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ABSTRACT 

EFFECTS OF HYPERGLYCEMIA ON RED BLOOD CELL STORAGE LESION IN TRANSFUSION 
MEDICINE 

By 

Yimeng Wang 

Red blood cell (RBC) transfusions are an important component of critical healthcare. 

RBCs can be donated, processed, and stored in a blood bank for future transfusion. A 

review of RBC storage development, as well as RBC storage lesion, is presented here. 

Whole blood is collected into an anticoagulant-nutrient solution such as citrate 

phosphate dextrose (CPD). The RBCs separated from the plasma and platelets, are then 

added into an additive solution, such as AS-1, which supports the nutrient needs of the 

RBCs in storage. The glucose concentrations in CPD and AS-1 are 129 mM and 111 mM, 

respectively. Thus, the glucose level in this system (estimated > 40 mM) is much higher 

than the healthy glucose level in vivo (4-6 mM). This dissertation hypothesizes that the 

hyperglycemic conditions in the current storage system result in some changes in RBCs 

and thereby have adverse effects on vascular function. 

In addition to the primary function of oxygen delivery, RBCs can function as a regulator 

of vascular tone. It is known that adenosine triphosphate (ATP) is released from intact 

RBCs in response to several stimuli and further stimulates nitric oxide (NO) production in 

the endothelium lining the blood vessels. This NO functions to relax the smooth muscle 

cells surrounding circulatory vessels, thereby increasing blood flow and oxygen delivery 

to the tissues. In order to investigate the effects of hyperglycemia, RBCs were processed 
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and stored in hyperglycemic and normoglycemic conditions. The vascular function and 

other properties of these cells were then studied. 

In an in vitro microflow system, the RBCs stored in hyperglycemic conditions resulted in 

significantly less RBC-derived ATP for 4 weeks than the RBCs in normoglycemic 

conditions. During the same storage duration, microfluidic technologies enabled 

measurements of endothelium-derived NO that was stimulated by the ATP release from 

the stored RBCs. In comparison to normoglycemic solutions, the NO release decreased 

by more than 25% in the presence of the RBCs stored in the hyperglycemic conditions. 

Control experiments using inhibitors of ATP release from the RBCs, or ATP binding to the 

endothelium, strongly suggest that the decreased NO release by the endothelium is 

directly related to the ability of the stored RBCs to release ATP.  

Furthermore, the mechanisms behind the effect of hyperglycemia on the ability of RBCs 

to release ATP were investigated and discussed. It was found that an osmotic imbalance 

was formed in RBCs in hyperglycemic conditions, which thereby reversibly impaired the 

ATP release from RBCs. In addition, longer hyperglycemic storage resulted in sorbitol 

accumulation within RBCs and cell membrane damage in terms of lipid peroxidation, 

which irreversibly impaired ability of the RBCs to release ATP. Therefore, the transfusion 

of those stored RBCs would result in inappropriate vasodilation, less blood flow, and 

insufficient oxygen delivery, which are often associated with post-transfusion 

complications. If the RBCs could be stored and maintained in normoglycemic conditions, 

it may be possible to reduce these complications to some extent and hopefully improve 

RBC transfusion efficacy.  
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Chapter 1 – Introduction 

1.1 Brief Introduction of Red Blood Cell Transfusion 

Mature human red blood cells (RBCs) lack nuclei and most organelles, and have a 

protein content that is 97% hemoglobin (Hb). The principal function of RBCs is the 

delivery of oxygen to the body tissue. They circulate in the vascular space and derive 

nutrients from and excrete waste into the plasma.
1
 As a result of not containing 

mitochondria, RBCs largely rely on the breakdown of glucose to produce energy carrier 

adenosine triphosphate (ATP) by anaerobic glycolysis instead of using the oxygen they 

transport. RBCs can be donated, processed, and stored in a blood bank for blood 

transfusion. Blood transfusion is indeed vital to human health and applied in numerous 

clinical situations. The 2011 National Blood Collection and Utilization Survey (NBCUS) 

estimates that a total of 15,721,000 whole blood and red blood cell (RBC) units were 

collected and 13,785,000 units were transfused.
2
 Typically, RBC concentrates are 

administered to sustain the oxygenation of tissues, and correct hemostasis imbalance or 

disorders under conditions such as severe haemorrhage (bleeding internally or 

externally), anaemia (a decrease in number of RBCs in the blood) or hypovolemia (blood 

volume contraction).
3
  

1.2  Red Blood Cell Storage History 
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Historically, the first blood transfusions did not use stored blood, but instead directly 

transfused from donor to recipient by connecting their blood vessels, and thereby their 

circulations, before clotting intervened. In order to separate the donor and recipient in 

time and space, blood needed to be stored and transported.
4
 The first RBC storage 

solution, a mixture of citrate and glucose, was developed by Rous and Turner in 1915
5
 

and was also used in the world’s first blood bank by Robertson et al. during World War I 

in 1918.
6
 Through this remarkable work, two developments of vast importance to blood 

transfusion were made: the introduction of citrate as an anticoagulant, and  the use of 

glucose as a RBC preservative.
7
 Specifically, 500 mL of blood were drawn into a mixture 

of 850 mL of 5.4% (300 mM) glucose and 350 mL of 3.8% (129 mM)  trisodium citrate 

and stored in a “Winchester” bottle (a strong and heavy bottle with a capacity of 2.2 

liters, made of amber glass). Though this solution allowed the storage of blood for up to 

4 weeks, the blood could not be used immediately due to its large volume of solutions 

and high citrate content. The RBCs had to settle for 5 days to 800 - 900 mL and the high 

citrate containing supernatant was discarded. 

Caramelization would occur when the mixture of sodium citrate and dextrose (D-glucose) 

was autoclaved for sterilizaiton whereas citrate alone could be heated. Thus, the first 

blood bank standard was the collection of whole blood into autoclaved bottles of 3.8% 

sodium citrate solution and 5-day blood storage on ice. There is enough glucose in 

whole blood from healthy donors to support RBC storage for about 5 days. Later, it was 
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found that the original solution could be autoclaved if citric acid was added, dropping 

the pH below 5.8, and allowed the storage of whole blood for 21 days. This new solution 

was named acid citrate dextrose (ACD).
8
 

The subsequent history of stored blood moved on to the quality control of the 

proportion of viable RBCs present at the time of transfusion. The RBCs are assumed to 

be viable in terms of intact and survival. This included a limit to the amount of free 

hemoglobin (Hb) in storage and the mean 24-hour in vivo survival at the time of 

transfusion. The amount of free Hb indicates the percentage of RBCs lysed during 

storage. 24-hour in vivo post-transfusion survival refers to the fraction of stored RBCs 

that stay in the circulation and will have a normal 100-day life span.  

In the 1950s, plastic blood-storage bags were developed due to their distinct advantages: 

light weight and sturdier than glass bottles to transport, as well as providing a sterilized 

closed-collection system designed to avoid bacterial contamination.
9-10

 In addition, the 

polymeric materials used for plastic bags, require plasticizers to increase flexibility and 

stability. Of all available polymers, polyvinylchloride (PVC) has been chosen in 

conjunction with the two most common plasticizers, di-2-ehtylhexylphthalate (DEHP) 

and tri-2-ethylhexyl trimellitate (TEHTM).
9
 Studies have shown that plasticizers improve 

gas exchange across the bag barrier, and the leakage of the plasticizer from bags into 

storage solution helps to stabilize the RBC membrane during storage.
4
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Meanwhile in the late 1950s, researchers were still dedicated to improving the quality 

of stored blood by modifying the storage solution. A new solution, citrate phosphate 

dextrose (CPD), was developed by adding sodium phosphate to ACD.
11

 The purpose of 

adding inorganic phosphate is to reduce the gradient of phosphate between the inside 

and the outside of the stored RBCs. This prevents the loss of intracellular phosphate and 

supports the synthesis of ATP. Studies have shown that RBCs stored in CPD continue 

glycolytic activity for up to 28 days, whereas RBCs in ACD cease this process at day 15, 

due to a lack of required ATP.
12

 The mean fraction of RBCs survived in 24 hours was 

raised from 75% in ACD to 79% in CPD (N = 4137).
13

 Also, Nakao et al. discovered a 

relationship between ATP levels and in vivo viability of RBCs in 1962.
14

 Adenine and 

inosine were added to the blood stored in ACD to increase ATP regeneration, which 

therefore was able to maintain the cell shape and increase the post-transfusion viability. 

Based on the results, citrate phosphate dextrose adenine (CPDA-1) solution was 

developed in 1968. This differs from CPD in that it has 1.25 times the glucose 

concentration and contains adenine, extending the storage to 5 weeks.
15

 

The hematocrit of stored whole blood either in ACD, CPD or CPDA-1 was 70% or higher. 

Packing to higher hematocrit causes greater reduction in total nutrient reserves in 

plasma. When blood is drawn into an anticoagulant solution, the glucose and adenine 

quickly distribute to a quasiequilibrium between the plasma and RBCs.
16

 When the 
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plasma is removed, a share of the nutrients is lost. Thus, researchers started to modify 

the CPDA-1 solution by increasing glucose and adenine concentrations (see table 1.1).
17

 

One solution, CPDA-2, contained higher adenine and 1.75 times the CPD glucose 

concentration; the other solution, CPDA-3, contained the same amount of adenine as 

CPDA-2, but 2 times the CPD glucose. These new solutions were evaluated for storage. 

Significantly enhanced ATP maintenance was provided by CPDA-2 and CPDA-3 in 

comparison to CPD and CPDA-1 beyond 4-week storage. Interestingly, higher ATP values 

were seen in CPDA-2 as compared with CPDA-3, though the glucose concentration in 

CPDA-3 was higher. However, adding more glucose would also result in unnecessary 

amounts of glucose present in the plasma and platelet components.   

In the 1970s, RBC preparations replaced whole blood. However, after removing the 

plasma, high hematocrit (> 75%) suspension of packed RBCs is viscous and leads to slow 

administration. Therefore, additive solutions were developed to provide dilution and 

nutrients for packed RBCs in the 1980s.
18

 Blood was first drawn into an anticoagulant 

solution, such as CPD, followed by centrifugation to separate the RBCs (hematocrit ~ 

90%) from plasma. Next, packed RBCs were added and mixed into an additive solution 

with some carryover of citrate, phosphate and dextrose from the first anticoagulant 

solution. It’s worth noting that since the glucose distributes to a quasiequilibrium 

between plasma and RBCs as mentioned above, only 45% of the glucose is lost during 

the separation of the RBCs.
17
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Table 1.1 – Comparisons of CPD, CPDA-1, CPDA-2 and CPDA-3 

 Dextrose Adenine 

CPD 129 mM 0 mM 

CPDA-1 1.25x CPD 2 mM 

CPDA-2 1.75x CPD 4 mM 

CPDA-3 2x CPD 4 mM 
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The first additive solution (AS) was developed by Hogman et al. in 1978.
19

 It originated 

from diluting viscous packed RBCs with normal saline before transfusion. When the 

RBCs are stored for prolonged periods of time in saline, hemolysis due to storage has 

been shown to increase slightly. Thus, a solution containing sodium chloride (110 – 150 

mM), adenine (1.25 mM) and glucose (45 – 80 mM), known as SAG, was evaluated for 

RBC storage. It turned out that RBCs could be stored for 35 days in SAG with 70% of the 

initial level of ATP maintenance and 82% of 24-hour RBC posttransfusion survival. When 

the volume of SAG added was half or less than the volume of packed RBCs (hematocrit ~ 

55%), the leakage of intracellular potassium into storage was reduced, and thereby RBC 

water homeostasis was better maintained in comparison to CPDA-1 stored whole blood. 

The investigators also tried adding citrate and phosphate to the SAG solution, although 

there were no significant improvements or differences in RBC figures of merit. A major 

problem with this work was greater storage hemolysis than whole blood in CPD or 

packed RBCs. 

Further studies showed that the high hemolysis was not related to the intracellular 

metabolic state of RBCs, but to the adverse effect of leukocytes remaining after 

separation from the plasma.
19

 Since human leukocytes are known to contain proteolytic 

enzymes,
20-21

 it seems that leakage of leukocyte proteases to the surrounding 

environment can cause proteolysis in the membranes of RBCs (the activity of these 

proteases would be inhibited in plasma).  Therefore, the removal of the buffy coat or 
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leukofiltration can prevent this damage, improve RBC recovery, and reduce storage 

hemolysis. Hogman et al. also showed that the addition of mannitol (10 – 30 mM) to the 

SAG solution was an effective way of reducing osmotic swelling and keeping the 

spontaneous lysis within normal limits (1%) during longer storage (6 weeks).
22

 This 

modified additive solution, SAGM, was named after the ingredients: sodium chloride 

(150 mM), adenine (1.25 mM), glucose (50 mM), and mannitol (28.8 mM). SAGM is the 

standard additive solution currently used in Europe. 

In the USA, 3 modified versions based on the SAG solution that have been licensed by 

the Food and Drug Administration (FDA): AS-1 (Adsol Baxter; sodium chloride 154 mM, 

adenine 2 mM, dextrose 111 mM, mannitol 41 mM, pH 5.5), AS-3 (Nutricel Pall Medical; 

sodium chloride 70 mM, anhydrous monobasic sodium phosphate, 23 mM, citric acid 2 

mM, sodium citrate 23 mM, dextrose 55 mM, pH 5.8), and AS-5 (Optisol Terumo; 

sodium chloride 150 mM, adenine 2.2mM, dextrose 45 mM, mannitol 45.5 mM, pH 

5.5).
23

 However, no new RBC additive solutions have been licensed for use in over 20 

years. 

Currently, as shown in figure 1.1, a typical RBC collection procedure (also intended for 

platelet production) involves 450 mL of whole blood drawn into a primary bag that 

contains 63 mL of the anticoagulant, CPD. After centrifugation, RBCs (~ 220 mL, 

containing ~ 40 mL of CPD-plasma) are sedimented and separated from the buffy coat 

(contains platelets and leukocytes) and plasma. With a semiautomated extractor,   
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Figure 1.1 – Collection of Blood in Additive Preservation Systems. A) The primary 
container contains 63 mL of CPD solution; one of the two satellite bags contains 100 mL 
of AS-1. B) ~ 450 mL of whole blood are collected into CPD in primary bag. C) The whole 
blood is centrifuged and RBCs (~ 220 mL) is transferred into 100 mL of AS-1 in the 
satellite bag, which can be separated and stored at 4°C for up to 42 days. For 

interpretation of the references to color in this and all other figures, the reader is referred to 
the electronic version of this dissertation.  

A) 

B) 

C) 
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plasma is then exported out of the top port, and the RBCs are exported out of the 

bottom port into a satellite bag containing 100 mL of AS-1.
24

 This procedure results in a 

final, stored RBC solution at ~ 55% - 60% hematocrit. RBCs can be further modified by 

passing through a leukoreduction filter prior to storage. RBC storage varies from bag to 

bag in term of RBC numbers and final volume, although the same procedure and 

amounts of solutions are used during processing. 

1.3 Storage Lesion of RBCs 

There are three areas of RBC biology that are crucial for normal RBC survival and 

function: 1) RBC metabolism; 2) hemoglobin structure and function; 3) normal chemical 

composition and structure of the RBC membrane. Due to the dramatic environmental 

change from in vivo to a closed system of solutions in the bag, RBCs undergo a series of 

metabolic and physical changes that are collectively known as storage lesions.  

In storage, the solutions provide glucose, phosphate, and adenine to maintain ATP and 

2,3-diphosphoglycerate (2,3-DPG) levels. The RBC generates about 90% of the ATP 

needed through the breakdown of glucose to lactate (anaerobic glycolytic pathway, 

shown in figure 1.2). Subsequently, lactic acid accumulates through glycolysis in the bag, 

and the RBC pH drops from 7.0 to 6.5 during storage.
25-26

 The decreasing pH slows 

down glycolysis by inhibiting hexokinase (HK) and phosphofructoskinase (PFK), so that 

less ATP is made during storage.
27

 Although a quarter of intracellular ATP content is lost 

during storage, it is still considered as well maintained for RBC storage. The remaining   
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Figure 1.2 – RBC Metabolism. The Embden-Meyerhof pathway (glycolysis) generates 
about 90% of ATP for energy. The pentose phosphate pathway provides the remaining 
10% of ATP and generates NADPH that is used to reduce glutathione, which protects 
RBCs against oxidative stress. The generation of NADH maintains hemoglobin in a 
reduced state through the methemoglobin reductase pathway. The Luebering-Rapoport 
shunt regulates 2,3-DPG, which is a critical determinant of oxygen affinity of hemoglobin.  
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10% of the ATP was generated by the pentose phosphate pathway. Besides, it contains 

other important pathways, although the mature RBC is often thought to be a simple cell 

with no organelles and biochemical significance beyond oxygen delivery. The Luebering-

Rapoport shunt accumulates organic phosphate and 2,3-DPG. 2,3-DPG selectively binds 

to deoxyhemoglobin and stabilizes it,
25

 so the oxygen is more likely to be released to 

adjacent tissue. However, diphosphoglyceromutase phosphatase (DPGP) is activated 

when the pH falls below 7.2, leading to the degradation of 90% of the 2,3-DPG after 42 

days in storage. Thus, when initially transfused, Hb in stored RBCs binds surrounding 

oxygen tightly and is not able to release it to tissues. About 50-70% of the 2,3-DPG is 

able to be recovered in vivo within 24 h after transfusion.
28

 

RBCs are typically 75% saturated with oxygen when they are drawn into a storage 

solution.
29

 There is a constant binding and dissociation between hemoglobin and 

oxygen. Occasionally, the oxygen takes an electron, leading to the formation of 

superoxide radical and increased methemoglobin, which is not able to bind oxygen. 

These consequences can be corrected immediately by superoxide dismutase and 

methemoglobin reductase in vivo. For example, the methemoglobin reductase pathway 

reduces methemoglobin (Fe
3+

) back hemoglobin (Fe
2+

) to be able to bind oxygen. 

However, these enzymes are not available in storage solutions. Methemoglobin is so 

unstable that free iron tends to come out into the solution. Also, because glycolysis in 

stored RBCs is 20-fold slower at 3°C than at 37°C,
26

  the glutathione (GSH) and 
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nicotinamide adenine dinucleotide (NADH) concentrations fall.
30

 This shortage of 

antioxidants and the existence of a superoxide radical, water, and free irons increase 

the chance of their transformation into a hydroxyl radical, which readily damages lipids 

and proteins. Unsaturated lipids can be oxidized whereas proteins can be decorated, or 

have alteration on their backbones and amino acid side-chains. The most common 

decoration occurring on proteins is the oxidative binding of glucose to hemoglobin to 

form glycated hemoglobin. One type of glycated hemoglobin, HbA1c, is an indicator of 

the hyperglycemia in blood over prolonged periods of time. While glycated Hb is 

common to an extent, RBCs form advanced glycation end products (AGEs), a 

heterogeneous group of chemically active compounds formed non-enzymatically 

through the reaction of reducing sugars, such as glucose, with the amino groups of free 

amino acids, peptides, and proteins.
31-32

 AGEs are cytotoxic compounds that may 

contribute to complications after RBC transfusion.
33

 One study showed that the AGEs 

formed on the surface of stored RBCs can induce reactive oxygen species in human 

pulmonary microvascular endothelial cells through its receptor and thereby damage the 

endothelial cells. 
32

 

The RBC has a 6-8 µm diameter biconcave disk shape with a volume of ~ 90 fL and 

undergoes morphological and physiological changes in membrane during storage.
34

 The 

RBC membrane contains approximately 52% protein, 40% lipid and 8% carbohydrate.
35
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It is required to maintain a certain level of ATP to preserve cell membrane integrity and 

cell functions.
25

 The membrane is a semipermeable lipid bilayer supported by a protein 

cytoskeleton which maintains a critical role in two important RBC characteristics: 

deformability and permeability. The membranes of RBCs are larger than is necessary to 

contain their volume. The extra membrane makes RBCs flexible and deformable when 

they have to squeeze through small capillaries. However, RBCs tend to change from 

subtly bumpy discs to grossly bumpy spheres called spheroechinocytes during 

storage.
36

 Thus, they have a smaller surface area through which oxygen and carbon 

dioxide can be exchanged and a higher osmotic fragility, which means when placed in 

water, they are more likely to burst, or lyse. This change, as well as decreasing ATP and 

2,3-DPG levels, are generally reversible when the cells are in a warm, neutral pH, and 

nutrient-rich environment, such as under rejuvenation
37

 or transfusion back to the 

human. Rejuvenation is a treatment in which a unit (bag) of stored RBCs are processed 

with 50 mL of the FDA-approved solution Rejuvesol (enCyte Systems, Braintree, Mass.) 

containing the substrates inosine, adenine, phosphate and pyruvate, and incubated in a 

37°C water bath for 60 minutes. This treatment is currently approved for CPD/AS-1 RBCs 

within the 42-day storage period, but is not approved for same-day transfusion after 

rejuvenation. Thus, CPD/AS-1 RBCs are centrifuged to separate the rejuvenating solution, 

immediately prepared with a 40% glycerol solution and stored at -80°C for up to 3 years, 

and deglycerolized and washed before transfusion. This complicated freeze-thaw-wash 
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cycle has been used for long-term storage of RBCs from donors with rare or unusual 

phenotypes.
38

  

However, some changes that occur on RBC membranes during storage are irreversible. 

Phosphatidylserine (PS) exposure on the outer membrane surface is one of these 

changes.
39

 PS is normally asymmetrically distributed on the inner membrane leaflet of 

RBC. When PS appears on the outer membrane, it promotes thrombin production and 

serves as a common recognition signal for clearance of stored RBC by macrophage from 

blood stream after transfusion.
40-41

 In addition, RBCs tend to lose their membrane by 

shedding microparitcles and therefore become more rigid and less flexible after 2 weeks 

of storage. The lipid microparticles, measuring 80 to 200 nm,  are the lost membrane 

from the tips of the echinocytic spines and also contain high levels of exposed PS.
42

  

1.4 Vascular Effect of RBCs in Storage 

Despite the long and slow development and improvement, RBC storage lesions still exist 

and may cause adverse events when transfused. Specifically, clinical studies have shown 

that increased morbidity and mortality is associated with the age of stored RBCs (often 

described as > 14-21 days) transfused.
43-44

 A study showed that cardiovascular patients 

who received older blood (median duration of storage = 20 days) had higher rates of in-

hospital mortality (2.8% vs. 1.7%, P = 0.004, n = 6002 patients) as well as prolonged 
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intubation, renal failure and sepsis compared with those who received newer blood 

(median duration of storage = 11 days).
45

  

Recently, Roback et al. proposed a hypothesis about insufficient nitric oxide 

bioavailability (INOBA) to explain the increased morbidity and mortality observed in 

some patients after RBC transfusion.
46

 It is proposed that nitric oxide (NO) levels in the 

vascular beds are markedly reduced, resulting in inappropriate vasoconstriction, 

decreased local blood flow, and insufficient oxygen delivery to end organs. It was 

discovered in the late 1980s that NO participates in vasodilation
47

 by inducing rises in 

cyclic guanine monophosphate (cGMP) inside the smooth muscle
48

 which, as a 

regulator of ion channel conductance, results in smooth muscle relaxation.
49

  

The concept of INOBA associated with the transfusion of stored RBCs is of particular 

interest to our group and others due to a wealth of literature describing the RBC as a 

determinant of blood flow.
50-52

 RBCs can control local blood flow through the 

regulation of local NO concentration (figure 1.3). First, the RBC itself is able to release 

NO when oxygen tension is low.
53

 NO is originally secreted from endothelial cells
54

 and 

occasionally binds to the sulfur atoms on cysteine β-93 of Hb (SNO).
55

 This SNO bond is 

so unstable that NO may be released during Hb deoxygenation. One study showed that 

the SNO-Hb in stored RBCs decreased rapidly to 1/5 of the fresh SNO-Hb levels 3 hours   
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Figure 1.3 – Cross Section of a Blood Vessel and Proposed RBC-Mediated Vasodilation 
Mechanism. The blood components, such as RBCs, flow in the inner most core through 
the vessel. The endothelium lines the inner layer of the vessel interacting with blood. 
Outside of endothelial cells, there are thick layers of smooth muscle cells that are 
responsible for the expansion and contraction of the vessel. Vasodilation can be 
mediated by direct RBC-derived NO or endothelium-derived NO stimulated by RBC-
derived ATP. For interpretation of the references to color in this and all other figures, the 

reader is referred to the electronic version of this dissertation.  
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after collection. Vasodilation by these cells was also significantly reduced.
56

 However, 

this model has been debated due to another study using a mouse model expressing 

human Hb in which the β-cys93 residue was replaced, therefore inhibiting SNO-Hb 

synthesis, did not affect isolated RBC-dependent hypoxic vasodilation.
57

  

In another proposed mechanism related to INOBA, Gladwin et al. proposed that 

deoxygenated Hb can act as a nitrite reductase, reducing plasma nitrite to NO and 

producing SNO-Hb as well.
58

 Several studies have provided evidence to support this 

mechanism: arteriovenous gradients in nitrite
59

 and increased blood flow resulting from 

the addition of nitrite in vivo
60

 were observed. However, there is a debate about the 

RBC-derived NO mechanism: NO, a short-lived free radical molecule, may not able to 

diffuse from Hb to plasma, through an endothelial layer, and to the underlying smooth 

muscle.
61

  

A third mechanism is proposed describing the RBC-mediated vasodilation through the 

release of ATP, which binds to purinergic receptors on the endothelium, activating 

endothelial nitric oxide synthase (eNOS) to produce NO, which is then able to diffuse to 

the smooth muscle.
62-63

 The RBC is capable of releasing ATP in response to flow-

induced deformation,
64-65

 hypoxia,
66-67

 pharmaceutical stimuli like hydroxyurea,
68

 and 

such small peptides as C-peptide.
69

 This physiologically meaningful level of ATP released 
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from RBCs is known to be an active process, as opposed to cell lysis.
70-71

 Endothelium-

derived NO does not have to pass through a single layer of endothelial cells, which is 

more efficient and practical for NO to diffuse to muscle cells. Interestingly, some 

researchers have shown that the addition of nitrite can also induce the release of ATP 

from RBCs,
72-73

 which debates the evidence shown in the second mechanism.  

