous 

buffer. Red blood cells were diluted into NO-containing buffer and absorption spectra 

were collected as a function of time. A. A subset of absorption spectra collected every 

millisecond are shown after a mixture in non-viscous buffer under anaerobic conditions. 

The final mixture contained Hb at a concentration 50 µM and NO at a concentration of 

200 µM. The data show NO binding to deoxygenated Hb and analysis yielded an 

observed rate constant of 3.7 1/sec. B. A subset of absorption spectra collected every 

millisecond are shown after a mixture in viscous buffer under anerobic conditions. The 

final mixture contained Hb at a concentration 50 µM and NO at a concentration of 200 

µM. The data show NO binding to deoxygenated Hb and analysis yielded an observed 

rate constant of 0.86 1/sec. C. The kinetics of the absorption at 430 nm are shown for 

both viscous and non-viscous buffers for data collected under anaerobic conditions. Both 

the raw data (noisy) and the fits from singular value decomposition and global analysis 

are shown. D. A subset of absorption spectra collected every millisecond are shown after 

a mixture in non-viscous buffer under aerobic conditions. The final mixture contained Hb 

at a concentration 59 µM and NO at a concentration of 180 µM. The data show NO 

reacting with oxygenated Hb to form MetHb with subsequent NO binding to the MetHb 

and analysis yielded an observed rate constant of 3.1 1/sec for the initial reaction. E. A 

subset of absorption spectra collected every millisecond are shown after a mixture in 

viscous buffer under aerobic conditions. The final mixture contained Hb at a 

concentration 64 µM and NO at a concentration of 190 µM. The data show NO reacting 

with oxygenated Hb to form MetHb with subsequent NO binding to the MetHb and 

analysis yielded an observed rate constant of 1.5 1/sec for the initial reaction. F. The 

kinetics of the absorption at 415 nm are shown for both viscous and non-viscous buffers 

for data collected under aerobic conditions. Both the raw data (noisy) and fit from 

singular value decomposition and global analysis are shown. 

 

 Bimolecular reaction rate constants in simulations of NO uptake by red blood cell 

microparticles. The bimolecular reaction rate constants obtained in simulations of our 

photolysis experiments under aerobic conditions are presented in Figure 11. The 

experimentally measured bimolecular rate constant for NO dioxygenation by 

microparticle-encapsulated hemoglobin was 1.81 ± 0.40 × 10
7
 M

-1 
s

-1
 (n = 301, 3 separate 

experiments) (50). This number is shown as a continuous black line in the panels of 

Figure 11 and the standard deviation is displayed as the two dotted horizontal lines. The 

bimolecular rate constant for the cell-free Hb reaction is represented by the gray square 

with a black cross on the y-axis of the panels in Figure 11 (5×10
7
 M

-1 
s

-1
). Figure 11A 
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shows simulated bimolecular rate constants (y-axes) for microparticles with the average 

intracellular Hb concentration of 12.7 mM and a diameter of 200 nm, as determined 

experimentally. In these simulations 26 different values of membrane permeability (x-

axes, logarithmic scale) were used while extra and intracellular diffusion were assigned 

physiological values (Table III). The simulated rate constant which is most similar to the 

experimentally observed bimolecular rate constant for NO uptake by microparticles is 

marked as a black circle. This gives an estimate of the microparticle membrane 

permeability to NO (marked on the x-axis). The extent to which this permeability value 

limits the reaction rate is compared to the effects of extra and intracellular diffusion of 

NO in Figure 11B. The physiological membrane permeability value is that obtained from 

Figure 11A. The results from simulations where all three mechanistic parameters are 

included are compared to simulations where only one of the parameters has its 

physiological value while others are effectively infinite. We find that for these red cell 

microparticles, including membrane permeability alone yields a theoretical bimolecular 

rate constant that is closer to the experimental value than when either external or internal 

diffusion are included by themselves. The contribution of internal diffusion is the 

smallest. These data suggest that in the case of red blood cell microparticles, membrane 

permeability plays the largest role in limiting NO uptake.  

 In Figure 11 we have used the values for red cell microparticle diameter and 

internal Hb concentration that we determined experimentally. However, both of these 

values could be a source of error in our simulations, particularly that of the internal Hb 

concentration as our sedimentation technique assumes that there is no empty volume in 

the red cell microparticles pellet. Thus, we have also conducted simulations over a range 
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of diameters and internal Hb concentrations (Table III and supplementary Figure 7). In all 

these simulations, we find that membrane permeability plays a substantial, in fact the 

largest, role in limiting NO uptake by red cell microparticles except for conditions where 

the highest internal Hb concentration (21 mM) and highest diameter (210 nm) is used.  

 

Figure 11. Computer simulations of the apparent bimolecular rate constants for NO 

uptake by oxygenated red blood cell microparticles. A. Our simulated bimolecular rate 

constant is plotted for 26 different values of membrane permeability to NO (x-axis). As 

indicated in the legend with a multiplication factor of 1, extracellular diffusion of NO 

(Dex) as well as intracellular diffusion of NO and Hb (Din) were set to the physiological 

values from Table III. The rate constant for NO uptake by a solution of freely dissolved 

oxygenated Hb is shown on the y-axis as a gray square with a black cross. The 

experimentally measured bimolecular rate constant (1.81 ± 0.40 ×107 M
-1

 s
-1

) appears as 

a horizontal black line (in all panels) and its standard deviation as two dotted horizontal 

black lines. The simulated rate constant which is the same as that obtained experimentally 

is shown as a black circle, the corresponding membrane permeability is indicated on the 
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x-axis below. B. Effect of membrane permeability determined in panel A (2.15×104 μm 

s
-1

) compared with diffusion effects in limiting the NO uptake rate. Four simulated rate 

constants are shown as bars. The left-most represents the same simulation as the black 

circle in panel A, where extra (Dex) and intracellular (Din) diffusion were set to the 

physiological values given in Table III and membrane permeability was set to the value 

determined in panel A, as indicated with a multiplication factor of 1 for all of these 

parameters below the x-axis. In each of the remaining three simulations the parameter 

with a multiplication factor of 1 (as indicated below the x-axis) was set to its 

physiological value, while the other two were effectively infinite (indicated by the 

infinity symbols). 

 

 Experimental support for membrane limitation of NO uptake by red cell 

microparticles. In order to provide experimental support for our conclusions based on 

theoretical modeling of photolysis-based measurements of NO uptake by red cell 

microparticles, we conducted competition experiments involving the red cell 

microparticles and cell-free Hb similar to those described previously (14,17). In these 

experiments red cell microparticles are mixed with cell-free Hb in the presence of the NO 

donor DEA NONOate at two different concentrations of Hb. When the Hb concentration 

of the red cell microparticles is increased, this effectively increases the “hematocrit”, 

decreases the average distance between microparticles, and hence should lead to a 

decrease in the average time for external diffusion of NO to the microparticle. Thus, at 

the higher concentration, external diffusion should have a diminished effect on limiting 

the rate of NO uptake. At a “hematocrit” of 100% there is no external diffusion and thus 

no limitation due to this process on the kinetics of NO uptake. In previous experiments 

using this approach, we demonstrated the importance of external diffusion on the rate of 

NO uptake by oxygenated red blood cells (14). 

 Typical spectra from electron paramagnetic resonance (EPR) and visible 

absorption (insets) are shown in Figure 12. Spectra are shown for the supernatants (cell-
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free Hb) and re-suspended pellets (red cell microparticles) after sedimentation for 

experiments at high (800 µM, Figure 12A) and low (50 µM, Figure 12B) Hb 

concentrations. There is no obvious effect of Hb concentration. The average and standard 

deviation of the ratio of the bimolecular rate constants for NO uptake by cell-free Hb (kf) 

compared to that by red cell microparticles (kmp) are plotted in Figure 12C for the case 

when the hemoglobin concentrations in each fraction are high and low. Note that for each 

experiment, the concentration of cell-free Hb and that contained in microparticles are 

equal. For each experiment, the amount of NO reacted with each fraction was determined 

by separating the cell-free Hb from the microparticles by sedimentation and then 

determining reacted Hb (MetHb) using absorption and electron paramagnetic resonance 

spectroscopy. Overall, he EPR data are more reliable because in the case of absorption we 

are looking for a small signal from the reacted Hb (MetHb) in the background of 

absorption that is due to unreacted Hb (oxygenated Hb) while in EPR spectra, oxygenated 

Hb is silent and the entire signal is due to MetHb. In addition, the absorption spectra 

include scattering from microparticles that could lead to some error in fitting the data. We 

find that the red cell microparticles scavenge NO only about 3 to 5 times slower than cell-

free Hb, consistent with our previously reported measurements based on time-resolved 

absorption experiments (50). Unlike what was previously observed for red cells under 

aerobic conditions (14), we do not observe a significant effect of hematocrit on kf/kmp.  

  



86 

 

 

Figure 12. Competition experiments between red cell microparticles and cell-free 

Hb for reaction with NO. A. Typical EPR and absorbance (inset) spectra collected after 

the competition of low concentrations (50 μM, ~0.3% microparticle Hct) of 

microparticle-encapsulated and cell-free Hb for NO. The main panel shows the EPR 

signal from the product of the reaction, methemoglobin, in the microparticle fraction 

(MetHbmp) (after spinning, supernatant removal, and re-suspension), in the supernatant 

after spinning out the microparticles (MetHbs) and in the whole mixture (MetHbtot) 

plotted vs. magnetic field. In the inset, absorbance in the visible wavelength range of the 

microparticle encapsulated Hb (mp-Hb), the Hb in the supernatant (spt-Hb) and 

hemoglobin in the whole mixture (tot-Hb) is presented. A shoulder due to the formation 

of methemoglobin (seen with EPR) is visible around 630 nm in each of the spectra. B. 

Data analogous to those in panel A, but from a competition experiment of high 
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concentrations (800 μM, ~6.3% microparticle Hct) of microparticle-encapsulated and 

cell-free Hb for NO. C. The ratio of the bimolecular rate constant for NO uptake by cell-

free Hb to that for NO uptake by microparticle-encapsulated Hb calculated using 

equation 6 with data obtained from the competition experiments. The ratios obtained by 

analysis of the EPR and Absorbance data are shown for the high and low microparticle-

encapsulated and cell-free Hb amounts. By EPR, the amounts of MetHb formed during 

competition were obtained by fitting to a standard MetHb EPR spectrum, double 

integrating, and comparing to a standard curve. The absorbance data was analyzed for 

MetHb by fitting to standard oxygenated Hb and MetHb spectra. 

 

DISCUSSION 

 We have simulated the uptake of NO by deoxygenated hemoglobin encapsulated 

in phospholipid vesicles (as in the recent experiments carried out by another group of 

researchers (21)) and by oxygenated hemoglobin encapsulated in red blood cell 

microparticles, and conducted experiments on NO uptake by red blood cells and the red 

cell microparticles. Generally, we find that all of the factors considered, diffusion to the 

vesicle, inside the vesicle, and permeability through the vesicle can (in principle) affect 

the NO uptake rates. We found that in the experiments of Sakai et al. (21) and in our 

experiments with red cells, extracellular diffusion of NO to the encapsulated Hb is the 

major rate limiting factor, whereas, in our experiments with red cell microparticles, 

membrane permeability of NO appears to be rate limiting.  

The best fit to the experimental data with phospholipid vesicles was obtained 

when physiological values of NO diffusion rate outside and inside of a vesicle and of 

membrane permeability to NO have been used (Table II), as shown in Figure 7A & C. 

From our simulations we may safely conclude that, in the stopped-flow experiments 

performed by Sakai et al., both diffusion of NO to a vesicle and inside of a vesicle 

contributed to the rate of the reaction, but that diffusion of NO through the extracellular 

space was the major rate limiting factor.  
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To confirm that external diffusion plays the major role in limiting NO uptake by 

red blood cells, we conducted stopped-flow absorption experiments where we modulated 

the viscosity of the external buffer. We found that increasing the buffer viscosity 

decreased the rate of NO uptake under both aerobic and anaerobic conditions. These data 

support our simulations which show that as particle diameter and internal heme 

concentration increases, NO uptake rates decrease and this is dominated by the effect of 

external diffusion. These results are analogous to those reported previously in the case of 

oxygen uptake (7). 

