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In North America, red blood cells (RBCs) are cryopreserved in a clinical setting using high glycerol
concentrations (40% w/v) with slow cooling rates (,16C/min) prior to storage at2806C, while European
protocols use reduced glycerol concentrations with rapid freezing rates. After thawing and prior to
transfusion, glycerol must be removed to avoid intravascular hemolysis. This is a time consuming process
requiring specialized equipment. Small molecule ice recrystallization inhibitors (IRIs) such as b-PMP-Glc
and b-pBrPh-Glc have the ability to prevent ice recrystallization, a process that contributes to cellular injury
and decreased cell viability after cryopreservation.Herein, we report that addition of 110 mM b-PMP-Glc or
30 mM b-pBrPh-Glc to a 15% glycerol solution increases post-thaw RBC integrity by 30-50% using slow
cooling rates and emphasize the potential of small molecule IRIs for the preservation of cells.

R ed blood cell (RBC) transfusions are lifesaving because they increase RBCmass in patients with low oxygen-
carrying capacity resulting from acute blood loss (traumatic/surgical haemorrhage), decreased RBC pro-
duction in bone marrow (leukemias), or decreased RBC survival (hemolytic anemias)1. Hypothermic

preservation of RBCs has enabled blood banks to ensure a readily available and safe blood supply. However,
hypothermic storage is limited to 42 days and this can result in shortages of blood when high numbers of
emergency blood transfusions are required such as in the wake of a natural disaster2–4. Cryopreservation of
RBC units can extend storage time to 10 years, however this preservation method is largely limited to rare blood
phenotypes, autologous RBC storage and military applications for blood storage1,5,6.

One of themain reasons cryopreserved RBCunits are not routinely used in transfusionmedicine is that current
cryopreservation protocols do not permit the direct transfusion of RBCs immediately after thawing. In Canada
and the United States, clinical RBC cryopreservation protocols utilize high concentrations of the cell permeating
cryoprotectant glycerol (.40% wt/vol) with slow cooling rates (1uC/minute) and storage at 280uC in a mech-
anical freezer to ensure high recovery of RBCs1,7. However, complicated and time consuming post-thaw degly-
cerolization procedures are necessary to ensure glycerol concentrations are reduced to less than 1% prior to
transfusion to prevent post-transfusion intravascular hemolysis5,7–9. Furthermore, these units must be transfused
within 24 hours imposing logistical challenges due to significant time and/or distance constraints on the trans-
portation of thawed RBCs10,11. While current cryopreservation methods are less than ideal for large-scale invent-
ory management5, it is the only technology that can readily deliver large quantities of pre-screened RBC units to
patients12. Thus, improved cryopreservation methods using non-toxic cryoprotective additives with significantly
reduced amounts of glycerol to decrease post-thaw processing times are required.

Ice recrystallization during freezing and thawing is a significant contributor to cellular damage and death13–15.
As a consequence, there has been tremendous interest in designing compounds that can inhibit ice recrystalliza-
tion for cryopreservation16–21. Our laboratory has recently reported the rational design and synthesis of large C-
linked glycoconjugates22–24 as well as small molecules25–27 that inhibit the process of ice recrystallization. We
hypothesize that inhibiting this process will greatly reduce cellular injury during cryopreservation and increase
the post-thaw recovery of cells with specialized cellular functions24,28. Current research on improving RBC
cryopreservation has focused on a number of different aspects of the cryopreservation protocol in an attempt
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to overcome the limitations associated with using glycerol as a cryo-
protectant. Towards this end, other cryoprotectants have been exam-
ined including non-penetrating additives such as hydroxyethyl
starch (HES), polyvinylpyrrolidone (PVP) and dextran1,29–32. In a
recent report, polyvinyl alcohol (PVA) has been shown to inhibit
ice recrystallization and when used in combination with HES can
cryopreserve ovine and human RBCs with rapid cooling rates33.
Simple carbohydrates and oligosaccharides such as trehalose have
also been explored as cryoprotectants for RBCs34–37. To date, the use
of small molecule ice recrystallization inhibitors for the cryopreser-
vation of human RBCs has not been explored.
In this paper we report several novel small molecule phenolic-

glycosides that are inhibitors of ice recrystallization. These com-
pounds are also effective cryo-additives capable of decreasing the
amount of post-thaw hemolysis of human RBCs after freezing in
the presence of reduced glycerol concentrations with slow freezing
rates. This is the first example of a small molecule inhibitor of ice
recrystallization effectively freezing RBCs with reduced amounts of
glycerol and slow freezing rates. These results have tremendous
potential for improving the cryopreservation of RBCs as post-thaw
deglycerolization processing timeswould be greatly reducedwith low
glycerol concentrations.

Results
IRI activity of para-methoxyphenyl-b-D-glycosides. Prior work by
our laboratory has demonstrated that amphiphilic small molecule
carbohydrate derivatives (Fig. 1a) as well as some amino acid
derivatives are very effective inhibitors of ice recrystallization25–27.
In all of these compounds, the hydrophobic component of the
molecule was an alkyl chain varying from 6–14 carbons in length.
While these molecules exhibited potent ice recrystallization inhibition
(IRI) activity, they also possessed surfactant-like properties that are
detrimental to cell membranes38–40. Generally speaking, this precludes
the use of these compounds in cells. In the present study we chose to
employ an aryl ring as a hydrophobic moiety instead of an alkyl
chain. Consequently, phenolic-glycosides of D-galactose, D-glucose
and D-mannose bearing a b-linked para-methoxyphenyl (PMP)
moiety (Fig. 1b) were synthesized (supplementary information) and
assessed for their ability to inhibit ice recrystallization41,42. IRI activity
is represented as a ratio of the mean ice crystal grain size in a given

sample to the mean ice crystal size of phosphate buffered saline (PBS)
solution, a positive control for ice recrystallization. Thus, smaller
mean grain size (MGS) values are indicative of smaller ice crystal
sizes and hence greater IRI activity (Fig. 1).

D-Galactose derivative b-PMP-Gal (5) and D-mannose derivative
b-PMP-Man (7) both exhibited weak IRI activity that was similar to
that exhibited by D-mannose (Fig. 1c). However, D-glucose derivative
b-PMP-Glc (6) was a very effective inhibitor of ice recrystallization
and was significantly more active than b-PMP-Gal (5) and b-PMP-
Man (7). In fact, b-PMP-Glc (6) exhibited activity similar to the
previously reported non-ionic surfactant b-Octyl-Gal (1) at equimo-
lar concentration25. b-PMP-Glc (6) also exhibited comparable IRI
activity to a 220 mM solution of sucrose, which is a common ingre-
dient of many cryopreservation solutions28.
Our laboratory has previously correlated IRI activity to carbohyd-

rate hydration and reported that glycoconjugates containing highly
hydrated monosaccharides (such as D-galactose) were more IRI
active than those containing less hydrated monosaccharides (D-glu-
cose and D-mannose)23,43. This trend was also observed in small
molecules where the non-ionic pyranose-based surfactants contain-
ing a highly hydrated D-galactose head group (b-Octyl-Gal, 1, Fig. 1)
was significantly more active than the surfactants containing the less
hydrated D-glucose head group (b-Octyl-Glc, 2)25. The fact that the
D-glucopyranose derivative b-PMP-Glc (6) exhibited potent IRI
activity andwas significantlymore IRI active than D-galactopyranose
derivative b-PMP-Gal (5) (Fig. 1c) is unprecedented. This is the first
example where a glucopyranose derivative is significantly more IRI
active than a galactopyranose derivative. It was also surprising that
both b-PMP-Gal (5) and b-PMP-Man (7) exhibited identical IRI
activities despite the difference in hydration between these two pyr-
anose residues23,43,44. Unfortunately, hydration numbers or molar
compressibilities of 5–7 have not been reported in the literature, thus
a correlation between the hydration characteristics of these com-
pounds and their IRI activity is not possible at this time. However,
a plausible explanation for these results is that the hydration char-
acteristics of 5–7 are very different than the parent monosaccharides
due to the presence of the PMP moiety.

