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Abstract Antifreeze proteins (AFPs) have important functions in many freeze-tolerant
organisms. The proteins non-colligatively lower the freezing point and functionally inhibit
ice recrystallization in frozen solutions. In our previous studies, we found that the
Arctic yeast Leucosporidium sp. produces an AFP (LeIBP), and that the protein could
be successfully produced in Pichia expression system. The present study showed that
recombinant LeIBP possesses the ability to reduce the damage induced to red blood
cells (RBCs) by freeze thawing. In addition to 40 % glycerol, both 0.4 and 0.8 mg/ml LeIBPs
significantly reduced freeze–thaw-induced hemolysis at either rapid- (45 °C) or slow-warming
(22 °C) temperatures. Post-thaw cell counts of the cryopreserved RBCs were dramat-
ically enhanced, in particular, in 0.8 mg/ml LeIBP. Interestingly, the cryopreserved
cells in the presence of LeIBP showed preserved cell size distribution. These results
indicate that the ability of LeIBP to inhibit ice recrystallization helps the RBCs avoid
critically damaging electrolyte concentrations, which are known as solution effects.
Considering all these data, LeIBP can be thought of as a key component in improving
RBC cryopreservation efficiency.
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Introduction

Antifreeze proteins (AFPs) lower the freezing point in a non-colligative manner, which leads
to a difference between the melting point and freezing point, known as thermal hysteresis
[1, 2], and inhibit ice recrystallization in frozen solutions [3, 4]. Consequently, many AFP-
expressing freeze-tolerant organisms are able to survive at temperatures below subfreezing
temperatures [5–11]. Since the protein was first isolated from fish [12], many AFPs have
been found in other diverse organisms, including fish [7, 13–18], plants [19], bacteria
[20–22], fungi [23], insects [24, 25], and yeast [26]. The ability of AFPs to inhibit ice
recrystallization may create tremendous potential in many applications, in particular, in the
field of cryopreservation. These include cryopreservation of stem cells, umbilical cord blood
and blood, human organs, food, etc.

Red blood cells (RBCs) have significance in both military and civilian communities from the
transfusion aspect. Since Rous and Turner first successfully stored RBCs using citrate and
glucose [27], efforts have been made to enhance the efficiency of the storage process [28–31].
However, the maximal period of storage is still quite limited. Under the best conditions,
approximately 82 % of the cells can be recovered after 6 weeks of storage [32]. The Food
and Drug Administration (FDA) has approved the storage of frozen RBC for up to 10 years. As
indicated by the FDA’s decision, cryopreservation can be an ideal alternative to extend the
storage period; nonetheless, the problems associated with cryodamage persist. These include
the solution effects, extra/intracellular ice formation, and dehydration, which is still a leading
problem in cryopreservation research. During freezing, the solutes become more concentrated
because they are excluded from the growing extracellular ice crystals. This could drive cell
damage or death, which is known as the solution effects [33, 34]. Glycerol was first adapted as
an additive to reduce the cryodamage of RBCs [35], and was further utilized to develop the high
glycerol/slow freeze and the low glycerol/rapid freeze techniques [36, 37]. Extracellular
cryoprotectants such as hydroxyethyl starch (HES), dextran, polyvinyl pyrrolidone, and serum
albumin have been studied as well. These macromolecules minimize osmotic stress due to the
addition and removal of glycerol, and facilitate the transfusion procedure without deglyceroli-
zation. These additives greatly solve the challenges involved in freezing, but the risk in thawing
continues to be another issue because of ice recrystallization.

In previous studies, the AFPs from microalgae and fishes were shown to have cryopre-
serving effects on RBCs, by inhibiting ice recrystallization in the presence of glycerol or
HES [38–40]. Recently, a novel ice-binding protein (IBP) was identified and purified by our
lab from the psychrophilic Arctic yeast Leucosporidium sp. [26]. This yeast IBP showed
high similarity to the algal protein used in previous RBC cryopreservation study [40]. We
previously obtained the coding sequence for this protein from cDNA, and the recombinant
protein was highly produced in the methylotrophic yeast Pichia pastoris [41]. In the present
study, the effect of recombinant LeIBP on the cryopreservation of human red blood cells was
presented, in particular, by comparing the hemolysis, RBC cell recovery, and the cell size
distribution of cryopreserved RBCs.