We have previously estimated (20) that the red blood cell membrane under 

aerobic conditions may be at least 12.5 times less permeable to NO (4.4×10
3
 – 5.1×10

3
 

µm s
-1

) than under anaerobic conditions (64×10
3
 – 900×10

3
 µm s

-1
). The effect of oxygen 

was hypothesized to be due to binding of deoxygenated Hb to Band 3 tetramers in the 

cytoskeleton thereby displacing ankyrin (14,20), similar to a previously proposed 

mechanism involving intracellular HbNO modulation of RBCs (24). However, it is also 

possible that the perceived change in membrane permeability is actually due to reactions 

of NO that occur specifically or preferentially in the membrane, such as the accelerated 

reaction of NO with oxygen due to the high solubility of these molecules in the lipid 

phase (63). In such a case, it would not be a real effect of membrane permeability in 

limiting the rate of NO diffusion from the exterior to the interior of the red cell, but rather 

competing NO reactions in the membrane that lead to an apparent effect of membrane 

permeability.  

The results from simulations of our photolysis experiments indicate that 

membrane permeability may contribute substantially to slower NO uptake by 
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microparticles derived from red blood cells under aerobic conditions. The membrane of 

these microparticles is known to contain many of the same components as the membrane 

of red blood cells, including lipid raft proteins (56). In our fast time-resolved photolysis 

experiments of NO uptake by red cell microparticles, we have measured that they 

scavenge NO approximately 3 times slower (1.81×10
7
 M

-1 
s

-1
) than cell-free Hb (5×10

7
 

M
-1 

s
-1

). These experiments, unlike those with phospholipid vesicles, were performed 

with higher excess amounts of NO of 5 to 8 times as much as total hemoglobin 

concentration, and at slightly higher hematocrits. Using our best estimate for the average 

concentration of hemoglobin inside a microparticle of 12.7 mM and our measured 

diameter of 200 nm, our simulations suggest a larger role for membrane permeability 

than other factors in limiting NO uptake by these red cell microparticles.  

Generally, it is seen that whereas particle size and internal Hb concentration 

greatly affect the degree of rate limitation by diffusion mechanisms, membrane 

permeability is independent of particle size and internal Hb concentration in its ability to 

limit the rate. Thus, if membrane permeability is to have an effect, we might expect it to 

be most noticeable with small particles. It is worth noting that the overall decrease in the 

rate of NO uptake by red cell microparticles compared to that by intact red cells is very 

small (a factor of about 3 vs cell-freeHb compared to a factor of up to 1000 vs cell-free 

Hb). In the case of red blood cells, the effect of membrane permeability is washed out by 

the effect of external diffusion. However, in the case of the much smaller red cell 

microparticles, one would expect the relative role of membrane permeability in limiting 

the rate of NO uptake to be greater than in the case of red cells, due to the fact that the 

effects of external and internal diffusion decrease as particle size decreases. 



90 

 

One would not expect a simple phospholipid membrane to limit NO uptake as NO 

is more soluble in the membrane than in aqueous solution. The difference between red 

cell microparticles and the phospholipid vesicles is that the former are likely to contain 

membrane proteins previously hypothesized to decrease membrane permeability (17,18) 

whereas the latter do not.  

Our results from competition experiments between red cell microparticles and 

cell-free Hb did not show a significant effect of hematocrit. Although there was a trend in 

data collected by absorption spectroscopy that support a role of external diffusion in 

limiting NO uptake by the red cell microparticles, this was not shown in EPR data and 

did not reach significance. Thus, these data suggest major roles of other rate-limiting 

factors such as membrane permeability or internal diffusion. Our results, as well as 

previous analogous experiments on oxygen uptake (7), show that as diameter of the Hb 

containing particles decreases, limitations on NO uptake decrease. As shown in Figure 7, 

the effect of diameter is seen in diffusion, but not in membrane permeability. Thus, to the 

extent that membrane permeability does play a role, it should be expected to do so in the 

smallest vesicles. Overall, these data suggest that, for the case of red cell microparticles 

that likely maintain membrane proteins and other structures that may partially obstruct 

NO, the small decrease in NO uptake compared to cell-free Hb could be due to decreased 

membrane permeability. However, several caveats should be considered. Firstly, the 

difference in NO uptake between these red cell microparticles and cell-free Hb is much 

smaller than that between red blood cells and cell-free Hb, so the cause of the rate 

limitation is harder to draw firm conclusions on. In addition, the physical and chemical 

make-up of red cell microparticles could be complex and involve a wider size and shape 
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distribution as well as free hemin or degradation products that our computational 

modeling did not account for. Finally, our simulations for a range of microparticle sizes 

(Supplementary Figure 7) show a smaller effect of membrane permeability for dense, 

larger particles. 

In vivo we would expect NO diffusion to a phospholipid vesicle to contribute 

even more to the slow uptake rate of NO than in stopped-flow experiments due to the 

cell-free (or vesicle-free) zone. There should still be a plasma layer of some thickness 

next to the wall of a blood vessel that is mostly free of vesicles due to the radial pressure 

gradient in laminar flow, similar to the red blood cell free zone. Under physiological 

conditions the fraction of NO that reacts with Hb is very small, so NO would never have 

to diffuse very far into a vesicle before reacting. Thus, NO would only have to diffuse 

through the membrane of a vesicle before being scavenged by hemoglobin. Therefore, 

even if there is no vesicle-free zone as with red blood cells, the NO diffusion distance 

inside a phospholipid vesicle might be negligible. The same argument can be applied to 

NO uptake by red blood cells in vivo. So, intracellular diffusion of NO is not likely to 

limit the rate at which it is scavenged by red blood cells or by phospholipid vesicles in 

vivo. Our work also suggests that, in addition to the main rate limiting factor of 

extracellular diffusion, the erythrocyte membrane permeability could be low enough to 

partially modulate its uptake of NO under aerobic conditions as also suggested by others 

(14,18-20,22). Our results have important implications regarding the mechanism of 

increased NO scavenging by cell-free hemoglobin or red cell microparticles that form in 

pathological conditions or in older stored blood (27,49,50). The results of our work on 

NO reactivity with red blood cells and other membrane-encapsulated Hb could also 
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potentially have implications in other biological situations where a signaling molecule or 

drug must diffuse through a reactive medium such as oxygen, HNO, or hydrogen sulfide.  

In summary, we have found that data obtained by Sakai et al. on NO reactions 

with phospholipid vesicles can be explained by several mechanisms. Thus, agreement 

with a model where only intracellular diffusion is included does not prove that this is the 

only rate-limiting factor. In fact we found that extracellular diffusion is likely to play a 

larger role in limiting NO uptake by phospholipid vesicles used in those experiments, and 

that inclusion of this as well as some permeability barrier of the membrane best fits the 

data. Overall, our data support the concept that extracellular diffusion is the main rate-

limiting factor for NO reactions with red cells or phospholipid vesicles in vivo. Similar 

conclusions have been drawn based on experiments examining oxygen uptake by red 

cells from different species and artificial vesicles (6,7). We have also demonstrated that 

membrane permeability to NO may play a major role in limiting NO uptake by 

microparticles derived from red blood cells under aerobic conditions. Thus, which 

mechanism is the main factor in limiting NO uptake by membrane-encapsulated Hb 

depends on many factors including particle size, intracellular Hb concentration, and 

hematocrit. 
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ABSTRACT 

Red cell microparticles form during the storage of red blood cells and in diseases 

associated with red cell breakdown and asplenia, including hemolytic anemias such as 

sickle cell disease. These small phospholipid vesicles that are derived from red blood 

cells have been implicated in the pathogenesis of transfusion of aged stored blood and 

hemolytic diseases, via activation of the hemostatic system and effects on nitric oxide 

(NO) bioavailability. Red cell microparticles react with the important signaling molecule 

NO almost as fast as cell-free hemoglobin, about one-thousand times faster than red cell 

encapsulated hemoglobin. The degree to which this fast reaction with NO by red cell 

microparticles impacts NO bioavailability depends on several factors that are explored 

here. In the context of stored blood preserved in ADSOL, we find that both cell-free 

hemoglobin and red cell microparticles increase as a function of duration of storage and 

the proportion of extra erythrocytic hemoglobin in the red cell microparticles fraction is 

mailto:shapiro@wfu.edu
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about 20% throughout storage. Normalized by hemoglobin concentration, the NO 

scavenging ability of cell-free hemoglobin is slightly higher than red cell microparticles 

as determined by a chemiluminescent NO scavenging assay. Computational simulations 

show that the degree to which red cell microparticles scavenge NO will depend 

substantially on whether they enter the cell-free zone next to the endothelial cells. Single 

microvessel myography experiments performed under laminar flow conditions 

demonstrate that microparticles significantly enter the cell-free zone and inhibit 

acetylcholine, endothelial-dependent and NO-dependent vasodilation. Taken together, 

these data suggest that as little as five micromolar hemoglobin in red cell microparticles, 

an amount formed after the infusion of one unit of aged stored packed red blood cells, has 

the potential to reduce NO bioavailability and impair endothelial-dependent vasodilation. 

Keywords: 

Nitric oxide, Blood storage, Red cell microparticles, Cell-free hemoglobin 

INTRODUCTION 

Nitric oxide (NO)

 is an important signaling molecule that functions as the 

endothelial derived relaxing factor (EDRF which modulates vascular tone), reduces 

platelet activation and cellular vascular adhesion, is anti-inflammatory, is used in host 

defense mechanisms, and functions as a neurotransmitter [1-5]. Low NO bioavailability 

contributes to several pathological conditions [6-10]. A clue to the identification of NO as 

the EDRF which is synthesized in endothelial cells and then diffuses to smooth muscle to 

effect vasodilation was that both the endothelial relaxing factor and NO are scavenged by 

hemoglobin (Hb) [11]. In fact, given that there is so much Hb in the blood (10 mM in 

                                                 

 Abbreviations: NO, nitric oxide; EDRF, endothelial derived relaxing factor; Hb, hemoglobin; OxyHb, 

oxygenated hemoglobin; RBC, red blood cell; MPs, microparticles; ACD, acid citrate dextrose; CFZ, cell-

free zone; ACh, acetylcholine; PE, phenylephrine; Hct, hematocrit 
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heme), the ability of NO to function as the EDRF, diffusing to smooth muscle without 

being scavenged by Hb was seen as a paradox [12]. 

 Oxygenated Hb (OxyHb) reacts with NO to form nitrate and methemoglobin. This 

reaction, which is rate-limited by the time it takes for NO to diffuse to the heme pocket of 

Hb (k = 107-108 M
-1

s
-1

), essentially destroys the ability of NO to signal, as nitrate is 

relatively inert [13-15]. Nitric oxide can also reversibly bind to the vacant deoxygenated 

heme of hemoglobin, but the binding is very tight and even when the NO does come off, 

it is still likely to be inactivated by its reaction with OxyHb [16]. Thus, Hb effectively 

scavenges NO and computer simulations showed that the amount of NO that would be 

capable of diffusing to the smooth muscles and effecting vasodilation when there is so 

much Hb in blood would not be sufficient to affect vasodilation; leaving a paradox as to 

how NO could function as the EDRF. 

 The paradox of how NO can function to effect vasodilation without being 

scavenged by Hb is resolved by the fact that when Hb is encapsulated inside of a red 

blood cell (RBC), it scavenges NO up to one-thousand times slower than when the Hb is 

not encapsulated (referred to as cell-free Hb) [17-26]. One mechanism that accounts for 

the reduced rate of NO scavenging by red cell encapsulated Hb compared to when it is 

free in solution is the formation of a cell-free zone [18, 21]. Due to effects of flow within 

the blood vessel, red blood cells are pushed inward away from the endothelium forming a 

cell-free zone next to the endothelium. Computational analysis showed that the existence 

of a cell-free zone could resolve the paradox of how NO functions as the EDRF [18]. In 

addition, experiments with single arteriole vessels showed that flowing red cells (in 

which there would be a cell-free zone) inhibited vasodilation less than when there was no 
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flow and the effect of flow was not observed using cell-free Hb instead of red cells (since 

cell-free Hb enters the cell-free zone) [21].  

