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Abstract 

Proper preservation of the quality of stored red blood cells (RBC) is fundamental 

for successful blood transfusion. RBC microparticles (RMPs) have been shown to 

be harmful effectors of inflammation and coagulation posttransfusion, as well as 

in vitro indicators of RBC function and integrity throughout ex vivo storage. The 

main objectives of this thesis were to develop a flow cytometric analysis method 

to identify, characterize and quantify RMPs during hypothermic storage (HS) 

along with examining the effects of biochemical rejuvenation on RBC 

microvesiculation and membrane composition. This thesis demonstrated that HS 

conditions induce RBC microvesiculation and changes in CD47 and PS. This 

study also showed evidence that ATP restoration following the rejuvenation had 

no significant effect on RMPs generation or PS and CD47 expression throughout 

HS. The work presented in this thesis has furthered the field of the 

biopreservation by outlining techniques to improve blood transfusion. 
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1.1.RBC Biopreservation 

 

 

1.1.1. Importance of RBC Biopreservation  

          Red blood cell (RBC) transfusion is a procedure that is clinically used to 

save lives. Inclusive categories of injuries and medical disorders resulting in low 

oxygen–carrying capacity, such as acute anemia, require transfusions to save their 

lives [1-4]. Since RBCs show damage as soon as they leave the body, it is 

necessary to find an effective preservative system to maintain the integrity of the 

RBCs. Historically, the preservation of blood was not an issue because the donor 

and the recipient were connected vein-to-vein [5]. However, the demand for blood 

transfusion has significantly increased, where 85 million RBC products are 

transfused around the world every year [6,7]. The massive need for RBC products 

in clinical use has motivated many researchers to develop methods and techniques 

to preserve RBCs [8,9]. Different biopreservation approaches exist for short or 

long term RBC preservation in order to maintain safe and readily available RBC 

products for transfusion medicine. The goals of these approaches are to preserve 

the viability, functionality, and integrity of the stored RBCs in an ex vivo 

environment to expand the safety, efficacy and efficiency of transfusion [8,10]. 

The RBCs stored in liquid form, at a hypothermic storage at 1-6 oC, are the most 

common blood product transfused globally and thus reflect the modern medical 

practice of blood transfusion [11,12].  
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1.1.2. Hypothermic Storage of RBC 

          In the context of cellular biopreservation, hypothermic temperatures can be 

defined as those above the freezing point of a storage solution, but below the 

normal physiological temperature [8,13]. The principle of hypothermic 

preservation is based on the fact that cell metabolism slows down as the 

temperature is reduced [8,13].  Consequently, the decrease in the metabolic 

processes resulting in the depletion in the rate of biochemical reactions, slows 

cellular metabolism, and diminishes the accumulation of waste products [8,14]. 

Thereby, this reduction in the temperature allows longer in vitro preservation for 

several weeks in the presence of a hypothermic preservative solution [8,14]. The 

preservative solution provides the cells with the required components these 

include nutrition, buffer to maintain pH, and sources of metabolic energy to 

increase the RBC viability and survival during hypothermic storage [15]. The aim 

of RBC hypothermic preservation is to maintain viable, functional, and good 

quality RBCs; therefore, it is important to gain knowledge about RBC physiology 

as well as discuss historical developments as they pertain to RBC hypothermic 

storage.  

          In vivo, human RBCs or erythrocytes are derived from multipotential stem 

cells in the bone marrow [16]. As a response to the signal transduction by 

erythropoietin (a growth factor), these stem cells go through a maturation and 
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development process (erythropoiesis) before providing mature erythrocytes to the 

circulation [16]. The process of erythropoiesis includes several stages that are 

named based on the essential features of the cells produced throughout the 

morphological development. These stages are: pronormoblast, basophilic 

normoblast, polychromatic normoblast, orthochromic normoblast, reticulocyte, 

and finally the mature RBC or erythrocyte [16]. Along with the maturation 

process the cells undergo a significant decrease in cell size, chromatin 

condensation, progressive increase in hemoglobin (Hb) synthesis, decline in the 

amount of  cytoplasmic RNA, decease in mitochondria, and loss of nucleoli 

[16,17]. 

         The mature erythrocyte, which is a non-nucleated cell lacking organelles, is 

typically a biconcave discocyte with an approximate diameter of 7 to 8 µm, a 

thickness of 2 µm, a surface area of 140 µm2 and an approximate volume of 100 

µm3  [16,18]. Although the RBC has the ability to meet the tissue demands for 

oxygen and enhance the blood flow by releasing vasodilatory compounds such as 

adenosine triphosphate  (ATP) and nitric oxide,  the unique shape of the RBC 

maximizes the surface area to volume ratio for proper function and optimal O2 

deliver to maintain sufficient oxygenation for tissues [16,19,20]. The RBC 

membrane consists of 40% lipids, 52% proteins, and 8% carbohydrates 

[16,21].The lipids, which form a bilayer, mainly consist of equal portions of 

phospholipids and cholesterol [16]. The cholesterol appears equally distributed 

between the outer and the inner leaflets of the lipid bilayer while the 
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phospholipids are asymmetrically dispersed and distributed between the two 

layers [16,22]. Cholesterol is an important determinant of membrane fluidity and 

flexibility and it is required for RBC viability and deformability [16,23,24]. An 

increase in the amount of cholesterol and subsequent alteration in the cholesterol 

to phospholipid ratio leads to a decrease in the deformability [16,24,25]. Extreme 

changes in deformability as a result of membrane compositional changes leads to 

early destruction of the RBC and consequent removal from the circulation [16]. 

The structure and design of the RBC protein cytoskeleton and its interaction with 

the membrane lipid bilayer gives the RBC the strength, elasticity and flexibility to 

deform and maintain RBC functions [16].  In addition, due to its biconcave shape 

and membrane elasticity the RBC has the ability and flexibility to deform, 

squeeze and pass through the small vessels and capillaries throughout the 

circulatory system [18]. These cells, normally circulating for approximately 120 

days, undergo several alterations leading to their removal by the 

reticuloendothelial system [16,26]. Effective preservation techniques are required 

to maintain the quality of these cells for transfusion medicine.  

          The hypothermic preservation of RBCs comes out from a number of 

discoveries and subsequent improvements. During World War I, blood transfusion 

required a vein to vein connection between the donor and the recipient to prevent 

blood clotting and maintain viability of the blood components [27]. Hustin in 

1914 demonstrated the use of citrate as an anticoagulant which overcame the 

challenge with coagulation of the blood. Then, in 1915 Rose and Turner 
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developed their preservative solution which consists of citrate as an anticoagulant 

and glucose as a nutrient to preserve rabbit RBCs [8,27]. The use of glucose-

citrate solutions allows the donor and patient to be separated in space and time. 

After that, Robertson applied this technique to human RBCs, leading to the 

establishment of the first blood bank in the world in France during World War I 

[28] . Robertson illustrated that a citrate-dextrose solution could be used to store 

blood for up to 26 days; however, the United States Army Medical Corps chose to 

use only citrate in autoclaved bottles to avoid bacterial contamination as dextrose 

caramelized when solutions were sterilized with heating [5]. This collection with 

3.8% sodium citrate allowed RBC storage for 5 days on ice, becoming the first 

standard for RBC hypothermic storage [5]. Loutit and Mollison pointed out that 

citrate-dextrose solutions could be autoclaved without dextrose caramelization if 

the pH was lower than 5.8 [5]. Later, acid citrate dextrose (ACD) solutions 

extended the storage period up to 21 days which subsequently became the 

standard for the national blood systems in both the British Commonwealth and 

USA during and after World War II [5].  

          Improvements in preservation followed improvement in understanding 

RBC metabolic activities and storage-induced injury. In addition of sodium 

phosphate to preservation solutions resulted in citrate phosphate dextrose (CPD) 

which decreased the loss of intracellular phosphate during storage.  

Radiochromium-51 (Cr51) allowed for the labelling of stored RBCs to improve 

measurement of the in vivo posttransfusion recovery (RBCs remaining in 
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circulation at 24-hour post transfusion) [5,15]. This technique showed that the 

CPD solution increased the in vivo recovery of RBCs after 3 weeks of storage. As 

a result, the Food and Drug Administration (FDA) licensed this solution since it 

improved storage [5]. In an attempt to further extend the storage period, adenine 

was also added. Adenine is the main component of ATP, playing a significant role 

in maintaining RBC viability during hypothermic storage. This led to the creation 

of citrate phosphate dextrose adenine (CPDA-1) which was licensed by the FDA 

for 35 days of storage of pRBCs [5,15]. By the early 1980s, it was discovered that 

the higher hematocrit associated with RBC concentrates result in  a high viscosity 

of the pRBCs which created a slower flow rate compared to whole blood and 

therefore dilution before transfusion was needed [15,29]. This problem was 

solved by the use of additive solutions that were originally designed to provide 

more nutrients to stored RBCs resulting in a longer storage period [5].  

          During blood donation,  whole blood is collected in a bag containing an 

anticoagulant solution (CPD or CPDA) then centrifuged to separate the blood 

components into plasma, RBCs, and the buffy coat [5]. The first additive solution 

was SAG which consists of saline to overcome the high viscosity of pRBC, 

adenine for the maintenance of intracellular ATP levels, and glucose as a nutrient 

for RBCs [15]. SAG was modified to reduce RBC hemolysis during storage by 

adding mannitol, which lead to saline adenine glucose mannitol (SAGM) and 

hemolysis of stored RBCs was reduced by 50% [15]. Adsol (AS-1), Nutricel (AS-

3), and Optisol AS-5 are other additive solutions similar to SAGM that are 
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licensed in Europe, Canada, and the USA. Additional improvement in the 

hypothermic storage has been driven by the removal of leukocytes by 

leukofiltration techniques that enhanced RBC recovery and reduced hemolysis 

[5]. Currently, hypothermic storage at 1-6 oC allows RBCs preservation for 5 to 7 

weeks depending on the additive solution used. All of the additive solutions 

approved by the FDA meet the general standard requirements set by international 

regulatory agencies where at the end of storage period, a minimal 75% recovery 

of infused RBCs 24-hour posttransfusion and the percent hemolysis should be less 

than 1% (less than 0.8 in Canada) [8,30]  

 

1.2.Shortcoming of RBC Hypothermic Storage  

 

 

1.2.1. RBC Hypothermic Storage Lesion  

          Although numerous attempts have been made to preserve the viability and 

quality of RBCs during hypothermic storage in order to provide high quality RBC 

products before transfusion, hypothermically stored RBCs undergo a wide variety 

of changes during hypothermic storage in blood banking conditions [1,31,32]. All 

of the alterations which occur during ex vivo storage are collectively known as the 

“hypothermic storage lesion” (HSL) [8,32]. These alterations have been 

extensively considered, studied and classified in different ways [1,8,32-34], but 
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the most common classification to describe the types of alterations occurring is by 

dividing them into two major categories: biochemical and biomechanical changes.  

  

1.2.1.1.Biochemical Changes During RBC Hypothermic Storage 

            The most significant biochemical changes observed within stored RBCs 

are associated with changes in  metabolism, illustrated by the depletion of 

adenosine triphosphate (ATP) and almost complete disappearance of 2,3-

diphosphoglycerate (2,3-DPG). ATP levels, significant indicator of the cell 

viability, decline during storage due to the RBC glycolytic metabolism that not 

just consuming the ATP to maintain the function and viability of RBCs but also 

preventing ATP synthesis due to the acidic pH that resulting from the metabolic 

processes [5,34,35]. Normal ATP concentrations are essential for many cellular 

processes. Examples include the maintenance of sodium–potassium ATPase 

activity, which is necessary for cellular osmotic balance, and membrane structure 

and stability. Intracellular RBC ATP depletion during hypothermic storage has 

been associated with the inactivity of Na+/K+ cationic pumps which results in to a 

considerable loss of K+ and an influx of Na+ into the cells [32]. Furthermore, this 

depletion also influences erythrocyte deformability, hemolytic volume and 

membrane changes that include lipid loss through microvesiculation leading to a 

reduced surface area to volume ratio [8,36].  Since RBCs release ATP to stimulate 

the production of nitric oxide (NO), an important vasodilatory compound that 
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plays a significant role in regulating blood flow in response to hypoxia, the loss of 

the ATP may diminish the ability of the transfused RBCs to affect NO- facilitated 

vasodilation [29,33,37-41].  

          The rapid loss of 2,3-DPG is considered one of the most remarkable 

changes during hypothermic storage which significantly affects RBC functions 

[8,32]. The role of 2,3-DPG is to bind and adapt hemoglobin’s affinity for O2, 

facilitating the release of O2 to tissues [1,32]. Consequently, a decrease in 2,3-

DPG increases the hemoglobin affinity for oxygen which raises the concern that 

stored RBCs may not be able to deliver sufficient oxygen to the tissues [1,8,32]. 

Even though complete in vivo restoration of the 2,3-DPG is observed within 2 to 3 

days after transfusion, the duration before the restoration may significantly affect 

patients in particular clinical situations where maintaining the efficiency of 

oxygen delivery and the quality of transfused RBCs are critical [8,42-44]. 

Moreover, it has been shown that S-nitrosothiol (SNO) bioactivity rapidly falls 

during hypothermic storage [32]. Releasing NO from SNO-hemoglobin is another 

mechanism used by RBC to regulate the local blood flow in response to pO2 and 

lost SNO-Hb during storage may alter the ability of RBC to deliver oxygen 

[32,45-47]. There are also other biochemical injuries which have been detected 

during  hypothermic storage such as a decrease in the pH, increase in intracellular 

calcium, and oxidative damage which adversely affect the RBC function and 

viability [14,48,49]. It is important to mention that these biochemical changes 

contribute to the development of other storage lesions such as morphological 
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changes, membrane loss and other RBC membrane injuries which represent the 

biomechanical changes.    

 

1.2.1.2.Biomechanical Changes During RBC Hypothermic Storage 

          The most notable biomechanical alterations which occur during 

hypothermic storage focus on the changes and injuries in the erythrocyte 

membrane and cytoskeleton [14]. Biochemical changes include: protein oxidation, 

lipid peroxidation, membrane phospholipid redistribution, membrane 

phospholipid loss through microvesiculation, a reduction in the surface area to 

volume ratio, and an increase in intracellular viscosity, which all lead to changes 

in the RBC morphology and deformability [32,50-56].   

          Oxidative damage that involves cytoskeleton protein oxidation and 

membrane lipid peroxidation occurs during hypothermic storage is of particular 

concern. The biological structure of the RBC contains high concentration of 

oxygen and iron ions in ligand state (in Hb) [57]. The iron ions in ligand state are 

secured from the oxygen radicals in vivo to prevent the Hb oxidation. However, it 

has been shown that the RBC loses this protection during ex vivo storage which 

results in Hb oxidation [49,57]. Some researchers proposed that the RBC protein 

oxidation during storage is possibly the mechanism of phospholipid loss through 

the RBC microvesiculation [14,49,57,58]. In addition, it has been illustrated that 

membrane lipid peroxidation is a mechanism for cell damage, but it is not well 
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known [14]. Also, the relationship between these oxidative injuries and the 

viability of the stored RBC remains uncertain [14].  

           The highly asymmetric distribution of phospholipids between the inner and 

the outer layer is determined in RBC plasma membrane. Phospholipids in the 

RBC membrane typically include phosphatidylcholine (PC), and sphingomyelin 

(SM), which are predominantly present on the outer layer, and phosphatidylserine 

(PS) and phosphatidylethanolamine (PE) which are present on the inner layer (the 

cytoplasmic side of membrane bilayer). The asymmetrical distribution of these 

phospholipids within the RBC membrane is energetically preserved and 

maintained by ATP-dependent aminophospholipid enzymes (flippases, floppases, 

and scramblases) [16,59,60]. The loss of phospholipid asymmetry within the 

plasma membrane is associated with many physiological and pathological 

circumstances [61]. One manifestation of lost membrane asymmetry is the 

appearance of PS on the outer leaflet of the plasma membrane [16]. This is an 

early signal of cellular apoptosis and contributes to the removal of the RBCs with 

PS exposure from the circulation by the reticuloendothelial system [16,59-

61].Therefore, maintenance of the membrane phospholipid asymmetry is 

fundamental during the erythrocyte lifespan [62]. The appearance of PS on the 

outer leaflet of the plasma membrane is also observed during hypothermic storage 

[63]. Recently, it has been shown that RBCs with PS on their surface are removed 

from circulation leading to a reduction in the number of viable RBCs remaining 

after transfusion [63].   
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          The phospholipid loss through RBC microvesiculation has been considered 

one of the most notable and important features of RBC biomechanical storage 

lesion [1,14].  Microvesicles, or microparticles are small phospholipid particles- 

less than one micron in size, which are produced as a response to cellular 

stimulation and aging. These RBC microparticles (RMPs) consist of hemoglobin, 

phospholipids, proteins and protein antigen of their original cellular source [14]. 

