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1.1 Introduction  
Blood transfusion experiments were practiced as early in the 17th century. However, it  was 
the discovery of the ABO blood groups in the early 1900 that boosted transfusion 
medicine.1 Blood transfusion practice has considerably improved since then and nowadays 
refrigerated stored red blood cells (RBCs) are routinely infused to compensate for excessive 
blood loss or to correct for abnormal hemoglobin content. Yet, during refrigerated storage 
the RBCs undergo structural and biochemical alterations, collectively referred to as the 
storage lesion, which could compromise their function after infusion. Particularly, 
alterations in the RBC flow properties (i.e. rheologic properties) may impede the RBCs to 
properly function in the microcirculation. This chapter describes, from a rheologic 
perspective, the RBC characteristics and the cellular changes that are observed during 
refrigerated blood bank storage. In addition, cryopreservation of RBCs will be discussed as 
an alternative approach to counteract storage induced lesions and thus to extend the shelf 
life of RBCs. 

 
Characteristics of RBCs 
RBCs are the most abundant cells in the blood. Adult humans have approximately 20-30 
trillion circulating RBCs and on an average 2.6 million human RBCs are produced every 
second by the red bone marrow and released into the blood via marrow sinusoids.2 RBCs 
have unique structures and properties which enable them to distribute oxygen and collect 
carbon dioxide in the body. Mature RBCs are shaped as biconcave discs (Figure 1.1) that 
lack nuclei, mitochondria and other cell organelles. Yet, the RBCs are rich in hemoglobin 
(Hb), an iron-containing protein that is able to reversible bind oxygen and carbon dioxide.  
 

 
Figure 1.1. Human red blood cells under physiological conditions. 
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In the RBC, energy is provided via the anaerobic glycolysis pathway. In this pathway 
glucose is broken down in pyruvate with among others adenine-triphosphate (ATP) and 
2,3-diphosphoglycerate (2,3-DPG) as intermediate metabolites. Subsequently, pyruvate is 
converted to lactate and transported out of the cell. ATP as an energy source is essential for 
the overall functioning of the RBC. Loss of ATP has been associated with shape changes, 
enhanced cation permeability, rigid cell membranes, altered surface expression of 
phospholipids, microvesiculation and decreased RBC viability.3-10 Furthermore, ATP 
released by the RBC is a potent vasodilatation signaling molecule that adapts the blood 
flow according to local needs.11,12 Recently, the ATP content was also correlated with the 
oxygenation capacity of the RBC.13,14 In the RBC binding of 2,3-DPG to the Hb induces a 
conformation state which will release oxygen from the Hb. Due to the high binding affinity 
of 2,3-DPG for deoxygenated Hb, oxygen is released in regions with low oxygen tension. 
Loss of 2,3-DPG will increase the oxygen affinity to the Hb which may hamper the oxygen 
delivery to the tissues.2 
The RBC membrane is composed of a lipid bi-layer and an underlying viscoelastic 
cytoskeleton. This bi-layer consists of a layer of proteins which, due to the sialic acid 
groups, bears a net negative charge. The viscoelastic cytoskeleton enables the RBC to adapt 
their shape to maintain the flow behavior in the microvessels.  

 
RBCs in the microcirculation  
The microcirculation consists of a network of arterioles, capillaries and venules with a 
diameter of less than 100 µm.15 In the capillaries exchange of oxygen and carbon dioxide 
between circulating RBCs and the surrounding tissues takes place. Most microcirculatory 
vessels are embedded within an organ. Adequate flow in the microcirculation is thus a 
requisite for normal organ perfusion and function. The RBC rheologic properties (i.e. the 
ability of RBC to aggregate, deform and adhere to endothelial cells) are important 
determinants of the flow behavior of blood and subsequently the oxygenation of the micro-
vascular environment.16,17  
The ability of RBCs to form linear aggregates (Rouleaux: Figure 1.2) or more complex 
three dimensional aggregates in regions with low shear rate is a phenomenon that has been 
studied for decades. RBC aggregation is depending on opposing shear forces. On the one 
hand RBC aggregation is counteracted by the repulsive force between negatively charged 
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cells as well as the force generated by the blood flow. On the other hand, RBC aggregation 
is promoted by the presence of plasma proteins, most importantly fibrinogen, or by high 
molecular weight polymers.18,19 At present there are two theories proposed to explain the 
RBC aggregation mechanism: a bridging and a depletion theory.20 In the bridging theory, it 
is hypothesized that macromolecules adsorbed onto the RBC surface form bridges between 
adjacent RBCs, whereas in the depletion theory RBC aggregation is induced due to an 
osmotic gradient difference between the polymer concentration near the RBC surface 
versus the suspending medium. Although RBC aggregation markedly enhances the blood 
viscosity at low shear rate,21 the physiological role of this process is still elusive. Under 
normal physiological conditions, RBC aggregates are easily dispersed by the rise in blood 
flow rate. However, in certain pathologic states such as cardiovascular disorders, sepsis, 
pre-eclampsia, diabetes mellitus, chronic renal failure, rheumatoid arthritis, inflammation, 
hypertension, thalassemia and sickle cell disease,18,22-26 stronger and or larger aggregates 
are formed which are more resistant to dispersion by the blood flow. Essentially, enhanced 
RBC aggregation has the potential to impair the blood flow in the microcirculation and 
contribute to the occlusion of micro-vessels.26,27 
 

 
Figure 1.2. RBC Rouleaux formation in the microcirculation. 
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The ability of RBCs to deform due to applied shear stress enables these cells to adapt their 
size to squeeze through narrow capillaries. It also allows RBCs to reduce the blood 
viscosity at high shear rate, so that blood remains fluid even at a high hematocrit. The RBC 
deformability is depending on the geometry of the cell, the viscosity of the cytoplasm as 
well as on the viscoelastic properties of the cytoskeleton.28 Alterations in these properties 
can make the RBC more rigid and impair or block the blood flow in the microcirculation. 
Ultimately, rigid RBCs will be sequestered by the spleen and destroyed. The RBC 
deformability is thus essential for adequate tissue perfusion and cell survival.28,29 Reduced 
RBC deformability has been observed in sepsis, diabetes mellitus, malaria, hypertension, 
thalassemia and sickle cell disease.23-25 
The adherence of RBCs to the vascular endothelium is, under physiological conditions, 
negligible. However, structural changes in the RBC membrane may promote adherence to 
endothelial cells (ECs) and impair the microcirculatory blood flow.26,30Adherence of RBCs 
to ECs is mediated by expression of phosphatidylserine (PS) on the RBC surface.31,32 PS 
expression also triggers recognition by macrophages which clears the RBCs from the 
circulation.33-35 Enhanced RBC-EC interaction has been observed in malaria, diabetes 
mellitus, thalassemia, sickle cell disease.26  
In summary, changes in the rheologic properties of RBCs may form a circulatory risk by 
hindering adequate tissue perfusion and contributing to ischemia or even infarction.26,36,37 It 
is therefore not surprisingly that flow disturbances in the microcirculation are closely 
associated with morbidity and mortality.38,39 These findings highlight the importance of 
RBC rheologic properties as functionality parameters in transfusion medicine. 

 
Usage of the Laser-assisted Optical Rotational Cell Analyzer 
The laser-assisted optical rotational red cell analyzer (LORCA; R&R Mechatronics, Zwaag 
The Netherlands)40,41 is a useful device to determine the aggregation and deformation 
behavior of RBCs ex vivo.42,43 In general, a laser beam is directed through the RBC 
solution and RBC aggregation is determined by means of backscattered light. Initially, the 
RBC suspension is sheared to disperse pre-existing RBC aggregates. After several seconds 
the shear is halted and the light reflection from the suspension is recorded over a certain 
timeframe and subsequently analyzed by a computer program. As RBCs start to form side 
to side aggregates (Rouleaux) the intensity of the backscattered light decreases 
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exponentially. The aggregation behavior of RBCs is described by the aggregation index 
(AI), which depends both on the kinetics and extent of aggregation.  
The RBC deformability can be determined at various fluid shear stresses by means of laser 
diffraction analysis. In general, a laser beam is directed through a sheared diluted RBC 
solution and the diffraction pattern produced by the deformed cells is analyzed by a 
computer program. Under the influence of shear stress, RBCs will gradual deform from a 
biconcave to ellipsoid shape. Based upon the geometry of the diffraction pattern the 
elongation index (EI) is calculated, in which an increased EI at any given shear stress 
indicates greater cell deformation.  

 
RBC Senescence 
Human RBCs have an in vivo life span of approximately 120 days after which they are 
selectively removed from the circulation by macrophages.35,44 This mechanism is essential 
since it prevents Hb release from aged RBCs directly in the circulation. Aged RBCs are 
characterized by cell shrinkage, microvesiculation and PS exposure at the cell surface. 
Aged RBCs also have a decreased ability to deform and an enhanced tendency to 
aggregate.19,45-47 RBC injury due to energy depletion, osmotic shock or oxidative stress 
reduces the life span of the RBC.45 Refrigerated storage also induces cellular changes in the 
RBC that diminish the life span and possibly the functionality of RBCs. 

 
1.2. Refrigerated storage of RBCs 
Worldwide RBCs are routinely infused in order to compensate for excessive blood loss as 
well as to improve the oxygen carrying capacity. Annually, developed countries transfuse 
approximately one RBC storage unit for every 20 inhabitants.48 Yet, recently RBC 
transfusions has been under intensive evaluation. This is mainly because infusion of 
prolonged refrigerated stored RBCs have been linked to adverse outcome in terms of 
postoperative infections, length of hospital stay, multiple organ dysfunction syndrome 
(MODS), transfusion related acute lung injury (TRALI), cancer progression and even 
mortality.49-56 
 



Introduction 

 
 

 
7 

Requirements of refrigerated stored RBCs 
To date RBCs are routinely stored at 2-6°C for a maximum of 5 to 6 weeks, depending on 
the preservation solution used. Notably, in the Netherlands RBCs are refrigerated and 
stored in saline-adenine-glucose-mannitol (SAGM) solution for a maximum of 5 weeks. 
International guidelines require that the hemolysis in a refrigerated RBC storage unit must 
remain below allowable levels (i.e., 0.8% in Europe and 1% in The United States) and that 
at least 75% of the infused RBCs must still circulate 24 hours after infusion.57,58 
Interestingly, these guidelines do not specifically reflect the RBC ability to function after 
infusion.  

 
Quality of refrigerated stored RBCs 
Although storage at 4°C slows down the biochemical processes in the RBC, cellular 
metabolism is not completely suppressed at these temperatures. During refrigerated storage 
a variety of changes have been observed that could compromise the RBCs to function after 
infusion. These changes include decreased concentrations of 2,3-DPG, ATP and membrane 
sialic acid content, translocation of PS to the cell surface, oxidative injury to membrane 
lipids and proteins, shape change to spheroechinocytes, membrane blebbing and 
accumulation of potassium, free HB, cytokines, bioactive lipids and (pro-coagulant) 
microvesicles in the RBC storage unit.59-63  
The RBCs rheologic properties also become impaired during refrigerated storage. RBCs 
demonstrate an increased tendency to aggregate, diminished deformability and augmented 
adhesiveness to ECs starting already from the second week of storage.64-68 These alterations 
could hamper the RBCs to properly function in the microcirculation. Especially, since the 
majority of the RBC units that are infused have a lifespan that exceeds 2 weeks of 
storage.69-71 Yet, studies which propose a detrimental association with the infusion of long-
term refrigerated stored RBCs are often biased and not adequately corrected for known 
confounding factors.72-76 These factors include among others the number of RBC units 
transfused, mixture of RBCs of different durations, severity of illness and the utilization of 
leukoreduction. 
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Leukofiltration of RBCs 
In most developed countries, leukoreduction of RBC units prior to storage is a mandatory 
practice. Initially leukoreduction was implemented to prevent HLA alloimmunization, 
however by reducing the leukocyte count from a mean of 109 to 106 cells per RBC unit, less 
detrimental substances such as cytokines, proteolytic enzymes and oxygen free radicals 
accumulate in the RBC storage unit.77-80 Notably, leukoreduction reduces the risk of HLA 
alloimmunization, febrile non-hemolytic transfusion reactions, immunomodulation and 
transmission of infectious agents.81-85 It has been reported that leukoreduction prior to RBC 
storage diminish the extent of storage induced RBC lesions.86,87 Hence, a lower degree of 
hemolysis, microvesiculation, potassium leakage and osmotic fragility was observed during 
refrigerated RBC storage as compared to their non-leukoreduced counterparts.80,88,89 In 
addition, leukoreduced refrigerated stored RBCs showed negligible PS exposure and 
adhesiveness to ECs with storage time.89-91 Interestingly, it was also observed that oxygen 
free radicals and enzymes derived from activated leukocytes can compromise the 
aggregation and deformation behavior of RBCs.86,92,93 Despite these findings, the 
aggregability and deformability (i.e. rheologic features) of leukoreduced refrigerated stored 
RBCs are yet to be determined. 
In general, leukoreduction has been widely regarded as a beneficial practice to transfusion 
medicine.81,94,95 However, whether leukoreduced refrigerated stored RBCs are functional in 
the microcirculation or might be deleterious to transfusion outcome is still unclear.15,96-99 As 
a result concerns regarding the infusion of prolonged stored RBCs are ongoing and a more 
restrictive transfusion policy is currently being favored.100,101 Alternatively, storage of RBC 
at ultra-low subzero temperatures halts the biochemical processes in the cell and could 
therefore represent a promising approach to circumvent storage induced lesions and 
subsequently to extend the shelf life of preserved RBCs. 

 
1.3. Cryopreservation of RBCs   
Since the discovery in the 1950s that glycerol protects RBCs from freezing injury, 
cryopreserved RBCs have been under intensive investigation.48 Currently cryopreserved 
RBCs (commonly known as frozen RBCs) are primarily used for controlling an inventory 
in situations where the RBC availability is limited or unpredictable. Such as is the case for 
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storage of RBC with rare blood groups or for usage in military settings.102,103 Occasionally 
cryopreservation is used to preserve autologous RBCs. 

 
Freezing methods 
To date, there are two freezing methods approved for the preservation of RBCs.57,58 On the 
one hand, RBCs can be frozen rapidly using a low-glycerol method (LGM) with a final 
concentration of approximately 20% glycerol (wt/vol) at temperatures below -140°C. On 
the other hand, RBCs can be frozen slowly using a high-glycerol method (HGM), allowing 
storage of RBC units with a final concentration of approximately 40% (wt/vol) glycerol at 
temperatures between -65°C and -80°C. Cryopreserved RBCs can be preserved up to at 
least ten years if the correct storage temperature is guaranteed. The HGM cryopreserved 
RBCs tolerate wide fluctuations in temperature during freezing and are more stable during 
post-thaw storage.104,105 In addition, HGM cryopreserved RBCs did not require liquid 
nitrogen which eased storage and transportation conditions. Therefore, the HGM is 
currently the most applicable RBC freezing method in Europe and the United States. 

 
Deglycerolization of thawed RBCs 
Usage of glycerol as a cryoprotectant requires an intensive deglycerolization washing 
procedure post-thaw in order to reduce the glycerol concentration within the cell. This is 
necessary, since incomplete deglycerolized RBCs will cause hemolytic transfusion 
reactions and renal failure after infusion.106,107 Washing also considerably reduces the 
amount of detrimental substances such as bioactive lipids, microparticles, cytokines, 
potassium and free Hb as well as leukocytes from the RBC unit.62,63,77,78,108-110 As a result, 
transfusion of cryopreserved RBCs are associated with less febrile transfusion reactions, 
alloimmunization as well as occurrences of TRALI and systemic inflammatory response 
syndrome (SIRS).48,111 

 
Requirements of cryopreserved RBCs 
Preservation of RBCs at ultra-low subzero temperatures ceases the biological activity of the 
cells which enables them to be preserved for years.112,113 However, once thawed the shelf 
life of RBCs is limited. Deglycerolized RBCs are primarily stored in SAGM preservation 
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solution for up to 48 hours or in AS-3 preservation solution for up to 14 days. 
Cryopreserved RBCs need to be deglycerolized to reduce the residual glycerol content to 
below 1%.104 Furthermore, international guidelines require that the hemolysis in the RBC 
units must remain below allowable levels (i.e. 0.8% in Europe and 1% in The United 
States) and that the RBC post-thaw recovery after deglycerolization (i.e. freeze-thaw-wash 
recovery) must exceed 80%. Also, at least 75% of cryopreserved RBCs must still circulate 
24-hours after infusion.57,58 However, these guidelines also do not reflect the ability of 
RBCs to function after infusion. Hence, frozen storage subjects RBC to a range of 
chemical, thermal and mechanical forces, which might affect their oxygen delivering 
capacity after infusion.  

 
Quality of thawed RBCs  
The quality of HGM cryopreserved RBCs is dependent on the pre-freeze and post-thaw 
storage time, the anticoagulant and additive solution used as well as on the biological 
variation among RBC units. The cooling process per se only minimally induces cellular 
damage when high glycerol concentrations were used.112,114 In general, RBCs intended for 
frozen storage are refrigerated stored prior to processing. The 2,3-DPG content of 
refrigerated stored RBCs rapidly declines due to the low pH of the storage solution. By 
limiting this pre-freezing storage time, higher 2,3-DPG values could be obtained post-
thaw.114 Yet, the 2,3 DPG content continue to diminish during postthaw storage.115,116 
Cryopreserved RBCs maintain high ATP content following post-thaw storage in SAGM 
and AS-3. However, during postthaw storage also the ATP content gradually declines. This 
decline is more prominent in AS-3 due to the lower pH of this storage solution.117 When the 
pre-freezing storage time was limited to three days no significant changes in PS exposure, 
CD-47 expression and membrane microvesiculation was observed with HGM 
cryopreserved RBCs that were post-thaw stored in SAGM solution.118 In the past the 
rheologic properties of cryopreserved RBCs have only briefly been addressed. It was 
demonstrated that the aggregability and deformability of LGM cryopreserved RBCs were 
diminished.119-121 Yet, the rheologic properties of HGM cryopreserved RBCs are still to be 
determined.  
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Implementation of new freezing technology 
For routine clinical usage, cryopreserved RBCs must be safe, effective and reasonably 
priced. Cryopreserved RBCs are more expensive, inefficient and time consuming than 
refrigerated stored RBCs.48 However, ongoing technological advances could potentially 
expand the utilization of cryopreserved RBCs in transfusion medicine. A promising 
approach is the usage of a liquid Bio-freezer (Supachill, Lubbock, USA) with a high heat 
absorption capacity. This Bio-freezer consists of a reservoir of fluid in which samples are 
immersed. Consequently, the heat is rapidly dissipated from the sample and less freezing 
damage is observed. This Bio-freezer has been successfully used to freeze bovine sperm 
cells with a high post-thaw quality.122,123 The rate of heat release during freezing is also an 
important contributor to the post-thaw quality of RBCs.124 Traditional freezing of RBCs at 
–25°C in a mechanical freezer, normally requires high glycerol solutions to minimize ice 
formation.125 However, usage of high concentrations of cryoprotectants also exert 
detrimental effects on the cell.126 The rapid heat exchange of the liquid Bio-freezer, might 
allow RBCs to be frozen with lower glycerol concentrations at higher temperatures. The 
latter could reduce the osmotic stress and subsequently the freeze-thaw-wash related cell 
loss. This characteristic could make the Bio-freezer particular interesting for 
cryopreservation of RBCs.  