 Nitric oxide scavenging by Hb is observed to be several orders of magnitude 

slower when the Hb is encapsulated in red cells compared to when it is free in solution 

even when the Hb and NO are rapidly mixed in a turbulent mixer such as in stopped-flow 

experiments [17, 19, 22, 27]. Since there is no cell-free zone in this geometry, other 

factors must further account for the slower NO scavenging by red cells. One such 

mechanism involves the unstirred layer that forms around the red blood cells [19, 24, 27-

29]. Since NO reacts so fast with Hb, any NO that is close to a red blood cell after mixing 

is rapidly scavenged. On the other hand, the rate that NO that is further away is 

scavenged is rate-limited by the time for the NO to diffuse to the red blood cell. Thus, 

shortly after mixing, the concentration of NO around a red cell is no longer uniform and 

there is an “unstirred layer”. The rate of NO scavenging by a red cell is thus limited by 

the time for external diffusion to the red blood cell. 

 Another mechanism that has been proposed to account for slower NO scavenging 

by red blood cells compared to cell-free Hb is that the red cell membrane has a finite 

permeability to NO, so that there is a physical barrier to NO diffusion across the 

membrane [22, 23]. This notion has gained support from experiments in which chemical 

or physical disruption of the protein layer next to the membrane is disrupted whereupon 

NO uptake by red cells is increased [26]. Overall, the relative role of each mechanism in 

limiting NO uptake by red cells continues to be elucidated but the fact that red cells do 

scavenge NO much slower than cell-free Hb is clear.  
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We have recently shown that red cell microparticles (MPs) also scavenge NO 

many times faster than red blood cells[8]. Red cell microparticles are 50 to 200 nm 

diameter phospholipid vesicles that are derived from red blood cells and contribute to 

pathology in a variety of conditions including sickle cell disease, hereditary spherocytosis, 

and transfusion of older stored blood [30]. Along with other RBC changes during blood 

storage, red cell fragmentation and formation of these microparticles has been measured 

[31-37]. The microparticle formation is associated with lipid loss secondary to ATP 

depletion [36, 37]. The microparticles have been shown to contain substantial amounts of 

Hb [31, 33, 37], and one study found that the majority of plasma Hb was actually 

contained in these microparticles [31]. While still controversial, a recent meta-analysis of 

twenty-one studies suggested that transfusion of older stored blood is associated with a 

significantly higher risk of death [38]. We have hypothesized that disruption of NO 

homeostasis, secondary to NO scavenging by cell free hemoglobin and red cell 

microparticles contributes to the blood storage lesion [8], as it does to sickle cell disease 

and other conditions characterized by red cell breakdown [6].  

We have shown that, as in the case of oxygen uptake by Hb containing vesicles, 

NO scavenging by red cell microparticles increases as the size of the particles decreases 

and the concentration of intravascular Hb increases [28, 39]. In this work, we further 

explore factors that would determine the extent to which red cell microparticles 

contribute to NO scavenging, such as the ability of these microparticles to concentrate in 

the cell free zone. These findings are considered in the context of transfusion of older 

stored blood and in hemolytic diseases.  
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MATERIALS AND METHODS 

Microparticles were obtained from outdated packed red blood cell units in acid 

citrate dextrose (ACD) and ADSOL storage solution purchased from the Interstate Blood 

Bank, Inc. (Memphis, TN). The microparticles were prepared as previously described [8]. 

The preparation was confirmed to contain only microparticle-encapsulated hemoglobin 

via microscopy and absorbance measurements [8]. Other chemicals were purchased from 

Sigma unless otherwise stated. 

Packed Red Blood Cells 

Five randomly selected packed red blood cell units were obtained from the 

Interstate Blood Bank, Inc. (Memphis, TN) to examine the percentages of cell-free and 

microparticle encapsulated hemoglobin formed in blood units during storage. These units 

were not leukoreduced and preserved in ADSOL. The five packed red blood cell units 

were stored in a refrigerator at 4   for 40 days and hemoglobin concentrations in cell 

free hemoglobin and microparticles were examined at three timepoints (7, 27, and 40 

days). In addition, packed red blood cell units stored in ACD were also examined at three 

different lengths of time (7, 18, and 26 days) as well. These units were not leukoreduced. 

At each storage time, the supernatant was collected by sedimentation of the red blood 

cells and cell-free hemoglobin and microparticles were separated from the supernatant as 

previously described [8]. Absorption spectra were collected in the visible range ( 450 – 

700nm) on a Cary 100 Bio spectrometer (Varian Inc.) equipped with an integrating 

sphere to collect scattered light from the RBCs and MPs suspensions as described 

previously [39, 40]. Some spectra that did not contain RBCs and MPs were taken on a 

Cary 50 Bio spectrometer (Varian Inc.). 



106 

 

Nitric Oxide Consumption 

NO consumption was measured using a Nitric Oxide Analyzer (Sievers) as 

described previously [8]. A glass vessel with 120 μM DETA NONOate in PBS was 

purged with Helium in-line with a chemiluminescent Nitric Oxide Analyzer. A steady 

NO signal of 40 to 60 mV was generated by the decay of DETA NONOate and the 

release of NO. After the signal became stable, 25 μl or 50 μl samples containing known 

concentrations of hemoglobin (standards) or plasma fractions were injected into the 

solution and the NO signal decreased because of NO consumption. The areas above the 

decreased NO signal curve and below baseline were linearly related to the concentrations 

of hemoglobin standards or plasma fractions. The standard curve was obtained by 

injecting 5 different concentrations of hemoglobin and calculating the areas. The amounts 

of NO consumed by plasma fractions was quantified by calculating the areas of the 

decreased curves caused by injecting plasma fractions and comparing to the standard 

curve.  

2D Computational Simulation 

The computational simulation (Figure 13) was based on a two dimensional model 

for NO availability within a blood vessel as described previously [41, 42]. The model 

computed the production, diffusion, and consumption of NO in various compartments 

within the vascular area, including the intracellular space of the red blood cells and red 

cell microparticles, the extracellular space of the RBCs and MPs, a RBC cell-free zone 

(CFZ) within the lumen, the endothelium around the blood vessel wall, and the 

surrounding smooth muscle cells. The end result was a steady-state NO concentration 

computed as a function of position. The symmetry of the geometry was taken advantage 
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of and the NO concentrations obtained at each fixed radius from the center were averaged. 

NO scavenging by Hemoglobin both encapsulated by RBCs and MPs was studied in this 

model with a presence of a RBC cell-free zone. The steady-state NO concentration was 

calculated with MPs either allowed to diffuse into the cell-free zone or restricted to the 

lumen that does not include the cell-free zone. Both 45% and 30% hematocrit were 

studied in the model. The parameters, based on previous work [39, 41], that were used in 

the simulations are listed in Table IV. Modeling work was performed using COMOSOL 

4.0a software.  

 

Figure 13. Illustration of regions modeled. Red blood cells and microparticles are in 

the lumen of the blood vessel, which includes a red blood cell-free zone. NO is 

produced in the endothelium which is on the exterior of the blood vessel. The smooth 

muscle is the outermost layer around the blood vessel. The rate of NO production, 

scavenging, and diffusion is defined separately for each compartment as described 

previously. This schematic of the modeled regions is drawn to scale. 
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TABLE IV. List of symbols, their meanings, and values used in simulations. 

Parameter Value 

Extracellular NO diffusion coefficient   00   2    

Intracellular NO diffusion coefficient 1142  2    

RBC membrane permeability of NO-low 450        

RBC membrane permeability of NO-high  × 10         

MP membrane permeability of NO 2.15× 10         

NO reaction rate constant in smooth muscle 

and endothelium 

0 0   𝑀      

OxyHb-NO reaction rate constant    × 10  𝑀      

Total NO production rate       𝑀     

Hb concentration in RBC 23  𝑀 

 Hb concentration in MP 12.7  𝑀 

Hct 30%, 45 % 

Blood vessel radius  0    

Cell-free zone thickness        

Endothelium thickness        

Radius of RBC         

Radius of MP 0.2    

RBC membrane thickness 0 00      
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Microvessel Myographic Bioassay 

Male Lewis rats (6–8 weeks) were used. Rodents were purchased from 

commercial vendors (Harlan and Jackson Laboratories). All animal procedures were 

approved by the Wake Forest University IACUC and were in accordance with animal use 

guideline set by the American Physiological Society. Rats were euthanized with carbon 

dioxide. The mesenteric bed was quickly removed and placed in a chilled oxygenated 

Krebs-Ringers bicarbonate solution (containing, in mmol/L: NaCl 118.3, KCl 4.7, 

CaCl2 2.5, MgSO4 1.2, KH2PO4, 1.2, NaHCO3 25, and dextrose 11.1). Second-order 

branches of the superior mesenteric artery were isolated and removed for functional 

studies. The segments of cleaned arterial segments were mounted in a Pressure Myograph 

System (Danish Myo Technology). In brief, each segment was cannulated between 2 

glass cannulas with tip diameters <100 μm in a chamber filled with 8 mL of Krebs 

solution bubbled by 20% O2, 5% CO2, and 75% N2, and maintained at 37°C (pH 7.4). 

After one end of the segment was secured on a cannula with two 10-0 nylon sutures, the 

luminal content was flushed through with Krebs solution using a perfusion device at a 

pressure difference <20 mm Hg. The other end was then cannulated. Glass cannulas were 

pulled on a micropipette puller model P-97 (Shutter Instrument Company, Novato, CA). 

Both cannulating pipettes were connected to independent reservoir systems that 

controlled the flow rate and intraluminal pressure. The in and out intraluminal pressure 

were measured by a pressure transducer on each side of the pressure myograph system 

(model 110P, DMT). A video camera attached to a light-inverted microscope (Zeiss 

Axiovert 40 Microscope, model 110P) was used to visualize changes in the diameter of 
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cannulated arteries. The outer diameter and luminal pressure were recorded 

simultaneously using Myo-View software (version 1.2P, Photonics Engineering).  

After a blood vessel was cannulated, the chamber was placed on the stage of the 

pressure myograph system. The vessel was set to its in situ length with 8 mL of Krebs 

solution in the vessel bath, the absence of leaks was confirmed, and the artery segment 

was equilibrated for 60 minutes during which the vessel developed spontaneous tone at 

60 cm H2O luminal pressure without flow [21]. The experimental interventions were 

performed after the tone was developed. Samples of Hb, RBCs, or MPs were infused 

through the vessel which was bathed entirely in Krebs solution during the experiment. No 

more than two infusions were performed on one vessel due to vessel sensitivity. Bubbling 

of the bath insured homogeneity of the solution.  

The effects of Hb, RBCs, and MPs on NO-mediated vasodilation were studied. 

Each of these was infused intravascularly, and was thus not present outside the vessel. 

We used Acetylcholine (ACh) to induce NO production by endothelial cells [43-45]. The 

vessels were first pressurized to 60 cm H2O luminal pressure without flow by setting both 

reservoirs to the same hydrostatic level. Although it has been shown that vessels of 

similar size to those employed herein may not develop myogenic tone, we let the vessels 

equilibrate for a half hour and recorded basal tone (T1) [46-48]. The average basal tone in 

the study was 229±14 μm. Subsequently, 0.5 μM Phenylephrine (PE) was added to the 

vessel bath and the vessel reached a new steady state (after at least ten minutes), 

constricting to tone two (T2). Relaxation was induced with 0.5 μM Acetylcholine added 

into the vessel bath after a complete vessel contraction due to PE. At least ten minutes 

were required to allow the relaxation to become stable and tone three (T3) was reached. 
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The vessel contraction and dilation were examined in the absence or presence of luminal 

Hb, RBCs, or MPs. The percentage change was calculated by: (T3-T2)/(T1-T2). 

