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Abstract
The field of cellular therapeutics has immense potential, affording an exciting array of applications in unmet medical needs.
One of several key issues is an emphasis on getting these therapies from bench to bedside without compromising safety
and efficacy. The successful commercialization of cellular therapeutics will require many to extend the shelf-life of these
therapies beyond shipping “fresh” at ambient or chilled temperatures for “just in time” infusion. Cryopreservation is an
attractive option and offers potential advantages, such as storing and retaining patient samples in case of a relapse, banking
large quantities of allogeneic cells for broader distribution and use and retaining testing samples for leukocyte antigen typing
and matching. However, cryopreservation is only useful if cells can be reanimated to physiological life with negligible loss
of viability and functionality. Also critical is the logistics of storing, processing and transporting cells in clinically appropriate packaging systems and storage devices consistent with quality and regulatory standards. Rationalized approaches to develop
commercial-scale cell therapies require an efficient cryopreservation system that provides the ability to inventory standardized products with maximized shelf life for later on-demand distribution and use, as well as a method that is scientifically
sound and optimized for the cell of interest. The objective of this review is to bridge this gap between the basic science of
cryobiology and its application in this context by identifying several key aspects of cryopreservation science in a format
that may be easily integrated into mainstream cell therapy manufacture.
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Introduction
Cryopreservation is a process of preserving biological function by freezing and storing material below
−80°C, typically at or near the temperature of
liquid nitrogen (LN2; −196°C). Other methods of
biopreservation could include vitrification, which refers
to avoiding ice all together through ultra-fast cooling
rates and high solute concentrations to form a metastable, amorphous glassy state; lyophilization, in which
cells may be “freeze dried” to sublimate water and allow
for stability at higher temperatures; or even vacuum
drying without the freeze step to achieve a similar result.
Although much research is being done on these

methods, cryopreservation via slow cooling methods
remains the industry standard at this time and will be
the focus of this review.
One of the most consistent findings from slowcooling cryopreservation research on cells is the
evidence-practice gap due to the failure to translate
research into practice. As a result, cells are routinely
cryopreserved using traditional, non-optimized methods
while many scientific advances in basic cryopreservation
science are not fully integrated into practice. As cellular therapy emerges, there are many challenges to
its successful development and widespread use. Challenges in developing these products include product
consistency, safety and potency as well as reliable
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storage and transport with high efficacy at reasonable economic cost.
Fundamental cryobiological research focuses on
revealing the underlying physical and biological mechanisms related to cell injury occurring during the
processes of preparing cells for preservation, bringing
them down to a freezing point where biologically stable
mode is reached with cessation of enzymatic and metabolic activity, and finally bringing the cells back to
physiologically relevant temperatures. This methodology was developed as a way to define the discrete
challenges a cell faces during the process, with an understanding that the greatest challenge lies not within
their ability to withstand storage at ultra-low temperatures but with the transitional phases (ice nucleation,
ice propagation during cooling to −60°C or lower,
thawing) during which they experience potentially lethal
physicochemical events, specifically those associated
with phase change of water in both the extra- and
intracellular environments. However, the apparent discrepancy between the concept of cryopreservation and
experimental findings suggests that there are other numerous lethal events (often poorly defined and not fully
recognized) in a preservation cycle that can inflict
damage to the cells.There exists injury to the cells due
to osmotic intolerance [1] or due to the toxicity of the
cryoprotectants [2] or chilling or cold-shock injury associated with the reduction of temperature from room
temperature to nucleation temperature [3] and cooling
injury associated with water-to-ice phase change until