Freezing of red blood cells (RBCs) with IRI active small molecules.
The freezing of human RBCs was carried out using a two-step graded

Figure 1 | Structures and IRI activity of small carbohydrate-based molecules. (a) Structures of the first low molecular weight carbohydrate-based ice

recrystallization inhibitors25. (b) Structures of PMP containing phenolic-glycosides b-PMP-Gal (5), b-PMP-Glc, (6) and b-PMP-Man (7).
(c) IRI activity of b-PMP-Gal (5), b-PMP-Glc (6), and b-PMP-Man (7) at 22 mM compared with sucrose (at 220 mM)28, b-Octyl-Gal and –Glc (1–2 at
22 mM), andNOGal andNOGlc (3–4 at 0.5 mM)25. All compounds are represented as a%MGS (mean grain size) of ice crystals (n5 108) relative to the

PBS positive control. Error bars represent the standard error of the mean (SEM).
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freezing protocol to assess the effectiveness of small molecule IRIs as
cryo-additives34,45,46. In this protocol, RBCs suspended in the
cryoprotectant solution were slowly cooled at a rate of 1uC/min to
pre-defined sub-zero temperatures and then rapidly cooled to
2196uC (plunged into liquid nitrogen) prior to thawing. Following
fast thawing, post-thaw hemolysis was quantified utilizing Drabkin’s
assay47,48. The two-step interrupted freezing protocol provides
valuable information with respect to the mechanism of cryoinjury,
and insight as to how a cryoprotectant is functioning45. RBC freezing
results are reported as the percent post-thaw RBC integrity (100 - %
hemolysis).
Two different IRI active small molecules containing glucose,

NOGlc (4) and b-PMP-Glc (6), were assessed for their ability to
protect human RBCs from cryoinjury during freezing (Fig. 2).
Previous work conducted by our laboratory has shown that simple
carbohydrates were more effective cryoprotectants at concentrations
approximately ten times greater than the concentration at which they
are IRI active28. Thus, NOGlc (4), which is highly IRI active at
0.5 mM (Fig. 1c)25 was used in cryo-solutions at 2 mM or 5 mM
concentrations while b-PMP-Glc (6) was used at 110 mM or
220 mM. NOGlc could not be assessed in the freezing assays at
concentrations greater than 5 mM due poor solubility in aqueous
solutions containing glycerol25,49. Sucrose was examined at concen-
trations of 220 mM and 500 mM as it has previously been identified
as an effective inhibitor of ice recrystallization and can effectively
cryopreserve human embryonic liver cells28. Solutions containing
RBCs were cooled slowly at a rate of 1uC/min to 25, 215 or
240uC and then immersed in liquid nitrogen (2196uC) before being
thawed.
Sucrose and NOGlc (4) were not effective cryo-additives for the

freezing of RBCs (Fig. 2a, Supplementary Fig. S1). NOGlc in a 20%
glycerol solution resulted in significant post-thaw RBC hemolysis
(approximately 30% RBC integrity) upon slow cooling to 215uC.
In contrast, post-thaw integrity with only 20% glycerol was 80%.
Sucrose solutions (220 mM and 500 mM) in 20% glycerol resulted

in post-thaw integrities of 85–90% when samples were immersed in
liquid nitrogen (cooling rate of 115uC/min) from 25 or 215uC
(Fig. 2a, Supplementary Fig. S1). However, RBC integrities were
reduced to 47% when the samples were cooled slowly (cooling rate
of 1uC/min) to240uC and then transferred directly to2196uC. It is
important to note that without the addition of glycerol to the cryo-
protective solutions, the compounds did not prevent hemolysis
resulting in post-thaw RBC integrity equal to that obtained with a
dextrose/saline solution (Supplementary Fig. S1).
Interestingly, a 110 mM solution of small molecule ice recrystal-

lization inhibitor b-PMP-Glc (6) in 20% glycerol resulted in slightly
higher post-thawRBC integrity than the 20% glycerol control. Under
these conditions the sample was slowly cooled (1uC/min) to25uC or
215uC and directly immersed into liquid nitrogen and stored at
2196uC (Fig. 2a). Post-thaw RBC integrity with slow cooling to
25uC was 93% when the solution contained 110 mM b-PMP-Glc
and 81% for 20% glycerol control. The 20% glycerol solutions had
identical post-thaw integrities (75–80%) when slowly cooled to
240uC irrespective of whether 110 mM b-PMP-Glc was added.
However, post-thaw RBC integrity was decreased to 25% when
220 mM b-PMP-Glc was used with the same freezing conditions.
In contrast, the 220 mM sucrose solution with 20% glycerol resulted
in only 48% post-thaw integrity. Overall, the results obtained with
110 mM b-PMP-Glc (6) were encouraging and suggested that this
compoundmay be a beneficial additive for the freezing of RBCs using
greatly reduced amounts of glycerol.
The 20% glycerol control is a very effective additive for the cryo-

preservation of RBCs and this concentration of glycerol is used in
European countries in combination with rapid freezing rates
(.100uC/min) followed by storage at2196uC1,5,50,51. In this protocol,
fast freezing rates are essential in order to ensure adequate post-thaw
RBC recoveries. However, in Canada and the United States, clinical
cryopreservation protocols use higher concentrations of glycerol
(typically 40%) with a slow rate-controlled freezing (1uC/min) to
280uC and subsequent storage at 280uC1,4,8,52. Consequently, the

Figure 2 | RBC freezing with novel small molecule IRIs. (a) The effect of NOGlc (4), b-PMP-Glc (6) and sucrose on post-thaw RBC integrities (n5 2).

RBC samples in indicated cryo-solutions were slow-cooled 1uC/min to defined sub-zero temperatures and then rapidly cooled (cooling rate

approximately 115uC/min) by immersion into liquid nitrogen and stored at 2196uC. (b) The effect of 110 mM b-PMP-Glc (6) on post-thaw RBC

integrity using reduced glycerol concentrations (n 5 4–30). RBC samples in glycerol solutions with or without 110 mM b-PMP-Glc (6) were slowly
cooled (1uC/min) to defined sub-zero temperatures and placed into dry ice and stored at280uC. All samples were quickly thawed at 37uC and post-thaw

hemolysis was quantified post-thaw usingDrabkin’s assay to determine%RBC integrity (100 -%hemolysis). Error bars represent SEM.Asterisks indicate

statistical significance relative to the glycerol control as determined by two-tailed unpaired student’s T-test: *, p , 0.05; **, p , 0.01; ***, p , 0.001.
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increase in post-thaw RBC recoveries observed with the 110 mM b-
PMP-Glc solution containing only 20% glycerol using low freezing
rates was very promising. Given the potential benefits to using
reduced glycerol concentrations in the clinical setting (i.e. decreased
post-thaw deglycerolization processing times), we investigated the
ability of b-PMP-Glc to freeze RBCs to 280uC with reduced con-
centrations of glycerol.
Solutions containing 110 mM b-PMP-Glc with 5, 10, 15 or 20%