After tone three was reached, the flow effects of Hb, RBCs, and MPs on NO-

mediated vasodilation were studied on these same vessels. Using the same vessels for all 

these interventions allowed proper calculation of percent changes. When ACh induced 

vasodilation was fully achieved, the vascular response to a luminal flow driven by a 

pressure gradient of 60 cm H2O across the length of vessel was examined. A period of 3-

5 minutes was applied to obtain a stable dilation and tone four (T4) was recorded. 

Previous work has shown that flow can induce NO mediated vasodilation on similar sized 

rat mesenteric vessels as employed herein [49, 50]. The luminal flow was produced by 

simultaneously moving the reservoirs in opposite directions of the same magnitude. The 

average luminal flow rate at 60 cm H2O was 4.46 µl/sec. T4 was recorded when the outer 

diameter became stable and this took at least three minutes. The flow effect was 

calculated by: (T4-T3)/(T1-T2).  

Statistical Analysis 

Analysis was performed with Microsoft Office Excel 2010 (Redland, OR), 

GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). The hemoglobin 

concentrations of cell-free Hb and MPs at 40 days and 7 days for ADSOL and 26 days 

and 7days for ACD were compared by a paired two-sample student's t-test. Statistical 

significance in myography experiments was evaluated by one-way ANOVA. Results 

were considered significant when P < 0.05. All values are presented as mean ± SD.  
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RESULTS 

Cell-Free Hemoglobin and Microparticles during Storage 

To explore the relative role of cell-free and microparticle encapsulated 

hemoglobin formed during blood storage in scavenging NO, we measured the 

concentration and percentages of cell-free hemoglobin and microparticles separated from 

the supernatant of packed red blood cells stored in ADSOL or ACD by UV-visible 

spectroscopy and least-squares spectral deconvolution. For the red blood cells stored in 

ADSOL, we found that both cell-free hemoglobin and red cell microparticles increase as 

a function of duration of storage, and the proportion of hemoglobin in red cell 

microparticles remained approximately 20% during storage (Figure 14). The 

concentrations of hemoglobin in cell-free hemoglobin and microparticles were 

significantly increased in blood units of 40 days compare to those of 7 days (n=5, 

P<0.05). Cell-free hemoglobin concentration ranged from an average of 10.6 ± 5.4 μM at 

7 days to 79.8 ± 29.6 μM at 40 days and microparticles ranged from an average of 3.3 ± 

3.5 μM at 7 days to 14.4 ± 3.9 μM at 40 days. Similar to ADSOL, when the red blood 

cells were stored in ACD, both cell-free hemoglobin and red cell microparticles increased 

during storage (data not shown). However, the proportion of hemoglobin in red cell 

microparticles increases relative to cell-free hemoglobin when ACD storage solution was 

used. A significant increase was observed for both the concentrations of hemoglobin in 

cell-free hemoglobin and microparticles in blood units of 26 days compare to those of 7 

days (n=5, P<0.05). Cell-free hemoglobin concentration was an average of 28.2 ± 8.7 μM 

at 7 days and 88.2 ± 41.5 μM at 26 days. The hemoglobin concentration in microparticles 

was an average of 4.3 ± 3.0 μM at 7 days and 111.0 ± 57.4 μM at 26 days. 
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Figure 14. Extracellular hemoglobin as a function of length of storage in ADSOL. 
Both hemoglobin concentrations of cell-free Hb and MPs increase along with blood aging. 

The proportion of hemoglobin concentration in MPs is about 20% (n=5). *, a paired two-

sample Student's t-Test, P < 0.05 for both hemoglobin concentrations of cell-free Hb and 

MPs at 40 days compare to 7 days. 

 

Cell-Free Hemoglobin and Microparticles NO-Scavenging Activity 

Previous work has demonstrated that cell-free hemoglobin consumes NO with a 

1:1 ratio [8]. We employed a NO consumptions assay using hemoglobin to quantify NO 

consumed (Figure 15A). Typical result from injection of 10 µM of Hb or microparticles 

is shown in Figure 15B. Overall, we observed a ratio of 0.7 from the plot of the amount 

of NO consumed by microparticles vs. its heme concentration (Figure 15D) and a ratio of 

1 from the plot of the amount of NO consumed by free hemoglobin vs. heme 

concentration (Figure 15C) (n=9). We found that the NO scavenging ability of red cell 

microparticles is about 70% of that of cell-free Hb on a molar basis. This reduction in NO 

scavenging efficiency of microparticles is likely due to the slightly reduced rate of NO 
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scavenging by microparticles that we have previously reported [8], competing with NO 

being purged into the Nitric Oxide Analyzer. 

 

Figure 15. Nitric Oxide consumption assay. (A) Standard curves were generated by 

injections of 50 or 25 μl cell-free hemoglobin (Hb from 0-10 μM heme) diluted in PBS 

produced concentration-dependent, transient decreases in the baseline NO signal (NO 

consumption, mV) generated by 120 μM DETA NONOate in PBS, which was purged 

with a helium stream in-line with an NO analyzer. Inset: A plot of the NO consumed in 

response to the hemoglobin added. (B) Raw data showing NO consumption by 10 μM Hb 

and MPs. (C, D) The plasma fractions heme concentrations were plotted against the 

amounts of NO consumption of the fractions, quantified by the standard curve with a R
2
 

of 0.989 for Hb and a R
2
 of 0.977 for MP. NO scavenging ability of red cell 

microparticles (D) is about 70% of that of cell-free Hb on a molar (C) (n=9). 

 

Simulations show 5 µM of MP-encapsulated Hb can significantly reduce bioavailable NO 

Using computer simulations, the effects of MPs on NO bioavailability were 

examined in terms of Hematocrit (Hct), permeability, and the absence or presence of MPs 

in the cell-free zone. (Figure 16 and Figure 17). The concentrations of NO are plotted 

against the distance from the center of a 100-  -diameter vessel. In all the results, the 
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NO concentration in the lumen is almost zero and it increases rapidly at the endothelial 

layer where NO is produced. As the distance from the center of the vessel increases 

further, the NO concentration decreases. The NO concentration versus the distance from 

the center of the blood vessel when the hematocrit is 45% and 30% are plotted in Figure 

16 and Figure 17 respectively. The permeability of membranes from MPs used in our 

simulations was set equal to that determined previously [39] while the permeability of red 

cell membranes to NO (which has not been defined precisely) was given values at the 

extreme of previous publications [41]. When red cell permeability to NO is low, steady 

state NO is higher which is reasonable as it is harder for NO to get into the red cells to be 

consumed (compare panels A and B to panels C and D). We found that the effects of 

microparticles are larger when they enter the cell-free zone and in these cases just 5 µM 

microparticle encapsulated Hb can affect NO bioavailability (compare panels B and D to 

panels A and C). As hematocrit increases, NO bioavailability in the absence of MPs 

decreases due to increased scavenging by red blood cells (compare Figure 16 and Figure 

17). However, the relative effect of microparticles is greater for lower Hct (30%, Figure 

17) compared to the higher Hct (45%, Figure 16).  

The percentage reduction in NO concentration at the endothelium layer (52.5 µm 

from the vessel center) is illustrated in Figure 18. The percentage reduction was 

calculated by subtracting the NO concentration with MPs from the NO concentration 

with no MPs and dividing by the NO concentration without MPs. The results consistently 

show that the presence of MPs reduces NO concentration more significantly when the red 

cell permeability is low, MPs enter the cell-free zone, or the Hct is 30%. 
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Figure 16. NO bioavailability dependence on cell-free zone, membrane permeability 

(PM), and MP-encapsulated Hb concentration at 45% Hct. The label of MP-Hb in the 

figure refers to MP encapsulated Hb. (A) NO concentrations along the distance are 

plotted when MPs are excluded from the CFZ and red cell membrane permeability is low. 

(B) MPs appear in the CFZ and membrane permeability is low. (C) MPs are excluded 

from the CFZ and membrane permeability is high. (D) MPs appear in the CFZ and 

membrane permeability is high. 
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Figure 17. NO bioavailability dependence on cell-free zone, membrane permeability, 

and MP-encapsulated Hb concentration at 30% Hct. (A) NO concentrations along the 

distance are plotted when MPs are excluded from the CFZ and red cell membrane 

permeability is low. (B) MPs appear in the CFZ and membrane permeability is low. (C) 

MPs are excluded from the CFZ and membrane permeability is high. (D) MPs appear in 

the CFZ and membrane permeability is high. 
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Figure 18. Percentage reduction in NO concentration at the point of endothelium 

layer. The percentage reduction was calculated by subtracting the NO concentration with 

MPs from the NO concentration with no MPs and dividing by the NO concentration 

without MPs. The x-axis shows MP-encapsulated Hb concentration. (A) Percentage 

reduction in NO concentration when MPs are excluded from the CFZ. (B) Percentage 

reduction in NO concentration when MPs appear in the CFZ. 
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Red Cell Microparticles Enter the Cell-Free Zone  

Experiments were conducted to examine whether red cell microparticles do 

indeed enter the cell-free zone, following an experimental approach employed by others 

studying cell-free Hb, red cells, and the cell-free zone [21]. Measurements and 

calculations of the outer diameters at tone 1,2,3,4 in the absence or presence of luminal 

Hb, RBCs, or MPs are shown in Table V. A single mesenteric arteriole with red blood 

cells present at 45% hematocrit was observed by an inverted microscope (Zeiss Axiovert 

40, DMT) with the absence and presence of flow (Figure 19). A cell-free zone is clearly 

formed with the presence of flow and a larger vessel diameter is obtained as shown in 

Figure 19B. 

To compare the effect of free Hb, MPs and RBCs on NO-mediated dilation 

without flow, the vessel was dilated by ACh after a complete contraction caused by PE. 

Acetylcholine can affect vasodilation by activation of endothelial NO production. Our 

results show that a hemoglobin concentration of 30 μM in free Hb and MPs had similar 

effect as RBCs with 45% hematocrit (10mM Hb) on the vasodilation (shown in Table V 

and Figure 20A). A combined solution of MPs and RBCs was examined as well but had 

no additional constrictive effect, perhaps due the vessel already being fully constricted. 

Overall, these results are consistent with the fact that cell-free Hb and red cell 

microparticles scavenge NO much more efficiently than red cells. 

To investigate whether MPs enter the cell-free zone we studied the effects of flow 

on NO-mediated vasodilation as flow would induce a cell-free zone. Previous work has 

shown that flow increases NO-mediated vasodilation in the presence of red cells, but flow 

has no effect on vasodilation in the presence of cell-free Hb [21], indicating that cell-free 
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Hb remains in the cell-free zone. To investigate the flow effect on NO-mediated dilation 

in the presence of MPs, the vascular response to flow (ΔP=60 cm H2O) in the absence 

and presence of luminal Hb, RBCs, and MPs was examined (shown in Table V and 

Figure 20B). No significant hemolysis was observed by examining cell-free hemoglobin 

concentration in red blood cell solution after the solution flew out the system.  

 

 

Figure 19. Observation of a cell-free zone. A single mesenteric arteriole (about 210 μm 

diameter when fully dilated) is shown with red blood cells present at 45% hematocrit 

after 0.5 μM ACh was added in the absence of flow giving a diameter of about 178 μm 

(A) and in the presence of flow giving a diameter of about 200 μm (B) where a cell-free 

zone is apparent (cell-free zone indicated by red arrows, bars are 50μm in length). 



121 

 

Surprisingly, intravascular flow induced no vascular response in the absence of 

luminal Hb, RBCs, and MPs (when only buffer was in the vessel). One would expect 

vessel dilation to occur in response to flow due to shear induced NO production. We 

hypothesized that the lack of dilation when buffer was flowing in the vessel was due to 

the vessels being already fully extended at the concentration of Ach used. Thus, the effect 

of flow under the control conditions was further explored. A lower concentration of ACh 

(0.1 μM) was applied to the vessel after a complete contraction caused by PE and the 

vessel dilated about 33% (compared to a mean of 97% when the usual 0.5 μM ACh was 

used). The flow effect was tested after dilation became stable and an average of 29% 

(n=4) additional vasodilation due to flow was observed (Figure 20B). This vasodilation 

observed when using a lower ACh concentration suggests that flow has an effect in the 

presence of buffer alone as long as the vessel is not already at its maximum diameter. 

