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Abstract

Despite the routine use of cryopreservation for the storage of biological materials, its outcomes are
often sub-optimal (including reduced post-thaw viability, recovery, and functionality) due to the damage
caused by uncontrolled ice growth. Traditional cryoprotective agents (CPAs), including dimethyl
sulfoxide (DMSO), fail to prevent damage caused by ice growth and concerns over CPA cytotoxicity
have fostered an increased interest in developing improved CPAs and cryoprotection strategies. The
inhibition of ice recrystallization by natural antifreeze (glyco)proteins [AF(G)Ps] to improve
cryopreservation outcomes has been examined; however, the ice binding properties of these
substances and their challenging large-scale production make them poor CPA candidates. Therefore,
the development and deployment of biocompatible, small-molecule ice recrystallization inhibitors
(IRIs) for use as CPAs is a worthwhile objective. Extensive structure-activity relationship studies on
AF(G)Ps revealed that simple carbohydrate derivatives could inhibit ice recrystallization. It was later
discovered that this activity could be fine-tuned by delicately balancing the molecule’s hydrophobicity
and hydrophilicity. Current generation small-molecule IRIs have been meticulously designed to avoid
binding to the surface of ice and subsequent biological testing (for both cytotoxicity and
cryopreservation efficacy) has demonstrated significant improvements to the cryopreservation
outcomes of several cell types. However, an individualized cell-specific approach for the simultaneous
assessment of multiple cryopreservation outcomes is necessary to realize the full potential of IRIs as
CPAs. This article provides a detailed overview of the development of small-molecule carbohydrate-
based IRIs and highlights the crucial cell-specific biological considerations that must be taken into
account when assessing cryopreservation outcomes.
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INTRODUCTION therapeutics critically relies on successful
biopreservation methods (1, 2, 3, 4).

The development and distribution of Cryopreservation at low sub-zero temperatures
biological materials for use as medical (< -80 °C) plays a key role by dramatically

69


mailto:editor@cryoletters.org
mailto:robert.ben@uottawa.ca

extending the shelf-life of cellular products by
slowing/stopping all biological processes.
However, ice formation and growth that occurs
during cryopreservation causes cells to endure
significant physical and chemical stress (5, 6, 7,
8). These stressors, if not adequately mitigated,
lead to cellular injury (cryoinjury) that reduces
the recovery and viability of cryopreserved
products (9). More importantly, cryoinjury can
result in reduced functionality and efficacy of a
biotherapeutic for clinical applications (3, 10,
11).

There are many factors that must be
considered when attempting to minimize
cryoinjury and achieve optimal cryopreservation
outcomes. However, with a fundamental
understanding of cryopreservation and careful
control of crucial parameters (2, 4, 5, 6, 11, 12,
13, 14), the earliest examples of
cryopreservation were reported in the 1940s (14,
15, 16, 17, 18, 19). More recently, the successful
cryopreservation of stem cell products has
revolutionized the regenerative medicine field
(14, 20, 21). For example, hematopoietic stem
cells (HSCs) are a life-saving treatment for
dozens of conditions and these cells are
routinely cryopreserved as an integral part of the
world-wide transplantation supply chain (3, 14,
22,23, 24).

To mitigate cryoinjury induced cell death in
a typical cryopreservation procedure, cell media
is formulated with a cryoprotective agent (CPA)
prior to freezing (13). Dimethyl sulfoxide
(DMSO0), which was first reported as a CPA in
1959 (25), is the most widely used CPA to date,
and is regarded as the gold-standard for
cryopreservation (4, 13). While the use of
DMSO aims to increase the number of viable
cells after freezing, DMSO also exhibits toxicity
and undesired side effects that are problematic
for its use in clinical cryopreservation
applications (26, 27, 28, 29, 30). As a result, a
reduction in total DMSO concentration by the
addition of various sugars (mono- and di-
saccharides) or polymers (31, 32), as well as
DMSO-free CPAs have been examined (26).
However, these approaches continue to suffer
from sub-optimal cryopreservation outcomes
(reduced viability, recovery, and/or
functionality). Therefore, despite the use of
cryopreservation for many cell types that are
highly relevant for research and clinical
applications, there exists an urgent need for
improvement. Furthermore, currently used CPA
formulations fail to address the impact of ice
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recrystallization on cryopreservation outcomes
(40, 41).

Ice recrystallization, which is defined as the
growth of larger ice crystals at the expense of
smaller crystals, causes significant cell damage
and death if not controlled during
cryopreservation (4, 7, 8, 9). Thus, the
development of compounds that can inhibit ice
recrystallization (known as ice recrystallization
inhibitors, IRIs) that can be used in CPA
formulations is imperative to further improving
cryopreservation outcomes.

The ability to inhibit ice recrystallization
was first discovered in a classification of
naturally occurring peptides and glycopeptides
known as biological antifreezes (BAs). These
antifreeze proteins (AFPs) and glycoproteins
(AFGPs) were first discovered in Antarctic fish
in the 1950s and were later reported in other
animals, insects, and fish that inhabit sub-zero
temperature environments (42, 43, 44, 45, 46).
In addition to inhibiting ice recrystallization,
BAs can bind to the ice crystal surface, resulting
in thermal hysteresis (TH), a phenomenon that
selectively depresses the freezing point of a
liquid relative to its melting point (47, 48, 49,
50, 51, 52, 53).

In nature, where temperatures drop only a
few degrees, the presence of AF(G)Ps causes the
fluids of an organism to become super-cooled,
and while stochastic nucleation of ice occurs, the
solution does not freeze. However, when
temperatures drop below the depressed freezing
point, rapid “needle-shaped” ice growth occurs
as a result of ice binding (8, 54). This effect,
known as dynamic ice shaping (DIS), is
detrimental and/or lethal to cells and is
especially problematic when considering that
cryopreservation temperatures are significantly
colder than the largest known BA-induced TH
gap (53).

Furthermore, as mentioned earlier, large-
scale de-novo synthesis and natural product
isolation to commercially manufacture natural
AF(G)Ps for the cryopreservation of biologics
are not feasible due to economic and
sustainability barriers, as well as the insufficient
quantities of material that can be obtained (55,
56). While modern molecular biology techniques
(e.g., heterologous protein expression) allow
natural AF(G)Ps to be produced in greater
quantities, the resulting cost remains too high for
the obtained vyields, ultimately restricting large-
scale adoption of these methods (57, 58, 59).