glycerol were used to freeze human RBCs (Fig. 2b)34,45,46. Samples
were cooled slowly at a rate of 1uC/min to the indicated sub-zero
temperature and then placed directly into dry ice (280uC). A slow
cooling rate of 1uC/min and storage at 280uC was selected as these
conditions closely reflect clinical RBC cryopreservation protocols
utilized in North America. Under these conditions, low post-thaw
RBC integrity was observed with 5% and 10% glycerol solutions
(Fig. 2b). However, upon the addition of 110 mM b-PMP-Glc (6)
to the 10% glycerol solution, post-thaw RBC integrity increased to
42% relative to 21% observed with 10% glycerol when samples were
held at25uC prior to cooling and storage at280uC. The advantage
of adding 110 mM b-PMP-Glc (6) is most evident with 15% glycerol
where cooling to25uC followed by immersion of the sample into dry
ice (280uC) increased RBC integrity to 84% from 67% with the 15%
glycerol control. When RBCs were cooled to215uC prior to immer-
sion in dry ice, post-thawRBC integrity decreased overall, but similar
integrities were observed with the 15% glycerol solutions with or
without b-PMP-Glc. However, b-PMP-Glc doubled the post-thaw
RBC integrity when the sample was slowly cooled to240uC prior to
storage at280uC (49%with b-PMP-Glc versus 25% for 15% glycerol
alone).
With the exciting result RBCs could be frozen using slow cooling

rates with b-PMP-Glc and 15% glycerol, we sought to understand if

this compound was protecting RBCs during the slow cooling step or
during the rapid cooling step of the freezing protocol. Towards this
end, we employed a two-step interrupted freezing protocol where
RBC integrity was analysed at both stages, thus providing valuable
information about themechanism of cryoinjury in the presence of b-
PMP-Glc (6)45. RBC samples were suspended in 15% glycerol solu-
tion with and without 110 mM b-PMP-Glc and slowly cooled (1uC/
min) to sub-zero temperatures between 25 to 250uC. The samples
were either thawed immediately (see dashed lines in Fig. 3) or rapidly
cooled and stored at 280uC prior to thawing (see solid lines in
Fig. 3)46.
The ‘‘cooling’’ profile for the 15% glycerol control (Fig. 3), where

RBCs were thawed immediately after slow cooling to a defined sub-
zero temperature is typical of a cell penetrating cryoprotectant where
a progressive decrease in post-thaw RBC integrity is observed with
lower sub-zero temperatures46 (purple dashed line). The decrease in
post-thaw RBC integrity observed upon slow cooling to lower sub-
zero temperatures (i.e. below 230uC) is a result of cellular damage
due to concentrating solutes, consistent with Mazur’s two-factor
hypothesis of freezing injury53. However, high RBC post-thaw integ-
rities were observed with slow freezing to temperatures above230uC
(Fig. 3). This is presumably due to the colligative effects of glycerol
and its ability to decrease the amount of ice present at any sub-zero
temperature, thus mitigating osmotic pressures across the cell mem-
brane that ultimately result in cellular damage46,53.When b-PMP-Glc
(110 mM) is added to the 15% glycerol solution, we observe a pro-
gressive increase in RBC integrity upon cooling to the lower sub-zero
temperatures (red dashed line, Fig 3). For instance at 240uC, RBC
integrity with 15% glycerol is 41% and this is increased to 73% with
the addition of 110 mM b-PMP-Glc. Similarly, at250uC post-thaw
integrity with b-PMP-Glc was 62% compared to 29% for the 15%

Figure 3 | Two-step cooling profile of b-PMP-Glc.The effect of 15% glycerol solutions on post-thawRBC integrity (100 -% hemolysis) with andwithout

110 mM b-PMP-Glc (6). Samples were slowly cooled (1uC/min) to pre-defined sub-zero temperatures then either immediately thawed (‘‘immediate

thaw’’ curves, dashed lines) or rapidly cooled and stored at280uC prior to thawing at 37uC (‘‘cooling/storage’’ curves, solid lines). Results are presented

as mean post-thaw RBC integrity (n 5 4–30). Error bars indicate standard error of the mean (SEM).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 9692 | DOI: 10.1038/srep09692 4



glycerol control. The fact that addition of b-PMP-Glc to a 15% gly-
cerol solution resulted in less hemolysis is consistent with the profile
of a cell penetrating cryoprotectant46, and suggests that b-PMP-Glc
may be interacting with the RBC membrane and may even be inter-
nalized. These results clearly demonstrate that b-PMP-Glc provides
additional protection during the slow-cooling phase of the freezing
protocol when added to a 15% glycerol solution.
When samples were rapidly cooled to280uC after slow cooling to

sub-zero temperatures, different profiles were obtained (Fig. 3, solid
lines) compared to the samples that were thawed immediately.
Freezing of RBCs using 15% glycerol resulted in drastically reduced
cell integrities even at higher sub-zero temperatures. When the sam-
ples were slowly cooled to temperatures lower than 230uC, RBC
integrity was approximately 25% (purple solid lines, Fig. 3). Higher
post-thaw integrities observed at temperatures above 230uC is
attributed to the rapid cooling being initiated at higher sub-zero
temperatures thus creating an overall faster cooling rate. These
results are consistent with those reported elsewhere in the literature
using fast cooling rates in conjunction with lower concentrations of
glycerol50,54,55. When 110 mM b-PMP-Glc is added to RBCs in 15%
glycerol, post-thaw RBC integrities are 5–15% better at all sub-zero
cooling temperatures higher than 230uC (red solid lines, Fig. 3).
Interestingly, b-PMP-Glc appears to have the greatest affect when
the sample is slowly cooled to240 or250uCprior to rapid cooling to
280uC. The post-thaw RBC integrities are approximately 50% when
the solution contains b-PMP-Glc, which is double that of the 15%
glycerol solution alone.
Collectively, the results from the two-step interrupted freezing

protocol experiments verify that b-PMP-Glc (6) can significantly
decrease post-thaw RBC hemolysis when added to a 15% glycerol
solution using slow cooling rates. b-PMP-Glc confers protection
during both the slow-cooling and rapid cooling/storage at 280uC
stages of the freezing protocol, regardless of the initial sub-zero cool-
ing temperature. However, the greatest effect with b-PMP-Glc is
observed at lower sub-zero temperatures (240 or 250uC), which
is significant as these freezing conditions mimic RBC clinical cryo-
preservation protocols utilizing slow freezing rates but higher gly-
cerol concentrations (i.e. 40% glycerol).

Pre-incubation of b-PMP-Glc with RBCs. The cryoprotective
property of glycerol is largely attributed to its ability to penetrate
cells and it is well established that RBCs are highly permeable to
glycerol56–58. Transport of glucose across human RBC membranes
readily occurs through facilitated diffusion, a process that is
mediated by glucose transporters (GLUTs) that are expressed in
high levels on the surface of RBCs59,60. However, the uptake of
glucose (and glucose derivatives) is dependant upon the structure
of the pyranose ring (ie. axial vs. equatorial positioning of hydroxyl
groups) and ultimately the ‘‘shape’’ of the molecule61,62. The data
from the two-step interrupted freezing experiment presented in the
previous section suggests that b-PMP-Glc may be conferring
protection against cryo-injury by interacting with RBC membrane
and/or penetrating the cell. Consequently, we sought to explore
whether the observed increase in post-thaw integrity was the result
of internalization of b-PMP-Glc. Towards this end, suspensions of
RBCs in 15% glycerol containing 110 mM b-PMP-Glc were
incubated for 0, 5, 10 and 30 min time periods at room
temperature or 0uC as it has previously been demonstrated that the
rate of sugar transport can be considerably slowed at 0uC63. After
incubation, the samples were frozen by slowly cooling to 240 or
250uC followed by rapid cooling to 280uC prior to thawing. Post-
thaw RBC integrities from these experiments are shown in Fig. 4.
When 15% glycerol solutions were used alone (no b-PMP-Glc