A small number of MPs are formed in vivo in healthy people and they play crucial 

roles such as facilitating communication between different cells and acting as a 

defence system for the cell or organ [60,64]. Moreover, RBC microvesiculation 

might be a protection system for a cell to clear itself from harmful compounds, 

like the appearance of PS on its surface that would cause removing these cells 

from the circulation if the cell did not get rid of them [1]. It has been pointed out 

that RBC microvesiculation increases during hypothermic storage [65-67]. It has 

also been shown that the progressive morphological transformation of the 

erythrocytes during hypothermic storage leads to microvesicle formation [68]. 

Potentially, this increase in the number of RMPs may increase their 

immunomodulatory and thrombogenic effects which may adversely affect 

transfusion patient outcomes [32,68].  

          It is worth mentioning that some of the biomechanical changes remain 

uncertain between different studies. Some studies show a significant increase in 

RBC microvesiculation and PS externalization in the older units while other 

studies indicated that the amount of PS on the surface of the cell remains low even 
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when the number of the microvesicles gradually increases along with the duration 

of storage [1].  These differences between studies could be influenced by several 

variables that include but are not restricted to the assay and techniques used which 

lead to technician to technician variability, lab to lab (site to site), and experiment 

to experiment variability. 

           In addition, it is important mentioning that there are many more 

biomechanical changes that occur to the red cells during hypothermic storage. For 

example, the progressive morphological change from a bi-concave shape to 

echinocytic with spicules or spheroechinocytic, leads to a decrease in 

deformability, increase in RBC aggregation, and adhesion to endothelial cells 

[32,34,54]. These biochemical changes likely adversely affect the efficiency and 

the quality of RBCs, and the clinical outcomes posttransfusion [34].  

 

1.2.2.  Clinical Outcomes of  RBC Hypothermic Storage Lesion   

          The importance of RBC transfusions for clinical needs is obvious. Although 

the development and improvement of the RBC hypothermic storage using 

different methods and techniques extended the storage period for up to 42 days, 

prolonged storage has harmful impact on the RBC structure and function.  From a 

safety perspective, questioning the efficiency and quality of the stored RBCs 

opens the door for extensive clinical studies in order to look at the effect of the 

stored erythrocytes on the recipient. Specific concern is for those patients who 
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undergo multiple transfusions and  are more likely to get older units such as the 

patients in intensive care units (ICU), general surgery, or those with various 

trauma [3,14]. It has been indicated in several studies that the transfusion of older 

stored RBCs have been associated with a potential increase in the adverse clinical 

outcomes for chronically ill patients [68-76]. Some of the reported clinical and/or 

physiological negative effects include but are not limited to: increased length of 

stay in hospital, multiple organ failure, and increased incidence of postoperative 

infections [14,77]. In addition, it has been stated that patient who undergo cardiac 

surgery or suffer from multiple trauma and received transfusions show poorer 

clinical consequences, involving increased mortality and morbidity rates, 

compared to the non –transfused patients or patients received fresh RBC 

transfusion and undergo the same medical disorders [14]. At the present time, 

there are several recommendations to deal with the undesirable impact after 

transfusing stored blood. A number of institutions and clinical trials like the 

“Transfusion Requirements In Critical Care” (TRICC) trial, investigate the safety 

of blood, provide a quantity of suggestions, and work to promote the safety of 

blood for transfusion medicine [14].  Currently, a number of other clinical trials 

have been established such as the National Heart, Lung, and Blood Institute 

(NHLBI) Red Cell Storage Duration Study (RECESS), the Research Age of 

Blood Evaluation (ABLE) study that is being planned in Canada, the Age of Red 

Blood Cells in Premature Infants (ARIPI) and the current large study in U.S.A. is 

the Red Cell Storage Age Study [78,79].  
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1.2.3. Rejuvenation Solutions for RBC Preservation  

           Although additive solutions promote the preservation of RBCs and prolong 

the storage duration from 5-7 weeks [1,11], still several approaches for better 

RBC preservation have emerged. RBC rejuvenation is one of these approaches 

that is based on adding a special solution to reverse some of the storage lesion that 

occur to RBCs during storage [15,80-82]. The major goal of rejuvenation is to 

regenerate the metabolic components of the RBCs: ATP and 2,3-DPG [15,36,80]. 

The first method to rejuvenate the ATP and 2,3-DPG was illustrated by Valeri 

using a rejuvenation solutions containing pyruvate, inosine, phosphate, and 

adenine (PIPA) [15,83]. The PIPA is added to the stored RBC at the end of the 

storage period and then incubated for 1 to 4 hour at 37 oC which increased the 

level of the ATP and the 2,3-DPG. Rejuvenated cells could be either stored or 

transfused within 24-hour after a washing process to remove the inosine [15]. The 

FDA require transfusion within 24-hour after rejuvenation to minimize the 

bacterial contamination associated with the open system used during the infusion 

of the PIPA to the packed RBCs [15]. A second rejuvenation solution, sold by 

Fenwal Laboratories, named FRES and contains pyruvate, inosine, and phosphate. 

Even though the FRES has been used to restore ATP and 2,3-DPG before freezing 

the RBCs, it is not commercially available because of low consumer demand [15]. 

The third method confirmed by Sohmer and Scott was based on washing the 

stored RBC and incubating them with an acidic solution of phosphoenolpyruvate 
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(PEP) at 37 oC to allow the PEP to enter the cell and increase the level of ATP 

and 2,3-DPG [15].  

 

1.2.4. RBC Membrane Hypothermic Storage Lesion and In Vivo Viability  

          Current standards for RBC quality is illustrated as less than 1% hemolysis 

(0.8% in Canada) and more than 75% of cells must remain in circulation 24 hour 

after transfusion [78]. However, these standards do not properly reflect RBC 

viability post transfusion. Moreover, 25% of transfused RBCs that are removed 

from the circulation post-transfusion may significantly adverse patient outcomes, 

specially the critically ill patients. Therefore, it is important to consider and make 

use of better predictors for RBC quality and in vivo variability.    

         A recent study shows that the biochemical and biomechanical RBC 

membrane changes during hypothermic storage can induce post-transfusion 

removal of transfused RBCs which perhaps act as major predictors of RBC 

functions and in vivo survival [66]. The most significant RBC membrane changes 

which act as predictors for RBC in vitro quality and as features leading to loss of 

RBCs in vivo viability after transfusion are: changes in surface area to volume 

ratio, decrease in membrane deformability, and alteration in RBC surface 

properties involving lipid and protein alterations [34]. This suggests that reduced 

membrane loss and changes including RBC microvesiculation may act as 

indicator of improved RBC preservation and viability.  
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1.3.Hypothesis and Thesis Objectives 

          This thesis will test the following hypotheses: 1) multi-color flow 

cytometry is an effective method to identify, characterize and quantify RBC 

microparticles; 2) hypothermic storage induces erythrocyte microvesiculation, PS 

externalization and decrease CD47 expression on RBC and on RBC MPs; 3) 

biochemical rejuvenation can be used as an approach to prevent or minimize 

changes in RBC microvesiculation, PS and CD47 expression.  

          The main aims of this thesis are to develop a multi-color flow cytometric 

analysis method to identify, characterize and quantify RBC MPs along with 

examining the effect of the rejuvenation solution on the RBC microvesiculation 

during the hypothermic storage period. This thesis is made up of three 

experimental studies that fit with the specific research aims (SRA) as the 

following:   

SRA (1): to develop a multi-color flow cytometric analysis method to identify, 

characterize and quantify RBC MPs together with establishing a standard 

validating protocol for this method (second chapter). 

SRA (2): to establish a baseline of quality of RBCs during storage and to 

determine if hypothermic storage induces erythrocyte microvesiculation and 
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changes in CD47 and PS on RBCs as well as on RBC MPs using the method from 

the second chapter (third chapter).  

SRA (3): to examine if the use of a rejuvenation solution reduces the exocytic 

vesiculation of RBC during the hypothermic storage period (fourth chapter).  

 

1.4.Thesis Approach 

          The literature provides an extensive list of RBC in vitro quality changes 

that occur during hypothermic storage period. Although the current standard for 

RBC transfusions requires more than 75% of infused RBCs to remain 24-hour 

post-transfusion, numerous clinical studies show the undesirable impact of the 

transfusion of older blood on a wide range of patients including an increase in 

mortality and morbidity. Therefore, it is necessary to have better tools to examine 

and assess the quality of hypothermic storage that better predict in vivo viability. 

Measuring the alternations of the RBC membrane composition that are more 

reflective of the in vivo viability may hypothetically be novel pointers for RBC 

quality during the hypothermic storage. Setting up and validating methods and 

techniques to properly assess the in vivo viability of the stored RBCs may lead to 

better blood banking and safer transfusions.  

          This thesis will be focus on two parts: first, the development and validation 

of a multi-color flow cytometric analysis method to identify, characterize, and 
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quantify RBC microvesiculation during hypothermic storage. Developing and 

validating a suitable method to assess the RBC microvesiculation, a significant 

predictor for RBC in vitro quality and in vivo viability, will contribute to 

enhancing the quality assessment of stored RBC.   

          Since studies suggest that better RBC preservation is associated with 

decreased membrane loss and vesicle formation [14], the second part of this thesis 

will be to concentrate on a rejuvenation study to assess the effect of rejuvenation 

on the RBC in vitro quality parameters as an approach to reduce the RBC 

membrane injury and RBC microvesiculation. As is indicated in 1.2.3, it has been 

shown that the use of PIPA rejuvenation solutions improve the quality of 

hypothermically stored RBCs by restoring the depleted metabolic components, 

including ATP and 2,3-DPG concentrations, improved RBC morphology, as well 

as the post-transfusion survival [83,84]. Reducing membrane phospholipid loss 

via microvesiculation may potentially be assessed by improving the metabolic and 

the structural status of the RBC membrane using the rejuvenation solutions. 

Consequently, improving the quality of the hypothermically stored RBCs will be 

driven by the development of methods to examine and modify RBC 

microvesiculation during the hypothermic storage as an approach to promote the 

sciences of RBC biopreservation and transfusion.    
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Chapter 2* 

 

A Method for Identifying and Characterizing Red 

Blood Cell Microvesiculation as a Predictor of Red 

Blood Cell in Vitro Quality following hypothermic 

storage 
  

                                                           

* Tracy Turner and Jayme Tchir contributed in the tech to tech assay.  
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2.1. Introduction:  

 

          Red blood cell (RBC) microvesiculation is the process by which 

microparticles (phospholipid vesicles that are less than 1.5 µm in diameter) are 

released by red blood cells in response to different stimuli and conditions. These 

RBC microparticles consist of hemoglobin, phospholipids and proteins from 

parent RBCs [1].  A small number of microparticles (MPs) are formed in vivo in 

healthy people and they play crucial roles such as facilitating communication 

between different cells and acting as a defence system for the cell or organ [2,3]. 

It has been reported that the number of RBC microparticles (RMPs) increase in 

the patients’ circulation who suffer from hemolytic anemia such as thalassemia,  

sickle cell anaemia and other particular pathological conditions [4-6]. In addition, 

RBC microvesiculation has been shown to increase throughout hypothermic 

storage and cryopreservation and may act as a novel marker of phospholipid and 

membrane loss in ex vivo biopreservation [3,7-9].   

          The identification of RBC microvesiculation is important because RMPs 

have been shown to be harmful immunomodulators upon transfusion, as well as 

indicators of RBC function and viability throughout ex vivo storage which has led 

to an increased  interest in studying RMPs [4,5,10,11]. Research and clinical 

importance of cell-derived microparticles required more detailed studies to 

analyze these MPs.  Even though there are several methods and assays used to 

detect the MPs [3,12], flow cytometry is the most common and ideal method used 
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to define and quantify MPs [3,13].  Other assays for MPs, such as the microplate 

affinity assays, are not sufficient to detect specific MPs, are deficient in direct 

quantification, and do not provide size and granulate information about MPs 

[3,12].  Therefore, flow cytometry appears to be a superior method to analyze and 

quantify the MPs due to its ability to identify, characterize, and quantify large 

numbers of microparticles with rich of information it provides which overcome 

the disadvantages of the other methods [3,12,14].   

          Flow cytometry with fluorescence and monoclonal antibodies for a sample 

test [15] is used for counting cells or particles based on its flow rate method, 

immunephenotyping for particles, and multi-chromatic ability [3,13 ].  The 

principle of the flow cytometer revolves around the measurement of particle 

properties when cells or particles from a sample pass through a stream of fluid 

[16]. As the cells or particles flow, light from a laser is either scattered or 

absorbed (fluorescence), in order to be detected, counted, and characterized [16] 

(Figure 2.2). Characterizing MPs is done by their size which correlate with the 

forward scatter (FSC) light and by their relative granularity which is shown by the 

side scatter (SSC) light of a flow cytometry [3,13]. Usually, the light sources in 

flow cytometer are lasers [16] (Figure 2.2).  Fluorescence-based detection takes 

place when the cell absorbs light and re-emits it at a different frequency to be 

collected by the detectors [17,18]. Fluorescence emissions or signals in flow 

cytometry experiment are obtained by the staining or labelling the test sample 

with monoclonal fluorescent antibodies, reagents or markers [16,17]. This 
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fluorescence is used to measure the presence of the fluorescent monoclonal 

marker on the cell or its fragments. Thus, the amount of fluorescence emissions 

emitted is dependent on amount of bound fluorescent markers to particles in the 

sample [17]. Therefore, it is important to ensure an appropriate amount of 

fluorescent antibodies and incubation time following staining to allow the reaction 

to occur before analysing the samples.   

          Flow cytometry utilizing fluorescently-labeled monoclonal antibodies is 

used to identify, characterize and quantify RBC and RMPs.  RBC and RMPs are 

quantified and discriminated from other particles based on their binding of 

fluorescently-labeled antibodies directed against glycophorin A [4]. Further 

characterization of RMPs can be determined through the expression of two other 

markers, phosphatidylserine (PS) and CD47, as their expression appears to change 

throughout storage [9,19,20].  Annexin V is a phospholipid-binding protein with a 

high affinity for PS, which is typically found on the inner leaflet of the plasma 

membrane [9]. However, in response to cell stress, PS is translocated to the outer 

leaflet and thereby exposed to the extracellular environment and annexin V 

mediated binding [7].  CD47 is a surface antigen that has been shown to be a 

“marker of self” [20,21].  RBCs lacking this antigen on their surface are rapidly 

cleared from the circulation by macrophages in the spleen [21].  It has been 

demonstrated that the expression of CD47 on RBCs decreases during storage and 

may be an important determinant of post-transfusion in-vivo survival [20].  
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          Flow cytometry for RBCs and RMPs allows identifying a wide variety of 

cells and their particles. It plays a significant role in the advancement of the 

science of RBC biopreservation, and may have a role in clinical medicine.  

However, even though flow cytometry appears to be the best method to analyze 

MPs, it lacks standard protocols and validation process to analyze and enumerate 

MPs [22-24]. Lacking standardization refers to several analytical and pre-

analytical variables such as differences in blood collection, preparation, and 

processing the test sample [22,23,25]. It is important to mention that biomarkers 

and the biological parameters can be difficult to validate due to the complexity of 

the biological system. For example, one of the validation parameters is estimating 

day to day imprecision which requires testing the samples on several days to 

achieve the long term imprecision for a parameter [26]. However, it is difficult to 

have consistent measurements throughout a period of time for a biological 

material where it is expected to change during this time especially if it is out of 

their original environment.  Further validation challenges will be addressed in the 

discussion section of this chapter. 