Despite the barriers associated with de-
novo synthesis, it is the only production method
that permits the direct chemical modifications
(atom-by-atom) necessary for rational and
targeted design of bio-active molecules.
Therefore, due to the interest in compounds that
can selectively inhibit ice recrystallization
(without the presence of TH activity or DIS), a
rational design approach beginning with a
fundamental understanding of the essential
structural features of AF(G)Ps required for ice
recrystallization inhibition activity was critical.
This is the only approach that will lead to the
discovery of compounds (i.e., small-molecule
IRIs) that can be readily deployed on large scale,
which is of immediate and significant need for
biopreservation applications.

ASSAYS FOR DETERMINING ICE
RECRYSTALLIZATION INHIBITION

ACTIVITY
The ability to assess the ice
recrystallization inhibition activity of a

compound both reliably and quantitatively is
essential for the development of improved
CPAs. Several methods have been reported to
assess this activity including the capillary
method (60), the sucrose sandwich assay (SSA)
(61), the gold nanoparticle assay (62), the
sapphire slide assay (63), and the splat-cooling
assay (SCA) (64, 65, 66, 67). Using these
assays, qualitative and/or quantitative activity
information about ice crystal size in the presence
and absence of an IRI candidate can be obtained.
The SSA and SCA are the two most used assays
for quantitatively assessing ice recrystallization
inhibition activity. The SSA uses an aqueous
sucrose buffer (typically 40 %) and requires
long annealing times (> 40 minutes) to allow for
sufficient ice crystal growth prior to data
analysis. To contrast, the SCA generally uses an
aqueous salt buffer and short annealing times (<
30 minutes). To improve the reliability of the
SCA for determining very small differences in
ice recrystallization inhibition activity, a kinetic
analysis of ice recrystallization using multiple
annealing times (rather than a single time point
measurement) is required (68, 69).

The Splat Cooling Assay (SCA)

Initially reported in 1988, the classic SCA
drops a 10 uL aliquot of a target compound
dissolved in a salt buffer solution onto a
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precooled aluminum plate (-78 °C) (64). As the
droplet splats onto the surface, it freezes into an
ice wafer (~ 5 mm in radius and < 50 pm thick)
that can be transferred to a Peltier unit held
below 0 °C to anneal (64). Annealing time and
temperature can be varied to change the rate of
ice recrystallization and the physical properties
of the ice structure; longer annealing times and
higher annealing temperatures result in larger ice
crystals. Ice crystals can then be imaged using a
camera-fitted microscope and analyzed to
determine a compound’s ability to inhibit ice
recrystallization. The output of the initial SCA
method affords semi-quantitative data by
reporting the mean largest two-dimensional ice
grain size as a function of annealing time (64).
Modifications later made by Horwath et al.
improved the quantitative output of the assay by
approximating ice crystal shape as elliptical to
calculate mean ice crystal area (65). However,
this analysis method requires users to manually
calculate area by hand, and therefore is time-
consuming to complete (65, 66). In addition, ice
crystal shape is poorly approximated by a linear
dimension or elliptical area, therefore these
initial methods of analysis had limitations with
respect to accurately and reliably quantifying ice
recrystallization inhibition activity.

In 2007, Jackman et al. developed a
method for the SCA that decreases analysis time
and quantifies ice recrystallization inhibition
activity using domain recognition software
(DRS) (66). This method uses the general
experimental assay protocol described by Knight
et al. (64), with an annealing temperature of -6.4
°C and annealing time of 30 minutes (66). Once
ice wafer images are obtained, the DRS is used
to randomly select 12 crystals from an ice wafer
image for which the user could identify each
crystal’s boundary and calculate its complex
cross-sectional area  without shape-related
assumptions (66). The ice recrystallization
inhibition activity of a compound is then
quantified as a percent mean grain size (%
MGS) of the ice crystals at a designated
compound concentration relative to the
phosphate-buffered saline (PBS) control. The
guantitative % MGS output allowed for direct
comparison of ice recrystallization inhibition
activity between multiple compounds within a
library at the same concentration. However,
significant drawbacks to this iteration of the
SCA remain. Firstly, it only provides a snapshot
of ice recrystallization inhibition activity and
therefore fails to address the concentration- and



time-dependence of crystal growth (66, 67).
Secondly, this method underestimates the
heterogenous nature of ice crystals by only
quantifying the area of a small, random sub-set
of ice crystals (66, 67).

To address these issues, further
modifications to the SCA were reported by
Abraham et al. in 2015 (67). With this version of
the assay, compounds are tested at multiple
concentrations and annealed for multiple time
points at -6.4 °C to capture a full kinetic profile
of ice recrystallization inhibition activity (67).
During data analysis, the cross-sectional area of
all ice crystals within a field of view is
determined [assisted by image processing
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software such as ImageJ (71)], and therefore, the
heterogeneity of each ice wafer is accounted for
(67). The data is then fit to a monoexponential
growth model and first-order rate constants are
derived that describe the increase in mean ice
crystal area over time (67). With this model,
short annealing times capture inhibition activity
during the period with the highest rate of
recrystallization, while longer annealing times
approximate the “end-point” of ice crystal
growth (54, 66, 67). Determining a full kinetic
profile of inhibition activity remains time-
consuming due to the number of data points that
need to be collected. Further investigation found
that the initial rate of ice recrystallization
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Figure 1. (A) General schematic for the splat cooling assay (64, 66, 67). (B) Representative data
using a 30-minute annealing time at -6.4 "C to determine % mean grain size (% MGS) of a single
compound concentration normalized to phosphate-buffered saline (PBS); n = 3, mean = SD. (C)
Representative data using a 5-minute annealing time at -6.4 °C to determine the ICso from
analysis of multiple compound concentrations; n = 3, mean = SD. The initial rate (v) of ice crystal
growth is calculated for each individual concentration and normalized to the rate (v) of the PBS
control to give vrorm as a percent rate relative to PBS. Images of ice wafers at selected
concentrations are distinguished by roman numeral and directly correspond to data points on the
dose response curve.