 
1.4. Aim of this thesis 
The aim of this thesis is to gain a better understanding of the RBC quality from a rheologic 
perspective in transfusion medicine. Alternatively, the utilization of cryopreservation for 
long-term storage of RBCs will be explored.  
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Abstract 
The aggregation of human RBC remains of biological and clinical interest. Replacement of plasma 
proteins by polymers to induce RBC aggregation may help to unravel the fundamentals of the 
aggregation process. Two theories exist to explain the RBC aggregation mechanism: a depletion and a 
bridging theory. RBC aggregation induced by hydroxyethyl starch (HES) polymers increases with 
polymer size, which suggests that aggregation is induced via the bridging theory. In the present study, 
the electrophoretic mobility (EPM) was measured to investigate RBC aggregation induced by 200-
kDa HES polymers. In addition, we evaluated if these polymers were useful for demonstrating 
aggregation differences between RBCs from healthy and type-1 diabetes mellitus (T1DM) subjects. 
Our results demonstrate that the EPM values of RBCs in 200-kDa HES solutions were less negative 
than could be predicted by the viscosity of the suspension, supporting the bridging theory. 
Furthermore, aggregation analysis using the LORCA demonstrated that 200-kDa HES solution 
enhanced RBC aggregation of healthy and diabetic subjects in a similar manner as standard 500-kDa 
dextran solutions. In conclusion: our data supports the bridging mechanism underlying 200-kDa HES 
induced RBC aggregation. In addition, both polymers are useful for demonstrating cellular induced 
aggregation differences between RBCs from healthy and T1DM subjects. 
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2.1. Introduction 
RBC aggregation is an important determinant of the flow behavior of blood. In regions with 
low shear rate, human RBCs form linear stacks of cells and multi-cellular aggregates that 
markedly enhance the blood viscosity and further reduce the blood flow rate.1 Under 
physiological conditions RBC aggregates are easily dispersed when the blood flow rate 
increases. However, under pathologic conditions stronger and larger aggregates may form 
that are more resistant to dispersion by the blood flow, therewith contributing to the 
occlusion of microvessels and hindering adequate tissue perfusion.2,3 Despite numerous 
studies, the physiological role of RBC aggregation still remains unclear. It has been 
demonstrated that different RBC aggregation tendencies can exist between healthy 
individuals.4 In addition, enhanced RBC aggregation is observed in a variety of diseases 
such as cardiovascular disease, diabetes mellitus, renal failure, sepsis, thalassemia and 
sickle cell disease.3,5,6 
The RBC surface consists of a layer of proteins, called the glycocalyx, which bears a net 
negative charge. The ability of RBCs to aggregate is a balance between repulsive and 
attractive forces. On one hand RBC aggregates are dispersed by repulsive electrostatic 
forces between negatively charged RBCs as well as the prevailing shear forces generated by 
the blood flow. On the other hand the promotion of aggregation is induced by the presence 
of plasma proteins, especially fibrinogen, or by high molecular weight polymers.5,7  
Usage of high molecular weight polymers to induce RBC aggregation gives more insight in 
the aggregation process because it will exclude aggregation differences that are induced by 
variations in plasma protein composition. Non-ionic polymers like dextran, polyethylene 
glycol and to a lesser extent hydroxyethyl starch (HES) have been investigated for their 
RBC aggregation inducing properties.8-14 Like dextran, HES polymers are used in plasma 
substitutes to treat for example hypovolemia during surgery.15,16 HES polymers are 
available in a broad range of molecular weights all with different tendencies to promote 
RBC aggregation. In this regard, only HES polymers with low aggregation tendency, such 
as the 130-kDa HES solutions, are currently preferred for infusion, whereas HES polymers 
with hyper-aggregating tendencies, such as 450-kDa HES solutions, are less favored in 
clinical practice.11,17,18 However, the 200-kDa HES polymer, which has intermediate RBC 
aggregation tendencies, could be useful as a pro-aggregant in RBC rheologic studies.  
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At present there are two theories that explain the RBC aggregation mechanism induced by 
high molecular weight polymers.19 In the bridging theory, it is hypothesized that 
macromolecules adsorbed onto the RBC membrane form bridges between adjacent cell 
surfaces, which help overcome repulsive electrostatic forces between the RBCs. In the 
depletion theory, RBC aggregation occurs due to a lower concentration of macromolecules 
near the RBC surface compared to the suspending medium. This depletion of 
macromolecules near the cell surface leads to an osmotic gradient that causes fluid to move 
away from adjacent RBCs, which subsequently favors RBC aggregation. 
Previous data support the depletion theory as the mechanism of dextran induced RBC 
aggregation.13,20 The mechanism through which HES induces RBC aggregation has not yet 
been established. However, since stronger and larger RBC aggregates are formed with HES 
solutions of increasing molecular weight,18 an adsorption mediated aggregation mechanism 
is expected to exist for this polymer. This is in contrast with the depletion mechanism, 
where RBC aggregation has a nonlinear dependency on the molecular weight of the 
polymer.8 
Electrophoresis has shown to be a useful tool for studying the aggregation behavior of 
RBCs.9,13,21,22 By measuring the electrophoretic mobility (EPM) of RBCs in polymer 
solutions, a better understanding of the underlying aggregation mechanism can be obtained. 
The EPM of RBCs in saline solutions demonstrates a negative value. In this regard a less 
negative EPM of RBCs in polymer solutions (i.e. a lower mobility of RBCs) suggests 
bridging mediated aggregation due to interactions of polymers with the RBC surface. In 
contrast, a more negative EPM value (i.e. a higher mobility of RBCs) is explained by 
depletion of polymers near the RBC surface.23 
Differentiating between plasmatic and cellular factors leading to altered RBC aggregation is 
important from both a biological and clinical point of view. Usage of high molecular weight 
polymers will manifest RBC aggregation differences which are induced by cellular factors 
such as RBC shape, deformability and membrane surface properties. This intrinsic tendency 
of RBC to aggregate (i.e. RBC aggregability) is dependent on the type and the molecular 
weight of polymers in solution.4  
In the past standard dextran polymers have been useful pro-aggregants in RBC rheologic 
studies.5,24 Like the standard 500-kDa dextran polymers, the 200-kDa HES polymers could 
be useful to manifest cellular induced aggregation differences between RBCs from healthy 
individuals and patients with a disease. Blood from type-1 diabetes mellitus (T1DM) 
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patients is especially suitable for aggregation testing. Particularly, because in these patients 
alterations in both plasma and RBC cellular properties are responsible for enhanced RBC 
aggregation tendencies.25 Nowadays, RBC aggregation can be studied using the LORCA. 
This technique allows RBC aggregation to be studied ex vivo either in whole blood or in 
polymer solutions. 
In this study, the EPM of RBCs from healthy volunteers was explored in 200-kDa HES and 
standard 500-kDa dextran solutions in order to elucidate the underlying aggregation 
mechanism. Furthermore, the LORCA was used to investigate if these polymers could 
discriminate cellular induced aggregation differences between RBCs from healthy 
volunteers and T1DM patients. 
 
2.2. Materials and methods 

Sample preparation 
Blood was collected from healthy volunteers and T1DM patients after informed consent 
and in accordance with University Medical Center Groningen protocols. Briefly, whole 
blood was anticoagulated with EDTA (1.5 mg/ml) and part of it was used in aggregation 
experiments within 1 hour after collection. To obtain RBCs, whole blood was centrifuged at 
1100 x g for 12 min to remove the buffycoat and supernatant. The concentrated RBCs were 
washed twice with PBS (pH 7.4), and resuspended in 0.9% sodium chloride solution (NaCl; 
pH 4.5 or pH 7.4) to a final hematocrit (Hct) of 40 ± 1%. Aggregation experiments and 
EPM measurements with washed RBCs were performed within 4 h after collection. A 10% 
HES solution with a molecular weight of 200-kDa and a molar substitution of 0.5 was 
obtained from Fresenius, 's-Hertogenbosch, the Netherlands. Dextran fractions with a 
molecular weight of 500-kDa were obtained from Sigma-Aldrich, Steinheim, Germany. A 
2% dextran solution (wt/vol) was prepared by dissolving this polymer into 0.9% NaCl 
solution with pH 7.4. 

 
Electrophoretic mobility and viscosity measurements 
The speed of RBCs in an electrical field was determined in suspension using a Laser Zee 
Meter 501 equipped with image analysis options (PenKem, Bedford Hills, N.Y.), as has 
been described previously.26 Briefly, RBCs were suspended in either 0.9% NaCl pH 7.4, 
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0.9% NaCl pH 4.5, 10% 200-kDa HES pH 4.5 or 2% 500-kDa dextran pH 7.4 solutions at a 
Hct of 0.05%. The electrophoresis chamber was filled with the RBC suspension and a 
voltage difference of 150V was applied over the chamber. EPM values were measured at 
20°C in duplicate with RBCs obtained from four different healthy volunteers. EPM values 
were obtained from samples that contained a minimum of 35 RBCs per suspending 
solution. The viscosities of the suspending solutions were measured in duplicate at 20°C 
using a viscometer (DV-II+ Pro, Brookfield, USA). All EPM values are reported as 
measured and are not corrected for differences in viscosity between the various solutions.  

 
Aggregation measurements 
RBC aggregation was assessed in vitro, by a laser-assisted optical rotational cell analyzer 
(LORCA; R&R Mechatronics, Zwaag, the Netherlands).27 Aggregation was tested with 1 
ml of either whole blood or with RBCs suspended in 200-kDa HES or 500-kDa dextran 
solutions. In short, RBC suspensions were centrifuged for 1 min at 3500 x g and the 
supernatant was discarded. RBCs were resuspended in either 10% 200-kDa HES or 2% 
500-kDa dextran solutions, to obtain a Hct between 35 ± 5%. The aggregation of the RBCs 
was monitored after complete disaggregation under increased shear stresses. Both the 
aggregation measuring procedure and the subsequent analyses were computer controlled. 
Aggregation of RBCs was expressed by the aggregation index (AI), where a larger AI 
reflects an increased ability to aggregate. The AI depends on the kinetics and extent of 
aggregation. The AI was determined after correcting the Hct in all the samples to a constant 
value of 45%. The kinetics of aggregation (T1/2) was expressed by the time necessary to 
induce 50% aggregation. All measurements were performed at 37°C. 

 
Statistical analysis  
Statistical analysis was performed using statistical software (SPSS, version 16.0, SPSS Inc., 
Chicago, IL). Data were tested for normality with the Kolmgorov-Smirnov goodness-of-fit 
test. The EPM values were analyzed by using a repeated-measure ANOVA. Post hoc 
comparisons were performed to quantify differences between suspension solutions by using 
paired t-tests.  
Aggregation differences between RBCs from healthy and T1DM subjects were determined 
by using unpaired t-tests. Within subjects, paired t-tests were performed to show 
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differences with regard to whole blood. A Bonferroni correction was applied to correct for 
multiple comparisons. Differences are considered to be significant with a two-tailed p-value 
of less than 0.05. Results are presented as means ± SD.  

 
2.3. Results 

RBC electrophoretic mobility and viscosity 
The EPM of RBCs suspended in polymer-free saline solutions was not significantly 
affected by the pH. RBCs suspended in 200-kDa HES solutions showed significantly less 
negative EPM values as compared to RBCs suspended in polymer-free solutions (-0.04 vs   
-0.58 10-8m2V-1s-1). However, the EPM values of RBCs suspended in 200-kDa HES 
solutions were less negative, than would be expected based upon the inverse relation 
between suspension medium viscosity and EPM values found (Figure 2.1A).28  
In contrast, RBCs suspended in 500-kDa dextran solutions demonstrated significantly more 
negative EPM values as compared to RBCs suspended in polymer-free solutions (-1.40 vs  
–0.74 10-8m2V-1s-1). However, these observed EPM values were considerable more negative 
than would be expected based upon the inverse relation between the suspending medium 
viscosity and the EPM values found (Figure 2.1B). 

 
RBC aggregation 
Whole blood from T1DM subjects showed an increased tendency to aggregate as compared 
to that of healthy subjects (p < 0.05: Figure 2A). Moreover, the AI induced by 200-kDa 
HES solution is higher with RBCs from T1DM subjects than that of healthy subjects (p < 
0.05). However, it was notable that the AI induced by 200-kDa HES polymers was similar 
to the AI induced by the 500-kDa dextran polymers.  
No significant differences in the aggregation half-time between whole blood from healthy 
and T1DM subjects (Figure 2B) were observed. The 200-kDa HES solution markedly 
lowered the T1/2 as compared to that observed with whole blood of healthy and T1DM 
subjects (p < 0.05), indicating a faster aggregation process with the use of this polymer. 
However, both polymers did not induce significant differences in T1/2 between RBCs from 
healthy and T1DM subjects. 
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Figure 2.1. The electrophoretic mobility of human RBCs suspended in 200-kDa HES (A) or standard 500-kDa 
dextran (B) solutions as a function of their viscosity. The dashed line is the predicted relation between EPM and 
suspension viscosity assuming an inverse relation between these variables. Values are expressed as mean of eight 
experiments.  
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Figure 2.2. Aggregation indexes (A) and aggregation half-time (B) for RBCs obtained from healthy and T1DM 
human subjects in either autologous plasma or RBCs resuspended in polymer solutions. Values are expressed as 
the mean ± SD of ten different subjects. Significant changes are illustrated in the figure (p < 0.05); * significantly 
different from whole blood, † significantly different from its healthy counterpart. 
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2.4. Discussion  
The found EPM values of healthy RBCs suspended in 200-kDa HES solution supports the 
bridging theory as the mechanism underlying HES induced RBC aggregation. Although 
200-kDa HES and 500-kDa dextran polymers induce RBC aggregation via different 
mechanisms, we demonstrated that both polymers are useful pro-aggregants for manifesting 
cellular induced aggregation differences between RBCs from healthy and T1DM subjects. 
Aggregation of RBCs is a physiological phenomenon that has been studied for decades.5 
Although RBC aggregation is an important determinant of blood viscosity in regions of low 
shear rate, the physiological role of this process still remains elusive. Nevertheless, 
enhanced RBC aggregation has been observed in various diseases.3,5,6 The use of standard 
polymer suspensions to induce RBC aggregation will give more insight in the fundamentals 
of the aggregation process. Currently, HES polymers are primarily used as plasma 
expanders.15,16 However, studies demonstrating that 200-kDa HES polymers could be 
useful pro-aggregants in rheologic studies were lacking. 
In the present study, the EPM values of RBCs suspended in 200-kDa HES solution were 
considerable less negative than the linear reciprocal viscosity change that is predicted by 
the Helmholtz–Smoluchowski equation.28 The EPM of RBCs in an electrical field is 
determined by the viscosity of the suspending fluid as well as the RBC surface charge 
density and the glycocalyx thickness.5,23,29 Given that HES polymers are nonionic, it is 
unlikely that these EPM changes are associated with alterations in RBC surface charge 
density. Instead, absorption of nonionic HES polymers onto the RBC surface may have 
attributed to structural changes within and near the RBC glycocalyx, explaining the less 
negative EPM values.30 Clearly, our EPM measurements underline the presence of a 
bridging mechanism between RBCs when using 200-kDa HES polymers.  
In contrast, dextran induced aggregation is characterized by an optimal aggregation 
tendency at a molecular weight of approximately 500-kDa.8 In this study, the EPM values 
of RBC in 500-kDa dextran solutions became more negative despite the higher viscosity of 
the bulk suspending medium. These findings are in agreement with a depletion interaction 
in which a lower viscosity near the RBC surface compared to the bulk suspending medium, 
enhances the EPM of the RBCs.19 A drawback with current depletion theories is that 
polymer absorption onto RBC membranes are often not taken into account due to 
experimental limitations.5,8,13 Nevertheless, a depletion theory does not require an absolute 
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lack of absorption on RBCs in order to initiate aggregation, but merely that the absorbed 
polymer level is less than the polymers present in the bulk suspending medium.5,31 
Recently, Liu et al. have provided new insights for characterizing absorption of polymers 
onto RBCs.32 In their study tritium labeling was used to quantify the in vitro absorption of 
polymers onto the RBCs, while laser scanning confocal microscopy was used to locate the 
precise binding sites. Future aggregation studies that allow the implementation of an 
absorption interaction with these techniques are therefore warranted. 
In the present study, whole blood from T1DM human subjects showed an increased 
tendency to aggregate as opposed to whole blood from healthy subjects. It has been 
recognized that a disturbed glucose homeostasis in T1DM subjects results in elevated 
plasma fibrinogen concentrations and a reduced anionic RBC surface charge.25,33 The 
increased AI observed with whole blood from T1DM subjects is thus a result of changes in 
both plasma and RBC cellular properties.  
Usage of high molecular weight polymers, exclude aggregation differences induced by 
variations in plasma protein compositions. In this study, the 200-kDa HES and standard 
500-kDa dextran solutions markedly enhanced the AI of RBCs as compared to whole 
blood. Nevertheless, both polymer solutions were clearly able to discriminate aggregation 
differences between RBCs from healthy and T1DM subjects. Our results therefore 
demonstrate that also 200-kDa HES polymers are useful in manifesting RBC aggregation 
differences which are of cellular origin. The parameter AI depends both on the kinetics (t1/2) 
and extent of aggregation. In this study no significant differences in t1/2 between healthy and 
T1DM subjects with either whole blood or polymer induced RBC aggregation could be 
observed. This indicated that aggregates are not necessarily formed faster but that the extent 
of aggregation is the determining factor when it comes to manifesting differences between 
RBCs from healthy and T1DM human subjects.  
The ability of RBCs to form aggregates in the presence of plasma proteins may play a 
pivotal role in maintaining hemodynamics. RBCs flow from the endothelial wall into the 
center of the blood vessel where they form aggregates. While physiological values of RBC 
aggregation direct leukocytes and possibly platelets from the axial core towards the 
vascular wall,34 intensified RBC aggregation may hinder or obstruct the blood flow in 
micro-vessels. More insight in the RBC aggregation process is therefore important from 
both a biological and clinical point of view. 
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In the past, the depletion theory has been particularly favored as the mechanism of non-
ionic polymer induced RBC aggregation. Although the 200-kDa HES solutions induced 
similar aggregation tendencies as the standard 500-kDa dextran solutions, our data supports 
the bridging theory as the mechanism underlying HES induced aggregation. Since RBCs 
from healthy volunteers show significant variations in terms of their aggregation tendency,4 
maybe in vivo both aggregation mechanisms can exist depending on the protein 
composition of plasma. Furthermore, our results demonstrate that like the standard 500-kDa 
dextran solutions, the 200-kDa HES solutions are useful for manifesting cellular induced 
aggregation differences between RBCs from healthy and T1DM subjects.  
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Abstract 
To improve the survival of severely bleeding trauma patients, a damage control resuscitation 
strategy has been recommended. This strategy includes the early infusion of fresh frozen plasma 
(FFP), platelets and RBCs in a 1:1:1 unit ratio to control the bleeding and favor survival of 
these patients. Although lower FFP to RBC ratios have been linked to higher rates of mortality, 
these high ratios have been associated with adverse outcomes as well. The formation of RBC 
aggregates in regions with low shear rate could play a key role in these findings. Administration 
of FFP and thus fibrinogen is essential for coagulation. Yet, fibrinogen also promotes RBC 
aggregation. Although physiological levels of RBC aggregation support the hemostasis, 
promotion of aggregation could be disadvantageous in patients in which the RBC rheology is 
already compromised, as was observed in certain trauma states. Notably, enhanced RBC 
aggregation may hinder tissue perfusion and contribute to the occlusion of micro-vessels. We 
consider that RBC aggregation could play an important role in damage control resuscitation of 
severely injured trauma patients. 
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Uncontrolled bleeding is the leading cause of death in trauma patients. It was recognized 
that approximately 25% of severely injured trauma patients are coagulopathic upon 
admission and that these patients are three times more likely to die than those without it.1 
This acute coagulopathy of trauma has been attributed to multiple factors such as loss, 
dilution and consumption of coagulation factors and platelets as well as to fibrinolysis, 
hypothermia and metabolic acidosis.2 To improve the survival of severely bleeding trauma 
patients, an early damage control resuscitation strategy has been recommended. This 
resuscitation approach prima1rily advocates limited crystalloid use, prevention and 
treatment of acidosis and hypothermia, as well as an early administration of fresh frozen 
plasma (FFP), platelets and RBCs in a 1:1:1 unit ratio.3 Although the optimal blood 
component ratio is still a matter of debate, the general consensus is that an early 
resuscitation approach with this high FFP to RBC ratio, controls the bleeding and 
potentially favors survival of severely bleeding trauma patients.4  
Limited attention has been addressed, to the mechanism by which a high FFP to RBC ratio 
influences survival in these trauma patients. Recently, the improved survival has been 
linked to inhibition of vascular endothelial permeability and subsequently diminished 
interstitial edema.5 Yet the ability of RBCs to form aggregates in the presence of plasma 
proteins, especially fibrinogen, could also play a pivotal role in damage control 
resuscitation.  
The formation of RBC aggregates in regions with low shear rate is a physiological 
phenomenon that has been studied for decades. Although RBC aggregation is a major 
determinant of the whole blood viscosity at low shear rate, the physiological role of this 
process is still elusive. Under normal physiological conditions, RBC aggregates are easily 
dispersed by the rise in blood flow rate. However, under pathological conditions stronger 
and or larger RBC aggregates are formed which are more resistant to dispersion by shear 
forces. Enhanced RBC aggregation may impair the blood flow in the microcirculation and 
contribute to the occlusion of micro-vessels, which may induce local hypoxia and damage 
to endothelial cells.6,7 In this regard, the LORCA is a useful device, which allows RBC 
aggregation to be studied ex vivo. 
In cases of massive bleeding, fibrinogen is the first coagulation factor that reaches critically 
low levels. Administration of blood components in an 1:1:1 unit ratio will replenish 
depleted coagulation factors and platelets and minimize dilutional coagulopathy, as is the 
case when only RBCs or volume expanders will be administrated.8 Yet, in a trauma setting 
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the use of FFP in massive bleedings has also been questioned. Adverse outcome such as 
increased incidence of nosocomial infections, multiple organ failure, lung injury and death 
have been linked to the usage of FFP.9 Studies have shown mixed results, but in general, 
high FFP to RBC ratios have been associated with adverse outcomes whereas low FFP to 
RBC ratios have been linked to increased rates of mortality.1,10 
For many years, it has been recognized that RBCs can actively participate in clot formation 
by enhancing platelet de-granulation and by recruitment of additional platelets into the 
forming clot.11 The role of RBC aggregation in hemostasis has been given less attention. 
RBCs migrate from the endothelial wall into the center of the blood vessel where they form 
aggregates. RBC aggregates exclude leukocytes and possibly platelets from the axial core 
and direct them towards the vascular wall.12,13 This process is essential since leukocytes and 
platelets need to get into close contact with the damaged endothelium, in order to exert their 
function.  
RBC aggregation increases proportionally with fibrinogen levels.14 Administration of FFP, 
platelets and RBCs in a 1:1:1 unit ratio, a composition that approximates whole blood, 
could promote RBC aggregation. On the one hand promotion of aggregation would be 
beneficial for supporting hemostasis in severely injured trauma patients. Especially, since it 
has been recognized that people with leukocyte adherence deficiency suffer from recurrent 
bacterial infections and impaired wound healing and because it has been recognized that 
infections remain a concerning complication of combat-related injuries.15,16 On the other 
hand, promotion of aggregation could be detrimental to patients in which the RBC rheology 
is already compromised, as was observed in certain trauma states.17-19 In this regard, 
enhanced RBC aggregation could subsequently hamper tissue perfusion and contribute to 
the occlusion of micro-vessels. Enhanced RBC aggregation, which was also evident during 
long-term storage of non-leukoreduced RBC units, could furthermore explain the finding 
that blood component infusion was less effective than fresh whole blood in supporting 
hemostasis of trauma patients.3,20,21 The above mentioned data underline the potential 
importance of RBC aggregation in damage control resuscitation. 
Most studies regarding resuscitation practices are retrospective. Although these studies are 
limited inherently to their retrospective design, they do provide interesting hypotheses. 
Early FFP infusion is considered lifesaving in severely bleeding trauma patients. Yet, to 
determine the influence of high FFP to RBC ratios on promoting RBC aggregation in these 
patients, ex vivo aggregation testing will be necessary. In this regard, the LORCA could be 
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useful to demonstrate RBC aggregation tendencies after damage control resuscitation of 
severely bleeding trauma patients.  
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Abstract 
RBCs refrigerated stored for more than 2 weeks at 4°C are currently considered of impaired quality. 
This opinion has among others been based on altered RBC rheologic properties (i.e. enhanced 
aggregability, reduced deformability and elevated EC interaction) observed during storage of non-
leukoreduced RBC units. Nevertheless, with the implementation of leukoreduction the storage-
induced lesions have considerably diminished. In this study, the aggregability and deformability of 
leukoreduced RBCs during routine blood bank storage were investigated. At the blood bank, ten 
leukoreduced RBC units were refrigerated stored in SAGM preservation solution for up to 7 weeks. 
RBCs were weekly tested for aggregability, deformability and other hematologic variables. The 
RBC aggregability was significantly reduced after the first week of storage but recovered during the 
following weeks. After 7 weeks of storage the aggregability was slightly reduced (from 46.9 to 44.3 
AI; p < 0.05). During storage the osmotic fragility was not significantly enhanced and the 
deformability at a shear stress of 3.9 Pa was not significantly reduced. The deformability at a shear 
stress of 50 Pa was reduced (from 0.58 to 0.54 EI; p < 0.05) but remained within physiological 
values (0.53 ± 0.04). During 5 weeks of storage the ATP content was reduced by 54% whereas the 
MCV, pH and MCHC were minimally affected. We conclude that the rheologic properties of 
leukoreduced RBC units were well preserved during routine blood bank storage. 