When the vessel was at its maximum diameter (when 0.5 μM ACh was added), NO 

induced by shear cannot further dilate the vessel.  

 

TABLE V. The outer diameters of vessel wall at tone 1,2,3,4 in the absence or 

presence of luminal Hb, RBCs, or MPs (unit of μm)
*
. 

 T1 
Basal Tone 

T2 
+ PE 

T3 
+ ACh 

T4 
With Flow 

     

 1   
 

     

 1   
 

Control 235 ± 7.44 185 ± 11.90 233 ± 6.95 234 ± 4.73 97% ± 3% 1% ± 4% 

Hb(30μM) 230 ± 1.15 145 ± 19.63 177 ± 10.08 190 ± 8.91 39% ± 6% 15% ± 2% 

MP(30μM) 228 ± 20.21 167 ± 12.29 188 ± 12.20 196 ± 12.75 35% ± 4% 14% ± 3% 

RBC(45%Hct) 224 ± 22.46 148 ± 26.76 172 ± 19.60 209 ± 22.33 32% ± 9% 48% ± 10% 

RBC+MP 231 ± 18.61 165 ± 18.61 188 ± 9.76 201 ± 1.50 35% ± 7% 20% ± 5% 

Values are means ± SD. * These values are not normalized by the initial diameters. 
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Figure 20. Single vessel myography. (A) NO scavenging ability of Hb, MPs, RBCs, and 

mixture of MPs and RBCs in single arterioles at 60 cm H2O luminal pressure. The results 

indicate that cell-free Hb and red cell derived MPs scavenge NO much more efficiently 

than RBCs (n=4). *, one-way ANOVA, P<0.01, control versus all samples. (B) 

Intravascular flow effect on NO-mediated vasodilation with only buffer in the vessel after 

either 0.5 µM or 0.1 µM ACh added to the vessel bath. (C) Intravascular flow effect on 

NO-mediated vasodilation in the absence or presence of luminal Hb, MPs, and RBCs 

(ΔP=60 cm H2O). Percent dilation increase was calculated as described in the methods 

section. These data suggest that red cell microparticles enter the cell-free zone (n=4). *, 

one-way ANOVA, P<0.01, RBCs versus all other samples. 
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Since Hb, RBCs, and MPs cause vessel contraction, experiments studying the 

cell-free zone employed the larger Ach concentration (0.5 µM). In this case, in the 

presence of Hb, RBCs, and MPs, intravascular flow resulted in vasodilation. The flow 

effect was greater in the presence of RBCs than in the presence of Hb and MPs (n=4, 

P<0.05, Figure 20C). The flow effect was observed with a mixed solution of MPs and 

RBCs in the lumen and the effect was less than that with luminal RBCs. These data 

suggest that, like cell-free Hb, red cell microparticles enter the cell-free zone. 

DISCUSSION 

In this study our major findings were that (1) both cell-free Hb and Hb contained 

in red cell microparticles increase over time; (2) NO scavenging by red cell 

microparticles is slightly less efficient than by cell-free Hb as measured on a heme basis; 

(3) MPs enter the cell-free zone, and (4) as little as 5 µM Hb in MPs can affect NO 

bioavailability. These results suggest that NO scavenging by red cell MPs, that form 

during blood storage or otherwise, could contribute to pathological consequences.  

Our results are consistent with previous ones showing that extraerythrocytic Hb 

increases as a function of storage duration [8]. Others have also previously found that a 

substantial portion of extracellular Hb that is found during blood storage is contained 

within microparticles as compared to cell-free Hb [31, 33, 37] including one that found 

that 2/3 or more of the Hb was contained in microparticles [31]. In addition to confirming 

these earlier results we show here that the percentage of Hb in microparticles remained 

approximately 20% during storage when the red blood cells were stored in ADSOL and 

increases relative to cell-free hemoglobin when ACD preservation solution is used. Our 

earlier work showed that there is no difference in total extraerythrocytic Hb (free Hb plus 
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that in microparticles) that accumulates in blood that is leukoreduced vs. that which not 

leukoreduced [8]. However, the effect of leukoreduction on the percentage of 

extraerythrocytic Hb in microparticles vs free Hb has not been established. One should 

consider that our preparation of MPs, like other preparations, only yields MPs of a certain 

size range. However, flow cytometry analysis shows that particles of a very large size 

range can form and larger particles would sediment along with red cells. However, these 

larger red cell particles are not likely to scavenge NO as efficiently as the smaller ones 

[39].  

Our previous work showed that MP encapsulated Hb reacts with NO with a rate 

constant of 1.8 × 10
7
 M

-1
s

-1,
 which is only about three times slower than that for cell-free 

Hb and still about 1000 faster than red cell encapsulated Hb [8]. In Figure 14 we 

presented results from experiments where the relative rate of NO scavenging is 

determined by a competition between its reaction with Hb and it being purged into the 

chemiluminescent NO detector. We observed a slightly lower efficiency for NO 

scavenging by microparticle encapsulated Hb which is consistent with its slightly lower 

bimolecular rate constant. We also showed that the ability of red cell microparticle 

encapsulated Hb to inhibit NO mediated vasodilation in a single arterial vessel is similar 

to that of cell-free Hb in the absence of flow, both of which were substantially more 

efficient than red cells. These data are all consistent with the notion that red blood 

microparticles scavenge NO almost as fast as cell-free Hb. 

One mechanism that influences the degree of NO scavenging is whether or not the 

Hb enters the cell-free zone. Velocity and consequent pressure gradients push red cells 

towards the center of vessels when there is laminar flow while cell-free Hb is not pushed 
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inward and thus remains in the cell-free zone [21]. As MPs are intermediate in size 

compared to molecular Hb and red cells, it is a priori unclear whether they would enter 

the cell-free zone or not. Our experiments examining the effect of flow on inhibition of 

NO scavenging by red cells vs cell-free Hb vs MPs suggest that MPs do enter the cell-

free zone similar to Hb. The similarity of MPs and Hb and the dissimilarity of MPs and 

RBCs support our conclusion that MPs do enter the cell-free zone. It should be noted, 

however, that the width of a cell-free zone and likely the degree to which different sized 

particles are compartmentalized in flow, depends on the rate of flow and size of the 

vessel. The vessels we studied were on the large size for resistance vessels (second order 

of rat mesenteric vessels with an average outer diameter of 229±14 μm). In our 

experiments, the vehicle flow was driven by a pressure gradient of 60 cm H2O which 

corresponds to that found in arterioles of similar sizes in the beating heart and is similar 

to conditions employed previously [21].  

With red cell microparticles entering the cell-free zone, as little as 5 µM 

microparticle encapsulated Hb was seen to reduce NO bioavailability in our computer 

simulations. The absolute effect was greater in the background of 45% Hct which is a 

normal Hct, but the percentage change was larger for 30% Hct which is most relevant for 

transfusion. The extent of the effect was seen to be dependent on the value of the red cell 

permeability employed in the simulations. With a low permeability, the red cells 

contribute less to NO scavenging, so the effect of MPs is greater. Literature values of the 

NO permeability of red blood cells range from 4 × 10
-4

 m s
-1

 to 0.9 m s
-1

 (= 400 µm/s to 

900,000 µm/s) [23, 51-53], and we conducted our simulation at the extremes of these 

values. Interestingly, some of our previous work has suggested that the permeability of 
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the red cell membrane is modulated by oxygen tension so that the permeability of RBCs 

to NO under oxygenated conditions is between 4,400 µm/s and 5,100 µm/s while the 

permeability under deoxygenated conditions is greater than 64,000 µm/s [54]. 

Throughout circulation, conditions are mostly oxygenated, in terms of Hb saturation, so 

that the low permeability values of around 5,000 µm/s would be most relevant and the 

impact of red cell microparticles on NO bioavailability would be substantial.  

Based on our data presented here showing how much cell-free hemoglobin and 

red cell microparticle hemoglobin accumulate over time in storage along with our data 

showing the effects on vasodilation, as well as our previous working showing just 6 µM 

extraerythrocytic Hb reduces blood pressure in a rodent model [8], it is clear that 

transfusion of 3-4 units of older stored blood would increase red cell microparticle and 

cell-free Hb concentrations to a level where they would affect NO bioavailability. The 

relative contribution of red cell microparticles vs cell-free Hb in lowering NO 

bioavailability could have important implications in designing therapeutic strategies. 

Clearly, any strategy designed to increase clearance of cell-free Hb such as increasing 

haptoglobin concentrations [55] would have no effect on pathology associated with MPs 

as MPs are not cleared by haptoglobin. Red cell microparticles have been reported to be 

cleared from plasma within the thirty minutes but end up in the liver and other tissues 

[56]. The plasma concentration of MPs may be substantial after transfusion even after 

thirty minutes due to red cell breakdown of older transfused blood when it is in 

circulation. We propose that transfusion of older stored results in an acute loss of NO 

bioavailability that could also be sustained due to subsequent intravascular hemolysis. 
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The loss of NO bioavailability could contribute to increased inflammation, thrombosis, 

and other negative consequences that underlie the blood storage lesion. 
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ABSTRACT 

The blood storage lesion involves morphological and biochemical changes of red 

blood cells that occur during storage. These changes include conversion of the biconcave 

disc morphology to a spherical one, decreased mean cell hemoglobin concentration 

(MCHC), varied volume, reduced integrity of the erythrocyte membrane with formation 

of microparticles, and increased cell-free hemoglobin. We studied the extent to which 

older stored red blood cells scavenge nitric oxide (NO) faster than fresher stored red 

blood cells. We found that older stored red blood cell scavenge NO about 1.7 to 1.8 times 

faster than fresher ones using electron paramagnetic resonance spectroscopy and stopped-

flow absorption spectroscopy. Based on these quantitative data, we simulated NO 

scavenging by fresher or older stored red blood cells with a biconcave or spherical 

geometry respectively in order to explore the mechanism of NO scavenging related to 

biochemical and morphological changes of stored red blood cells. We found that red 

blood cells with a spherical geometry scavenges NO about 2 times slower than the ones 
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with a biconcave geometry, opposite to the experimental finding that older stored cells 

scavenge NO faster than fresh ones. Red blood cell MCHC, volume, and membrane 

permeability to NO must compensate for the effect of cell morphology in order to explain 

our experimental findings. Computer simulations show that a lower intracellular 

hemoglobin concentration or a smaller erythrocytic volume increases NO scavenging by 

red blood cells and membrane permeability to NO needs to increase 5 to 70 fold in order 

to explain our experimental results. 

INTRODUCTION 

Blood transfusion is one of the most common medical therapies, with about 14 

million units of red blood cells (RBCs) having been transfused in the United States in 

2011 [1]. The average age of red blood cells at transfusion is approximately 18 days. 

According to the blood banking standard, RBCs preserved in ADOSL can be stored up to 

42 days. However, a growing body of literature has demonstrated an association between 

an increased incidence of adverse clinical outcomes of blood transfusion and the storage 

of RBCs [2-7]. The adverse effect of blood transfusion is also suggested to be related to 

the number of units transfused [8, 9].  

A number of chemical and morphological changes in RBCs occur during blood 

storage including a reduction in levels of 2, 3-diphosphoglycerate, ATP, and pH values, 

as well as an increase of potassium and lactate [10]. These changes result in a reduced 

deformability, increased osmotic fragility, spheroechinocyte formation, reduced integrity 

of the erythrocyte membrane with formation of microparticles (MPs), and increased cell-

free hemoglobin (Hb) in plasma [11-17]. The geometry of the red blood cell tends to 

become more spherical during storage thereby having a smaller surface area to volume 
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ratio, the mean cell hemoglobin concentration in RBCs decreases, and the structure of 

RBC membrane changes significantly during storage [18, 19]. In addition, RBC volume 

varies during blood storage but the type of change depends on which additive 

preservation solutions is used [20, 21]. Changes in RBCs during storage are referred as 

the blood storage lesion. Precise mechanisms that explain how the blood storage lesion is 

associated with adverse effects of blood transfusion remain unclear. 