a glassy (i.e., ice crystal-free) state is achieved [4]
(Figure 1). There also exists a hypothermic continuum and significant array of cellular stress events during
warming/thawing or unexpected temperature excursions that may affect survival and function.A cumulative
understanding of these injury mechanisms on cells
immediate and delayed post-thaw survival and potency
have become critical in development and implementation of optimized cryopreservation protocols for
efficient manufacturing and banking of cellular
therapeutics.
Another unavoidable fact is that not all therapeutic cells cryopreserve “equally.” Cells from various tissue
sources maintain varying physical and biological properties and could be expected to react differently to
cryopreservation. Although not practical to deal with,
there will be further differences in cryopreservation
outcomes when the cells are from varying donors of
the same species. Additionally the metabolic state of
the cells (e.g., lag vs. log phase; end of passageinterval vs. early or mid-interval) cell culture density,
highly metabolic, cytokine driven populations vs. nonstimulated cultures, and cell age in an expanded
primary cell culture with limited doubling potential
could also play roles in cryopreservation outcomes
[5,6]. Consequently, to optimize survival after
cryopreservation, the protocols used need to be designed specifically for the particular cell type to be
stored, rather than simply borrowing protocols that
have been successfully used for cells derived from

Figure 1. This representation depicts potential mechanisms of damage that can occur during cryopreservation processing.
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other tissue sources. Other variables that can affect
cryopreservation outcome may include type and concentration of cryoprotectants, concentration and
cryopreservation container used for storage.This article
reviews and discusses the modes of cryo-injuries
associated with several phases of the preservation cycle
to help the reader to understand and develop optimized procedures for long-term cryopreservation of
therapeutic cells.
Critical elements and considerations for
successful cryopreservation
Although many cells have been shown to respond similarly to the same cryopreservation process, a postthaw cell loss of as much as 40% is still reported for
some therapeutic cells [7–9]. Products such as umbilical
cord blood may have a fair amount of neutrophils, and
as such, overall viabilities may be much lower compared with frozen/thawed peripheral blood–derived
mononuclear cells. Although loss of these cells is considered somewhat acceptable because they do not
contribute to engraftment, non-optimally cryopreserved
cells can result in significant post-thaw cell loss and
limit the total dose available for administration. This
is of particular concern in situations such as umbilical cord blood hematopoietic stem cells in which
harvested volumes are small and the total number of
therapeutic (CD34+) cells/kg body mass is crucial to
ensuing engraftment in the recipient.
It is known that a given optimal cooling rate for
any cell type depends on the following: (i) cell size or
cell surface to volume ratio, (ii) cell membrane permeability (to water and cryoprotectant) and its
temperature dependence, and (iii) osmotic limits of
the cell. Additionally, the volume of the cell that does
not respond to osmotic forces (osmotically inactive
volume) is also cell dependent and can play a critical role in cryopreservation outcome [10,11].Variations
in any of these attributes exist not only among species
but also between primary cells and cell lines of the
same type. Hence cells with differences in these factors
can be expected to have different optimal cooling rates.
Empirical studies combined with theoretical modeling have been extensively published to define optimal
cooling rates for multiple biological systems [1,12–16].
Defining optimal cooling conditions based on quantitative evaluation of critical cryobiological parameters
is therefore important.
Cell concentration
To meet the high growth demand of mesenchymalbased cell therapy in particular, cell manufacturers are
adopting new high-volume culture technology platforms such as microcarrier-based bioreactors to
significantly increase output to hundreds of billions
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to trillions of cells [17,18].These high harvest volumes
and cell numbers will eventually need to be successfully cryopreserved and stored. Cryopreservation of
the large cell numbers frequently used in therapeutic procedures generates large product volumes
requiring immense storage space that can potentially
be impractical and uneconomical. Moreover, infusionrelated toxicities are partially attributed to the total
infusion volume and the cryopreservatives in the solution. The investigation of higher cell concentrations
with a smaller corresponding storage volume has been
widely investigated in blood product cryopreservation.
Previously, the recommended nucleated cell concentration in cryopreserved hematopoietic stem cells
was suggested to be not more than 20 million cells
per milliliter, leading to a total storage space of 7 L
of cryopreservation volume per patient [7,19]. This
prompted researchers to focus on minimizing the
cryopreservation volume per each patient, and as a
result, several subsequent preclinical studies have shown
that higher nucleated cell concentrations (up to 200
million cells/mL or 0.7 L of cryopreservation volume
per patient) in the cryopreservative are well tolerated and result in good clinical outcome [7,20].
However, with non-hematopoietic adult stem cells such
as mesenchymal stromal cells, no comprehensive study
has yet reported the effects of increasing cell concentration during cryopreservation and the resulting clinical
outcome [21].
Several earlier studies reported that the probability of intracellular ice formation (IIF), which is
considered a major contributor to cell damage, will
increase during freezing with increasing cell concentration. When the cells are tightly packed to a point
analogous to interconnecting cellular structures such
as compact tissue configurations, the consequential
freezing lethality can arise from the stresses on intercellular tight junctions, the reduced ability of cells to
repair sub-lethal damage after cryopreservation or the
increased intracellular ice formation via cell-cell contact
[22,23]. Furthermore, densely packed cells are likely
to be damaged by undue mechanical stresses when
the channels within which they are sequestered decrease in size as a result of decreasing unfrozen fraction
and thus, increasing potential cell-cell interaction.
Another major concern about freezing large numbers
of highly concentrated cells is the risk of cell clumping occurring immediately before freezing or after
thawing. Several products such as EDTA, ACD,
DNAse and others at varying concentrations have been
suggested to prevent cellular clumping. Such materials may be acceptable for cell banking or frozen
intermediates; however, for the final drug product, the
unwanted side effects of these as excipients are not
well studied in clinical applications [7] (although ACD
does have a track record in clinical applications).
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Despite some of these potential downsides, freezing highly concentrated cells is beneficial if not
compulsory in large-scale therapeutic cell banking. For
allogeneic cell therapies, increasing cell concentration during cryopreservation has several undeniable
benefits. It effectively reduces the storage space and
associated costs and potentially eliminates the cell
washing post-thaw, preventing cell loss due to additional centrifugation steps. By storing the final drug
product in a reduced overall volume, the amount of
dimethyl sulfoxide (DMSO) infused (directly or following dilution) is correspondingly reduced to
potentially mitigate infusion-related toxicities. Additionally, inoculating large bioreactors for cell lot
expansions often requires seeding a large number of
cells from a working cell bank. Thawing large number
of cryovials from a working cell bank is time-consuming
and labor intensive. Increasing the viable cell density
post-thaw per vial will reduce or eliminate the need
for handling multiple frozen vials, thus increasing
process flexibility for large-scale expansion.
Cold shock and chilling injury
Most cryopreservation protocols begin with random
cooling from normal physiological temperature to room
temperature (20–25°C) and then to a few degrees
below nucleation temperature of the solution. During
this hypothermic range, cells may be damaged by
cooling rate (cold shock) or damaged by low temperature per se (chilling injury). Cold shock is essentially
caused by rapid cooling and is usually mitigated by
reducing the cooling rate. On the other hand, chilling injury is poorly understood and is predominantly
dependent on the absolute temperature to which the
cells are cooled and usually associated with extended periods of exposure to low temperatures.There
have been studies on the biochemistry of chilling injury
in natural systems, but not much is known about the
sources of chilling injury in cellular systems [24]. Decisive evidence of injury occurrence due to chilling or
cold shock on biological systems has implicated chilling injury as one of the limiting factors for achieving
optimal cryopreservation [25]. Nevertheless, there has
been limited awareness on the implications of chilling or cold shock injury during therapeutic cell
cryopreservation. It is evident that temperature drop
will reduce metabolism and, in turn, cause biochemical imbalances [26,27]. Chilling causes the membrane
lipids that are normally in a liquid crystalline state at
physiological temperature to transform to a solid-gel
phase with lateral separation of the membrane proteins.This membrane phase transition can change their
function and induce changes in ion homeostasis and
transmembrane imbalances, causing leakage of lysosomal and lipoprotein hydrolases [28,29]. A sequence