Materials and Methods

Recombinant LeIBP Preparation

Recombinant LeIBP was produced using a Pichia expression system, and purified as
described in a previous study [41]. Briefly, codon-optimized mature LeIBP gene was cloned
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into pPICZ!A vector, and the plasmid was transformed into P. pastoris strain X33
(Invitrogen). The recombinant cells were grown in 3-L YPD medium at 30 °C for 2 days,
and the recombinant LeIBP expression was induced daily using a 5-ml methanol supple-
ment. The culture supernatant was applied to an ion exchange chromatography (QFF)
column and eluted with 50 mM Tris–HCl buffer, pH 8.0, containing 400 mM NaCl. The
elution fractions were pooled and further purified in a Superdex 200 size-exclusion
column (Thermo Fisher Co., USA), equilibrated with 50 mM Tris–HCl, pH 8.0,
containing 150 mM NaCl buffer at a flow rate of 1 ml/min. The purified LeIBP
was identified by SDS–PAGE and Western blot analyses. The protein concentration
was determined by measuring the absorbance at 280 nm, using a calculated extinction
coefficient of 26,930 M!1 cm!1.

RBC Preparation and Glycerolization

Human blood was collected from healthy volunteers, placed into heparinized tubes, and
centrifuged at 2,000!g for 10 min. Plasma supernatant and the buffy coat were removed, and
the RBC pellet was washed three times with equal volumes of phosphate-buffered saline
(PBS). In the third wash, the hematocrit was adjusted to 70 %. Equal volumes of freezing
solution containing 80 % (w/v) glycerol and 0.9 % NaCl were added drop-by-drop to the
RBCs. The RBCs were then centrifuged at 2,000!g for 10 min, and the supernatant was
removed to yield a final pellet containing 70 % hematocrit and 40 % (w/v) glycerol.

Freezing and Thawing

Prior to freezing, 75 "l of glycerolized RBCs was mixed with 25 "l of LeIBP solution
(LeIBP and 40 % glycerol in PBS) in a 2-ml cryovial. The concentration of LeIBP ranged
from 0 to 1.5 mg/ml. The mixtures containing 52.5 % hematocrit, 40 % glycerol, and LeIBP
were immersed in liquid nitrogen for 10 min and then kept in liquid nitrogen vapor. The
frozen RBCs were thawed either by placing in a 45 °C water bath for 1 min (rapid warming)
or by leaving in air at 22 °C (slow warming).

Hemolysis Measurement

Post-thaw percent hemolysis was determined for all freezing experiments by comparing
supernatant hemoglobin to total hemoglobin with the cyanmethemoglobin method [42, 43].
Briefly, the thawed RBC mixtures were centrifuged at 13,000 rpm for 1 min. An aliquot
(5 "l) of the supernatant was incubated with 195 "l of Drabkin’s reagent (Sigma-Aldrich,
USA) in a 96-well plate for 15 min. The absorbance was measured at 540 nm by Multiskan
GO (Thermo Scientific, USA).

RBC Cell Count Recovery and Cell Size Measurement

RBC recovery and cell sizes were microscopically determined. Before measuring the cell
size of the cryopreserved RBCs, frozen cells containing 0, 0.4, or 0.8 mg/ml LeIBP in 40 %
glycerol were thawed at either 45 °C (rapid warming) or 22 °C (slow warming). Non-frozen
intact RBCs served as a control. The cells (5 "l) were fixed on a glass slide with methanol,
stained with Giemsa solution (Sigma-Aldrich, USA), washed with distilled water, air-dried,
and then observed under a microscope at !500 magnification (Olympus BX51; Olympus,
Japan). The cell count and size were determined using TOMORO ScopeEyeTM software
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(Saramsoft, South Korea). Recovery values were expressed as percentages of the positive
control (non-frozen RBCs).

Recrystallization Inhibition Assay

Ice recrystallization inhibition was measured by the method of Smallwood [44], with slight
modification. Briefly, LeIBP was solubilized in PBS containing 30 % sucrose to a final
concentration of 0, 0.4, or 0.8 mg/ml. A 2-"l aliquot of each sample was sandwiched
between two round cover slides (diameter, 16 mm). The sandwich was pre-chilled
at !1 °C for 3 min to prevent surface frost. Next, the sandwich was transferred to a
cryostage (THMS600 cold stage; Linkam Scientific Instruments, Surrey, UK). The
sandwich was then cooled quickly at a rate of 90 °C/min to !80 °C and maintained
for 1 min. The temperature was raised to !6 °C at the same rate and maintained for
60 min to allow ice recrystallization. Ice crystals were observed under a microscope at !200
magnification (Olympus BX51).