Nitric oxide (NO) functions as the endothelial derived relaxing factor, decreases 

platelet activation and vascular cell adhesion, influences oxidative and nitrosative stress, 

functions in host defense, and influences a large number of cellular functions through 

protein modification [22-26]. We hypothesize that the blood storage lesion is associated 

with a loss of NO signaling. It has been well established that oxygenated cell-free Hb 

reacts with NO at a high rate of 6 to 8 ×10
7
 M

-1
s

-1
 to form nitrate and methemoglobin 

[27-29]. MPs are small phospholipid vesicles that contain hemoglobin and they react with 

NO only about 3 times slower than cell-free Hb, but still 1000 times faster than RBCs 

[30-32]. Several mechanisms are responsible for the reduced rate of NO scavenging by 

hemoglobin encapsulated in RBCs. NO diffusion to the RBC is limited by an unstirred 

layer around the RBC which is due to the fast scavenging of NO close to RBC [33-36]. A 

RBC cell-free zone is created when RBCs are pushed to the center of vessel during flow 

and it separates RBCs from endothelial cells where NO is produced [37, 38]. Another 

mechanism that accounts for slower NO scavenging by RBCs is that the RBC membrane 

has a finite permeability to NO, like a physical barrier which slows down the diffusion 

[35, 39]. These diffusion barriers are regulated by RBC size, shape, and surface area; 

biophysical properties that are changed during RBC storage [19]. Since hemoglobin and 
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red cell microparticles scavenge NO close to 1000 times faster than red cell encapsulated 

hemoglobin, red cell breakdown in storage or post transfusion substantially reduces NO 

bioavailabiliy [31, 32]. In addition, recent studies show that the effects of storage will 

lead to an increased intrinsic NO scavenging by older stored RBCs, as measured by nitric 

oxide competition experiments and inhibition of aortic vasodilation [40, 41]. However, 

the extent of the increase in NO scavenging by older red blood cells compared to fresh 

ones was not fully explored and the mechanism for this phenomenon was not 

satisfactorily provided.  

In this study, we further examine the rate of NO scavenging by both fresh and old 

stored RBCs using time-resolved stopped-flow absorption spectroscopy and electron 

paramagnetic resonance spectroscopy. Computational simulations are also conducted to 

explore the effects of morphological changes, RBC volume, MCHC, and permeability to 

NO on the rate of NO scavenging using 3D single RBC models. We use results of these 

simulations to account for the observed increase in NO scavenging by RBCs as a function 

of storage age. 

EXPERIMENTAL PROCEDURES 

Old and fresh, leukodepleted packed red blood cells were collected from packed 

red blood cell segments stored in the University of Alabama at Birmingham blood bank 

in AS-1 storage solution. The average storage length of old and fresh red blood cells in 

this study were 8.5 ± 1.4 days and 37.5 ± 2.9 days. Red blood cells were washed in 

phosphate buffered saline (PBS) at least three times or until the supernatants were clear. 

The hemoglobin concentration of the red blood cell solution (in heme) was determined by 

absorption spectroscopy using a Cary 100 spectrometer equipped with an integrating 
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sphere detector. Spectra of cell-free hemoglobin were taken on a Cary 50 Bio 

spectrometer (Varian Inc.). Cell-free hemoglobin was prepared as described previously 

[42]. All experiments were performed in PBS buffer and all chemicals were purchased 

from Sigma unless otherwise stated. 

Competition Experiments 

Competition Experiments were performed similarly to those described previously 

[35, 43]. Briefly, oxygenated cell-free Hb and Hb encapsulated in RBCs compete to react 

with NO to form methemoglobin (MetHb). The relative rates of NO uptake by RBCs 

compared to cell-free Hb can be determined by examining the concentrations of MetHb 

produced from each fraction using electron paramagnetic resonance (EPR) spectroscopy. 

In the experiments, cell-free Hb (100 µM in heme) was mixed with either old or fresh 

stored red blood cell solutions (50% Hct). The mixtures were stirred with a magnetic bar 

at a slow speed to keep the sample homogeneous throughout the experiment. The NO 

donor DEANONOate was prepared in a deoxygenated 0.01 M NAOH solution and added 

to the mixture to a final concentration of 20 µM. The first EPR tube was filled with the 

mixture at 45 minutes and the rest of the mixture was centrifuged at 3000g for 2 minutes. 

The supernatant was put in another EPR tube and the third EPR tube was filled with the 

RBC pellet. Control experiments were performed as described previously to account for 

any autoxidation or MetHb reductase activity [43]. All the EPR tubes prepared in the 

experiment were frozen simultaneously at 1 hour. The amounts of MetHb were measured 

by electron paramagnetic resonance using a Bruker EMX 10/12 spectrometer as 

described previously [43]. Hemolysis during the experiment was checked by examining 
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the hemoglobin concentrations in the supernatant prior to the addition of NO donor and 

after the centrifugation.  

The ratio of the bimolecular rate constant of NO reacting with cell-free Hb (kf) to 

the bimolecular rate constant of NO uptake by RBC-encapsulated Hb (kr) was determined 

by the relative amount of MetHb formed in each fraction as shown in the equation: 

 
[     ] 
[     ] 

=
  [  ] 
  [  ] 

 Equation 1 

where the subscripts “f” and “r” stand for cell-free Hb and RBCs encapsulated Hb 

respectively. The concentrations indicated by brackets are the moles of the species over 

the total volume. Natural log terms on both sides of the equation were also calculated as 

previously described [44] in order to account for the fact that the total amount of 

oxygenated hemoglobin in the free and RBC fractions may decrease with time from its 

initial amount. The ratio kf/kr calculated using equation 1 had less than 2% difference 

from the result calculated with natural log terms. Three methods were used to calculate 

kf/kr using two MetHb concentrations of those in the mixture, supernatant, and RBCs 

pellet in order to avoid errors as described previously [43].  

Stopped-Flow Analysis  

Stopped-flow time-resolved absorption experiments of the reaction between NO 

and RBCs were conducted using a Molecular Kinetics three-syringe mixer (Indianapolis, 

IN) coupled to an Olis RSM spectrometer (Bogart, GA) as described previously [44]. The 

NO donor PROLINONOate (10 mM, Cayman Chemicals) was prepared in 0.01 M 

NAOH and loaded in the first syringe. Either old or fresh stored red blood cells (100µM 

in heme) were filled in the second syringe and the third syringe was loaded with 

deoxygenated PBS. Mixing was accomplished as follows: the NO donor was diluted to 
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500 µM by PBS and aged for 20 second in the first mixer so that the NO would be 

released. NO-containing buffer was then rapidly pushed into the second mixer and mixed 

with either old or fresh stored red blood cells. Experiments were conducted under aerobic 

conditions so that NO reacted with oxygenated Hb to make MetHb. As NO can also 

further react with MetHb to produce MetHb-NO, we only performed experiments with 

NO present at two-fold molar excess to oxygenated Hb. Time-resolved absorption spectra 

were collected and analyzed by Specfit software (Boston, MA) through singular value 

decomposition and global analysis as described previously [45].  

Computational simulations 

Three dimensional models were constructed to simulate competition and stopped-

flow experiments performed in this study using COMSOL Multiphysics (Comsol Inc., 

Burlington, MA, version 4.3). We have assumed that RBCs are distributed homogenously 

within the reaction region. A single red blood cell was simulated as a 3D biconcave 

geometry contained in the reaction region of a cylindrical boundary for the reactions 

between fresh stored red blood cells and NO (Figure 21A). A spherical geometry within 

another sphere was adopted to simulate the reactions between old stored red blood cells 

and NO (Figure 21B). The comparison between NO scavenging by old and fresh stored 

red blood cells was conducted using those full 3D models.  

In addition, to examine the effect of RBC volume, MCHC, and membrane 

permeability on NO scavenging by old red blood cells, we performed simulations where 

each of these parameters was varied while maintaining the other parameters constant. In 

order to save time and sufficiently resolve both the reaction region and RBCs with 

enough finite elements we exploited the spherical symmetry of the old red blood cell 
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model. The reaction was simulated solely over a 20×20 degree square cone cut out of the 

two sphere system, as previously described (Figure 21C)[44]. This reduced the number of 

degrees of freedom and allowed a sufficient number of finite elements. All simulations 

were performed using a user defined finer mesh with twice the refinement in the 

intracellular domain unless otherwise stated (Figure 21D).  

 

 

Figure 21. Three-dimensional models. (A) A full 3D model with a biconcave geometry 

contained in a cylindrical boundary for the reactions between fresh stored red blood cells 

and NO. (B) A full 3D model with a spherical geometry within another sphere for the 

reactions between old stored red blood cells and NO. (C) The 20×20 degree square cone 
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as the solution region. (D) A finite element mesh of the cone solution region with a user 

defined finer mesh and twice the refinement in the intracellular domain (red). 

 

Simulated Competition Experiments 

Competition experiments were simulated similarly to that described previously 

[46]. Briefly, NO is released by an NO donor and reacts with cell-free hemoglobin in the 

external space. In the extracellular space, the overall reaction rate for NO is given by  

  =  ×    𝒏  [     𝒏  ] −    [  ][  ] 
Equation 2 

where R is the reaction rate, kdonor is the rate constant that NO is released by the donor, 

and kHb is the bimolecular rate constant of NO scavenging by oxygenated Hb. 

Concentrations are indicated by brackets.  

In the intracellular compartment, NO diffused from extracellular space is 

scavenged by oxygenated Hb encapsulated by the RBC: 

  =    [  ][  ] 
Equation 2 

The boundary condition at the RBC membrane is defined as: 

 −𝒏 ∙ (−   ) =   (  −   ) 
Equation 3 

where n is the unit normal vector, D is NO diffusion rate, C is its concentration, Pm is NO 

permeability of RBC membrane, C0 is NO concentration at the outer surface of the RBC, 

and Ci is the concentration in the RBC.  

The models for competition experiments simulated the first 5 milliseconds of the 

real experimental reaction. Parameters used in simulations are listed in Table VI. At 5 

milliseconds, the average concentrations of MetHb for both cell and plasma fractions 

were plugged into equation 1 to calculate the relative rate kf/kr.   
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TABLE VI. Competition simulation parameters 

Parameter Value Units 

RBC volume 90 µm
3 

Hct 50 % 

Initial [RBC Hb] 20 mM 

Initial [NO donor] 20 µM 

Initial [cell-free Hb] 100 µM 

kHb 8.9×10
7 

M
-1

s
-1 

kdonor 1 s
-1 

Extracellular NO diffusion coefficient 3300 µm
2
s

-1 

Intracellular NO diffusion coefficient 880 µm
2
s

-1
 

Extracellular Hb diffusion coefficient 1 µm
2
s

-1
 

Intracellular Hb diffusion coefficient 0.27 µm
2
s

-1
 

RBC membrane permeability to NO 5000 µms
-1 

 

 

Simulated Stopped-flow Experiments 

Stopped-flow experiments were simulated similarly to the simulations for 

competition experiments as well as to those described previously [44]. The bimolecular 

reaction rate constant k was calculated at 5 milliseconds after mixing using the formula, 

     (
[  ]( )

[  ]( )
) = − [  ]( ) ×   Equation 5 
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where [Hb](t) and [Hb](0) are averaged hemoglobin concentrations at time t and in the 

beginning of the reaction. A constant concentration of NO was assumed in order to use 

pseudo first-order kinetics. Parameters used in simulations are summarized in Table VII.  