HOCH
o}
HO
HOOH HOOH HO o HOOH
HO 0 HN HO
HO AcNH HO
© w © b o w O u O h
HL N\_)LNJ\%OH Hi N\)LN N\)LOH Hi N\)LN N\)LOH
HoS & H J i Ho§ H o Ho L H o
n=4 n=4 n=4
AFGP-8 0GG-Gal C-Serine

% MGS 11.9+£0.24 % at 5.5 yM % MGS 27.4+025% at5.5uM % MGS 19.6 £ 1.40 % at 5.5 uyM

Figure 2. Structures and ice recrystallization inhibition activity of representative antifreeze
glycoprotein (AFGP-8) and select C-linked analogues OGG-Gal and C-serine (84, 85).
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inhibition, using a single five-minute annealing
time, is in good statistical agreement with the
full kinetic profile (72). With this simplified
five-minute annealing SCA, the analysis of
multiple compounds can be completed in a short
amount of time without significantly extending
the active data collection time compared to the
full kinetic analysis of a single compound (72).
For each compound tested, the initial rate (v) of
ice crystal growth is calculated for each
concentration and normalized to the rate (v) of
the PBS control to give viorm @S @ percent rate
relative to PBS. By fitting the normalized initial
rates of ice crystal growth at multiple
concentrations to a four-parameter dose-
response model, an ICsq for ice recrystallization
inhibition activity can be calculated (67, 72).
Thus, this SCA method provides information on
the rate of ice recrystallization inhibition, the
concentration dependence and cooperativity of
an IRI, and allows for direct comparison of
activity between compounds via the ICsy value.
An overview of the two different protocols for
the SCA that are commonly used to assess the
activity of small-molecule IRIs is provided in
Figure 1 and includes representative images of
ice wafers from each assay.

Recently, developments towards automated
image analysis for ice recrystallization inhibition
activity analysis have been explored (73, 74,
75). However, these methods can be inaccurate
when ice crystals reside in multiple focal planes
and/or when the ice crystal borders are poorly
defined within an image.  Additional
development and training of automation
methods is required before they can be used for
the reliable quantification of ice recrystallization
inhibition activity. Therefore, visual
determination of ice crystal measurements,
assisted by image processing software, remains
the primary method of analysis for the
determination of ice recrystallization inhibition
activity to date.

In the Ben laboratory, the SCA protocols
developed by Jackman et al. (66) and Abraham
et al. (67, 72) are both extensively used in the
development process for small-molecule IRIs.
The preliminary screening of candidate IRI
molecules is often accomplished using a 30-
minute annealing time at a single compound
concentration followed by data analysis as
described by Jackman et al. (66). Once a hit
compound is discovered, more detailed dose-
dependent activity information is then
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determined using the assay method described by
Abraham et al. (67, 72).

DEVELOPING SMALL-MOLECULE IRIs

To rationally design effective small-
molecule IRIs, it is necessary to obtain a
fundamental understanding of the key structural
features of AFPs and AFGPs that are required
for their ice recrystallization inhibition activity.
Early structure-activity relationship (SAR)
studies of AF(G)Ps focused primarily on how
structural modifications affected TH activity,
and very few assessed the features necessary for
ice recrystallization inhibition (55, 76, 77, 78,
79, 80, 81, 82, 83). In the early 2000's, a study
by Ben et al. serendipitously found that ice
recrystallization inhibition and TH activity could
be decoupled and isolated (84, 85). These
studies synthesized and evaluated several
carbon-linked (C-linked) AF(G)P analogues,
originally aiming to improve the metabolic
stability of natural oxygen-linked AF(G)Ps (84,
85, 86). Two of the compounds, OGG-Gal and
C-serine (Figure 2), are the first reported
examples of synthetic AF(G)P analogues that
possess only ice recrystallization inhibition
activity and little-to-no TH activity and/or DIS
(84, 85). Importantly, OGG-Gal (1.0-1.5
mg/mL) results in a percent post-thaw viability
comparable to a 2.5 % DMSO control for the
cryopreservation of human embryonic liver cells
(87), indicating that TH activity is not required
to improve cryopreservation outcomes. These
results transformed the landscape of ice
recrystallization inhibition research and formed
the foundation for the further development of
IRIs.

Since these reports, other compounds
including biomass nanocelluloses (88) and
synthetic polymers (89, 90) have been reported
as active IRIs without TH activity. However, the
practical adoption of large (glyco)peptides and
polymers for cryopreservation is limited (80,
91). Small-molecule IRIs are more desirable as
CPA target molecules given their ease of large-
scale preparation and reduced risk of
antigenicity. On-going studies with C-linked
AF(G)P analogues found that modifications to
their carbohydrate unit could modulate ice
recrystallization inhibition activity (92). This
finding led to the discovery that simple
carbohydrates have measurable ice
recrystallization inhibition activity (Figure 3),



where D-galactose is the most active of the
monosaccharide IRl candidates tested (93).
While the activity of D-galactose was
considerably less than AFGP analogue OGG-
Gal (93,94), the simplicity and accessibility of
the  monosaccharides  warranted  further
investigation into the mechanism by which they
inhibit ice recrystallization to enable further
optimization.

It is well established that ice
recrystallization is a thermodynamically-driven
process that favours the formation of larger ice
crystals via the transfer of water molecules from
one crystal to another through the bulk water
phase (54). This process has been extensively
studied in metallurgical literature and can be
described by the theories of Ostwald ripening
(95, 96, 97) and grain boundary migration (98,
98, 100). Inhibition of ice recrystallization by
AF(G)Ps is known to be due to ice binding, as
previously discussed. However, the mechanism
by which small molecules inhibit ice
recrystallization is less understood. TH activity
and DIS are not observed for small-molecule
IRIs, therefore it has been suggested that their
activity was not due to ice binding (93). Recent
studies have supported this initial hypothesis
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using nuclear magnetic resonance relaxation
measurements (101).