Hb can also scavenge endothelium-derived NO by binding to β-93 cysteines.
54

 In normal 

circulation, RBCs are mostly centered in the middle of the blood vessel, thereby forming 

a RBC-free zone close to the endothelium layer due to Fåhræ us effect.
74

 In addition, NO 

uptake by intact RBCs is ~ 333 times slower than by RBC microparticles, whereas uptake 

by RBC microparticles is ~ 3 times slower than cell-free Hb.
75

 However, when 

microparticles and free Hb are present in a stored RBC suspension, scavenging of this 

NO becomes physiologically critical and may lead to adverse vascular effects.  

1.5 Hyperglycemic Condition in Current Storage 

Many RBC storage lesions, such as reduced deformability,
56

 oxidative stress,
76

 and 

advanced glycation endproducts (AGEs),
32

 also occur in the RBCs obtained from people 

with diabetes, even without storage.
77-79

 It would be premature to assume that the 

RBC storage lesions and diabetic complications have the same origin; however, an 
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examination of the processing solutions used to prepare RBCs for storage reveals a very 

interesting environment into which collection and storage occur.     

As mentioned before, the mature RBC relies on the breakdown of glucose to 

maintain viability. Thus, glucose is indispensable in the storage solution. In order to 

provide enough “food” for RBCs in 6 week storage, researchers usually calculate the 

amount by considering the concept as how many grams or how many moles of glucose 

will be needed, as 3-4 millimoles of glucose are consumed per bag of RBCs during 5-6 

weeks of storage.
26

 However, when this concept translated to concentration, high 

millimolar concentrations of glucose exist in each solution, as shown in table 1.2.
1
 CPD 

was originally designed as a whole blood storage solution for 3 weeks, and therefore it 

contains 8 millimoles of glucose in 63 mL for a 450 mL whole blood collection. For RBC 

storage, RBCs are separated from other components and some glucose is lost during this 

procedure. However, 100 mL of additive solution, such as AS-1 that contains glucose at a 

concentration of ~ 111 mM, was then added into 220 mL of packed RBCs. Thus, the 

estimated final glucose concentration is > 40 mM. To give this value some perspective, 

keep in mind that a normoglycemic, healthy individual has a bloodstream glucose level 

between 4 and 6 mM.
80

 In short, the glucose concentrations in the collection and 

storage solutions are nearly an order of magnitude higher than a healthy individual and 

may adversely affect the stored RBC. 
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Table 1.2 – Content of Current Anticoagulant Solutions and Additive Solutions 

Constituents (mM) CPD AS-1 AS-5 CP2D AS-3 

Sodium citrate 101.9 - - 101.9 23 

Monobasic 
sodium phosphate 

16.1 - - 16.1 23 

Citric acid 15.6 - - 15.6 2 

Dextrose 129 111 45 258 55 

Sodium chloride - 154 150 - 70 

Adenine - 2 2.2 - 2 

Mannitol - 41 - - 45.5 

Anti-coagulant - CPD CPD - CP2D 
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Chapter 2 – Flow-Induced Adenosine Triphosphate Release from Red Blood Cells 
Stored in Hyperglycemic and Normoglycemic Storage Solutions 

2.1 Red Blood Cell-Derived ATP 

Human blood is composed of blood cells suspended in plasma. The blood plasma is 

mostly water containing components such as protein, glucose, inorganic salts, and 

carbon dioxide.
1
 The blood cells are mainly erythrocytes (also called red blood cells, 

RBCs), leukocytes (also called white blood cells), and platelets. The primary function of 

the human RBC is to deliver oxygen to the tissues and to carry carbon dioxide from the 

plasma back to the lungs. The function of oxygen transport, as well as the preservation 

of the constituents of the RBC in an active form and the maintenance of ionic gradients 

across the cell membrane, all require the expenditure of metabolic energy.
2
 Mature 

human RBCs lack nuclei and mitochondria, and therefore, they have to rely on anaerobic 

glycolysis to produce adenosine triphosphate (ATP) and maintain their viability. The 

breakdown of each glucose molecule to two lactate molecules provides a net gain of 

two ATP molecules, which is less efficient than glycolysis under aerobic condition. 
3
 

In addition to oxygen transport, RBCs have also been shown to release micromolar 

levels of ATP, a known stimulus of endothelium-derived nitric oxide (NO), in response to 

low levels of oxygen (hypoxia).
4
 This NO can function to relax the smooth muscle cells 

surrounding circulatory vessels, thereby increasing blood flow and oxygen delivery to 

hypoxic tissue. Furthermore, there are other modes of inducing ATP release from intact 
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RBCs, including lowering pH,
5
 changes to osmotic pressure,

6
 pharmaceutical stimuli, 

such as hydroxyurea,
7
 and small peptides, such as  C-peptide.

8
 

Mechanical deformation of RBCs has been also reported to stimulate the release of 

ATP.
9-11

 Blood starts its flow from the heart through the arteries, arterioles and 

ultimately capillaries, where RBCs exchange oxygen for carbon dioxide. Arterioles and 

capillaries, having inside diameters of 25-100 and 5-25 µm, respectively, allow the rapid 

diffusion of oxygen and nutrients to tissues. These blood vessels are classified as 

resistance vessels, where RBCs undergo shear stress when they traverse through. Due to 

the resistance to flow, blood hematocrit (Hct) can be reduced from 40-45% to less than 

10% in resistance vessels.
12

 The flow-induced ATP release from RBCs can stimulate 

endothelium-derived NO and therefore dilate the vessel to improve blood flow to the 

area. 

The mechanism for this ATP release from RBCs was proposed by Sprague et al. (figure 

2.1). This signal transduction pathway involves the mechanical deformation of the RBC 

which induces a series of conformational changes in the G-protein coupled receptor 

(GPCR) that binds to and activates heterotrimeric G proteins.
13-14

 G-proteins then 

activate adenylate cyclase (AC) to produce cyclic adenosine monophosphate (cAMP) 

through the activation of cAMP-dependent protein kinase A (PKA). The cystic fibrosis 

transmembrane conductance regulator protein (CFTR) then becomes phosphorylated   
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Figure 2.1 – Proposed Signal Transduction Pathway for Regulated ATP Release from 
RBCs in Response to Mechanical Deformation. Conformational changes of GPCR results 
in activation of the heterotrimeric G protein, leading to activation of AC and production 
of cAMP; further with the activation of cAMP-dependent PKA, the CFTR protein 
becomes phosphorylated and thereby regulates ATP release through the plasma 
membrane via ion channels. For interpretation of the references to color in this and all other 

figures, the reader is referred to the electronic version of this dissertation.  
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and regulates the passage of ATP through the plasma membrane.
15-16

 However, it has 

not been proven that CFTR is the ion channel that ATP passes through; rather it 

facilitates the passage of ATP through another secondary ion channel. Other hypotheses 

of channel-mediated ATP release, including the pannexin 1 hemichannel,
17

 connexin 43 

hemichannels,
18

 a volume-regulated channel,
19

 and the purinergic receptor P2X7.
20

 

Reduced ATP release from RBCs purified from whole blood of people with primary 

pulmonary hypertension
21

 and cystic fibrosis
16

 has been reported. Furthermore, our 

group and others have reported that the ATP release from the RBCs of people with type 

2 diabetes is also significantly lower in comparison to healthy, non-diabetic controls.
22-

23
 Interestingly, RBC-derived ATP has also been shown to be altered during storage. 

McMahon et al. reported that RBCs stored for longer than one week were incapable of 

releasing ATP in response to hypoxia and also concluded that methods to enhance ATP 

release from the RBCs during storage would be beneficial to patients receiving a 

transfusion.
24

 

Deformability, one of the important characteristics of the RBC, refers to the change of 

shape of the cell under applied stress, without lysis. The major determinants of 

deformability include cell geometry, cell shape, and internal viscosity. Decreased RBC 

deformability is recognized as one of the storage lesions, which refers to the 

biochemical and physical changes of RBCs during storage. Loss of this characteristic 
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prevents the RBC membrane from deforming, thereby impairing the ability of the RBC 

(6-8 µm in diameter) to traverse capillaries of similar or even smaller diameter (5-10 

µm).
25

  

Elevated glucose levels have been shown to decrease RBC deformability. Traykov et al. 

reported that high glucose can increase RBC rigidity almost immediately upon 

incubation.
26

 It was also shown that acute exposure of RBCs from healthy volunteers to 

physiologically high glucose level (20 mM) in phosphate buffered saline (PBS) for only 5 

minutes at 37°C would result in a significant decrease in membrane deformability.
27

 

Furthermore, Riquelme et al. reported that high glucose concentrations (55-555 mM) 

caused significant reductions in the viscoelastic properties of the membrane and also 

increased RBC membrane fragility.
28

 Resmi et al. demonstrated a correlation between 

glucose (5-45 mM), protein oxidation, and cellular deformability with increasing 

incubation time (24-48 hours).
29

  

These reports involving reduced RBC deformability are potentially important when one 

considers the normoglycemic conditions of the bloodstream in healthy donor and the 

glucose levels in the solutions used during the processing of whole blood for RBC 

storage. The bloodstream glucose concentration of a healthy individual is typically 

between 4 and 6 mM.
30

 As discussed in chapter 1, the concentration of glucose in the 

current solutions used to collect (citrate-phosphate-dextrose, CPD) and store (additive 
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solution-1, AS-1) RBCs, respectively, are both well above 100 mM. Thus, a microflow 

system was employed to determine the ATP release ability of RBCs stored in 

hyperglycemic and normoglycemic conditions in response to mechanical deformation. In 

addition, lactic acid accumulation, extracellular glucose levels, and intracellular ATP 

levels of the RBCs were also determined in both storage conditions. 

2.2 Experimental  

2.2.1 Experimental Storage Solutions Preparation 

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

indicated. Distilled deionized water (DDW) with 18.2 MΩ resistance was used for all 

experiments. CPD and AS-1 solutions were prepared according to standard compositions 

found in the literature.
31

 Specifically, 100 mL of CPD were prepared containing 89.4 mM 

sodium citrate, 15.6 mM citric acid, 128.8 mM dextrose, and 16.1 mM monobasic 

sodium phosphate. For AS-1, 200 mL were typically prepared containing 154.0 mM 

sodium chloride, 41.2 mM mannitol, 1.8 mM adenine, and 111.1 mM dextrose. All 

reagents were prepared from solid forms and used as received without further 

purification. Normoglycemic versions of CPD and AS-1 (CPD-N and AS-1N, respectively) 

were prepared in a manner identical to CPD and AS-1, but with the glucose level at 5.5 

mM (See table 2.1). AS-1 and AS-1N were adjusted pH to 5.8 using hydrochloric acid (HCl) 

to avoid caramelization during autoclaved sterilization. All solutions used in collection 

and storage were sterilized at 10 bar and 121°C prior to use. 
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2.2.2 Blood Collection and Storage 

All blood was collected by venipuncture under IRB-approved protocol. The collection 

process (figure 2.2) consisted of preparing 6 non-siliconized and untreated (i.e., no 

heparin or other anticoagulant) 10 mL glass Vacutainer tubes (BD, Franklin Lakes NJ); 1 

mL of CPD was injected into 3 of the tubes using a syringe, while the other 3 contained 1 

mL of CPD-N. Next, approximately 7 mL of whole blood were collected into each tube, 

resulting in a total volume of 8 mL. The blood remained in the collection solutions for at 

least 30 minutes, allowing the anticoagulant to completely work, but not more than 2 

hours at room temperature (~ 20°C), prior to processing. Whole blood processing 

consisted of centrifugation at 2000 g for 10 minutes followed by removal of the plasma 

and buffy coat layers by aspiration. Importantly, an additional 2-mm layer off the top of 

the packed RBCs was also removed to minimize leukocyte presence during subsequent 

storage in the AS-1 or AS-1N solutions. The purified RBCs from the 3 tubes containing 

CPD were then combined into a single 15 mL tube, followed by the addition of AS-1 such 

that the ratio of packed RBC to AS-1 was 2:1. The same protocol was followed for RBCs 

collected in CPD-N and stored in AS-1N. Finally, 2 mL of the RBCs (stored in the AS-1 or 

AS-1N) were added to PVC bags and stored at 4°C. Prior to use, the polyvinyl chloride 

(PVC) bags were sterilized under UV light overnight. The PVC bags were prepared in-

house using rolled PVC  (ULINE, pleasant prairie WI) and a heat sealer. All blood 

collection and storage processes were performed under sterile conditions.  
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Table 2.1 – Contents of CPD/AS-1 and CPD-N/AS-1N System 

Constituents (mM) CPD AS-1 CPD-N AS-1N 

Sodium Citrate 101.9 - 101.9 101.9 

Monobasic Sodium 
Phosphate 

16.1 - 16.1 16.1 

Citric Acid 15.6 - 15.6 15.6 

Dextrose 129 111 5.5 5.5 

Sodium Choloride - 154 150 154 

Adnine - 2 2.2 2 

Mannitol - 41 - 41 

pH 5.6 5.8 5.6 5.8 
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Figure 2.2 – The Miniaturized RBC Collection and Storage in Lab. a) Injection of 1 mL of 
CPD or CPD-N into non-additive 10 mL glass Vacutainer tube; b) Draw about 7 mL of 
whole blood from donor into each Vacutainer tube; c) Sit at room temperature for at 
least 30 minutes and up to 2 hours, then centrifuge at 2000 g for 10 minutes; d) Plasma 
and buffy coat were discarded, as well as top 2-mm layer of packed RBCs to avoid 
remaining white cells; e) AS or AS-N were added into packed red blood cells at the ratio 
of 1 to 2; f) 2 mL of mixed RBC concentrates were added into each PVC bag which was 
heat sealed and stored at 4°C; g) For normoglycemic one, blood bags were cut open and 
aliquot of glucose saline was added to feed RBCs every five days; bags were resealed 
and continued storing. All blood collection and storage processes were performed under 
sterile conditions. For interpretation of the references to color in this and all other figures, 

the reader is referred to the electronic version of this dissertation.  
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The RBCs stored in the normoglycemic AS-1N solution required periodic glucose feeding 

to provide enough nutrients for extended storage. These cells were “fed” by opening 

the PVC storage bag and adding a 20 µL droplet of 400 mM glucose in saline to the RBCs, 

and then re-sealing the bag. The glucose saline was prepared by dissolving 0.72 g of 

dextrose in 10 mL of saline (a solution of 0.90% (weight/volume) of sodium chloride 

(NaCl)), in order to prevent cell lysis. This helped to maintain the glucose concentrations 

in the stored cells around 5 mM, while maintaining a constant volume into which the 

cells were stored. 

2.2.3 Chemiluminescence Detection of ATP Release from RBCs in Flow-Based System  

A 1000 µM stock solution of ATP was prepared by dissolving 55 mg of ATP in 10 mL of 

DDW. ATP standards (0 – 1000 nM) were prepared by diluting aliquots of the stock ATP 

solution in AS-1 or AS-1N. To prepare the luciferin/luciferase (L/L) mixture required for 

the chemiluminescence determination of ATP, 2 mg of potassium luciferin (Gold 

Biotechnology, St. Louis, MO) were dissolved in 5 mL of DDW and then added to a vial 

containing firefly tail extract, which was used as the source of luciferase.  

At various time points, one bag of each sample was removed from storage without 

interrupting the other samples. The Hct of samples were determined manually by 

collecting RBCs into microcapillary tubes, spinning in a microhematocrit centrifuge 

(CritSpin M960-22, Statspin), and visually quantifying the percentage of packed red cells 
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using a microcapillary reader. For flow-indcued ATP measurements involving RBCs, all 

RBC samples were diluted to 7% Hct in either AS-1 or AS-1N.  

The measurement of flow-induced ATP release has been described previously.
10

 As 

shown in figure 2.3, to measure the ATP release, a 500 µL syringe (Hamilton, Fisher 

Scientific) was filled with the L/L mixture described above. A second syringe was filled 

with either ATP standards (during calibration) or a 7% RBC solution (for measuring ATP 

release from the cells).  Both solutions were pumped through 30 cm sections of 

microbore tubing with an internal diameter of 50 µm (Polymicro Technologies, Phoenix, 

AZ) at a rate of 6.7 µL/minute using a dual syringe pump (Harvard Apparatus, Boston, 

MA). The streams containing the L/L mixture and ATP standard, or 7% RBCs, combined 

at a mixing T-junction. The combined stream flowed through a segment (~ 5 cm) of 

microbore tubing (i.d., 75 µm) that had its polyimide coating removed, allowing for the 

detection of resultant chemiluminescent emission from the reaction using a 

photomultiplier tube (PMT, Hamamatsu Corporation, Hamamatsu, Japan) placed in a 

light excluding box. The ATP release from RBCs was measured soon (~ 1-2 hours) after 

placement in the storage solutions (AS-1 or AS-1N) and weekly, through day 36 of 

storage. In order to account for any ATP already present in the sample prior to flow, an 

aliquot of the cells were centrifuged and supernatant analyzed for ATP. This value was 

subtracted from that obtained during the flow experiments to obtain a true value of the 

ATP that was released from the cells, as opposed to any ATP that was already present in 

the extracellular matrix.  
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Figure 2.3 – Determination of Flow-Induced ATP Release from Stored RBCs using 
Microflow System. In dual syringe pump, one contained 7% RBCs, and the other 
contained luciferase/luciferin (L/L) solution. Both of them were pumped through 
microbore tubing at a rate of 6.7 µL/minute. RBCs flowed through the microbore tubing 
with an internal diameter of 50 µm resulting in ATP release into the solution, which met 
the L/L solution at a mixing T-junction. The combined stream was pumped through an 
additional segment of 75 µm internal diameter tubing, with a portion of the polyimide 
coating removed, over a PMT in a light excluding box. This allowed for the 
chemiluminescence (light) resulting from the reaction of ATP with L/L to be detected. 
For interpretation of the references to color in this and all other figures, the reader is referred 
to the electronic version of this dissertation. 
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2.2.4 Lactate Accumulation in Stored RBCs 

Lactate that accumulated in the storage medium was measured to verify that RBCs are 

able to metabolize glucose normally under both conditions. This enzymatic reaction 

utilizes the oxidation of lactate to pyruvate while reducing nicotinamide adenine 

dinucleotide (NAD
+
) to NADH. The protocol was modified from a previously described 

assay.
32

 The reaction mechanism and standard curve are shown in figure 2.4.  

A 20 mM lactate stock solution was prepared by dissolving 18 mg L-lactic acid in 10 mL 

of DDW. Lactic acid, a weak acid with a pKa of 3.86, dissociates to lactate under the 

experimental circumstance. Standards of lactate ranging from 0-100 µM were prepared 

from the stock solution through a series of appropriate dilutions. The stock solution of 

NAD
+
 was made by dissolving 50 mg of the solid with 1 mL of DDW, resulting in a final 

concentration of 50.2 mM. The L-lactic dehydrogenase (LDH) enzyme used in the assay 

was supplied already prepared in an ammonium sulfate suspension at ~ 8.62 units/µL. 

For the preliminary 16-day storage study, lactate accumulation was determined. In the 

experimental design, stored RBC samples were diluted to 7% Hct by the respective 

additive solutions. After centrifugation, the supernatants were prepared in a 96-well 

plate as part of a standard addition method. Briefly, 5 µL of the supernatant were added 

into 4 wells also containing 45 µL of DDW. To those 4 wells, lactate (50 µM) was added  
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Figure 2.4 – The Reaction Mechanism of Lactic Acid Assay. The lactate in the samples or 

standards is oxidized to pyruvate by LDH while NAD
+
 reduced to NADH, which has an 

emission of fluorescence at 460 nm after excitation of 340 nm. The fluorescence 
intensity is proportional to the amount of NADH present as well as the lactate originally 
present. Thus, the lactate concentration in the samples can be quantified by using a 
calibration curve generated at the same time. An overall calibration curve (n = 6) is 
shown below, the limit of detection based on this curve is 11.4 µM.  
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 in volumes of 0, 10, 25, and 50 µL. DDW was then added to each well to bring the final 

volume to 100 µL. 

For the 36-day storage study, the samples were processed in a different manner. 

Supernatant samples were prepared directly by centrifuging the stored RBC samples 

(55-60% Hct) at 2000 g for 10 minutes and then further centrifuging again at 15,000 g 

for 15 minutes. Next, 5 µL of supernatant were diluted to 100 µL with DDW. These 

dilutions resulted in lactate concentrations within the range of a calibration curve that 

was prepared with external lactic acid standards ranging from 0 to 100 µM. In this way, 

the direct lactate production in storage could be evaluated with simplicity, and the 

experimental procedures were simplified as well. 

To perform the assay, 100 µL of an enzyme solution containing LDH (5.0 U/mL) and 

NAD
+
 (5 mM) in trizma buffer (0.1 M, pH 8.9) were added to 100 µL of standards or 

samples described above. The buffer was prepared by dissolving 1.21 g Trisma base in 

100 mL of DDW and adjusting the pH to 8.9 by adding 2 M sodium hydroxide (NaOH) 

drop wise. The mixture was then allowed to react for 15 minutes at 37°C prior to the 

measurement of fluorescence intensity at 460 nm (excitation at 340 nm). The 

fluorescence was read in a commercial plate reader (Spectramax M4, Molecular 

Devices), and has an intensity that is proportional to the amount of NADH and lactate 

present. The concentration of lactate can be determined using the calibration curve 

generated at the same time. 
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2.2.5 Determination of Glucose Level in Storage 

To verify the maintenance of normoglycemic conditions in CPD-N/AS-1N storage, 

glucose levels of the storage medium were determined. The extracellular glucose is first 

converted into glucose-6-phosphate (G6P) by hexokinase (HK). G6P is subsequently 

converted into 6-phospho-gluconate by glucose-6-phophate dehydrogenase (G6PDH) 

while converting nicotinamide adenine dinucleotide phosphate (NADP
+
) to its reduced 

form (NADPH). The protocol was modified from a previously described assay.
32

 The 

reaction mechanism and standard curve are shown in figure 2.5. 