Statistical Analysis

Excel software (Microsoft Co., Redmond, USA) was used for statistical analyses. A Student’s
t test was used to determine significant differences, accepting P values of <0.001 or <0.005 as
significant. The data were expressed as mean±1 SD and n03 for each experiment.

Results

Hemolysis of Cryopreserved RBCs

LeIBP, recombinant Arctic yeast IBP expressed in a Pichia system, was evaluated as a
potential cryoprotectant in the RBC cryopreservation process. To demonstrate the effect of
reducing RBC hemolysis, human RBCs containing LeIBP (concentrations ranging from 0 to
1.5 mg/ml) in the presence of 40 % glycerol were frozen in LN2 and then thawed at either
45 °C (rapid warming) or 22 °C (slow warming). In the absence of or at low concentration
(below 0.2 mg/ml) of LeIBP, 31–41 % hemolysis was observed at rapid warming temper-
ature, whereas 0.4, 0.8, and 1 mg/ml LeIBP significantly reduced the hemolysis to <16 %; in
particular, 0.4 mg/ml LeIBP reduced the hemolysis down to 9.5 % (Fig. 1). The slow
warming method induced considerably high hemolysis, almost up to 90 %, when LeIBP
was added below 0.06 mg/ml; however, 0.2, 0.4, and 0.8 mg/ml LeIBP dramatically sup-
pressed hemolysis to approximately 31, 15, and 13, respectively (Fig. 1). Concentrations
greater than 0.8 and 1 mg/ml did not significantly lower the freeze–thaw-induced hemolysis
at slow and rapid warming temperatures, respectively.

RBC Cell Count Recovery

Cryopreservation of RBCs using LeIBP in the presence of 40 % glycerol revealed different
RBC recoveries with rapid and slow warming methods. The cell count recovery was
significantly enhanced by slow warming, at both 0.4 and 0.8 mg/ml LeIBPs (Fig. 2). More
interestingly, the recovery of RBCs frozen in the presence of 0.8 mg/ml LeIBP and thawed
by slow warming was almost the same as that of non-frozen intact RBCs, whereas the
recovery of RBCs frozen in the absence of LeIBP was <30 %. The recovery at the rapid
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warming temperature appeared to be enhanced by 0.4 or 0.8 mg/ml LeIBP supplementation,
but the increase was not statistically significant (Fig. 2).

Morphology and Cell Size Distribution of Cryopreserved RBCs

Morphological changes were assessed after thawing at either rapid or slow warming methods
(Fig. 3). The RBCs supplemented with LeIBP exhibited almost the same round morphology

Fig. 1 Influence of LeIBP on RBC hemolysis. RBCs containing LeIBP ranging from 0 to 1.5 mg/ml in 40 %
glycerol were frozen in LN2. The frozen RBCs were thawed at either 45 °C (rapid warming, black bars) or
22 °C (slow warming, gray bars). The cell pellet was spun down, and the amount of released hemoglobin in
the supernatant was measured at 540 nm by using Drabkin’s reagent method. LeIBP (0.4 and 0.8 mg/ml)
significantly reduced freeze–thaw-induced hemolysis at both rapid and slow warming conditions. Asterisks
denote P<0.001. These data represent the mean±1 SD of three samples