of damaging events may follow, such as the production of reactive oxygen species that increase damage
to membranes, reduced rates of protein synthesis, the
release of free fatty acids, activation of apoptotic events
and disruption of the cytoskeletal matrix [29–33].The
accumulation of the multiple cell stress mechanisms
can result in cell damage and death via necrosis, apoptosis and secondary necrosis [34–36].
Apparently cooling does provide “short-term”
in vitro and ex vivo survival mainly through the decrease in metabolism and the reduction in oxygen and
nutrient demand, which works to minimize the amount
of ATP depletion and free radical production that
occurs during hypoxia. However, without manipulative intervention, this survival is only temporary, and
a progressive injury is inevitable. The biological phenomena at chilling temperatures have been extensively
studied and used as a basis to develop solutions for
improved stability and hypothermic preservation of
cells, tissues and organs [26,35]. However, little is
known on the compounding effect of hypothermia and
subsequent freezing when added to warming/thawing
effects on adult stem cell survival and function (or
thawing and subsequent hypothermic storage). The
ability to enable improved stability of non-frozen cells
and tissues has been shown to support the progression of a number of cellular therapeutic products
without cryopreservation [37–40] and is actively being
investigated as a method to support improved postthaw stability to allow transport from a cryopreservation
processing site to patient delivery without clinical onsite
product thaw/manipulation (unpublished observation, A.J. Mathew, BioLife Solutions, 2015). It has also
been well recognized that non-frozen stability limitations “would not only limit the locations a commercial
product could be distributed, it would also affect the
logistics of manufacturing and potentially reduce the
capacity to manufacture the product” (CMC Review,
BLA 125197, Sipuleucel-T [Provenge®], Dendreon
Corporation).
Cooling injury
Supercooling. Theoretically, the thermodynamic equilibrium freezing point (aka melting point) of an isotonic
solution is −0.5°C, and the freezing point depresses
further with the addition of protective solutes. However,
during cooling the solution can remain liquid below
its freezing point with an increasing probability of ice
formation with decreasing temperatures. The reason
the solution can remain liquid below its freezing point
is because the creation of a thermodynamically stable
crystal is both temperature and energy dependent. At
temperatures close to the freezing point, ice nuclei can
form, but at these relatively high temperatures, the nuclei
must be very large to be stable, which requires relatively