present) post-thaw RBC integrity typically ranged from 30–40%
and was independent of incubation time or cooling temperature
(Fig. 4b). In contrast, the optimal incubation times of RBCs with
the 15% glycerol/b-PMP-Glc solution is 5 to 10 min at room tem-
perature (Fig. 4a). Post-thaw integrity for these time periods was
approximately 50% and was independent of the temperature the
sample was cooled to prior to being placed in place in dry ice.
Interestingly, a suspension of RBCs with the 15% glycerol/b-PMP-
Glc solution followed by immediate freezing (no incubation) yielded
RBC integrities less than 20%. The fact that post-thaw integrity is
better with a 5 or 10 min incubation suggests that b-PMP-Glc may
be internalized. A decrease in post-thaw RBC integrity was observed
with longer incubation times (30 min) suggesting a toxic effect with
b-PMP-Glc was occurring. However, less than 1% hemolysis (.99%

Figure 4 | Pre-incubation time with b-PMP-Glc. The effect of pre-incubation time of cryo-solutions on post-thaw RBC integrity. (a) RBC samples were

incubated for indicated time and at indicated temperature with a 110 mM b-PMP-Glc 1 15% glycerol solution prior to freezing using an interrupted

freezing protocol. (b) RBC samples were incubated for indicated time and at indicated temperature with a 15% glycerol solution prior to freezing using an

interrupted freezing protocol. Results are presented asmean post-thaw RBC integrity (n5 4–30). Error bars represent standard error of themean (SEM).
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RBC integrity) was observed upon incubation of RBCs with b-PMP-
Glc (with or without glycerol) for 60 min at room temperature with-
out freezing (supplementary information, Fig. S2), indicating that
hemolysis is not occurring during the incubation stage of the pro-
tocol but rather during freezing and/or thawing.
Incubation of RBCs at 0uC in the 15% glycerol/b-PMP-Glc solu-

tion for 0, 5 and 10 min prior to freezing also resulted in decreased
post-thaw integrity to approximately 20% (Fig. 4a). This drastic
decrease at 0uC was only observed when b-PMP-Glc was added to
the freezing solution. While the permeability of glycerol into cells is
temperature dependent46, the rate at which glycerolization occurs in
RBCs is fast even at 0uC57. Thus, at the lower temperatures and
shorter incubation times, the RBCs are still glycerolized prior to
freezing. However, the internalization of b-PMP-Glc is likely an
ATP-dependent process59,60 and at 0uC little or no internalization
would be expected resulting in poor post-thaw integrity as observed
in Fig. 4a. Overall, this data is consistent with the hypothesis that the
protective effect of b-PMP-Glc with RBCs is the result of internaliza-
tion, however further studies are required to determine the quantity
and rate of its transport into RBCs.

Cryomicroscopy with b-PMP-Glc. As b-PMP-Glc is a potent
inhibitor of ice recrystallization, it is expected to affect the
structure of ice in a frozen sample, ultimately decreasing the
overall size of individual ice crystals in a frozen sample. This is
anticipated to result in less mechanical damage to the cells and
higher post-thaw integrity. Fig. 5a shows images of the ice crystals
observed for the phosphate buffered saline (PBS) control used in the
IRI assay. PBS is a positive control for ice recrystallization and the ice
crystals have an average size of 20–40 mm. In contrast, Fig. 5b depicts
ice crystals of a 22 mM b-PMP-Glc (6) solution in PBS, the
concentration at which IRI activity was assessed (Fig. 1c). The
magnification of Figs 5a and 5b are identical and as expected,
the average size of ice crystals in the presence of b-PMP-Glc is
much smaller.
Cryomicroscopy experiments have also confirmed that the struc-

ture of ice during the freezing process with RBCs is also dramatically
different when b-PMP-Glc is present. In fact, depending on the
cryoprotective solution used, the structure of ice in the frozen sample
differs dramatically. Figs 5c–e depict images of RBCs frozen on a
Linkam cryostage and imaged using a Nikon 80i microscope. RBCs
were frozen in the presence of a 110 mM b-PMP-Glc solution with
(5c) and without 15% glycerol (5d). The image in Fig. 5e is of RBCs
frozen using only a 15% glycerol solution. These images show the
advancing ice-front (photographed during the freezing of the sam-
ple) in the different cryoprotective solutions. All three solutions
resulted in a very different structure of ice during freezing. The most
interesting images are those shown in Fig. 5c and 5e, which are the
15% glycerol solution both with and without b-PMP-Glc, where the
ice structure in the presence of b-PMP-Glc is very different and we
obtain significantly increased post-thaw RBC integrities. This is the
first example where a novel small molecule ice recrystallization
inhibitor is confirmed to influence ice structure in the presence of
RBCs cells in vitro.

Structure-function studies of other para-substituted phenolic-
glucosides. Given that b-PMP-Glc (6) conferred protection against
cryoinjury in RBCs, we sought to investigate whether other para-
substituted phenolic glycosides would be effective inhibitors of ice
recrystallization and perhaps protect RBCs against injury during
freezing. Towards this end, b-linked phenolic-glucoside analogues
of 6 were prepared where the aglycone was modified (derivatives 8–
15, structures shown in Fig. 6a) or where the configuration of the
anomeric carbon was changed to the a-linkage (a-PMP-Glc 16,
Fig. 6a). The preparation of these derivatives is described in the
supplementary information and their IRI activity is presented in
Fig. 6b. Some of these compounds were also assessed for their

potential as cryo-additives for the freezing of RBCs (Fig. 6c). In
general, any modifications to b-PMP-Glc (6) resulted in reduced IRI
activity. For instance, replacing the para-methoxy substituent with a
hydroxyl, methyl, hydrogen, or nitro group (8–11, respectively)
decreased IRI activity to 60–65% MGS relative to the PBS control
from 23% MGS for b-PMP-Glc (Fig. 6b). Similarly, the derivative
with a meta-substituted methoxy group on the aryl ring (b-
mOMePh-Glc, 14) also exhibited a reduction in IRI activity. The b-
linked para-methoxybenzyl derivative (b-PMB-Glc, 15) possessing a
methylene spacer between the O-glycosidic bond and the aryl ring
exhibited a similar decrease in activity. In addition, altering the
configuration of the anomeric carbon such that the para-
methoxyphenyl moiety was attached to glucopyranose residue
through an a-linkage (a-PMP-Glc, 16) rather than a b-linkage also
resulted in a decrease in activity (Fig. 6b).
As described earlier in this article, altering the configuration of

the C2 or C4 carbons on the glucopyranose decreased IRI as both
b-PMP-Gal (5) and b-PMP-Man (7) were inactive (Fig. 1c).
Furthermore, the results presented in Fig. 6b indicate that a b-link-
age at the anomeric carbon of the pyranose ring, an aryl ring with
direct connection to the C1 oxygen, as well as a methoxy group at the
para-position on the aryl ring are essential for potent activity.
Interestingly, the only modifications that either retain or improve
the level of IRI activity associated with b-PMP-Glc (6) are ones in
which the para-methoxy substituent is replaced with a halogen such
as fluorine or bromine (Fig. 6b). Derivative 12 (b-pFPhGlc) contain-
ing a para-fluoro substituent exhibited identical IRI activity to b-
PMP-Glc (6) with a MGS 23% of the PBS control. This activity was
increased to 10%MGS relative to the PBS control with a para-bromo
substituent (b-pBrPh-Glc, 13). From these data, a trend between IRI