Rheologic properties of refrigerated stored RBCs 

 
 

 
41 

4.1. Introduction   
During refrigerated storage at 4°C, RBCs undergo physical and biochemical alterations 
collectively referred to as the storage lesion.1 Recent publications suggest that transfusion 
of long-term refrigerated stored RBCs are associated with adverse clinical outcome in 
critical ill, cardiac surgery, and trauma patients.2 
The RBC rheology, that is, the ability to aggregate, deform and adhere to ECs, are 
important determinants of the blood flow and hence the oxygen delivery to the tissues.3,4 
Aggregation takes place in the venous system where RBCs form linear stacks of cells or 
multi-cellular aggregates at low shear rates.5 Normally the increasing blood flow is 
sufficient to disperse these aggregates. However, under pathologic conditions stronger and 
larger aggregates may form, which are more resistant to dispersion by the blood flow. The 
RBC ability to deform due to applied forces makes these cells capable of passing the 
capillaries. High RBC deformability and a rapid recovery to the normal shape are therefore 
essential factors for maintaining tissue perfusion.6 The RBC deformability is also a major 
determinant of the posttransfusion survival, since less deformable cells will be sequestered 
and destroyed in the spleen.7 Elevated adherence of RBCs to ECs can reduce the blood flow 
in the microcirculation and activate ECs, contributing to the occlusion of micro-vessels.3, 8 
Alterations in RBC rheology have been observed in a variety of diseases such as 
cardiovascular disease, hypertension, diabetes mellitus, renal failure, malaria, thalassemia 
and sickle cell disease.3,9,10 Transfusion of rheologic impaired RBCs may hinder or obstruct 
the blood flow in micro-vessels leading to impaired tissue perfusion, ischemia or 
infarction.3,4 Therefore, rheologic impaired RBCs may form a hemodynamic risk 
particularly in recipients with circulatory and /or cardiovascular disorders. Long-term 
refrigerated storage may alter the RBC rheologic properties and adversely influence 
transfusion outcome. In vitro studies with non-leukoreduced RBCs demonstrated enhanced 
aggregability, reduced RBC deformability and elevated adherence to ECs already after the 
second week of storage.11-14  
Since 2002, leukoreduction of RBC units is a standard procedure in many European 
countries.15 Pre-storage leukofiltration reduces RBC damage caused by cytokines and 
enzymes derived from activated leukocytes.16,17 As a result leukoreduced RBC units 
demonstrate a lower degree of hemolysis, potassium leakage, osmotic fragility, and free 
radical production during storage.18,19 Interestingly, it was also demonstrated that activated 
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leukocytes induce cellular changes that adversely affect the rheologic properties of the 
RBCs.20,21 The in vitro aggregability and deformability of leukoreduced RBCs during 
routine blood bank storage remains to be determined and may contribute to the ongoing 
discussion of safety of blood transfusions. In this study the aggregability, deformability and 
other hematologic variables of leukoreduced refrigerated stored RBC were investigated 
during a 7-week period. 

 
4.2. Materials and Methods  

Preparation and sampling of RBC units 
Blood (500ml ± 10%) was collected from ten volunteers donors at the Sanquin blood bank 
in a quadruple top and -bottom bag system (Composelect, Fresenius Hemocare, the 
Netherlands) containing 70 ml of CPD anticoagulant. After cooling under butandiol plates 
for at least 4 hours, whole blood was separated into plasma, buffycoat and RBCs using an 
automated blood processing device (Compomat G4, Fresenius HemoCare, the 
Netherlands). SAGM solution (110 ml) was transferred to the RBCs and in-line filtration 
was carried out to remove residual leukocytes. The resulting RBC suspension had a Hct of 
45-60% and contained less than 106 leukocytes per unit. RBCs were refrigerated stored at 4 
± 2 °C for 7 weeks. RBCs were released for use on day 3 after donation, hereafter referred 
to as Time 0, which were the freshest RBCs routinely available for transfusion. Weekly, 
samples were aseptically withdrawn from the RBC units for analysis after gentle mixing by 
inversion.  

 
Rheologic features 
RBC aggregability and deformability were monitored in vitro by the LORCA (R&R 
Mechatronics, Zwaag the Netherlands).22,23 Aggregation was induced by the addition of 
10% HES (MW 200-kDa). Briefly, RBCs suspensions were centrifuged for 1 minute at 
3500 x g and the supernatant was discarded. RBCs were resuspended in 10% HES 200-kDa 
solution (Fresenius, Bad Homburg, Germany). The Hct in all the samples was corrected to a 
constant value of 45%. Aggregability was tested with 1 ml of the RBC suspension. 
Aggregation of RBCs was monitored after disaggregating under increased shear stress. 
Both the aggregation measuring procedure and the subsequent analyses were computer 



Rheologic properties of refrigerated stored RBCs 

 
 

 
43 

controlled. Aggregability of RBC was expressed by the AI, where a larger AI reflects an 
increased ability to aggregate.  
The deformability of stored RBCs was determined with RBC suspension diluted 1:100 in 
PBS, (pH 6.5), containing 5% polyvinylpyrrolidone (PVP; MW 360 kDa, Sigma-Aldrich, 
Germany) and with a viscosity of 30 mPa.sec. One ml of the latter RBC suspension was 
inserted into the LORCA and the RBC diffraction pattern was recorded at various shear 
stresses at 36.8 ± 0.2°C.  The deformability of the RBCs, which is expressed by the EI, was 
determined by the LORCA from the size of the vertical (L) and horizontal (W) axes of the 
diffraction pattern according to the formula: EI = (L-W) / (L+W). An increased EI at a 
given shear stress indicates greater RBC deformability. A deformability curve was obtained 
by plotting the calculated values for EI versus the corresponding shear stress. The 
deformability at two shear stress values were examined more closely; the deformability at a 
shear stress of 3.9 Pa, which reflects the rigidity of the cell membrane, and the maximal 
deformability at shear stress of 50 Pa. Since the freshest available RBCs for transfusion 
were already 3 days old, the deformability was also performed with RBCs that were 
obtained within 2 hours after donation from healthy donors. 

 
Osmotic fragility 
The osmotic fragility of RBCs, which reflects the membrane’s ability to maintain structural 
integrity, was determined by diluting RBCs in PBS solutions ranging from 0.90% to 0.35%.  
RBCs with a Hct level of 30 to 35% were diluted 1:100 in each PBS solution, mixed and 
incubated for 30 minutes at 4°C, followed by centrifugation for 12 minutes at 1100 x g. The 
free Hb in the supernatant was measured by a spectrophotometer (PowerWave 200 
spectrophotometer, Bio-Tek Instruments, USA) The concentration of PBS necessary to 
induce 50% hemolysis defined the osmotic fragility index of the RBCs.18 With this method, 
a larger osmotic fragility index corresponds to more fragile cells. 

 
Hemolysis 
Hemolysis as measured by the amount of free Hb present in the RBC suspensions was 
determined according to the method of Harboe.24 Briefly, cell supernatant was obtained by 
centrifugation of RBC units for 1 minute at 3500 x g. The supernatant was diluted 1:10 in 
0.01% sodium carbonate in a flat-bottom 96-well microtiter plate and mixed for 30 minutes. 
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The Hb concentration in the supernatant was determined with a spectrophotometer by 
measuring the optical density (OD) at 415 nm and correcting for the OD at 380 and 450 nm 
according to the formula OD = 2* (OD 415 nm) – (OD 380 nm) – (OD 450 nm). The 
hemolysis was expressed as a percentage of the total amount of Hb present in the RBC 
lysates.  

 
Hematologic variables 
To determine the cellular ATP content, RBC samples were incubated for 30 minutes with 
8% ice cold trichloroacetic acid in a ratio of 1:3. Samples were centrifuged for 1 minute at 
3500 x g and the protein free supernatant was neutralized with 1.5 mol/L sodium carbonate. 
Aliquots were stored at –80°C for later batch analyses of ATP. The ATP content was 
determined with a commercially available enzyme assay (Roche Diagnostics, Germany). 
For detection of ATP, light emission was measured at 560 nm by an illuminometer 
(Fluostar Optima, BMG Labtech, Germany).  
The supernatant pH and the RBC MCV were determined with a blood gas analyzer 
(Rapidlab 860, Siemens, the Netherlands). Total Hb content and Hct were determined with 
a hematology analyzer (Sysmex K4500, Goffin Meyvis, the Netherlands). The internal 
viscosity of RBC, as reflected by the MCHC, was determined by dividing the Hb content 
by the Hct. 

 
Statistical analysis 
Statistical analysis was performed using statistical software (SPSS, version 16.0, SPSS Inc., 
Chicago, IL). Data were tested for normality with the Kolmgorov-Smirnov goodness-of-fit 
test. For each variable a repeated measure analysis of variance was performed to identify 
subject by time profiles. Post-hoc comparisons were performed to quantify differences 
between Time 0 and stored RBC values, using paired t-tests. Differences are considered to 
be significant with a p value of less than 0.05. Results are presented as means ± SD.  
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4.3. Results 

Rheologic features 
The RBC ability to aggregate, as represented by the AI, was reduced after the first week of 
storage (AI from 46.9 ± 2.4 % to 41.9 ± 3.6 %; p < 0.01; Figure 4.1). In the following 
weeks the aggregability recovered; after week 2, 3, and 4, the RBC AIs were 45.2 ± 4.9 %, 
46.0 ± 3.8 % and respectively 45.8 ± 3.5 %, which was not significantly different from 
Time 0 (46.9 ± 2.4 %). After 5 and 7 weeks of storage the aggregability was significantly 
reduced (AI 44.4 ± 4.5 % and respectively 44.3 ± 2.2 %) compared to Time 0. 
The RBC deformation curve showed a typical s-shape over a shear stress range of 0.6-50 Pa 
for all different time points (Figure 4.2). The deformation curve of 5 week old RBCs was 
slightly higher at the low-shear-stress regions and somewhat lower at the high-shear-stress 
regions compared to Time 0 (Figures 4.2 and 4.3). After 7 weeks of storage (outdated 
RBCs) the deformability at the high-shear-stress regions was further diminished (Figures. 
4.2 and 4.3B). The rigidity of the cell membrane, which is reflected by the deformability at 
a shear stress of 3.9 Pa, was fluctuating during 5 weeks of storage (Figure 4.3A). 
Ultimately, after 7 weeks of storage the deformability at this low shear stress was not 
significantly different from Time 0 (from 0.35 ± 0.01 to 0.35 ± 0.02 EI). The deformability 
at a shear stress of 50 Pa was reduced from week 1 of storage onward (from 0.58 ± 0.01 to 
0.54 ± 0.01 EI) as can be seen in Figure 4.3B. This downward trend in deformability (p < 
0.01) remained within the physiological range, as determined with fresh RBCs (0.53 ± 0.04 
EI). 

 
Osmotic fragility and hemolysis  
The osmotic fragility index, represented by the osmolarity at half-maximum hemolysis of 
the RBCs, was not significantly altered during 7 weeks of storage (0.47 ± 0.02 % PBS; 
Table 4.1) compared to Time 0. 
A gradual increase in hemolysis was observed throughout the storage period (Table 4.1). 
After 5 weeks of storage, the hemolysis (0.53 ± 0.24%) still remained below allowable 
levels (i.e., 0.8% in Europe and 1% in the United States),15, 25 despite the weekly removal of 
samples. Closer evaluation of individual RBC units demonstrated that after 5 and 7 weeks 
of storage, respectively, one and four out of ten samples contained hemolysis which 
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exceeded 0.8%. After 7 weeks of storage one RBC unit even showed hemolysis exceeding 
2%, accounting for the large SD. No bacterial contamination was found in this RBC unit. 
 

 

 

Figure 4.1. Effect of storage on RBCs ability to aggregate. AI in percentage and corrected for Hct. Values are 
expressed as mean ± SD of ten RBC units. Significant difference from Time 0 are shown (* p < 0.05 and † p < 
0.01). 

 

 

Figure 4.2. Shear stress EI curves for Time 0 (■) and after 5 (-) and 7 weeks (▲) of storage. The shear stress 
value is plotted on the logarithmic axis. Data represent mean ± SD of ten RBC units 
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Figure 4.3. Deformability for two representative shear stress levels as a function of storage time. (A) EI at shear 
stress of 3.9 Pa. With the exception of week 7, all samples were significantly altered (p < 0.05) compared to Time 
0. (B) EI at shear stress of 50 Pa. All samples were significantly reduced compared to Time 0 during 7 weeks of 
storage (p < 0.04). Data represent mean ± SD of ten RBC units. 
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Table 4.1. RBC characteristics during 7 weeks of storage 

Variable t=0 t=1wk  t=2wk t=3wk t=4wk t=5wk  t=7wk 

Osmotic fragility (%) 0.48 ± 0.02 0.48 ± 0.01 0.47 ± 0.02 0.46 ± 0.02 0.48 ± 0.02 0.47 ± 0.03 0.48 ± 0.02 

Hemolysis (%) 0.24 ± 0.07 0.24 ± 0.07 0.30 ± 0.09 * 0.36 ± 0.12 † 0.42 ± 0.17 † 0.53 ± 0.24 † 0.89 ± 0.51 † 

ATP (μmol/g Hb) 4.55 ± 1.34 4.14 ± 0.80 4.06 ± 1.02 3.82 ± 1.09 3.80 ± 0.84 2.12 ± 0.37 † 1.52 ± 0.30 † 

pH (22°C)  6.99 ± 0.06 6.80 ± 0.04 † 6.69 ± 0.03 † 6.62 ± 0.03 † 6.55 ± 0.04 † 6.49 ± 0.04 † 6.41 ± 0.04 † 

MCV (fl)  89.0 ± 2.4 89.0 ± 2.5 * 91.2 ± 2.7 † 91.1 ± 2.6 † 91.6 ± 2.9 † 92.0 ± 2.8 † 94.0 ± 2.9 † 

MCHC (mmol/L) 20.7 ± 0.6  20.5 ± 0.4 20.5 ± 0.4 20.5 ± 0.6 20.5 ± 0.5 20.2 ± 0.3 19.7 ± 0.4 * 

Values are expressed as mean ± SD of ten units. Significant difference from Time 0 are reported (* p<0.05 and † p<0.01). 
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Hematologic variables 
The RBC ATP content reduced during 7 weeks of storage (Table 4.1). Notably, after 5 
weeks of storage the ATP content had declined with 54% compared to Time 0 (from 4.6 to 
2.1 μmol/gHb; p < 0.01). After the first week of storage the PH of the RBC suspension and 
the MCV were significantly altered (Table 4.1). Ultimately, after 5 weeks of storage the pH 
was reduced with 7% while the MCV was enhanced by 3%. The MCHC was only 
significantly reduced after 7 weeks of storage compared to Time 0 (from 20.7 to 19.7 
mmol/L). 

 
4.4. Discussion 
This study was undertaken to explore the rheologic properties and quality of leukoreduced 
refrigerated stored RBC units. The RBC aggregability was significantly reduced at the first 
week of storage but recovered during the following weeks. RBC deformability at shear 
stress of 50 Pa was significantly reduced during 7 weeks of storage. However, values were 
still within physiological reference ranges. The osmotic fragility did not change 
significantly over time. Throughout 5 weeks of storage the ATP content had declined with 
54% from initial levels, whereas MCV, PH and MCHC were affected to a lesser degree.  
During storage at 4°C RBCs undergo different biochemical and structural alterations that 
may adversely affect clinical outcome. Currently, RBCs are considered of impaired quality 
after the second week of storage.11,13 As a result, a more restrictive transfusion strategy is 
currently favored.26 Nonetheless, pre storage leukofiltration has significantly diminished 
storage-induced lesions.18,19 Additionally, it has been shown, that activated leukocytes can 
induce damage which adversely affects the rheologic properties of RBCs.20,21 Increased 
aggregability and diminished cell deformability during RBC storage have been previously 
observed. However, in those studies the RBC units had not been leukoreduced prior to 
storage.11-14, 27  
In this study, RBC aggregability significantly decreased after 1 week of storage but 
recovered throughout the following weeks. At the end of storage, aggregability was slightly 
but significantly reduced. RBC aggregation is primarily dependent on the RBC surface 
characteristics and the composition of the suspension medium.3 Since the latter was 
standardized for all the samples, our results suggest that the observed differences are caused 
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by alterations in cellular properties. In addition, our results show that RBCs are, to some 
extent, able to adapt to environmental changes during storage.  
RBC morphology can affect RBC aggregation. During storage at 4°C, RBC morphology 
shifts from discocyte towards echinocyte shape, leading to decreased aggregability.28,29 Our 
results show that the aggregability in SAGM solution was minimally reduced at the end of 
storage. Usage of other additive solutions, which also enhances the MCV during storage, 
are therefore expected to give a similar aggregation pattern. The clinical relevance of 
altered RBC aggregability, however, remains an ongoing debate.30 
The RBC ability to deform depends mainly on the visco-elastic properties of the 
cytoskeleton, the intracellular viscosity of the RBC and the overall cell shape.31 In this 
study storage induced minor changes in the deformation curve at low shear stress of 3.9 Pa. 
The decreasing trend in deformability at a shear stress of 50 Pa has been interpreted as 
structural changes in the RBC that cannot be corrected by increasing shear force.32 
However, we suggest that the gradual increase in MCV during storage may be responsible 
for the observed reduction in deformability, particularly since at high shear stress the cell 
volume becomes a limiting factor for the ability of RBCs to deform. Our data suggests that 
this effect plays a role for shear stresses above 5 Pa, as can been seen from the deformation 
curve. The increased RBC deformation at high shear stress after 5 weeks of storage 
compared to the preceding week has been observed by others and can only partly be 
explained by hemolysis of less deformable RBCs.11 The occurring deformability changes in 
this study were not likely biologically relevant because the reduction in deformation 
observed only at high shear stress was minimal and within physiological reference ranges. 
Furthermore, shear stresses of 3.9 Pa, which are predominantly found in the 
microcirculation,33 are clinically more relevant than those of 50 Pa. 
We showed that the osmotic fragility, which is determined by applying deforming stress 
from inside the RBC, was not significantly enhanced during 7 weeks of storage.  In 
addition, the RBC intracellular viscosity, which is predominantly determined by the 
MCHC, did not yield significant changes until 7 weeks of storage. Taken together, these 
findings further substantiate that the observed reduction in deformability was caused 
primarily by morphology changes of the RBC. 
It has previously been shown, that RBC deformability was unaffected at pH values ranging 
between 6.4 and 7.7.34 In our study, the pH was still within these limits after 5 weeks of 
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storage, suggesting that the reduced RBC deformability was not caused by pH alterations in 
the storage solution. 
ATP as an energy source is important for the overall functioning of the cell. Loss of ATP is 
associated with more rigid cell membranes, loss of vasodilatation properties, exposure of 
PS on the outer leaflet of the RBC membrane, microvesiculation and decreased RBC 
viability.35-39 In our study the ATP content gradually reduced during storage. Although loss 
of ATP stiffens the RBC membrane due to calcium accumulation,40 the observed reduction 
in deformability at high shear stress was within physiological reference values, indicating 
that ATP loss during storage only marginally affected the RBC ability to deform. As 
proposed earlier, the RBC ATP content must be at least 2.7 µmol per gram Hb to have a 90 
percent chance of acceptable in vivo survival (24-hr in vivo recovery of 75% or higher).41,42 
The present study showed that after 5 weeks of storage the RBC ATP content was below 
this limit. Similar findings were observed for leukoreduced RBC that were stored for 6 
weeks in SAGM solution.43 The in vivo viability of RBCs may be reduced by the low ATP 
content. However, it is not likely that this results in the proposed adverse clinical outcome, 
in particular, because the observed alterations in rheologic features were minimal and the 
hemolysis in the RBC units was still below the allowable limits (i.e. 0.8% in Europe and 
1% in the United States).15, 25  
Leukocytes can affect the RBC deformability even when they are significantly reduced, e.g. 
during the storage of buffycoat-depleted RBC units.44-46 Apparently, removing solely the 
buffycoat from the RBCs without performing leukofiltration, still resulted in 108 to 109 

leukocytes per RBC units,15, 47 whereas nowadays less than 106 leukocytes per RBC unit are 
permitted. Our results demonstrate that cell deformability was minimally affected when the 
RBCs were leukofiltrated prior to storage. 
Recently, reduced deformability at shear stress of 3 and 30 Pa during the storage of 
leukoreduced RBCs has been observed,48 whereas others showed no reduction in RBC 
deformability at these shear stresses.49 This reduction in deformability has been linked to 
loss of Hb-bound nitric oxide, a variable that participates in controlling the RBC 
deformation.50 However, we also suggest that differences in storage procedures could 
explain this discrepancy in results. Particularly because the reduction in deformability at 
low and high shear stress was observed in the preservative solution AS-3, while in the 
SAGM preservation solution28 less changes in RBC deformability were observed. 
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RBC adherence to ECs is mediated by PS exposure on the cell membrane. Additionally, PS 
expression triggers recognition by macrophages and subsequent clearance of RBCs from 
the circulation.51,52 PS expression was not determined in this study, since recent work 
demonstrated that leukoreduction significantly lowered the PS expression on the RBCs, 
resulting in negligible PS exposure after 5 weeks of storage48,53 and because leukoreduction 
reduces the progressive adherence of RBCs to ECs with storage time.54, 55 
In the Netherlands approximately 37% of all the transfused RBC units are older than three 
weeks.56 The primary goal of blood transfusion is to deliver oxygen to the microcirculation 
with high-quality stored RBCs. During storage at 4°C, RBCs undergo different alterations 
that might influence the patient condition. However, leukoreduction has significantly 
reduced storage-induced lesions. Based on our findings, we postulate that the observed 
changes in RBC variables during refrigerated storage minimally affected the RBC ability to 
aggregate and deform, even after long-term storage. The rheologic properties of 
leukoreduced RBC units were well preserved during routine blood bank storage and not 
likely to contribute to adverse clinical outcome after transfusion.  
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5.1. Introduction  
The ability to store RBCs outside the body has been regarded as a life-saving practice for 
many years.1 More recently, the usage of refrigerated stored RBCs in transfusion medicine 
has been under extensive evaluation. During refrigerated storage RBCs progressively 
deteriorates2 and infusion of prolonged stored RBCs has been linked to adverse clinical 
outcome in terms of postoperative infections, length of hospital stay and mortality.3-7 
Although the majority of these studies are prone to selection bias due to a retrospective 
study design,8 concerns regarding the infusion of aged RBCs still remains and a restrictive 
transfusion strategy is currently being favored.9,10 The latter concerns have revived the 
interest in cryopreservation. Storage of RBCs at ultra-low temperatures halts the cellular 
metabolism and subsequently prevents the progressive cellular deterioration that has been 
linked to adverse clinical outcome.  
Initially, cryopreservation appeared a promising approach for maintaining RBCs viable for 
prolonged periods of time. Yet, the clinical applicability of cryopreserved RBCs 
(commonly known as frozen RBCs) was hampered by the expensive, time-consuming and 
less efficient nature of this preservation method.11,12 The subsequent unfamiliarity with 
regard to the quality of cryopreserved RBCs has also limited clinical usage. However, 
ongoing scientific and technological advancement has made cryopreserved RBCs more 
utilizable for clinical practice. This could be advantageous especially in situations where 
refrigerated stored RBCs are less desired. In this review the utilization of cryopreserved 
RBCs in modern transfusion practice will be discussed. 