From these studies it is reported that small-
molecule IRIs are excluded from the ice lattice
during freezing and are concentrated in the
interstitial liquid phase between ice crystals
(101). Therefore, these compounds have a
different mechanism of action for inhibiting ice
recrystallization than AF(G)Ps and is thought to
be due to an ability to disrupt the process of
water molecule transfer between ice crystals that
occurs during recrystallization (92, 93).

Studies have shown that a greater hydration
number (the volume of space a molecule
occupies upon hydration with water) is
associated with a poor “fit” within the bulk
water network (102). Thus, it was thought that a
more highly hydrated monosaccharide would
disrupt the bulk water network, prevent the
transfer of water during recrystallization, and
ultimately exhibit stronger inhibition activity. In
fact, the ice recrystallization inhibition activity
of simple carbohydrates can be directly
correlated as expected (e.g. least hydrated D-
talose is least active and most hydrated D-
galactose is most active) (92, 93, 102). Based on
the above, small molecules that dramatically
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Figure 3. Structures and ice recrystallization inhibition activity of representative carbohydrate
monosaccharides D-galactose, D-glucose, b-mannose, and D-talose (93).

HOOH

HO

0]

HO

(0]

0

alkyl-B-p-galactosides
n = 6, B-Octyl-Gal; % MGS 20.8 + 1.32 % at 22 mM

H

WN

OH OH

OH

O OH OH
N-alkyl-D-gluconamides

n =1, NPrGlc; % MGS 81.8 + 3.44 % at 0.5 mM

n =6, NOGIc; % MGS 11.9+0.78 % at 0.5 mM

Figure 4. Structures and ice recrystallization inhibition activity of representative surfactant and
hydrogelator compounds B-octyl-Gal, NPrGlc, and NOGIc (103,104).
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alter and/or sequester water, such as surfactants
and hydrogelators, were considered as potential
IRI candidates.

These studies resulted in the identification
of two classes of carbohydrate-based non-ionic
surfactants and hydrogelators as active IRIs: O-
alkyl-p-D-galactosides and N-alkyl-D-
gluconamides (Figure 4) (103). In particular, the
hydrogelator N-octyl-D-gluconamide (NOGlc)
and the surfactant n-octyl-p-D-galactopyranoside
(B-octyl-Gal)  have ice  recrystallization
inhibition activity comparable to that of OGG-
Gal and nearing the activity of native AF(G)Ps
(e.g. AFGP-8) (94, 103). However, unlike native
AF(G)Ps these small-molecule IRIs can be

HOOH

HO

HO

easily synthesized in less than two steps from
commercially available reagents and do not
exhibit TH activity or DIS (103).

Further investigation of NOGlc and B-
octyl-Gal revealed that their ice recrystallization
inhibition activity is not related to micelle
formation or supramolecular organization
despite their surfactant-like structure (103). In
addition, comparison of alkyl chain length
within the N-alkyl-D-gluconamide family of
compounds suggests that a minimum threshold
of hydrophobicity is required for strong
inhibition of ice recrystallization (i.e., N-propyl-
D-gluconamide, NPrGlc, has little-to-no
measurable activity at 22 mM) (103, 104).
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Figure 5. Structures and ice recrystallization inhibition activity of representative N-alkyl-2-(a-D-
galactopyranosyl)-ethylamides and N-alkyl-erythronamides (104,105).
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Furthermore, ice recrystallization inhibition
activity increases with hydrophobic chain
lengths from 5 to 14 carbons within the N-alkyl-
2-(0-D-galactopyranosyl)-ethylamide class
(Figure 5) (105). However, carbohydrates with a
smaller hydrophilic component (e.g. the N-alkyl-
erythronamides, Figure 5), have reduced activity
compared to the corresponding N-alkyl-D-
aldonamide with the same alkyl chain length
(104).

Overall, these findings imply that a balance
between the hydrophobic and hydrophilic
components of a small-molecule IRI
(amphiphilicity) is crucial to the activity
optimization process. It is hypothesized that the
hydrophobic component is required to disrupt
the bulk water layer that ultimately results in ice
recrystallization inhibition, while the
hydrophilic component is required to maintain
adequate  solubility  within  the aqueous
environment.

Despite the ability for these non-ionic
surfactants to inhibit ice recrystallization, their
use in biological systems as CPAs is limited.
The highly hydrophobic alkyl chain can mediate
membrane solubilization and can be cytotoxic
(38, 106, 107). For example, addition of NOGIc
as an additive for the cryopreservation of red
blood cells (RBCs) resulted in significant post-
thaw hemolysis (34 = 1.0 % RBC integrity
compared to 80 = 4.5 % for the 20 % glycerol
control) (38). In addition, compounds with a
greater proportion of hydrophobicity suffer from
dramatic reductions in agqueous solubility, thus
limiting their use in biological applications as
CPAs.

To overcome the issues arising from the
physical  properties of surfactant and
hydrogelator IRIs, O-aryl-pB-D-glucoside and N-
aryl-D-gluconamide  targets  have  been
investigated (Figure 6). Substitution of the alkyl
for an aryl functional group ensures a facile
synthesis and reduces the risk of cytotoxicity
associated with the long alkyl chain, while
maintaining ice recrystallization inhibition
activity. From these studies, several molecules
are found to be effective inhibitors of ice
recrystallization including (67, 108, 109, 110):
4-bromophenyl-B-D-glucose (B-pBrPh-Glc), 4-
methoxyphenyl-B-D-glucose (B-PMP-GIc), N-(2-
fluorophenyl-D-gluconamide (2FA), and N-(2,6-
difluorobenzyl-p-gluconamide (2,6DFB) (Figure
6). Of note, 2FA exhibits greater ice
recrystallization inhibition activity than any
other small-molecule IRI reported to date while
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continuing to lack observable TH activity or DIS
(102).

Overall, extensive SAR investigations have
shown that small-molecule IRIs can exhibit ice
recrystallization inhibition activity comparable
to that observed in the presence of native
AF(G)Ps. In addition, investigations into the
mechanism of action of these compounds
confirm that a balance between hydrophobicity
and hydrophilicity is required to exhibit ice
recrystallization inhibition  activity  while
maintaining solubility in aqueous media.