For quantification using the glucose assay, a 20 mM glucose stock solution was prepared 

by dissolving 36 mg of D-glucose into 10 mL of DDW. Standards (0 - 100 µM) were 

prepared from the stock solution with a series of appropriate dilutions. NADP
+
 was 

prepared at a final working concentration of 12.5 mM by dissolving 100 mg in 10.76 mL 

of DDW and aliquotted into 500 µL and storing in freezer (-20°C) until use. A 20 mM ATP 

stock solution was prepared by dissolving 11 mg in 1000 µL of DDW. The magnesium 

chloride (MgCl2) stock solution was prepared at 100 mM by dissolving 203 mg in 10 mL 

of DDW. The enzyme, G6PDH was supplied in an ammonium sulfate suspension at ~ 2.5 

units/µL. The other enzyme, HK, was prepared as a stock solution with a concentration 

of 57 units/mL by dissolving 10 mg of the lyophilized enzyme in 10 mL of DDW.  
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Figure 2.5 – The Reaction Mechanism of Glucose Assay. The glucose in the samples or 
standards is first converted to G6P by HK, and subsequently oxidized to 6-phospho-

gluconate by G6PDH while NADP
+
 reduced to NADPH, which has an emission of 

fluorescence at 460 nm after excitation of 340 nm. The fluorescence intensity is 
proportional to the amount of NADPH present as well as the glucose originally present. 
Thus the glucose concentration in the samples can be quantified by using a calibration 
curve generated at the same time. An overall calibration curve (n = 6) is shown below, 
the limit of detection based on this curve is 1.0 µM. 
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Due to the high Hct of stored RBCs, the supernatant had to be separated by a two-step 

centrifugation process. Supernatant samples were prepared by first centrifuging the 

stored RBCs at 2000 g for 10 minutes and then centrifuging again at 15,000 g for 15 

minutes. Next, supernatant from AS-1N one was diluted to 1/100 with DDW, while 

supernatant from AS-1 was diluted 1/1000. These dilutions resulted in glucose 

concentrations within the range of a calibration curve that was prepared with external 

glucose standards ranging from 0 to 100 µM.  

To perform the assay, 100 µL of an enzyme solution containing G6PD (0.9 U/mL), ATP (2 

mM), MgCl2 (2 mM), NADP
+
 (1.25 mM), and HK (1.7 U/mL) in a 0.3 M triethanolamine 

(TEA)  buffer at a pH of 7.6 were added to the 100 µL samples described in the previous 

paragraph. The TEA buffer was prepared by dissolving 4.48 g TEA in 100 mL of DDW and 

adjusting the pH to 7.6 using HCl. This mixture was then allowed to react for 15 minutes 

prior to the measurement of fluorescence intensity at 460 nm (excitation at 340 nm). 

The fluorescence intensity is proportional to the amount of NADPH present, as well as 

the glucose present. The concentration of glucose can be determined using the 

generated calibration curve. 

2.2.6 Determination of Intracellular ATP in Stored RBCs 

In order to compare the levels of intracellular ATP of RBCs stored in both versions of the 

solutions at various time points, samples were removed from storage bags, centrifuged 

and washed 4X with tris buffered saline (TBS) to remove any extracellular ATP. TBS was 
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prepared by dissolving 6.05 g Tris and 8.76 g NaCl in 1L of DDW and adjusting the pH to 

7.5 with 1 M HCl. The intracellular ATP was determined at 7% Hct to allow for 

comparison with ATP release. Based on the Hct of the packed RBCs, a small aliquot of 

these RBCs (typically between 2-3 µL) was removed and diluted with the appropriate 

volume of TBS to create 50 µL of a RBC solution with a Hct of 7%. Due to the millimolar 

level of ATP in the RBC, a series of dilutions of samples were performed to obtain a 

measurable chemiluminescence signal. These dilutions also minimized the matrix effects 

of the cell lysate present (red color from hemoglobin). The RBCs in this 50 µL solution 

were lysed and diluted by the addition of 1000 µL of DDW. After 50 µL of this lysed 

solution were further diluted with 950 µL of TBS, 100 µL aliquots of the diluted sample 

were mixed with 100 µL of a L/L mixture, and the resultant chemiluminescence intensity 

was measured by the PMT in a plate reader. The quantitative amounts of ATP in the RBC 

samples were determined based on a calibration curve generated with authentic ATP 

standards (0-0.5 µM), also prepared in the TBS.  

2.3 Results 

2.3.1 Preliminary Study – 16 Days Storage 

As described previously, RBCs were collected and stored using the miniaturized storage 

system. To start, a short interval of days was chosen to determine the ability of RBCs to 

release ATP when stored in hyperglycemic and normoglycemic system. Day 1 indicates 

the very first day of collection and storage. Thus, 2 bags of stored RBCs were removed 
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every 3-4 days: one contained RBCs collected and stored in CPD and AS-1, respectively, 

while the other contained RBCs collected and stored in CPD with 5.5 mM glucose (CPD-

N) and AS-1 with 5.5 mM glucose (AS-1N). The cells in these samples were first 

evaluated for their ability to release ATP while flowing through a microbore tubing 

system described in the experimental section. 

The results in figure 2.6 show that the RBCs collected and stored in the CPD-N and AS-

1N, released a significantly higher (p < 0.005) amount of ATP though the first 8 days of 

storage (0.312 ± 0.008 µM on day 1 to 0.178 ± 0.019 µM on day 8) than those collected 

and stored in the CPD and AS-1 (0.126 ± 0.002 µM on day 1 to 0.070 ± 0.011 µM on day 

8). Furthermore, the ATP release from the CPD-N/AS-1N cells on day 8 was statistically 

higher (p < 0.05) than the day 1 release from cells processed in CPD/AS-1. However, this 

favorable trend was not able to be maintained longer than 1 week, and the ATP release 

from the RBCs processed in CPD-N/AS-1N also decreased rapidly.  

Based on the calculation of the rate of RBC metabolism at 4°C, the amount of glucose in 

the CPD-N/AS-1 system was determined to not to be enough for RBCs stored longer 

than 1 week. Results from additional experiments measuring lactate levels in the 

supernatant of the storage solutions, performed on the same day as the ATP release 

studies, verified this calculation. The results in figure 2.7 show that the concentration of 

extracellular lactate in the supernatant was 145 ± 13 µM and 143 ± 9 µM on day 1 for 

RBCs stored in CPD/AS-1 and CPD-N/AS-1N, respectively. Lactate accumulated rapidly in 

both storage solutions until day 8 (444 ± 12 and 446 ± 6 µM, respectively). However, the   
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Figure 2.6 – ATP Release from the RBCs in Both Storage Conditions for 16-Day 
Preliminary Storage. The cells stored in normoglycemic condition (CPD-N/AS-1N, gray 
bars) show significantly higher ATP release than those in hyperglycemic condition 
(CPD/AS-1, black bars) for the first 8 days (*p < 0.005), the release gradually decreased 
as a function of storage duration. Furthermore, the ATP release from CPD-N/AS-1N cells 
on day 8 was statistically higher (p < 0.05) than the day 1 release from cells processed in 
CPD/AS-1. Data represent mean ± s.e.m. (n = 4 for all). 
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Figure 2.7 – Lactate Accumulation in Hyperglycemic and Normoglycemic Conditions for 
the 16-Day Preliminary Storage. Lactate levels determined in the supernatant in both 
CPD/AS-1 (black bars) and CPD-N/AS-1N (grey bars) were at similar till day 8, whereas 
lactate stopped accumulating in the supernatant of RBCs stored in CPD-N/AS-1N around 
day 8. Data represent mean ± s.e.m. (n = 4 for all).  
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lactate levels in the supernatant of RBCs stored in CPD-N/AS-1N stopped increasing 

after day 8.  

The decrease in lactate accumulation was also verified by a quantitative determination 

of glucose concentration in the AS-1N supernatant, which was found to be exhausted by 

day 8 as well (shown in table 2.2). Collectively, these results suggest that while a 

normoglycemic collection and storage protocol may be beneficial for increased of ATP 

release from stored RBCs, it is not necessarily conducive for storage periods beyond 1 

week. 

2.3.2 Glucose Feeding Treatment and 36 Days Storage 

Based on the glucose concentration and lactic acid accumulation in the supernatant of 

the storage solutions, a consuming rate of glucose in the CPD-N/AS-1N system was 

evaluated as 0.8 millimoles per liter per day. Thus, in order to maintain glucose levels at 

~ 5 mM, a periodic glucose feeding treatment was perforemed in CPD-N/AS-1N storage 

as described in the experimental section. Briefly, 2 µL of 400 mM of glucose in saline 

were added per milliliters of stored RBCs per day for every 5 days. Due to the pH drops 

of lactate accumulations, the rate of glucose consumption decreases during the later 

storage.
33

 Thus, reduced amount of glucose saline was added into storage after 2 weeks. 

The results shown in figure 2.8 suggest that the extracellular glucose level of RBCs in 

CPD-N/AS-1N with feeding was stable, with a slight increase, at 5.1 ± 0.8 mM through 36 

days of storage.  
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Table 2.2 – The Extracellular Glucose Level in CPD-N/AS-1N Storage without Glucose 
Feeding Treatment 

Days stored Extracellular glucose / mM 

1 6.3 

2 4.1 

3 2.9 

4 2.4 

5 1.4 

6 0.4 

7 0.0 

8 -0.1 

9 -0.1 

10 -0.1 
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Figure 2.8 – Extracellular Glucose Levels in Normoglycemic Storage Condition with 
Glucose Feeding Treatment for the 36-Day Storage. The black bars showed the glucose 
level was maintained at ~ 5 mM in the CPD-N/AS-1N storage with adding glucose saline 
every 5 days. Data represent mean ± s.e.m.  (n = 4 for all). 
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With the periodic glucose feeding, RBCs were able to be stored in the CPD-N/AS-1N 

system for 36 days. Lactate accumulation was determined again to verify the 

metabolism activity of stored RBCs. As shown in figure 2.9, the periodic feeding of RBCs 

stored in the CPD-N/AS-1N solutions enabled glycolytic processes as shown by the 

continued lactate accumulation throughout the storage period. Lactic acid accumulation 

of RBCs increased equivalently for both RBCs stored in CPD/AS-1 and CPD-N/AS-1N until 

day 22. However, the former kept increasing to 24.5 mM on day 36, while the latter 

increased slowly to 15.2 mM on day 36.   

As shown in figure 2.10, the ATP release from RBCs processed in CPD-N/AS-1N with 

feeding was significantly higher (0.285 ± 0.028 µM) than those processed in CPD/AS-1 

(0.079 ± 0.021 µM) through 29 days (p < 0.05), and were also maintained at certain level 

statistically. In addition, RBCs collected and stored in CPD-N/AS-1N released ATP at a 

level on day 36 (0.178 ± 0.046 µM) of storage that was statistically equivalent (p = 0.694) 

to the amount of ATP released from RBCs collected and stored in the CPD/AS-1 on day 1 

(0.152 ± 0.042 µM).  

To further verify the activity of the metabolism of RBCs stored in hyperglycemic and 

normoglycemic conditions, intracellular ATP was determined as well. Intracellular levels 

of ATP in the RBC are typically in the single-digit millimolar range, and the amount 

released is sub-micromolar.
4
 Thus, it can be determined if the difference in the amount 

of ATP released is the result of the difference in ATP reserved in the cells. The data in 

figure 2.11 show that intracellular concentrations of ATP for all three storage protocols   
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Figure 2.9 – Lactate Accumulation in Hyperglycemic and Normoglycemic Storage 
Conditions for the 36-Day Storage. Lactate accumulated in the supernatant in both 
CPD/AS-1 (black bars) and CPD-N/AS-1N with glucose feeding treatment (grey bars) 
increased equivalently till day 22. However, the CPD-N/AS-1N cells produced lactate 
slowly in the remaining storage period. Data represent mean ± s.e.m. (n = 4 for all).  
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Figure 2.10 – ATP Release from the RBCs in Both Storage Conditions during 36 Days. 
The cells stored in normoglycemic condition with glucose feeding treatment (CPD-N/AS-
1N, gray bars) consistently release significantly higher ATP than those in hyperglycemic 
condition (CPD/AS-1, black bars) through the 29-day storage duration (*p < 0.05), the 
release gradually decreased as a function of storage duration. In fact, the release from 
CPD-N/AS-1N cells on day 36 was statistically equivalent (p = 0.694) to the day 1 release 
from cells processed in CPD/AS-1. Data represent mean ± s.e.m. (n = 4 for all). 
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Figure 2.11 – The Intracellular ATP Level in Stored RBCs in Hyperglycemic and 
Normoglycemic with and without Glucose Feeding Condition. The ATP concentration 
are highest for cells stored in CPD/AS-1 (black bars) and lowest for CPD-N/AS-1N 
without feeding (dark grey bars). The intracellular ATP concentrations for the CPD-N/AS-
1N with feeding (light grey bars) is slightly lower than the CPD/AS-1, suggesting that the 
differences in ATP release from these cells is not necessarily due to the level of ATP 
reserved in the cell, since the amount of ATP release is just submicromolar level which is 
much smaller than the intracellular ATP level. Data represent mean ± s.e.m. (n = 4 for 
all). 
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are nearly identical for the first week of storage. However, the RBCs stored in CPD-N/AS-

1N, whose glucose levels were not maintained by periodic feeding, had intracellular ATP 

concentrations approaching zero by week 4 of storage. The cells processed in CPD/AS-1 

or CPD-N/AS-1N with glucose addition had intracellular ATP concentrations that were 

maintained above 0.5 mM/RBC over the course of 5 weeks of storage. As shown, the 

RBCs processed in the higher glucose-containing collection and storage solutions 

maintained slightly higher levels of ATP than those stored in the CPD-N/AS-1N, though 

this did not translate to higher ATP release. 

2.4 Discussion 

In the United States, the National Blood Collection and Utilization Survey (NBCUS) 

reported 15.7 million units were donated in its most recent survey, a value exceeding 

the number of units of RBCs transfused during that period by over 1 million.
34

 However, 

even though there was not a numerical shortage of stored units of RBCs, according to 

the NBCUS, post-transfusion complications are still an area of concern in transfusion 

medicine. It is increasingly being recognized that these complications are mediated, at 

least in part, by storage dependent changes to the RBC itself.
35

 Various reports have 

suggested that, in some instances, people are less likely to survive after receiving a 

transfusion, in comparison to those who did not receive any units of stored blood 

components.
36-39

 The positive association between the age of transfused RBCs with an 

increased incidence of transfusion related pathologies indicates that the RBC storage 
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lesion is the key factor in microcirculatory dysfunction and inflammatory tissue injury.
40

 

However, the manner in which the RBC storage lesions induces these complications 

remains unclear.
41

  

To fulfill its primary function, oxygen transport, the transfused RBC must be intact, have 

sufficient survival rates in vivo, and circulate.
42

 These three properties translate to a 

required reduction in RBC lysis, the ability of the transfused RBCs to avoid removal due 

to cell apoptotic or cell senescence mechanisms, and the ability of the transfused RBCs 

to traverse blood vessels. Through the history of storage solution development, 

researchers have been dedicated to improving the quality of stored RBCs by reducing 

the hemolysis rate and improving the post-transfusion survival percentage. However, 

less effort is made on how good the stored RBCs are at circulating and functioning after 

transfusion.   

The RBC has been shown to participate in the regulation of blood flow directly and 

actively through the RBC-derived ATP-stimulated NO production from endothelial cells 

through the mechanism described previously. In current clinical RBC storage, 

intracellular ATP levels are relatively well maintained,
43

 whereas less is known related 

to the ability of stored RBCs to release ATP. McMahon et al. recently demonstrated that 

the hypoxia-induced or even the normoxic (basal) ATP release from stored RBC declined 

as a function of the storage time and defined this impaired ATP release as a novel RBC 
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storage lesion.
44

 Transfusion of stored RBCs back to a nude mouse model was also 

shown in this work. Storage-induced impaired ATP release resulted in a rapid 

endothelial adhesion of RBCs in vitro and RBC sequestration in the lungs of transfused 

mice in vivo, which implies its contribution to adverse pathophysiology, such as acute 

coronary syndromes, especially when considering the recipients are the critically ill 

patient. Thus, it suggests that maintaining RBC responsiveness to stimuli that release 

ATP may be as important as intracellular ATP maintenance.
45

 In our study presented 

here, efforts were made to improve the ability of stored RBC to release ATP under shear 

stress by providing a normoglycemic storage condition. 

At beginning of this study, a miniaturized storage system was set up as the experimental 

section described. The procedures of collection and storage we used mimicked the gold 

standard in clinical settings, but on a smaller scale (collection of ~ 15 mL of whole blood, 

1-2 mL of stored RBCs in each bag). The leukoreduction was not applied because the 

filtration procedure requires a large volume of blood sample with a hold-up volume of 

at least 8 mL. However, as described previously, the top 2-mm of packed RBCs were 

discarded with the plasma and buffy coat to avoid any remaining white cells. The 

miniaturized storage system allowed an individual storage bag to be removed at various 

time points without disturbing or contaminating other bags. Also, due to microliter 

amount of sample needed in each experiment, less blood was wasted in the 

miniaturized storage system.  
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The data in figure 2.6 provides evidence that the ability of the RBC to release ATP in 

response to mechanical deformation is compromised when processed using the 

standard CPD/AS-1 collection and storage solutions. When a separate aliquot of these 

RBCs was analyzed in normoglycemic versions of these solutions (CPD-N/AS-1N), the 

ATP release was significantly increased. In fact, our results show that the ATP release on 

day 16 in the CPD-N/AS-1N system was statistically equal (p = 0.735) to that of the 

CPD/AS-1 system on day 1. Such results are important considering that complications 

associated with transfusions generally increase when using RBCs that have been stored 

for more than 2 weeks.  

Unfortunately, storing the RBCs in a normoglycemic solution (AS-1N) resulted in the 

complete exhaustion of glucose in the storage bag, as indicated by both lactate 

accumulation measurements (figure 2.7) and direct determination of glucose (table 2.2). 

Therefore, a rudimentary feeding protocol was developed that allowed for 

normoglycemic levels of glucose to be maintained in the miniaturized storage bags 

without affecting the overall sample volume. When this protocol was implemented, the 

ATP release remained steady throughout storage; in fact, the data in figure 2.10 show 

that the level of ATP release on day 36 is still statistically equivalent (p = 0.694) to the 

release on day 1 using standard CPD/AS-1 collection and storage solutions. 

In order to compare the amount of intracellular ATP with the level of ATP released from 

stored RBCs, the former was determined for a 7% Hct of stored RBC sample and the 

data in figure 2.11 show that the intracellular ATP was at 2-digits micromolar level.  
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From these data, it is clear that the amount of ATP released (~ 0.2 µM) is much smaller 

than the amount of ATP (~ 80 µM) reserved in the cells. Thus, even though the 

intracellular levels of ATP were actually slightly higher in those RBCs stored in the higher 

glucose-containing AS-1 solutions, this ATP was not able to be released. This is not 

completely surprising as Sprague et al. have shown that people with primary pulmonary 

hypertension (PPH) release less ATP in response to stimulation, even though their RBCs 

contained levels of intracellular ATP statistically equal to those of non-PPH controls.
46

 

Furthermore, the high amount of glucose in the CPD/AS-1 storage solutions did not 

accelerate the metabolism of stored RBCs; on the contrary, it may be the cause of the 

impaired ATP release. Evaluated glucose levels may result in decreased membrane 

deformability, or even protein oxidation of stored RBCs, and thereby impair the ATP 

release in response to mechanical deformation. This mechanism will be discussed 

further in chapter 4.  

However, this glucose feeding treatment is not perfect. As the data show in figure 2.8, 

the extracellular glucose level in normoglycemic storage was stable around 5 mM with 

fluctuations. Based on the data in table 2.2, glucose levels would decrease to ~ 1.4 mM 

by day 5 when the first glucose was added. Although RBCs in this condition were still 

viable and able to release ATP, the metabolism slowed due to the lack of sufficient 

glucose, which results in less lactate accumulation and intracellular ATP, as shown in 

figures 2.9 and 2.11, compared to the cells stored in CPD/AS-1. Specifically, the 

intracellular ATP maintenance in CPD-N/AS-1N was better (77% of the amount on day 1) 
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than the one in CPD/AS-1 (70% of the amount on day 1) during first week of storage. 

However, the fluctuations of glucose level in storage may decrease this advantage 

through the remaining storage period. Therefore, a continuous glucose feeding 

device/method is required and will be discussed in the future directions.  
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Chapter – 3 Endothelium-Derived Nitric Oxide Stimulated from RBC-Derived ATP 

3.1 Nitric Oxide Stimulation in Vasodilation 

The endothelium is the thin layer of cells lining the inside of a blood vessel, directly in 

contact with both circulating blood, and the smooth muscle layer surrounding the vessel. 

The vascular endothelial cells line the entire circulatory system, including the end-most 

capillaries. They function in vasoconstriction and vasodilation through the release of 

different factors that determine the activity of the underlying smooth muscle, and 

hence, control blood pressure.
1
 One of these relaxing factors, nitric oxide (NO), was first 

reported in 1987.
2
  

Many stimuli of NO exist, and the hypothesis proposed by Sprague et al. that adenosine 

triphosphate (ATP) from red blood cells (RBCs) stimulates endothelium-derived NO 

functions in vascular tone is now well established.
3
 RBCs release ATP in response to a 

number of stimuli, including hypoxia (low oxygen levels),
4
 mechanical deformation,

5-7
 

changes in osmotic pressure
8 

and pharmaceutical agents.
9-10

 When ATP is released 

from RBCs, it can bind to the purinergic receptor, P2Y, on the endothelial cells.
11-12

 This 

binding increases calcium transport into the cell, thereby activating endothelial nitric 

oxide synthase (eNOS), the interaction of Ca
2+

-calmodulin (CaM) with the eNOS  at the 

Ca
2+

-CaM-binding domain.
13-14

 The stimulation of eNOS results in the conversion of L-
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arginine to L-citrulline, requiring the reduced form of nicotinamide adenine dinucleotide 

phosphate (NADPH), oxygen and calcium as cofactors, releasing NO as a by-product.
15

 

The NO is then able to diffuse from the endothelium to the smooth muscle cells, where 

it binds to its receptor, soluble guanylyl cyclase (sGC), activating the synthesis of cyclic 

guanosine monophosphate (cGMP).
16

 The increase of cGMP, which is a regulator of ion 

channel conductance, results in smooth muscle relaxation and dilation.
17

 This 

mechanism is shown in figure 3.1.  

RBCs also release NO in response to hypoxia
18

 and mechanical stress.
19-20

 However, to 

participate in vasodilation, the RBC-derived NO, a short-lived free radical molecule,
21

 

must diffuse a longer distance through the oxidizing environment of blood and plasma, 

and through an endothelial layer, to regulate smooth muscle relaxation. Preliminary 

studies in our group show that RBC-derived NO would not be able to participate in 

smooth muscle relaxation.
22

 Thus, the focus of this work is ATP-stimulated NO.  

The RBC works as a regulator of vascular tone. RBCs release ATP in response to low 

oxygen levels and mechanical deformation. Proper vasodilation should increase blood 

flow and allow RBCs to deliver oxygen to tissues in need of reoxygenation. Thus, NO 

physiology has important implications for transfusion medicine.
23

 Roback et al.   
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Figure 3.1 – ATP from RBCs Stimulates Endothelium-Derived NO Functions in Vascular 
Tone. RBC-derived ATP diffuses to endothelial cells and binds to P2Y receptors, resulting 
in an increase of intracellular free calcium, which activates the eNOS. The eNOS converts 
L-arginine into L-citrulline, as well as NO. NO diffuses to the smooth muscle cells, and 
binds to their sGC receptors, activating the conversion of GTP to cGMP. The increase of 
cGMP causes the relaxation of the muscle and facilitates dilation. For interpretation of the 

references to color in this and all other figures, the reader is referred to the electronic version 
of this dissertation. 
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proposed a hypothesis about insufficient NO bioavailability (INOBA) to explain the 

increased morbidity and mortality observed in some patients after RBC transfusion.
24

 It 

is known that NO levels in the vascular beds are often markedly reduced, after 

transfusion. However, the origin of the INOBA is not completely understood, and when 

stored RBCs are transfused, it is not clear if the INOBA is due to a reduction in RBC-

derived NO, or RBC-stimulated endothelial NO. Based on the results in chapter 2, 

showing decreased amount of ATP were released from RBCs stored in standard CPD/AS-

1 solutions, compared to the RBCs in normoglycemic solutions, further studies of RBC-

stimulated endothelial NO were performed to investigate a possible cause of INOBA.   