 
5.2. Cryopreservation methods  
Storage of RBCs at ultra-low temperatures ceases the biological activity of RBCs which 
enables them to be preserved for prolonged periods of time.13 In order to minimize freezing 
damage, cryoprotective additives are pivotal. In general, either high concentrations of 
cryoprotective additives or rapid freezing rates are necessary to prevent cell damage.14 
Along the years different non-permeating and permeating additives for the cryopreservation 
of RBCs have been investigated. Non-permeating additives such as hydroxyethyl starch and 
polyvinylpyrrolidone, as well as a variety of glycols and sugars appeared promising 
because it was proposed that removal from thawed RBCs prior to transfusion was not 
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required.15-20 To date, the lack of data that support safe usage of non-permeating additives 
have prevented these cryoprotectants from being licensed.11,12  
Conversely, the permeating additive glycerol is well known for its ability to protect RBCs 
at ultra-low temperatures. The concentration of glycerol that is necessary to protect the 
RBCs is dependent on the cooling rate and the storage temperature.14 At slow cooling rates, 
ice formation will occur extra-cellular. As ice forms, the solute content of the unfrozen 
fraction becomes more concentrated. The resulting osmotic imbalance causes fluid to move 
out of the RBC and intracellular dehydration occurs. However, at rapid cooling rates the 
RBC cytoplasm becomes super-cooled and intracellular ice formation occurs, which 
subsequently can lead to mechanical damage (Figure 5.1). Glycerol protects the RBCs by 
slowing the rate and extent of ice formation while minimizing cellular dehydration and 
solute effects during freezing.11 
 

Figure 5.1. RBC changes in response to cooling rate. The snowflakes indicate the presence of ice crystals in the 
extra- and /or intracellular environment. Printed with permission of Scott et al.11 
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To date, there are two freezing methods approved for the storage of RBCs.21,22 On the one 
hand, RBCs can be frozen rapidly (i.e. > 100°C/ min) by the low-glycerol method (LGM). 
With this method, RBCs are frozen with a final concentration of approximately 20% 
glycerol (wt/vol) at temperatures below -150°C. On the other hand, RBCs can be frozen 
slowly (i.e. ~1-3°C/ min) by the high-glycerol method (HGM). With this method, RBCs are 
frozen with a final concentration of approximately 40% (wt/vol) glycerol at temperatures 
between -65°C and -80°C. Overall, RBC preservation can be extended to at least ten years 
if the correct storage temperature is guaranteed. 
RBC units are preferentially thawed in a shaking water bath of about 36 to 42°C. The 
general consensus is that thawing should be done rapidly in order to prevent ice crystal 
growth (so called re-crystallization) upon warming.23 Once thawed, a deglycerolization 
washing procedure is performed to reduce the glycerol content in the RBC prior to infusion. 
This is necessary, since incomplete deglycerolized RBCs will swell and lyse upon infusion, 
resulting in hemolytic transfusion reactions and renal failure.24,25  
The deglycerolization washing process causes to some extent osmotic stress to the RBC 
which results in cellular losses. Yet, the deglycerolization washing process is also 
advantageous in that it considerably reduces the amount of detrimental substances such as 
bioactive lipids, microparticles, cytokines, potassium and free Hb as well as leukocytes 
from the RBC unit.26-32 Hence, in the absence of leukofiltration, the deglycerolization 
process reduces the leukocyte count to a mean of 1 x 107 leukocytes per RBC storage 
unit.32,33 In addition, buffycoat depletion before cryopreservation further reduces the 
leukocytes count to a mean of 1-3 x 106 leukocytes per unit,32 which in some countries may 
even eliminate the need to leukofiltrate RBC units. It became also apparent that after post-
thaw washing the immunogenicity of the residual leukocytes was reduced.34 So although 
frozen storage results in a RBC unit with a lower yield, the remaining RBCs contain less 
detrimental substances as compared to refrigerated stored RBCs.12 Altogether, transfusions 
of cryopreserved RBCs are associated with less febrile transfusion reactions, human 
leukocyte antigen alloimmunization as well as occurrences of TRALI and SIRS.12,35  
If the glycerolization and deglycerolization of RBCs is performed in open systems, the 
post-thaw storage time is limited to 24-hours due to the potential risk of bacterial 
contamination. Yet, with the implementation of the ACP-215 device (Haemonetics, 
Braintree, MA), glycerol could be added and removed via an automated closed system, 
which minimized the risk of bacterial contamination.36 As a result, the post-thaw storage 
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time of RBCs could be extended to 7 days when stored in SAGM solution and to 14 days 
when stored in AS-3.31,37,38 
Cryopreserved RBCs are less efficient due to the cellular losses that occur during the 
processing procedure. This cell loss was more pronounced in the HGM cryopreserved 
group (~ 10-20%) since these RBCs required more extensive washing. However, despite 
the higher yield of RBCs with the LGM method, it was recognized that HGM 
cryopreserved RBCs could tolerate wide fluctuations in temperature during freezing and 
were more stable during post-thaw storage.13,39 In addition, HGM cryopreserved RBCs did 
not require liquid nitrogen which eased storage and transportation conditions. 
Consequently, the HGM is currently the most applicable RBC freezing method in Europe 
and the United States. 

 
5.3. Quality of cryopreserved RBCs 
Cryopreservation prolongs the longevity of RBCs. However, once thawed the shelf life of 
RBCs is limited. Cryopreserved RBCs have to meet certain guidelines (Table 5.1)21,22. Yet, 
these guidelines do not specifically reflect the ability of the RBCs to function after infusion. 
Cryopreservation subjects RBC to a range of chemical, thermal and mechanical forces, 
which might affect their oxygen delivering capacity after infusion.  
The quality of HGM cryopreserved RBCs is primarily dependent on the pre-freeze and 
post-thaw storage time, as well as on the anticoagulant and additive solution used.40 The 
duration of frozen storage per se minimally attributes to cellular damage.41,42 In order to 
limit storage induced lesions, refrigerated stored RBCs need to be frozen as soon as 
possible. According to the AABB, RBCs collected in CPDA-1 need to be frozen within 6 
days, whereas in Europe the RBCs are preferably frozen within 7 days after collection.21,22 
It is possible to freeze prolonged or outdated refrigerated stored RBCs, provided that the 
RBCs have been rejuvenated prior to freezing in order to restore the metabolic status of the 
cell (i.e. ATP, 2,3-DPG and Hb p50 levels).43-46 After deglycerolization even the outdated 
rejuvenated RBCs showed acceptable quality up to seven days of post-thaw storage in    
AS-3.36  
In recent years more knowledge about the quality of HGM cryopreserved RBCs has 
become available. During frozen storage, the ATP and 2,3-DPG content is preserved. Yet, 
the length of pre-freezing storage time at 4°C was an important predictor of the ATP and 



Chapter 5 

 
 

 
62 

2,3-DPG content after deglycerolization.36,42 The RBC ATP content is important for the 
overall functioning of the cell. Loss of ATP has been associated with rigid cell membranes, 
echinocyte shape change, enhanced cation permeability, exposure of phosphatidylserine on 
the RBC surface, microvesiculation, loss of vasodilatation control and decreased RBC 
viability.47-55 After deglycerolization the RBCs have a high ATP content when stored in 
AS-3 or SAGM additive solution. Nevertheless, during post-thaw storage the ATP content 
gradually declines. This decline was more prominent in AS-3 due to the diminished 
glycolytic activity induced by the lower pH of this storage solution.38  
In the RBC binding of 2,3-DPG to the Hb induces a conformation state which will release 
oxygen from the Hb. In regions with low oxygen tension, oxygen is released from the Hb 
due to the high binding affinity of 2,3-DPG for deoxygenated Hb. Loss of 2,3-DPG will 
increase the affinity of oxygen to the Hb which may hamper the oxygen delivery to the 
tissues. Due to the low pH of the storage media a considerable loss of 2,3-DPG content was 
observed already after one week of refrigerated RBC storage.2 By limiting this pre-freezing 
storage time, higher 2,3-DPG values could be obtained post-thaw.56 Nevertheless, 
transfusing RBCs with low 2,3-DPG content appeared not to be detrimental to tissue 
oxygenation.57-59 Presumably, because the RBC 2,3-DPG content can be replenished hours 
following infusion,60-62 or because in hypoxic regions oxygen can still be released from the 
RBCs despite the low 2,3-DPG content.  
The ability of RBCs to adhere to the vascular endothelium is an important determinant of 
the flow behavior of blood and subsequently the oxygenation of the micro-vascular 
environment.63,64 Under physiological conditions, the adherence of RBCs to the vascular 
endothelium is negligible. Yet, structural changes in the RBC membrane may promote 
adherence to ECs and impair the microcirculatory blood flow. PS expression on the RBC 
surface mediates adherence of RBCs to ECs and might trigger RBC clearance from the 
circulation.65-67 In contrast, surface expression of CD-47, a marker of self, prevents RBCs 
from being engulfed by phagocytes.68 In general PS exposure and loss of CD-47 expression 
on the RBC surface as well as membrane microvesiculation are all apoptotic signals and 
therefore determining factors for the lifespan of the RBCs.69,70 HGM cryopreserved RBCs 
that were post-thaw stored in SAGM additive solution showed no significant changes in PS 
exposure, CD-47 expression and membrane microvesiculation when the pre-freezing 
storage time was limited to three days. However, surface expression of PS and 
microvesiculation was observed when longer pre-freezing storage times were used.56  
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Previously, it has been shown that the freeze-thaw process makes the RBC membrane 
permeable to cations, which result in RBC swelling and subsequently hemolysis.38,71,72 
However, post-thaw storage of RBCs in AS-3 media, which contains the impermeable 
solute citrate, prevented cell swelling and limited the level of hemolysis during post-thaw 
storage.38 Altogether, it can be concluded that good post-thaw quality of HGM 
cryopreserved RBCs can be obtained when the appropriate storage conditions pre-freeze, 
frozen and post-thaw were used. 
 
 

Table 5.1. Requirements of cryopreserved RBCs 

Variable   European Guidelines *   AABB guidelines ** 

Hemolyse         < 0.8 %     < 1.0 % 

Volume         > 185 ml           - 

Hb content          > 36 g/unit           - 

HCT          0.65-0.75 %           - 

Post-thaw recovery                 -      ≥ 80 % 

24-hour posttransfusion survival                -      ≥ 75 % 

Leukocytes          < 0.1 x109 cells/unit           - 

Osmolarity         < 340 mOsm/l           - 

  

 *   European guidelines22 
**  AABB guidelines21 
 

 
5.4. Utilization of cryopreserved RBCs 
Currently, cryopreserved RBCs are primarily used for controlling an inventory in situations 
where the RBC availability is limited or unpredictable. Yet, cryopreserved RBCs are useful 
in a variety of clinical settings. The utilization of cryopreserved RBCs in transfusion 
medicine will be described in more detail below. 
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Storage of rare RBCs  
Cryopreservation is currently used for preserving RBCs with rare blood phenotypes. In 
general, a blood group is regarded as rare if the RBC phenotype has a frequency of 
approximately 1 in 100-1000 or less in the general population.73 Refrigerated stored RBCs 
need to be as soon as possible, ideally within 6 to 7 days. However, cryopreservation of 
RBCs even beyond the regulated expiration date is still possible for exceedingly rare RBC 
phenotypes.11  
Cryopreservation of rare RBCs is advantageous to patients for whom compatible blood is 
not instantly available. Over the years, numerous countries in Europe, America and Asia 
have set up frozen rare RBC banks.73-77 In Europe, most notably are the blood banks in 
Amsterdam, Birmingham and Paris, which house a large collection of cryopreserved rare 
RBC units. Most cryopreserved rare RBC units are for national use. This is because the 
RBC unit usually needs to be thawed in the donor blood center, imposing a time limit in 
which the RBCs must be transfused. Nevertheless, when no compatible blood can be found 
via the national blood banks, it is general practice to appeal to countries abroad. Although 
usage of cryopreserved rare RBCs is extremely costly and the international shipment is 
usually cumbersome, it has been lifesaving for a variety of patients. 

 
Military blood bank  
In military combat massive blood loss is a major cause of death.78,79 Having RBCs available 
in the military theater at all times is therefore of vital importance. Previously, an inventory 
of RBCs was difficult to maintain in combat areas due to the unpredictable demand and the 
limited shelf life of refrigerated stored RBCs. Yet, cryopreserved RBCs are a valuable 
blood resource due to the prolonged storage time. Cryopreserved RBCs have been used in 
the military theater since the Vietnam war.80,81 Although back then the processing of 
cryopreserved RBCs was still in its early stages, it was already concluded that usage of 
cryopreserved RBCs in combat casualty care was technically feasible and clinically 
acceptable. Ongoing scientific and technological advancement have made cryopreserved 
RBCs become a more utilized blood product in modern military operations.13,82-84  
Especially the Dutch army has been using cryopreserved RBCs in theater operations with 
great success.83,85,86 This was also demonstrated at the conflicts in Afghanistan, where 
already 1360 cryopreserved RBC units have been transfused by the Dutch military blood 
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bank without any shortages or transfusion reactions reported.87 Hence, the Dutch military 
blood bank only uses type O leukodepleted RBCs in the theater in order to improve the 
effectiveness and decrease the chance of clerical errors. In this regard, leukodepleted type O 
whole blood is processed into RBCs and frozen within 24 hours after donation. 
Additionally, the short pre-storage time reduces storage induced lesions to a minimum. 
Cryopreserved RBC units are transported to combat areas on dry ice. These RBCs have 
been frozen in polyvinyl chloride plastic (PVC) bags inside polyester plastic bags which 
were placed in rigid cardboard boxes. In the past, PVC bags that were stored at -80°C and 
subjected to transportation had a breakage incidence of approximately 6.7%.88 Due to the 
use of an additional vacuum sealed over-wrap bag, the breakage incidence of cryopreserved 
RBC units subjected to transportation is currently negligible.83 Subsequently, all in theater 
storage, thawing and washing procedures are performed in a temperature controlled blood 
bank container, designed by the Dutch army. Thawed and washed RBCs are ultimately 
preserved in AS-3 and can be refrigerated stored at 2-6 °C for a maximum of 14 days.  
Usage of cryopreserved RBCs in combat casualty care offers a better inventory control. 
This is because cryopreserved RBC units can be prepared either on demand or in advance, 
thereby providing a continuous RBC supply even when standard refrigerated stored RBCs 
cannot be replenished on time. Furthermore, cryopreserved RBCs may be advantageous to 
prolonged refrigerated stored RBCs. In combat hospitals, it is not uncommon to receive 
refrigerated stored RBC units with a mean storage age of 27 days on arrival.89,90 Compared 
to prolonged refrigerated stored RBCs, cryopreserved RBCs have less detrimental 
substances that can cause transfusion reactions. Nevertheless, randomized-controlled trials 
comparing transfusion of cryopreserved RBCs with refrigerated stored RBCs have still to 
be performed. Cryopreserved RBCs are undeniable more costly. Hence, a unit of 
cryopreserved RBCs cost approximately twice the amount of a refrigerated stored RBC 
unit. In addition, thawing and washing of cryopreserved RBC units requires skilled 
personnel and takes up about 70-120 minutes.12,82,83 Yet despite these disadvantages, 
stockpiling a frozen RBC inventory proved to be an efficient and safe blood resource in 
combat casualty care. 
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Blood shortages  
Blood shortages due to natural or civil disasters as well as due to seasonal shortages can 
pose a major health challenge. However, in emergency blood management planning 
cryopreserved RBCs are rarely implemented. This is primarily due to the longer processing 
time of cryopreserved RBCs, making it difficult to prepare large quantities of RBC units 
within a given time frame. Cryopreserved RBCs are also less implemented during times of 
blood shortages, due to the improved emergency procedures of blood centers with regard to 
refrigerated stored RBCs.91-94  
A main strategy of the emergency procedures is to mobilize stocks of refrigerated stored 
RBC through coordination with nearby blood centers. Hence, blood centers will usually 
have a 2-3 day supply of refrigerated stored RBC units on hand. This strategy could 
compensate for RBC shortages as long as the local stocks of the nearby blood centers are 
repleted appropriately. After a disaster the influx of blood donations is often increased 
because of the altruistic response of the public. Although this influx of blood donations 
could be used to replenish local stocks, this is true for only part of the donated blood. 
Notably, part of the donated blood is non-transfusible due to the higher reactive screening 
tests and sometimes inadequately processing procedures.95-99 In this regard, blood centers 
that do send refrigerated stored RBC units could face the risk of becoming under-supplied 
themselves. 
Recently, it was demonstrated that managing a frozen RBC reserve could be useful in 
emergencies scenarios.100 In this regard, cryopreserved RBCs would serve as a bridge-over 
supply during short term RBC deficits until support by the blood centers could be re-
established. Despite the complexity and costs of implementing and maintaining a frozen 
RBC reserve, it was concluded that the benefits of self-sufficiency outweighs the 
disadvantages. 

 
Autologous transfusion  
Cryopreserved RBCs have occasionally been used for preoperative autologous storage.101 
In general, preoperative autologous RBC transfusion offers advantage above allogeneic 
RBC transfusions in that it prevents immunosuppression and infectious disease 
transmission, while it reduces postoperative infections and subsequently length of hospital 
stay.102,103 During the last couple of years preoperative autologous RBCs usage has been 
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questioned and its demand has declined. This is predominantly due to the improved safety 
of allogeneic RBCs as well as due to the organizational and logistic hurdles, the higher 
disposal rate and the more costly nature associated with autologous RBCs transfusions.103-

107 Additionally, the beneficial effect of preoperative autologous RBC donation has been 
compromised by the short time period between the last donation and the planned surgical 
procedure. As a result, patients often develop anemia before the surgery and are more likely 
to receive transfusion.105,106,108    
In order to avoid anemia, RBCs need to be harvested months in advance of the expected use 
so that the Hb level of the patient can be restored. Yet, prolongation of the time period 
between the last donation and the surgical procedure is hampered by the short storage time 
of refrigerated stored RBCs. In contrast, cryopreservation enables storage of RBCs for 
years, which allow RBCs to be donated far in advance of the surgical procedure109 without 
affecting its quality. Usage of cryopreserved RBCs has an additional advantage in that less 
detrimental substances, that have accumulate during storage and which may affect 
transfusion outcome, are transfused.  
Although the transmission of infectious diseases is currently very low and the benefit of 
preoperative autologous RBC transfusions is questioned, new pathogens keep emerging110-

113 and with the implementation of cryopreservation, preoperative autologous RBC 
transfusions could become more attractive again. 

