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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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