          Since there is no standardized approach to quantitatively and qualitatively 

analyzing cell-derived microparticles with a validation process [3,4,12,22,23,25] , 

this chapter presents and validates a multicolor flow cytometric analysis method 

to identify, characterize and quantify the RBC and their microparticles during 

hypothermic storage to be used to establish a baseline of this thesis. Moreover, 
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this method can establish standard protocols that allow for the comparison of 

results from different laboratories or across different studies. 

 

2.2. Materials and Methods: 

 

2.2.1. RBC Processing  

 

          Leukoreduced packed CPD-SAGM RBC units (n=20) were obtained from 

two Canadian Blood Services (CBS) Centres: Edmonton, Alberta and the 

Network Centre for Applied Development (netCAD), Vancouver, British 

Columbia.  Whole blood (450 ± 50mL) units were collected using standard blood 

bank phlebotomy procedures and processed using the standard buffy coat method 

[27].  All units were rapidly cooled to room temperature (20-25 °C) and held for 

up to 24 hours. Within the 24 hours, the units were centrifuged in order to obtain 

the RBCs; buffy coat and platelet poor plasma layers were separated and divided 

into 2 satellite bags using the top and bottom method [27]. After separation, 

SAGM (v=110 mL) was added to each of the RBC units, which was then 

leukoreduced by filtration and sent to the research laboratory. All units were 

received 2 days after collection and placed in hypothermic storage at 1 to 6 °C. 

On the day of testing, all of the pRBC units were tested for RBC 

microvesiculation, as well as PS and CD47 expression on the RBC and on RMPs.   
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2.2.2. Flow Cytometry (FC) Assay  

 

          Three tagged antibodies were used to label RBCs and RMPs. Fluorescein 

isothiocyanate (FITC) anti-human CD235a antibody (Invitrogen, MHGLA01 or 

MHGLA01-4) was used as a marker for RBCs and RMPs, while APC Annexin V 

(BD Pharmingen) and PE mouse anti-human CD47 antibody (BD Pharmingen) 

were used to label PS and CD47, respectively.  Packed RBCs (5 μL) were diluted 

with annexin binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM of CaCl2, 

pH 7.4) and 5 μL of each of the fluorescently labelled monoclonal antibodies 

(FITC, APC, PE). After 15 minutes of incubation in the dark at room temperature 

(20-25 °C), the prepared samples were run on a FACSCalibur flow cytometer (BD 

Sciences, San Jose, CA) equipped with a 488 nm argon laser and computer 

software (CellQuest BD Sciences, San Jose, CA).  Commercial isotype controls 

directed against glycophorin A (FITC mouse IgG1, k isotype control [BD 

Pharmingen]) and CD47 (PE mouse IgG1, isotype control [BD Pharmingen]) 

were used to account for any non-specific binding of the antibodies. N-

ethylmaleimide (NEM)–treated (Sigma-Aldrich, St. Louis, MO, USA) RBCs 

served as the positive control for PS expression and microvesiculation, as 

described by Stewart et al [28] with some modification where time for centrifuge 

was 5 minutes in each step rather than 10 minutes. The buffer used for RBC re-

suspension, containing only antibodies and no RBCs, served as a negative control. 

TruCOUNT beads (BD Pharmingen) were used to determine the absolute number 
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of RMPs per microliter. RBC MPs were further discriminated based on their size: 

Latex beads (1.01 µm in diameter; Uniform Polystyrene Microspheres- Bangs 

Laboratories) were used to create a gate around the desired population of 

microparticles and only MPs less than 1.01 µm in diameter and positive for 

glycophorin A-FITC were further analyzed. All of the prepared samples for the 

flow cytometer were incubated at 20-25 °C for 15 minutes in dark before being 

analyzed.  The forward scatter (FSC) and sideward scatter (SSC) of the flow 

cytometer, measured on a logarithmic scale, was used to distinguish between RBC 

and RMPs populations. 

 

 

Flow cytometry analysis:  

 

          Labeled RBC samples were analyzed on the FACSCalibur flow cytometer. 

Samples were acquired for 3 minutes and the RMPs events, which were positive 

for glycophorin A-FITC and less than 1.01 µm in size, were shown on a FSC-SSC 

dot plot. TruCOUNT beads were distinct for the RMPs using different instrument 

settings (Appendix 2.1). Then, according to Nantakomol et al. 2009, absolute 

numbers of RBC microparticles per unit were calculated by the following formula 

[29]:  

# events microparticles
# events TruCOUNT beads

 x 
Bead Count

Suspension Volume 
     

 
=Absolute count of microparticles/unit         Equation (2.1) 
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Where:  

(# events microparticles)= the number of FITC- Glycophorin A positive events in 

the RMP gate/ 3 minutes as R1 in Figure 2.3, (# events TruCOUNT beads) = the 

number of events in the TruCOUNT bead gate/ 3 minutes, (Bead Count) = the 

bead count from the TruCOUNT package for the specific lot number used, and 

(Suspension Volume) = the volume of buffer used to suspend the TruCOUNT 

beads.  

 

Then, the following formula used to calculate RBC microparticles/ microliter: 

 

 

Absolute count of microparticles per unit x dilution factor 

                                     =microparticles/ microliter          Equation (2.2) 

 

 

Where: 

(Absolute count of microparticles) = determined from the above calculation, 

(Dilution factor) = determined from the ratio of buffer and fluorochromes added 

to the RBC sample 
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2.2.3. Validation Methods 

2.2.3.1 Quality Control Assay: 

          The calibration for all of the equipments and materials was performed 

following the criteria  established by our laboratory or recommended by the 

manufacturer [30]. Pipettes ware calibrated every 3 months. Centrifuges were sent 

to Bio-Med every 6 months for calibration. The flow cytometer was calibrated 

daily following the Cross Cancer Institute protocol. In this protocol, CaliBRITE 3 

beads suspension (unlabelled and mixed labeled) were used for 4 color calibration 

following the instructions of the FASComp program of the flow cytometer. Under 

the high mode condition, the vortex “unlabelled” bead suspension was run to 

perform and complete the time delay calibration. Then, the “mixed labeled” bead 

suspension was run to perform the compensation and the sensitivity test. A 

successful calibration was identified via a “PASS”, while a “FAIL” result 

mandated  troubleshooting was performed [31].  

 

2.2.3.2 Determining the size sensitivity for RMPs 

          Sensitivity of the method was determined by acquiring latex beads ranging 

from 0.12 µm to 1.01 µm in diameter. For each size of beads (0.12, 0.20, 0.40, 

0.80, and 1.01 µm), the vial was vortexed for at least 5 minutes and 1 µL of each 
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size bead was separately diluted with Annexin V binding buffer. Specific 

instrument settings with the flow cytometry for size beads were adjusted as shown 

in (Appendix 2.1 A). The prepared size beads were vortexed for at least 60 

seconds prior to being analyzed.  Each of the prepared size beads was run on the 

flow cytometer for 10 seconds on high mode.  

 

2.2.3.3 Imprecision 

 

2.2.3.3.1  Intra-run imprecision:   

          One RBC unit was prepared to be run twenty times over a short period of 

time (2 hours) and under the same conditions by same researcher.  20 identical 

samples were prepared for flow cytometer from the same unit with the three 

tagged antibodies, which were used to label RBCs and RMPs. The coefficient of 

variation (CV) for the intra-run assay, run to run, was calculated according to 

according to Westgard, 2008 using the mean and standard deviation as the 

following[32]:         

                                                  Ẍ = ΣX / N                                        Equation (2.3) 

                                            SD = �Σ(𝑋−Ẍ )2

N−1
                                        Equation (2.4) 

                                           CV= (SD/Ẍ)100                                      Equation (2.5) 
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Where: 

(Ẍ) represents the mean; (N) is the number of individual measurements; (SD) 

Standard deviation; (X) Individual measurement; and (CV) Coefficient of 

variation.  

 

          Mean ± SD used to show the results for run-run assay. The absolute number 

of RMPs/µL, the number of RMPs and RBCs expression PS or CD47, and well as 

the MFI of CD47 and PS on RBCs or RMPs were measured for this assay.   

 

2.2.3.3.2 Inter-run imprecision or tech to tech variability 

          Three researchers/technicians prepared the samples for the flow cytometer 

(n=20) and ran them on the same day following the same protocol. Mean ± SD 

used to show the results for inter-run assay. As shown in the run –run assay, the 

mean, SD and CV calculated for the same parameters of each technician (1, 2, and 

3) as described in section 2.2.3.3.1. The final %CV for all of the technicians was 

calculated as the following:  

        Final CV (%) = (SD all /mean all)*100                          Equation (2.6) 
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Where: 

SD all = SD of (mean of tech 1; mean of tech 2; mean of tech 3) 

Mean all = Average of (mean of tech 1; mean of tech 2; mean of tech 3) 

 

Total variance was calculated from the intra-run and inter-run variances of tech to 

tech assay as the following [33]: 

 

                         [(N-1)/N] * Average of intra-run variance + (inter-run SD all)2 

                                                        = Total variance                     Equation (2.7) 

 

2.2.3.4 Linearity  

          Serial dilutions of TruCOUNT beads were prepared to determine the lowest 

and highest results for a test which led to the linearity for the experiment. 

TruCOUNT beads tubes were labelled as the amount of the Annexin V binding 

buffer which that was added to each tube:  200 μL, 400 μL, 600 μL, 800 μL, 1000 

μL (1 ml), 2 ml,  3 ml,  4 ml,  5 ml, 6 ml, 7 ml, and 8 ml. All of the samples were 

incubated at room temperature for at least 15 minutes in the dark before being 

analyzed with the flow cytometer. Replicate measurements were done and the 

results represented for this assay as mean ± SD.  
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2.2.3.5 Limit of Detection and Qualification 

          Serial dilutions of NEM-treated RBCs from the same unit were prepared to 

estimate the limit of detection (LoD) and limit of quantification (LoQ) for the 

RMPs, PS and CD47 expression on RBC and on RMPs. Six tubes of each dilution 

were prepared and labelled with the antigens. The buffer used for RBC re-

suspension, only antibodies were added and no RBCs (buffer cocktail), served as 

the blank control to estimate the limit of blank (LoB). LoB, LoD, and LoQ 

calculated as the following [34];                       

 

                      LoB = Mean blank + 1.645 (SD blank)                    Equation (2.8) 

                     LoD= LoB + 1.645 (SD Low concentration sample)             Equation (2.9) 

                       LoQ = LoD                                                            Equation (2.10) 

 

Where:  

Mean blank = the mean of blank samples, SD Low concentration sample = the standard 

deviation or a test replicate of a sample known to contain low concentration of 

analyte where a change in the pattern of values was observed. 
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2.2.4. Statistical analyses 

SPSS 11.0 Software (Lead Technologies, Charlotte, NC) and Microsoft 

Excel 2011  were used to calculate descriptive statistics (mean, SD, CVs, and 

ranges).  A paired t-test was used for the tech to tech variability. P-values less 

than 0.05 were considered significant for all comparisons unless stated otherwise.  

 

2.3. Results  

 

2.3.1. Sensitivity for RMP Size: 

          Results for the size sensitivity of the RBC microparticles method are shown 

in figure 2.4. Sample prepared with a 1.01 µm size beads were used to create a 

gate around the desired population of microparticles and only MPs less than 1.01 

µm in diameter were further analyzed (Figure 2.3).  The sensitivity method was 

shown to be able to detect events as small as 0.20 µm in diameter to be served as 

the lowest size can be detected.  The level of noise started (CV over 100%) with 

the samples that prepared with less than 0.20 µm such as 0.12 µm size beads used 

in this experiment (Figure 2.4 A).     
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2.3.2   Imprecision: 

2.3.2.1 Intra-run imprecision: 

          Table 2.1 summaries the intra-run impressions for all of the measured 

parameters: absolute number of RMP/µl, RMPs and RBCs with CD47 or PS 

expression (% and MFI). The coefficient of variations for the measured factors 

yielded less than 20%. While the number of RBC expressing the CD47 results 

showed the lowest intra-run CV at 2%, the MFI of CD47 expression on RMPs 

showed the highest intra-run CV at 19.3% measured.  

 

 

2.3.2.2 Inter-run imprecision or tech to tech variability 

          The box plots of figure 2.5 shows the data obtained from inter run precision 

assay that was used to determine the tech to tech variability for all measured 

parameters. Figure 2.5F shows a significant difference between the results for 

MFI of CD47 on RBC obtained by tech 1 in comparison to tech 2 and tech 3 

where the CV equal 44.5%. Furthermore, there was a statistically significant 

increase in  the number of RBC expressing PS values between tech 1 and tech 2 

values which resulted in a high inter-run CV= 81.9% ( Figure 2.5, Box plot I ). 

Table 2.3 shows the impression and the total variation for all or the measure 

parameter which was calculated from inter run assay.  
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2.3.3 Linearity:  

          The linearity of the RBC and RMPs quantitation was determined by 

examining the linearity of TruCOUNT beads diluted in buffer to various 

concentrations. The range of the linearity experiments was from 592 ±11 events to 

30412 ±1962 events (figure 2.6 A).  The linear relationship between the means of 

TruCOUNT beads concentrations and number of RMPs acquired events was 

established (R2= 0.925, Figure 2.6 B).  

 

2.3.4 Limit of Detection and Qualification  

          Table 2.3 show the LoB calculated form the blank control samples (buffer 

cocktail) as well as the LoD for all of targeted parameters at different dilutions. 

Most of the LoD for the measured parameters observed with a dilution of 1/128. 

The LoQ for this study equals the LoD.  

 

2.4 Discussion: 

          A multi-color flow cytometric analysis method was validated to determine 

its fitness to study the effect of the hypothermic storage on the structure of RBCs 

and their microparticles for the following chapter.  
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Identification and Specificity: 

 

       To detect and to confirm the identity of RBCs and their microparticles, FITC-

anti human antibodies directed against glycophorin A was used.  Due to the 

possibility of non-specific binding, a commercially available isotype control 

antibody against glycophorin A, which has no specificity for the target particles, 

was used to help determine the level of background of staining with binding 

antibody. This excluded the non-specific binding characteristics of the 

glycophorin A-FITC antibody used in this experiment (negative events) and 

validated the specificity of glycophorin A-FITC antibody (positive events) [35]. 

Further identification of the RMPs according to their size was obtained by their 

light scatter properties using size beads and only microparticles less than 1.01 µm 

were targeted for further investigation. However, even though flow cytometry was 

appropriate to detect and identify microparticles less than 1.01 µm, the findings of 

this study shows that flow cytometry as we used it cannot detect microparticles 

less than 200 nm or 0.20 µm in size. A very high CV (over 100%) was observed 

with the size beads 0.12 µm in diameter. On the other hand, it has been shown that 

the size of MPs is very heterogeneous [36], and there are small RBC 

microparticles less than 0.20 µm [14,37]. Even though this fact is known, most 

researchers use the common size limit ( less than 1 µm) with no lower size limit 

[25]. Thus, the use of size beads as it is shown in this study may afford a strategy 

for standardizing flow cytometry analysis of microparticles and set up a 

globalized limit for the microparticles size that can be detected.    
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Imprecision:  

          After the method has been successfully developed to identify and 

characterize the RBC and the RMPs, assays were established to determine the 

precision of intra-run and inter-run assays. While the within run or intra run CV 

assay was less than 20% (table 2.1) for all of the measured parameters, which is 

the acceptable range of precision for bio-analytical method validation [38], the 

imprecision of tech to tech assay (inter-run, figure 2.5) was more than 20% for 

some of measured parameters. The highest inter-run CV was determined for the 

number of RBC with PS exposure (CV= 81.9 %, figure 2.5, Box plot I). 