 

TABLE VII. Stopped-flow simulation parameters 

Parameter Value Units 

RBC volume 90 µm
3 

Hct 0.5 % 

Initial [RBC Hb] 20 mM 

Initial [NO] 100 µM 

kHb 8.9×10
7 

M
-1

s
-1 

Extracellular NO diffusion coefficient 3300 µm
2
s

-1 

Intracellular NO diffusion coefficient 880 µm
2
s

-1
 

Intracellular Hb diffusion coefficient 0.27 µm
2
s

-1
 

RBC membrane permeability to NO 5000 µms
-1 

 

 

Examined Effects of RBC MCHC, Volume, and Permeability 

In order to further explore the effects of RBC volume, MCHC, and permeability 

on NO scavenging by older stored RBCs, a 20×20 degree square cone model was used 

and parameters were varied as described in Table VIII. Other studies have shown that 

RBC MCHC and volume change during blood storage and the type and extent of the 

changes depends on the additive preservation solution that is used to store the RBCs [18, 

20, 21]. Therefore, in our simulations, RBC MCHC was varied from 14 to 22 mM and 
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the volume of RBC was decreased from 90 to 60 µm
3
. These values overlap normal 

clinical reference ranges for RBC MCHC (19-22 mM) and volume (80-99 µm
3
). In 

addition, it has been shown that significant changes in the RBC membrane occur during 

blood storage[18]. Thus, the simulations were conducted examining effects on changes in 

NO membrane permeability starting with a base RBC membrane permeability (Pm = 

5000 µms
-1

) and varying it by up to 100 fold ( Pm×1-100) as shown in Table VIII.  

 

TABLE VIII. Parameters varied in simulations 

Parameter Value Units 

RBC MCHC 14, 16, 18, 20, 22 mM 

RBC volume 90, 80, 70, 60 µm
3 

Tested range of permeability Pm × (1-100) 
 

 

Statistical Analysis 

Analysis was performed with Microsoft Office Excel 2010 (Redland, OR). A 

student's t-test with two tails and equal variance was used to test for statistical 

significance. Results were considered significant when P < 0.05. All values are presented 

as mean ± SD. 

RESULTS 

Competition Experiments Confirm Old Stored Red Blood Cells Scavenge NO Faster 

We conducted competition experiments to confirm the faster NO scavenging by 

old stored red cells using electron paramagnetic resonance spectroscopy. Figure 22A 

shows representative EPR spectra taken of the mixture (MXT), the supernatant (SPT), 

and RBC pellet (RBC) after 1 hour of incubating old or fresh stored red blood cells with 
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DEANONOate. The EPR spectra are subtracted by the baseline spectra from control 

experiments and corrected to the total volume of the mixture so that the sum of MetHb in 

the RBC pellet and in the supernatant is equal to the total MetHb in the mixture. MetHb 

concentrations in the mixture are same for experiments using old (17.5±2.1 µM) and 

fresh (17.4±2.2 µM) RBCs. The averaged MetHb concentration of the supernatant is 

larger when fresh RBCs were used (9.6±1.4 µM) than the concentration of the 

supernatant when old RBCs were used (7.6±1.7 µM). In contrast, the average MetHb 

concentration of the fresh RBC pellet (7.6±2.0 µM) is smaller than that of the old RBC 

pellet (10.7±2.9 µM). Given that released cell-free Hb will scavenge NO at the same rate 

(whether it come from fresh or old RBCs), these data show that older RBCs scavenge NO 

faster than freshly stored ones. 

Figure 22B shows that the average ratios of kf/kr for old and fresh red blood cells 

from multiple experiments are 76 ± 13 and 131 ± 35 respectively, similar in general 

magnitude to our previous measurements [36]. Thus, we were able to calculate the ratio 

of the bimolecular rate constant of NO uptake by old stored red blood cells (kold) to that 

of NO uptake by fresh stored red blood cells (kfresh) as about 1.7, which suggests that 

older stored red blood cell scavenge NO about 1.7 times faster than fresher ones.  
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Figure 22. Competition measurements determining relative rates of NO reacting 

with old (blue) vs fresh red cells (red). (A) EPR spectra taken of the mixture (MXT, 

solid), the supernatant (SPT, dashed), and RBC pellet (RBC, dotted) for old and fresh 

stored red blood cells. (B) The ratios of the bimolecular rate constant of NO reacting with 

cell-free Hb to the bimolecular rate constant of NO uptake by old and fresh stored RBC-

encapsulated Hb are 76 ± 13 and 131 ± 35 respectively(n=6). The ratio of the bimolecular 

rate constant of NO uptake by old stored red blood cells (kold) to that of NO uptake by 

fresh stored red blood cells (kfresh) is about 1.7. , P<0.005. 

 

Old Stored Red Blood Cells Scavenge NO Faster in Stopped-Flow Experiments 

To further compare the reaction rate of NO scavenging by old and fresh stored red 

blood cells, we performed stopped-flow experiments with NO and either old or fresh 

stored red blood cells. The experiments were conducted with a NO:Hb ratio of 2 under 

aerobic conditions. Figure 23A shows representative kinetics of the absorption at 574 nm 

for both old (40 days) and fresh (7days) stored red blood cells. It is apparent that old 

stored red blood cells scavenge NO faster than fresh ones. Figure 23B shows that the 

bimolecular rate constants of NO reacting with old and fresh stored red blood cells 

calculated from stopped-flow experiments are (6.8 ± 0.6)×10
4
 M

-1
s

-1
 and (3.8 ± 0.1)×10

4
 

M
-1

s
-1

 (n=4), which is consistent with our previous measurements [36] Therefore, old 

stored red blood cells scavenge NO about 1.8 times faster than fresh ones in Stopped-

flow experiments.  
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Figure 23. Stopped-flow absorption measurements of NO reactions with old and 

fresh red cells. (A) Kinetics of absorption at 574 nm for both old and fresh red blood 

cells scavenging NO. Both the raw data (noisy) and the fits from singular value 

decomposition and global analysis are shown. The initial specie OxyHb and final specie 

MetHb are shown in the inset. (B) Bimolecular rate constants of NO binding to old and 

fresh stored red blood cells are 6.8 ± 0.6×104 M
-1

s
-1

 and 3.8 ±0.1×104 M
-1

s
-1

 (n=4). *, P 

< 0.005. 

 

Biconcave Geometry is Favored in NO Scavenging 

Competition and stopped-flow experiments were simulated when the RBC was 

represented by a biconcave geometry or a spherical geometry to explore the effect of the 

surface to volume ratio on NO scavenging. With the same volume, a biconcave geometry 

(predominating in fresh red cells) has a larger surface area than a spherical geometry 

(predominating in old red cells). As expected, results show that the RBC with a 

biconcave geometry scavenges more NO than the RBC with a spherical geometry for 

both competition (Figure 24A) and stopped-flow experiments (Figure 24B). In the 

simulations of competition experiments, the ratios kf/kr for old and fresh RBCs are 181 

and 83 respectively. Thus, the simulations show that the biconcave geometry scavenges 

NO about 2.2 times faster than the spherical geometry. From simulations of stopped-flow 

experiments, we found that the biconcave geometry scavenges NO 1.4 times faster than 
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the spherical geometry. These simulations show that the morphological changes that 

occur during RBC storage result in slower NO scavenging, contrary to what is observed 

experimentally. Thus other factors such as RBC MCHC, volume, or NO permeability 

must play substantial roles in governing NO scavenging by stored RBCs. 

 

 

Figure 24. NO scavenging by old and fresh stored red blood cells due to geometries 

examined using full 3D models. (A) The ratios of the bimolecular rate constant kf/kr 

calculated by simulating competition experiments. The ratios kf/kr are 181 and 83 for old 

(spherical) and fresh (biconcave) stored RBCs respectively. (B) Bimolecular rate constant 

kr calculated by simulating stopped-flow experiments. The values of kr are 1.5 and 

2.1×105 M
-1

s
-1

 for old and fresh stored RBCs respectively. 

 

Effects of RBC MCHC and Volume on NO scavenging 

Other factors that account for an increased NO scavenging by older stored RBCs 

were examined by varying RBC intracellular Hb concentration and the volume of RBC 

using a 20×20 degree square cone model as shown in Table VIII. For simulations of 

competition experiments, the ratio kf/kr is increased from 96 to 146 when RBC MCHC is 

increased from 14 to 22 mM (Figure 25A). The ratio kf/kr is increased from 120 to 133 

when RBC volume changes from 60 to 90 µm
3 

(Figure 25B). In simulations of stopped-

flow experiments, the bimolecular rate constant of NO scavenging by the RBC is 

decreased from 1.8 to 1.0 ×10
5
 M

-1
s

-1
 and from 1.4 to 1.2×10

5
 M

-1
s

-1
 when MCHC is 
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increased from 14 to 22 mM (Figure 25C) and RBC volume is increased from 60 to 90 

µm
3
 respectively (Figure 25D). Simulations of both competition experiments and 

stopped-flow experiments show that the RBC scavenges NO faster with a lower MCHC 

or a smaller volume, which is consistent with what we have found previously [30, 47].  

 

 

Figure 25. The effects of RBC MCHC and volume on NO scavenging by RBCs 

studied using the 20×20 degree square cone model. The ratio of bimolecular rate 

constants kf/kr is calculated by simulating competition experiments and plotted as a 

function of MCHC (A) or volume (B) of the RBC. Bimolecular rate constant kr is 

calculated by simulating stopped-flow experiments and plotted as a function of MCHC 

(C) or volume (D) of the RBC. 

 

Membrane Permeability Plays a Role in an Increased NO Scavenging by Older 

Stored RBCs 

The effect of RBC membrane permeability on NO scavenging rates was 

investigated by simulating competition and stopped-flow experiments using the 20×20 



153 

 

degree square cone model. In the simulation, permeability was varied from Pm (5000 

µms
-1

) to 100 times this base value of Pm (5×10
5
 µms

-1
). Simulations of fresh RBCs used 

a volume of 90 µm
3
 and MCHC of 20 mM while 60 µm

3
and 14 mM were used for old 

stored RBCs. Since a decreased volume or MCHC leads to increased NO scavenging, a 

volume of 60 µm
3
 and a MCHC of 14 mM should give us the minimum value of 

permeability that explains the experimenally observed increased NO scavenging by older 

stored RBCs. In addition, we used 90 µm
3
 and 20 mM to obtain an estimate of the 

maximum value of permeability needed to explain our experimental results. Although 

some reports show that RBC volume increased during storage in certain additive 

solutions [20, 21], we used a substantially lower value in simulations of older RBCs in 

order to maxmize effects of volume changes and thereby obtain the minimum necessary 

changes in permeability.  

For competition experiments, experimental data show that old stored RBCs 

scavenge NO 1.7 times faster than fresh stored RBCs and simulations show that the old 

stored RBCs with a spherical geometry scavenge NO about 2.2 times slower than the 

fresh stored RBCs with a biconcave geometry. To explain the experimental data and 

compensate for the effect of geomerty, increased permeability would have to result in a 

3.8 fold increase NO scavenging for old red cells compared to fresh ones. This magnitude 

increase corresponds to a kf/kr ratio of 35, which is 3.8 times smaller than the ratio kf/kr of 

133 we obtained using the 20×20 degree square cone model with a volume of 90 µm
3
 and 

a MCHC of 20 mM. The results show that the permeability needs to increase 5 to 30 fold 

in order to explain the increased NO scavenging by older stored RBCs we observed from 

competition experiments (Figure 26A).  
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Figure 26. The effects of RBC membrane permeability to NO studied using the 

20×20 degree square cone model with two extreme scenarios ( volume: 90 µm
3
, 

MCHC: 20mM; volume: 60 µm
3
, MCHC: 14 mM). The horizontal axis is the 

membrane permeability which is plotted in terms of a factor multiplied by the base value 

Pm = 5000 µms
-1

 (A) the ratio kf/kr is plotted as a function of RBC permeability varied in 

simulations of competition experiments. The goal ratio kf/kr of 35 appears as a horizontal 

black line. The simulated ratios that are the same as the goal ratio are shown as black 

circles and the corresponding membrane permeabilities are indicated on the x axis above. 