Importantly, local NO levels can be modulated by the hemoglobin (Hb) in RBCs. Hb can 

scavenge the endothelium-derived NO by binding to β-93 cysteines.
25

 In normal or 

healthy circulation, this scavenging does not have a serious effect on NO bioavailability, 

for multiple reasons. First, RBCs are mostly centered in the middle of the blood vessel, 

forming a RBC-free zone close to the endothelium layer, called Fåhræ us effect.
26

 

Additionally, the scavenging can be inhibited by the encapsulation of Hb in intact 

RBCs.
27-28

 However, considering the hemolysis occurring during RBC storage, Hb-

containing microparticles and free Hb may be present in vivo after blood transfusion. 

The NO uptake by RBC microparticles is ~ 333 times faster than by intact RBCs, and 

uptake by free Hb is ~ 1000 times faster than by intact RBCs.
29

 Thus, the ability of RBCs 

to remain intact is critical to maintaining the levels of bioavailable NO.  
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In this chapter, using a microfluidic device, the effect of ATP release from RBCs stored in 

hyperglycemic (CPD/AS-1) and normoglycemic (CPD-N/AS-1N) conditions on 

endothelium-derived NO production at various storage time points was investigated. 

The percentage of hemolysis of RBCs stored in both conditions was also determined 

using Drabkin’s method,
30

 the standard technique used to determine the concentration 

of Hb.  

3.2 NO Detection Based on Microfluidic Device 

Microfluidics is a multidisciplinary science of the practical applications that involves 

small volumes of fluids flowing through channels with micrometer, or tens of 

micrometers, dimensions. Microfluidic-based systems have significant advantages in the 

investigation of cell-cell communication.
31-33

 The investigation of intercellular 

communication using microfluidic devices enables replication of the chemical, 

mechanical, and physical cellular microenvironment in vitro. The ability to culture and 

flow different cell types at physiologically relevant time and length scales, allows 

studying the basic mechanisms, and avoids the challenges of isolating the functional unit 

in vivo.
34-35

 

The most popular material used for the fabrication of microfuidic devices in cell-based 

studies is poly(dimethylsiloxane), or PDMS. PDMS is a silicon-based elastomeric material 

with a number of advantageous properties.
36

 First, it is non-toxic and gas permeable, 
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which is critical to cell culture. Secondly, PDMS has optical transparency and low 

autofluorescence, which allow for imaging applications. In addition, soft lithography 

enables it to be easy molded, reliably replicated, and readily integrated with different 

materials, such as PDMS, glass, polystyrene, or even different devices, such as built-in 

valves and pumps.
37

 Soft lithography for microfluidics was first reported by Whitesides 

et al. in 1998,
38

 and expanded rapidly in the field of microfabrication for biochemistry 

and biology.
39

 In a typical fabrication of a microfuidic device using PDMS, a master with 

raised features is created by coating photoresist onto a silicon wafer, covered by a 

transparent mask with the desired feature design, and exposing it  to ultraviolet (UV) 

light.
40

 The photoresist polymerizes under UV light, becoming insoluble to the 

photoresist developer, thus the remaining areas can be washed away.
41

 These 

procedures are shown in figure 3.2, where a master is created to mold PDMS, forming 

the recessed channels.  

An in vitro model employed in intercellular communication between RBCs and bovine 

pulmonary artery endothelial cells (bPAECs), using a PDMS-based microfluidic device, 

was reported by our group in 2007.
42

 A modified microfludic device for NO detection 

with the advantages of high throughput and rapid measurement in plate reader as also 

been reported.
43

 Increased RBC-derived ATP, under a chemical stimulus or hypoxia, can 

interact with the endothelial cells cultured in these devices and result in elevated NO   
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Figure 3.2 – Fabrication of a Master for Microfluidic Device using Lithographic Method. 
Briefly, the clean silicon wafer is spin coated with SU-8 photoresist. After pre-baking, a 
transparent mask with the desired features is placed over the photoresist before 
exposing to UV light. The photoresist exposed to light cross links, forming a rigid 
structure of the feature. After a post-bake, the remaining unpolymerized photoresist is 
washed away in developer. Thus, a reusable master with raised features is created and 
can be used as a mold for PDMS. For interpretation of the references to color in this and all 

other figures, the reader is referred to the electronic version of this dissertation. 
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production. Considering NO is a short-lived, free radical molecule,
44

 these microfluidic 

devices enable the determination of NO production directly in wells, where endothelial 

cells are cultured. A fluorescent probe, 4-amino-5-methylamino-2’,7’-difluorofluorescein 

(DAF-FM), reacts with NO to form a fluorescent product.
45

 Its derivate, DAF-FM 

diacetate (DA) is able to cross the cell membrane and is transformed by esterases to 

DAF-FM, losing its cell permeability in meanwhile. The structures of DAF-FM and DAF-

FM DA and the reaction mechanism are shown in figure 3.3.  

3.3 Experimental 

3.3.1 Preparation of Microfluidic Devices 

Endothelium-derived NO production was determined using a microfluidic device 

fabricated by the soft photolithographic method.
46

 First, a silicon master was prepared 

by spin-coating it with SU8-50 photoresist (MicroChem Corporation, Newton, MA), 

which had been loaded into a 50 mL syringe over night to enable gases to escape. The 

silicon wafer was spun with 4 mL of photoresist at 500 rpm for 15 seconds, then 1000 

rpm for 30 seconds, followed by a 15-minute pre-bake at 95°C. A transparency mask 

with feature designs was placed over the prepared wafer and exposed to ultraviolet (UV) 

light at 340 nm for 30 seconds. During this process, the cross-linking of the photoresist 

was induced where the UV light could pass through the mask. After a 5-minute post-

bake at 95°C, the wafer was developed in propylene glycol monomethyl ether acetate to   
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Figure 3.3 – Mechanism of NO Detection using DAF-FM. Shown in the upper panel are 
the structures of DAF-FM and its derivate, DAF-FM DA. DAF-FM DA permeates well into 
living cells and is rapidly transformed into water-soluble DAF-FM by cytosolic esterases. 
The lower panel shows the reaction between NO and DAF-FM, which requires oxygen, 
to form DAF-FM-NO. DAF-FM-NO fluorescence can be detected with a peak excitation 
wavelength of 485 nm and a peak emission of 515 nm.  

DAF-
FM 

DAF-FM DA 
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remove the photoresist that was not cross-linked, creating desired features with a 

height of 100 µm.  

The microfluidic device was comprised of two individual PDMS slabs, with slight 

modifications from previous work.
43

 The fabrication of this device, shown as figure 3.4, 

was preformed with two layers of PDMS of different properties. The first layer was 

made by mixing Sylgard 184 elastomer and curing agent (Ellsworth Adhesives, 

Germantown, WI) in a 20:1 ratio, which was used on surfaces to increase sealing. The 

second layer having a 5:1 mixture of elastomer and curing agent was coated on to the 

20:1 layer, after the first layer had been cured by heating at 75°C for 13 minutes, to add 

rigidity to the device. After another 13-minute bake at 75°C, the slabs were cooled to 

room temperature and removed from the wafer. The bottom slab of PDMS contained 

200 µm wide by 100 µm tall, L-shape channels. Inlets to these channels were punched 

using 20 gauge stainless steel tubing (New England Small Tube Company) at the same 

position on the short arm of the “L”. A second slab of PDMS, with no lithographically 

features, except for 1/8 inch holes that were created using a paper-hole punch, was 

used as the top layer of the microfluidic device. 1/8 inch holes were employed instead 

of 7/32 inch holes (originally designed) in order to reduce background signal while still 

containing sufficient volume. These two slabs were aligned and sealed with a track-

etched polycarbonate membrane (pore diameter of 0.4 µm, Steriltech Inc., Kent, WA) 

over the area of all wells except those used for waste. Finally, this device was 

irreversibly cured together by baking at 75°C for 20 minutes. In the finished device, the   
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Figure 3.4 – Fabrication of PDMS Slabs through Soft Lithography. The polymer and 
curing agent were mixed in 20:1 and 5:1 ratios in separate cups and degassed by 
vacuum. The 20:1 and 5:1 mixtures were poured over the masters and baked at 75°C for 
13 minutes, after each layer. The PDMS was then removed from the master, after 
cooling. Both slabs were further modified to create the inlets of channels, the probe 
wells, and the waste wells.  



82 

 

membrane represents the bottom of a “well” where portions of the PDMS were 

removed by the paper-hole punch. Importantly, cells can be cultured on the 

polycarbonate membrane surface. This device, specifically the probe-well area, was 

designed to fit the size of a standard 96-well plate. 

3.3.2 Culture of Endothelial Cells onto Microfluidic Device 

In order to investigate the effect of RBC-derived ATP on endothelial cells, a confluent 

layer of bPAECs (Lonza, Walkersville, MD) was cultured in each probe well of the 

microfluidic device. The cells were originally cultured in T-25 culture flasks (TPP brand – 

MIDSCI, St. Louis, MO) at 37°C and 5% CO2 with Dulbecco’s modified eagle medium 

(DMEM, from MIDSCI) containing 5.5 mM glucose, 10% (v/v) fetal bovine serum (Lonza), 

and penicillin/streptomyocin (MIDSCI) until they were ~ 80% confluent in the flasks. To 

detach the cells from the flask, they were rinsed with 4-(2-hydroxyethyl)-1-

piperazineethanesufonic acid (HEPES) solution, followed by a short incubation (~ 2 

minutes) with a trypsin solution. After removing the trypsin solution by aspiration, 

DMEM was added to wash the cells off the flask surface by pipetting and scraping. The 

DMEM suspension containing the cells was transferred into a 15-mL tube and 

centrifuged at 1500 rpm for 5 minutes. A pellet of cells remained at the bottom of the 

tube after the supernatant was discarded, and the cells were resuspended in 600 µL of 

the DMEM media.  
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Meanwhile, the microfluidic device described above was prepared for cell culture by 

covering the polycarbonate membrane in each well with 10 µL of a 50 µg/mL fibronectin 

solution, air-blow drying, and exposing to UV light to sterilize. Next, 10 µL of the 

prepared cell suspension were added into each well and allowed to incubate at 37°C. 

The 1-hour incubation allowed the cells settle down on the bottom of the wells. Then, 

the media solution was removed carefully, followed by the addition of 10 µL of the fresh 

media. The device was prepared ~ 12 hours before experimentation, with media change 

hourly, followed by incubation. 

3.3.3 Determination of Endothelium-Derived NO with Stimulation of ATP from Stored 

RBCs  

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless indicated 

otherwise. Distilled deionized water (DDW) with 18.2 MΩ resistance was used for all 

experiments. 

After a 12-hour incubation, the cells had become immobilized and confluent on the 

membrane in the microfluidic device. The endothelial cells in each well were rinsed with 

Hank’s balanced salt solution (HBSS) to remove the culture media. The fluorescent 

probe, DAF-FM (Molecular Probes, Carlsbad, CA), was prepared by dissolving 1 mg into 

water free DMSO to make a 5 mM stock solution and stored in the dark at -20°C. A 5 µM 

DAF-FM working solution was prepared by diluting the stock solution with HBSS. Next, 

10 µL of this working solution were added into each probe well. DAF-FM is an 
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extracellular probe for fluorescence detection of NO with the structure shown in figure 

3.3. This probe is not cell-permeable but is more sensitive to NO and is photo-stable. 

The RBC samples were prepared with the RBCs stored in hyperglycemic and 

normoglycemic conditions as described in chapter 2. Briefly, these RBCs were removed 

from storage at various time points and diluted to a 7% hematocrit (Hct) suspension 

with the additive solutions they were stored in. The experimental setup is shown in 

figure 3.5. The 7% RBC suspension was pumped through a 30-cm section of microbore 

tubing with an internal diameter of 50 µm (Polymicro Technologies, Phoenix, AZ) at 1 

µL/minute and 37°C. The microbore tubing was prepared to be attached to the 20 gauge 

stainless tube by removing 1 cm of the polyimide coating, and then securing with JB 

Weld. The 20 gauge tube was connected into the inlet of the L-shape channel, allowing 

the RBC suspension to flow underneath the probe well where ATP would diffuse to the 

endothelial cell layer through the pores of the membrane. The RBCs are too large to 

diffuse through these pores and continue to flow to a waste well on the device. The 

pumping was performed for a 30-minute period to allow sufficient time for NO 

production. NO production was stimulated via purinergic receptor signaling on the 

endothelial cells by RBC-derived ATP. This NO interacts with the probe contained in the 

well and an increase in fluorescence intensity was measured by a plate reader using an 

excitation wavelength of 488 nm and emission wavelength of 515 nm.  

Two control experiments, inhibition studies of ATP release from the RBCs and 

endothelial NO production, were performed to ensure the NO production detected was   
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Figure 3.5 – Experimental Setup for the Detection of Endothelium-Derived NO 
Stimulated by Flow-Induced ATP from Stored RBC Samples. The device, fabricated from 
PDMS and described in more detail elsewhere, enables RBCs processed in CPD/AS-1 or 
CPD-N/AS-1N to flow beneath a layer of endothelial cells. When the cells release ATP 
due to flow-induced deformation, the ATP in the suspension can diffuse through a 
porous membrane, stimulating NO production from the endothelium via purinergic 
receptor signaling. The fluorescent probe DAF-FM facilitates the measurement of NO 
released by the endothelium. The fluorescence signal can be measured directly in a 
plate reader with an excitation wavelength at 488 nm and emission wavelength of 515 
nm. For interpretation of the references to color in this and all other figures, the reader is 

referred to the electronic version of this dissertation.  
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endothelium derived and stimulated by the RBC ATP release. The first control 

experiment was performed by inhibiting the activity of the cystic fibrosis 

transmembrane conductance regulator (CFTR) protein. CFTR is either the ion channel 

that ATP passes through the RBC membrane, or it facilitates the passage of ATP through 

another ion channel.
47-48

 Thus, the inhibition of CFTR by glibenclamide (GLI) results in 

less, or no, ATP release from RBCs in response to stimulation.
47

  

The GLI was prepared by dissolving 0.0247 g into 10 mL of 0.05 M sodium hydroxide 

(NaOH) solution to generate a 5 mM solution. A hot water bath (~ 50°C) incubation was 

used to accelerate the dissolving process. Next, 20 µL of this GLI solution were added 

into 1 mL of a 7% RBC suspension to create a final concentration of 100 µM. RBC 

samples were incubated for 30 minutes at room temperature. These samples, as well as 

the samples without GLI treatment, were pumped simultaneously through the 

microfluidic device as described above. 

The second control experiment was performed by inhibiting the purinergic receptor, P2Y, 

on the endothelial cells. The P2Y receptor is the receptor that binds ATP and stimulates 

NO production via activation of eNOS. The PPADS, a non-selective P2 purinergic 

antagonist, was used to block the receptor.
49

 A PPADS working solution was prepared 

by diluting 50 µL of 100 mM PPADS stock solution (in DMSO) with 450 µL of HBSS to 

create a final solution of 10 mM just prior to use. Cell culture media was removed from 

the wells in the microfuidic device, followed by rinsing of the wells with HBSS. Next, 10 
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µL of the PPADS working solution was added to the wells. After a 30-minute incubation 

at 37°C, the wells were rinsed with HBSS several times (usually 3-4 times) to remove 

excess PPADS solution, which has a dark orange color, before the addition of the DAF-

FM probe. Meanwhile, the 7% RBC samples were pumped underneath both the PPADS-

treated and non-treated endothelial cells for subsequent stimulation by RBC-derived 

ATP. The structures of GLI and pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid 

(PPADS) are shown in figure 3.6. 

3.3.4 The Effect of Glucose on NO Detection using Fluorescent Probe DAF-FM 

Unpublished studies in our group suggest that intracellular NO detection using DAF-FM 

DA is influenced by the surrounding glucose concentration. DAF-FM DA is a fluorescent 

probe for NO, as it can cross the cell membrane and transform to DAF-FM, which is cell-

impermeable. In order to evaluate the effect of glucose on the detection of 

endothelium-derived NO, studies were performed to determine glucose diffusion across 

the endothelial cell coated membrane, and levels of NO detection in the glucose 

gradient solution.  

Briefly, the microfluidic device with the endothelium was prepared as described above. 

7% hematocirt RBC samples were prepared in AS-1 (with 111.1 mM glucose) and AS-1N 

(with 5.5 mM glucose), respectively. RBC samples were pumped at 37°C under the wells 

containing 10 µL of HBSS (glucose free). After 30 minutes, the glucose concentration in 

the HBSS was determined using the method described in chapter 2.  
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Figure 3.6 – Structures of GLI and PPADS. Glibenclamide, the CFTR inhibitor, was used 
to prevent ATP released from RBCs in the control experiments. PPADS, the purinergic 
receptor (P2Y) inhibitor, was used to inhibit the NO released from endothelium in the 
second control experiment. 
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Next, various levels of NO in the glucose gradient solution were determined. NO 

standards were prepared using diethylamine NONOate (DEANO). DEANO is an NO donor 

that releases NO spontaneously under physiological conditions, with a half-life of 

approximately 3 minutes. A vial containing 10 mg of DEANO was dissolved in 1 mL of 

0.01 M NaOH; 10.3 µL of this solution were diluted by the addition of 489.7 µL of HBSS 

to generate a 1000 µM stock solution. A 500 mM glucose stock solution was prepared 

and used to generate three sets of the same glucose gradient (0, 10, 20, 40, 60, 100, and 

200 mM)  in HBSS, with different DEANO concentrations (0, 20, and 200 µM), as shown 

in table 3.1. Then, 50 µL of each gradient was pipetted into a 96-well plate, along with 

50 µL of DAF-FM in different concentrations. The mixtures were incubated at 37°C for 

30 minutes. Finally, the fluorescence intensity was measured in the plate reader using 

an excitation wavelength of 488 nm and emission wavelength of 515 nm.  

3.3.5 Determination of RBC Hemolysis during Storage 

Percent hemolysis was determined as the ratio of free Hb released into the surrounding 

media to the total Hb contained in the sample. Determination of Hb is based on a 

quantitative colorimetric method using Drabkin’s solution. Drabkin’s solution was 

prepared using a commercially available kit. Briefly, a vial of the Drabkin’s reagent, 

which contains sodium bicarbonate, potassium ferricyanide, and potassium cyanide, 

was reconstituted in 1000 mL of DDW and 0.5 mL of 30% Brij 35 solution. This solution is 

hypotonic and able to lyse RBCs. The solution was then stored in an amber bottle and is 

stable for at least 6 months. Drabkin’s solution oxidizes Hb and its derivatives to   
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Table 3.1 – Different DEANO Concentrations in Glucose Gradient Preparation 

200 µL total  DEANO, 0 µM DEANO, 20 µM DEANO, 200 µM 

Glucose/mM Glucose 
stock/ 

µL 

DEANO 
stock/ 

µL 

HBSS/ 
µL 

DEANO 
stock/ 

µL 

HBSS/ 
µL 

DEANO 
stock/ 

µL 

HBSS/ 
µL 

0 0 0 200 4 196 40 160 

10 4 0 196 4 192 40 156 

20 8 0 192 4 188 40 152 

40 16 0 184 4 180 40 144 

60 24 0 176 4 172 40 136 

100 40 0 160 4 156 40 120 

200 80 0 120 4 116 40 80 

  



91 

 

methemoglobin and further converts them to cyanmethemoglobin (HbCN), a colored 

compound having a maximum absorption at 540 nm. 

Supernatant samples were prepared by 2-step centrifugation due to the high Hct of 

stored RBCs. Supernatant samples were prepared by first centrifuging the stored RBCs 

at 2000 g for 10 minutes and then centrifuging again at 15,000 g for 15 minutes. The 

resulting supernatant was then diluted 1/10 in Drabkin's solution. Similarly, the total Hb 

samples were prepared by diluting RBC samples 1/1000 in Drabkin's solution so that the 

final HbCN concentration fell within the range of the calibration curve (0-0.8 g/L HbCN). 

A 7.2 g/L HbCN stock standard was prepared by dissolving 72 mg of human Hb 

lyophilized powder into 10 mL of Drabkin’s solution. Standards (0-0.8 g/L) were 

prepared from the stock solution with a series of appropriate dilutions. After mixing, 

samples and standards were incubated at room temperature, in the dark, for at least 30 

minutes. Absorbance was read at 550 nm in the plate reader. The Hb concentration was 

then calculated from the calibration curve that was simultaneously generated. The 

sample Hct was determined as described previously. Hemolysis was then calculated 

according to the formula:
50

 

% Hemolysis = (Supernatant Hb (g/l) × [100 - Hct (%)])/(Total Hb (g/l)  

3.4 Results 

3.4.1 Endothelium-Derived NO Stimulated by ATP Release from 36-Day Stored RBCs 
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The potential importance of increased ATP release from RBCs processed in CPD-N/AS-

1N, shown in figure 2.10, is related to its well-established role as a stimulus of NO 

production in various cell types. A microfluidic device enabled RBC-derived ATP to 

diffuse to an endothelial layer and stimulate NO production. Devices similar to this one 

have been previously employed by our group to investigate the cellular communication 

mediated by ATP release from RBCs.
43

  However, this is the first time that such a device 

has been used to investigate properties of stored RBCs.  

The NO released from the endothelial cells was measured using the fluorogenic probe, 

DAF-FM. The amount of NO produced from endothelial cells stimulated by ATP released 

from flowing RBCs processed in CPD-N/AS-1N was normalized to the NO stimulated by 

ATP released from RBCs in CPD/AS-1 on each analysis day. In figure 3.7, the results are 

shown as the percent increase in NO release. The NO production by endothelial cells in 

the presence of RBCs processed with CPD-N/AS-1N was significantly increased (p < 0.02) 

by at least 25% throughout the first 22 days of storage, in comparison to RBCs processed 

in CPD/AS-1. 

3.4.2 Results Verification by Two Control Experiments 

Two negative control experiments were performed to ensure that this NO release was 

stimulated by flowing RBC-derived ATP. First, RBCs in CPD/AS-1 and CPD-N/AS-1N were 

incubated with GLI, an inhibitor of ATP release from RBCs.
47

 The data in figure 3.8 show 

that the inhibition of RBCs stored in AS-1N with GLI decreased the NO release to a level   
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Figure 3.7 – The NO Release from the Endothelium Stimulated from Flow-Induced ATP 
from Stored RBCs in Different Storage Solutions. The percent increase in NO release 
from the endothelial cells (> 25% for the first 3 weeks of storage) is significantly higher 
when exposed to RBCs processed in CPD-N/AS-1N (*p < 0.02). Data represented as 
mean ± s.e.m., n = 4. 
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that is statistically equal (p = 0.742) to cells stored in AS-1 with GLI. This strongly 

suggests that the increase in endothelium-derived NO is not due to stimulation by ATP 

resulting from RBC lysis. If ATP due to lysis was the stimulus for the enhanced NO 

production, GLI inhibition would have no effect on the results.   

In addition to inhibition at the RBC level, a second control was performed at the 

endothelial level. Specifically, endothelial cells cultured on the microfluidic device were 

incubated with PPADS, which is a recognized inhibitor of the P2Y purinergic receptor for 

ATP.
49

  As shown in figure 3.9, NO production in the presence of CPD-N/AS-1N 

processed RBCs, which had been significantly higher than when exposed to RBCs 

processed in CPD/AS-1, was unable to be stimulated to such increases when the 

endothelium was inhibited with PPADS. This provides further evidence that the increase 

in NO production from the endothelial cells is a direct result of ATP stimulation.  