Fig. 2 Effect of LeIBP on RBC cell count recovery after cryopreservation. RBCs containing 0, 0.4, or
0.8 mg/ml LeIBP in 40 % glycerol were frozen in LN2. The RBCs were thawed at either 45 °C (rapid
warming, black bars) or 22 °C (slow warming, gray bars). Intact RBCs (non-frozen) were used as a 100 %
control. The RBC recovery values were converted to percentages of the positive control. Asterisks denote P<
0.005. The data represent the mean±1 SD of three samples
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as the non-frozen RBCs (Fig. 3a), whereas RBCs with no LeIBP were shrunken
(Fig. 3b, rapid warming). Ghost cells were present in all the treatments. Many
irregular-sized RBCs were distributed in the non-LeIBP-containing samples thawed
at either rapid or slow warming temperatures (Fig. 4). More than 80 % of non-frozen
RBCs were of typical size, which ranges from 7 to 9 "m in diameter. However, in the
absence of LeIBP, only 13 and 32 % were of the typical size at rapid and slow
warming temperatures, respectively. In contrast, LeIBP treatments resulted in almost
typical cell size distribution even after thawing by either rapid or slow warming
method. Interestingly, 0.8 mg/ml LeIBP preserved cell size distribution better than
0.4 mg/ml LeIBP (Fig. 4).

Recrystallization Inhibition Assay

Each frozen solution containing 0, 0.4, and 0.8 mg/ml LeIBP in 30 % sucrose was
warmed to !6 °C and maintained for 60 min to induce recrystallization in the
presence of LeIBP, and no RBCs were used in this experiment. The recrystallization
was obviously suppressed in 0.4 or 0.8 mg/ml LeIBP solution (Fig. 5). Similar results
were obtained when 0.1 mg/ml bovine serum albumin was used as a negative control
(data not shown).

Fig. 3 Post-thaw morphology assessment of RBCs. a Non-frozen RBCs with no additives. b RBCs contain-
ing 0, 0.4, or 0.8 mg/ml LeIBP in 40 % glycerol were frozen in LN2. The cryopreserved RBCs were thawed at
either 45 °C (rapid warming) or 22 °C (slow warming). The RBCs were stained with Giemsa solution and
were observed under a microscope at !500 magnification. Scale bar010 "m

Appl Biochem Biotechnol (2012) 167:824–834 829

Author's personal copy



Discussion

In our present study, the potential properties of recombinant LeIBP, an ice-binding protein
from the Arctic yeast Leucosporidium sp., as a cryoprotectant for RBC cryopreservation
were investigated. We showed that LeIBP was effective in preventing cryoinjury of RBC on
a small scale. Experiment with small volumes is considered a feasible laboratory-scale
method to evaluate RBC preservation [45].

Influence of LeIBP on Hemolysis of Cryopreserved RBCs

Less hemolysis after prolonged storage periods has been one of the main goals in improving
RBC storage systems [46, 47]. When blood was stored at 1 to 6 °C for 6 weeks in the
presence of some additives (13 sugars, citrate, phosphate, adenine, and saline), hemolysis
was only 0.4 % [32]. Although such additives prolong the storage period, alternative
approaches are necessary to extend storage times. In general, all biochemical reactions are
virtually suspended under frozen conditions at !196 °C. Indeed, we did not notice any
difference in the results of short-term storage (1-day post-freezing) and long-term storage
(1-month post-freezing) of RBCs in liquid nitrogen (data not shown). In the present study,
almost 90 % hemolysis with the slow warming method was dramatically decreased to <16 %
when 0.4 or 0.8 mg/ml LeIBP was added (Fig. 1). In a previous study, 77 "g/ml IBP from
Antarctic sea ice diatom, which is similar in structure to LeIBP [26], reduced hemolysis up
to 50 and 13 % at 0 and 45 °C thawing temperature, respectively [40]. Another research
showed that 5–150 "g/ml fish AFP reduced hemolysis up to 50 % [39]. Since slow
warming highly induces ice recrystallization that causes increased hemolysis [39, 40],
the recrystallization inhibition activity of LeIBP (Fig. 5) may have caused our
hemolysis result, possibly by suppressing extracellular ice crystal growth during the

Fig. 4 Cell volume preservation effects of LeIBP. RBCs containing 0, 0.4, or 0.8 mg/ml LeIBP in 40 %
glycerol were frozen in LN2. The cryopreserved RBCs were thawed at either 45 °C (rapid warming) or 22 °C
(slow warming). The cells were stained with Giemsa solution, and the cell size distribution of RBC was
microscopically determined using TOMORO ScopeEyeTM software (Saramsoft, South Korea). The cell size
distribution is shown. The RBCs frozen in 40 % glycerol supplemented with 0.4 mg/ml or 0.8 mg/ml LeIBP
displayed typical cell size distribution, even after thawing by either rapid or slow warming method
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melt. The reason for the increased hemolysis at LeIBP concentrations of 1 mg/ml and
higher (Fig. 1) is not clear. However, higher AFP concentrations (>1.54 mg/ml) were
found to recruit massive and destructive ice growth around the cells, eventually
inducing cell lysis [39].