(B) The bimolecular rate constant kr was calculated from simulations of stopped-flow 

experiments with varied permeabilities. The goal kr of 3.0×105 M
-1

s
-1

 appears as a 

horizontal black line. The simulated values of kr that are the same as the goal are shown 

as black circles and the corresponding membrane permeabilities are indicated on the x 

axis above. 
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We observed that old stored RBCs scavenge NO 1.8 times faster than fresh stored 

RBCs in stopped-flow experiments and the spherical geometry scavenges NO 1.4 times 

slower than the biconcave geometry in simulations of stopped-flow experiments. In order 

to explain the experimental data and compenstate for the effect of geometry, the effect of 

permeability would have to result in a 2.5 fold increase in the bimolecular rate constant. 

This increase corresponds to a bimolecular rate constant of 3.0×10
5
 M

-1
s

-1
 which is 2.5 

times larger than the bimolecular rate constant of 1.2×10
5
 M

-1
s

-1
 we obtained from 

simulations using the 20×20 degree square cone model with a volume of 90 µm
3
 and a 

MCHC of 20 mM. The results show that an increase of 15 to 70 fold in the peremeability 

is needed to explain the increased NO scavenging by older stored RBCs we observed 

from stopped-flow experiments (Figure 26B).  

 

DISCUSSION 

In this study, we performed experiments using EPR and stopped-flow instruments 

to further examine the increased NO scavenging by older stored RBCs. We found that 

older stored RBCs react with NO 1.7-1.8 times faster than fresh stored RBCs. This is 

consistent with recent published data showing that there is a two-fold difference between 

the rates of old and fresh stored RBCs scavenging NO [41].  

During storage, the geometry of the red blood cell tends to become more spherical, 

the mean cell hemoglobin concentration in RBCs decreases, RBC volume varies, and the 

structure of RBC membrane changes significantly[18, 19]. We explored the effects of 

these changes on NO scavenging to see if they could account for increased NO 

scavenging by older stored RBCs.  
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A spherical geometry has less surface area than a biconcave geometry and a larger 

surface area is expected to increase the rate of NO scavenging. As expected, the 

simulations using full 3D models demonstrate that the old stored RBC with a spherical 

geometry scavenges NO about 1.7 to 2.2 times slower than the fresh stored RBC with a 

biconcave geometry. Thus, other factors must exist to compensate for the effects of 

geometry and increase NO scavenging by older RBCs as observed experimentally.  

We further examined the effects of RBC MCHC and volume, on NO scavenging 

by RBCs using the 20×20 degree square cone model. In the simulations that varied RBC 

MCHC, we found that a decreased MCHC leads to an increased NO scavenging by RBCs 

with a MCHC of 14 mM resulting in a 1.4 times faster rate compared to a MCHC of 20 

mM. Although the MCHC of stored RBC does not decrease to as low as 14 mM, we 

simulated this extreme value to explore the limits of MCHC effects. Similarly, we found 

that a smaller RBC volume leads to faster NO scavenging by RBCs. RBCs with a volume 

of 60 um
3
 react with NO about 1.1 times faster than RBCs with a volume of 90 µm

3
.  

The last factor we studied was RBC membrane permeability to NO. In these 

simulations, we used the 20×20 degree square cone model to examine two extreme 

scenarios with a range of permeability: (1) a RBC with 90 um
3
 volume and 20 mM 

MCHC and (2) a RBC with 60 um
3
 volume and 14 mM MCHC. The first scenario 

represents normal fresh stored RBCs and the second scenario represents the worst case of 

a stored RBC. According to our simulations, the permeability needs to increase about 5 to 

70 fold in order to explain the increased NO scavenging by older stored RBCs. Our 

previous computational simulations of competition experiments at different oxygen 

saturations using similar parameters show that the RBC membrane permeability to NO 
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needs to increase 20 to 40 fold in order to achieve an increase of 3 to 4 fold in the ratio 

kf/kr [48]. Thus, our current result focused on blood storage effects is consistent with our 

previous one comparing oxygenated and deoxygenated cells.  

Nitric oxide acts as an important signaling molecule in vivo that regulates blood 

flow, decreases adhesion molecules expression and platelets activation. Stored RBCs 

break down during blood storage which results in release of cell-free hemoglobin from 

RBCs, microparticle formation, and intrinsic erythrocyte changes. The extent and 

mechanisms of cell-free hemoglobin and microparticles scavenging NO have been well 

established [30, 31]. Both cell-free hemoglobin and microparticles react with NO very 

fast, about 1000 times faster than RBCs and enter the cell-free zone where RBCs are 

absent due to flow pressure gradient [32]. Although the rate of NO scavenging by RBCs 

is less than cell-free hemoglobin and microparticles, the concentration of erythrocytic Hb 

is much greater than cell-free Hb (~12 mM RBC Hb vs. ~80 µM cell-free Hb under some 

conditions). Stored RBCs contribute to NO scavenging when chemical and 

morphological changes in RBCs occur during blood storage, especially when RBC 

membrane permeability to NO increases 5 to 70 fold as we suggest in this work. We 

hypothesize that the combination of red cell breakdown associated hemolysis and 

microparticle formation together with increased intrinsic RBC NO scavenging can lead to 

an “NO shock” upon transfusion of substantial amounts of older stored blood. This “NO 

shock” can lead to reduced oxygen delivery in the microcirculation, increased platelet 

activation and inflammation, and other deleterious effects that contribute to pathological 

consequences of the storage lesion.  
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CHAPTER VI 

CONCLUSION 

During the time I worked in the lab of Dr. Daniel Kim-Shapiro, I have 

participated in the investigation of the mechanisms of NO scavenging by cell-free 

hemoglobin, microparticles, and stored red blood cells. During blood storage, 

microparticles are formed as small phospholipid vesicles containing hemoglobin when 

the integrity of the erythrocyte membrane is reduced and other chemical and 

morphological changes in RBC occur [1-7]. Although increases in microparticles have 

been appreciated for decades, the ability of these microparticles to react with NO had 

never been evaluated prior to this study. In Chapter 2 and Chapter 3, we show that 

microparticle-encapsulated hemoglobin reacts with NO only 3 times slower than cell-free 

hemoglobin, but still about 1000 times faster than hemoglobin encapsulated in red blood 

cells [8, 9]. Hence, it is likely that, in vivo, microparticles will scavenge NO almost as 

fast as cell-free hemoglobin. This could be particularly important when microparticles are 

continuously elaborated during post-transfusion as they are not known to be cleared by 

haptoglobin. Therefore it became necessary to further investigate the effect of 

microparticles on NO bioavailability.  

In Chapter 4, we show that both cell-free Hb and Hb contained in red cell 

microparticles increase overtime during blood storage [10]. The percentage of Hb in 

microparticles remained approximately 20% during storage when the red blood cells 

were stored in ADSOL and increased relative to cell-free hemoglobin when ACD 

preservation solution was used. To confirm our findings that microparticles react with 
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NO almost as fast as cell-free Hb, we examined the ability of microparticles to scavenge 

NO using a nitric oxide analyzer and we found that the ability of microparticles to 

scavenge NO is about 70% of that of cell-free hemoglobin. In addition, we further 

explored the ability of microparticles to scavenge NO in situ using single vessel 

myography. Because microparticles are intermediate in size compared to molecular Hb 

and red cells, we were interested to know whether microparticles enter cell-free zone, like 

cell-free hemoglobin. Our experiments examining the effect of flow on inhibition of NO 

scavenging by red cells vs cell-free Hb vs microparticles show that when microparticles 

were infused in the vessel, the flow effect on vasodilation was similar to the effect when 

cell-free hemoglobin was infused in the vessel, but significantly smaller than the effect 

when red cells were infused in the vessel. The similarity of microparticles and 

hemoglobin and the dissimilarity of microparticles and red blood cells suggest that 

microparticles do enter the cell-free zone. Finally, we simulated NO scavenging by 

microparticles and red cells within a 2D vessel. The simulations show that with 

microparticles entering the cell-free zone, as little as 5 μM microparticle-encapsulated Hb 

reduces NO bioavailability significantly. 

The relative contribution of red cell microparticles vs. cell-free Hb in lowering 

NO bioavailability could have important implications in designing therapeutic strategies. 

Clearly, any strategy designed to increase clearance of cell-free Hb such as increasing 

haptoglobin concentrations would have no effect on pathology associated with MPs as 

MPs are not cleared by haptoglobin. Red cell microparticles have been reported to be 

cleared from plasma within the thirty minutes but end up in the liver and other tissue. The 

plasma concentration of microparticles may be substantial after transfusion even after 
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thirty minutes due to red cell breakdown of older transfused blood when it is in 

circulation.  

Recently, we have also studied the effects of intrinsic changes of red blood cells 

during storage on NO scavenging. During blood storage, the geometry of the red blood 

cell tends to become more spherical, the mean cell hemoglobin concentration in RBCs 

decreases, and the structure of RBC membrane changes significantly during storage [11, 

12]. In addition, RBC volume varies during blood storage but the type of change depends 

on which additive preservation solutions is used [13, 14]. In Chapter 5, we show that 

older stored red blood cell scavenge NO about 1.7 to 1.8 times faster than fresher ones 

examined using electron paramagnetic resonance spectroscopy and stopped-flow 

absorption spectroscopy. In order to understand the mechanisms of the increased NO 

scavenging by red blood cells, we simulated NO scavenging by fresher or older stored 

red blood cells with a biconcave or spherical geometry respectively and found that a 

spherical geometry scavenges NO about 2 times slower than the ones with a biconcave 

geometry. This effect of RBC morphology is opposite to the experimental finding that 

older stored cells scavenge NO faster than fresh ones. We hypothesized that red blood 

cell MCHC, volume, and membrane permeability to NO must compensate for the effect 

of cell morphology in order to explain our experimental findings. Computer simulations 

show that a lower intracellular hemoglobin concentration or a smaller erythrocytic 

volume increases NO scavenging by red blood cells and membrane permeability to NO 

needs to increase 5 to 70 fold in order to explain our experimental results.  

Although the rate of NO scavenging by RBCs is less than cell-free hemoglobin 

and microparticles, the concentration of erythrocytic Hb is much greater than cell-free Hb 
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(~12 mM RBC Hb vs. ~80 µM cell-free Hb under some conditions). Stored RBCs 

contribute to NO scavenging when chemical and morphological changes in RBCs occur 

during blood storage, especially when RBC membrane permeability to NO increases 5 to 

70 fold as we suggest in this work. We hypothesize that the combination of red cell 

breakdown associated hemolysis and microparticle formation together with increased 

intrinsic RBC NO scavenging can lead to an “NO shock” upon transfusion of substantial 

amounts of older stored blood. This “NO shock” can lead to reduced oxygen delivery in 

the microcirculation, increased platelet activation and inflammation, and other deleterious 

effects that contribute to pathological consequences of the storage lesion. 

In conclusion, through my study in the lab of Dr. Daniel Kim-Shapiro, we have 

learned that hemolysis, microparticles formation, and intrinsic changes in red blood cells 

occur during blood storage. Microparticles can affect NO bioavalibity as much as cell-

free hemolgobin with respect to the rate of NO scavenging and the extent of NO 

scavenging by microparticles is increased due to the fact that microparticles enter the 

cell-free zone like cell-free hemolgobin. Not all intrinsic changes in red blood cells 

increase NO scavenging, such as morphological changes of red blood cells to be more 

spherical, but decreased RBC MCHC or volume increases NO scavenging. RBC 

membrane permeability to NO has to increase to compensate the effect of geometry and 

explain the increased NO scavenging by older stored RBCs.  

We propose that transfusion of older stored results in an acute loss of NO 

bioavailability that could also be sustained due to subsequent intravascular hemolysis and 

red cell breakdown. The loss of NO bioavailability could contribute to increased 
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inflammation, thrombosis, and other negative consequences that underlie the blood 

storage lesion. The data presented in this dissertation support this hypothesis. 
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