Finally, these studies confirm that the
activity of small-molecule IRIs can be
modulated, optimized, and custom-tailored.
However, further optimization of these hit
compounds would be required to achieve
improved potency and reduce the concentrations
required for effective ice recrystallization
inhibition. More importantly, while successful
acellular assay data regarding the activity of
these compounds is promising, it is imperative
that the hit compounds are also tested in vitro
for cytotoxicity and cryopreservation efficacy
(cryo-efficacy).

CRYOPRESERVATION USING SMALL-
MOLECULE IRIs

The complexity of the cellular system
increases the difficulty of determining the
biological effectiveness and/or applicability of a
hit IRI. Therefore, guided by detailed SAR data
on the acellular inhibition activity gathered by
the SCA, cytotoxicity (in the absence of
cryopreservation), and subsequent cryo-efficacy
must also be tested. Baseline “end-point”
cytotoxicity (18- to 24-hour compound
exposure) is tested in relevant cell models for
the desired cryopreservation application before
it proceeds to cryopreservation experiments. As
the cell’s explicit exposure to CPAs during the
cryopreservation process is significantly shorter
than 18 hours, the “end-point” cytotoxicity
measurement serves as a checkpoint for
screening out compounds which, when
considered alongside ice recrystallization
inhibition activity, do not meet desired
thresholds.

Furthermore, the sensitivity of a cell to the
effects of cryopreservation can be directly
correlated to its cellular complexity. For
example, cryopreservation of RBCs has been
possible  since the 1950s (16), yet



cryopreservation of non-terminally
differentiated cells such as mesenchymal
stromal cells (MSCs) remains a significant
challenge (33, 34, 35, 36, 37). While initial
cryopreservation success may be observed
immediately post-thaw, significant death and
functionality loss of the MSCs is often observed
within 24-48 hours due to triggered stress-
induced biomolecular pathways (2, 111).
Therefore, it is imperative that optimizing
cryopreservation outcomes considers not only
changes to post- thaw viability, but also cell
recovery and downstream functionality for each
individual cell type to ensure that the
cryopreserved product resembles the unfrozen
product as closely as possible.

Over the last several decades small-
molecule IRIs have been shown to successfully
improve the cryopreservation outcomes of a
wide variety of cell types. While initial cryo-
efficacy of the IRIs was often tested in RBC
units due to their low cellular complexity, recent
testing of IRIs with more complex cells,
including several stem/progenitor cells has also
been achieved. The success of these IRIs and
their potential to dramatically improve the
accessibility of cryopreserved biotherapeutics,
as well as their clinical efficacy, will be
discussed in the subsequent sections.

Cryopreservation of red blood cells

There is significant demand for viable,
functional, and easily accessible RBC units.
Therefore, the ability to effectively cryopreserve
RBCs is essential to the field of transfusion
medicine. Currently, the North American
industry  standard  conditions  for  the
cryopreservation of RBCs use glycerol as the
CPA, which necessitates a time-consuming
deglycerolization process prior to transfusion to
prevent osmolysis (16, 39, 112). Therefore,
cryopreserved RBC units are not routinely used
in emergency transfusion medicine (112, 113).
Lowering the required glycerol concentration
(currently 40 %) by introducing alternative
CPAs to the cryopreservation protocol can
reduce deglycerolization times and facilitate
improved patient treatments (114). A variety of
CPA alternatives have been proposed that
successfully eliminate the use of glycerol for
RBC cryopreservation entirely, including
salidroside and hydroxyethyl starch (115, 116).
In addition, deglycerolization methods have
been proposed to improve the time constraints
that preclude the use of cryopreserved RBCs
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clinically (117). Alternatively, successful
cryopreservation with significant improvement
to cryopreservation outcomes can be achieved at
reduced glycerol concentrations with the use of
small-molecule IRIs (38).

Low concentrations of IRIs B-pBrPh-Glc
and B-PMP-GIc in combination with only 15 %
glycerol improve the post-thaw integrity of RBC
membranes, a direct measure of RBC viability
(118), compared to the industry standard using
both slow and rapid cooling protocols (38, 119).
For instance, when cells are slowly cooled (-1
°C/min) to —40 °C, the percentage of RBCs with
intact membranes significantly increases (p <
0.0001) from 27.2 % (= 1.53) using only 15 %
glycerol to 47.8 % (z 2.36) with the addition of
110 mM B-PMP-Glc and 68.9 % (+ 1.82) with
the addition of 30 mM B-pBrPh-Glc (Figure 7A)
(38). Furthermore, 30 mM B-pBrPh-Glc in 15 %
glycerol maintains RBC membrane integrity
post-thaw comparable to the 40 % glycerol
control following several cycles of transient
warming events (120). These  results
demonstrate the value of inhibiting ice
recrystallization under true cryopreservation
storage conditions.

However,  while  reduced  glycerol
concentrations that maintain viable RBCs
immediately post-thaw are achievable in the
presence of small-molecule IRIs, the
deglycerolization process remains problematic
for some IRIs (121, 122). It has been
hypothesized that interactions between B-pBrPh-
Glc and the RBC membrane increases their
susceptibility to the osmotic stress that occurs
during  deglycerolization  (121).  Recent
investigations of RBCs frozen with a new IRI
candidate 4-azidophenyl-B-D-glucose (B-pNsPh-
Glc, 20 mM) and 15 % glycerol have
comparable quality and function following
cryopreservation, deglycerolization, and 4 °C
storage to RBCs cryopreserved with 40 %
glycerol alone at 24-hour and 7-day storage time
points (121). Functional quality of RBCs is
tested using several assays that monitor mean
cell volume, ATP levels, 2,3-diphosphoglycerate
concentration, methemoglobin concentration,
oxygen affinity, membrane deformability, and
extracellular potassium and sodium levels (118).
These findings suggest that further optimization
of the freezing, thawing, and deglycerolization
conditions and additional IRI development could
lead to successful cryopreservation of RBCs
using small-molecule IRIs with dramatically
reduced glycerol concentrations.