The combined data in figures 3.8 and 3.9 suggest that endothelium-derived levels of NO 

are strongly related to the ability of the RBC to release ATP, which, in turn, is affected by 

glucose levels in the collection and storage solutions. 

3.4.3 The Effect of Glucose on NO Detection using Fluorescent Probe DAF-FM 

Previous studies by our group have shown that glucose concentration has an effect on 

NO detection using the fluorescent probe DAF-FM DA, which a derivate of DAF-FM, used 

in the studies shown above. Thus, experiments were designed to evaluate this.   
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Figure 3.8 – The NO Release from the Endothelium in the Presence of RBCs Pretreated 
with GLI, an Inhibitor of RBC-Derived ATP Release. There is no significant increase in 
NO release (p = 0.742), regardless of the storage solution, when the stored RBCs are 
exposed to GLI, suggesting that this endothelium-derived NO is due to flow-induced ATP 
release from RBCs, not RBC lysis. Data represented as mean ± s.e.m., n = 4. 
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Figure 3.9 – The NO Release from the Endothelium Pretreated with PPADS, an 
Inhibitor of the ATP Binding Site, in the Presence of Stored RBCs. There is no significant 
increase in NO release (p = 0.623), regardless of the storage solution, when the 
endothelial cells in the presence of PPADS, suggesting that the increased NO signal is 
due to endothelial cell stimulation by ATP. Data represent mean ± s.e.m., n = 4. 
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First, the amount of glucose that can diffuse across the endothelium layer cultured on 

the membrane of the previously described microfluidic device was determined. As 

shown in figure 3.10a, after pumping for 30 minutes at 37°C, the glucose levels in the 

HBSS obtained from the wells were 19.3 ± 0.6 mM and 6.4 ± 0.1 mM for 7% RBCs in AS-1 

and AS-1N, respectively. Next, DEANO, the NO donor, was used to investigate the 

detection of different NO concentrations in the glucose gradient. The fluorescent signal 

tended to increase when the glucose concentration was higher than 50 mM; and this 

increase become larger when more DAF-FM was added (data not shown). However, as 

shown in figure 3.10b, when the final concentration of DAF-FM was 5 µM, the 

concentration used in sections 3.4.1 and 3.4.2, the fluorescent intensity detected was 

statistically equivalent in 0, 10, and 100 µM of DEANO with the glucose gradient from 0 

to 100 mM. The combined data in figure 3.10, suggests that the glucose level in the 

probe well should not affect the NO detection using 5 µM DAF-FM. 

3.4.4 Percent Hemolyisis of RBCs Stored for 36 Days  

In the US, the Food and Drug Administration (FDA) requires that hemolysis of stored 

RBCs does not exceed 1%, while in Europe the recommendation is lower at 0.8%.
51

 Due 

to the importance of ATP in the maintenance of cell membrane integrity, the hemolysis 

of the RBCs processed in the CPD/AS-1 was compared to that of cells stored in CPD-

N/AS-1N versions with and without periodic feeding with glucose. Figure 3.11 shows 

that the percent hemolysis remained statistically the same in the 3 conditions for the 

initial 3 weeks of storage. It remained statistically equivalent to 1% throughout 5 weeks   
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Figure 3.10 – The Effect of Glucose across the Endothelium Cultured on the 
Microfluidic Device on the Detection of NO using DAF-FM. The upper panel a) 
demonstrates the glucose diffused above the endothelium when pumping 7% stored 
RBCs in CPD/AS-1 or CPD-N/AS-1N for 30 minutes at 37°C. The sample with CPD/AS-1 
(dark grey bar) was 19.3 ± 0.6 mM and the one with CPD-N/AS-1N (grey bar) was 6.4 ± 
0.1 mM in glucose concentration. Data represented as mean ± s.e.m., n = 6 wells. The 
lower panel b) shows the fluorescent intensity of 5 µM DAF-FM reacted with 0, 10, 100 
µM of DEANO (NO donor) in glucose gradient ranging from 0 - 100 mM. Data 
represented as mean ± s.e.m., n = 3 wells.  Data from these results indicates that 
glucose diffused above endothelium should have a negligible effect on the NO detection 
using 5 µM DAF-FM.  
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Figure 3.11 – The Percent Lysis of RBCs Stored in CPD/AS-1 (black circles), CPD-N/AS-
1N with Periodic Glucose Feeding (white circles), and CPD-N/AS-1N without Periodic 
Glucose Feeding (black triangles). It is obvious from the data that AS-1N storage 
without glucose maintenance is detrimental to the RBCs.  However, for those cells 
stored in AS-1N with glucose feeding, the extent of lysis is statistically equal to those 
cells stored in AS-1 (p = 0.366). Data represented as mean ± s.e.m., n = 4.   
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of storage for both CPD/AS-1 and CPD-N/AS-1N with glucose maintenance. Importantly, 

the hemolysis values for these solutions were statistically equivalent (p = 0.366), 

suggesting that the normoglycemic storage solutions with feeding do not increase the 

rate of lysis in comparison to the currently accepted CPD/AS-1 processing protocol. In 

the absence of glucose (non-feeding protocol), the CPD-N/AS-1N solutions were not 

sufficient for maintaining acceptable hemolysis rates.   

3.5 Discussion 

The endothelium releases mediators to regulate the contraction and relaxation of 

underlying smooth muscle and thereby to actively adjust the blood vessel caliber to 

match blood flow to local tissue oxygen needs in the microcirculation.
52-53

 NO is one of 

the mediators that can relax the smooth muscle and can be both synthesized and 

released by RBCs and the endothelium. Roback et al. recently proposed the hypothesis 

of INOBA: that the reduced NO levels below a critical threshold in vascular beds would 

lead to increased vasoconstriction that results in less blood flow and insufficient oxygen 

delivery to end organs in patients who receive RBC transfusions.
54

 In the hypothesis, it 

was also proposed that the factors leading to posttransfusion complications include 

impaired NO production, increased NO scavenging by stored RBCs, and reduced NO 

synthesis by the dysfunctional endothelial cells of critically ill patients. However, as 

mentioned in chapter 2, RBC-derived ATP stimulated NO release from the endothelium 

is the focus here in the investigation of the benefits of RBCs stored in normoglycemic 
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storage solution. The ATP release from RBCs processed in normolycemic solutions (CPD-

N/AS-1N), shown in figure 2.10, was increased in comparison to those processed with 

current protocols (CPD/AS-1). However, these data alone do not provide requisite 

evidence that INOBA in transfusion medicine is simply the result of decreased ATP 

release from RBCs due to high glucose levels in the solutions used to process whole 

blood. Therefore, a microfluidic device was employed to determine the origin of NO 

measured above an endothelium that was exposed to the RBCs processed in the 

different collection and storage solutions.  

Once reliable cell culture on the microfluidic device and the manipulation of flow-

induced RBC ATP were achieved, the cell-cell communication between the RBC and the 

endothelium was able to be investigated. The extracellular probe, DAF-FM, instead of 

the intracellular probe, DAF-FM DA, was used to determine how much NO was released 

from the endothelium for possible diffusion to the smooth muscle. The results from the 

microfluidic device experiments, shown in figures 3.7 - 3.9, suggest that the NO 

measured above the endothelium is a result of eNOS stimulation from RBC-derived ATP 

binding to the endothelium. The data in figure 3.7 indicate that the increased ATP 

release from RBCs stored in CPD-N/AS-1N stimulated more NO release from the 

endothelium, which has the potential for better vasodilation in vivo. The notion of ATP 

stimulating NO was enhanced by the use of GLI (an inhibitor of ATP release from RBC) 

and PPADS (a puringeric receptor inhibitor that blocks the ATP binding site). NO levels 

were not statistically increased when these antagonists were employed. Both of these 
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antagonists would affect endothelium-derived NO, but not necessarily RBC-derived NO. 

Furthermore, previous work by our group showed that RBC-derived NO is unable to 

diffuse across the endothelium layer cultured in this device. In these prior studies, half 

of the wells in the device were cultured with a confluent layer of endothelial cells, while 

the other half was not. Standards from the NO donor, DEANO, were pumped into the 

device, showing that the concentration of NO that crossed the polycarbonate 

membrane in the presence of endothelial cells was significantly lower than crossing the 

polycarbonate membrane alone. Thus, the data presented here provide evidence that 

the NO being measured in figure 3.7 is not RBC-derived, but rather, RBC-stimulated by 

ATP.  

The glucose level in the experimental conditions minimally affected NO determinations 

using low concentration of DAF-FM (figure 3.10). However, another concern was the 

effect of the diffused glucose on the endothelial cells in the probe wells. Studies have 

shown that an elevated glucose level influences not only the functions of RBCs, but also 

endothelial cells. Madar et al. have shown that bovine aortic endothelial cells (bAECs) 

pretreated with 22 mM glucose for at least 2 weeks had decreased eNOS protein 

expression when compared to cells treated with 5 mM glucose.
55

 Brownlee et al. 

demonstrated that eNOS activity of bAECs cultured in 30 mM glucose medium was 

inhibited through mitochondrial overproduction of superoxide.
56

 On the contrary, 

Luscher et al. have shown that human aortic endothelial cells (hABCs) exposed to 22.2 

mM glucose for 5 days had increased expression of eNOS mRNA and higher NO 
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production.
57

 Thus, another control experiment of inhibiting eNOS function may need 

to be performed to eliminate this concern. eNOS inhibitors are mostly analogues of L-

arginine and are therefore competitive inhibitors for eNOS, such as L-NG-nitroarginine 

methyl ester (L-NAME).
58

 However, pumping the 7% RBCs in AS-1 would lead to a 

diffusion of ~20 mM glucose across the membrane to the probe well, which is a 

sufficiently high enough glucose level to result in dysfunctional endothelial cells based 

on the literature, though the 30-minute experiment period may be not long enough to 

manipulate the NO production.  

The modified collection and storage solutions seem to have a beneficial effect on ATP 

release and subsequent NO production, which could be advantageous in vivo. However, 

another key component to successful blood transfusion is that the RBCs remain intact. 

In fact, regardless of how much NO is being stimulated or produced by the RBC, if RBC 

lysis is present, the bioavailability of NO will more than likely drop due to NO scavenging 

by free Hb. While no measurements involving cell survival were performed in this study, 

the percentage of RBCs that underwent hemolysis did not significantly increase when 

stored in the normoglycemic versions of the collection and storage solutions when 

followed by maintenance of glucose levels.  When these cells were not maintained with 

physiological levels of glucose by periodic feeding, the lysis did increase, as to be 

expected as glucose and ATP are both key components in maintaining proper cellular 

membrane structure and functionality. It is noteworthy that the hemolysis rates for the 

RBCs stored during this study would most likely improve, i.e., a reduction in the 
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hemolysis rate would be seen if the collected whole blood had been leukocyte reduced 

by buffy coat removal and filtration.  It has been shown that mean hemolysis rates are 

significantly lowered when stored products are leukoreduced by filtration.
59

 This 

method was avoided here due to the small volume of samples that were collected from 

donors. However, future studies involving standard collection volumes would most 

certainly benefit from leukoreduction by filtration methods. 

The data shown here and in chapter 2 demonstrate that RBCs stored in the standard 

CPD/AS-1 solutions have impaired ability to release ATP in response to mechanical 

deformation compared to the RBCs stored in the normoglycemic condition. This 

decreased RBC-derived ATP would further adversely affect the healthy endothelium to 

release NO. In addition, the RBCs stored in normoglycemic condition, maintaining by 

periodic glucose feeding had a not significantly different hemolysis rate during 36 day 

storage from the RBCs stored in CPD/AS-1. This indicates that the influence of free Hb 

scavenging on NO bioavailability is equivalent for the normoglycemic and hyperglycemic 

storage. Although the RBC-derived NO was not determined here, the previous work in 

our group implied that this NO may not diffuse through the endothelium to smooth 

muscle. Thus, the origin of INOBA may be the reduced endothelium-derived NO weakly 

stimulated by the impaired ATP release from the RBCs stored in hyperglycemic solutions, 

which would result in reduced dilation, less blood flow and insufficient oxygen delivery, 

further leading to possible posttransfusion complications. 
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Chapter 4 – Hyperglycemia and Reduced ATP Release from RBCs 

4.1 Introduction 

The term hyperglycemia usually describes a condition in which an excessive amount of 

glucose, generally higher than 11 mM, exists in the blood plasma. Hyperglycemia is a 

hallmark sign of diabetes, which is a medical condition with uncontrolled, elevated 

blood glucose levels and is associated with a large variety of diabetic complications. 

Specifically, red blood cells (RBCs) obtained from people from with diabetes are usually 

less deformable,
1

 have elevated oxidative stress,
2
 and form advanced glycation 

endproducts (AGEs).
3
 Interestingly, these impaired properties also occur in RBCs stored 

in modern aqueous storage solutions used in transfusion medicine. Collectively these 

properties are referred to as the RBC storage lesions.
4-6

  

Changes in the RBC are not completely surprising considering the glucose level in 

modern storage solutions. As described in chapter 1, ~ 450 mL of whole blood is drawn 

into 63 mL of the anticoagulant, citrate phosphate dextrose (CPD) solution, which has a 

glucose level of 129 mM prior to the collection of whole blood. After centrifugation, the 

RBC suspension (~ 220 mL, containing ~ 40 mL of CPD-plasma) is separated and added to 

100 mL of an additive solution (AS-1) that contains glucose at a concentration of 111 

mM.
7
 Therefore, a unit of stored RBCs in this system should have a hematocrit (Hct) of 

55-60% with the estimated final glucose concentration greater than 40 mM. 
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Due to similarities of diabetic and stored RBCs, normoglycemic versions of the collection 

and storage solutions (CPD-N/AS-1N) were prepared and used to store the purified RBCs. 

This system was compared with the CPD/AS-1 systems, to investigate various properties 

of the RBCs during storage. As discussed previously, collection and storage in CPD-N/AS-

1N followed by periodic feeding of the stored cells to maintain normoglycemic levels, 

results in statistically higher adenosine triphosphate (ATP) release values 4 weeks into 

storage (when compared to the values for cells processed in typical CPD/AS-1 solutions). 

This RBC-derived ATP has a significant impact on endothelium-derived nitric oxide 

(NO).
8-10

 However, the mechanism behind this phenomenon is unclear.  

RBCs have millimolar concentrations of intracellular ATP and are able to release portions 

of that ATP under a variety of external stimuli, such as hypoxia (low oxygen),
11

 

mechanical stress,
12-13

 low pH
14

 and changes in osmotic pressure.
15

 A signal 

transduction pathway of the deformation-induced ATP release has been proposed by 

Sprague et al.
16-18

 Mechanical deformation of the cell membrane activates the G-

protein coupled receptor (CPCR), resulting in adenylyl cyclase that converts ATP to cyclic 

adenosine monophosphate (cAMP), which directly leads to the phosphorylation of cystic 

fibrosis transmembrane conductance regulator (CFTR) protein by protein kinase A, 

stimulating ATP release through a yet unknown separate ATP releasing channel.
17-21

 

The mechanism of ATP release responding to low oxygen has been also proposed to 
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occur through this pathway.
22

 Specifically, hemoglobin (Hb), with a significant amount 

binding to the RBC membrane,
23

 undergoes a conformational change as it releases 

oxygen,
24

 resulting in similar mechanical activation of G-protein in the RBC. 

Furthermore, physiological low pH increases the tendency of Hb to release oxygen by 

altering its structure, which may also lead to a similar mechanism of increasing ATP 

release. Sprague et al. have also demonstrated that decreased deformability of RBC 

membranes reduces the release of ATP in response to low oxygen, by treating RBCs with 

diamide, a compound that decreases RBC deformability, but does not directly inhibit the 

signaling pathways of ATP release.
22

 In addition, Adler et al. have shown that increased 

osmotic fragility of RBCs decreases cell volume recovery in response to hypotonic stock 

and reduces endogenous extracellular ATP.
15

 Therefore, some physical and biochemical 

changes, which alter the deformability and osmotic fragility of RBC membrane, may 

occur during storage in hyperglycemic conditions and thereby impair the ability of the 

RBC to release ATP. 

The RBC membrane is a composite of a lipid bilayer occupied by transmembrane 

proteins, supported by a spectrin-based cytoskeleton (figure 4.1).
25

 Lipids are composed 

of cholesterol and phospholipids. The 4 major phospholipids, including those on the 

outer surface of RBC membrane, such as phosphatidyl ethanolamine (PE) and 

sphingomyelin (SM), and the ones on the inner surface, such as phosphatidyl serine (PS)   
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Figure 4.1 – Diagram of a Cross Section of the RBC Membrane. The RBC membrane is a 
composite of a lipid bilayer occupied by transmembrane proteins, supported by a 
spectrin-based cytoskeleton. Lipids are composed of cholesterol and phospholipids. The 
4 major phospholipids are distributed asymmetrically within the two layers of 
membrane. Integral proteins, including glycophorin and the anion transport protein 
(Band 3) are embedded in the membrane via hydrophobic interactions with lipids. 
Peripheral proteins, including spectrin, ankyrin, actin, Band 4.1 and 4.2, are located on 
the inner cytoplasmic side of the lipid bilayer, forming the RBC cytoskeleton, anchored 
via integral proteins. For interpretation of the references to color in this and all other figures, 

the reader is referred to the electronic version of this dissertation. 

  



116 

 

and phosphatidyl ethanolamine (PE), are distributed within the two layers of membrane. 

Proteins are also not organized equally in the membrane. Proteins that are embedded in 

the membrane via hydrophobic interactions with lipids, such as glycophorin and band 3 

(the anion transport protein), are termed integral proteins (IP). A second class of 

membrane proteins, the peripheral proteins (PP), which are located on the inner 

cytoplasmic side of the lipid bilayer, are anchored via integral proteins. The PPs, 

including spectrin, ankyrin, actin, band 4.1 and 4.2, form the RBC cytoskeleton, 

responsible for membrane elasticity and stability.  

Studies in proteomics have shown that oxidation, as well as the breakdown of structural 

proteins, already occurs in the first weeks of storage.
26-28

 Specifically, signs of oxidation 

are observed in band 3 and the cytoskeletal proteins 4.1, 4.2, and spectrin during the 

first several days, followed by breakdown of actin and ankyrin, as well as crosslinking of 

spectrin.
26

 Membrane protein oxidation, glycation, and breakdown of actin filaments 

have also been observed when RBCs were exposed to high glucose (>25 mM).
29

 This 

protein damage may cause dysfunction in the RBC membrane in terms of deformability. 

Hyperglycemia-induced membrane damage seems to be related to glucose-based 

reactions, including glucose autoxidation, protein glycation, and formation of advanced 

glycation end-products (AGEs).
30-32

 Glucose chemically reacts with primary amine 

groups in proteins, initially forming reversible Schiff base products within minutes, and 

then undergoing an Amadori rearrangement to form the Amadori product, a more 
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stable ketoamine compound, within hours to weeks, as shown in figure 4.2.
33

 During 

Amadori reorganization, the highly reactive intermediate carbonyl groups, such as α-

dicarbonyls, may react with amino, sulfhydryl, and guanidine functional groups in 

proteins, which results in denaturation, and cross-linking of the targeted proteins.
34

 In 

addition, reactions between lysine and arginine functional groups on proteins and α-

dicarbonyls, lead to the irreversible formation of stable AGE compounds, such as N
ε
-

(carboxymethyl)lysine (CML).
35

  

Hyperglycemia can also induce the polyol pathway in the RBC. Through this pathway, as 

shown in figure 4.3, glucose is reduced to sorbitol via aldose reductase (AR), which 

oxidizes the reducing form of nicotinamide adenine dinucleotide phosphate (NADPH) to 

NADP
+
. Sorbitol dehydrogenase (SDH) can then oxidize sorbitol to fructose while 

converting nicotinamide adenine dinucleotide (NAD
+
) to NADH. This can return to the 

glycolysis pathway by phosphorylating fructose to fructose-6-phosphate through 

hexokinase (HK). Glucose uptake at the normal ambient glucose level (5.5 mM) only 

accounts for about 2-3% of total glucose metabolism; however, this increases to 11% 

when the glucose concentration reaches 50 mM.
36

 The normal function of the polyol 

pathway in human RBCs is unknown. However, when the activity of the polyol pathway 

in the RBC increases with rising glucose levels, this pathway contributes to oxidative 

stress by depleting the cofactor NADPH, which is required for the regeneration of   
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Figure 4.2 – Simplified Reaction Pathway Involved in Protein Glycation and the 
Formation of AGEs. Reducing sugar, such as glucose, can chemically react with primary 
amine groups in proteins, initially forming the reversible Schiff base within minutes. 
During hours to weeks, it forms the more stable ketoamine product through an Amadori 
rearrangement and further converts to the reactive Amadori product. When large 
amounts of these products are accumulated, they tend to form a series of more reactive 
protein-bound moieties, AGEs.  
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Figure 4.3 – The Mechanism and Effect of the Hyperglycemia-Induced Polyol Pathway. 
Increased activity of aldose reductase, induced by hyperglycemia, converts glucose to 

sorbitol while oxidizing NADPH to NADP
+
. Next, sorbitol can be oxidized by sorbitol 

dehydrogenase to fructose while converting NAD
+
 to NADH. Increased performance of 

this pathway in RBCs leads to adverse effects, such as osmotic stress, oxidative stress, 
and even protein glycation. For interpretation of the references to color in this and all other 

figures, the reader is referred to the electronic version of this dissertation. 
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glutathione (GSH), and the depletion of NAD+ in the second phase leads to more 

glucose entering into the polyol pathway. The oxidative stress rising from storage 

conditions may result in lipid peroxidation of the RBC membrane, which may further 

affect the deformability of RBCs. The membrane lipids, both polyunsaturated fatty acid 

(PFA) and cholesterol, can be oxidized through non-enzymatic mechanisms.
37

 The free 

radical-mediated peroxidation (shown in figure 4.4) of PFA forms reactive carbonyl end-

products in the cell, one of which is malondialdehyde (MDA), a commonly known 

marker of oxidative stress.
38

  

In addition, the high-glucose induced polyol pathway leads to osmotic stress. Sorbitol, 

the product from the polyol pathway, cannot pass the cell membrane and accumulates 

intracellularly, and thereby has an effect on the osmotic pressure and, consequently, 

the deformability of RBCs. Bareford et al. have been demonstrated that the incubation 

of RBCs obtained from healthy controls in a 50 mM glucose buffer at 37°C for 2 hours 

resulted in a pronounced accumulation of sorbitol and a significantly decreased ability 

(p < 0.02) of RBCs to filter through 3 µm diameter straight channel pores, as compared 

to RBCs incubated in 5 mM glucose buffer.
39

 This work also showed that when sorbinil, 

an inhibitor preventing sorbitol accumulation, was added to the incubation buffer, there 

was no longer a decreased filterability of RBCs in hyperglycemic conditions. 

The RBC membrane is semipermeable, which allows water and anions pass through 

freely. Thus, RBCs are sensitive to osmosis occurring across the membrane. The   
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Figure 4.4 – Simplified Mechanism of Free Radical-Mediated Peroxidation of PFA. In 
the initiation step, ROS, such as hydroxyl radicals (·OH), combine with a hydrogen atom 
of PFA to form a lipid radical and water. The unstable lipid radical reacts readily with 
oxygen to create lipid peroxyl radical. This radical is also an unstable species that can 
either react with another PFA, producing more radicals and lipid peroxide (propagation), 
or react with itself to produce cyclic peroxide, which can further rearrange to create 
MDAs. 
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accumulation of 1 mole of solute per liter of tissue water is equivalent to 1 osmole per 

liter or 1 osmolar in osmotic pressure. For RBCs, an isotonic solution is 0.9% NaCl with 

0.3 osmolarity. In a hypertonic solution (> 0.31 osmolar), the water inside the RBC exits 

the cell in an attempt to equalize the osmotic pressure, causing the cell to shrink and 

crenate (form a scalloped shape). In contrast, the RBC absorbs water when it is in a 

hypotonic solution (< 0.28 osmolar) to balance the osmotic pressure, resulting in 

swelling and potential bursting. Although glucose distributes to quasiequilibrium 

between the plasma and RBCs with a half life < 30 seconds,
40

 high glucose 

concentration may still lead to osmotic pressure and further the dehydration and 

crenation of the RBC. It has been shown that increasing osmotic pressure makes the RBC 

become stiff and compromises its membrane elasticity.
41

 

In addition to the properties of the membrane and osmotic effect, the deformability of 

RBCs is also influenced by cell shape and cytoplasmic viscosity.
25

 The RBC has a normal 

biconcave shape with an average volume of 90 fL. With 40% excess surface area, the 

RBC maintains a ratio of surface area to volume (S/V), that allows these cells to deform. 