Furthermore, there was a significant difference between tech 1 and tech 2 values 

of % RBC-PS (p<0.05). A similar pattern was observed with the MFI of CD47 

expressed on RBC where inter run CV was 44.5% and tech 1 values were 

significantly higher than tech 2 and tech 3 values (P< 0.5, figure 2.5 F). There are 

several possible causes for this high imprecision and the significant differences 

between technicians. In this assay it is more likely to be due to incubation time 

and/or preparation error. According  to a number of studies, after preparing flow 

cytometry samples and labelling them with the fluorescent antibodies they should 

be incubated for 15 minutes and analyzed within one hour [23,36]. However, this 

was not the case for the tech to tech variability assay because all the technicians 

prepared the samples for the flow cytometry almost at the same time and went to 
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flow cytometer where tech 2 started running the sample within an hour of the 

preparation time and tech 1 ran the last sample after 3.5 hour after preparing the 

samples. Consequently, this may explain the higher values and range of tech 1 

samples which observed in almost all of the measured parameters (figure 2.5). 

Therefore, the length between the preparation time and analysis of the samples for 

each technician could be the cause of the very high imprecision and significant 

differences in this assay.    

          Another explanation for the high inter run imprecision has to do with the 

preparation time and pipetting error.  Although all of the technicians followed the 

same protocol for this assay, there are many variables to consider including, but 

not limited to, expertise, precision and speed in samples preparation. 

Technician(s), with more experience may require less time for sample 

preparation.. Also, any of the technicians could fall into unintended mistake like 

staining error for one sample or more because of the large number of samples or 

because of the materials used for staining.  For example, APC Annexin V 

antibody used in this assay to label PS provided by the manufacturer is a colorless 

antibody and is used in very small volume used to stain each sample. As a result, 

significant negative impacts on the final results might occur.  Further variations 

could be possible when the samples are out of the storage temperature during 

sampling by three technicians and when the prepared samples are exposed to light 

after the staining process for different period of time. Also, although all 
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technicians follow the same sampling protocol, having the units sampled more 

than once may create another source of variation. 

          Typically, it is important to measure the accuracy of the assay but in our 

study this was a challenge.  Accuracy, which is expressed as the bias or the 

systematic error, is used with random error (imprecision) to calculate the total 

error for analytic method [39,40]. In this study, the challenge with estimating the 

accuracy was due to the lack of reference standards and an alternative procedure 

that could be used.   

 

Limits of blank, detection and quantification (LoB/LoD/LoQ): 

          The limit of blank or LoB is the highest expected value to be observed for 

repeated measurements of samples that contain no analyte of interest [34]. Table 

2.2 shows the calculated LoB from replicates of buffer cocktail samples for all of 

targeted parameters. The results from the blank samples are used to provide a 

threshold for this study with values above the LoB were considered as a positive 

measurement. In view of that, the LoD was calculated from the LoB and SD of 

the low concentration sample values that show a detectable change in the pattern 

of values and exceed the LoB (Table 2.2 Highlighted values). For instance, table 

2.2-B shows that the absolute number of RMPs/µL decrease as the concentrations 

of the sample decreases (positive correlation), but after 1/128 dilution the number 

of RMPs increase rather than being decrease by lower concentration. Therefore, 
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this point of concentration (1/128 dilution) used to be the “cut off” point for 

detection and quantification for RMPs. Similarly, the LoD was calculated and 

detected for all of the measured parameters in table 2.2. As it shown in table 2.2, 

most of the LoD for the measured parameters are realized when the sample is 

diluted more than 16 time of the original concentration. The difference in the LoD 

for the these parameters is more likely to be due to the type and the strength of the 

florescent antibodies used where the amount of florescence from PE might be 

different than APC depends on their brightness [41] on the flow cytometry. 

Moreover, detecting the florescence for large particles (RBC) is different than 

small particles (PMPs) and the effectiveness of the florescent antibodies to bind 

and label the specific antigen may be diverse. Similarly, it has been suggested by 

Lacroix et al.(2010) that there is difficulty in detecting an antigen on the surface 

of very small particles due to its low density [12]. They also proposed that the 

detected florescence signals with flow cytometry are varied not just because of the 

fluorochromes, but also because of antigens on different size of particles [12].  

          In addition, it is important to mention that the limits (LoB, LoB, and LoQ) 

were obtained from RBCs treated with NEM, which has been shown to be a gold 

standard for PS exposure and microvesiculation. As the amount of MPs and PS in 

fresh or untreated RBC samples is very low, further dilution of the sample would 

prevent assessing the limits. Therefore, the treatment with NEM could be a reason 

behind the different detection limit for the measured parameters. Furthermore, it 

was difficult to determine the LoQ because NEM treatment for RBC was used for 
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limits assay. LoQ is defined as the lowest amount of concentration that can be 

quantified with acceptable precision and trueness (less than or equal 20% CV) 

[34,38]. In this study, the imprecision assay was done using fresh samples (not 

NEM- treated sample) and estimating the trueness of the assay was not possible as 

mentioned earlier in the discussion. Therefore, the LoQ for this assay was decided 

to be equal to LoD since it not possible to be based on a lower concentration than 

LoD [34].  

 

2.5 Conclusion: 

          The main limitation of the flow cytometry method, the preferred method 

used, is the lack of standardized and validated protocols for quantitatively and 

qualitatively analyzing cell-derived microparticles. Although there are a number 

of published studies utilizing the same method and targeting the same parameters, 

most of these studies are difficult to compare [3]. This established method not 

only  facilitate the work in subsequent chapters, but also may facilitate 

establishing standard protocols that allow comparing results from different 

laboratories or different studies. This study can be a useful approach that 

contributes in the advance of biopreservation science and clinical practice. 

Additional studies are recommended to overcome the validation challenges 

associated with the pre-analytical and bio-analytical assays. 
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Table 2.1: Intra-run assay; one RBC unit was prepared to be run 20 times within 
2 hours and under the same conditions by same researcher as explained in the 
method and material section.  The table show the mean± SD, CV and the % CV 
for the run to run assay.  

 

  Mean ± SD CV % CV 

Number of RMPs /μl 33079 ± 15557 0.05 4.71 

% of RMPs-CD47 19.5 ± 3.0 0.16 15.73 

% of RMPs-PS 20.9 ± 2.3 0.11 10.88 

MFI of RMP-CD47 1283 ± 247 0.19 19.26 

MFI of RMP-PS 47.8 ± 6.2 0.13 12.92 

% of RBC-CD47 99.5 ± 2.3 0.02 2.33 

% of RBC-PS 0.65 ± 0.06 0.1 9.67 

MFI of RBC-CD47 494.3 ± 67.5 0.14 13.64 

MFI of RBC-PS 27.6 ± 2.2 0.08 8.07 
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Table 2.2 (A and B): Shows the LoB calculated from the blank control samples 
(buffer cocktail) as well as the LoD for all of targeted parameters at different 
dilution concentrations where a change in the pattern of values was observed. 
(D=Dilution) 

A) 
RBCs 

 Glycophorin 
A + 

CD47 
MFI 

PS 
MFI 

% of 
RBC-
CD47 

% of 
RBC -PS 

Buffer 
cocktail Mean 75.17 798.48 124.66 59.58 36.51 

 
SD 16.33 258.58 28.88 4.12 10.83 

 
LoB 102.02 1223.84 172.18 66.35 54.33 

D 1 Mean 66700.83 553.39 46.38 97.43 8.01 

 
SD 21585.75 163.68 5.41 5.42 1.42 

       D 1/2 Mean 12353.50 640.04 73.53 96.77 11.58 

 
SD 11585.19 106.89 11.05 1.51 1.34 

       D 1/4 Mean 4671.83 570.09 88.86 97.96 15.49 

 
SD 3184.99 137.24 7.91 2.17 1.69 

       D 1/8 Mean 2581.67 553.93 74.59 98.99 16.02 

 
SD 1014.15 43.71 6.71 0.38 1.11 

       D 1/16 Mean 1650.33 598.82 78.97 97.35 18.31 

 
SD 957.51 114.48 10.66 1.21 2.67 

       D1/32 Mean 1567.67 944.09 94.62 97.62 17.95 

 
SD 522.25 73.56 7.29 1.92 1.04 

 
LoD 961.12 1344.85 184.18 69.51 56.03 

D 1/64 Mean 501.67 853.73 92.82 93.43 20.95 

 
SD 162.79 65.69 12.13 2.42 3.08 

 
LoD 369.82 1331.91 192.12 70.33 59.40 

D 1/128 Mean 327.83 698.59 115.73 91.56 28.50 

 
SD 170.78 151.07 18.25 3.77 3.06 

 
LoD 382.96 1472.35 202.19 72.55 59.36 

D 1/256 Mean 219.50 912.31 164.01 74.75 27.26 

 
SD 58.14 157.74 38.21 7.41 5.49 

 
LoD 197.67 1483.31 235.02 78.54 63.37 

D 1/512 Mean 184.67 928.78 150.87 67.49 28.96 

 
SD 68.95 308.84 45.95 7.42 7.33 

 
LoD 215.45 1731.88 247.76 78.55 66.39 

D 1/1024 Mean 186.67 784.37 161.42 71.61 27.43 

 
SD 34.4 237.19 36.81 3.26 6.01 

 
LoD 158.64 1614.03 232.72 71.71 64.21 
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B) 
RMPs 

 Glycophorin 
A + 

Absolute # 
of 
RMPs/µL 

CD47 
MFI 

PS 
MFI 

% of 
MP-
CD47  

% of 
MPs-PS  

Buffer 
cocktail Mean 520.50 8412.09 807.12 40.06 31.51 12.50 

 
SD 152.46 2464.05 279.62 4.65 5.34 1.50 

 
LoB 771.30 12465.45 1267.08 47.71 40.29 14.98 

D 1 Mean 154846.67 2502563.62 173.77 43.51 90.71 37.41 

 
SD 6983.69 112867.47 22.43 3.83 5.15 7.58 

        D 1/2 Mean 59958.00 969014.79 169.55 60.29 85.07 38.53 

 
SD 2000.45 32330.34 12.98 8.39 2.83 9.59 

        D 1/4 Mean 25149.83 406460.52 185.43 70.92 90.53 62.36 

 
SD 580.29 9378.45 19.62 2.52 3.38 3.20 

        D 1/8 Mean 13572.50 219352.78 206.89 79.24 92.96 80.40 

 
SD 501.26 8101.16 16.99 7.94 1.12 3.29 

        D 1/16 Mean 7033.67 113675.02 213.15 107.99 89.47 86.82 

 
SD 171.91 2778.32 42.99 16.08 2.93 3.03 

        D1/32 Mean 4060.17 65618.63 573.24 124.61 81.29 79.81 

 
SD 285.93 4621.09 813.63 14.26 3.36 4.37 

 
LoD 1241.66 20067.14 2605.50 71.17 45.82 22.17 

D 1/64 Mean 2097.67 33901.57 247.83 102.86 79.56 73.95 

 
SD 104.76 1693.147 20.39 22.91 2.11 5.67 

 
LoD 943.64 15250.68 1300.64 85.39 43.77 24.31 

D 1/128 Mean 1264.67 20438.99 326.91 89.10 76.81 65.17 

 
SD 205.73 3324.85 27.59 2.58 4.54 5.59 

 
LoD 1109.72 17934.82 1312.46 51.95 47.76 24.17 

D 1/256 Mean 1972.50 31878.68 350.57 46.99 35.57 27.56 

 
SD 526.53 8509.57 45.71 2.69 8.34 6.25 

 
LoD 1637.45 26463.69 1342.28 52.12 54.02 25.26 

D 1/512 Mean 1402.00 22658.51 418.03 44.15 40.29 26.29 

 
SD 273.13 4414.15 83.91 1.99 2.89 2.59 

 
LoD 1220.60 19726.72 1405.11 50.99 45.06 19.24 

D 
1/1024 Mean 1349.17 21804.64 465.58 43.46 37.71 24.57 

 
SD 183.71 2969.09 31.24 1.66 2.18 1.36 

 
LoD 1073.51 17349.61 1318.48 50.44 43.88 17.21 
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Table 2.3: Total variance calculated from the tech to tech assay following equation (2.7) in the method section 

  

Impression      
     

  

% of  
RBC-
CD47  

% of 
RBC- 
PS  

CD47 
MFI on 
RBC 

PS MFI 
on RBC  

# of MPs with 
dilution factor  

% of 
RMP-
CD47 

% of 
RMP-
PS 

CD47 
MFI on 
RMPs 

PS MFI 
on 
RMPs 

Mean of Tech 1  99.05 1.05 947.60 146.07 150802 24.40 20.02 645.43 73.11 
Mean of Tech 2 99.94 0.14 407.51 152.73 134820 15.13 12.02 515.29 35.49 
Mean of Tech 3 98.79 0.49 540.42 138.61 159562 17.66 15.10 481.38 39.82 

Mean all  99.26 0.56 631.84 145.80 148395 19.06 15.71 547.37 49.47 
SD all  0.60 0.46 281.41 7.07 12545 4.79 4.04 86.60 20.58 
% CV  0.61 81.93 44.54 4.85 8.45 25.15 25.69 15.82 41.61 

Inter-run variance  0.36 0.21 79191.55 49.93 157381351.05 22.98 16.30 7499.82 423.64 

Variance of tech 1 9.61 0.14 6508.10 409.14 504859823.84 63.91 45.69 8096.12 657.98 
Variance of tech 2 0.00 0.00 5886.27 613.47 123391899.44 9.34 7.97 7102.35 23.15 
Variance of tech 3  21.48 0.05 5617.38 390.97 1739769935.69 36.09 16.09 2805.01 45.31 

Average of  tech Variances 10.36 0.06 6003.92 471.19 789340552.99 36.45 23.25 6001.16 242.15 
  

         Total Variance  10.21 0.27 84895.27 497.56 907254876.39 57.61 38.38 13200.92 653.67 
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Figure 2.1: The FACSCalibur flow cytometer is equipped with a laser and diode 
laser, which motivate suitable fluorochromes conjugated to antibodies used to 
stain cells. The FACSCalibur runs the software program on workstations with 
Cell Quest, which can also be used for the analysis of flow cytometry data.  

 

 

http://www.georgiahealth.edu/cancer/shared/flow/equipment.html 

 

 

  

http://www.georgiahealth.edu/cancer/shared/flow/equipment.html
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Figure 2.2: A liquid flow moves the suspended cells in the tube through the flow 
cytometer instrument where the cells are exposed to a laser. This is examined by 
different detectors. Forward scatter (FSC) and side scatter (SSC) are the most 
important detectors that are installed in the flow cytometer. Then, the cells finish 
in waste container [16,42].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://static.abdserotec.com/uploads/Flow-Cytometry.pdf 

 

 

  

http://static.abdserotec.com/uploads/Flow-Cytometry.pdf
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Figure 2.3: Scatter Plot, as it is displayed on the screen of the flow cytometer, 
showing the RBCs and the microparticles gates.  
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Figure 2.4.: Sensitivity of flow cytometry to resolve beads of different sizes. Off 
axis data in top figure is resolved in the lower figure. (A); Size beads 0.20 µm 
represents the lower limit of size used to detect the RMPs (B), and Size beads 
1.01 µm represents the upper limit of size should be used to detect the RMPs(C). 

A) 
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Size beads 0.20 µm (B) 

    

 

 

 Size beads 1.01 µm (C) 
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Figure 2.5: Precision –Inter run  

Box plots created by SigmaPlot 12.0. The boundary of the box closest to zero 

indicates the 25th percentile, a line within the box marks the median, and the 

boundary of the box farthest from zero indicates the 75th percentile. Whiskers 

(error bars) above and below the box indicate the 90th and 10th percentiles. 

Asterisk indicates a significant value (p<0.05).  
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Figure 2.6: A series of concentrations or dilutions of TruCOUNT beads was 
prepared to determine the lower and the higher results for a test which led to 
linearity for the experiment. 
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Appendix 2.1: Flow Cytometry setting for: (A) unstained sample, isotype control 
and size beads; (B) stained sample with one or the three monoclonal fluorescent 
antibodies; (C) TruCOUNT beads samples.  