Cryopreservation of hematopoietic stem and
progenitor cells from umbilical cord blood
Hematopoietic stem and progenitor cell
(HSPC) products derived from umbilical cord
blood (UCB) can be used as a life-saving
treatment for several hematological, immune-
deficiency, and metabolic disorders as well as
for other novel therapies (14, 22, 123). Current
cryopreservation  protocols use a low
concentration DMSO solution, yielding 70-80 %
post-thaw viability (124, 125). However,
delayed onset cell death and poor post-thaw cell
quality result in reduced post-thaw engraftment
and downstream clinical outcomes due to
increased levels of apoptotic CD34+ cells and

reduced proliferation and differentiation of the
HSPCs (120, 126, 127, 128, 129, 130, 131, 132,
133). For example, UCB CD34+ cells that
showed signs of apoptosis post-thaw failed to
engraft when transplanted into immunodeficient
mice (134). Therefore, improved
cryopreservation protocols for HSPCs and UCB-
derived cellular products are required.

The ability for IRIs to improve the
cryopreservation of HSPCs was initially
investigated using N-aryl-D-aldonamides
including 2FA and 2,6-DFB (108). No
significant increase in the percent post-thaw
viability of CD34+ cells from the cryopreserved
leukocyte concentrate of UCB is observed in the
presence of either IRl when compared to the 10
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Figure 7. Comparison of cryopreservation outcomes in the presence of small-molecule IRIs
compared to control cryopreservation solutions. (A) Post-thaw RBC integrity (viability). RBCs were
cooled to -40 °C and stored at —80 °C prior to post-thaw hemolysis quantification by Drabkin's assay.
15 % glycerol alone (n = 22), 110 mM B-PMP-Glc (n = 18), 30 mM B-pBrPh-Glc (n = 10) (38). (B)
Post-thaw recovery of HSPCs and iPSC-Ns normalized to their respective controls. Leukocyte
concentrates containing CD34+ HSPCs and iPSC-Ns (derived from HMBEC-iPSCs) were cooled to -
80 °C and stored at -196 °C prior to analysis of cell recovery by flow cytometry for HSPCs (n = 3)
and Trypan blue exclusion assay for iPSC-Ns (n = 3) (108, 110). (C) Functionality testing of three
different cell types following cryopreservation, normalized to their respective controls. MSCs were
cryopreserved using an optimized step-down cooling procedure in a rate-controlled freezer to -180
°C. Post-thaw functionality was assessed by Edu proliferation assay and cell counts (population
doubling) and compared to the control solution (n = 2) (154). HSPCs were cryopreserved using the
same method described in panel B. Post-thaw functionality was assessed using a long-term culture-
initiating cell (LTC-IC) assay and compared to the control solution (n = 2) (108). iPSC-Ns were
cryopreserved using the same method described in panel B. Functionality was assessed by
recording electrical activity from the cells on microelectrode arrays (MEAs) after 236 days and
compared to the control solution (n = 3) (110). All samples with IRl were prepared as the control
solution plus IRI. All cells frozen via slow cooling (-1 °C/min) and rapid thawing (37 °C water bath).
All data mean + SEM (except MSCs panel C, mean = SD). Asterisks indicate statistical significance
relative to the control determined by two-tailed unpaired student's T-test where p < 0.05 (*), 0.01 (**),
0.001 (***) or 0.0001 (****).
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% DMSO control (108). However, the net post-
thaw recovery of viable CD34+ cells is 1.6-fold
greater when 2FA (p < 0.01 at 25 mM) is added
to the cryosolution, and 1.4-fold greater for 2,6-
DFB (p < 0.01 at 18 mM), compared to DMSO
alone (Figure 7B) (108). In addition, when
added to 10 % DMSO, 12.5 and 25 mM 2FA
result in a 2-fold increase in the number of
committed progenitor cells compared to DMSO
alone or compared to compounds that are not
active IRIs (108).

The stringent long-term culture-initiating
cell assay (LTC-IC), which measures the
frequency of progenitors that can self-renew and
differentiate, was used to measure the post-thaw
functionality of HSPCs cryopreserved in the
presence of IRIs (135). A 2-fold increase in the
ability to self-renew and differentiate is
observed in post-thaw leukocyte concentrates
supplemented with 2FA (25 mM, p < 0.01)
(Figure 7C) and the total number of LTC-ICs
recovered is always greater in cryopreserved
samples supplemented with IRIs (108).
Furthermore, combination of 2FA and DMSO
for the cryopreservation of cord blood units
(CBUs) results in higher levels of human
platelets, increased levels of human bone
marrow chimerism, and an increased number of
human colony-forming unit progenitors in the
bone marrow wupon transplant of CBUs
compared to DMSO alone (136). The addition of
2FA has no significant cytotoxic effects, nor
negative  impact on the multilineage
differentiation and self-renewal ability of the
HSPCs (136). Collectively, these results show
that IRIs improve the post-thaw engraftment
potential and functionality of HSPCs derived
from UCB as well as whole CBUs.

Cryopreservation of platelets

Platelet cryopreservation methods have
been developed that increase the shelf-life of
platelets from less than a week to up to two
years using DMSO (137,138). However, the
cryopreservation process can cause up to a 30 %
reduction in total cell count and reduces
functionality compared to unfrozen platelets
(139, 140, 141, 142, 143). The use of 2FA has
improved cryopreservation outcomes in other
cell models and indicated its potential success
for platelet cryopreservation. While some
platelet quality and functionality parameters
could be improved with the addition of 11 mM
2FA, most parameters remained comparable to
the standard cryopreservation conditions (144).
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In addition, poly(vinyl) alcohol (PVA), an active
polymer IRI, does not mitigate cryopreservation
induced damage for platelets (145). Therefore,
these results provide crucial information that ice
recrystallization is not the most likely source of
damage that is occurring during the
cryopreservation of platelets. Finally, these
results highlight the need for cell-specific
cryopreservation protocols. Successful
implementation of a CPA in one cell type does
not necessarily indicate success in other similar
cell types due to potential differences in
cryoinjury mechanisms and post-thaw biological
processes.