Figure 5 | Ice crystal and cryomicroscopy images. Photographs
illustrating the IRI activity of b-PMP-Glc (6) and the advancing ice-front

during RBC freezing. (a–b) Ice crystal grains from a frozen (a) PBS

solution, or (b) 22 mM b-PMP-Glc solution in PBS annealed at 26.4uC
for 30 mins in a splat-cooling assay. (c–e) Advancing ice fronts during

RBC freezing in the presence of (c) 110 mM b-PMP-Glc 1 15% glycerol

solution, (d) 110 mM b-PMP-Glc in dextrose/saline solution, or (e) 15%

glycerol solution.
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activity and the nature of the para-substituent is not apparent. For
instance, phenolic-glucosides with substituents that are electron
donating were highly IRI active (b-PMP-Glc, 6) while others were
only weakly IRI active (b-pOHPh- and b-pMePh-Glc, 8–9).
Similarly, some phenolic glycosides with electron withdrawing sub-
stituents exhibited potent activity (b-pFPh- and b-pBrPh-Glc, 12–
13) while others had very little IRI activity (b-pNO2Ph-Glc, 11).
Further studies are required to probe the relationship between the
aromatic substituent and IRI activity with these phenolic-glycosides
and the results of these studies will be reported in due course.
Next we sought to probe whether structural modifications that

increase the IRI activity of b-PMP-Glc (6) also resulted in increased
levels of protection during freezing with RBCs. Towards this end,
some of the b-linked phenolic glycosides were also utilized as cryo-
additives in combination with 15% glycerol. RBCs containing 15%
glycerol and these compounds were subjected to the interrupted
freezing protocol as described previously34,45,46. In addition, D-glu-
cose and para-methoxyphenol, were also examined as they constitute
the two structural elements in b-PMP-Glc (6). The results are pre-
sented in Fig. 6c.When 110 mMglucose in 15% glycerol was utilized
the post-thaw RBC integrity is significantly decreased and is com-
parable to a 15% glycerol solution alone (20–30% intact RBCs).
However, when 110 mM para-methoxyphenol in 15% glycerol is
utilized, post-thaw integrity was similar to that obtained with
b-PMP-Glc (,50%). However, upon incubation of RBC samples
with para-methoxyphenol the supernatants were black/brown in
colour. Spectrophotometric analysis indicated that 98% of the hemo-
globin (Hgb) in the samples frozen with the para-methoxyphenol/
glycerol solution was oxidized tomethemoglobin (metHgb)64. This is
undesirable as methemoglobin is unable to bind and transport
oxygen2.
Replacing the para-methoxy substituent of b-PMP-Glc (6) with

fluorine (b-pFPh-Glc, 12) or bromine (b-pBrPh-Glc, 13) increased
IRI activity (Fig. 6b). When either of these derivatives was utilized as

cryo-additives with 15% glycerol, post-thaw RBC integrities were
similar to those with as observed with 110 mM b-PMP-Glc/15%
glycerol solution (Fig. 6c). Incubation of RBCs with 12 or 13 in
15% glycerol for 60 min at room temperature without freezing also
resulted in less than 1% hemolysis (.99% integrity) indicating that
similar to 6, hemolysis is not occurring during the pre-incubation
stage of the freezing protocol (supplementary information, Fig. S2).
In contrast, adding the moderately IRI active phenolic-glucoside b-
Ph-Glc (10, Figs 6a–b) to a 15% glycerol resulted post-thaw RBC
integrities that were equivalent to 15% glycerol alone (Fig. 6c). The
most surprising result from these studies was observed with the
b-pBrPh-Glc derivative (13). b-pBrPh-Glc (13) was insoluble and
precipitated from the cryo-solution when it was utilized at a final
concentration of 110 mM in 15% glycerol. Consequently, it was used
at 55 mM in 15% glycerol resulting in 50% post-thaw RBC integrity,
a result similar to that obtained with 110 mM b-PMP-Glc, but at half
the concentration.When 55 mM b-PMP-Glc (6) in 15% glycerol was
employed as an additive post-thaw integrities were lower than that
of the 15% glycerol control (Fig. 6c). Thus, simply replacing the
para-substituent on the phenolic-glucoside with a bromine atom
significantly increased IRI activity (10% MGS for b-pBrPh-Glc 13
compared with 23% for b-PMP-Glc 6), and resulted in a more effec-
tive cryo-additive at a lower concentration.

b-pBrPh-Glc as a cryo-additive for RBC freezing. With the
promising results obtained using only 55 mM b-pBrPh-Glc (13) in
15% glycerol, we determined the optimal concentration for this cryo-
additive (Fig. 7a). By decreasing the concentration of phenolic-
glycoside 13 below 55 mM in 15% glycerol, post-thaw RBC
integrities could be further increased to 60–80%. This is
approximately a three-fold increase in post-thaw RBC integrity
compared to the 15% glycerol solution. The optimal concentration
of b-pBrPh-Glc (13) in a 15% glycerol solution was found to be 25–
35 mM, resulting in 70–80% RBC integrity post-thaw (Fig. 7a).

Figure 6 | IRI activity and RBC freezing with phenolic-glucosides. (a) Structures of phenolic-glycosides 6 and 8–16. (b) IRI activity of phenolic-
glycosides 6 and 8–16 at 22 mM in PBS. All compounds are represented as a%MGS (mean grain size) of ice crystals (n5 108) relative to the PBS positive

control. (c) RBC freezing using phenolic-glycoside in 15% glycerol. RBC samples were slowly cooled 1uC/min to defined sub-zero temperatures and then

rapidly cooled and stored at 280uC. Samples were thawed at 37uC and post-thaw RBC hemolysis was determined by Drabkin’s assay. Results are

presented as mean (n5 4–30) post-thaw RBC integrity (100 - % hemolysis). Error bars represent standard error of the mean (SEM).r indicates post-

thaw Hgb was oxidized to 98% metHgb. Asterisks indicate statistical significance relative to the glycerol control as determined by two-tailed unpaired

student’s T-test: *, p , 0.05; **, p , 0.01; ***, p , 0.001.
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These results are significantly higher than the post-thaw integrities
obtained with both 55 mM b-pBrPh-Glc in 15% glycerol and
110 mM b-PMP-Glc (6) in 15% glycerol (,50% post-thaw RBC
integrity) using slow freezing rates.
Recently, it was reported that low molecular weight polymers of

polyvinyl alcohol (PVA, 9 kDa) resulted in 40 or 60%post-thawRBC
integrity when used alone or when supplemented in a 215 mg/mL
hydroxyethyl starch (HES) solution33. The freezing rates were very
fast and this is consistent with what is required for non-penetrating
cryoprotectants such as HES14,54,65–67. The ability of PVA to reduce
post-thaw hemolysis was attributed to its ability to inhibit ice recrys-
tallization. Consequently, we explored whether the novel small mole-
cule ice recrystallization inhibitors that were effective cryo-additives
using slow freezing rates were also effective during rapid freezing
conditions. These results are presented Fig. 7b. Under rapid freezing
conditions (plunging sample directly into dry ice), the addition of
110 mM b-PMP-Glc (6) or 55 mM b-pBrPh-Glc (13) to either 10 or
15% glycerol increased post-thaw RBC integrity relative to the 10 or
15% glycerol control alone. RBC post-thaw integrity in the presence
of the phenolic-glycosides and 10% glycerol were,45% (compared
with 25% for 10% glycerol alone). Similar to what was observed with
the slow cooling conditions, post-thaw integrities could be increased
with the use of 15% glycerol, and were 75–85% when the phenolic-
glycosides were added in the cryo-solution. The most surprising
results were obtained when 30 mM b-pBrPh-Glc was added to the
cryo-solutions under the rapid freezing conditions. Post-thaw integ-
rities were 65%when added to a 10% glycerol solution and 95%when
30 mM b-pBrPh-Glc was added to a 15% glycerol solution (Fig. 7b).
This is significantly higher integrity than the glycerol solutions alone.
Thus, not only does 30 mM b-pBrPh-Glc (13) significantly increase
post-thaw RBC integrity under slow-cooling conditions (Fig. 7a), but
it is also a highly beneficial cryo-additive under rapid freezing con-
ditions and can decrease post-thaw RBC hemolysis to 5% (95% RBC
integrity, Fig. 7b).