 

A) Instrument setting for unstained sample, isotype control and size beads: 

 
Cytometer Type: FACSCalibur 
Detectors/Amps: 
Parameters Detector Voltage Amp 

 
Mode 

P1 FSC E00 9.00 Log 
P2 SSC 405 1.00 Log 
P3 FL1 707 1.00 Log 
P4 FL2 670 100 Log 
P5 FL3 810 1.00 Log 
P6 FL1-A  1.00 Lin 
P7 FL4 720  Log 

 
 
Threshold: 
Primary Parameter: FSC 
Value: 40 
Secondary Parameter: SSC 
Value: 100 
 
Compensation: 
FL1 – 1.0% FL2 
FL2 – 12.1% FL1 
FL2 – 0.0% FL3 
FL3 – 0.0% FL2 
FL3 – 0.0% FL4 
FL4 – 0.0% FL3 
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B) Instrument setting for stained sample with one or three monoclonal 
fluorescent antibodies used to label RBCs and RMPs: 
 
 

Cytometer Type: FACSCalibur 
Detectors/Amps: 
Parameters Detector Voltage Amp 

 
Mode 

P1 FSC E00 9.00 Log 
P2 SSC 405 1.00 Log 
P3 FL1 707 1.00 Log 
P4 FL2 670 100 Log 
P5 FL3 810 1.00 Log 
P6 FL1-A  1.00 Lin 
P7 FL4 720  Log 

 
Threshold: 
Primary Parameter: FSC 
Value: 40 
Secondary Parameter: FL-1 
Value: 512 
 
Compensation: 
FL1 – 1.0% FL2 
FL2 – 12.1% FL1 
FL2 – 0.0% FL3 
FL3 – 0.0% FL2 
FL3 – 0.0% FL4 
FL4 – 0.0% FL3 
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C) Instrument setting for TruCount beads sample: 
 

Cytometer Type: FACSCalibur 
Detectors/Amps: 
Parameters Detector Voltage Amp 

 
Mode 

P1 FSC E00 9.00 Log 
P2 SSC 405 1.00 Log 
P3 FL1 505 1.00 Log 
P4 FL2 490 100 Log 
P5 FL3 810 1.00 Log 
P6 FL1-A  1.00 Lin 
P7 FL4 720  Log 

 
Threshold: 
Primary Parameter: FSC 
Value: 40 
Secondary Parameter: FL-1 
Value: 512 
 
Compensation: 
FL1 – 1.0% FL2 
FL2 – 12.1% FL1 
FL2 – 0.0% FL3 
FL3 – 0.0% FL2 
FL3 – 0.0% FL4 
FL4 – 0.0% FL3 
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Chapter 3 * 

 

Hypothermic Storage of Red Blood Cells Affects 
Membrane Composition, Microvesiculation, and In 

Vitro Quality 

 

 

 

 

 

 

 

 

 

 

___________________________ 

*This chapter with modifications has been published as: Almizraq R, Tchir JDR, Holovati JL, 
Acker JP. Storage of red blood cells affects membrane composition, microvesiculation, and in 
vitro quality. Transfusion 2013. doi: 10.1111/trf.12080. [Epub ahead of print]. 

*ATP concentration and percent hemolysis were performed by Jayme Tchir. * Dr. Qilong did the 
statistical analysis of this study.  

  



76 

 

3.1 Introduction 

 

Growing literature on the adverse effects of blood storage and the possible 

clinical implications for transfusion recipients has recently identified the quality 

of stored blood as “the most critical issue facing transfusion medicine.”[1]  At 

present, the most widely used approach for RBC biopreservation involves the 

collection of donor blood in anticoagulant solution, preparation of packed RBC 

concentrates by plasma removal, leukoreduction by filtration and storage at 

hypothermic temperatures (1-6 °C) in an additive solution.  As mentioned in the 

first chapter, this approach is based on the principle that biochemical processes 

and molecular reactions can be suppressed by reducing the storage temperature to 

below physiological but above freezing, while maintaining additive 

supplementation with nutrient media. Although hypothermic storage (HS) 

minimizes RBC injury, cellular metabolism is not completely suppressed under 

these conditions, resulting in nutrient depletion and accumulation of cell waste 

[2,3].  All the detrimental biochemical and biomechanical effects of in vitro RBC 

HS can be summarized by the term “hypothermic storage lesion (HSL)”. 

          One of the major structures affected by the HSL is the RBC membrane, the 

organization and integrity of which is critical for in vivo RBC circulation and 

function.  The RBC membrane is a lipid bilayer consisting of asymmetrically-

distributed phospholipids, cholesterol and proteins.  Changes throughout HS have 

the ability to affect membrane composition and integrity, which are both integral 
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to the maintenance of RBC function.  Compositional membrane changes can 

affect membrane fluidity, lipid disorder, bilayer thickness, and the packing 

efficiency of membrane components, factors which have the potential to affect 

RBC deformability. Compositional changes may also lead to changes in passive 

membrane permeability, which may affect the RBCs ability to respond to 

different osmotic stresses [4-6].  Membrane loss leads to critical, irreversible 

changes in shape and surface area:volume ratio, which affect the gross 

morphology of RBCs, and have serious implications on RBC deformability [7].    

          Even though the effects of microvesiculation are discussed in the previous 

chapters, it is important to emphasize that the harmful effects of microvesiculation 

is not referring to the formation of the microvesicles but to the subsequent 

consequences such as the loss of the membrane integrity, cell quality, viability 

and fluidity as a reflection of the changes in surface to volume ratio, and changes 

in the phospholipid to protein ratio [8-10].     

In addition to membrane loss, in vitro metabolic and mechanical stresses 

can lead to disruption of the asymmetric phospholipid distribution of the cell 

membrane, resulting in PS externalization, which then acts as a signal for 

erythrophagocytosis by macrophages of the reticulo-endothelial system [11-15].   

Furthermore, PS exposure has been shown to enable RBCs to participate in blood 

coagulation and cell adhesion [16,17]. Another signal for erythrophagocytosis is 

thought to be decreased expression of CD47 antigen.  Since CD47 in normal 

RBCs activates signal regulatory protein-a, which leads to the inhibition of 
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macrophage activation for phagocytosis, injured and/or senescent RBCs lacking 

CD47 are quickly recognized and removed from circulation [12-14,18,19].  In 

addition to promoting RBC clearance, this type of RBC membrane lesion is also 

believed to initiate shedding of membrane microparticles, which are thought to 

result from a transient overload of the outer membrane leaflet at the expense of 

the inner one [20-24].   Although long considered innocuous cell debris, 

membrane microparticles have more recently been shown to have physiologic and 

pathophysiologic significance by playing a role in inflammation, hemostasis, and 

vascular (dys-) function [23,25,26]. Although the exact nature of PS 

externalization, decreased CD47 expression and membrane microvesiculation in 

relation to the quality and safety of RBC concentrates is not well understood, 

recent studies have identified these markers to be potentially significant 

determinants of in vivo RBC survival and function, and these may also act as 

harmful immunomodulators [12-14,19,23,24,26-28]. 

In light of the important clinical implications of deteriorating quality of 

stored RBCs, the objective of this study was to quantitatively and qualitatively 

clarify the effect of HS on the integrity of RBC membrane and other in vitro 

quality parameters. The focus was on both the compositional changes within the 

RBC membrane throughout HS, and the temporal effects of RBC quality during 

HS measured using in vitro quality assays.  
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3.2 Materials and Methods 

 

3.2.1 Sample Collection 

Ethics approval was granted by both Canadian Blood Services (CBS) and 

the University of Alberta Research Ethics Boards prior to initiation of the study. 

Leukoreduced CPD-SAGM RBC units (n=30) were obtained from two Canadian 

Blood Services Centres: Edmonton, Alberta and the Network Centre for Applied 

Development (netCAD), Vancouver, British Columbia.   Whole blood (450 ± 

50mL) units were collected using standard blood bank phlebotomy procedures 

and processed using the standard buffy coat method [29].  All units were rapidly 

cooled to room temperature and held for up to 24 hours. Within the 24 hours, the 

units were centrifuged in order to obtain the RBCs; buffy coat and platelet poor 

plasma layers were separated and divided into 2 satellite bags using the top and 

bottom method [29]. After separation, SAGM (v=110 mL) was added to each of 

the RBC units, which was then leukoreduced by filtration and shipped to 

Edmonton. All units were received 2 days after collection and placed in 

hypothermic storage at 1 to 6 °C for up to 49 days.  At each testing point (day 2, 

day 7, day 14, day 21, day 28, day 35, day 42, and day 49) units were thoroughly 

mixed and 5 mL of RBCs were aseptically drawn from the bag, and used for RBC 

in vitro quality assays.  
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3.2.2 RBC In Vitro Quality Assays 

All packed RBC units were assessed for percent hemolysis, ATP 

concentration, microvesiculation, as well as PS and CD47 expression. RBC 

microvesiculation, PS and CD47 expression was assessed by flow cytometry 

which is described in section 2.2.2 of chapter 2. 

 

3.2.2.1 Percent Hemolysis 

          Percent hemolysis was determined by comparing the supernatant 

hemoglobin (HbS) to the total hemoglobin (HbT) concentrations of a sample using 

a Drabkin’s-based method  [30] .  A small volume of the RBCs were diluted (1:25 

for HbS  and 1:200 for HbT) in Drabkin’s reagent (0.61 mM potassium 

ferricyanide, 0.77 mM potassium cyanide, 1.03 mM potassium dihydrogen 

phosphate, and 0.1 % Triton X-100). As a result, most forms of hemoglobin 

convert to cyanmethhemoglobin (HiCN). Consequently, a two-step reaction takes 

place converting hemoglobin to methemoglobin. Methemoglobin  then reacts with 

the cyanide to form HiCN [31]. HiCN absorbs light maximally at 540 nm with the 

measured absorbance being directly proportional to the hemoglobin 

concentrations present in the sample. The resultant hemoglobin concentration can 

be calculated directly for the absorbance of the solution using the following 

equation [32]: 
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                         1000540
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FMAc
ε                               Equation 3.1 

 

Where: 

 

c = concentration of hemoglobin (g/L), A540 = absorbance of the solution at 540 

nm, M = molecular mass of hemoglobin monomer (16114.5 mg/mmol), F = 

dilution factor, ɛ540= millimolar absorptivity of HiCN at 540 nm (11.0 cm-1·mM-

1), and l = light path (cm) 

 

Once supernatant and total hemoglobin values have been determined, the % 

hemolysis is calculated from the following equation [33]: 

 

% Hemolysis 
( )

T

S

Hb
HbHct ×−

=
100

                 Equation 3.2 

Where: 

Hct = hematocrit (%), HbS = supernatant hemoglobin concentration (g/L), HbT = 

total hemoglobin concentration (g/L) 
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Percent hemolysis was calculated as a ratio of the supernatant hemoglobin 

to the total hemoglobin, with the Hct being used to account for the volume of the 

supernatant in the sample [33]. 

 

3.2.2.2 ATP Concentration 

ATP concentrations were determined enzymatically using a commercially 

available kit and controls (DiaSys Diagnostic Systems GmbH).  The RBC 

samples were added to 10% trichloroacetic acid, vortexed and placed on ice. The 

supernatants were then combined with substrates (glucose, and NAD+) and 

enzymes (hexokinase and glucose-6-phosphate dehydrogenase) required for the 

enzymatic reaction to occur.  The following chemical equation summarized the 

chemical reactions occurring during preparation of the samples:  

 

Glucose + ATP   HK     Glucose-6-phosphate + ADP                           Equation 3.3 

Glucose-6-phosphate + NAD+     G6PD    6-phosphogluconate + NADH + H+         

                                                                                                               Equation 3.4 

 

The resulting amount of NADH produced, which is proportional to the amount of 

ATP within the sample, was measured spectrophotometrically @ 340 nm.  The 
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amount of ATP in the sample was calculated as µmol/dL using the following 

equation [34]:  

 

                   ATP (µmol/dL) =        ∆A x V x F x 100                             Equation 3.5 
                                                          ɛ340 x v x d 

Where: 

∆A= (absorbance of the samples solution at 340 nm)-(absorbance of the blank at 

340 nm), V= total volume of the sample, F=dilution factor of the sample 

preparation, ɛ= extinction coefficient of NADH (6.3@340 nm), v =sample volume 

used in ATP assay, d= light path (cm) 

 

The concentration of ATP is further normalized using the total hemoglobin 

concentration (µmol/g Hgb) as the following [34]: 

                         C (µmol/g Hb) =         10* C (µmol/dL)                      Equation 3.6  
                                                             Hb (g/L) 

 

 3.2.3 Statistical analyses 

Statistical analysis was completed using SPSS 12.0 Software (Lead 

Technologies, Charlotte, NC).  ANOVA analyses were used to identify significant 

differences within the HS period for the individual assays, followed by a Scheffe 



84 

 

Post-hoc test, to identify significance among pair-wise comparisons of testing 

time points throughout the storage period. Probabilities less than 0.05 were 

considered significant.   

 

3.3 Results 

 

3.3.1 RBC In Vitro Quality Assays 

The amount of ATP in RBCs stored hypothermically for up to 49 days is 

shown in Figure 3.1 A., During early storage, the ATP concentration remained 

relatively stable (day 2 and day 7), with a slight increase at day 7.  Following this, 

the ATP concentration began to decline.  Overall, the ATP concentration 

decreased significantly throughout storage (p<0.001), with significant decreases 

in ATP in comparison to day 2 identified at day 28 (p<0.001) and all subsequent 

testing points (p<0.001).  

Hemolysis remained relatively stable during early storage (day 2 and day 

7, Figure 3.1 B), prior to increasing at each subsequent testing point.  Overall, 

hemolysis increased significantly throughout HS (p<0.001).  Significant increases 

were identified at day 35 (p=0.023) and throughout the remaining HS testing 

period (day 42 and day 49, p<0.001), in comparison to day 2 and day 7 hemolysis 

values.  Although significant changes in percent hemolysis were identified 
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throughout HS, all of the samples tested fell within the Canadian Standards 

Association (CSA) criteria for acceptable hemolysis of <0.8%.   

 

3.3.2 Flow Cytometry 

          Flow cytometric analysis showed that the number of RMPs/µL gradually 

increased during the HS period (Figure 3.2). At the end of storage period (day 42 

and 49), the increase in RMPs/µL became statistically significant, in comparison 

to the amount in RBC units at day 2 of HS (p<0.05).  Further analysis of RMPs 

showed statistically significant decreases in the mean fluorescence intensities 

(MFI) for the expression of both PS and CD47 after day 28 of HS (Figure 3.3 A 

and 3.3 B, respectively p<0.05). Although there were no statistically significant 

changes in the % of RBCs expressing PS throughout HS (Figure 3.4 A), a 

significant decrease in the MFI of the PS on the stored RBCs was observed on day 

35, 42 and 49 of HS (p<0.05).  In contrast to RMPs, RBCs did not show 

statistically significant changes in the expression of CD47 marker throughout the 

HS (Figure 3.4 B). 

 

3.4 Discussion 

In this study, the in vitro quality of RBCs throughout HS was measured 

using classical assays like percent hemolysis, while more detailed assessments of 
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RBC metabolism and quality, including ATP and microvesiculation were also 

used.  Significant changes occurred in many of the RBC in vitro quality measures 

throughout 49 days of HS, suggesting a significant decline in RBC quality during 

HS in the current additive solution, SAGM. 

From current blood banking standards and Canadian Blood Services 

quality control perspectives, all of the tested RBC units were suitable for 

transfusion. Throughout the 42 days of storage, the current outdate for RBCs 

stored in SAGM in Canada, the percent hemolysis for the tested units was less 

than 0.8% in 100% of tested units, with the highest average percent hemolysis 

being identified at day 49 (0.35 ± 0.12 %). However, these minimum quality 

control standards for hemolysis do not take into account the significant changes 

that occurred in many of the other RBC in vitro quality assays.  For instance, the 

ATP concentrations for stored RBCs significantly declined during storage to a 

concentration of 1.92 ± 0.56 µmol/g Hgb at day 42. ATP concentrations fell 

below the minimum recommended range of 2.3-2.7 µmol/g Hgb, which has been 

shown to correlate with 75% of transfused RBCs remaining in circulation 24 

hours post-transfusion [35,36,37]. According to this criterion, the majority of our 

units would have met the target ATP criteria up until day 21 of storage, after 

which a significant decrease in ATP was recorded.  