Cytoplasmic viscosity is mainly determined by the mean cellular hemoglobin 

concentration (MCHC). For a normal human RBC, the MCHC should be in the range of 27 

(with a viscosity of 5 centipoises (cp)) to 37 g/dL (with a viscosity of 15 cp) with a mean 

value at 33 g/dL. The viscosity of Hb increases sharply when the concentration is above 

37 g/dL, such as 45 cp at 40 g/dL, 170 cp at 45 g/dL and 650 cp at 50 g/dL.
42-43

 Both an 
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increase and a decrease in S/V, and an increase in MCHC may lead to a decrease in 

deformability. 

As previously discussed, RBCs stored in CPD/AS-1 have been shown to have a decrease 

in RBC-derived ATP release, which may result from impaired deformability of RBCs due 

to hyperglycemia. In this chapter, several factors that influence the deformability of 

RBCs are determined and discussed. A comparison of RBCs stored in hyperglycemic 

conditions (CPD/AS-1) and normoglycemic conditions (CPD-N/AS-1N) allows for the 

investigation of the effect of hyperglycemia on the ability of RBC to release ATP.   

4.2 Experimental  

4.2.1 Intracelluar and Extracellular Glucose Measurement of RBCs  

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless indicated 

otherwise. Distilled deionized water (DDW) with 18.2 MΩ resistance was used for all 

experiments. 

In this study, glucose levels both inside and outside of the RBCs in storage were 

determined for 36 days. Glucose measurements were based on the fluorescence of 

NADH. Glucose is phosphorylated by ATP, in the presence of hexokinase, to glucose-6-

phosphate (G6P), which is then oxidized to 6-phosphogluconate in the presence of 

NAD
+
 in a reaction catalyzed by glucose-6-phosphate dehydrogenase (G6PD). During 
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this oxidation, an equimolar amount of NAD
+
 is reduced to the fluorescent NADH, the 

levels of which are proportional to glucose concentration.  

For extracellular glucose measurements, samples were prepared using the 2-step 

centrifugation. Supernatant samples were prepared by centrifuging the RBCs at 2000g 

for 10 minutes, followed by further centrifuging at 15,000g for 15 minutes. The resulting 

supernatant from the AS-1N sample was diluted to 1:100 with distilled and deionized 

water (DDW), while supernatant from AS-1sample was diluted 1:1000. These dilutions 

resulted in glucose concentrations within the range of a calibration curve that was 

prepared with external glucose standards ranging from 0 to 100 µM.  

For intracellular glucose measurements, packed RBCs from the first centrifugation were 

lysed 1:10 with DDW. The red color of the lysate has a matrix effect on the assay, thus 

mandating the use of the standard addition method. Specifically, 5 µL of the lysate (the 

lysate from AS-1N sample had to be diluted to 1:10 with DDW before this step) were 

diluted to 100 µL in a solution that contained glucose at concentrations ranging from 0 

to 100 µM to establish a standard curve. 

To perform the reaction described above, 100 µL of a solution containing G6PD (0.9 

U/mL), ATP (2 mM), MgCl2 (2 mM), NADP
+
 (1.25 mM), and hexokinase (1.7 U/mL) in a 

triethanolamine buffer (0.23 M, pH 7.6) were added to the 100 µL samples described in 

the preceding paragraph. This mixture was then allowed to react for 15 minutes prior to 

the measurement of fluorescence intensity at 460 nm (excitation at 340 nm). 
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4.2.2 Osmotic Fragility Test of RBCs 

Osmotic fragility of RBCs stored in hyperglycemic and normoglycemic conditions were 

determined weekly for 36 days. The osmotic fragility test measures the resistance to 

hemolysis of RBCs exposed to hypotonic solutions. In a hypotonic medium, the rupture 

of the RBC membrane occurs, releasing Hb from the cell. By measuring the Hb 

concentration, the percentage of hemolysis at different NaCl concentrations can be 

calculated. For normal RBCs, initial hemolysis begins at 0.45 ± 0.05% NaCl solution and is 

complete at ~ 0.3 ± 0.05% NaCl solution. The standard osmotic fragility test is performed 

using median corpuscular fragility (MCF), which is the concentration of NaCl solution 

causing 50% lysis of RBCs. 

Here, a simplified method was used to test the osmotic fragility of RBCs stored in 

CPD/AS-1 and CPD-N/AS-1N.
44

 RBCs were removed from storage and warmed to room 

temperature. 25 µL of the RBC samples were gently transferred into 3 tubes containing 

500 µL of 0.9% sodium chloride (NaCl), 0.45% NaCl, and DDW, respectively. Suspensions 

were gently mixed and incubated at room temperature for 30 minutes. Next, the 

suspensions were centrifuged at 1500 g for 5 minutes. The absorbance (Abs) of the 

supernatant, containing various concentrations of Hb derived from the lysed RBCs, was 

determined in a clear, 96-well plate using a plate reader set at 540 nm. The signal in 0.9% 

NaCl was assumed as the blank, which should induce no hemolysis of RBC, and was 

subtracted from the signal in 0.45% NaCl. The signal in DDW was assumed to be 100% 
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hemolysis. Thus, the percentage of hemolysis in 0.45% NaCl was calculated as the 

following equation: 

Percentage hemolysis for 0.45% NaCl = (Abs0.45%NaCl - Abs0.9%NaCl) / AbsDDW × 100 

4.2.3 Sorbitol Accumulation Measurement 

To investigate the effect of the high glucose level in CPD/AS-1 storage on the polyol 

pathway, sorbitol accumulation was determined in both storage systems. RBC sorbitol 

can be measured using an enzymatic method with fluorometric detection.
45-46

 This 

method is based on the oxidation of sorbitol to fructose, catalysed by SDH in the 

presence of NAD
+
, resulting in the formation of NADH. The reaction mechanism and 

standard curve are described in figure 4.5.  

100 µL of stored RBC samples were lysed with 500 µL of DDW with vigorous vortexing. 5 

µL of this lysate were diluted to determine the Hb concentration of the sample using 

Drabkin’s method described in chapter 3. 100 µL of 0.3 M zinc sulfate (ZnSO4) solution 

and 100 µL of 0.475 M sodium hydroxide solution (NaOH) were added into the 

remaining cell lysates to precipitate the protein. The supernatant was prepared by 

centrifuging these samples at 2000 g for 10 minutes. The 20 mM sorbitol stock solution 

was prepared by dissolving 0.036 g of D-sorbitol in 10 mL of DDW. The working 

standards, ranging from 0-80 µM, were prepared by a series of dilutions from the stock 

solution before each assay and were treated similarly to the samples described above.   
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Figure 4.5 – The Mechanism behind the Sorbitol Assay and the Calibration Curve. The 
sorbitol assay is based on the oxidation of sorbitol to fructose catalysed by SDH in the 

presence of NAD
+
, resulting in the formation of NADH, which has an emission of 

fluorescence at 460 nm after excitation of 340 nm. The fluorescence intensity is 
proportional to the amount of NADH present as well as the sorbitol originally present. 
Thus, the sorbitol concentration in the samples can be quantified by using a calibration 
curve generated at the same time. An overall calibration curve (n = 3) is shown above; 
the limit of detection based on this curve is 10.0 µM.  
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Next, 100 µL of the supernatant resulting from the samples and standards were each 

added into a well of a 96-well plate. 50 µL of the enzyme mixture, containing SDH (2 

kU/L), NAD
+
 (3 mM), and disodium ethylenediaminetetraacetic acid (EDTA, 10 mM) in 

glycine-NaOH buffer (0.15 M, pH 9.0), were added into each well. For the blank assay 

(both the samples and standards), the enzyme mixture was prepared in the same 

manner, with the exception of the omission of SDH. After incubation at 37°C for 30 

minutes, the fluorescence emitted from the formation of NADH was measured at room 

temperature at 460 nm (excitation at 340 nm). To generate a standard curve, the net 

fluorescence intensities, obtained by subtracting those of the blank from those of 

enzymatic reaction, were plotted as a function of the sorbitol concentration. The 

sorbitol levels in the samples were then calculated from this curve using the respective 

net fluorescence intensities. The final sorbitol concentrations were expressed as nmol/g 

Hb. 

4.2.4 Lipid Peroxidation Measurement 

The amount of lipid peroxidation in stored RBCs was determined by measuring MDAs. 

The mechanism has been proposed that reactive oxygen species (ROS), such as hydroxyl 

radicals (·OH), react with PFAs, followed by a series of chain reactions to create 

MDAs.
47-48

 The thiobarbituric acid reactive substances (TBARS) assay is the most widely 

used assay to determine lipid peroxidation, based on the reaction between MDAs with 

thiobarbituric acid (TBA), resulting in the chromophore TBARS.
49-51
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Stored RBCs were diluted in AS-1N to a final Hct of 6%. 10 µL of this suspension were 

used to determine the Hb concentration in the samples using Drabkin’s method. Next, 

10 µL of 0.5 M butylated hydrotoluene (BHT) in acetonitrile was added into 1000 µL of 

the RBC suspension to generate a final concentration of 5 mM. BHT works as an 

antioxidant, and its addition prevents autooxidation of the sample during the assay.
52

 

Then, 28% (w/v) trichloroacetic acid (TCA) was added into the RBC suspensions at a ratio 

of 1:2. The samples were vortexed before being incubated on ice for 10 minutes to 

precipitate proteins. The supernatants were prepared by centrifuging at 22,000 g for 10 

minutes and carefully collected to avoid contamination with cell debris. 400 µL of the 

supernatant, containing MDA extracts, were added into 100 µL of 1% TBA in 0.05 M 

NaOH or 0.05 M NaOH alone (sample blank) in a 2-mL tube. The tubes were capped and 

sealed with parafilm (to avoid evaporation), incubated in a boiling water bath for 15 

minutes, and immediately cooled on ice for 10 minutes. 200 µL of the samples were 

then transferred into a 96-well plate in a duplicate manner. The fluorescence of TBARS 

was measured using an excitation wavelength of 532 nm and an emission wavelength of 

553 nm. The TBARS level in a sample was quantified using an MDA standard curve 

generated at the same time. A 1 M MDA standard stock was prepared by dissolving 166 

µL malonaldehyde bis(dimethyl acetal) in 834 µL ethanol. This MDA stock was further 

diluted with AS-1N to produce standards ranging from 0-400 nM. The standards were 

treated in a similar manner to the samples. Thus, the final TBARS values in the RBC 
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samples are presented as nmol/g Hb. The reaction mechanism and the standard curve 

are shown in figure 4.6. 

4.2.5 Protein Glycation Determination 

The proteins in the RBC, including peripheral proteins, integral proteins and Hb, can be 

covalently modified by glucose linked as a stable ketoamine adduct. A chemical 

procedure, the TBA assay, was used to quantify the nonenzymatic glycation of 

proteins.
53

 This assay uses mild acid hydrolysis to release glucose from protein as 5-

hydroxymethylfurfural (5-HMF), which is then reacted with TBA to form a yellow 

chromophore. The original procedure was used to assay serum protein, so the sample 

preparation was modified for this study. 

Stored RBCs were washed with saline (0.9% NaCl) 3 times to remove extracellular 

glucose. Hb samples were prepared by lysing 350 µL of washed RBCs in 1000 µL of DDW, 

followed by centrifugation at 22,000 g for 10 minutes to sediment the membrane 

protein. The Hb concentration in the supernatant was determined using Drabkin’s 

method, and the supernatant was frozen at -20°C until assay. The remaining washed 

RBCs were lysed using 5 mM phosphate buffer (pH 8.0) containing 350 µM EDTA, and 

incubated on ice for 10 minutes. Next, the RBC membrane ghosts were collected by 

centrifugation at 22,000 g for 10 minutes at 4°C, and the supernatant was removed. This 

process was repeated until the Hb-free RBC ghosts (white) were obtained for glycation 

assay. Next, peripheral membrane proteins were separated from the integral proteins   
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Figure 4.6 – The Mechanism behind the TBARS Assay and the Calibration Curve. The 
MDA extracts from RBCs, representing the oxidative level and lipid peroxidation, can be 
determined using TBARS assay. The MDA-TBA adducts formed by the reaction of MDA 

and TBA at a high temperature (90-100°C) and acidic conditions are measured 

fluorometrically at an excitation wavelength of 530 nm and an emission wavelength of 
550 nm. The net fluorescence intensity found by subtracting that of a blank as a 
background, is proportional to the amount of MDA-TBA adduct present as well as the 
MDA originally present. Thus, the MDA concentration in the samples can be quantified 
by using a calibration curve generated at the same time. An overall calibration curve (n = 
6) is shown above; the limit of detection based on this curve is 10 nM.  
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by adding 0.1 M NaOH (containing 200 µM EDTA, pH 12.0) into the membrane ghost 

and incubating on ice for 15 minutes.
54

 After centrifugation at 27,000 g for 10 minutes, 

the concentration of the peripheral protein in the supernatant and the integral protein 

in the pellet were determined using a BCA (bicinchoninic acid) protein assay kit (Thermo 

Scientific Pierce, Rockford, IL USA) and frozen at -20°C until assay. 

For the TBA assay, the amount of protein was adjusted to 1 mg in each sample based on 

the concentrations. Then, 100% (w/v) TCA was added into each sample at the volume 

ratio of 1 to 10. The samples were incubated in the refrigerator overnight to precipitate 

all the proteins. The following day, the sample pellets were collected by centrifuging at 

22,000 g for 10 minutes and discarding the supernatants. 100 µL of DDW and 600 µL of 

0.33 M oxalic acid were added into the pellets. The tubes were capped and tightly 

sealed with Teflon tape and parafilm. The samples were autoclaved at 121°C for 2 hours 

to accelerate the hydrolysis.
55

 After cooling on ice, 25 µL of 100% TCA and 150 µL TBA 

were added into the hydrolyzed samples, which were incubated at 37°C for 40 minutes. 

After a second cooling, 25 µL of 4 M NaCl in 10% TCA were added to prevent the 

formation of emulsions during extraction using an organic solvent.
53

 600 µL of 

isobutnaol were then added to the tubes, which were vortexed to extract the HMF-TBA 

chromophore from the aqueous phase. The tubes were then centrifuged at 1,500 g for 5 

minutes. A 200 µL aliquot of the upper isobutanol phase was added into each well of a 

clear-bottom 96-well plate, which allows measurement of the absorbance at 435 nm 
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and 500 nm. The HMF-TBA adduct has an Abs maximum at 435 nm. Due to the similarity 

of  Abs at 500 nm and the background Abs in the sample assay without TBA (blank), the 

net Abs at 435 nm can be made by subtraction of the 500 nm Abs from that at 435 nm. 

The reaction mechanism and the standard curve are shown in figure 4.7. 

In this method, fructose can serve as a standard: after conversion to 5-HMF during 

hydrolysis with weak acid. A set of standards was prepared by diluting 20 mM fructose 

stock to 0-75 nM with DDW. 100 µL of the fructose standards were treated exactly the 

same as the samples, starting from the hydrolysis procedure. Thus, the amount of HMF 

detected from the samples could be quantified from the standard curve generated at 

various fructose concentrations against the net Abs measured at 435 nm. The final 

glycation was represented as nmol HMF/ mg protein or Hb.  

4.2.6 Images, Mean Corpuscular Volume and Basal ATP Release of RBCs Suspended in 
Glucose Gradients 

In this study, whole blood was collected in CPD or CPD-N as described in chapter 2. The 

RBCs processed in CPD-N were suspended in AS without glucose and with 5.5 mM 

glucose (AS-1N); the RBCs in CPD were suspended in AS with 16.5 mM, 55 mM and 111 

mM glucose (AS-1) at a ratio of 2 to 1. Next, a series of studies were performed on the 

RBCs in glucose gradients. 

The Hct, total Hb concentration, and intracellular and extracellular glucose of RBCs 

suspended in the glucose gradients were determined as previously described. Mean 

corpuscular volume (MCV) of the RBCs represents the average RBC volume. MCV is   
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Figure 4.7 – The Mechanism of Protein Glycation Assay and the Calibration Curve. The 
proteins, including Hb, in RBCs can be covalently modified by glucose linked as a stable 
ketoamine product. Through a mild hydrolysis of the ketoamine, glucose can be 
released from proteins as 5-HMF, which reacts with TBA to form a yellow HMF-TBA 
chromogen. This chromagen can be measured colorimetrically at 435 nm. The net 
absorbance at 435 nm, found by subtracting that at 500 nm as a background, is 
proportional to the amount of HMF-TBA chromagen present as well as the 5-HMF 
originally present. Thus, the 5-HMF concentration in the samples can be quantified by 
using a calibration curve generated at the same time. An overall calibration curve (n = 9) 
is shown above; the limit of detection based on this curve is 1.8 nM.   
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calculated by dividing the total volume of packed RBCs (the Hct), by RBC count 

(millions/µL), and multiplying by 10.
56

 The number of RBCs was counted in a 

hemocytometer. Specifically, each RBC sample (~ Hct 60%) was diluted 1/200 fold with 

the respective AS and inverted gently to generate a homogenous suspension. To 

prepare the hemocytometer (Bright-Line, Hausser Scientific, Horsham, PA), the mirror-

like polished surface was carefully cleaned with a Kim-wipe and ethanol. The rectangular 

clean coverslip of the same brand was then placed over the counting surface prior to 

adding the cell suspension. The cell suspension (~ 10 µL) was introduced into the V-

shaped well using a pipette, till the area under the coverslip was filled by capillary action. 

The counting chamber was then placed under the microscope, and the counting grid 

was brought into focus. The gridded area of the hemocytometer consists of 25 squares, 

each 1 mm
2
 in area, which are subdivided into smaller grids for counting different blood 

cell type. The central 1 mm
2
 grid was divided into 9, 0.04 mm

2
 squares and the RBCs in 

the four corner squares and the middle one were counted. If a cell overlaps a line, the 

cell is counted as “in” if it overlaps the top or right line, and “out” if it overlaps the 

bottom or left line. Since the depth of the chamber is 0.1 mm, each 1 mm
2
 square 

contains 100 nL of RBC suspension. Thus, the original concentration of RBCs can be 

calculated as shown below: 

# of RBCs in original storage per mL = average # of RBCs in the square × 25 × 10
4
 × 200 
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The cell images in the glucose gradients were then taken under 40X magnification. 

The basal level of ATP was determined in the supernatant of samples by 

chemiluminescence using the luciferase/luciferin (L/L) assay. A 7% RBC suspension was 

prepared in the respective AS for each sample. After 10 minutes of incubation at room 

temperature, the RBC suspensions were centrifuged at 500 g for 5 minutes. 100 µL of 

the supernatant were transferred into a 96-well plate in triplicate. The 

chemiluminescence was then measured 6 seconds after adding 30 µL of L/L using a plate 

reader.  

In order to investigate if the effect of glucose on the RBCs was reversible, RBCs in AS-1 

were washed in normoglycemic AS (AS-1N). Specifically, the AS-1 RBCs were 

resuspended in AS-1N at a ratio of 1 to 10 and centrifuged at 500 g for 5 minutes, 

discarding the supernatant. This process was repeated 5 times to remove excess 

intracellular and extracellular glucose existing in the AS-1 RBCs. The RBCs in AS-1N had 

the same washing procedure performed for comparison. These two washed samples 

were also used for glucose measurements, basal ATP release, corpuscular cell volume, 

and obtaining images discussed above.  

For a long term ATP reversibility study, the CPD/AS-1 RBCs were analyzed for basal ATP 

release on a weekly basis. However, since the RBCs may lyse during storage, the 

CPD/AS-1 RBCs were washed as described above in AS-1 and AS-1N for comparison. A 7% 

RBC suspension was then prepared with the respective AS, and ATP in the supernatant 

was determined using the L/L assay.         
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4.3 Results 

4.3.1 Intracellular and Extracellular Glucose Level in Stored RBCs. 

Figure 4.8 shows the glucose level inside and outside the RBCs stored in hyperglycemic 

(CPD/AS-1) and normoglycemic (CPD-N/AS-1N) storage solutions, monitored weekly, 

during 36 days of storage.  The extracellular glucose level in CPD/AS-1 storage was at 

66.2 ± 1.2 mM at day 1, decreasing to 53.9 ± 2.1 mM at day 36, while the intracellular 

level was at 51.8 ± 1.2 mM at day 1, decreasing  to 44.1 ± 2.0 mM at day 36. The 

extracellular glucose level was consistently higher than the intracellular level during the 

36 days. Both of the glucose levels in CPD/AS-1 indicated that the glucose amount was 

in excess during storage. For CPD-N/AS-1N storage, both the extracellular and 

intracellular glucose levels were stable around 5 mM with glucose feeding treatment 

every 5 days. However, fluctuations existed in intracellular glucose levels more often 

than in the extracellular levels.  

4.3.2 Osmotic Fragility of Stored RBCs 

Osmotic fragility of stored RBCs was determined weekly during storage by using a 

simplified test, the percent hemolysis of RBCs in 0.45% NaCl. This could be determined 

by subtracting the absorbance of stored RBCs in 0.9% NaCl (non-induced hemolysis, 

blank) from that of those in 0.45% NaCl, then dividing by the absorbance of stored RBCs 

in DDW, which represents 100% hemolysis of the RBCs. For a normal RBC, initial 

hemolysis begins at 0.45 ± 0.05% NaCl solution and completes at 0.3 ± 0.05% NaCl   
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Figure 4.8 – Extracellular and Intracellular Glucose Levels in Stored RBCs for 36 Days. 
To monitor the glucose level of the RBCs stored in hyperglycemic (CPD/AS-1) and the 
normoglycemic (CPD-N/AS-1N) conditions, the intracellular and extracellular glucose 
levels were measured weekly. The extracellular glucose level in CPD/AS-1 storage (black 
dot) was at 66.2 ± 1.2 mM at day 1, decreasing to 53.9 ± 2.1 mM at day 36, while the 
intracellular level (black triangle) was at 51.8 ± 1.2 mM at day 1, decreasing  to 44.1 ± 
2.0 mM at day 36. With glucose feeding, both the extracellular (white dot) and 
intracellular (white triangle) glucose levels in CPD-N/AS-1N were stable around 5 mM 
with some fluctuations for 36 days. Data represented as mean ± s.e.m. (n = 4).  
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solution. Thus, the more hemolysis occurs in 0.45% NaCl, the more fragile the RBCs. As 

shown in figure 4.9, the CPD-N/AS-1N RBCs showed a significantly lower percent 

hemolysis (5.6 ± 0.6%, 9.1 ± 0.8%, 27.3 ± 1.1%) in 0.45% NaCl for the first 3 weeks, 

compared to the CPD/AS-1 RBCs (51.7 ± 6.0% hemolysis at day 1). However, the 

hemolysis percentage in both storages solutions increased as a function of time, which 

indicated an increased osmotic fragility of RBCs.  