Discussion
Typical clinical cryopreservation protocols for RBCs in Canada and
the United States rely on using high amounts of glycerol (,40%)
combinedwith a slow freezing rate (1uC/min) to280uC1,7. Following
thawing, deglycerolizationmust be performed prior to transfusion to
ensure intracellular glycerol concentrations are less than 1% to pre-
vent intravascular hemolysis upon transfusion5,7–9. This process
requires specialized equipment and is time-consuming. The results
described in this article indicate that small molecule potent ice
recrystallization inhibitors can be successfully utilized for the freez-
ing of RBCs in the presence of reduced glycerol concentrations. This
was demonstrated with b-PMP-Glc (6) and b-pBrPh-Glc (13) using
both rapid freezing rates (Fig. 7b) and slow freezing rates (Figs 2 and
7a). However, the most promising results from this study arise from
the results using slow freezing rates (Figs 2 and 7a). The addition of
IRI active phenolic-glucosides either doubled or tripled post-thaw
RBC integrity relative to the glycerol control, with the most prom-
ising results obtained with 30 mM b-pBrPh-Glc (13) in the presence
of only 15% glycerol where 70–80% post-thaw RBC integrity was
obtained. The slow-cooling conditions employed in these studies
closely reflect RBC cryopreservation conditions that are typically
clinically employed in Canada and the United States for the cryo-
preservation of RBCs using high concentrations of glycerol (40%)1,7.
Both b-PMP-Glc (6) and b-pBrPh-Glc (13) were very effective

inhibitors of ice recrystallization (Figs 1c and 6b) and changed the
structure of ice in the frozen sample with RBCs (Fig. 5) and this
ability likely plays an important role in the cryopreservation poten-
tial of this class of compound with RBCs. Other phenolic-glycosides
that were incapable of inhibiting ice recrystallization failed to
enhance RBC post-thaw integrity (Fig. 6). In addition, results from
the interrupted freezing protocol experiments and pre-incubation
studies suggest that b-PMP-Glc (6) may be penetrating the RBC
membrane much like a cell penetrating cryoprotectant and that
internalization is beneficial for the cryoprotective effect (Figs 3–4).

Figure 7 | RBC Freezing with reduced b-pBrPh-Glc (13) concentrations. (a) RBC freezing using the interrupted freezing protocol with various

concentrations of b-pBrPh-Glc (13) containing cryo-solutions in 15% glycerol. RBC samples (n5 4–30) were slow cooled 1uC/min to defined sub-zero

temperatures and then rapidly cooled and stored at280uC. (b) RBC freezing using a rapid-freezing protocol. Samples in indicated cryo-solutions (n5 3–

12) were nucleated at -5uC, then rapidly frozen to -80uCby plunging is solid CO2 (dry ice). All samples were thawed at 37uC and post-thawRBChemolysis

was determined byDrabkin’s assay. Results are presented asmean post-thawRBC integrity (100 -% hemolysis). Error bars represent standard error of the

mean (SEM). Asterisks indicate statistical significance relative to the glycerol control as determined by two-tailed unpaired student’s T-test: *, p, 0.05;

**, p , 0.01; ***, p , 0.001.
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However, further studies are required to quantify the internalization
of the phenolic-glycosides in this study, as well as to fully elucidate
the relationship between IRI activity and effective cryo-additives for
RBC freezing.
The results from this work are highly significant as reducing gly-

cerol concentrations from the 40% solutions that are currently
employed for RBC cryopreservation can drastically reduce deglycer-
olization times allowing for faster access to cryopreserved RBC units
for life-saving transfusions. Optimization of deglycerolization con-
ditions for these novel RBC cryo-solutions containing b-PMP-Glc or
b-pBrPh-Glc additives are currently ongoing and will be reported in
due course. Finally, these results constitute the first reported example
of novel small molecule ice recrystallization inhibitors that are able to
increase post-thaw integrities of human RBCs using lower glycerol
concentrations and slow freezing rate protocols.

Methods
All methods were carried out in accordance with approved guidelines.

Preparation of phenolic-glycosides. Experimental procedures and spectroscopic
data for the preparation of phenolic-glycosides 5–16 are described in the
supplementary methods and Figs. S3–S7 in the supplementary information.
Spectroscopic data for phenolic-glycosides 5–16 assessed for IRI activity and utilized
in RBC freezing experiments are presented in Figs S8–S22 in the supplementary
information. Carbohydrate derivatives 1–4 were prepared and assessed for IRI
activity as described previously by our laboratory25.

Ice Recrystallization Inhibition (IRI) Activity. Sample analysis for IRI activity was
performed using the ‘‘splat cooling’’ method as previously described41. All
carbohydrate derivatives assessed were dissolved in phosphate buffered saline (PBS)
solution and a 10 mL droplet of this solution was dropped from a micropipette
through a two meter high plastic tube (10 cm in diameter) onto a block of polished
aluminum precooled to approximately 280uC. The droplet froze instantly on the
polished aluminum block and was approximately 1 cm in diameter and 20 mm thick.
This wafer was then carefully removed from the surface of the block and transferred to
a cryostage held at 26.4uC for annealing. After a period of 30 min, the wafer was
photographed between crossed polarizing filters using a digital camera (Nikon
CoolPix 5000) fitted to the microscope. A total three drops for each sample were
assayed and three images were taken from each wafer with the area of twelve crystals
in each image being quantified (n5 36 crystals per drop; n5 108 crystals per sample).
Image analysis of the ice wafers was performed using a novel domain recognition
software (DRS) program42. This processing employed the Microsoft Windows
Graphical User Interface to allow a user to visually demarcate and store the vertices of
ice domains in a digital micrograph. The data was then used to calculate the domain
areas. All data was plotted and analyzed usingMicrosoft Excel. Themean grain (or ice
crystal) size (MGS) of the sample was compared to the MGS of the control PBS
solution for that same day of testing. IRI activity is reported as the percentage of the
MGS (% MGS) relative to the PBS control, and the % MGS for each sample was
plotted along with its standard error of the mean. Small percentages represent a small
MGS (small ice crystals), which is indicative of high IRI activity.

Blood Collection and Preparation. All RBC units were obtained from NetCAD
(Canadian Blood Services’Network Centre for Applied Development). Whole blood
was collected from healthy volunteers using standardized phlebotomy guidelines
approved by Canadian Blood Services. Informed consent was obtained from all
donors. All experimental protocols were approved by NetCAD and Canadian Blood
Services (CBS). Ethics approvals were obtained from Research Ethics Board (REB) at
CBS and the University of Alberta.Whole blood was centrifuged at 2200 g for 10 min
at 4uC. Plasma supernatant and buffy coat were removed and the RBC pellet was
washed twice with 0.2%/0.9% dextrose/saline buffer. After the last wash, RBCs were
resuspended in an equal volume of packed RBCs of 0.2%/0.9% dextrose/saline buffer
to a final hematocrit (Hct) of 0.50 L/L. RBC samples in buffer solution were stored
refrigerated (4–6uC) for up to 1 week until needed.