Our study has shown that changes in RBC membrane throughout storage 

have the potential to influence many other in vitro quality parameters.  There was 

a strong correlation identified between the ATP concentration and number of 
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RMPs (R2=0.49) throughout storage (Figure 3.5). Data from this study support the 

work of others that show the negative correlation between the ATP concentration 

and RMP generation during storage, with the greatest number of RMPs observed 

at the end of the storage period when the ATP concentration was at its lowest 

[26,38]. These findings showed that the ATP depletion during storage modified 

the ability of RBC membrane to release microparticles. 

          Flow cytometric analysis showed that the number of RMPs/µL gradually 

increased during the storage period. Recent studies suggest that changes during 

storage including increased osmotic fragility, reduced ATP concentration, and 

deformability contribute to the formation of the RMPs [26,39-41]. In addition, it 

has been shown that changes in RBC morphology during storage are associated 

with RBC fragmentation and microvesiculation [42]. In vivo, it has been 

demonstrated that microparticles generated by RBCs during storage scavenge the 

vasodilator, nitric oxide (NO), from blood vessels faster than intact RBCs [43]. 

This type of scavenging increases the consumption of the NO which leads to 

reduction in its bioavailability and the vasodilator activity [44]. This may cause 

reduced blood flow, tonic vasodilation, and decreased tissue oxygenation post-

transfusion [39,43,45]. In addition, RBC membrane loss and microparticle 

formation are probable causes for pro-coagulant, pro-inflammatory and 

thrombogenic effects [45,46]; whereas RMPs released during storage have been 

shown to interact with the recipient’s platelets post-transfusion, leading to 

chemokine release and stimulation of an inflammatory response [45]. 
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Flow cytometry analysis also showed that there was no statistically 

significant change in the expression of the RBC-CD47 during the storage period. 

It is well known that RBCs lacking CD47 antigen on their surface are rapidly 

cleared from the circulation [47,13]. It has been suggested that the RBCs are taken 

up by macrophages when the expression of CD47 decreases to less than 50% [48].  

However, our results contrast with other studies which reported a significant 

reduction in of RBC-CD47 during the storage period [13]. This contrast suggests 

that storage with CPD-SAGM solution is more likely to maintain the RBC-CD47 

expression during storage time (over 98%, Figure 3.4 B) which may further 

suggest that the stored CPD-SAGM RBCs are of a superior quality and could be 

expected to circulate and survive longer post-transfusion. 

 The RBC-PS data presented in this chapter show that there was no 

statistically significant changes in the percentage of RBC expressing PS while a 

significant decline in the MFI of RBC-PS was detected after day 28 of storage. As 

previously mentioned in the introduction and in the chapter 1, loss of the 

asymmetric phospholipid distribution of the plasma membrane leads to PS 

externalization which is an effective removal indicator that plays an important 

role in the clearance for the damaged or senescent cells and their fragments from 

the circulation [2,14,40,49].  It has been shown that PS expression on the RBC 

increase significantly by the end of storage time and potentially contribute in the 

storage lesion [14]. In contrast, our flow cytometry results show that there was a 

decrease in the MFI-PS on the stored RBC throughout the storage time (Figure 
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4B). The decrease in the MFI of RBC-PS become statistically significant on day 

35 of hypothermic storage and remained significantly reduced for rest of storage 

duration.  Taking into consideration the significant increase in the number of 

RMPs during storage, this data strongly support other studies which indicate that 

most lipids are lost during storage through microvesiculation [50]. Therefore, 

while there was a significant increase in the number of RMP by the end of storage 

time, a significant decrease in the MFI of PS on RBC was observed (Figure 3.2 

and 3.4 A).  The phospholipid loss, microvesicles generation, and membrane lipid 

disorganization during ex vivo storage is consistent with similar alterations 

occurring in vivo during cell ageing [51].  

RBC microvesicles carry the same antigens on their surface as their cells 

of origin and have similar recognition, phagocytosis and injury patterns as the old 

erythrocytes [40,52,53]. Flow cytometry was also used for further 

characterizations of the surface of RMPs which was performed by analysing the 

expression of PS and CD47 (Figure 3 A and 3 B). Even though there were similar 

amounts of PS florescence expression on RBCs and RMPs throughout the storage 

time, over 30% of RMPs expressed PS on their surface while less than 1% of 

RBCs expressed this removal signal. This data support the theory that RBCs use 

microvesiculation to get rid of particularly harmful components or markers from 

their surfaces, such as PS and denatured hemoglobin, in order to prevent them 

being removed from the circulation by macrophages [46,52,54,55].  In addition, a 

significant decline in the expression of CD47 on RMPs was observed on day 28, 
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35, and day 42 of storage (Figure 3.3 B). Furthermore, the MFI of CD47 on RMPs 

significantly decreases from 1560.4 ± 409.4 on day 2 to 697.5 ± 287.6 on day 42 

and (580.3 ± 269.6) on day 49 of storage. The high percentage of RMPs that 

expose PS with significant decline in the CD47 expression could be an additional 

important cause for the rapid removal of these particles from the circulation post-

transfusion.  

 

3.5 Conclusion: 

          In this study, we were able to characterize and quantitate membrane 

changes occurring throughout HS. The concern may not be the actual RBC 

membrane changes themselves during HS, but the effect that increasing 

concentrations of microvesicles and continuous RBC membrane loss throughout 

HS might have on transfusion outcomes. It is important to note that the membrane 

changes observed in this study are specific to the manufacturing method and 

additive solutions used by Canadian Blood Services. There is growing evidence to 

suggest that the manufacturing and storage system used in blood component 

preparation has a significant impact on pre-hemolytic injury to RBC.  Future 

preservative technologies need to address the deteriorating condition of the 

membrane with the ultimate goal of stabilizing the membrane and decreasing 

microvesiculation throughout HS. 
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Table 3.1: ATP and hemolysis for RBCs stored for up to 49 days  

 

 
Length of Storage 

Day 7 Day 14 Day 21 Day 28 Day 35 Day 42 Day 49 

Hemolysis (%) 0.10 ± 0.03 0.11 ± 0.02 0.13 ± 0.02 0.14 ± 0.03* 0.17 ± 0.03* 0.23 ± 0.06* 0.35 ± 0.12* 
ATP (µmol/g hgb) 4.48 ± 0.51 4.10 ± 0.57 3.70 ± 0.59 3.16 ± 0.46 2.58 ± 0.62** 1.92 ± 0.56** 1.73 ± 0.60** 
Ratio ATP Day 1 / Day 7 (%) 100 90 ± 1 79 ± 1 70 ± 1 55 ± 11 42 ±11 37 ± 11 
Mean ± 1SD 

* (p < 0.05) in comparison to day 2 mean percentage hemolysis values 
  ** (p < 0.05) in comparison to day 2 and 7 mean ATP values 
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Figure 3.1: A. ATP values for RBCs stored hypothermically for up to 49 days.  
The asterisk indicates statistically significant results (p<0.005) in comparison to 
day 2 HS values. B. Percentage hemolysis values for RBCs stored 
hypothermically for up to 49 days.  The asterisk indicate statistically significant 
results (p<0.05) in comparison to day 2 and day 7 values. 
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Figure 3.2: Number of red blood cell microparticles per microliter (RMPs/μL) 
during the hypothermic storage for up to 49 days (n=10). The values are 
expressed as mean number of RMPs/µL ± 1 SD. Absolute numbers of RMPs/µL 
were calculated as it mentioned in chapter 2 section 2.2.2. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2.  
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Figure 3.3: Percent ( ) and mean fluorescence intensities ( MFI) of the 
expression of PS (A) and CD47 (B) on RMPs during the hypothermic storage for 
up to 49 days. The values are expressed as mean ± 1 SD. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2.  
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Figure 3.4: Percentage ( ) and mean fluorescence intensities ( MFI) of PS 
and CD47 expression on RBC during hypothermic storage for up to 49 days. The 
values are expressed as mean ± 1 SD. Asterisk indicated significant change (p < 
0.05) in comparison to day 2.  
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Figure 3.5: A scatter plot comparison of the RBC ATP concentration (µmol/g 
Hgb) and the number of RMPs/μL during storage for up to 42 days (n=10). The 
R2 value, which provides a measure of goodness-of-fit of linear regression, 
indicates a strong negative correlation between the measured ATP concentration 
(µmol/g Hgb) and number of RMPs/ µL. 
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Chapter 4* 

 

Assessment of the effects of biochemical 

rejuvenation on red blood cell microvesiculation, 

phosphatidylserine and CD47 expression during 

hypothermic storage 

 

 

 

 

                                                           

*Portions of this chapter have been submitted for publication. Almizraq R, Bicalho B, Tchir 
JDR, Acker JP, Holovati JL. Assessment of the effects of rejuvenation on red blood cell 
membrane lipids, microvesiculation, phosphatidylserine and CD47 expression during 
hypothermic storage. Transfusion 2013. 

*Portions of this chapter have been accepted for publication. Jayme D.R Tchir, Jason P. 
Acker, Jelena L. Holovati. Rejuvenation of ATP during storage does not reverse effects of 
the hypothermic storage lesion. Transfusion 2013. 

*Rejuvenation /ATP assay (Performed by Jayme Tchir). 
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4.1 Introduction:               

       

          Several methods and techniques have been established with different 

preservation solutions to develop an effective biopreservation strategy for RBCs 

to ensure safe and readily available products for transfusion medicine [1-4]. 

Currently in Canada, RBCs are leukoreduced, and stored in CPD-SAGM at 1-6 oC 

for up to 42 days prior to transfusion [3,5]. Even though hypothermic storage 

allows for the preservation of RBC products for up to 6 weeks [5], biophysical 

and biochemical alterations and damage occur during this time [4,6-9]. These 

include: the biochemical depletion of ATP and 2,3-DPG, cholesterol and 

phospholipid loss through microvesiculation, and several membrane changes [10] 

as pointed out in chapter 3. Moreover, the effects of prolonged hypothermic 

storage lead to measurable in vitro quality changes which have the potential to 

lead to adverse clinical consequences post transfusion such as infection, renal 

failure,  respiratory failure, multiple organ failure, and mortality [7,11]. Therefore, 

despite the advances in the preparation or preservation of RBC products, more 

research and novel methods are needed to promote further RBC preservation and 

provide high quality products for patients.  

          As mentioned in chapter 1 and 3, prolonged hypothermic storage induces 

several changes to the stored RBC membrane as demonstrated by significant 

increases in RBC microvesiculation and changes in PS and CD47 expression. 

Microvesiculation is the process by which MPs are shed from the RBC membrane 
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in response to different stimuli and conditions including hypothermic storage 

conditions [12,13]. RBC microvesiculation during storage leads to the loss of 

significant parts of the RBC membrane which leads to a significant decrease in 

the surface area to volume ratio [14]. Furthermore, the shedding of the 

microvesicle plays a significant role in RBC morphologic changes [15-17]. 

Increasing numbers of RMPs have been shown to be harmful effectors of 

inflammation and coagulation post transfusion [18-20], as well as indicators of 

RBC viability, quality and integrity throughout ex vivo storage [13,21,22]. 

          Previous studies demonstrated that ATP, the RBC’s main energy source, is 

depleted during hypothermic storage, and this is implicated in producing the 

effects of the hypothermic storage lesion such as shape changes, lipid loss, and 

microvesiculation [7,9]. ATP is essential for proper RBC functioning and the 

maintenance of metabolic processes which maintain electrolyte balance and 

phospholipid asymmetry in the RBC [7,23]. Recent studies suggest that 

microvesiculation during storage results from biochemical depletion and/or cell 

senescence [24]; therefore, several studies with varying methodologies have been 

performed to manipulate the level of metabolic components, ATP and 2, 3-DPG 

[23,25]. Studies have shown that using a pyruvate-inosine- phosphate- adenine 

(PIPA) based rejuvenation solution is one of the most effective methods for 

restoring the intracellular ATP and 2, 3-DPG  levels in hypothermically stored 

RBCs [1,10,26].  Moreover, it has been demonstrated that rejuvenation solutions 

can improve morphology, oxygen transport function, quality and reverse storage 
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induced injury to the stored RBCs [1,27].  Even though several studies have 

shown that the addition of rejuvenation solutions at the end of the hypothermic 

storage period are capable of improving the biochemical components of stored 

RBCs, limited studies have been performed to investigate the effect of the 

rejuvenation solutions on the biomechanical parameters of the storage lesion, 

including the RBC membrane. Since PIPA rejuvenations solutions are FDA-

licensed for use, more research is needed to investigate the effect of rejuvenation 

solutions on the biomechanical properties and other membrane quality parameters 

of the RBC.       

          The third chapter of this thesis showed evidence that hypothermic storage 

induces RBC microvesicle generation, and changes in the PS and CD47 surface 

expression on both RBCs and RMPs. In addition, negative correlation between the 

ATP concentration and number of RMPs throughout storage was identified in 

chapter 3. Therefore, in this chapter we will investigate the effect of biochemical 

rejuvenation on the ATP concentration, RBC microvesiculation, as well as PS and 

CD47 expression. Moreover, we will investigate the effect of different treatment 

times within the hypothermic storage period with PIPA rejuvenation solution on 

the biochemical and the biomechanical parameters of stored RBCs will be also 

investigated.   

 

4.2 Materials and Methods: 
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4.2.1 RBC Processing  

          Leukoreduced packed CPD-SAGM RBC units (n= 21) were obtained from 

the Network Centre for Applied Development (netCAD), Canadian Blood 

Services (CBS) Centre, Vancouver, British Columbia.  Fourteen of the units were 

MacoPharma collection sets and 7 units were Fenwal collection sets (Appendix 

4.1). There are two main differences between the MacoPharma and Fenwel 

collection sets. First, the length of the Fenwal RBC storage container is 3 cm 

shorter than MacoPharma container. Second, there is a different method to access 

the port of the RBC storage container where the MacoPharma container has “pull-

apart tabs”, which are identified by arrows on the top of the port protectors, while 

the Fenwal container has peel apart port protectors.  Whole blood (450 ± 50 mL) 

was collected using standard blood bank phlebotomy procedures and processed 

using the standard buffy coat method [28].  All units were stored at room 

temperature for up to 24 hours. Within 24 hours, the units were centrifuged in 

order to obtain the RBCs; buffy coat and platelet poor plasma layers were 

separated and divided into 2 satellite bags using the top and bottom method [28]. 

SAGM (110 mL) was added to each of the RBC units, which were then 

leukoreduced by filtration and then placed in storage at 1 to 6 °C for 49 days.  

         On day 2 after collection, 3 sets of 7 units were received (total n=21). Each 

set (n=7), with matched ABO-group and collection date were sterilely connected 

to a large pooling bag with a multi-lead set using a sterile connection device with 

a hand sealer (Hematron® III bench device, Baxter, Sweden). The sterile 
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connections were opened and the blood units were elevated to allow the blood to 

flow and empty all of the 7 units into the pooling bag. The pooling bag was mixed 

well then held upright and gently squeezed to return the blood to the original 

blood bags. The clamps and spiked leads, which allow flexibility for open or 

closed system processing, used to control the pooling and ensure the volume in 

each of the 7 blood bags was equal according to weight (± 5 g). The tube between 

that connecting the pooling bag was sealed off and the empty pooling bag was 

disconnected.  