Cryopreservation and shelf life of cellular therapeutics
large amounts of energy. At lower temperatures, the
size of stable ice nuclei is smaller and thus requires
less energy to form. For these reasons, the likelihood
of spontaneous freezing increases with decreasing temperature. This temperature dependent liquid–crystal
interface is associated with the interfacial free energy
barrier [41]. In many cases, spontaneous ice nucleation will not occur near the melting point, and further
supercooling is inevitable, unless deliberately initiated [42]. Spontaneous nucleation under excessive
supercooling has a substantial effect on viability and
recovery of cells. For example, in a cell suspension supercooled to −8°C, spontaneous nucleation will result
in a latent heat release that will push the temperature
of the sample back to its melting point. Subsequently, the temperature of the sample changes more
rapidly to its surrounding temperature, however, because
the temperature difference between the sample and
its surroundings is relatively small, the cooling rate is
still slow and non-lethal. By contrast, if a sample is
supercooled to −15°C, spontaneous nucleation will
result in a large amount of latent heat release followed by a rapid rate of cooling to “catch up” to its
surrounding temperature. This rapid rate of cooling
over a larger temperature difference between the melting
point and the environment can be damaging to cells
and possibly result in cellular damage through intracellular crystallization. Another problem with
supercooling-associated latent heat release is that when
samples of large volume with low surface-to-volume
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ratios are frozen, the release of latent heat may cause
a long isothermal plateau in the sample being frozen.
This extended isothermal plateau will increase the temperature difference between the sample and the
surroundings, resulting in rapid non-optimal sample
cooling (Figure 2).The rapidness of cooling is further
intensified by the higher conductivity of ice than supercooled water. So from a practical perspective, the
cells undergoing supercooling during cryopreservation
have to withstand a series of large and abrupt temperature changes. Therefore, initiation of ice
crystallization in a controlled manner near the melting
point is a key factor to avoid supercooling-connected
cellular damage.
During large-scale cryopreservation, ice crystallization around the freezing point is critical for several
reasons. The spontaneous ice formation in solutions
far below their freezing points can occur at random,
unpredictable temperatures, and survival rates will be
highly variable among samples frozen using the same
freezing protocol. Extremely rapid crystallization due
to severe supercooling can also damage cells by inducing mechanical stresses from uneven expansion and
contraction, leading to unfavorable post-thaw results
[43]. Furthermore, ice nucleation near the freezing
point is required to initiate membrane transport for
vital cellular dehydration (see the next section for the
significance of cellular dehydration for optimal cell survival) at slow cooling rates. Because cell membrane
permeability decreases with lowering temperature,