 
Usage when refrigerated stored RBCs are less desired 
Cryopreserved RBCs could be advantageous in situations where refrigerated stored RBCs 
are less desired. This could be the case for patients who receive transfusions frequently, 
such as patients with thalassemia, sickle-cell disease or with certain types of glucose-6-
phosphate dehydrogenase deficiency. This is because frequent transfusions with 
refrigerated stored RBCs are a risk of human leukocyte antigen alloimmunization. Hence, 
the development of antibodies against infused RBC surface antigens is of considerable 
medical importance because it will result in hemolytic transfusion reactions.114,115 In 
contrast, usage of cryopreserved RBCs reduces the risk of alloimmunization due to a 
reduction in the number of leukocytes by the deglycerolization washing procedure.12,13  
Cryopreserved RBCs may also be helpful as part of the routine RBC inventory because of 
its advantages over prolonged refrigerated stored RBCs. As mentioned earlier, transfusion 
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of prolonged refrigerated stored RBCs is associated with occurrences of TRALI and 
SIRS.12,35 Although the etiology of TRALI and SIRS remains incompletely understood, it is 
recognized that substances that accumulate in the supernatant of refrigerated stored RBCs 
are involved in the pathogenesis of these syndromes.116-120 Ultimately, these syndromes will 
lead to an increased hospitalization and subsequently higher burden on the healthcare costs. 
Cryopreserved RBCs on the other hand have less than 5% cytokines and biologically active 
substances in the supernatant, which make them the ideal blood product to prevent TRALI 
and SIRS.35,121 
In line with this, cryopreserved RBCs are also useful for patients with immunoglobulin A 
(IgA) deficiency. These patients usually have undetectable IgA and high titer of class 
specific anti-IgA. Transfusion of only a small amount of blood can cause severe 
anaphylactic reactions due to the presence of IgA in plasma.40 Since cryopreserved RBCs 
are extensively washed, these blood products are especially recommended for patients with 
IgA deficiency.13,40,122 

 
5.5. Conclusion   
In transfusion medicine the balance between the RBC availability and demand is variable. 
However due to the perishable nature of refrigerated stored RBCs, hospitals often maintain 
only a minimal RBC reserve to maximize the efficiency while minimizing the cost of 
wastage. This policy also means that hospitals will be more vulnerable to RBC shortages 
due to fluctuations in the RBC availability and or demand. 
Cryopreserved RBCs may be helpful as part of the routine refrigerated stored RBC 
inventory. Hence, having cryopreserved RBCs available in civilian blood banks and or 
hospitals could result in better blood management and patient care need. Today, 
cryopreserved RBCs are still infrequently implemented in transfusion medicine. This is 
mainly because of the expensive nature of this preservation method. Although, the higher 
costs of cryopreserved RBCs are of major concern, the cost difference with regard to 
refrigerated stored RBCs is often overrated. This is because the costs of treating and 
managing adverse events are not taken into account, indicating that the total cost of a 
refrigerated stored RBC unit would be substantial higher than currently is represented.123 
Cryopreserved RBCs are also less efficient and more time-consuming, however ongoing 
scientific and technological advancement has made cryopreserved RBCs more utilizable for 
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clinical practice. Notably, more knowledge about the quality of cryopreserved RBCs could 
further expand its use in clinical practice. 
In the foreseeable future the overall use of cryopreserved RBCs could expand as a result of 
a change in RBC supply and demand, due to a shift of increasingly older patient 
population.124,125 For now, we showed that cryopreservation of RBCs is already useful in a 
variety of clinical settings. Especially, since cryopreserved RBCs are available, save, in 
compliance with European and US guidelines and can be used effectively.  
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Abstract 
In transfusion medicine, cryopreserved RBCs are an alternative for refrigerated stored RBCs. 
Less is known about the rheologic properties of cryopreserved RBCs. In this study the 
aggregability and deformability of HGM cryopreserved RBCs that were post-thaw stored in 
SAGM solution were compared to that of refrigerated stored and fresh RBCs. Fresh RBCs were 
obtained from healthy volunteers while leukoreduced refrigerated stored and cryopreserved 
RBC units were obtained from the Sanquin Blood Bank. RBCs were tested for aggregability, 
deformability and various hematologic variables. The AI of cryopreserved RBCs was 
considerably reduced, compared to fresh and refrigerated stored RBCs. The EI of stored RBCs 
was significantly enhanced over a shear stress range of 2.0 to 50 Pa compared to fresh RBCs. 
No significant differences in EI between cryopreserved and 21- or 35-day refrigerated stored 
RBCs were observed. The osmotic fragility, hemolysis, MCV and MCHC of cryopreserved 
RBCs were markedly altered, compared to fresh and refrigerated stored RBCs (p < 0.05). The 
ATP content of cryopreserved RBCs was similar to fresh and 3-or 21-day refrigerated stored 
RBCs. These findings suggest that although cryopreserved RBCs are more fragile than fresh 
and refrigerated stored RBCs, the freeze-thaw-wash process did not did not adversely affect the 
aggregability, deformability or the ATP content of cryopreserved RBCs. Based on these 
rheologic properties, we conclude that cryopreserved RBCs are a valuable alternative to 
refrigerated stored RBCs. 
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6.1. Introduction  
In transfusion medicine RBCs are refrigerated stored for a maximum of 5 to 6 weeks before 
being discarded. Alternatively, cryopreservation enables storage of RBCs for years.1,2 
Cryopreservation is currently a valuable approach for long-term storage of RBCs from 
donors with rare blood groups and for military deployment.3-5 However, stockpiling 
cryopreserved RBCs can also be beneficial in emergency or clinical situations, where the 
demand exceeds the supply of RBCs. At the moment, the shelf life of HGM cryopreserved 
RBCs has been approved for up to ten years.3,4  
Usage of glycerol as a cryoprotectant requires a deglycerolization washing procedure post-
thaw to prevent hemolytic transfusion reactions and renal failure after infusion.6-8 Usage of 
the ACP 215 device (Haemonetics, Braintree, MA) to glycerolize and deglycerolize RBC 
units has minimized the risk of bacterial contamination. As a result, the post-thaw storage 
time of RBCs has extended to 2 days in SAGM solution and to 14 days in AS-3 
respectively.9 Current regulations require that cryopreserved RBCs have a post-thaw 
recovery of at least 80% and that the hemolysis in the RBC unit remains below allowable 
levels (i.e., 0.8% in Europe and 1% in the United States). Additionally, at least 75% of the 
cryopreserved RBCs should remain within the circulation 24 hour after infusion.3,4  
Current regulations however, do not specifically address the quality of stored RBCs.10 The 
quality of HGM cryopreserved RBCs is primarily dependent on the pre-freeze and post-
thaw storage time as well as on the anticoagulant and additive solution used. The duration 
of frozen storage per se, however, minimally attributes to cellular damage.1,2,11 Previously it 
was shown that cryopreserved RBCs have no significant loss of cellular ATP content or 
CD47 antigen expression on the external RBC membrane during 24 hours of post-thaw 
storage in AS-3. Moreover, when the pre-freezing storage time was limited to 3 days, no 
2,3-DPG loss, microvesiculation or PS externalization was observed after 24 hours of post-
thaw storage.1,12 Cryopreserved RBC units usually contain low potassium and free Hb 
content due to the removal of these extra cellular substances during washing. 9  
The aggregability and deformability of cryopreserved RBCs remain to be elucidated. These 
rheologic properties are important determinants of the blood flow and hence the 
oxygenation of the tissues.13 In the venous system RBCs are able to form linear aggregates 
(so called Rouleaux) or more complex multi-cellular aggregates at low shear rates.14 
Normally, the blood flow is sufficient to disperse these aggregates. However, under 
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pathologic conditions stronger and larger aggregates may form that are more resistant to 
dispersion by the blood flow.15 In the microcirculation, the RBC ability to deform due to 
applied forces, make these cells capable of passing narrow capillaries. A high deformability 
of RBCs and a rapid recovery of the normal shape are essential factors for maintaining 
tissue perfusion and cell survival.16,17 Transfusion of rheologic impaired RBCs may hinder 
or obstruct the blood flow in the microcirculation, leading to reduced tissue perfusion, 
ischemia or infarction.13,18-20 
In the Netherlands, leukoreduced RBCs are refrigerated stored in SAGM preservation 
solution for a maximum of 5 weeks. In chapter 4 we demonstrated that refrigerated storage 
minimally affected the RBC ability to aggregate and deform, even after 5 weeks of routine 
blood bank storage. Cryopreservation offers the advantage of storing RBCs for prolonged 
periods of time. However, once thawed the shelf life of RBCs is limited. In the current 
study, the aggregability, deformability and other hematologic variables of HGM 
cryopreserved RBCs that were post-thaw stored in SAGM solution for 2 days were assessed 
and compared to those of refrigerated stored and fresh RBCs.  

  
6.2. Materials and Methods 

RBC preparation and processing 
Human blood (50 ml ± 10 %) was collected after informed consent from ten healthy 
volunteers and anticoagulated with 7 ml of CPD. Functional measurements were performed 
with whole blood, whereas the rheologic features were determined with washed RBCs. 
Briefly, whole blood was washed by centrifugation at 1100 x g for 12 minutes and decanted 
three times with PBS pH 7.4. The final Hct of the RBC solution was set between 45% and 
60 % and all measurements were performed within 3 hours after donation. 
Ten leukoreduced RBC units stored in SAGM solution were obtained from the Sanquin 
Blood Bank and refrigerated stored according to standard blood bank procedures as 
described in chapter 4. These RBC units, which were released for use on day 3 after 
donation, had a Hct of 45% to 60 % and contained fewer than 106 leukocytes per unit. In 
general, the average storage time of RBC units that are used in transfusion medicine is 
approximately 21 days.21,22 For analysis samples were aseptically withdrawn from the RBC 
units at 3, 21, and 35 days of refrigerated storage, reflecting short-, average- and long term 
stored RBCs, respectively. 
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Ten cryopreserved RBC units were obtained from the Sanquin blood bank and stored in 
polypropylene tubes at 2 to 6° for 48 hours. These RBC have been cryopreserved according 
to the HGM freezing method and post-thaw resuspended in SAGM solution as described 
previously.9 Briefly, leukoreduced refrigerated stored RBC units were centrifuged at 3200 x 
g for 5 minutes to remove the SAGM solution. Subsequently, the RBCs were glycerolized 
to a final concentration of 40% glycerol via the Haemonetics ACP-215 device.23 All 
glycerolized RBC units were frozen and stored at –80 ± 10°C in a mechanical freezer for 
34.1 ± 20.5 months. Cryopreserved RBC units were thawed in a temperature-controlled 
water-bath of 40°C, until the units reached a temperature between 25°C and 30°C. 
Subsequently, thawed RBCs were deglycerolized via the Haemonetics ACP-215 device and 
resuspended in SAGM solution. The supernatant osmolarity of all cryopreserved units was 
below 400 mOsm/ kg H2O, indicating an efficient removal of glycerol. 

 
Rheologic features  
RBC aggregability and deformability were monitored in vitro by the LORCA (R&R 
Mechatronics, Zwaag the Netherlands).24,25 Aggregation was induced by the addition of 
10% HES (MW 200-kDa). Briefly, RBCs suspensions were centrifuged for 1 minute at 
3500 x g and the supernatant was discarded. RBCs were resuspended in 10% HES 200-kDa 
solution (Fresenius, Bad Homburg, Germany) to obtain a Hct of 32 ± 6%. Aggregability 
was tested with 1 ml of the RBC suspension. RBC aggregation was monitored after 
complete disaggregation under increased shear stress. Both the aggregation measuring 
procedure and the subsequent analyses were computer controlled. Aggregability of RBCs 
was expressed by the AI, where a larger AI reflects an increased ability to aggregate. The 
AI was determined after correcting the Hct in all the samples to a constant value of 45%. 
The kinetics of aggregation (T½) was expressed by the time necessary to induce 50% 
aggregation.  
The deformability of RBCs was determined with RBC suspension that were diluted 1:100 
in PBS (pH 6.5), containing 5% PVP (MW 360 kDa, Sigma-Aldrich, Germany) and with a 
viscosity of 30 mPa.sec. One ml of the latter RBC suspension was inserted into the LORCA 
and the RBC diffraction pattern was recorded at various shear stresses at 36.8 ± 0.2 °C. The 
deformability of the RBCs, which is expressed by the EI, was determined by the LORCA 
from the size of the vertical (L) and horizontal (W) axes of the diffraction pattern according 
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to the formula: EI = (L-W) / (L+W). An increased EI at a given shear stress indicates 
greater RBC deformability. A deformability curve was obtained by plotting the calculated 
values for EI versus the corresponding shear stress. The deformability at two shear stress 
values were examined more closely; the deformability at a shear stress of 3.9 Pa, which 
reflects the rigidity of the cell membrane, and the maximal deformability at shear stress of 
50 Pa. 

 
Osmotic fragility 
The osmotic fragility of RBCs, which reflects the membrane’s ability to maintain structural 
integrity, was determined by diluting RBCs in PBS solutions ranging from 0.90% to 0.35%.  
RBCs with a Hct level of 30 to 35% were diluted 1:100 in each PBS solution, mixed and 
incubated for 30 minutes at 4°C, followed by centrifugation for 12 minutes at 1100 x g. The 
free Hb in the supernatant was measured by a spectrophotometer (PowerWave 200 
spectrophotometer, Bio-Tek Instruments, USA). The concentration of PBS necessary to 
induce 50% hemolysis defined the osmotic fragility index of the RBCs.26 With this method, 
a larger osmotic fragility index corresponds to more fragile cells. 

 
Hematologic variables 
The RBC MCV, the Hb concentration and the Hct were determined with a hematologic 
analyzer (Medonic CA 530-Oden, Sweden). The cytoplasmic viscosity of RBCs, which is 
determined by the MCHC,16,27 was calculated by dividing the Hb concentration by the Hct. 
The amount of free Hb in the RBC suspension was determined according to the Harboe 
method.28 In short, cell supernatant was obtained by centrifugation of RBC suspensions for 
1 minute at 3500 x g. The supernatant was diluted 1:10 in 0.01% sodium carbonate in a flat-
bottom 96-well microtiter plate and mixed for 30 minutes. The free Hb concentration in the 
supernatant was determined by measuring the OD at 415 nm and correcting for the OD at 
380 and 450 nm (PowerWave 200 spectrophotometer, Bio-Tek Instruments, USA), 
according to the formula OD = 2* (OD 415 nm) – (OD 380 nm) – (OD 450 nm). The 
hemolysis was expressed as a percentage of the total amount of Hb present in the RBC 
lysates.  
To determine the RBC ATP content, RBC samples were incubated with 8% ice-cold 
trichloroacetic acid, in a ratio of 1:3, during a 30-minute period. The samples were 
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centrifuged for 1 minute at 3500 x g and the protein-free supernatant was neutralized with 
1.5 mol/L sodium carbonate. Aliquots were stored at –80°C for later batch analyses of 
ATP. The ATP content was determined with a commercially available enzyme assay 
(Roche Diagnostics, Germany). For detection of ATP, light emission was measured at 560 
nm by an illuminometer (Wallac 1420 Multilabel Counter, Perkin Elmer Life Sciences, 
Finland). Due to the detrimental influence of pre-freezing storage time on the RBC energy 
content,1,11 ATP was determined in RBC units with a pre-freezing storage time that did not 
exceeded 8 days. 

 
Statistical analysis 
Statistical analysis was performed using statistical software (SPSS, version 16.0, SPSS Inc., 
Chicago, IL). Data were tested for normality with the Kolmgorov-Smirnov goodness-of-fit 
test. In the case of normally distributed data, differences between storage groups were 
demonstrated by using unpaired t-tests. Within storage groups, paired t-tests were 
performed to show differences over time. For none normally distributed data, the Mann-
Whitney test was used to quantify differences between groups whereas the Wilcoxon 
signed ranks test was used to quantify differences within storage groups. Differences are 
considered to be significant with a two-tailed p value of less than 0.05. Results are 
presented as means ± SD.  

 
6.3. Results 

Rheologic features  
The RBC ability to aggregate, as represented by the AI, was significantly reduced in 
cryopreserved RBCs when compared to both fresh and refrigerated stored RBCs (Table 
6.1). During storage, the AI of refrigerated stored RBCs was significantly reduced, whereas 
the AI of cryopreserved RBCs remained stable. The T½ of cryopreserved RBCs was 
significantly higher on Day 0, compared to refrigerated stored RBCs (Table 6.1). The latter 
observation indicated that aggregation formation immediately after deglycerolization was 
slightly slower. During storage, the T½ of refrigerated stored RBCs was significantly 
reduced in accordance with the AI, whereas the T½ of cryopreserved RBCs did not 
significantly change. It should be noted that the SD of both AI and T½ obtained with 
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cryopreserved RBCs, were much larger than those of fresh and refrigerated stored RBCs. 
Probably the variability in (pre) freezing time may provide an explanation. 
The RBC deformation curve showed a typical sigmoid shape over a shear stress range of 
0.6- 50 Pa for all the tested RBC groups (Figure 6.1). Yet, the deformation curves of 
cryopreserved and refrigerated stored RBCs were significantly elevated over the shear 
stress range of 2.0 Pa to 50 Pa compared to fresh RBCs. The deformability of RBCs at a 
shear stress of 3.9 Pa and 50 Pa was not significantly different between cryopreserved and 
21- or 35-day refrigerated stored RBCs (Figure 6.2). During post-thaw storage, the RBC 
deformability at a shear stress of 3.9 Pa and 50 Pa did not yield significant changes. 
However, during refrigerated storage the RBC deformability at a shear stress of 3.9 Pa 
slightly increased (from 0.35 ± 0.01 to 0.38 ± 0.01 EI; p < 0.01), whereas the deformability 
at a shear stress of 50 Pa slightly decreased (from 0.58 ± 0.01 to 0.56 ± to 0.02; p < 0.01). 
 
 

Table 6.1. Aggregation behavior of fresh, refrigerated stored and cryopreserved RBCs. 

Measure Fresh Refrigerated storage Post-thaw storage 

 
 

 Day 3 Day 21 Day 35 Day 0 Day 2 

AI (%) 45.3 ± 2.6    46.9 ± 2.4  46.0 ± 3.8  44.4 ± 4.5 † 36.0 ± 8.6 *† ‡§ 36.9 ± 8.0 *† ‡§ 

T ½ (sec)   1.3 ± 0.2    1.03 ± 0.3 * 0.86 ± 0.21 *† 0.91 ± 0.12 *†   2.4 ± 1.7 †‡§   2.3 ± 2.4  

 
Aggregation behavior was expressed as mean ± SD of ten units. Significant differences with a P- value < 0.05 
were reported 
 
 

* significantly different from fresh RBCs    
† significantly different from day 3 refrigerated stored RBCs  
‡ significantly different from day 21 refrigerated stored RBCs    
§ significantly different from day 35 refrigerated stored RBCs  
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Table 6.2. Hematologic variables of fresh, refrigerated stored and cryopreserved RBCs 
 

Measure Fresh Refrigerated storage Post-thaw storage 

 Day 0 Day 3 Day 21 Day 35 Day 0 Day 2 

MCV (fl) 89.1 ± 2.4  89.0 ± 2.4  91.1 ± 2.6 † 92.0 ± 2.8 *†‡ 104.2 ± 10.2 *†‡§ 106.4 ± 8.3 *†‡§ 

MCHC (mmol/L) 20.4 ± 0.4 20.7 ± 0.6  20.5 ± 0.6 20.2 ± 0.3   16.1 ± 0.6 *†‡§   16.0 ± 0.8 *†‡§ 

Osmotic fragility (%) 0.45 ± 0.03  0.48 ± 0.02  0.46 ± 0.02  0.47 ± 0.02    0.66 ± 0.05 *†‡§   0.67 ± 0.08 *†‡§ 

Hemolysis (%) 0.26 ± 0.04 0.24 ± 0.07  0.36 ± 0.12 *† 0.53 ± 0.24 *†‡   0.57 ± 0.26 *†‡   0.99 ± 0.28 *†‡§ 

ATP (μmol/gHb)   6.1 ± 3.1   4.6 ± 1.3   3.8 ± 1.1   2.1 ± 0.4 *†‡     4.5 ± 2.2 §     4.0 ± 1.9 § 

 
Values were expressed as mean ± SD of ten units. ATP values were determined from seven RBC units. Significant differences with a P-value less than 0.05 were reported 
 
* significantly different from fresh RBCs 
† significantly different from day 3 refrigerated stored RBCs 
‡ significantly different from day 21 refrigerated stored RBCs 
§ significantly different from day 35 refrigerated stored RBCs  
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Figure 6.1.  Shear stress EI curves for fresh, refrigerated stored and thawed deglycerolized RBCs. The shear stress 
value is plotted on logarithmic axis and data represent the mean ± SD of ten RBC units. The EI over a shear stress 
range of 2.0 Pa to 50 Pa of refrigerated stored and thawed deglycerolized RBCs was significantly elevated for all 
time points, compared to fresh RBCs (* p < 0.05). Fresh (▲); Day 3 liquid storage (■); Day 21 liquid storage (*); 
Day 35 liquid storage (--); Day 0 postthaw storage (Δ); Day 2 postthaw storage (♦). 

 
 
 

Osmotic fragility 
The osmotic fragility index of cryopreserved RBCs, as represented by the osmolarity at 
half-maximum hemolysis, was markedly enhanced (p < 0.01) in comparison to both fresh 
and refrigerated stored RBCs (Table 6.2). These results indicate that cryopreserved RBCs 
are more fragile than fresh and refrigerated stored RBCs. During storage, the osmotic 
fragility index of cryopreserved and refrigerated stored RBCs did not change significantly. 
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A 

 
B 

 

Figure 6.2.  Deformability for two representative shear stress levels as a function of storage time. (A) EI at a shear 
stress of 3.9 Pa. (B) EI at a shear stress of 50 Pa. Values are expressed as the mean ± SD of ten RBC units. 
Significant changes are illustrated in the figure (p < 0.05); * significantly different from fresh RBCs, † 
significantly different from day 3 refrigerated stored RBCs, ‡ significantly different from day 21 refrigerated 
stored RBCs 



Chapter 6 

 
 

 
88 

Hematological variables 
Cryopreserved RBCs had a considerably higher MCV (p < 0.05) and a lower MCHC (p < 
0.01) compared to fresh and refrigerated stored RBCs (Table 6.2). During storage, the 
MCV of refrigerated stored RBCs was significantly enhanced. At the end of storage, the 
MCV and MCHC of cryopreserved RBCs differed from refrigerated stored RBCs by 15.7 
% and respectively 20.8 %.  
The hemolysis was generally higher in cryopreserved RBC units than in refrigerated stored 
RBC units (Table 6.2). Moreover, during storage the hemolysis increased with 1.7-fold in 
cryopreserved RBC units (p < 0.05) and with 2.2-fold in refrigerated stored RBC units (p < 
0.01). As a result, after 2 days of post-thaw storage the hemolysis in the RBC unit slightly 
exceeded the allowable limits, whereas after 35 days of refrigerated storage the hemolysis 
in the RBC unit clearly remained below these limits (i.e., 0.8% in Europe and 1% in the 
United States).3,4  
The ATP content of cryopreserved RBCs was similar to that of fresh and 3- or 21-day 
refrigerated stored RBCs (Table 6.2). During storage, the ATP content of cryopreserved 
and refrigerated stored RBCs reduced with 8.6 and 53.4% respectively. As a result, the 
ATP content at the end of refrigerated RBC storage was significantly different from that of 
fresh and cryopreserved RBCs. None of the aerobic and anaerobic blood cultures of 
cryopreserved RBC units showed evidence of bacterial contamination.  