RBC Freezing Experiments. An equal volume of freezing solution in 0.2%/0.9%
dextrose/saline buffer was added to 150 mL of leukoreduced RBCs in 0.2%/0.9%
dextrose/saline buffer for a final volume of 300 mL. The final concentrations of all
freezing solutions were as indicated in the results and discussion. RBC suspensions
were transferred to cryo-tubes and incubated at room temperature for 10 min prior to
immersion in a methanol bath cooled to 25uC. A thermocouple was inserted into a
glycerol control sample for temperature measurements at 1 s intervals. Once the
internal solution reached 25uC, ice nucleation was induced by touching the cryo-
tubes with pre-cooled (in liquid nitrogen) forceps. RBC samples were then held at
25uC for 5 min. For slow freezing conditions, samples were then cooled at a rate of
1uC/min to defined subzero temperatures (see text), then either thawed immediately
from this temperature (‘‘cooling/immediate thawing’’ profiles) or plunged into dry
ice (280uC) or liquid nitrogen (2196uC) for 30 min (‘‘cooling/storage’’ profiles) and

stored. For rapid freezing conditions, following nucleation samples were plunged into
dry ice (280uC) and stored for a minimum of 30 minutes prior to thawing.

Thawing and Post-ThawHemolysis.All RBC samples were thawed under fast-thaw
conditions in a 37uC water bath. Post-thaw Hcts and percent hemolysis was
determined for all freezing experiments by comparing the supernatant hemoglobin
concentration to total hemoglobin concentration using the cyanmethemoglobin
Drabkin’s method47,48. Percent post-thaw RBC integrity was calculated using the
measured percent hemolysis values according to the following equation: % post-thaw
RBC integrity5 100 - % hemolysis. Data is represented as the mean post-thaw RBC
integrity for each condition. Slow freezing conditions to 2196uC were repeated two
times for each freezing solution (n 5 2). Slow freezing conditions to 280uC were
repeated four to thirty times (n 5 4–30). Rapid freezing conditions were repeated
three to twelve times (n 5 3–12).

Data Analysis.All calculations for percent hemolysis, percent RBC integrity, average
% MGS were determined using Microsoft Excel. All error bars are reported as the
standard error of the mean (SEM). Statistical significance for all data was determined
by unpaired Student’s t-test with a 95%, 99% or 99.9% confidence level.

Cryomicroscopy. Cryomicroscopy was performed using a Linkam FDCS cryostage
and temperature controllers that were fitted to a Nikon 80i microscope. A small
volume (10 mL) of sample was added to a quartz crucible, placed on the cryostage and
cooled at 25uC/min to a pre-determined temperature that was 5uC below the
estimated freezing point for the sample. Ice was nucleated using a liquid nitrogen-
cooled probe and the ice front was collected in real time using a Hamamatsu
Photonics ORCA II camera and Nikon NIS-Elements software.

1. Scott, K. L., Lecak, J. &Acker, J. P. Biopreservation of red blood cells: Past, present,
and future. Transfus. Med. Rev. 19, 127–142 (2005).

2. Kanias, T. & Acker, J. P. Biopreservation of red blood cells – the struggle with
hemoglobin oxidation. FEBS J. 277, 343–356 (2010).

3. Ramsey, G. Frozen red blood cells: Cold comfort in a disaster? Transfusion 48,
2053–2055 (2008).

4. Högman, C. F. Preparation and preservation of red cells. Vox Sang. 74, 177–187
(1998).

5. Hess, J. R. Red cell freezing and its impact on the supply chain. Transfus. Med. 14,
1–8 (2004).

6. Hess, J. R. & Greenwalt, T. G. Storage of red blood cells: New approaches.
Transfus. Med. Rev. 16, 283–295 (2002).

7. Technical Manual of the American Association of Blood Banks, 16th Edition (ed.
Roback, J. D.), American Association of Blood Banks (2008).

8. Meryman, H. T. & Hornblower, M. Amethod for freezing and washing red blood
cells using a high glycerol concentration. Transfusion 12, 145–156 (1972).

9. Valeri, C. R. et al. A multicenter study of in vitro and in vivo values in human
RBCs frozen with 40-percent (wt/vol) glycerol and stored after deglycerolization
for 15 days at 4uC in AS-3: Assessment of RBC processing in the ACP 215.
Transfusion 41, 933–939 (2001).

10. Lelkens, C. C. M. et al. Stability after thawing of RBCs frozen with the high- and
low-glycerol method. Transfusion 43, 157–164 (2003).

11. Bandarenko, N. et al. Successful in vivo recovery and extended storage of additive
solution (AS)-5 red blood cells after deglycerolization and resuspension in AS-3
for 15 days with an automated closed system. Transfusion 47, 680–686 (2007).

12. Holovati, J. L., Hannon, J. L., Gyongyossy-Issa, M. I. C. & Acker, J. P. Blood
preservation workshop: New and emerging trends in research and clinical
practice. Transfus. Med. Rev. 23, 25–41 (2009).

13.Mazur, P. C. Cryobiology: The freezing of biological systems. Science 168, 939–949
(1970).

14. Mazur, P. Freezing of living cells: Mechanisms and implications. Am. J. Physiol.
- Cell Physiol. 247, C125–C142 (1984).

15. Fowler, A. & Toner, M. Cryo-injury and biopreservation. Ann. N. Y. Acad. Sci.
1066, 119–135 (2005).

16. Garner, J. & Harding, M. M. Design and synthesis of antifreeze glycoproteins and
mimics. ChemBioChem 11, 2489–2498 (2010).

17. Peltier, R. et al. Synthesis and antifreeze activity of fish antifreeze glycoproteins
and their analogues. Chem. Sci. 1, 538–551 (2010).

18. Gibson, M. I. Slowing the growth of ice with synthetic macromolecules: Beyond
antifreeze(glyco) proteins. Polym. Chem. 1, 1141–1152 (2010).

19. Gibson, M. I., Barker, C. A., Spain, S. G., Albertin, L. & Cameron, N. R. Inhibition
of ice crystal growth by synthetic glycopolymers: Implications for the rational
design of antifreeze glycoprotein mimics. Biomacromolecules 10, 328–333 (2009).

20. Capicciotti, C. J., Doshi, M. & Ben, R. N. in Recent Developments in the Study of
Recrystallization (ed Peter Wilson), 177–224 (InTech, 2013).

21. Balcerzak, A. K., Capicciotti, C. J., Briard, J. G. & Ben, R. N. Designing ice
recrystallization inhibitors: From antifreeze (glyco)proteins to small molecules.
RSC Adv. 4, 42682–42696 (2014).

22. Liu, S. & Ben, R. N. C-linked galactosyl serine AFGP analogues as potent
recrystallization inhibitors. Org. Lett. 7, 2385–2388 (2005).

23. Czechura, P., Tam, R. Y., Dimitrijevic, E., Murphy, A. V. & Ben, R. N. The
importance of hydration for inhibiting ice recrystallization with C-linked
antifreeze glycoproteins. J. Am. Chem. Soc. 130, 2928–2929 (2008).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 9692 | DOI: 10.1038/srep09692 9



24. Leclère, M., Kwok, B. K., Wu, L. K., Allan, D. S. & Ben, R. N. C-linked antifreeze
glycoprotein (C-AFGP) analogues as novel cryoprotectants. Bioconjugate Chem.
22, 1804–1810 (2011).