Cryopreservation of mesenchymal stem cells

MSCs are attractive for cell-based therapies
due to their immunomodulatory and tissue repair
properties (146, 147, 148, 149, 150, 151, 152).
Typically, MSCs are cultured and pooled from
multiple donors to ensure sufficient cells for
treatment, however they lose therapeutic
potency following long periods of in vitro
expansion (33, 146). Therefore, the use of
cryopreservation for storage and banking of
MSCs to ensure continued, reliable, access to
treatment doses is desirable (33). Current
cryopreservation conditions for MSCs result in
post-thaw recovery and viability percentages
that are comparable to unfrozen MSCs (33, 34,
35, 36, 37). However, MSC functionality
(particularly their immunomodulatory properties
and multilineage differentiation ability) can be
significantly impaired post-cryopreservation (33,
34, 35, 36, 37). Currently, cryopreserved MSCs
must be cultured for several days prior to patient
treatment following cryopreservation to ensure
sufficient clinical efficacy.

It was hypothesized that the reduced
functionality of MSCs following
cryopreservation is due to damage induced by
ice recrystallization, therefore B-pBrPh-Glc (30
mM, for its success in RBCs) and 2FA (15 mM,
for its success in HSPCs) were investigated as
CPAs for MSCs. In this study, standard
cryopreservation conditions (34, 153) for MSCs
(10 % DMSO, 5% human serum albumin in
plasmalyte-A) were used. As anticipated, cells
cryopreserved with either small-molecule IRI
had high immediate post-thaw viability and
recovery rates that were comparable to the
control conditions (> 70 % for all conditions)
(154). Cells that had been cryopreserved with
the addition of 2FA (15 mM), thawed, and then
cultured for three days had significantly greater



proliferation rates, lower doubling times, and
more population doublings (23.6 + 1.6 %, 27.4 +
3.6 h, 2.71 £ 0.32, respectively) than the control
freezing conditions (6.88 %, 59.7 £ 5.3 h, 1.22 +
0.10, respectively) (Figure 7C) (154). B-pBrPh-
Glc showed significantly greater delayed-onset
cell death upon culture of the MSCs post-thaw
compared to the control conditions (154).

It is hypothesized that the cell death
observed in B-pBrPh-Glc-treated MSCs is a
result of metabolic processing of the IRI, where
B-pBrPh-Glc is presumably hydrolyzed at the O-
glycosidic linkage between the aryl substitution
and the carbohydrate moiety. This complication
is avoided in RBC cryopreservation as these
cells do not have the necessary metabolic
machinery. In the initial “end-point” cytotoxicity
screening of B-pBrPh-Glc in Hep G2 cells,
significant cell death was observed at
concentrations greater than 11 mM (122).
However, the promising ice recrystallization
inhibition activity of B-pBrPh-Glc warranted
further cryo-efficacy testing. Ultimately, despite
the decreased exposure times of the cells to the
IRI during the cryopreservation process, O-aryl-
glycoside IRIs may be limited to use in non-
nucleated cells at this time. In addition, these
studies highlight the importance of considering
the entire pharmacokinetic profile of CPAs
when optimizing lead compounds for use in
biological applications.

Cryopreservation of induced pluripotent stem
cells

The successful cryopreservation of induced
pluripotent stem cells (iPSCs) is critical to their
wide-scale use in areas including regenerative
medicine, disease modelling, and drug discovery
(155, 156). Current cryopreservation strategies
for iPSCs use commercially available DMSO-
based cryopreservation media such as
mFreSR®, Stem Alpha Cryo3, or most
commonly Cryostor® 10 (CS10) (157, 158).
However, iPSCs are extremely vulnerable to
cryopreservation and typically suffer from low
post-thaw recovery, viability, and functionality
using these conditions (159, 160). Following the
significant  improvements to  post-thaw
functionality of cryopreserved MSCs (including
the absence of metabolically induced delayed-
onset cell death) with the addition of 2FA, it was
hypothesized that the N-aryl-D-gluconamide
family of IRIs could be successfully applied to
iPSCs.
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In fact, the addition of 2FA (10 mM) for
the cryopreservation of iPSCs shows significant
improvements to post-thaw viability and
recovery (71.5 %, 65.0 %) compared to the
control (mFreSR®; 46.0 %, 47.6 %) (110).
These results are consistent with post-thaw
viability following 6-months of storage at -196
°C (84.0 % vs. 64.0% respectively) (110). 2FA
(10 mM) is also able to reduce delayed-onset
cell death for cryopreserved iPSCs as measured
by Caspase 3/7 activity compared to mFreSR®
alone (p < 0.05) (110).

Furthermore, 2FA is also found to be able
to successfully improve the cryopreservation
outcomes of terminally differentiated, post-
mitotic  iPSC-derived neurons  (iPSC-Ns;
differentiated from HBMEC-iPSCs). Compared
to CS10, post-thaw viability of iPSC-Ns is not
significantly different with the addition of 2FA
(5 mM) (54.0% vs. 67.2 % respectively) (110).
However, post-thaw recovery of iPSC-Ns frozen
with 5 mM or 10 mM 2FA is 1.5-fold greater (p
< 0.0001) than the control (CS10) (Figure 7B)
and the cells retained expression of key neuronal
markers with normal neuropharmacological
responses (110). When the electrophysiological
properties of the neurons were assessed using
multielectrode  arrays (MEAs), iPSC-Ns
cryopreserved with 5 mM 2FA begin to re-
establish  synaptic function and neuronal
network activity 21 days earlier than CS10 alone
(27 days vs. 48 days) and had a significantly
greater number of active electrodes after 236
days in culture (p < 0.0001) (Figure 7C) (110).
Typically, iPSC-Ns require anywhere from 60-
days to 6-months to reach maturity in culture,
which poses a significant challenge to their
timely delivery and use as clinical therapeutics
(161, 162, 163). Therefore, the success of 2FA
for improving the post-cryopreservation
recovery and functionality of iPSC-Ns, as well
as for cryopreserved iPSCs, represents a
potential avenue for long-term storage of these
complex cell types. This success could improve
the accessibility, feasibility, and timeliness of
cell-based therapies for a variety of diseases as
well as critical iPSC-related research.
Collectively, this data demonstrates that
supplementing commercially available media
formulations with IRIs represents a promising
strategy  for  improved  cryopreservation
outcomes (recovery, functionality) of iPSCs and
iPSC-Ns, which to date has been challenging to
achieve. Future work must continue to explore
the potential for IRIs to improve and optimize



the cryopreservation outcomes of other complex
cell types that are sensitive to cryopreservation
(cryo-sensitive).