 
6.4. Discussion  
The RBC aggregability and deformability are important hemodynamic determinants. 
Alterations in RBC rheology, that is, enhanced RBC aggregability and reduced 
deformability, have been observed in a variety of pathological states such as sepsis, 
myocardial ischemia, renal failure, inflammation, diabetes mellitus, obesity, hypertension, 
sickle cell disease and malaria.15,19,20,29,30 Throughout the years, the rheologic properties of 
refrigerated stored RBCs have been extensively investigated.31-40 So far, the rheologic 
properties of cryopreserved RBCs have scarcely been investigated.41-43 The current study 
was undertaken to explore the rheologic features and hematologic variables of HGM 
cryopreserved RBCs and to compare this to conventional refrigerated stored and fresh 
RBCs.  
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In this study the aggregability of cryopreserved RBCs was markedly reduced, in 
comparison to that of refrigerated stored and fresh RBCs. The time necessary to induce 
aggregation was also slightly prolonged after deglycerolization, compared to refrigerated 
stored RBCs. In circulating blood, this may result in less effective transport of RBCs in the 
microcirculation. The ability of RBCs to aggregate is dependent on cellular properties and 
the composition of the suspension medium.20 In our study the suspension medium was 
standardized for all samples, indicating that the observed differences were caused by 
alterations in cellular properties only. Cell morphology is a major determinant of RBC 
aggregability. Cell swelling suppresses cell contact and subsequently Rouleaux 
formation.44,45 Previously, it has been shown that the freeze-thaw (wash) process made the 
RBC membrane permeable to cations and hence induced cell swelling.9,46 Our study 
supports these results, as the MCV of cryopreserved RBCs markedly exceeded the MCV of 
fresh and refrigerated stored RBCs. This gain in RBC volume, as obtained by the freeze-
thaw-wash process, could be responsible for the observed reduction in aggregability. 
Although the clinical relevance of altered RBC aggregability is an ongoing debate,47 RBC 
swelling during storage is probably irrelevant, as long as it is reversible upon transfusion. In 
vitro data obtained from refrigerated stored RBCs support the hypothesis that RBC swelling 
can be reversed in plasma.40 
The RBC ability to deform depends on the cytoplasmic viscosity of the cell, which is 
reflected by the MCHC, as well as on the overall cell shape and the viscoelastic properties 
of the cytoskeleton.16 Our data showed no significant difference in the deformability 
between cryopreserved and long-term refrigerated stored RBCs. The deformation curves of 
both cryopreserved and refrigerated stored RBCs were, however, significantly elevated as 
compared to fresh RBCs. At a shear stress of 3.9 Pa an increasing deformability of 
refrigerated stored RBC and an increased deformability of cryopreserved RBC, with respect 
to fresh RBCs, was observed during storage, despite an enhanced MCV. At a shear stress of 
50 Pa the deformability during refrigerated storage reduced, but was still elevated, whereas 
the deformability of cryopreserved RBCs was elevated and comparable to long-term 
refrigerated stored RBCs. These observations indicated that the RBC deformability in the 
low shear stress regions was less affected by changes in MCV. The deformability at a shear 
stress of 3.9 Pa, a shear stress which is predominantly found in the microcirculation,48 is 
thus a direct reflection of the rigidity of the cell membrane. Altogether, the increased MCV 
and the resultant lowered MCHC value of cryopreserved RBCs did not seem to adversely 
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influence the RBC flexibility, because the deformability of cryopreserved RBCs was still 
higher than the deformability of fresh RBCs. The improved flexibility of 21- and 35-day 
refrigerated stored as well as that of cryopreserved RBCs, could be explained by di(2-
ethylhexyl)phthalate (DEHP) leaking from the PVC storage bag. This plasticizer, which is 
added to the PVC to impart flexibility, is known to improve RBC storage by suppressing 
hemolysis, microvesiculation and morphology changes.49-53 It was also shown that the 
presence of DEHP improved the flexibility of RBCs during long-term refrigerated 
storage.54 We hypothesize that DEHP enhances the viscoelastic properties of the 
cytoskeleton, explaining the improved deformability of long-term refrigerated stored and 
cryopreserved RBCs, despite the gain in cell volume. The observation that the 
deformability at a shear stress of 3.9 Pa of both fresh and 3-day refrigerated stored RBCs 
was significantly lower than long-term refrigerated stored and cryopreserved RBCs further 
substantiates this hypothesis.  
In the past, the RBC flexibility has been investigated after subjection of RBCs to subzero 
temperatures.41-43 Nevertheless, in those studies the RBC storage conditions were not 
representative for current clinical standards, explaining the discrepancy between our results. 
The osmotic fragility was significantly increased in cryopreserved RBCs compared to fresh 
and refrigerated stored RBCs. This indicates that the freeze-thaw-wash process made the 
RBCs more fragile. Moreover, the hemolysis was also significantly higher during post-thaw 
storage. At the end of storage, the hemolysis in cryopreserved RBC units exceeded the 
allowable limits. Previous studies demonstrated, however, that hemolysis during 48 hours 
of post-thaw storage remained clearly within the allowable limits.5,9,23 In our study, 
polypropylene containers were used for storage of thawed RBCs. It cannot be ruled out that 
the lower gas permeability or the absence of DEHP plasticizer of these containers, was 
responsible for the increased hemolysis observed in our experiments.55 
ATP as an energy source is important for the overall functioning of the RBC. Loss of ATP 
is associated with more rigid cell membranes, echinocyte shape change, enhanced cation 
permeability, loss of vasodilatation control, exposure of phosphatidylserine on the external 
RBC membrane, microvesiculation, and decreased RBC viability.56-64 In the past it was 
shown that the RBC ATP content must be at least 2.7 µmol per gram Hb to have a 90 
percent chance of acceptable in vivo survival (24-hr in vivo recovery of 75% or higher). 
65,66 In our study, the ATP content of 35-day refrigerated stored RBCs was slightly below 
this limit, whereas the ATP content of cryopreserved RBCs remained close to those of fresh 
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RBCs. These results are in line with current findings, which showed a minimal loss of ATP 
in cryopreserved RBCs.9,12,23 More recently, it was indicated that the RBC ATP content 
plays a prominent role in restoring oxygen deficits in the microcirculation.67,68 Transfusion 
of cryopreserved RBCs with physiological ATP content would therefore favor the RBC 
viability and the oxygen delivery to the tissues. 
In transfusion medicine, cryopreserved RBCs are a valuable blood resource for controlling 
an inventory in situations where the RBC availability is limited or unpredictable. This is the 
case for storage of RBC with rare blood types or for usage in military settings and 
occasionally during civil disasters.5,69,70 Routine usage of cryopreserved RBCs in 
transfusion medicine is limited due to the more expensive, time consuming and less 
efficient nature of this preservation method. Consequently, the unfamiliarity with regard to 
the quality of cryopreserved RBCs has further limited clinical usage over the years. Yet, 
cryopreserved RBCs showed satisfactory in vitro quality and posttransfusion in vivo 
survival,1,9,12,71 Improving the RBC freezing technology with preservation of the current 
quality, could ultimately make cryopreserved RBCs more utilizable for modern transfusion 
medicine.  
Our data demonstrate that although cryopreserved RBCs are more fragile than refrigerated 
stored and fresh RBCs, the freeze-thaw-wash process did not adversely affect the ATP 
content or the aggregability and deformability of cryopreserved RBCs. From a rheologic 
point of view, we concluded that cryopreserved RBCs are a valuable alternative to 
refrigerated stored RBCs for usage in transfusion medicine. 
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Abstract 
Freezing RBCs with 40% glycerol at -80°C allow long-term storage of RBCs. However, due to 
the high glycerol content, up to 20% of the RBCs are lost during the addition and removal of 
glycerol. A liquid Bio-freezer with a rapid heat exchange could be suitable to preserve RBCs with 
lower glycerol concentrations. In this study, the quality and in vivo survival of RBCs 
cryopreserved in a liquid Bio-freezer were investigated. Human and rat RBCs were cryopreserved 
with 20 or 40% glycerol (Bio-20 or Bio-40) in the Bio-freezer at -25°C or with 20% glycerol, 
followed by storage at -80°C in a mechanical freezer (Combi-20). Cryopreserved human RBCs 
were tested in vitro for deformability, hemolysis and various other hematologic variables. The 
posttransfusion survival was determined in rats with chromium-51 labeled RBCs. After 
deglycerolization, Bio-20 cryopreserved RBCs demonstrated 0.80 ± 0.3 % hemolysis and reduced 
EI, compared to fresh RBCs (p < 0.05). Bio-40 cryopreserved RBCs maintained the EI but the 48-
hour posttransfusion survival values were lower than those of fresh RBCs (p < 0.05). Combi-20 
cryopreserved RBCs showed 0.50 ± 0.1% hemolysis and the MCV, EI and the 48-hour 
posttransfusion survival values were not significant different from fresh RBCs. The temperature 
of the Bio-freezer was not cold enough to maintain the RBC quality during storage, neither with 
20% nor with 40% glycerol. However, combining the Bio-freezer with -80°C storage enabled 
cryopreservation of RBCs with 20% glycerol, while maintaining the RBC integrity, deformability 
and high 48-hour posttransfusion survival values. This new freezing method could contribute to 
an increased use of cryopreservation in transfusion medicine. 
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7.1. Introduction 
In transfusion medicine, cryopreservation has been particularly useful for long-term storage 
of RBCs with rare phenotypes and to stock RBCs for military deployment.1-4 In addition, 
stockpiling frozen RBCs could be beneficial in emergency or clinical situations, where the 
demand exceeds the supply of RBCs.5-7 Currently, the HGM is the most applied RBC 
freezing method in Europe and the United States. This method allows preservation of RBCs 
with a final concentration of approximately 40% (wt/vol) glycerol at temperatures between -
65 and -80°C for up to ten years.1,2 
Usage of glycerol as a cryoprotectant requires an intensive deglycerolization washing 
procedure post-thaw in order to reduce the glycerol concentration within the cell. 
International guidelines require that cryopreserved RBCs have a post-thaw recovery of at 
least 80% and that the hemolysis in the RBC unit remains below allowable levels (i.e., 0.8% 
in Europe and 1% in the United States). Additionally, at least 75% of the cryopreserved 
RBCs should remain within the circulation 24 hour after infusion.1,2 The RBC viability, as 
defined by the posttransfusion survival of RBCs, is often determined with Chromium-51 
(51CR) labeled RBCs. In the Netherlands this method is not allowed in humans because of the 
radiation exposure. However, murine transfusion models have been proven useful for 
assessing the in-vivo survival of short term preserved RBCs.8-11 
In transfusion medicine, routine usage of cryopreserved RBCs is still limited, due to the more 
expensive and labor intensive nature of this preservation method. Also HGM frozen storage 
is less efficient due to the freeze-thaw-wash related cell loss of approximately 10 to 20 %.12-14 
A freezing method which would allow RBCs to be frozen with lower glycerol concentrations 
could reduce the cell loss and subsequently make cryopreserved RBCs more applicable for 
routine clinical usage. 
Currently, a new liquid Bio-freezer (Supachill, Lubbock, USA) has become available which 
enables preservation of sperm cells at temperatures of -25°C to-32°C with a high post-thaw 
quality.15,16 This new Bio-freezer consists of a reservoir of fluid with a high heat absorption 
capacity. Sperm samples are immersed in the fluid and heat is rapidly dissipated from the 
sample, which limits the freezing damage. The rate of heat release during freezing is also an 
important contributor to the post-thaw quality of RBCs.17 Traditional freezing of RBCs at      
-25°C in a mechanical freezer, normally requires high glycerol concentrations to minimize 
ice formation.18 However, high concentrations of cryoprotectants can exert detrimental 
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effects on the cell.19 The rapid heat exchange of the liquid Bio-freezer, might allow RBCs to 
be frozen with lower glycerol concentrations at higher temperatures. The latter could reduce 
the osmotic stress and subsequently the freeze-thaw-wash related cell loss. This characteristic 
could make the liquid Bio-freezer interesting for the cryopreservation of RBCs.  
The deformability of the cell membrane is a major determinant of the RBC posttransfusion 
survival, because less deformable cells are removed from the circulation via the spleen.20-22 
In addition, a high RBC deformability and a rapid recovery to the normal shape are essential 
for capillary passage and subsequently to maintain adequate tissue perfusion.23 In chapter 6 
we demonstrated that the freeze-thaw-wash process did not adversely affect the deformability 
of HGM cryopreserved RBCs. Previously, it was also demonstrated that cryopreserved RBCs 
showed satisfactory 24-hour posttransfusion survival, even after 7 days of post-thaw storage 
in SAGM solution.24 
The objective of this study was to assess whether the liquid Bio-freezer could be suitable 
for the preservation of RBCs, especially with low glycerol concentrations. The RBC 
deformability and other in vitro quality measures were determined with human RBCs 
whereas a rat transfusions model was used to test the in vivo survival of preserved rat 
RBCs. 

 
7.2. Materials and methods 

RBC collection and processing 
Human whole blood was obtained from eight healthy volunteers, after informed consent 
and in accordance with University Medical Center Groningen protocols. Briefly, whole 
blood (54 ± 2 ml) was anticoagulated with 14% CPD and centrifuged at 1100 x g for 12 
minutes, to remove the buffycoat and supernatant. The concentrated RBCs were washed 
twice with PBS (pH 7.4), after which they were resuspended in PBS to a final Hct value of 
50 ± 10 %. This volume allowed the preparation of identical samples in the glycerolization 
procedure. 
The animal experiments to study in vivo RBC survival were approved by the ethical 
committee for animal research of the University Medical Center Groningen. Animal care 
and handling was performed in accordance with Dutch guidelines for the care of laboratory 
animals. Rats were anaesthetized with 2.5% isoflurane and 0.8 L oxygen per minute. A 
total of twenty six male inbred Lewis rats (LEW/Hantm Hsd: Harlan, the Netherlands), with 
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a body weight of 270 ± 23g, were included in this study. Twenty rats were used for 
transfusion experiments, whereas six rats were used to collect the required amount of blood. 
Briefly, whole blood (10 ± 1 ml) was obtained by cardiac puncture of anaesthetized rats. 
Rat blood was collected into 14% CPD and processed similar as described above for human 
blood. After blood withdrawal, the rats were euthanized. 

 
Glycerolization 
Human and rat RBCs were glycerolized at room temperature to obtain a final concentration 
of 20% or 40% glycerol. Briefly, an equal amount of standard 57% (wt/vol) glycerol 
mixture (S.p.A. Laboratorio Farmacologico, Italy) was added to the RBCs,25 to achieve a 
final concentration of approximately 40% (wt/vol) glycerol. A 25% (wt/vol) glycerol 
mixture, containing 50mM sodium phosphate and 46mM sodium gluconate, was added in a 
ratio of 5:1 to the RBCs to achieve a final concentration of approximately 20% (wt/vol) 
glycerol. To estimate the glycerol concentration within the RBCs,26 the supernatant 
osmolarity of the RBC suspension was measured with a cryoscopic osmometer (Osmomat 
030-D, Gonotec, Germany). 

 
RBC preservation 
The liquid Bio-freezer consists of a reservoir of circulating fluid which is set at a 
temperature of -25°C.  RBC suspensions are immersed in the fluid allowing heat to be 
rapidly dissipated from the sample. A mechanical freezer was used to store RBCs at 
temperatures of -80°C. 
Human and rat RBCs were frozen for 6 weeks and respectively 48 hours according to 
different protocols (Table 7.1). In short, human and rat RBCs with a Hct of 50 ± 10% were 
incubated with the appropriate glycerol mixture for 15 minutes. RBC suspensions were 
frozen in 20 ml syringes (Omnifix, Braun, Germany) within 2 hours after donation. In 
protocol Combi-20, human RBCs were frozen for 24-hours in the liquid Bio-freezer prior to 
storage at –80°C, while rat RBCs were frozen for 2-hours in the liquid Bio-freezer prior to 
storage at –80°C.  
To mimic routine refrigerated blood bank storage, washed rat RBCs were diluted 2:1 in 
SAGM solution (Fresenius Hemocare, Germany) and stored at 4 ± 2 °C.  RBC samples 
were withdrawn from the bag one week after storage for determination of the 
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posttransfusion survival. The RBCs were washed and resuspended in PBS to a Hct of 30-
35% and radioactive labeled, as will described further on.  
 

Table 7.1. Freezing protocols for human and rat RBCs 

 Freezing protocol 

 Bio-20 Combi-20 Bio-40 

Final glycerol % (wt/vol) 20% Glycerol 20% Glycerol 40% Glycerol 

Freezing -25°C liquid Bio-freezer -25°C liquid Bio-freezer -25°C liquid Bio-freezer 

Storage -25°C liquid Bio-freezer -80°C mechanical freezer -25°C liquid Bio-freezer 

 
 
 
 

Deglycerolization 
Human and rat RBC suspensions were thawed at room temperature for 40 minutes with 
gentle inversion of the syringes every 10 minutes. Thawed RBC suspensions were manually 
deglycerolized by washing with NaCl solutions of decreasing osmolarity. Briefly, 2 ml of 
thawed Bio-20 or Combi-20 RBC suspension were diluted with 0.5 ml of 8% NaCl, 
followed by dilutions with 2.5 ml, 3 ml and 16 ml of 0.9% NaCl, with a 3 minute 
incubation period between each step. After centrifugation for 12 minutes at 1100 x g the 
supernatant was discarded. Human RBCs were resuspended in PBS to a final Hct of 40-
45%, while rat RBCs were resuspended to a final Hct of 30-35%. Thawed Bio-40 RBC 
suspensions were treated similar as above, with the exception of using 12% instead of 8% 
NaCl in the first washing step. In all thawed deglycerolized samples, the supernatant 
osmolarity was measured to ensure an efficient removal of glycerol. Functionality testing 
with human and rat RBCs were performed within 2- and respectively 4 hours after 
deglycerolization. 
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Hematologic variables 
The RBC MCV and the total Hb concentration were determined with a hematologic 
analyzer (Medonic CA 530-Oden, Sweden). The Hct was manually determined using a 
micro-centrifuge (Mikro-20, Hettich, Germany). The MCHC, which is a primary 
determinant of cytoplasmic viscosity,27,28 was calculated by dividing the Hb concentration 
by the Hct. 
Hemolysis as measured by the amount of free Hb present in human RBC suspensions,29 
was determined after glycerolization, thawing and deglycerolization respectively. Briefly, 
cell supernatant was obtained by centrifugation of RBC suspensions for 1 minute at 3500 x 
g. The supernatant was diluted 1:10 in 0.01% sodium carbonate in a flat-bottom 96-well 
microtiter plate and mixed for 30 minutes. The free Hb concentration in the supernatant was 
determined by measuring the OD at 415 nm and correcting for the OD at 380 and 450 nm 
(PowerWave 200 spectrophotometer, Bio-Tek Instruments, USA), according to the formula 
OD = 2* (OD 415 nm) – (OD 380 nm) – (OD 450 nm). Hemolysis was expressed as a 
percentage of the total amount of Hb present in the RBC lysates.  
 
RBC deformability 
RBC deformability was monitored in vitro by the LORCA (R&R Mechatronics, Zwaag the 
Netherlands).30 Deformability was determined with fresh and thawed deglycerolized human 
RBC suspensions diluted 1:100 in PBS, pH 6.5, containing 5% polyvinylpyrrolidone (MW 
360 kDa, Sigma-Aldrich, Germany) and with a viscosity of 30 mPa.sec. About 1 ml of the 
PVP suspension was transferred into the LORCA device. The diffraction pattern of the 
RBCs was recorded at increasing shear stresses at a temperature range of 36.7°C – 37°C. 
The deformability of the RBCs, which is expressed by the elongation index (EI), was 
determined by the LORCA from the size of the vertical (L) and horizontal (W) axes of the 
diffraction pattern according to the formula: EI = (L-W) / (L+W). An increased EI at a 
given shear stress indicates greater RBC deformability. The deformability at two shear 
stress values were examined more closely; the deformability at a shear stress of 3.9 Pa, 
reflecting the rigidity of the cell membrane, and the maximal deformability at shear stress 
of 50 Pa. 
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Assessment of RBC survival by chromium-51 labeling 
Fresh, refrigerated stored and thawed deglycerolized rat RBC suspensions with a Hct of 30 
-35 %  were labeled with 51CR according to standard protocols.31 The in vitro label decay 
was determined by measuring the radioactivity of 51CR labeled fresh RBCs stored for up to 
one week at 4°C. The posttransfusion survival per storage group was determined by 
infusing five rats intravenously with each 0.5 ml of 3.0 µCi/ml 51CR labeled RBC solution. 
The 51CR radioactivity was measured in blood samples obtained from the rat tail vein after 
15 and 20 minutes, 24- and 48 hours and 1 week after infusion with a gamma counter 
(Compugamma 1282 CS; LKB Wallac, Finland). The survival of RBCs after infusion, was 
determined by the 51CR single-label method after correction for label decay.32 
 
Statistics 
Statistical analysis was performed using statistical software (SPSS, version 16.0, SPSS Inc., 
Chicago, IL). Data were tested for normality with the Kolmogorov-Smirnov goodness-of-fit 
test. For variables used in the in vitro tests, a repeated measure analysis of variance was 
performed to identify subject by storage group profiles. Post-hoc multiple comparisons 
were performed to quantify differences between the storage groups using paired t-tests. For 
variables used in the in vivo test, a one way analysis of variance was performed to compare 
groups. Post-hoc multiple comparisons were performed to quantify differences between the 
groups using a Turkey HSD test. For all post-hoc tests a Bonferroni correction was applied 
to correct for multiple comparisons. Differences are considered to be significant with a two-
tailed p value of less than 0.05. Results are presented as means ± SD. 
 