          After the pooling and splitting process, the 7 units of each set (pool A, B 

and C) were labeled from 1 to 7. Unit 1 of each pool were tested weekly up to 49 

days and served as non-treated controls.  Units 2, 4, and 6 of each pool served as 

sham control while the rest of the units (3, 5, and 7 of each pool) acting as 

rejuvenated group. Furthermore, the sham and rejuvenated units were divided into 

groups based on the day of treatment: units 2 and 3 were treated on day 28, units 4 

and 5 treated on day 35, and units 6 and 7 treated on day 4 (Appendix 4.2, 

flowchart for the rejuvenation study) 

 

4.2.2 RBC Rejuvenation 

         As shown in the flowchart (Appendix 2), units of each pool were divided 

into 3 different experimental groups: untreated control (1), sham control (2, 4, and 

6) and rejuvenated group (3, 5, and 7). On days 28, 35, and 42 of hypothermic 
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storage the rejuvenated group was incubated at 1 to 6 °C for one hour with 50 mL 

of PIPA solution containing containing 0.1 M sodium pyruvate, 0.1 M inosine, 5.0 

mM adenine, 70 mM dibasic sodium phosphate anhydrous, and 30 mM 

monobasic sodium phosphate monohydrate (pH =7.0, osmolality = 500 mOsm/kg 

H2O), while the sham control group was incubated at 1 to 6 °C for one hour with 

50 mL of 1X phosphate buffered saline (PBS, pH 7.4, 297 mOsm/kg H2O, 

Mediatech Inc., Manassas, Virginia)  

 

4.2.3 Biochemical and Biomechanical RBC Quality Assessments: 

          Following the pooling process, the incubation after treatments, and all the 

subsequent weeks post-treatment, 6 mL was aseptically sampled from the units by 

an appropriate syringe. Then, samples were tested for ATP concentration, quantity 

of RMPs, and PS and CD47 expression as described previously in the material 

and methods of chapter 2 section 2.2.2 and chapter 3 section 3.2.2.2.  

 

4.2.4 Statistical Analysis:   

          A mixed model with the treatment time was adjusted used to examine the 

effect of time on the treated group with saline or with rejuvenation solution. Due 

to the small sample size of each experimental group (n=3), a paired t-test was 

used throughout storage time to determine statistical differences in comparison to 



 110  

 

day 2 of storage. Values were considered significant when p values were less than 

0.05.   

 

4.3 Results 

4.3.1 Spectrophotometer Measurement of ATP Concentration:  

          Figure 1 indicates that ATP concentration (µmol/g Hgb) significantly 

decreased throughout the hypothermic storage in untreated and sham RBC units 

(p<0.05) in comparison to day 2 of the matched group. Significant decreases in 

ATP levels of the untreated group, in comparison to day 2, were identified at day 

28 and all subsequent testing points (p<0.05) (Figure 4.1). On day 2, the mean 

ATP concentration of the untreated group was 4.53 ± 0.38 µmol/g Hgb while the 

lowest mean concentration at day 49 was 1.69±0.26 µmol/g Hgb (Table 4.1 and 

Figure 4.1).  On the other hand, the rejuvenated samples on day 28, 35, and 42 

showed significant increase in ATP concentration one week after treatment 

(p<0.05). Furthermore, significant interactions were identified between treatment 

day with rejuvenation solution and treatment time (p<0.0001). This data indicates 

that one week post-rejuvenation, rejuvenated RBC units on day 28 had higher 

ATP concentration than rejuvenated RBC units on day 35 or day 42.  
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4.3.2 Flow Cytometry Measurements for the RBC Biomechanical Indicators:  

          The flow cytometric analysis showed that the number of RMP/µL gradually 

increased during hypothermic storage, regardless of experimental group or 

treatment day (Figure 4.2). In comparison to the number of RMP/µL on day 2 of 

storage, the increase in the number of RMP/µL became statistically significant on 

the day of treatment for the rejuvenated group on day 28. Moreover, a significant 

increase at the end of storage period (day 49, p<0.05) was observed on the sham-

treated RBCs on day 35. 

           Figures 4.3 to 4.6 show the number of RMPs expressing PS and CD47 (%) 

and the mean fluorescence intensity (MFI) of PS and CD47 on RMPs during the 

hypothermic storage. There was no statistically significant change observed in any 

of these parameters with or without treatment except the MFI of CD47 on RMPs 

(figure 4.6) in the rejuvenated group day 42 which showed a significant decline 

on the day of treatment (day 42) and the week after (day 49) ( p<0.05). 

Furthermore, there was no statistically significant interaction between the 

treatment and the treatment time in the PS or CD47 expression on RMPs 

regardless of the different time points of treatment with saline or rejuvenation 

solution.  

          The number of RBCs expressing PS and CD47 as well as the overall MFI 

for both PS and CD47 on stored RBCs did not change during hypothermic storage 

in the untreated group (Figure 4.7 to 4.10). Moreover, the treated samples, with 
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saline or rejuvenation solution, did not show a statistically significant difference 

in the expression of PS or CD47 on RBCs in comparison to the untreated control. 

However, there was a significant increase in the number of RBCs expressing PS 

observed at the end of the storage period (day 49, p<0.05) for the sham and 

rejuvenated group treated on day 42 (Figure 4.7). There was no significant 

interaction between treatment and the treatment time in any of PS or CD47 

expression on RBC.   

 

4.4 Discussion:    

          Even though storage temperature (1-6 oC) with anticoagulant and additive 

solutions are developed to maintain sufficient quality of RBCs during storage 

time, there are many changes and damage that still occur during hypothermic 

storage. In chapter 3, we showed strong evidence that hypothermic storage of 

RBC induces several membrane injuries including changes in PS and CD47 

expression and phospholipid loss due to microvesiculation.  RBC membrane loss 

through microvesiculation is a crucial and a major contributing cause of the 

hypothermic storage lesion of RBC [29]. These changes are clinically important 

because destroying the RBC membrane integrity may potentially result in an 

increase in post-transfusion complications. Several studies show that a reduction 

of RBC microvesiculation may improve the quality of stored RBC since the 
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accumulation of these vesicles is correlated with multiple negative storage 

consequences [29,30].  

          The reduction in the intracellular ATP concentration in RBCs during 

hypothermic storage has been shown to be a significant cause of RMP generation 

and disruption of phospholipid asymmetry [23,30,31]. Some studies, including 

our findings in chapter 3, have shown that there is a significant negative 

correlation between ATP concentration and the number of RMPs [13,30]. 

Therefore, in this study we used biochemical rejuvenation to restore ATP as an 

approach to reverse or minimize the biomechanical storage lesion of the RBC 

membrane.  

Figure 1 shows the mean of ATP concentration (µmol/g Hgb) in RBCs 

stored hypothermically for up to 49 days.  Similar to what was mentioned in 

section 3.4 of chapter 3, ATP concentrations for the untreated control group 

decreased by 50 % after 35 days of storage.  The concentrations fell below the 

minimum recommended range of 2.3-2.7 µmol/g Hgb, which has been shown to 

correlate with 75% of transfused RBCs remaining in circulation 24 hours post-

transfusion [32, 33].   Based on this condition, the majority of our units would 

have met the target ATP concentration up until day 35 of hypothermic storage.  

The progressive decline of ATP throughout hypothermic storage is more 

likely to lead to other effects of storage lesion as it is the energy source for red 

blood cells. ATP is required to preserve the balance of the cell ions on both sides 
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of the cell [7,34,35].  It has been indicated in a number of studies that the decrease 

in the intracellular ATP concentrations of RBC during storage leads to a series of 

consequences such as the shutdown of the trans-membrane ion pump activity 

[34,35]. For example, an increase in the level of intracellular calcium 

accumulation, caused by the shutdown of the pump and resulting in osmotic 

unbalance is observed [7,34,35]. Moreover, RBCs undergo shape changes from 

biconcave disks to echinocytes because of ATP reduction [36,37]. The shape 

changes could be explained by the previous statement where the increase of the 

intercellular ions causes cell swelling and lipid loss through microvesiculation (as 

shown to be correlated with the ATP depletion in figure 3.5 in chapter 3 of this 

thesis). This can lead to the non-deformable spheroechinocytes that are observed 

during long period of storage and may result in other storage injuries such as 

hemolysis [11,38,39,40].  

The rejuvenated group in this study, which was treated with PIPA solution 

on day 28, 35, or day 42, showed a significant increase in the intracellular ATP a 

week after treatment (Figure 4.2). The increase in the ATP concentration 

following RBC rejuvenation supports quite number of studies that have 

demonstrated the effect of rejuvenation solutions on RBC biopreservation 

[1,10,26,27,41-43]. Just about all of these studies showed the ability of the 

rejuvenation solutions to restore the depleted ATP and the 2, 3-DPG during the 

storage time. In addition, some of these studies go further than the restoration of 

the metabolic components and examined the effect of the metabolic rejuvenation 
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on other elements of the RBC storage lesion. For instance, it has been 

demonstrated that under the blood banking conditions the adherence of the stored 

RBCs to the vascular endothelial cell increase with prolonged storage time [44]. 

Some studies have stated that the RBC adhesion to the vascular endothelial cell 

correlates with the expression of PS on the RBC surface where more PS exposure 

on RBC results in an increase RBC to endothelial cell adhesion [44,45]. However, 

it has been shown that increase adherence of the stored RBCs to the vascular 

endothelial cells are reversible post treatment with rejuvenation solutions [27]. 

Similarly, it has been demonstrated that the morphology changes occur to the 

RBC during cold storage are also reversible with ATP restoration following 

treatment with rejuvenation solutions [46,47]. 

 Even though studies have examined the effect of the rejuvenation 

solutions on the RBC storage lesion, the novelty of this study revolves around 

using biochemical rejuvenation to treat stored RBC in CPD-SAGM at different 

time points of storage to observe the effect of the rejuvenation on the significant 

markers of the RBC membrane storage lesion. This study was an approach to 

prevent the changes during the hypothermic storage before they occur or at least 

to minimize these changes using biochemical rejuvenation at different time points. 

PIPA rejuvenation solution is licensed by the FDA to be used any time between 3 

days after collection and 3 days after the expiration and washing should take place 

before transfusion [48]. In this study, units were treated at several time points to 

demonstrate the effect of the rejuvenation solution on stored RBCs throughout the 
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early hypothermic storage period, and one week post-expiration. The first 

treatment point within the hypothermic storage was chosen to be day 28 because 

most significant changes were shown to occur at this time as it mentioned in the 

previous chapter. Following treatment, testing points were chosen to determine 

the effect of treatment time and to find out which time point would be the best to 

treat the stored RBC for better preservation.    

Interestingly, there was a significant interaction between the treatment 

with rejuvenation solution and the treatment time (p<0.0001). RBC units treated 

with rejuvenation solution showed no significant difference on the day of 

treatment in comparison to pre-treatment weeks of storage for the same units.  

However, a week post-treatment showed a significant increase in the intracellular 

ATP concentrations in comparison to treatment days.  Mainly there are two types 

of rejuvenation treatment; the stored RBCs treated and incubated with a 

rejuvenation solution at 4 oC during the storage period (cold rejuvenation) or at 37 

oC post storage time (warm rejuvenation) [1]. The energy production for RBCs is 

depend on glycolysis and it has been demonstrated that the metabolism of glucose 

is about 10 times slower in cold temperature (1-6 oC) than at warm temperature 

(25 oC)  [49-51]. Therefore, since a cold rejuvenation was used in this study to 

treat the stored RBCs throughout hypothermic storage, the significant elevation of 

ATP concentrations were observed a week after treatments with biochemical 

rejuvenation and not on the day of the treatment as other studies that used warm 

rejuvenation [47,52].     
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          After successful restoration of the depleted ATP concentration during the 

storage, the effect of the biochemical modification (rejuvenation) on the RBC 

microvesiculation, PS and CD47 expression were examined. The flow cytometric 

analysis showed that regardless of experimental group or treatment day, the 

hypothermic storage continues to induce microparticle generation (Figure 4.2). 

Even though there was no significant interaction between the treatments and the 

treatment time, the rejuvenated group day 28 showed a statistically significant 

increase in the number of RMP/µL in the day of treatment in comparison to day 2 

of storage (p=0.0312). An explanation for the increase in the RBC vesiculation 

can be based on the basic science of the formation of RBC vesicles in vivo. It has 

been shown that lipid loss and vesicles formation play an important role in 

remodelling the RBC membrane during the maturation process [53-55]. In vivo,  

membrane loss through microvesiculation in immature RBCs result in a decrease 

in the mean cell volume and modification in the surface to volume ratio which 

lead to promote the function and maintain the viability of these mature RBCs 

[10]. According to this principle, the increase in vesicle formation during storage 

is apparently an important process to maintain the RBC membrane related 

functions and viability. This assumption in solidarity with the other importance of 

microvesiculation when the cells get rid of the harmful markers on their surface 

such as PS to survive as mentioned in the discussion of the third chapter. This 

could also partly explain the significant increase in the number of RBCs 

expressing PS on at the last day of testing the group rejuvenated on day 42 (p= 

0.024) while no significant change was detected in the number of RBC with PS 
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expression in the group rejuvenated on day 28 (figure 4.7) when a significant 

increase in the number of RMPs was observed on the day of treatment (figure 

4.2). However, this opinion or pattern does not negate the fact that microparticle 

generation is a significant indicator of the collapse of the cell.  Although the 

biochemical rejuvenation was sufficient to restore the ATP concentration, it did 

not reverse or prevent the RBC microvesiculation throughout the hypothermic 

storage time. This work is in agreement with other studies which show that RBC 

membrane loss through vesiculation is irreversible by rejuvenation solutions 

[10,29,56].  

          Further quality assessment of the RBC membrane focused on PS and CD47 

expression using flow cytometry to investigate the effect of the rejuvenation 

treatment at different time points. While the rejuvenation treatment had no 

significant effect on the RBC- CD47 expression regardless of the different 

treatment time points, a significant increase in the number of RBC expressing PS 

was observed on the last day of storage (day 49) with the group that was 

rejuvenated on day 42 as explained above. In addition, even though there was no 

significant effect on the number of RMPs expression PS or CD47 and the MFI of 

PS during the storage in all of the groups and at all of the time points (figure 4.3 

and 4.5), a statistically significant decline in the MFI of CD47 was observed at the 

end of storage time for the rejuvenated group on day 42 (figure 4.5). The 

importance of the CD47 expression and how lacking this surface antigen on RBCs 

or their fragments can enhance their rapid clearance from the circulation post 
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transfusion is addressed in the introductory chapter and in chapter 3. The 

expression of CD47 on RMPs for the group rejuvenated on day 42 fell form 

(905.1±191.9) at day 2 to (558.5± 252.6, p=0.015) on day 42 and (522.6 ± 86.8, 

p=0.030) on day 49. Although these changes observed with the rejuvenated group 

on day 42 was statistically significant in comparison to day 2 of storage for the 

matched group, the mixed model analysis used in this study showed that there was 

no significant difference between treatments with rejuvenation solution or saline 

and no significant interaction between the treatment and the treatment time for all 

of measurements with the flow cytometer. Hence, despite the fact that the 

rejuvenation solution was sufficient to regenerate the depleted ATP concentration 

during the storage, it did not prevent or reverse the RBC microparticles generation 

and changes in CD47 or PS expression.     

          It is necessary to mention that the pool-spilt study design was used in this 

study to eliminate or minimize variability between units and variances brought by 

different donors.  The disadvantages that might be associated with the pool-split 

design is that the process of this method may increase the chance of bacterial 

contamination [57]. Also, it is possible that the pooled units may have different 

storage characteristics than non-pooled units which would make it difficult to 

compare the final result of the work with other works which study the same 

targeted parameters. However, it has been shown that the pool-split design is a 

good approach to study the effect of a parameter or a technique on samples while 

minimizing other variables [57,58] which is the main aim of this chapter. 
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Although a pool and split design method was used in this study to prevent donors 

and units’ variation, another source of difference was observed with the two 

different blood bag types. As explained in the methodology section 4.2.1, fourteen 

of the units were MacoPharma collection sets and seven units were Fenwal 

collection sets (Appendix 4.1). There are two main differences between the 

MacoPharma and Fenwal collection sets which may contribute to the observed 

variability in the data. For instance, the number of RMPs observed in Fenwal 

units was higher than the number of RBC microparticles in the MacoPharma units 

which were tested on day 2. On the other hand, the number of RBC with PS 

exposure (Mean ±SD) was very low in Fenwal collection sets (0.5± 0.1) in 

comparison to the MacoPharma one (1.5± 0.5). Therefore, MacoPharma units 

(n=14) were studied separately to minimize the errors and eliminate the unit set 

variation associated with the 3 pools. As a result, acceptable error was observed 

but the statistical analysis did not give a real view of the data due to the small 

sample size (n=2) for each subsequent groups (data not shown). In addition, 

relative normalization has been done for this study with all of the pools but the 

problems with error were observed again and were even higher than without 

normalization (data not shown). Therefore, the results of this study shown in this 

chapter are not normalized or separated. As a consequence, the occurrence of 

changes with or without rejuvenation may be affected by the difference between 

the blood bags types used in this research. Small differences between the samples 

may not be detected due to the small sample size in this study since sufficient 
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statistical power normally require a larger sample. Therefore, further studies with 

higher samples size and using the same type of collection sets are recommended.    