RBC Cell Count Recovery After Cryopreservation Using LeIBP

The cell count recovery has been another issue in RBC storage systems [28, 46, 47]. In a
non-freezing system, the best recovery of RBCs was 84 % after 6 weeks of storage [32].
However, recovery of RBCs in cryopreservation studies had not been reported. LeIBP
increased the cell recovery of cryopreserved RBCs (Fig. 2). However, the results did not
coincide with the hemolysis data, in particular, with the results obtained with slow warming
method (Fig. 1). The hemolysis in 0.4 and 0.8 mg/ml LeIBP was similar to each other
(Fig. 1), but the RBC cell recovery in 0.8 mg/ml LeIBP obtained from slow warming method
was higher than 0.4 mg/ml (Fig. 2). This result explains why reduced hemolysis is not the
sole factor used to evaluate the potential of cryoprotectants for RBC cryopreservation.
Previous studies demonstrated that the solution effect was increased by supplementing the
freezing solution with glycerol [33, 48]. This indirect cell damage may reoccur during the
thawing process which is when ice recrystallization occurs. Once the frozen cells are thawed
at a slow warming rate in the presence of AFP, the cells would be allowed to slowly

Fig. 5 Recrystallization inhibition activity of LeIBP. A 2-"l droplet of each solution was cooled at 90 °C/min
to !80 °C and maintained for 1 min. Then, the sample was warmed at 90 °C/min to !6 °C and maintained for
60 min to allow ice recrystallization to occur. The resultant ice crystal images at 0 min (left column) and
60 min (right column) were observed under a microscope at !200 magnification. Scale bar050 "m
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equilibrate to an isotonic condition. Consequently, slow warming would enhance RBC
recovery when AFP is present in the freezing solution. The present result would possibly
support this idea. A dramatic cell recovery was achieved with slow warming with LeIBP
supplements (0.4 or 0.8 mg/ml; Fig. 2). The recovery with glycerol treatment in rapid
warming was already high before the application of LeIBP, so the enhancement was not
very noticeable.

Morphological Assessment and Cell Size Distribution of Cryopreserved RBCs

In general, the effect of additives on RBC cryopreservation has been evaluated by measuring
post-thawing hemolysis. However, if cryoinjured cells are harvested along with normal cells
after cryopreservation, the damaged cells may eventually cause potential problems after
transfusion, although cryoprotectants may protect the membrane from complete destruction.
Recrystallized extracellular ice may induce mechanical damage in membrane proteins. If
cytoskeletal proteins are cryodamaged, the RBC cannot recover its normal shape and cell
size, even when the cells are in isotonic conditions. Indeed, most of the outer cell boundary
was rough, and shrunken cells were dominant in the non-LeIBP-containing RBCs (Fig. 3).
Moreover, a considerable portion of irregular-sized RBCs was observed in non-LeIBP-
containing RBCs (Fig. 4). In contrast, interestingly, the cryopreserved cells in the presence
of LeIBP displayed intact cell size distribution. These results indicate that inhibition of ice
recrystallization by LeIBP helps the RBCs avoid critically damaging electrolyte concen-
trations and the solution effects during melting. Therefore, we conclude that examining cell
size distribution after cryopreservation would further evaluate potential cell damage,
although this would not still completely evaluate the cryopreserved cells.

Further studies are still needed to confirm that the method works on a large-scale sample,
up to several hundreds of milliliters of blood (i.e., a typical donation). Once the cryopro-
tective ability of LeIBP is fully evaluated in RBC cryopreservation, it would be extended to
other blood cells, such as thrombocytes, lymphocytes, monocytes, and hematopoietic
progenitor cells, to enhance the efficiency of cryopreservation. In conclusion, recombinant
LeIBP expressed in P. pastoris clearly reduced the freeze–thaw-driven hemolysis and
increased post-thaw cell recovery. The recovered RBCs revealed a cell size distribution
almost the same to that of intact cells. Considering all these data, recombinant LeIBP can be
a key component in improving the efficiency of RBC cryopreservation.
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