7.3. Results 

In vitro measurement of human RBCs 
After glycerolization the hemolysis for Bio-20, Combi-20 and Bio-40 cryopreserved RBCs 
were respectively 0.28 ± 0.1 %; 0.29 ± 0.1% and 0.41 ± 0.1%. The hemolysis was more 
pronounced when a higher glycerol concentration was used (p < 0.01). After thaw the 
hemolysis for Bio-20, Combi-20 and Bio-40 cryopreserved RBCs were respectively 0.96 ± 
0.5 %; 0.77 ± 0.2 % and 1.05 ± 0.1 % and did not significantly differ from each other. After 
deglycerolization (Table 7.2) the lowest hemolysis was observed with protocol Combi-20 
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(0.50 ± 0.1%), where RBCs were first frozen in the liquid Bio-freezer followed by storage 
in a -80°C mechanical freezer. Hence, this was also the only group that met the 
international guidelines. After deglycerolization, the MCV and MCHC of Bio-20 and Bio-
40 cryopreserved RBCs did not show significant differences compared to fresh RBCs. In all 
thawed deglycerolized samples, the supernatant osmolarity was below 400 mOsm/ kg H2O, 
indicating an efficient removal of glycerol.26 
The deformability of Bio-40 and Combi-20 cryopreserved RBCs was not adversely affected 
at shear stress of 3.9 and 50 Pa (Figures 7.1A and 7.1B). Hence, Bio-40 cryopreserved 
RBCs showed slightly higher deformability values at low shear stress compared to fresh 
RBCs (p < 0.05). Conversely, Bio-20 cryopreserved RBCs showed considerably lower 
deformability values compared to fresh RBCs at both shear stresses (p < 0.05).  
 

Table 7.2. Variables of fresh and thawed deglycerolized human RBCs 

 Fresh RBCs Thawed deglycerolized RBCs 

  Bio-20 Combi-20 Bio-40 

Haemolysis (%)      0.26 ± 0.1     0.80 ± 0.3 *     0.50 ± 0.1 *     1.23 ± 0.5 * 

MCV (fl)    88.9 ± 2.2     84.2 ± 4.1      89.9 ± 2.6     96.9 ± 5.3  

MCHC (mmol/L)    20.3 ± 0.4     21.1 ± 0.9     21.0 ± 1.9     19.3 ± 2.3 

Osmolarity (mOsm/kg H2O)          -     302  ± 12     312  ± 14     304  ± 5.0 

Values are expressed as mean ± SD of eight units. After deglycerolization significant differences from fresh RBCs 
were reported (* P-value < 0.05)  

 
Posttransfusion in vivo survival of rat RBCs 
Preserved rat RBCs were tested for their ability to survive after infusion (Figure 7.2). Due 
to the detrimental effects of cryopreservation on the deformability of Bio-20 cryopreserved 
RBCs, as was mentioned above, this group was omitted from in vivo viability testing. The 
posttransfusion survival values of RBCs that have been refrigerated stored for one week in 
SAGM solution, were comparable to fresh RBCs even 48 hours after infusion. Combi-20 
cryopreserved RBCs showed a similar pattern, whereas the posttransfusion survival values 
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of Bio-40 cryopreserved RBCs were lower than for fresh RBCs as soon as 48-hours after 
infusion (p < 0.05). One week after infusion, the posttransfusion survival values of all 
storage groups significantly differed from fresh RBCs. 
 

A 

 
B 

 

Figure 7.1. Deformability for two representative shear stress levels as a function of storage method. (A) EI at a 
shear stress of 3.9 Pa. (B) EI at a shear stress of 50 Pa. Values are expressed as the mean ± SD of eight human 
RBC samples. Significant differences from fresh RBCs are illustrated in the figure (* p < 0.05). 
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Figure 7.2. The posttransfusion survival (%) of preserved rat RBCs using the 51CR single-label procedure. 
Survival percentages are expressed as the mean ± SD in five inbred rats. Significant changes are illustrated in the 
figure (p < 0.05); * significantly different from fresh RBCs 48 hours after infusion, † significantly different from 
fresh RBCs 168 hours after infusion. 

 
7.4. Discussion 
During freezing and thawing, RBCs undergo alterations which may hamper their ability to 
survive and function after transfusion. Cellular damage of HGM cryopreserved RBCs has 
been attributed to cellular dehydration and extra-cellular ice formation, as well as to 
osmotic stress obtained during the glycerolization and deglycerolization process.13,33-35 New 
freezing techniques that improve the efficiency of the freeze-thaw-wash process could 
make cryopreserved RBCs more applicable for routine clinical usage. In this study, the 
quality and functionality of RBCs cryopreserved in a new liquid Bio-freezer were 
investigated. 
Addition and removal of glycerol can be detrimental to the RBCs. In our study, 
glycerolization with 20% glycerol maintained the integrity of the RBCs, whereas usage of 
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40% glycerol slightly increased the hemolysis. The freezing process per se, did not result in 
much cellular losses, since after thaw the hemolysis in the freezing protocols was only 
slightly increased. After deglycerolization, low hemolysis was observed with RBCs which 
were cryopreserved with 20% glycerol in the liquid Bio-freezer. Yet, only the RBCs that 
were frozen in the liquid Bio-freezer and stored at -80°C (Combi-20), demonstrated 
hemolysis values that met international guidelines (e.g. 0.8% in Europe and 1% in the 
United States).1,2 Even though we observed low hemolysis values after thaw, our 
preservation methods could have adversely affected the hemolysis. Due to the small sample 
size, RBCs mixtures were frozen in syringes instead of PVC bags. It has been demonstrated 
that the material of the freezing container can influence the hemolysis post-thaw.36 
Changing to PVC bags for human RBCs could possibly further reduce hemolysis due to the 
more rapid heat exchange and or the reduction in mechanical force experienced during 
freezing and thawing. 
The ability of RBCs to deform is an important determinant of the flow behavior of blood. 
RBC deformability depends on the viscosity of the cytoplasm, which is reflected by the 
MCHC, as well as on the overall cell shape and the viscoelastic properties of the 
cytoskeleton.28 Long-term preservation of RBCs with 20% glycerol in the liquid Bio-
freezer considerably lowered the deformability compared to fresh and the other frozen 
storage groups. Since the MCV and MCHC of these RBCs were not significantly different, 
alterations in the RBC cytoskeleton were presumably responsible for the observed changes. 
It is therefore likely that the lower deformability of these RBCs will not be reversed upon 
infusion and subsequently results in removal from the circulation. Altogether, our results 
thus indicated that a concentration of 20% glycerol was not sufficient to protect the 
flexibility of RBCs cryopreserved at -25°C, despite the rapid heat exchange of the liquid 
Bio-freezer. Either lowering the storage temperature (Combi-20) or raising the glycerol 
concentration (Bio-40), maintained the deformability of RBCs cryopreserved in the liquid 
Bio-freezer. Hence, it appeared that at -25°C, the detrimental effects become more evident 
at lower glycerol concentrations. The slightly higher deformability of RBCs cryopreserved 
with 40% glycerol in the liquid Bio-freezer versus fresh RBCs, was only present at a shear 
stress of 3.9 Pa. It is likely that the enhanced MCV of some RBC samples may have 
counteracted this difference at a shear stress of 50 Pa. Particularly, since the RBC 
deformability in the high shear stress regions are more influenced by changes in cell 
volume. 
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The survival of RBCs after infusion, depends on the morphological and metabolic status of 
the RBC, as well as on the protein and lipid composition of the RBC membrane.37-43 In the 
present study rat RBCs, which have been refrigerated stored for one week in SAGM 
solution, demonstrated high 24-hour posttransfusion survival which was consistent with 
earlier findings.8,9 In addition, the posttransfusion survival of the latter group was even 
comparable to fresh RBCs 48-hours after infusion. However, one week after infusion, the 
posttransfusion survival of refrigerated stored rat RBCs was lower than that of fresh RBCs. 
Although one week of refrigerated storage is often not considered to be detrimental to 
human RBCs, the latter results indicate that the more accelerated aging process of rat 
RBCs, adversely affect the in vivo RBC viability on the long-term.8,9 Frozen storage of rat 
RBCs with 40% glycerol (Bio-40) in the liquid Bio-freezer, demonstrated posttransfusion 
survival values which were below the international limit of 75%. Yet, the deformability of 
human RBCs was not adversely affected with the Bio-40 protocol. Since changes in 
morphological and metabolic state of the RBCs would have affected the RBC 
deformability,44-46 we hypothesize that the low posttransfusion survival values could be the 
result of alterations in the protein and lipid composition of the RBC membrane. 
Combi-20 cryopreserved RBCs demonstrated posttransfusion survival values which were 
comparable to fresh and refrigerated stored RBCs even 48-hours after infusion. This 
indicates that the rapid heat exchange of the liquid Bio-freezer may be favorable for 
freezing the RBCs. However, in order to maintain a high degree of viability, storage of 
RBCs at lower temperatures was required. The use of only 20% glycerol, could be 
beneficial in reducing the osmotic stress associated with the addition and removal of 
glycerol which result in cellular losses.12,13,35 One week after infusion, the survival of all 
preserved RBCs was lower than that of fresh RBCs. Although current guidelines focus on 
the 24-hour posttransfusion RBC survival, maintaining a high in vivo survival for longer 
time periods may be beneficial to the patient outcome. This is a first study, which evaluates 
the feasibility of the liquid Bio-freezer for human RBC preservation. Nevertheless, further 
studies are needed to establish if Combi-20 cryopreserved RBCs, further satisfy 
international guidelines and demonstrate acceptable quality during prolonged post-thaw 
storage. 
In transfusion medicine, cryopreservation enables RBCs to be stockpiled for years.47-49 
Nevertheless, current freezing techniques still limit the routine clinical usage of 
cryopreserved RBCs. Our data demonstrated that the liquid Bio-freezer alone was not 
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sufficient to preserve the RBC deformability or maintain high in vivo RBC survival. 
However, usage of the liquid Bio-freezer in combination with the -80°C mechanical 
freezer, enabled preservation of RBCs with low glycerol concentrations, while maintaining 
the RBC fragility, deformability and high 48-hour posttransfusion survival values. The 
liquid Bio-freezer could become a valuable tool for the cryopreservation of RBCs. 
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8.1. General Discussion 
The ability to store RBCs outside the body has resulted in a worldwide network of blood 
banks that collect blood and distributed it when needed. RBCs are frequently life-saving in 
many circumstances. Yet, over the last few years concerns regarding the quality of long-
term refrigerated stored RBCs have arisen. The RBC rheologic properties for example, 
have been repeatedly documented to be impaired during prolonged refrigerated storage. 
Nevertheless, RBC storage conditions have continuously improved and the majority of 
these rheologic studies were either outdated or not adequately corrected for known 
confounding factors. New studies that demonstrated the RBC rheologic properties during 
contemporary refrigerated storage were therefore desirable.  
A well-recognized problem of refrigerated storage is that due to the limited shelf life, RBCs 
continuously need to be replenished to balance the inventory. In an effort to circumvent 
storage induced lesions and thus to prolong the shelf life of RBCs, cryopreservation seems 
to be a promising method to preserve RBC. Particularly, since in recent years research has 
focused on optimizing the use of cryopreserved RBCs for clinical practice. This thesis 
aimed to gain a better understanding of the RBC quality from a rheologic perspective in 
transfusion medicine, as well as to explore the utilization of cryopreservation for long-term 
storage of RBC.  

 
8.2. RBC rheology 
The ability of RBCs to deform and aggregate are key determinants of the flow behavior of 
blood. The deformability enables RBCs to adapt their size to minimize flow resistance as 
well as to pass narrow capillaries. In contrast, RBC aggregation increases the flow 
resistance by enhancing whole blood viscosity at low shear rate, albeit that the 
physiological role of RBC aggregation is still elusive.1  
A better understanding of RBC aggregation my help to guide hemorheologic studies and 
therapeutic approaches in pathophysiology. In general, considerable variations in RBC 
aggregation tendencies exists between healthy individuals.2 Interestingly, RBCs also exhibit 
different aggregation tendencies among mammalian species.3 Yet, these interspecies 
differences are not solely ascribed to variations in plasma composition because differences 
continue to exist even when RBC are washed and re-suspended in a standard medium of 
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high molecular weight polymers. Replacement of plasma proteins by standard polymers to 
induce RBC aggregation may help to unravel the fundamentals of the aggregation process. 
At present, a depletion and a bridging theory have been proposed to explain the RBC 
aggregation mechanism induced by high molecular weight polymers. Neu et al.4-7support 
the depletion theory underlying 500-kDa dextran induced RBC aggregation. In contrast, our 
data support the bridging theory as the mechanism underlying 200-kDa HES induced RBC 
aggregation, which is in line with the formation of stronger and larger RBC aggregates with 
HES polymers of increasing molecular weight.8 Despite these differences in aggregation 
mechanisms, the 200-kDa HES and the 500-Kda dextran polymer solutions are useful to 
manifest cellular induced aggregation differences between healthy individuals and T1DM 
patients. 
Disturbed rheologic properties can be detrimental to the flow dynamics and subsequently 
the oxygen delivery in the microcirculation. Reduced deformation and enhanced 
aggregation of RBCs have been observed in a variety of chronic diseases. However, in 
some acute situations, such as during damage control of severely bleeding trauma patients, 
enhanced RBC aggregation could also play a pivotal role. Presumably, adoption of a liberal 
FFP to RBC ratio could promote RBC aggregation. This could be disadvantageous in 
trauma patients in which the RBC rheology is already compromised. In this regard, the 
LORCA (R&R Mechatronics, Zwaag, the Netherlands) could be useful to demonstrate 
RBC aggregation tendencies of trauma patients who undergo damage control resuscitation. 
In addition, analysis of the RBC cellular factors that affect the RBC aggregability3 could 
further improve our understanding of altered aggregation tendencies in disease. 

 
8.3. Refrigerated storage of RBCs 
The rheologic properties of prolonged refrigerated stored RBCs have been repeatedly 
documented to be impaired (i.e. enhanced aggregation, reduced deformation and elevated 
endothelial cell interaction).9-15 Yet, these studies analyzed the rheologic properties of non-
leukofiltrated refrigerated stored RBCs, which is not representative for European blood 
banking practice. More recently, it was demonstrated that leukoreduction minimizes storage 
associated adhesiveness of RBCs to endothelial cells.16-18 Our data showed that although 
the aggregability of leukoreduced refrigerated stored RBCs was slightly altered over time, 
an enhanced RBC aggregability was clearly not observed. In addition, we found that the 
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reduction in RBC deformability, which was only observed at high shear stress, was still 
within physiological ranges. Previously, it was demonstrated that the phosphorylation of 
cytoskeleton protein 4.1, which was powered by ATP, played an important role in 
regulating the RBC deformability.19,20 Although we demonstrated that the RBC ATP 
content became progressively depleted during refrigerated storage, we did not observe a 
reduction in the RBC deformability at low shear stress. This could suggest that DEHP 
leaching from the PVC storage bag has counteracted the storage induced deterioration in 
flexibility21,22 or that the total adenine phosphate pool, which consist of ATP, ADP and 
AMP, has not depleted yet.23,24 We also consider that the sphericity of the RBCs, induced 
by the progressive ATP depletion,25,26 could play a fundamental in role in our observations. 
Particularly, because at high shear stress the cell volume becomes a limiting factor for the 
RBCs to deform and because RBC swelling suppresses cell contact and subsequently 
aggregation formation.27,28 Due to the high osmotic content of plasma, RBC swelling is 
most likely to be reversed after infusion.29 Based on these and recent findings we concluded 
that the rheologic properties of leukoreduced refrigerated stored RBC are not likely to 
contribute to adverse clinical outcomes after transfusion.  
ATP does not only play a role in the deformability of the RBCs, it is fundamental for the 
overall functioning of the cell. We observed considerable low ATP values after 5 weeks of 
refrigerated RBC storage. Although a low ATP content can be replenished within 48 hours 
following infusion of RBCs,30 in some patient groups, such as critical ill, an immediate 
restoration of the oxygen delivery  may be desired. Recently, Spinella et al proposed that 
transfusion of 1 to 2 RBC units of increased storage age was sufficient to compromise 
clinical outcome in trauma patients.31 Nonetheless, this retrospective study was further 
limited by the lack of discrimination between leukoreduced and non-leukoreduced RBCs 
within each storage group. Despite these limitations, it is possible that there is a storage 
limit beyond which RBC transfusion may be less beneficial or can even compromise the 
clinical outcome of critical ill patients.32-34 Especially, if a low ATP content hinders the 
RBCs to properly function. Yet the clinical consequences of prolonged stored RBCs are 
poorly understood and well-designed randomized controlled trials are currently lacking.35-42 
Implementation of procedures that improve the RBC quality rather than extending the 
maximal storage duration of refrigerated RBC storage are therefore desirable.43 In this 
regard, a new storage solution (i.e PAGGGM) was developed that maintains high ATP and 
2,3-DPG content of RBCs and prevents microvesicle formation during 5 weeks of 



General discussion 

 
 

 
119 

refrigerated storage.44,45 Other quality determinants, including the RBC rheologic properties 
will still need to be determined.  
Alternatively, storage of RBCs at ultra-low subzero temperatures halts the biochemical 
processes in the cell which may circumvent storage induced lesions. From this perspective, 
cryopreservation could be a promising approach to prolong the lifespan of RBCs. 

 
8.4. Cryopreservation of RBCs 
Currently, the HGM is the most widely applied freezing method for long-term storage of 
RBCs. Cryopreserved RBCs have to meet certain guidelines,46,47 yet as in the case of 
refrigerated stored RBCs, these guidelines do not reflect the RBCs ability to function after 
infusion. Over the years more knowledge about the quality of HGM cryopreserved RBCs 
has become available. Data about the rheologic properties of cryopreserved RBCs were 
however scarce. In this regard, we investigated the deformability and aggregability of HGM 
cryopreserved RBCs that were post-thaw stored in SAGM additive solution.  
In our study the deformability of cryopreserved RBCs was higher than that of fresh RBCs 
but similar to prolonged refrigerated stored RBCs. Fresh RBCs were not leukofiltrated as 
opposed to the stored RBCs. Although the presence of leukocytes could have been 
detrimental to the flexibility of RBCs, it is unlikely that this caused the lower deformability 
of fresh RBCs. Especially, because their contact time with fresh RBCs was only minimal. 
We hypothesized that DEHP leaching from the PVC storage bag has enhanced the 
flexibility of the RBCs, explaining the improved deformability of both refrigerated stored 
and cryopreserved RBCs over that of fresh RBCs. Unfortunately, we did not have the 
infrastructure to study DEPH leaching per se. Surprisingly, the deformability of 
cryopreserved and long-term refrigerated stored RBCs was similar despite their differences 
in MCV. Clearly, additional studies are warranted to elucidate the precise role of RBC 
volume in limiting the flexibility of the RBCs.  
We also observed a higher osmotic fragility of cryopreserved RBCs that were post-thaw 
stored in SAGM additive solution, compared to fresh and refrigerated stored RBCs. The 
increasing cell volume could have made the RBCs more prone to hemolysis upon 
concomitant swelling. Especially, since no alterations in osmotic fragility have been 
observed with cryopreserved RBCs that were post-thaw stored in AS-3 or CPDA-1 
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solution.48 Presumably, the absence of citrate, an impermeable anion, in the SAGM additive 
solution allows for more substantial cell swelling.49,50  
We demonstrated that cryopreserved RBCs were less able to aggregate then fresh and 
refrigerated stored RBCs. This was not surprisingly in the light of the enhanced RBC 
volume after deglycerolization. Although enhanced RBC aggregation has been commonly 
observed in various diseases, less is known about the effect of diminished RBC 
aggregation. Previously, it has been hypothesized that low RBC aggregation is a pathogenic 
co-factor in endothelial activation during hemodilution,51. However, it was recognized that 
hemodilution per se induced a hypercoagulable state.52 One could argue that infusion of 
RBCs with low aggregation tendencies may be less beneficial in directing leukocytes and 
possibly platelets to a damaged vessel wall.53 On the other hand, infusion of RBCs with 
lower aggregation tendencies could also be beneficial to patients with microcirculatory 
disorders.54,55 Nevertheless, the high 24-hour in vivo survival of cryopreserved RBCs 
indirectly suggests that RBC swelling and subsequently the lower aggregability tendencies 
of cryopreserved RBCs are of less physiologic importance.56  
Infusion of cryopreserved RBCs has potential advantages over that of refrigerated stored 
RBCs. We demonstrated that the ATP content of cryopreserved RBCs was similar to that of 
fresh RBCs. Indicating that cryopreserved RBCs could have superior oxygen delivering 
capacity compared to that of prolonged refrigerated stored RBCs.57 Also, due to the 
deglycerolization washing procedure less biological active substances will be present in the 
RBC unit that may cause transfusion related reactions in the recipient.58 In this regard, 
cryopreserved RBCs could be useful in situations where refrigerated stored RBCs are less 
desired. This could be the case for chronically transfused patients. In addition, 
cryopreserved RBCs could also be useful in order to minimize occurrences of TRALI and 
SIRS. Nevertheless, cryopreserved RBCs are primarily used for controlling an inventory of 
RBCs with rare blood phenotypes and for military conflicts. Occasionally, cryopreserved 
RBCs are used during temporarily blood shortages.  
Cryopreserved RBCs are more expensive, time-consuming and less efficient than 
refrigerated stored RBCs. However, among the years cryopreserved RBCs have become 
more utilizable. Implementation of the automated ACP-215 device (Haemonetics, 
Braintree, MA) for example has simplified the washing process and prolonged the postthaw 
storage time of RBCs in AS-3 to 14 days. This development has eased the clinical 
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applicability of cryopreserved RBCs particularly, because RBCs could now be thawed and 
washed in advance.  
The developments of new techniques that could make cryopreserved RBCs more utilizable 
for transfusion medicine are still ongoing. Implementation of a liquid Bio-freezer with a 
rapid heat exchange for example could make cryopreserved RBCs more interesting for 
clinical usage. Although our results documenting the quality of RBCs cryopreserved in the 
liquid Bio-freezer demonstrated that the temperature of the Bio-freezer was not sufficient to 
preserve the RBC deformability or maintain high in vivo RBC survival, combining the bio-
freezer with -80°C storage enabled preservation of RBCs with only 20% glycerol while 
maintaining good in vitro and in vivo viability. In this context, the lower glycerol content 
could be favorable since it potentially reduces the osmotic stress during the glycerolization 
and deglycerolization process that causes cellular losses. Additional studies will be needed 
to determine the RBC quality during prolonged post-thaw storage. 