 

4.5  Conclusion:  

 

          RBC ATP depletion during storage has been shown to be a significant 

cause of RMPs generation, disruption of phospholipid asymmetry leading to many 

aspects of the hypothermic storage lesion [23,30,31,59]. This may lead to adverse 

clinical outcomes post transfusion as previously mentioned in chapters 2 and 3.  

In light of this, biochemical rejuvenation was used to treat the stored RBCs at 

different time points of hypothermic storage in order to reverse or prevent the 

storage lesion. The result of this study has shown that biochemical rejuvenation 

for stored RBCs was sufficient to restore the depleted ATP during storage but 

does not reverse the negative effects of hypothermic storage on RBC membrane 

structure or composition regardless of the experimental group and the different 

points of treatments. Due to the fact that some of the RBC storage lesion, such as 

RBC microvesiculation, are irreversible, more advanced techniques focusing on 

stabilizing the RBC membrane during the hypothermic storage are required to 

improve the RBC in vitro quality parameters and to achieve better quality RBC 

products for transfusion.    
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Table 4.1:  Absolute ATP values (µmol/g hgb) and ratio / Day 2 for stored RBC 
up to 49 days (untreated and treated in different time points throughout the storage 
with saline or rejuvenation solution)  

  
Length of Storage 

  
Untreated Group Day 2 Day 28 Day 35 Day 42 Day 49 

ATP (µmol/g hgb) 4.53± 0.38 
3.06± 
0.44* 2.81± 0.35* 2.14± 0.39* 1.69± 0.26* 

Ratio ATP Day 1/ Day2 (%) 1.00± 0.00 0.68± 0.03 0.62± 0.02 0.48± 0.01 0.38± 0.00 

      Sham-treated Day 28 
     ATP (µmol/g hgb) 4.16±0.21 3.37±0.32 2.94±0.47* 2.32±0.70* 1.5±0.43* 

Ratio ATP Day 1/ Day2 (%) 1.00± 0.00 0.81±0.12 0.71±0.15 0.56±0.19 0.36±0.12 

      Rejuvenated Day 28 
     ATP (µmol/g hgb) 4.13±0.32 4.07±0.24 6.38±0.72* 6.47±0.22* 4.57±0.56 

Ratio ATP Day 1/ Day2 (%) 1.00± 0.00 0.99±0.02 1.55±0.29 1.57±0.07 1.12±0.22 

      Sham-treated Day 35 
     ATP (µmol/g hgb) 4.15±0.31 

 
2.86±0.46 2.54±0.57* 1.71±0.14* 

Ratio ATP Day 1/ Day2 (%) 1.00± 0.00 
 

0.69±0.16 0.62±0.18 0.41±0.06 

      Rejuvenated Day 35 
     ATP (µmol/g hgb) 4.18±0.27 

 
4.12±0.77 5.89±0.11* 4.61±0.10 

Ratio ATP Day 1/ Day2 (%) 1.00± 0.00 
 

0.98±0.12 1.41±0.06 1.12±0.10 

      Sham-treated Day 42 
     ATP (µmol/g hgb) 4.26±0.50 

  
2.63±0.90 1.76±0.41* 

Ratio ATP Day 1/ Day2 (%) 1.00± 0.00 
  

0.63±0.29 0.42±0.15 

      Rejuvenated Day 42 
     ATP (µmol/g hgb) 3.83±0.84 

  
4.08±0.89 4.78±0.53* 

Ratio ATP Day 1/ Day2 (%) 1.00± 0.00     1.07±0.41 1.26±0.14 
Mean ± SD 

     *(p < 0.05) in comparison to day 2  mean ATP 
values 
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Figure 4.1: ATP concentration µmol/g Hgb (Mean ± SD) for untreated, sham 
 and rejuvenated  groups throughout 49 days of storage. Asterisk 

indicated significant change (p < 0.05) in comparison to day 2. 
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Figure 4.2: Absolute number of RMP/µl (Mean ± SD) for untreated, sham  
and rejuvenated  groups throughout 49 days of storage. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2. 

Untreated 

Ab
so

lu
te

 n
um

be
r o

f R
M

Ps
/µ

L

0

2e+4

4e+4

6e+4

8e+4

1e+5

Treatment day 28 

Ab
so

lu
te

 n
um

be
r o

f R
M

Ps
/µ

L

0

2e+4

4e+4

6e+4

8e+4

1e+5

Treatment day 35

Ab
so

lu
te

 n
um

be
r o

f R
M

Ps
/µ

L

0

2e+4

4e+4

6e+4

8e+4

1e+5

Treatment day 42 

Length of Hypothermic storage 

d2 d28 d35 d42 d49

Ab
so

lu
te

 n
um

be
r o

f R
M

Ps
/µ

L

0

2e+4

4e+4

6e+4

8e+4

1e+5

*

*

 



 125  

 

Figure 4.3: Percent of RMP-PS (Mean ± SD) for untreated, sham  and 
rejuvenated  groups throughout 49 days of storage. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2. 
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Figure 4.4: MFI of RMP-PS (Mean ± SD) for untreated, sham  and 
rejuvenated  groups throughout 49 days of storage. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2. 
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Figure 4.5: Percent of RMP-CD47 (Mean ± SD) for untreated, sham  and 
rejuvenated  groups throughout 49 days of storage. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2. 
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Figure 4.6: MFI of RMP-CD47 (Mean ± SD) for untreated, sham  and 
rejuvenated  groups throughout 49 days of storage. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2. 
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Figure 4.7: Percent of RBC-PS (Mean ± SD) for untreated, sham  and 
rejuvenated  groups throughout 49 days of storage. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2. 
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Figure 4.8: MFI of RBC-PS (Mean ± SD) for untreated, sham  and 
rejuvenated  groups throughout 49 days of storage. Asterisk indicated 
significant change (p< 0.05) in comparison to day 2. 
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Figure 4.9: Percent of RBC-CD47 (Mean ± SD) for untreated, sham  and 
rejuvenated  groups throughout 49 days of storage. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2.
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Figure 4.10: MFI of RBC-CD47 (Mean ± SD) for untreated, sham  and 
rejuvenated  groups throughout 49 days of storage. Asterisk indicated 
significant change (p < 0.05) in comparison to day 2. 
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Appendix 4.1:  Fenwal (A) vs Macopharma (B) blood bag.   

 

 The length of the Fenwal RBC storage container is 3 cm shorter than 
MacoPharma container. 
 

 There is a different method to access the port of the RBC storage container 
where the MacoPharma container has “pull-apart tabs”, which identified by 
arrow on the top of the port protectors, while the Fenwal container has peel 
apart port protectors 
 

 
[Pictures were taken by Tracey Turner in Dr. Acker’s Lab, Canadian Blood services, 
Edmonton]  

A B 
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Appendix 4.2: Flowchart for RBC Rejuvenation during Hypothermic Storage. 
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Chapter 5 

 

General Discussion and Conclusion 
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5.1 Review of Thesis Objectives    

 

          Human RBCs have been studied extensively in the last few decades in order 

to improve RBC preservation [1]. Developing RBC preservation strategies is 

important for clinical applications and to meet the growing demands of 

transfusion medicine [1-3]. At the present time, hypothermic storage is the most 

common method used to preserve the function, quality and integrity of RBCs in a 

liquid form for blood transfusion. Even though contemporary hypothermic storage 

temperatures are sufficient to store RBCs up to 5-7 weeks, significant biochemical 

and biomechanical alterations occur throughout the hypothermic storage period 

[1,4-11]. In light of recent studies, the effect of storage on the RBC membrane has 

become a focus of interest. Alterations in the red blood cell membrane, such as 

microvesiculation and changes in PS and CD47 expression, are important not only 

as a markers of storage lesion, but also as potential indicators of RBC in vivo 

survival and function as these changes enhance erythrophagocytosis after 

transfusion [12-16].  

          The objectives of this thesis were to improve our understanding of the 

effect of hypothermic storage on the RBC membrane in vitro quality parameters 

by investigating novel markers, including phospholipid loss through 

microvesiculation, and PS and CD47 expression using a developed multi-color 

flow cytometric analysis method. In addition, the second aim of this thesis was to 
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examine the effect of biochemical rejuvenation at various time points during 

hypothermic storage.  

          The results of the experimental studies have been presented to test the 

following hypotheses: 1) Multi-color flow cytometry is an effective method to 

identify, characterize and quantify RBC microparticles; 2) Hypothermic storage 

induces erythrocyte microvesiculation, PS externalization and reduction in the 

CD47 expression on RBCs and on RBC MPs; 3) Biochemical rejuvenation can be 

used as an approach to prevent or minimize changes in the RBC 

microvesiculation, PS and CD47 expression during hypothermic storage.      

          The objective of the first experimental study in this thesis was to determine 

if the hypothermic storage induced RBC microvesiculation could be identified, 

characterized and quantified using a multi-color flow cytometry analysis method 

(Chapter 2). Even though there are several methods and assays used to detect 

microparticles [17-19], flow cytometry method is the most common and ideal 

method to identify and quantify MPs [17,20]. Therefore, in Chapter 2, flow 

cytometry was used for a quantitative and qualitative analysis for the RBC and the 

RMPs after labelling the test samples with fluorescence monoclonal antibodies. 

RBC and RMPs were further characterized by the expression of the PS and CD47 

on their surface. The sensitivity of RMP size method was shown to be able to 

detect RMP events as small as 0.20 µm in diameter. The results of this study 

demonstrate that the developed multi-color flow cytometry method is suitable to 

detect and characterize the changes in the RBC and their microparticles. A linear 
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relationship between the TruCOUNT beads concentration and number of acquired 

events was established. The developed method allows more in-depth monitoring 

of RBC quality during preservation and gives insight into the surface expression, 

and potentially the function, of RMPs in vivo. This method was used in 

subsequent chapters to study the effect of hypothermic storage and the 

rejuvenation on the composition of RBC and their microparticles.  

          The aim of chapter 3 of this thesis was to apply the flow cytometry analysis 

method to measure the hypothermic-storage induced changes in CD47 and PS on 

RBCs as well as quantitatively and qualitatively evaluate RMPs using flow 

cytometry. In addition to establishing a baseline of RBC quality during storage, 

other in vitro quality assays were measured, including ATP concentration and 

hemolysis. This allowed us to examine the relationship between these 

controversial in vitro quality parameters and RBC microvesiculation. This 

relationship was to determine if increased hemolysis or/and depletion of ATP is 

responsible for the microparticle accumulation during hypothermic storage. The 

results of this study showed that the number of RMPs/µL significantly increased 

and statistically significant changes of both PS and CD47 was observed by the 

end of storage period. Moreover, the data from this chapter demonstrated that 

there was a negative correlation identified between the ATP concentration and 

number of RMPs throughout storage where the greatest number of RMPs 

observed at the end of the storage period when the ATP concentration was at its 

lowest. It was shown that the changes in RBC membrane throughout storage have 
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the potential to influence other in vitro quality parameters. This could be 

explained in support with other studies where the ATP depletion during storage 

resulted in a shutdown of the trans-membrane ion pump activity [21,22] leading to 

an increase in the level of intracellular ions such as calcium [21-23]. Accordingly, 

the accumulation of the intracellular calcium may enhance the morphological 

changes and microvesiculation. These findings showed that the ATP depletion 

during storage modified the ability of the RBC membrane to release 

microparticles which have been shown to be harmful effectors of inflammation 

and coagulation post-transfusion. This study demonstrated that the use of the 

developed flow cytometry method is suitable to detect and analyze RBCs and 

their microparticles. Also, this study raised the concern that the membrane 

changes during storage may not be the actual harmful consequences but the effect 

of microvesicles and membrane loss might have on transfusion.  

          The purpose of chapter 4 was to examine the effects of biochemical 

rejuvenation on red blood cell microvesiculation, as well as PS and CD47 

expression during hypothermic storage. Previous studies have suggested that ATP 

depletion during hypothermic storage is implicated in several processes of 

hypothermic storage lesion [9,24]. Rejuvenation solutions have been shown to be 

able to restore ATP and 2, 3-DPG levels in hypothermically stored RBCs [7,25-

29]. The results of chapter 4 demonstrated that the biochemical rejuvenation used 

in this thesis was sufficient to restore the depleted ATP during the hypothermic 

storage but there was no significant effect in preventing or reversing RBC 
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microvesiculation. This study showed evidence that the RBC membrane lesions 

during storage are 2 types; reversible changes such as the metabolic alternations 

including the depletion of the ATP concentration, and irreversible changes such as 

the biomechanical alterations including RBC microvesiculation. Since ATP 

restoration did not prevent RMP generation or changes in PS and CD47 

expression during storage, this suggested that there are other factors and 

mechanisms that contribute to these biomechanical alterations, not just ATP 

depletion. Even though biochemical rejuvenation did not prevent the 

biomechanical membrane lesion, the different time points of treatment with 

rejuvenation solution throughout hypothermic storage showed that the earlier 

biochemical rejuvenation (day 28) for the stored RBC had better improvement for 

the level of ATP versus late rejuvenation. These results suggested that 

improvement in the intracellular ATP concentration is also dependent on the 

storage time and not just on biochemical rejuvenation treatment.     

 

5.2 Contributions to Science and Future Directions    

          This thesis has made a number of valuable contributions to the fields of the 

biopreservation and transfusion medicine. The development of a validated and 

effective flow cytometric method to identify and characterize RBCs and their 

microparticles throughout the hypothermic storage time, which reflects 

measurements of significant indicators of the quality of the RBC, is an important 
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contribution as standardized and validated protocols for quantitatively and 

qualitatively analyzing to the cell-derived microparticles are currently lacking. 

This work allows more in-depth monitoring of RBC quality during the current 

practice preservation for RBC and gives insight into the surface expression, and 

potentially the function, of RMPs in vivo. In light of the potential inflammation, 

coagulation, immunomodulation and other the observed changes to 

hypothermically stored RBC, further research into their clinical implications is 

required.  In addition, this thesis has demonstrated that the use of biochemical 

rejuvenation was sufficient to restore the depleted ATP during hypothermic 

storage but there was no significant effect on the RMP generation or PS and 

CD47 expression throughout hypothermic storage. This has confirmed that some 

of the RBC hypothermic storage lesions, such as RBC microvesiculation, are 

irreversible. More advance techniques and methods focusing on stabilizing the 

RBC membrane during storage to improve the RBC in vitro quality parameters 

and to achieve better quality RBC products for transfusion are required.  

Furthermore, the novelty of different time points of treatment with rejuvenation 

solution throughout hypothermic storage showed that earlier biochemical 

rejuvenation for stored RBCs had better improvement for the level of ATP versus 

late rejuvenation. These results suggested that improvement in ATP levels is 

dependent not only on rejuvenation treatment but also on the storage time. The 

use of this strategy of rejuvenation treatment demonstrated that RBC rejuvenation 

is more effective in earlier stages of storage that late stages where the 

accumulation and the effects of storage lesion have already occurred. Further in 
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vivo and in vitro studies on the effects of biochemical rejuvenation on the quality 

and the integrity of the RBCs are warranted.  

          New preservative technologies to address the deteriorating condition of the 

membrane with the ultimate goal of stabilizing the membrane and decreasing 

microvesiculation throughout storage are strongly needed. The findings of this 

thesis provided knowledge that will contribute to have a better understanding of 

the RBC membrane lesion that occurs during the hypothermic storage and may 

lead to future developments in the biopreservation of the RBCs. Optimistically, 

the results, ways and means of this thesis will lead to further advancements in 

preserving RBCs and maintaining the integrity of the membranes for a readily 

available products for transfusion medicine.  
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