4.3.3 Sorbitol Accumulation in Stored RBCs 

Sorbitol is produced through the hyperglycemia-induced polyol pathway, and because it 

cannot cross the cell membrane, it accumulates in the RBCs. Sorbitol accumulation 

represents the activity of the polyol pathway and may have adverse effect on RBCs. As 

shown in figure 4.10, the sorbitol accumulated in both hyperglycemic and 

normoglycemic condtions was determined weekly during 36 days of storage. At day 1, 

the concentration of sorbitol in the CPD/AS-1 RBCs was 52.8 ± 8.6 nmol/g Hb; it was 

lower, but not significantly so, in CPD-N/AS-1N RBCs, 43.1 ± 8.2 nmol/g Hb. However, 

the sorbitol increased dramatically in the CPD/AS-1 RBCs during the first week to 147.5 ± 

7.2 nmol/g Hb at day 8, whereas those in normoglycemic storage at day 8 remained at 

40.3 ± 7.0 nmol/g Hb, statistically equivalent to day 1. For the remainder of the storage 

period, the sorbitol levels in the CPD-N/AS-1N RBCs and the CPD/AS-1 RBCs were stable 

around 45 and 150 nmol/g Hb, respectively.  

4.3.4 Lipid Peroxidation in Stored RBCs 
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Figure 4.9 – Osmotic Fragility of Stored RBCs. Osmotic fragility was determined by 
subtracting the absorbance of stored RBCs in 0.9% NaCl (blank) from that of alls in 
0.45%, then dividing by the absorbance of stored RBCs in DDW, representing 100% 
hemolysis of RBCs. The CPD-N/AS-1N RBCs (grey bars) showed a significantly lower 
percent hemolysis in 0.45% NaCl for the first 3 weeks, compared to the CPD/AS-1 RBCs 
(black bars), which had an approximate 50% hemolysis in 0.45% NaCl at day 1. However, 
the hemolysis percentage in both storages increased as a function of time, which 
indicated an increase in osmotic fragility of the RBCs. Data represented as mean ± s.e.m. 
(n = 3). 
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Figure 4.10 – Sorbitol Accumulation in Stored RBCs. Sorbitol is produced through the 
hyperglycemia-induced polyol pathway and cannot cross the cell membrane and 
thereby accumulates in RBCs. Sorbitol accumulation was determined weekly during 36 
days storage. At day 1, the sorbitol in CPD/AS-1 RBCs (black bars) was 52.8 ± 8.6 nmol/g 
Hb, while it was lower but not significantly so in CPD-N/AS-1N RBCs (grey bars), 43.1 ± 
8.2 nmol/g Hb. However, the sorbitol increased dramatically in CPD/AS-1 RBCs during 
the first week to 147.5 ± 7.2 nmol/g Hb at day 8, whereas the one in normoglycemic 
storage at day 8 was statistically equivalent to day 1. For the remaining storage period, 
the sorbitol in both RBCs remained at the respective level. Data represented as mean ± 
s.e.m. (n = 3).  
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MDA is a naturally occurring product of lipid peroxidation and can be determined by the 

TBARS assay. In this assay, the MDA-TBA adduct formed by the reaction of MDA and 

TBA is measured fluorometrically at 550 nm (excitation: 530 nm) and quantified with 

external standards. In figure 4.11, the MDA levels in the CPD/AS-1 RBCs and in the CPD-

N/AS-1N RBCs were 3.2 ± 0.2 nmol/g Hb and 3.1 ± 0.2 nmol/g Hb at day 1, respectively. 

However, the MDA in the hyperglycemic conditions tended to increase as a function of 

time, while the MDA in normoglycemic conditions remained at similar levels. At day 22, 

the MDA in the CPD/AS-1 RBCs, 4.5 ± 0.2 nmol/g Hb, was significantly higher (p < 0.05) 

than that in the CPD-N/AS-1N RBCs, 3.1 ± 0.5 nmol/g Hb. By day 36, the MDA in the 

CPD/AS-1 RBCs increased to 5.6 ± 0.4 nmol/g Hb, which was still significantly higher (p < 

0.005) than the 3.2 ± 0.4 nmol/g Hb of the normoglycemic cells. The increased MDA 

level in hyperglycemic conditions is an indicator of increased oxidative stress in RBCs. 

4.3.5 Protein Glycation in Stored RBCs 

Reducing sugars react with the primary amino group of proteins and form a stable 

ketoamine adduct. The hydrolysis process of the glycated protein releases glucose from 

protein as 5-HMF, which can be determined using the TBA assay. The yellow 

chromophore formed in the assay can be then measured colorimetrically. As shown in 

figure 4.12, the peripheral proteins, hemoglobin and integral proteins of CPD/AS-1 RBCs 

and CPD-N/AS-1N RBCs were not significantly different from each other at days 1, 15, 

and 36. The hemoglobin had the highest level of glycation, above 25 nmol/g Hb, and the 

peripheral proteins had the lowest level, below 10 nmol/g Hb. 
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Figure 4.11 – Lipid Peroxidation in Stored RBCs. MDA is a naturally occurring product of 
lipid peroxidation, which can be determined by a TBARS assay. In this assay, the MDA-
TBA adduct formed by the reaction of MDA and TBA is measured fluorometrically at 530 
nm (excitation: 550 nm), and quantified with external standards. The MDA in CPD/AS-1 
RBCs (black bars) and in CPD-N/AS-1N RBCs (grey bars) were 3.2 ± 0.2 nmol/g Hb and 3.1 
± 0.2 nmol/g Hb at day 1, respectively. However, the MDA in hyperglycemic conditions 
tended to increase as a function of time, while the amount in normoglycemic conditions 
seemed to remain at similar levels. At day 22, the MDA in CPD/AS-1 RBCs, 4.5 ± 0.2 
nmol/g Hb, was significantly higher (*p < 0.05) than the level in CPD-N/AS-1N. Until day 
36, the MDA in CPD/AS-1 RBCs increased to 5.6 ± 0.4 nmol/g Hb. Data represented as 
mean ± s.e.m. (n = 4). 

 

  * 
* 

* 



144 

 

5
-H

M
F

, 
n

m
o

l/
m

g
 H

b

0

10

20

30

40

Peripheral protein

Hemoglobin

Integral protein

CPD/A
S-1 at d

ay 1

CPD-N
/A

S-1N at d
ay 1

CPD/A
S-1 at d

ay 15

CPD-N
/A

S-1N at d
ay 15

CPD-N
/A

S-1N at d
ay 36

CPD/A
S-1 at d

ay 36

 

Figure 4.12 – Protein Glycation in Stored RBCs. The hydrolysis of protein glycation 
releases glucose from proteins as 5-HMF, which can be determined using TBA to form a 
yellow chromophore. The peripheral proteins (black bars), hemoglobin (light grey bars) 
and integral proteins (dark grey bars) of CPD/AS-1 RBCs and CPD-N/AS-1N RBCs were 
not significantly different from each other at various time points, (day 1, 15 and 36). 
Data represented as mean ± s.e.m. (n = 4). 
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4.3.6 Images, Mean Corpuscular Volume, and Basal ATP Release of RBCs Suspended in 
Glucose Gradients 

The RBCs processed in CPD-N (5.5 mM glucose) were suspended in AS without glucose 

and with 5.5 mM glucose (AS-1N); 2 aliquots of the RBCs in CPD (~ 129 mM glucose) 

were suspended in 1 aliquots of AS with 16.5 mM, 55 mM and 111 mM glucose (AS-1. 

“Washed” represents that the RBCs in 5.5 and 111 mM glucose AS were resuspended in 

AS-1N and washed 5 times by centrifugation and resuspension. In table 4.1, it is shown 

that the real glucose levels inside and outside of RBCs in AS with different glucose 

gradients. Since the RBCs were first collected in CPD-N or CPD, it would subsequently 

affect the intracellular and extracellular glucose level of RBCs in the AS. Also, the results 

showed that after washing 5 times, both the intracellular and extracellular glucose levels 

of the RBCs in the 111 mM glucose AS decreased to normoglycemic level.  

Next, the basal ATP release was determined in the supernatant of 7% RBCs suspended in 

AS with glucose gradients as described above. The chemiluminescence generated from 

the reaction of L/L and ATP in the supernatant obtained from each sample was 

normalized to the value from the “5.5” mM glucose sample. As shown in figure 4.13, the 

basal ATP release from RBCs in “5.5” mM sample was not significantly different from 

that ATP release from RBCs in the 0” mM glucose sample. This may due to the real 

intracellular glucose level of RBCs in the “0” mM glucose sample (4.0 ± 0.4 mM), which 

was from the residual glucose existing in CPD-N and plasma. The basal ATP release from 

RBCs in the “5.5” mM sample was significantly higher (p < 0.01) than the ATP release 

from RBCs in the “16.5”, “55” and “111” mM glucose sample. However, this impaired   



146 

 

Table 4.1 – Glucose Level inside and outside of 7% RBCs in AS with Different Glucose 
Gradient  

Glucose level in AS, mM Intracellular glucose, mM Extracellular glucose, mM 

0 4.0 ± 0.4 2.5 ±0.3 

5.5 6.4 ± 0.5 5.3 ± 0.4 

16.5 18.0 ± 1.1 19.3 ± 0.3 

55 34.9 ± 2.6 38.5 ± 1.0 

111 61.8 ± 0.8 68.8 ± 1.5 

Washed 5.5 5.7 ± 0.3 5.4 ± 0.2 

Washed 111 5.8 ± 0.5 5.6 ± 0.2 
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Figure 4.13 – Normalized Basal ATP Release of RBCs in Glucose Gradient. 7% RBCs 
were suspended in AS with different glucose concentrations indicated in horizontal axis 
(light grey bars). The dark grey bars represent RBCs washed with AS-1N. The samples 
were centrifuged, and the supernatants were used for measuring basal ATP release. The 
chemiluminescence intensities from each sample were normalized to the one from the 
“5.5” mM glucose sample. The basal ATP release from RBCs in “5.5” mM glucose sample 
was not significantly different from the ATP in “0” mM glucose sample, but it was 
significantly higher (*p < 0.01) than the ATP in “16.5”, “55” and “111” mM glucose 
sample. However, after washing with 5.5 mM AS, the ATP release of the RBC previously 
in “111” mM glucose sample increased and was significantly higher (**p < 0.005) than 
the one prior to washing. Data represented as mean ± s.e.m. (n = 4). 

* 
** 
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basal ATP release due to hyperglycemia was reversible after removing excess glucose. 

The basal ATP release from the RBCs in washed “111” mM glucose sample was 

significantly higher (p < 0.005) than the basal ATP release from RBCs in “111” mM 

glucose sample, but not significantly higher than that in the “5.5” mM glucose sample.  

The MCV of RBCs represents the average RBC volume and is calculated by dividing the 

hematocrit by the total number of RBCs in the sample and multiplying by 10. For normal 

RBCs, the MCV has a range of 80-96 fL.
56

 In figure 4.14, it is shown that the MCV of RBCs 

tended to decrease when they were exposed to high amounts of glucose; however, it 

only showed a significant decrease to 82.3 ± 2.7 fL (*p < 0.01) in the “111” mM glucose 

AS compared to the cells in the “5.5” mM glucose AS, 94.1 ± 1.0 fL. Also, as shown in 

figure 4.15, RBCs had biconcave disk shapes when exposed to normoglycemic conditon, 

whereas RBCs shrunk in hyperglycemic condition. After washing with 5.5 mM AS, the 

MCV of RBCs previously in 111 mM glucose AS increased to 89.3 ± 2.9 fL, but this was 

not a significant increase. However, the image in figure 4.15 shows that the shape of the 

RBCs returned to the disk shape without shrinkage. 

For the long term study of ATP reversibility, the CPD/AS-1 RBCs were washed in 

hyperglycemic and normoglycemic AS to remove the extracellular ATP from cell lysis 

during storage. As shown in figure 4.16, the basal ATP release from the CPD/AS-1 RBCs 

significantly (p < 0.01) increased after washing with AS-1N, compared to the sample 

washed with AS-1 at day 1. However, this increased basal ATP was not significant during 

the remaining storage. 
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Figure 4.14 – Mean Corpuscular Volume of RBCs in Glucose Gradient. The MCV of RBCs 
represents the average RBC volume, which is calculated by dividing the hematocrit by 
the total number of RBCs and multiplying by 10. The MCV of RBCs tended to decrease 
when they were exposed to high glucose; however, there was only significant decrease 
(*p < 0.01) in “111” mM glucose AS, compared to the sample in “5.5” mM glucose AS. 
Data represented as mean ± s.e.m. (n = 4). 
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Figure 4.15 – Images of RBCs in Normoglycemic and Hyperglycemic Conditions. The 
images of RBCs suspended in 5.5 mM and 111 mM glucose AS are shown in a) and b), 
respectively. In a), RBCs had biconcave disk shapes, while RBCs shrank as shown in b). 
However, it is shown in d) that RBCs previously in hyperglycemic condtions returned to 
their normal shape after washing with 5.5 mM glucose AS. c) represents the RBCs 
previously in normoglycemic condtions after washing with 5.5 mM glucose AS.   
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Figure 4.16 – Long Term Study of ATP Release Reversibility of Stored RBCs. The basal 
ATP release in the supernatant from the 7% stored RBCs was determined weekly during 
36 days of storage. The CPD/AS-1 RBCs were washed in hyperglycemic (black bars) and 
normoglycemic (grey bars) AS to remove the extracellular ATP from cell lysis in storage. 
The normoglycemic values are normalized to the hyperglycemic values. At day 1, after 
washing with AS-1N, the basal ATP from the CPD/AS-1 RBCs significantly (*p < 0.01) 
increased with comparison to the sample washed with AS-1. However, this increased 
basal ATP was no longer significant during the remaining storage. Data represented as 
mean ± s.e.m. (n = 4). 
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4.4 Discussion 

When whole blood is drawn from a healthy donor who has a blood glucose level at ~ 5.5 

mM into CPD with a glucose level at 129 mM, at a ratio of 1 to 7, the glucose quickly 

distributes to a quasiequilibrium between the plasma and RBCs.
40

 Thus, after separating 

the RBCs from the plasma, the RBCs may contain ~ 20 mM glucose inside. When AS-1, 

with glucose level at 111 mM, is added into RBCs at a ratio of 1 to 2, the glucose level in 

the storage should be around 50 mM. As shown in figure 4.8, the intracellular and 

extracellular glucose levels in CPD/AS-1 storage were 51.8 ± 1.2 mM and 66.2 ± 1.2 mM 

at day 1. However, at day 36, the glucose levels were still as high as 44.1 ± 2.0 mM and 

53.9 ± 2.1 mM, intracellular and extracellular, respectively. The results indicate that the 

amount of glucose in CPD/AS-1 is much higher than the needs of the metabolism of 

RBCs in storage, which may also lead to adverse effects.  

Human blood plasma has an osmotic concentration of about 300. If RBCs are placed in 

distilled water, water molecules will rapidly cross the cell membrane by osmosis, and 

the cells will swell and rupture, releasing their cytoplasmic contents. By contrast, if RBCs 

are placed in a 300 mM solution of sucrose, which is a non-electrolyte and non 

permeable to the membrane, the cells do not lyse or change shape, since the osmotic 

concentration of the extracellular sucrose solution balances that of the intracellular fluid. 

However, since RBCs take up glucose by a facilitated diffusion carrier, glucose 

transporter 1 (GLUT1), with a half life < 30 seconds,
40, 57

 the total osmotic 
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concentration within the RBCs placed in a high glucose solution will quickly increase 

until glucose is distributed to quasiequilibrium. The data in figure 4.8 suggest that the 

intracellular glucose concentration was constantly lower than the extracellular one, 

which creates an osmotic imbalance, so the RBCs lose water into the media, and 

thereby undergo crenation due to the rapid osmotic efflux of water, as shown in figure 

4.15b.  

The increased intracellular osmotic concentration of RBCs in CPD/AS-1 may also explain 

the osmotic fragility shown in figure 4.9. The CPD/AS-1 RBCs had a 51.7 ± 6.0% 

hemolysis level in 0.45% NaCl at day 1, while normal RBCs should be on the verge of 

lysing at this concentration of NaCl. The sample in CPD-N/AS-1N had 5.6 ± 0.6% 

hemolysis. However, the difference in the osmotic fragility at day 1 was reversible. 

When the CPD/AS-1 RBCs, as well as CPD-N/AS-1N RBCs, were washed with saline 3 

times, followed by the same procedure to determine osmotic fragility, the percent 

hemolysis of the two types of cells were equivalent to each other (data not shown). 

Given that the study of the RBCs suspended in a glucose gradient, as shown in table 4.1 

and figures 4.13 and 4.14, less basal ATP is released from RBCs in high glucose AS, 

however, after washing with AS-1N, the RBCs without excess glucose were able to 

return to their original volume and release as much ATP as the RBCs in normal glucose 

AS. Therefore, this leads the hypothesis that RBCs collected in hyperglycemic CPD/AS-1 

forms an osmotic imbalance, leading to cell dehydration and crenation, increasing 
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osmotic fragility, which may further impair the ability of ATP release at the beginning of 

storage. 

In addition, the data of sorbitol accumulation in figure 4.10 shows the activity of the 

polyol pathway in CPD/AS-1 and CPD/AS-1N RBCs. Since the RBC membrane is not 

permeable to sorbitol, the intracellular sorbitol level simply reflects an equilibrium 

between its formation by aldose reductase and its depletion by sorbitol 

dehydrogenase.
36

 The sorbitol level in the CPD-N/AS-1N RBCs was stable around 45 

nmol/g Hb during storage, which is slightly higher than the clinical cut-off value between 

normal subjects and diabetic subjects (40 nmol/g Hb).
45

 This small amount of sorbitol 

production may be due to a concentrated glucose portion for a short period created by 

the glucose feeding treatment. However, the rapid increase of sorbitol in CPD/AS-1 RBCs 

during the first week indicates the high activity of the polyol pathway occurred in 

CPD/AS-1 RBCs due to hyperglycemia. Following this, the sorbitol level was then stable 

around 130 nmol/g Hb for the remaining period. Since sorbitol is the intermediate of the 

polyol pathway, it may require further measurement of the fructose to determine the 

reason of this equilibrium. Thus, this increased activity of the polyol pathway implies a 

quick depletion of NADPH, which induces oxidative stress during storage. 

One of the consequences of increased oxidative stress in RBCs is lipid peroxidation. The 

assessment of lipid peroxidation has relied largely on the analyses of secondary or end 

products derived from hydroperoxide transformation, metabolism, or decomposition, 
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such as MDA.
58

 The measurement of MDA based on TBARS is a well-established method 

for screening and monitoring lipid peroxidation. There are several commercially 

available TBARS assay kits, however, they are not suitable for RBCs due to Hb 

interference and the presence of iron, which may catalyze sample oxidation.
59

 Thus, the 

method used here is modified for RBCs by several aspects: the extraction MDAs from 

RBC using TCA to precipitate proteins, the addition of the antioxidant BHT to reduce 

sample autoxidation, and the usage of a sample blank to eliminate other interference, 

such as glucose. Jain et al. have shown that glucose-induced lipid peroxidation of the 

RBC could be blocked by dimethylfuran, the scavenger for singlet oxygen, which may 

indirectly suggest a possible generation of oxygen radicals and their contribution in lipid 

peroxidation in RBC treated with elevated glucose levels.
60

 The data in figure 4.11 

shows that the MDA levels increased as a function of storage time in CPD/AS-1 RBCs, 

which became significantly higher than the CPD-N/AS-1N RBCs at week 3 (p < 0.05). The 

MDA level in CPD-N/AS-1N RBCs was stable around 3 nmol/g Hb during storage, which is 

similar to the level in fresh RBCs reported in literature.
49, 60

 It has been shown that the 

exposure of RBCs to tertiary butyl hydroperoxide, an agent that induces the 

peroxidation of unsaturated fatty acids in membrane phospholipids, markedly increases 

membrane rigidity and decreases cellular deformability.
61

 Furthermore, it has been also 

shown that RBCs treated with 5 µM MDA, which is more than an order of magnitude 

greater than the level that might be formed from endogenous phospholipids, had no 



156 

 

change in the resting morphology from the normal biconcave shape, but expressed 

decreased cellular deformability.
62

 Thus, the increased MDA observed in CPD/AS-1 RBCs 

with a longer storage period was induced by the oxidative stress resulting from 

hyperglycemia. This may further impair the membrane deformability of RBCs and be 

another cause of the reduced ability of stored RBC to release ATP.  

In addition, increased production of ROS and alteration in membrane proteins might 

also result in less deformability of stored RBCs. As shown in figure 4.12, there was no 

significant difference of either peripheral proteins, hemoglobin, or integral proteins at 

day 1, week 2 and week 5, respectively. Although several efforts were done to improve 

the sensitivity, including the separation of membrane proteins and the extraction of 

chromophores using organic solvent, this measurement might be not specific enough 

for a glycation determination. The results also suggest that the glycation formed 

through the Amadori rearrangement, which takes hours to weeks, may occur slowly in 

the cold storage condition and therefore not be detectable, even though the reversible 

Schiff base formed between proteins and glucose may still affect the function of RBC 

membrane. However, it may be worth trying to measure a specific AGE, CML, using a 

competitive enzyme-linked immunosorbent assay (ELISA), which has been reported to 

form in RBCs during storage.
4
  

There is an unexplained result from the data in figure 4.9: the osmotic fragility of the 

CPD-N/AS-1N RBCs increased dramatically after 2 weeks and become equivalent to the 
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CPD/AS-1 RBCs at day 29. This may due to the periodic low glucose concentration in the 

RBCs between glucose feeding, leading to slower glycolysis and lower intracellular ATP 

reserved as shown in figures 2.9 and 2.11. This may have an adverse affect on the 

membrane properties in the later period of storage. In order to overcome this 

disadvantage of glucose feeding treatment, more discussion will be provided in chapter 

5.  

Overall, the osmotic fragility resulting from high glucose induced osmotic imbalance 

impaired the ability of the RBCs in CPD/AS-1 to release as much ATP as the cells in 

normoglycemic conditions at the beginning of storage. This is reversible after washing 

the RBCs with normoglycemic AS at day 1. However, as shown in figure 4.16, the RBCs 

stored in hyperglycemic conditions could not release increased amounts of ATP when 

they were washed with normoglycemic AS after 1 week of storage. This irreversibility 

may result from further cellular and membrane changes of RBCs in storage due to 

hyperglycemia, such as sorbitol accumulation and lipid peroxidation. The results shown 

here indicate that hyperglycemia may cause membrane damage of stored RBCs 

permanently and therefore irreversibly impair the ability of ATP release from RBCs in 

storage after a week. As mentioned in previous chapters, impaired RBC-derived ATP 

may lead to reduced endothelium-derived NO, and consequently inappropriate dilation 

and insufficient oxygen delivery. These adverse effects of RBCs stored in hyperglycemic 

condition on patients who need blood transfusion would result in possible 

posttransfusion complications. 
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Chapter 5 – Conclusions and Future Directions 

5.1 Overall Conclusions 

Red blood cell (RBC) transfusion is a key element of modern medical care. In modern 

RBC storage systems, whole blood is collected into an anticoagulant-nutrient solution 

such as citrate phosphate dextrose (CPD). The RBCs are separated from the plasma and 

platelets and added into an additive solution, such as AS-1, which supports the nutrient 

needs of the RBCs in storage. This system allows for RBCs to be stored for 35-42 days at 

4°C. Unfortunately, this storage is not perfect, as the RBCs undergo storage lesions, 

which include metabolic effects, shape change, membrane loss, oxidative injury to lipid 

and proteins, changes in oxygen affinity and delivery, shedding of active proteins, lipids, 

and microvesicles, and reduced RBC lifespan.
1
 

The RBC is a highly specialized cell without a nucleus and other organelles such as 

mitochondria; thus, it has to rely on the breakdown of glucose to adenosine 

triphosphate (ATP) for cellular metabolism. Both CPD and AS-1 contain glucose, but in a 

much higher concentration than the glucose level in vivo (4-6 mM). As shown in figure 

4.8, the glucose level inside and outside of RBCs were 51.8 ± 2.4 mM and 66.2 ± 2.4 mM, 

respectively, just after collecting and storing in CPD/AS-1. They decreased to 44.1 ± 4.1 

mM intracellular and 53.9 ± 4.3 mM extracellular at day 36. This indicates that the 

amount of glucose added into the storage solutions is much higher than the needs of 

the RBCs.  
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The results presented in this dissertation show the effects of hyperglycemia on various 

parameters of red blood cells (RBCs) in storage. Evidence is provided to explain the 

mechanism of these effects. In addition to the primary function of oxygen delivery, RBCs 

can function as a regulator of vascular tone. ATP is released from intact RBCs in 

response to several stimuli and further stimulates nitric oxide (NO) production in the 

endothelium lining the blood vessels.
2-3

 This NO can function to relax the smooth 

muscle cells surrounding circulatory vessels, thereby increasing blood flow and oxygen 

delivery to the tissues. 