 
8.5. Conclusion 
Refrigerated storage induces a variety of cellular changes that could hamper the RBCs to 
properly function after infusion. In this regard, the rheologic properties are important 
quality determinants, because alterations in the rheologic properties can be detrimental to 
the flow dynamics and subsequently the oxygen delivery in the microcirculation. This 
thesis demonstrates that the rheologic properties of leukoreduced RBCs were well 
preserved during refrigerated storage and not likely to contribute to adverse clinical 
outcome after infusion.  
Cryopreservation of RBCs has been practiced to counteract storage induced lesions and 
subsequently to extend the shelf life of preserved RBCs. This thesis furthermore 
demonstrates that the freeze-thaw-wash process was not detrimental to the aggregability 
and deformability of HGM cryopreserved RBCs. RBC cryopreservation is still infrequently 
used. However, ongoing scientific and technological advancement has eased the clinical 
applicability of cryopreserved RBCs which could extend their utilization in clinical 
practice. As we progress towards a more aging society the demand for RBC transfusions 
will inevitably increase.59,60 and cryopreserved RBCs could become a more routinely used 
blood resource. Especially, since cryopreserved RBCs are available, safe, in compliance 
with international regulations and guidelines and can be used effectively.61-63 
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RBC transfusion practice has been widely applied in clinical settings to compensate for 
excessive blood loss as well as to improve the oxygen carrying capacity. Although the 
infusion of refrigerated stored RBCs has been considered a life-saving practice for years, 
concerns about the efficacy and safety of prolonged stored RBCs are currently emerging. 
This is because RBCs biochemical processes are not completely suppressed during 
refrigerated storage. Consequently, the RBCs undergo various cellular and biochemical 
changes that could hamper the RBC to adequately function after infusion. Yet, evidence of 
a significant detrimental clinical effect associated with the infusion of prolonged stored 
RBCs is still inconclusive. The rheologic properties are important determinants of the 
quality of RBCs. Particularly because impaired RBC rheologic properties, which are 
enhanced aggregability, reduced deformability and elevated adherence to endothelial cells, 
proposes a circulatory risk by hindering adequate tissue perfusion and contributing to 
ischemia or even infarction in the micro-vascular environment.  
Chapter 1 reviews ex vivo RBC preservation and emphasizes the importance of the RBC 
rheologic properties and in particular those that can be measured by the LORCA. 
Alternatively, the utilization of cryopreservation for long-term storage of RBCs is 
discussed. The general objectives of this thesis were to gain a better understanding of the 
RBC quality from a rheologic perspective in transfusion medicine, as well as to explore the 
utilization of cryopreserved RBCs for routine clinical practice. 
The first part of this thesis mainly focuses on the RBC aggregation process and the 
rheologic properties of refrigerated stored RBCs. RBC aggregation has been studied for 
decades in healthy and diseased subjects. Despite these studies, the underlying mechanism 
and the physiological role are still elusive. Replacement of plasma proteins by standard 
polymers to induce RBC aggregation helps to unravel the fundamentals of the aggregation 
process. In chapter 2 the usefulness of 200-kDa HES polymers to induce RBC aggregation 
was investigated. The EPM of RBCs in 200-kDa HES solution was measured to get more 
insight into the RBC aggregation mechanism. The measured EPM values of RBCs in HES 
solutions were less negative than could be predicted by the suspension viscosity, which 
supports the bridging theory as the mechanism underlying 200-kDa HES induced RBC 
aggregation. These findings are in line with previous observations in which stronger and 
larger RBC aggregates are formed with HES solutions of increasing molecular weight. 
Furthermore, the LORCA was used to demonstrate aggregation differences between RBCs 
from healthy individuals and patients with a disease. We demonstrate that like the standard 
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500-kDa dextran polymers, the 200-kDa HES polymers are able to discriminate cellular 
induced aggregation differences between RBCs from healthy and T1DM subjects. 
Altogether, our results demonstrate that 200-kDa HES polymers are useful as a pro-
aggregant in RBC rheologic studies. 
Enhanced RBC aggregation has been observed in a variety of chronic diseases, among 
which T1DM disease. Yet, RBC aggregation could also play a pivotal role in certain acute 
situations, such as during damage control resuscitation of severely bleeding trauma patients. 
Chapter 3 discusses the potential importance of RBC aggregation in supporting hemostasis 
after blood component infusion in severely bleeding trauma patients. In general, RBCs 
aggregates exclude leukocytes and possibly platelets from the axial core and direct them 
towards the vascular wall. This process is essential, since leukocytes and platelets need to 
get into close contact with the damaged endothelium, in order to exert their function. 
Adoption of a liberal policy with regard to FFP to RBC infusion could promote RBC 
aggregation. Although physiological levels of RBC aggregation would be beneficial for 
supporting hemostasis, promotion of aggregation could be detrimental to patients in which 
the RBC rheology is already compromised, as was observed in certain trauma states. Future 
studies with the LORCA will be helpful to elucidate the role of RBC aggregation in damage 
control resuscitation of severely injured trauma patients. 
A better insight of the RBC rheologic properties during ex vivo preservation may improve 
transfusion outcome. Earlier studies have shown that the RBC rheologic properties become 
impaired as soon as the second week of refrigerated storage. Yet, most of these studies were 
not representative for modern RBC storage due to the absence of leukofiltration prior to 
storage. In chapter 4 the RBC rheologic features and other hematologic variables of 
leukoreduced RBCs were studied during seven weeks of refrigerated blood bank storage. 
Our data shows, that although the aggregability of leukoreduced refrigerated stored RBCs 
was slightly altered over time, an enhanced aggregability was clearly not observed. In 
addition, we found that the reduction in RBC deformability, which was only observed at 
high shear stress, was still within physiological ranges. We did observe that the ATP 
content became progressively depleted during refrigerated storage, whereas the MCV, pH 
and MCHC were affected to a lesser degree. We postulate, that the observed changes in 
RBC variables during refrigerated storage minimally affected the RBC ability to aggregate 
and deform, even after prolonged refrigerated storage. Based on these and recent findings, 
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we conclude that the rheologic properties of leukoreduced RBC units were well preserved 
during routine blood bank storage. 
In order to circumvent storage induced lesion and thus to extend the shelf-life of RBCs, 
cryopreservation of RBCs has become a feasible alternative. In Chapter 5 cryopreservation 
of RBC and in particular its utilization in modern transfusion practice is discussed. In the 
past, the clinical applicability of cryopreserved RBCs was hampered by the expensive, less 
efficient and more time consuming nature of this preservation method. Yet, the subsequent 
unfamiliarity with regard to the quality of cryopreserved RBCs has further limited clinical 
usage. In this regard, the rheologic features and various hematologic variables of HGM 
cryopreserved RBCs were investigated in chapter 6. We showed that the aggregability of 
cryopreserved RBCs was reduced, compared to fresh and refrigerated stored RBCs. The 
deformability of stored RBCs was enhanced compared to fresh RBCs, but no significant 
differences in deformability between cryopreserved and 21- or 35-day refrigerated stored 
RBCs was observed. We also show that the osmotic fragility, hemolysis, MCV and MCHC 
of cryopreserved RBCs were altered, compared to fresh and refrigerated stored RBCs, but 
that the ATP content of cryopreserved RBCs remained close to those of fresh RBCs. We 
demonstrated that although cryopreserved RBCs were more fragile than refrigerated stored 
and fresh RBCs, the HGM procedure did not adversely affect the ATP content or the 
aggregability and deformability of cryopreserved RBCs. Therefore, cryopreserved RBCs 
could become a more utilized blood resource in clinical settings. 
To date however, utilization of cryopreserved RBCs is primarily restricted to controlling an 
inventory in situations where the RBC availability is limited or unpredictable. Such is the 
case for storage of RBC with rare blood groups or for usage in military conflicts. In this 
regard, the feasibility of a new Bio-freezer was investigated in chapter 7, as a way to 
improve the clinical applicability of cryopreserved RBCs. Human and rat RBCs were 
preserved with different glycerol concentrations in the Bio-freezer at -25°C or in 
combination with storage at -80°C in a mechanical freezer. Cryopreserved human RBCs 
were tested in vitro for deformability and various hematologic variables. The 
posttransfusion survival was determined in rats with chromium-51 labeled preserved rat 
RBCs. Our data demonstrated that the liquid Bio-freezer alone was not sufficient to 
preserve the RBC deformability or to maintain high in vivo RBC survival. However, usage 
of the liquid Bio-freezer in combination with the -80°C mechanical freezer, enabled 
preservation of RBCs with 20% glycerol, while maintaining the RBC integrity, 
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deformability and high 48-hour posttransfusion survival values. The use of only 20% 
glycerol could be beneficial in reducing the osmotic stress that is associated with the 
glycerolization and deglycerolization procedure and which causes cellular losses. We 
therefore consider that the liquid Bio-freezer could become a valuable tool for the 
cryopreservation of RBCs.  
Ultimately important findings in this thesis were discussed in a broader perspective in 
chapter 8. 
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In Nederland ontvangen jaarlijks vele mensen een bloedtransfusie. De rode bloedcellen 
(RBCs) worden toegediend om bloedarmoede, veroorzaakt door ernstig bloedverlies of een 
probleem in de bloedaanmaak, te corrigeren. De belangrijkste functie van de RBCs is het 
vervoeren van zuurstof vanuit de longen naar de lichaamsweefsels. De RBCs hebben in de 
circulatie een levensduur van 120 dagen. RBCs die in de koelkast bewaard worden hebben 
echter een aanzienlijke kortere levensduur. Afhankelijk van de bewaarvloeistof worden 
RBCs in de bloedbank momenteel 5 á 6 weken bij 2-6°C bewaard. Bij deze temperaturen 
worden de biochemische processen in de RBC verlaagd maar niet volledig onderdrukt. 
Hierdoor treden er tijdens het bewaren veranderingen op in de eigenschappen van de RBCs, 
die de functionaliteit na infusie zouden kunnen beïnvloeden. Er zijn diverse studies 
gepubliceerd die veronderstellen dat de infusie van oudere RBCs de gezondheidstoestand 
van de patiënt negatief kunnen beïnvloeden. Echter, de meeste van deze studies zijn 
retrospectief van aard en kunnen dus dan ook geen causaal verband leggen tussen de 
bewaarduur van RBCs en de uitkomst van de patiënt op het toegediende bloed. Het is dus 
van essentieel belang dat er meer inzicht in de kwaliteit van de RBCs gedurende het 
bewaren bij 2-6°C verkregen wordt. De reologie van de RBCs speelt hierbij een belangrijke 
rol, met name omdat veranderingen in de reologische eigenschappen van de RBCs 
(verhoogde aggregatie, lagere deformabiliteit en een toegenomen binding aan 
endotheelcellen) de bloedtoevoer en dus de oxygenatie in de microcirculatie kunnen 
belemmeren of zelfs kunnen blokkeren.  
In hoofdstuk 1 wordt een literatuuroverzicht gegeven over de preservatie van RBCs en de 
cellulaire veranderingen die hierbij optreden. De reologie van de RBC staat hierin centraal, 
en dan in het bijzonder de aggregatie en deformabiliteit van RBCs, aangezien deze 
eigenschappen met behulp van de laser-assisted optical red blood cell analyzer (LORCA) 
gemeten kunnen worden. Het doel van dit proefschrift was om RBCs te onderzoeken vanuit 
een reologisch perspectief om zo meer inzicht te verkrijgen in de kwaliteit van 
gepreserveerde RBCs. Daarnaast werd het gebruik van ingevroren RBCs voor transfusie 
doeleinden onderzocht. Het eerste gedeelte van dit proefschrift legt zowel de nadruk op de 
aggregatie van RBCs onder fysiologische en pathologische omstandigheden als wel op de 
reologie van RBCs die bij 2-6°C bewaard worden. 
Aggregatie van RBC (ook wel Rouleaux vorming genoemd) vindt plaats in gebieden waar 
de stroomsnelheid van het bloed laag of gestagneerd is. Naarmate de stroomsnelheid van 
het bloed weer toeneemt zullen, onder fysiologische omstandigheden, de RBC aggregaten 
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uiteenvallen. Echter, onder sommige pathologische omstandigheden kunnen er grotere en 
sterkere aggregaten gevormd worden die niet zo gemakkelijk uiteenvallen en zo de zuurstof 
afgifte in de microcirculatie zouden kunnen bemoeilijken. Tot op heden is er nog veel 
onduidelijkheid over de fysiologische functie en het mechanisme dat ten grondslag ligt aan 
RBC aggregatie. Het vervangen van plasma-eiwitten door standaard polymeer oplossingen 
om de aggregatie van RBCs te induceren zal meer inzicht verschaffen in dit fenomeen. In 
hoofdstuk 2 wordt het gebruik van 200-kDa HES polymeren in RBC aggregatie studies 
onderzocht. Hierbij werd de electroforetische mobiliteit van RBCs gemeten om meer 
inzicht te verschaffen in het onderliggende aggregatie proces. De electroforetische 
mobiliteit van RBCs in een 200-kDa HES oplossing bleek minder negatief te zijn dan aan 
de hand van de toegenomen viscositeit verwacht zou worden. Dit impliceert dat 200-kDa 
HES polymeren de aggregatie van RBCs induceren via een absorptie mechanisme. Deze 
uitkomst sluit aan bij bevindingen van anderen die aantoonden dat de mate van RBC 
aggregatie afhankelijk is van het molecuul gewicht van HES polymeren. Ook werd de 
LORCA ingezet om aggregatie verschillen tussen RBCs van gezonde en zieke mensen op te 
sporen. We toonden aan dat naast de standaard 500-kDa dextran polymeren ook de 200-
kDa HES polymeren in staat waren om aggregatie verschillen tussen RBCs van gezonde en 
type-1 diabetes mellitus patiënten (T1DM) te onderscheiden. Kort samengevat kan gesteld 
worden dat 200-kDa HES polymeren nuttig zijn om als pro-aggreganten in reologische 
studies gebruikt te worden. 
Een verhoogde aggregatie van RBCs wordt aangetroffen in diverse chronische 
aandoeningen, waaronder T1DM. Echter, RBC aggregatie zou ook een belangrijke rol 
kunnen spelen in acute situaties, zoals bij trauma patiënten met ernstig bloedverlies. 
Hoofdstuk 3 beschrijft de potentiële rol van RBC aggregatie na infusie van bloed 
componenten in hevig bloedende trauma patiënten. Onder fysiologische omstandigheden 
vind de aggregatie van RBCs plaats in de aanwezigheid van plasma-eiwitten. Deze RBC 
aggregaten worden voornamelijk gevormd in het midden van het bloedvat waardoor 
leukocyten en mogelijk bloed plaatjes naar de wand van het bloedvat gedreven worden. Dit 
proces is essentieel aangezien leukocyten en bloedplaatjes in nauw contact dienen te komen 
met het endotheel om effectief te kunnen zijn bij het bestrijden van een infectie en het 
bevorderen van de bloedstolling. Momenteel wordt voor trauma patiënten met ernstig 
bloedverlies de infusie van RBC, bloedplaatjes en ingevroren plasma in een 1:1:1 
verhouding aanbevolen. Infusie van ingevroren plasma (en dus van fibrinogeen) zou de 
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aggregatie van RBCs kunnen promoten. Zoals gezegd kan RBC aggregatie een belangrijke 
rol spelen in het ondersteunen van de hemostase omdat leukocyten en mogelijk 
bloedplaatjes zo makkelijker in de nabijheid van het beschadigde endotheel terecht komen. 
Echter, een verhoogde aggregatie kan ook nadelig zijn in bepaalde trauma patiënten 
waarvan de RBC reologie al verstoord is. De LORCA zou uitkomst kunnen bieden om te 
bepalen of in deze trauma patiënten de infusie van bloedcomponenten in een 1:1:1 
verhouding invloed heeft op het aggregatie proces van RBCs.  
De reologische eigenschappen van RBCs zijn belangrijke kwaliteitsvariabelen in de 
transfusiegeneeskunde. Meer inzicht in de reologische veranderingen tijdens RBC 
preservatie zou de transfusie uitkomst kunnen beïnvloeden. Er zijn diverse studies die 
aantonen dat de reologische eigenschappen van RBCs die bij 2-6°C bewaard worden, al na 
enkele weken verslechterd zijn. Echter, de meeste van deze studies zijn verouderd omdat er 
RBCs getest werden die niet gefilterd waren van hun leukocyten. In hoofdstuk 4 worden 
daarom de reologische eigenschappen en diverse hematologische variabelen van 
leukogefiltreerde RBCs onderzocht die gedurende 7 weken bij 2-6°C bewaard worden. We 
toonden aan dat de bewaarde RBCs geen verhoogde aggregatie vertoonden. Wel namen we 
een afname waar in de RBC deformabiliteit gedurende het bewaren. Deze afname in RBC 
deformabiliteit viel echter binnen de fysiologische waarden en werd alleen onder hoge 
shear stress condities waargenomen. Het ATP gehalte van de RBC nam wel aanzienlijk af 
tijdens het bewaren. De MCV, pH en MCHC daarentegen veranderde minder gedurende 7 
weken. Kort samengevat kan gesteld worden dat er tijdens het bewaren bij 2-6°C 
veranderingen optreden in de eigenschappen van de RBCs. Deze veranderingen hebben 
echter geen nadelige uitwerkingen op het vermogen van de RBC om te kunnen aggregeren 
en vervormen. Aan de hand van deze en recente bevindingen van anderen kunnen we 
concluderen dat de reologische eigenschappen van RBCs goed behouden blijven bij 2-6°C. 
Een manier om de veranderingen die tijdens het koud bewaren optreden tegen te gaan is om 
de bewaartemperatuur zodanig te verlagen dat de biochemische processen in de RBC 
volledig onderdrukt worden. Cryopreservatie is een methode om RBCs langdurig te kunnen 
preserveren. In het tweede gedeelte van dit proefschrift wordt daarom de nadruk gelegd op 
ingevroren RBCs. Hierbij wordt in hoofdstuk 5 de cryopreservatie van RBCs en het 
gebruik ervan in de transfusiegeneeskunde besproken. Ondanks het feit dat ingevroren 
RBCs decennia lang bewaard kunnen worden en zo de beschikbaarheid van RBCs 
aanzienlijk kunnen vergroten, is het gebruik van dit bloedproduct in de transfusie-
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geneeskunde beperkt. Dit komt voornamelijk door de hogere kostprijs, de langere 
verwerkingstijd en de lagere opbrengst die aan het invriezen van RBCs verbonden zijn. 
Ook de beperkte kennis omtrent de kwaliteit van ingevroren RBC heeft het gebruik van dit 
bloedproduct in de kliniek beperkt. Momenteel worden RBCs voornamelijk ingevroren 
voor militaire doeleinden en om zeldzame bloedgroepen langdurig te bewaren. De laatste 
jaren is er echter steeds meer onderzoek verricht naar de kwaliteit van ingevroren RBCs. De 
reologische eigenschappen van ingevroren RBCs waren echter nog nauwelijks onderzocht.  
In hoofdstuk 6 worden daarom de reologische eigenschappen en hematologische 
variabelen van ingevroren RBCs onderzocht. We toonden aan dat de aggregatie van 
ingevroren RBCs lager was dan die van verse en in de koeling (2-6°C) bewaarde RBCs. De 
deformabiliteit van ingevroren RBCs daarentegen was hoger dan die van verse RBCs maar 
vergelijkbaar met de deformabiliteit van RBCs die 21 of 35 dagen in de koeling bewaard 
werden. De osmotische flexibiliteit, hemolyse, MCV en MCHC van ingevroren RBCs was 
veranderd vergeleken met verse en in de koeling bewaarde RBCs. Het ATP gehalte van 
ingevroren en verse RBCs was echter vergelijkbaar. We concludeerden dat ondanks dat 
ingevroren RBCs fragieler waren dan verse en in de koeling bewaarde RBCs, dit geen 
nadelige uitwerking had op de aggregatie, deformabiliteit en het ATP gehalte van 
ingevroren RBCs. 
Meer kennis omtrent de kwaliteit van ingevroren RBC zou het gebruik in de kliniek kunnen 
bevorderen. Ook het gebruik van nieuwe vriestechnieken zou hierbij een rol kunnen spelen. 
In dit opzicht werd in hoofdstuk 7 het gebruik van een nieuwe Bio-vriezer (Supachill) 
getest om RBCs in te vriezen. Humane en ratten RBCs werden met verschillende glycerol 
concentraties in de Bio-vriezer bij -25°C ingevroren of in combinatie met een mechanische 
vriezer bij -80°C opgeslagen. Van de humane RBCs werden de deformabiliteit en diverse 
hematologische variabelen getest. De ratten RBCs werden gebruikt om de overlevingsduur 
van ingevroren RBCs na infusie te bepalen. We toonden aan dat RBCs die in de Bio-vriezer 
ingevroren en bewaard waren, ofwel een lagere deformabiliteit, dan wel een verminderde 
overleving 48 uur na infusie vertoonden. Het gebruik van de Bio-vriezer in combinatie met 
een standaard -80°C vriezer, maakt het mogelijk om RBCs met slechts 20% glycerol in te 
vriezen terwijl de RBC integriteit, deformabiliteit en de overlevingsduur tot en met 48 uur 
na infusie behouden werd. Het gebruik van een glycerol concentratie van slechts 20% kan 
voordelig zijn bij het invriezen van RBCs omdat dit de osmotische stress en dus de 
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hemolyse van de vriesprocedure zou kunnen verminderen. We veronderstellen dat de Bio-
vriezer een belangrijke rol zou kunnen gaan spelen in de preservatie van RBCs.  
De belangrijkste bevinding van dit proefschrift worden in een breder perspectief besproken 
in hoofdstuk 8. 
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