25. Capicciotti, C. J. et al. Potent inhibition of ice recrystallization by low molecular
weight carbohydrate-based surfactants and hydrogelators. Chem. Sci. 3,
1408–1416 (2012).

26. Balcerzak, A. K., Febbraro, M. & Ben, R. N. The importance of hydrophobic
moieties in ice recrystallization inhibitors. RSC Adv. 3, 3232–3236 (2013).

27. Trant, J. F., Biggs, R. A., Capicciotti, C. J. & Ben, R. N. Developing highly active
small molecule ice recrystallization inhibitors based upon C-linked antifreeze
glycoprotein analogues. RSC Adv. 3, 26005–26009 (2013).

28. Chaytor, J. L. et al. Inhibiting ice recrystallization and optimization of cell viability
after cryopreservation. Glycobiology 22, 123–133 (2012).

29. Bloom, M., Witebski, E., Rinfret, A., Doebbler, G. & Cowley, C. Rapidly hard-
frozen blood: Evaluation of progress and clinical survival. Bibl. Haematol. 23,
642–645 (1965).

30. Knorpp, C. T., Merchant, W. R., Gikas, P. W., Spencer, H. H. & Thompson, N.W.
Hydroxyethyl starch: Extracellular cryophylactic agent for erythrocytes. Science
157, 1312–1313 (1967).

31. Williams, R. J. The surface activity of PVP and other polymers and their
antihemolytic capacity. Cryobiology 20, 521–526 (1983).

32. Stolzing, A., Naaldijk, Y., Fedorova, V. & Sethe, S. Hydroxyethylstarch in
cryopreservation -mechanisms, benefits and problems.Transfusion Apheresis Sci.
46, 137–147 (2012).

33. Deller, R. C., Vatish,M.,Mitchell, D. A. &Gibson,M. I. Synthetic polymers enable
non-vitreous cellular cryopreservation by reducing ice crystal growth during
thawing. Nat. Commun. 5, 3244, doi:10.1038/ncomms4244 (2014).

34. Holovati, J. L., Gyongyossy-Issa, M. I. C. & Acker, J. P. Effects of trehalose-loaded
liposomes on red blood cell response to freezing and post-thawmembrane quality.
Cryobiology 58, 75–83 (2009).

35. Stoll, C., Holovati, J. L., Acker, J. P. & Wolkers, W. F. Synergistic effects of
liposomes, trehalose, and hydroxyethyl starch for cryopreservation of human
erythrocytes. Biotechnol. Progr. 28, 364–371 (2012).

36. Brumfiel, G. Cell biology: Just add water. Nature 428, 14–15 (2004).
37. Quan, G. B. et al. Addition of oligosaccharide decreases the freezing lesions on

human red blood cell membrane in the presence of dextran and glucose.
Cryobiology 62, 135–144 (2011).

38. de Almeida, M. V. & Le Hyaric, M. Carbohydrate-derived surfactants.Mini-Rev.
Org. Chem. 2, 283–297 (2005).

39. Lorber, B., Bishop, J. B. & DeLucas, L. J. Purification of octyl b-D-glucopyranoside
and re-estimation of its micellar size. Biochim. Biophys. Acta 1023, 254–265
(1990).

40. Hildreth, J. E. N-D-gluco-N-methylalkanamide compounds, a new class of non-
ionic detergents for membrane biochemistry. Biochem. J. 207, 363–366 (1982).

41. Knight, C. A., Hallett, J. & DeVries, A. L. Solute effects on ice recrystallization: An
assessment technique. Cryobiology 25, 55–60 (1988).

42. Jackman, J. et al. Assessing antifreeze activity of AFGP 8 using domain recognition
software. Biochem. Biophys. Res. Commun. 354, 340–344 (2007).

43. Tam, R. Y., Ferreira, S. S., Czechura, P., Chaytor, J. L. & Ben, R. N. Hydration index
- a better parameter for explaining small molecule hydration in inhibition of ice
recrystallization. J. Am. Chem. Soc. 130, 17494–17501 (2008).

44. Galema, S. A. &Høiland, H. Stereochemical aspects of hydration of carbohydrates
in aqueous solutions. 3. Density and ultrasoundmeasurements. J. Phys. Chem. 95,
5321–5326 (1991).

45. Farrant, J., Walter, C. A., Lee, H. & McGann, L. E. Use of two-step cooling
procedures to examine factors influencing cell survival following freezing and
thawing. Cryobiology 14, 273–286 (1977).

46.McGann, L. E. Differing actions of penetrating and nonpenetrating cryoprotective
agents. Cryobiology 15, 382–390 (1978).

47. Drabkin, D. L. The standardization of hemoglobin measurement. Am. J. Med. Sci.
215, 110–110 (1948).

48. Sowemimo-Coker, S. O. Red blood cell hemolysis during processing. Transfus.
Med. Rev. 16, 46–60 (2002).

49. Fuhrhop, J. H. & Boettcher, C. Stereochemistry and curvature effects in
supramolecular organization and separation processes of micellar N-
alkylaldonamide mixtures. J. Am. Chem. Soc. 112, 1768–1776 (1990).

50. Rowe, A. W., Eyster, E. & Kellner, A. Liquid nitrogen preservation of red blood
cells for transfusion: A low glycerol — rapid freeze procedure. Cryobiology 5,
119–128 (1968).

51. Krijnen, H. W., deWit, J. J. F. M., Kuivenhoven, A. C. J., Loos, J. A. & Prins, H. K.
Glycerol treated human red cells frozen with liquid nitrogen. Vox Sang. 9,
559–572 (1964).

52. Meryman, H. T. Frozen red cells. Transfus. Med. Rev. 3, 121–127 (1989).
53. Mazur, P., Leibo, S. P. & Chu, E. H. Y. A two-factor hypothesis of freezing injury:

Evidence from chinese hamster tissue-culture cells. Exp. Cell Res. 71, 345–355
(1972).

54. Rapatz, G., Sullivan, J. J. & Luyet, B. Preservation of erythrocytes in blood
containing various cryoprotective agents, frozen at various rates and brought to a
given final temperature. Cryobiology 5, 18–25 (1968).

55. Souzu, H. & Mazur, P. Temperature dependence of the survival of human
erythrocytes frozen slowly in various concentrations of glycerol. Biophys. J. 23,
89–100 (1978).

56. Moore, T. J. Glycerol permeability of human fetal and adult erythrocytes and of a
model membrane. J. Lipid Res. 9, 642–646 (1968).

57. Mazur, P. & Miller, R. H. Permeability of the human erythrocyte to glycerol in 1
and 2 M solutions at 0 or 20uC. Cryobiology 13, 507–522 (1976).

58. Lovelock, J. E. The mechanism of the protective action of glycerol against
haemolysis by freezing and thawing. Biochim. Biophys. Acta 11, 28–36 (1953).

59. Carruthers, A., DeZutter, J., Ganguly, A. & Devaskar, S. U. Will the original
glucose transporter isoform please stand up! Am. J. Physiol. Endocrinol. Metab.
297, E836–E848 (2009).

60. Concha, I. I. et al. Human erythrocytes express GLUT5 and transport fructose.
Blood 89, 4190–4195 (1997).

61. Barnett, J. E., Holman, G. D., Chalkley, R. A. & Munday, K. A. Evidence for two
asymmetric conformational states in the human erythrocyte sugar-transport
system. Biochem. J. 145, 417–429 (1975).
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