THE FUTURE OUTLOOK OF SMALL-
MOLECULE IRI-ASSISTED
CRYOPRESERVATION

It is important to note that while several
small-molecule IRIs have shown success in
biological systems as highlighted in the previous
section, no single uniform approach can be
applied to all cell types. RBCs show improved
outcomes using O-aryl-glycoside IRIs, yet these
compounds show detrimental effects due to
metabolically-induced cell death when used for
the cryopreservation of MSCs. In addition, the
N-aryl-D-gluconamide 2FA improves the post-
thaw functionality of stem cell products
(HSPCs, MSCs, iPSCs, and iPSC-Ns) compared
to their respective controls, yet shows no
improvement for the cryopreservation of
platelets. More importantly, the metabolic
stability and long-term biological effects of
these small-molecule IRIs, as well as their effect
on the entire cryopreservation chain, will be key
to their successful large-scale deployment in
cryopreservation applications.

Understanding of the mechanism of action
of these small-molecule IRIs is critical for their
continued optimization with specific cell types
and cryopreservation conditions. Initial studies
have  shown that small-molecule ice
recrystallization inhibition activity can be
correlated to hydration number and that a
balance between hydrophobicity and
hydrophilicity is required (92, 93). Recently,
SAR studies correlating ice recrystallization
inhibition activity to other parameters such as
the ratio of polar surface area to molecular
surface area, octanol-water coefficient (logP),
and other molecular features have not resulted in
clear trends that can accurately predict activity
(104). Additionally, while it is known that these
IRIs do not bind to the ice surface (101, 122),
exactly how each compound interacts with the
bulk water layer between ice crystals to inhibit
ice recrystallization is an extremely complex
phenomenon that is not yet fully understood.
This complexity adds to the difficulty of
predicting which structural features of the small-
molecule IRIs are essential to inhibit ice
recrystallization and improve cryopreservation
outcomes. Quantitative structure-activity
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relationship (QSAR)-assisted modeling of IRI
candidates with respect to structural features can
accurately predict whether a compound would
be active (% MGS < 70 %) or inactive (% MGS
> 70 %) at a success rate of 82 % (164).
However, this model fails to discriminate
between active IRIs more finely and thus is
limited in its applicability for rational design.
Therefore, while parameter-assisted predictions
of SAR would dramatically improve the rational
design of future IRIs, future research and further
insight into a more detailed mechanism of action
and the interactions between the IRIs and bulk
water during cryopreservation is required.

It is also important to consider whether
these small-molecule IRIs are capable of being
internalized into a cell. Current CPAs that are
capable of penetrating the cell membrane (e.g.,
DMSO and glycerol) help to maintain the
osmotic  pressure of cells undergoing
cryopreservation (165). If small-molecule IRIs
can be internalized into cells, it is possible that
they could reduce the required concentration of
DMSO and glycerol in cryopreservation media
and help mitigate current CPA-induced toxicity
by regulating cellular osmotic gradients. Studies
of B-PMP-Glc and B-pBrPh-Glc in RBCs
showed that their cryoprotective effect is
consistent with the profile of a penetrating CPA
(38, 119). In addition, these compounds are
shown to inhibit ice recrystallization within the
nucleus of cryopreserved HUVEC cells (119).
Therefore, internalization of these small
molecules into RBCs and other cell types can be
inferred but has yet to be directly detected.
Visualization of compound internalization using
traditional tagging methods with large molecular
weight fluorescent proteins must be avoided to
prevent disruption of the natural cell
environment. Raman microscopy imaging
techniques provide an exciting avenue for the
future study of small-molecule IRIs in the
cellular environment.

Finally, previous studies have shown that a
combination of small molecules can lead to
improvements in cryopreservation outcomes.
This improvement is hypothesized to be due to
an additive effect where multiple avenues of
cryoinjury are mitigated simultaneously and/or
by resolving the pre-established limitations of
one molecule through the addition of another
(i.e., improvements to solubility, molecular
stability, etc.) (32, 166, 167, 168). For instance,
binary and ternary  combinations  of
biocompatible molecules such as sugars and



poly-ols (i.e., D-glucose, D-trehalose, D-sucrose,
or glycerol), amino acids (i.e., L-isoleucine or D-
proline) and quaternary ammonium salts (i.e.,
choline chloride or betaine) have been shown to
improve the cryopreservation outcomes of
complex and cryo-sensitive cell types [such as
iPSCs, HSCs, and adipose-derived stem cells
(ADSCs)] beyond what was observed when cells
were cryopreserved with the individual
components (32, 166, 167, 168). As previously
discussed, small-molecule IRIs have been shown
to be most successful when glycerol or DMSO
remained in the CPA solution. These results
suggest that future work towards optimizing
CPA mixtures containing combinations of IRIs
that can target multiple mechanisms of
cryoinjury could prove beneficial to the design
of cell-specific cryopreservation strategies.

CONCLUSION

The development of small-molecule IRIs
over the last several decades has resulted in
dramatic improvements to the cryopreservation
outcomes of several cell types. The development
process includes the initial design and synthesis
of candidate compounds, acellular screening of
their ice recrystallization inhibition activity
using a SCA, assessment of “end-point”
cytotoxicity in a relevant cell model, followed
by critical cryo-efficacy studies. The cryo-
efficacy studies most importantly must focus on
investigating all potential cryopreservation
outcomes including the post-thaw viability,
recovery, and functionality of the cells.
Downstream clinical considerations must also be
considered for IRI candidates including potential
removal of the IRI, metabolic-induced effects,
and long-term compound stability. As additional
information is gathered on the mechanism of
action of these small-molecule IRIs and the
structural features required for their activity,
additional emphasis must be placed on ensuring
the biocompatibility and safety of the
compounds for large-scale deployment in
research, industrial, and clinical applications.

Notes: Authors L.E.M. and E.M.W. have no
conflicts of interest to disclose. R.N.B is the
chief scientific officer and co-founder of
PanTHERA Cryosolutions Inc. (Ottawa, ON).
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