The major finding of this study is shown in figure 2.10: RBCs stored in a hyperglycemic 

condition (CPD/AS-1) release significantly less ATP under mechanical deformation, as 

compared to the RBCs stored in a normoglycemic environment. In addition, it has been 

demonstrated that impaired ATP release is a novel RBC storage lesion.
4
 As discussed in 

chapter 2, the normoglycemic storage of RBCs was achieved by storing RBCs in the 

normoglycemic version (5.5 mM glucose) of CPD/AS-1 (CPD-N/AS-1N), followed by a 

periodic glucose feeding regimen. With the maintenance of a healthy glucose level 

during storage, RBCs were not only able to metabolize normally (as the lactate 

accumulation data in figure 2.9 shows), but were also capable of releasing normal 

amounts of ATP for 4 weeks. Although the intracellular ATP level of the RBCs was 

significantly higher in hyperglycemic storage than in normoglycemic storage after 3 

weeks, this ATP reservoir does not convert into released ATP. 
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To further investigate the vascular function of stored RBCs, a microfluidic device was 

employed to study the cell-cell communication between flowing RBCs and endothelial 

cells immobilized on the membrane of the device, as presented in chapter 3. The results 

in figure 3.7 suggest that the impaired ATP release from RBCs stored in a hyperglycemic 

condition would result in decreased NO release from healthy endothelial cells. Two 

control experiments were performed to confirm that the detected NO was from 

endothelium and was stimulated by RBC-derived ATP, as shown in figures 3.8 and 3.9. It 

has been proposed that NO levels in the vascular beds are markedly reduced, leading to 

the impaired vasodilation in patients who have received a transfusion.
5
 This hypothesis 

of insufficient NO bioavailability (INOBA) may explain the increased morbidity and 

mortality observed in some patients after RBC transfusion. In addition, the percent 

hemolysis of stored RBCs was not affected by the normoglycemic storage. 

Several cellular properties were studied to investigate a possible reason for impaired 

ATP release from RBCs stored in a hyperglycemic condition. It has been shown that RBCs 

can release ATP through a signal transduction pathway involving the G-protein coupled 

receptor (GPCR), cyclic adenosine monophosphate (cAMP), and the cystic fibrosis 

transmembrane conductance regulation (CFTR) protein.
6-8

 Specifically, the initiation of 

this pathway is a series of conformational changes in the GPCR under mechanical 

deformation or changes in the deformability of the membrane due to other stimuli. 

Thus, the factors that influence the deformability of RBCs may also affect ATP release 

from RBCs.  
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The data in figure 4.9 indicates the osmotic fragility of stored RBCs in hyperglycemic 

conditions was much higher than that of RBCs in normoglycemic conditions even at day 

1. This increased osmotic fragility resulted from the osmotic imbalance inside and 

outside of the RBCs, which was induced by the high amount of glucose in the solutions. 

This also led to the shrinkage and crenation of RBCs, as shown in figures 4.14 and 4.15. 

This osmotic effect on RBCs, due to hyperglycemia, may decrease their deformability 

and therefore impair the ability of the RBCs to release ATP initially. 

The effect of hyperglycemia on RBCs is reversible at the beginning of storage. The 

reversibility experiments indicate that RBCs can return to normal shape and volume 

after the removal of the excess glucose at day 1. At the same time, the basal ATP release 

from these RBCs was equivalent to the basal ATP release from the RBCs in the 

normoglycemic condition, as shown in figure 4.13. However, the longer the RBCs are 

stored in a hyperglycemic condition, the more irreversible the changes become. From 

the long term reversibility study, shown in figure 4.16, it is shown that RBCs stored in a 

hyperglycemic condition for more than a week did not release appreciable levels of ATP, 

even after the removal of excess amount of glucose.  

Within the first week of storage, sorbitol started to accumulate due to the polyol 

pathway activation induced by hyperglycemic conditions. The accumulation of sorbitol 

would further increase the osmotic effect. Another effect of the polyol pathway is the 

depletion of the cofactor NADP
+
, which is required for the regeneration of glutathione 

(GSH), the antioxidant against the cellular reactive oxygen species (ROS). Thus, the 



169 

 

oxidative stress induced by the polyol pathway further causes damage to important 

cellular components, such as the RBC membrane. As shown in figure 4.11, the level of 

the malondialdehyde (MDA), an indicator of lipid peroxidation, increased as a function 

of time in the RBCs stored in hyperglycemic conditions. This damage of phospholipids, 

the major component of the cell membrane, may alter the mechanical behavior of the 

membrane and therefore lead to an irreversible change in the ability of RBCs to release 

ATP. Another concern of hyperglycemic storage conditions is the effect on proteins, 

such as membrane proteins and hemoglobin, in terms of glycation and oxidation. 

However, based on the results in the study shown in figure 4.12, there was no 

significant increase of protein glycation either with longer storage time or when 

compared to the RBCs stored in normoglycemic condition. The formation of protein 

glycation may need a longer time to become detectable using the thiobarbituric (TBA) 

assay, due to the cold temperature of storage decreasing reaction rates. However, it is 

interesting to consider the high amount of glucose interacting with the proteins, 

especially the primary amine groups, forming a reversible Schiff base, which may also 

impact the function of proteins to some extent.  

Although the normoglycemic storage cannot eliminate all of the storage lesions, it helps 

the RBCs by reducing the osmotic effect and oxidative stress, and therefore, RBCs 

appear to be in better health. However, the periodic glucose feeding treatment needs to 

improve to become a continuous method of providing “food” to RBCs. The 5-day 
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interval between each feeding may also cause some adverse effects during RBC storage, 

such as slow glucose metabolism. 

Overall, hyperglycemic storage used currently results in the irreversibly impaired ATP 

release from RBCs, an important vascular regulator, due to the osmotic effect and 

oxidative stress. This decreased ATP release will subsequently reduce the endothelium-

derived NO. When a patient loses 30-40% of total blood volume, approximately 1.5 to 2 

L, it is necessary to perform a blood transfusion. Image that tons of stored RBCs, 

especially old stored RBCs (often described as > 14-21 days), were transfused into the 

patient; however, those transfused RBCs could not release ATP in response to the 

physiological stimuli, and therefore result in low bioavalability of NO in the patient. The 

adverse consequence of the transfusion would be inappropriate vasodilation, less blood 

flow, and insufficient oxygen delivery. Thus, although the transfused RBCs replace the 

lost component of whole blood, they do not function well. Not to mention that the high 

amount of residual glucose and oxidative species are brought into the patient with 

transfusion. Clinical studies have shown that increased morbidity and mortality occurred 

in the patients who received old blood.
9-10

 The adverse vascular effects of RBCs 

associated with hyperglycemic conditions are often associated with those post-

transfusion complications. If the RBCs could be stored and maintained in normoglycemic 

conditions, it may be possible to reduce these complications to some extent and 

hopefully improve RBC transfusion efficacy. 
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5.2 Animal Model Determination of Posttransfusion Survival of RBCs Stored in 

Different Storage Solutions 

5.2.1 Introduction 

The previous chapters have introduced and discussed several benefits of RBCs stored in 

normoglycemic conditions. However, there is no in vitro method that can predict with 

great accuracy how a given sample of stored RBCs will survive in the circulation. RBC 

survival is a general term describing the persistence of RBCs in circulation. When stored 

RBCs are injected into the circulation, some cells are cleared within a few hours, but the 

rest survive normally. Thus, in order to investigate the viability of stored RBCs in vivo, 

direct measurement of posttransfusion survival has to be performed.  

Labeling of RBCs with 
51

Cr is a practical method for measuring RBC survival and has such 

advantages as ease of RBC labeling, excellent RBC uptake, low toxicity, and low and 

stable elution rate. It is commonly performed by using the radioisotope disodium 

chromate 
51

Cr (Na2
51

CrO4), since the hemoglobin (Hb) within the RBC has a very high 

affinity for chromium. RBC survival can be determined using either the single-label 

technique with back-extrapolation or the double-label technique with direct 

measurement of the RBC mass. Other cell radiolabels are used in the double-label 

technique, such as technetium (
99m

Tc) and indium (
111

In).
11
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A non-radiolabeled method of measuring RBC survival has been developed based on 

biotinylation of RBCs.
12-13

 Biotinylation of intact RBCs is performed by covalent 

attachment to the amino groups by means of biotin N-hydrosuccinimide ester (NHS-

biotin), as shown in figure 5.1. NHS-biotin has poor solubility in aqueous solutions, 

which has to first be dissolved in an organic solvent, such as DMF and DMSO, and then 

diluted into the aqueous reaction mixture. After reacting with RBCs, biotin can still bind 

to streptavidin and avidin with an extremely high affinity and high specificity, and is 

resistant to extremes of heat, pH, and proteolysis. Thus, the principle of this method is 

based on the determination of the number of biotin-labeled RBCs that persist in the 

circulation by using fluorescein-labeled streptavidin and flow cytometry. Since the 

biotinylated RBCs are examined and enumerated individually by flow cytometry, they 

are counted accurately to as low as 0.06% of the circulating RBCs.
14

 In addition, this 

alternative method avoids radiation exposure to the test subjects.  

To determine RBC survival, biotinylated RBCs are transfused back into the subjects, and 

blood samples are obtained at 10 minutes after transfusion and at approximately 1, 2, 4, 

6, 24, 48 hours, and 7, 14 days thereafter. The survival variable can be determined from 

post-transfusion recovery at 24 hours (PTR24), which reflects the intravascular recovery 

of RBCs 24 hours after transfusion. In order to have an accurate determination of the 

PTR24, the 10-minute sample is used to represent 100% survival, since the infused RBCs 

are mixed completely by 3 minutes after transfusion in a normal person.
15

 Thus the   
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Figure 5.1 – The Mechanism of Biotinylation. NHS-biotin is the most popular type of 
biotinylation reagent. It reacts efficiently with primary amino groups of proteins to form 
stable amide bonds. The targets for labeling include the side chain of lysine residues and 
the N-terminus of each polypeptide.   
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PTR24 can be calculated as the percentage of biotinylated RBCs circulating 24 hours 

after transfusion divided by the percentage of biotinylated RBCs circulating 10 minutes 

after transfusion. Another variable is called the mean potential RBC life span (MPL). The 

percentage of biotinylated RBCs measured at various time points are expressed as a 

percentage of the value for the 10-minutes sample and plotted versus time. Since the 

population distribution for the age of RBCs is even in a healthy adult subject, this 

survival curve should demonstrate a linear decline if all RBCs are uniformly labeled. Thus, 

the value obtained by extrapolation of this linear disappearance curve to the time axis is 

referred to as the MPL. The MPL reflects the average life span of the stored RBCs that 

are transfused into the circulation until they are removed.
16

 

Several animal models are employed in preclinical studies of blood transfusion and 

blood substitutes, including mouse, rabbit, dog, horse, and baboon.
17-21

 However, 

animal models may not be perfect for all studies. It has been reported that the storage 

of rat RBCs for 1 week in CPDA-1 produces a storage lesion similar in extent to human 

RBCs stored for 4 weeks.
22

 In addition, dog RBCs are known to contain amounts of ATP 

similar to those of rabbit, but do not release that ATP under physiological conditions, so 

they are not suitable for this study.
23

  Here, a rabbit model was chosen because it is 

easy to access and previous work indicated that the results would be applicable to 

human blood.
24-25

 Autologous blood transfusion is the collection of blood from a 
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subject and retransfusion back to the same subject, which can reduce the risks of 

disease transmission and immune-mediated reactions, and thereby provide an accurate 

prediction of the survival of the transfused RBCs.
26

 

5.2.2 Optimization of Biotinylation of RBCs in Storage 

The biotinylation of RBCs was first optimized with human RBCs. The first attempt of 

biotinylation of RBCs was based on the method developed by Chiarantini et al.
27

 Briefly, 

RBCs from human donors were washed 3 times and adjusted to 10% hematocrit (Hct) 

with phosphate buffered saline (PBS, pH 7.4). A 0.1 M NHS-biotin solution (ApexBio, 

Houston TX) was prepared in dimethylformamide (DMF) and added into the 10% RBCs 

at a ratio of 3 µL per ml of RBC suspension. After a 20-minute incubation at room 

temperature (RT) on the shaker, the RBCs were washed 3 times with PBS and adjusted 

to 10% Hct suspension again. Biotin-labeled RBCs were further labeled with fluorescent 

streptavidin-FITC (S-FITC). A 0.01 mg/µL of S-FITC (BioLegend, San Diego, CA) was 

prepared by diluting the stock 50-fold with PBS. Next, 20 µL of S-FITC were added into 5 

µL of biotin-labeled RBC suspension. Following a 30-minute incubation in the dark at 4°C, 

the RBC suspension was carefully washed 3 times with PBS and resuspended into 2 mL 

with PBS. Samples were evaluated via flow cytometer (BD Accuri C6, San Joes CA); 10
4
 

of cells were analyzed. The percentage of biotin-labeled RBCs was the ratio of the 

number of the cells with fluorescent intensity (FL) > 10
3
 to the total number of cells. The 

results in figure 5.2 show that human RBCs can be biotinylated completely using this 
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method. In addition, to determine whether a measurable percentage of RBCs could 

reliably be recovered, different ratios of total RBCs and biotin-labeled RBCs mixtures 

(2:1, 5:1, 10:1, 20:1 and 30:1) were prepared and further labeled with fluorescent S-FITC 

as described above. As shown in figure 5.2, all ratios can be successfully achieved 

without excess biotinylation.  

In order to use the biotinylation method to determine the posttransfusion survival rate 

of stored RBCs, the method had to be modified and optimized. The stored RBCs (~ 60% 

Hct) cannot be diluted to 10% Hct and washed with PBS for biotinylation before 

transfusion. Thus, the amount of biotin added has to be the exact amount for the RBCs 

to avoid excess labeling after transfusion into the recipient. Owens et al. have shown 

that 0.04 pg of biotin/RBC is the optimal biotin concentration for the post-transfusion 

survival study in horses.
26

 However, none of the RBCs could be biotinlylated using a 

NHS-biotin solution with the concentration of 42 mM to achieve 0.04 pg of biotin/RBC 

directly in storage conditions without washing. Surprisingly, once those “non-

biotinylated RBCs” were mixed with unbiotinylated RBCs at a ratio higher than 10:1, it 

would show the correct percentage of biotin-labeled RBCs. Inspired by this fact, the 

amount of biotin should be enough for biotinylation, but the high concentration of 

biotin could induce aggregation and therefore no biotin-labeled RBCs were shown. After 

several trials of reducing concentration and repeat labeling, the optimal concentration 

of NHS-biotin was determined to be 2 mM. In addition, biotinylation was also optimized 

based on the volume of stored RBCs, the incubation time, and temperature. 
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Figure 5.2 – The Detection of Biotin-Labeled RBCs using Flow Cytometry. Panel a) 
represents the procedure of the biotinylation of RBCs using NHS-biotin and further 
labeling with streptavidin-conjugated fluorescein FITC for flow cytometry. Panel b) 
shows the results of biotinylation of RBCs using flow cytometer: pure biotin-labeled 
RBCs and different ratios of total RBCs and biotin-labeled RBCs mixtures (2:1, 5:1, 10:1, 
20:1 and 30:1).The percentage of biotin-labeled RBCs is the ratio of the number of cells 

with fluorescent intensity > 10
3
 to the total number of cells. For interpretation of the 

references to color in this and all other figures, the reader is referred to the electronic version 
of this dissertation. 
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Therefore, the stored RBCs could be completely biotinylated by adding the correct 

volume (based on 0.04 pg of biotin/RBC) of the NHS-biotin with the concentration of 2 

mM, directly in storage (either CPD/AS-1 or CPD-N/AS-1N) without dilution or washing. 

The volume of stored RBCs could be scaled up to 5 mL for both human and rabbit RBCs. 

The incubation was extended to 1 hour but still at RT, since biotinylation of RBCs did not 

occur at 4°C. The further labeling with S-FITC was the same as described above. 

5.2.3 Preliminary Posttransfusion Survival Study of Stored RBCs using a Rabbit Model 

This study was in collaboration with In Vivo Facility at Michigan State University to 

evaluate the post-transfusion survival of stored RBCs in CPD/AS-1 and CPD-N/AS-1N. 

Briefly, 4 male New Zealand White rabbits, weighing approximately 3-4 kg and in good 

health were assigned to the study. Rabbits were first anesthetized with isoflurane. 

Approximately 14 mL of whole blood from each of 4 rabbits were drawn and collected in 

either CPD or CPD-N. After a 30 minute incubation at RT, the whole blood was 

centrifuged, followed by discarding the plasma and the buffy coat. Next, the packed 

RBCs were added into AS-1 or AS-1N (resulting in 7-9 mL of stored RBCs) for storage. The 

following day, after 24 hours of storage, the stored RBCs were biotinylated and then 

autotransfused back into the respective donor rabbits. Before transfusion, 50 µL of 

biotin-labeled stored RBCs were saved to prove the complete biotinylation. Transfusion 

took approximately 10 minutes for each rabbit. 1 mL of blood was collected from each 

rabbit for analysis at 0, 1, 2, 4, 6, 24 and 48 hours post-transfusion, and at 7 and 14 days 

post-transfusion. The post-transfusion whole blood was washed with PBS once before 
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treating with S-FITC. The samples were prepared in a duplicate manner. The 

measurement of biotin-labeled RBCs using flow cytometry allowed for the comparison 

of RBC survival between the RBCs stored in hyperglycemic and normoglycemic 

conditions.    

The results in figure 5.3 show an example of post-transfusion survival data of the RBCs 

stored in CPD/AS-1 from rabbit No. 1: approximately 100% of stored RBCs were 

biotinylated before transfusion, and 8.1% of biotinylated RBCs were determined at 10-

minute time point, using the optimized method described above. The fluorescence 

intensity shifted to left compared to the results obtained in the optimization 

experiments. This might indicate higher amount of biotin per RBC should be used in the 

bulk labeling for further study. The MPL of stored RBCs were calculated based on the 

best fit curve plotted as percentage versus time (figure 5.3 c)). The stored RBCs have the 

MPL of 35.8 ± 4.9 days and 31.0 ± 3.4 days, in hyperglycemic and normoglycemic 

conditions, respectively. The results in table 5.1 show that the percentage of 

biotinylated RBCs increased irregularly compared to the value at 10-minute time point 

during the first two days after transfusion. The increased value might represent the non-

favored biotinylation of the RBCs in vivo by the excess biotin in the storage. However, 

this was never observed in vitro in the optimization experiments. Although there was a 

fluctuation in the percentage of biotin, the value at 10-minute value was still used to 

representing 100% survival. Thus, the PTR24 of the stored RBCs were 95 ± 10% and 98 ± 

2%, in hyperglycemic and normoglycemic conditions, respectively. Since these RBCs   
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Figure 5.3 – An Example of Posttransfusion Survival Data of Stored RBCs. Panel a) 
shows approximately 100% of stored RBCs were biotinylated before transfusion using 
the optimized method described previously. Panel b) represents that 8.1% of total RBCs 
circulating in that rabbit were the biotinylated stored RBCs at 10-minute time point. 
Panel c) shows the best fit curve plotted as percentage of stored RBCs survival versus 
time. The MPL of stored RBCs can be calculated based on the equation. For interpretation 

of the references to color in this and all other figures, the reader is referred to the electronic 
version of this dissertation. 

  



181 

 

Table 5.1 – Percentage of Posttransfusion Survival of Stored RBCs at Various Time 
Points 

Time/day Rabbit No.1 
CPD/AS-1 

Rabbit No.3 
CPD/AS-1 

Rabbit No.2 
CPD-N/AS-1N 

Rabbit No.4 
CPD-N/AS-1N 

0 100 100 100 100 

0.04 106 107 108 104 

0.08 109 114 102 112 

0.17 104 104 107 96 

0.25 91 108 102 102 

1 88 102 99 96 

2 98 107 105 99 

7 73 81 80 74 

14 60 71 61 54 
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were only stored for 24-hour, the posttransfusion survival of stored RBCs were pretty 

high and there was not a significant difference between the hyperglycemic and 

normoglycemic storage.  

6 rabbits were originally assigned to this study. However, a study of 4 rabbits was 

finished before writing. Thus, the first future work would be the completion of this study 

with all rabbits or with different study conditions (e.g., time in storage for cell samples). 

Also, considering the long term reversibility study in chapter 4, the permanent change 

has not occurred in the first day of storage. Thus, a significant difference could be 

expected between the hyperglycemic and normoglycemic conditions when the post-

transfusion survival study was performed using the RBCs in longer storage (> 14 days).  

5.3 Glucose Slow Release Device/Membrane Development 

As mentioned in chapter 2, the normoglycemic conditions were maintained by a 

periodic glucose feeding treatment. However, this treatment is not perfect. First, the 

glucose feeding is provided every 5 days. During these 5 days, the glucose level of 

storage may decrease to ~ 1.4 mM, which may have an adverse effect on the RBCs, such 

as decreased glycolytic metabolism. Second, the glucose feeding is performed by using a 

very high concentration of glucose saline solution. The drop of concentrated glucose 

saline into storage would result in a local high glucose level and consequently sorbitol 

accumulation in the related RBCs. Thus, it is necessary to develop a glucose source that 

can release glucose slowly according to the glucose metabolism rate of stored RBCs at 

4°C.  



183 

 

The first attempt at this was performed by our group using a polycarbonate membrane, 

which enables glucose to diffuse from one area to another. An experimental glucose 

diffusion chamber was constructed of a ~3 mL glass vial with a cap that held a circular 

piece of 0.4 µm pore membrane. The chamber was filled with 200 mM glucose in AS 

that was placed in 40 mL of AS without glucose. The entire setup was placed in a 

refrigerator at 4 C and samples were taken at various time points to determine the 

diffusion rate. By decreasing the diffusion area of the membrane to 0.2 mm
2
, the 

diffusion rate of glucose could be controlled at 1.4 ± 0.3 mM/day, which is close to the 

metabolism rate of stored RBCs. However, transforming this preliminary device to a 

commercial device that can be used in blood banking still needs tremendous efforts. 

Another idea is to provide glucose-limited feeding by a secondary glucose source 

instead of the direct addition of glucose. Suitable secondary sources of glucose can be a 

glucose-containing oligosaccharide or polysaccharide and a glucosidase. The rate of 

glucose release therefore can be controlled by adjusting the glucosidase activity present. 

Neubauer et al. have shown that high cell density cultivations were achieved by enzyme 

controlled glucose auto-delivery.
28-29

 The secondary glucose source was the starch, 

formed as a metabolically inactive polymer, which could be hydrolyzed by the enzyme, 

glucoamylase, to glucose. A similar experiment was tried with the collaboration of Dr. 

Odom from the University of Kentucky. The secondary glucose source chosen was 

lactose together with the enzyme, lactase. The addition of 0.1 g of lactose and 0.01 g of 

lactase per mL of AS would allow to release glucose at a rate of approximately 1 
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mM/day for a week. However, the direct addition of lactose and lactase in the AS to 

store RBC resulted in an initial high glucose level of ~ 10 mM in the storage.  

Overall, more efforts should be made to improve the glucose feeding system, to provide 

a reliable controlled glucose release into the storage. The glucose source or the material 

of the device should be chosen wisely to avoid the interruption of normal function and 

metabolism of the RBCs in storage. In addition, this device or source needs to be able to 

be applied to the current storage bags conveniently without large changes. The 

achievement of providing a physiologically normal glucose condition to the storage of 

RBCs may lead to improved function of stored RBCs after transfusion. 
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