Figure 2. This schematic indicates how sample supercooling can be observed on a time temperature profile (solid line). The equilibrium
melting point of the sample is shown as a red dashed line. When the supercooled solution nucleates, the release of latent heat of crystallization will result in an increase in sample temperature toward the equilibrium melting.
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cellular dehydration can only occur within a certain
range of subzero temperatures near the freezing point.
The sum of these effects support the concept that ice
nucleation near the freezing point is a critical parameter to consider in designing an optimal freezing
protocol for cells.
Slow or Rapid Cooling Injury. As ice forms near the
phase change temperature, the partially frozen extracellular solution becomes lower in chemical potential
than the supercooled intracellular solution [44]. This
results in a thermodynamically non-equilibrium state
that provides a driving force for the two biophysical
processes during freezing, cellular dehydration and the
formation of intracellular ice [4]. The rate of cooling
has a dramatic effect on these two biophysical processes
(Figure 3).
Slow cooling supports the steady growth of extracellular ice, which allows for the osmotic efflux of
water from the cell while driving up the intracellular
viscosity toward forming glass. As ice crystals grow,
solutes are excluded and the extracellular solution
becomes more concentrated and prolonged exposure of cells to these concentrated solutes can have a
detrimental effect. On the other hand, if the cell is
cooled too rapidly, adequate cellular dehydration will
not occur, and water gets trapped inside the cells.The
trapped water continues to supercool while the probability of lethal intracellular ice formation increases.
Cooling rates that are either “too slow” or “too fast”
reduce the post thaw survival of cells. Therefore, a

Figure 4. Peak survival of cells over varying cooling rates.

cooling rate for maximum cell survival exists between
the “high” and “low” rates [45]. This has been confirmed experimentally for a variety of cells, and the
curve of cell survival plotted as a function of the cooling
rate has a characteristic peak, as shown in Figure 4
[46]. Permeability of the membrane indicates how fast
the water can leave the cell at a given cooling rate.
Therefore, whether a prescribed cooling rate is too
“slow” or too “fast” is a function of cell membrane
permeability and the probability that any water remaining trapped within the cell at a given subzero
temperature will nucleate and turn to ice.
Because the difference in membrane permeability and probability of IIF results in different optimal
cooling rates for different cells, quantitative understanding of water transport across the cell membrane
during cryopreservation is critical for the success of
a respective protocol. Water transport during freezing of cell suspensions has been extensively studied
using various methods [45,47–49]. Furthermore, with
the addition of cryoprotectants, the membrane permeability reduces [50], and therefore the ability to
predict membrane permeability in the presence of cryoprotective agents (CPA) is also important.
Storage injury

Figure 3. Cooling rate dependent injury mechanisms after extracellular ice formation are shown. Adapted from Mazur [44].

Shelf life and stability. Stability of preserved cellular therapeutics is very relevant from a clinical perspective.
In general, the liquid phase of the nitrogen (LN2)
should be considered the most stable storage temperature and is considered the ultimate method of
choice for long-term storage. However, storage in liquid
nitrogen can potentially be undesirable because LN2
can act because a vehicle for cross-contamination [51],
forcing cell banks to primarily rely on storage in LN2
vapor phase (it should, however, be noted that risk of
cross-contamination has also been reported with LN2
vapor storage from environmental contaminants) [52].

Cryopreservation and shelf life of cellular therapeutics
Once a cell is taken to cryogenic temperatures, biological time all but ceases. Liquid water does not exist
below −130°C; the only states that do exist are crystalline or glassy, and in both cases, the viscosity is so
high (>1013 as opposed to 10−4 poises at 20°C) that diffusion is not significant over less than geological time
spans [53]. Ordinary chemical reactions (e.g., those requiring molecular motion) simply do not occur [54].
The only types of reactions that can occur in aqueous
systems at cryogenic temperatures are photophysical
events as a result of background ionizing radiation. Ionization occurs when the absorbed radiation has enough
energy to eject one or more orbital electrons from an
atom/molecule. This can cause direct damage when a
target molecule itself (such as DNA) reacts with radiation. Indirectly, in aqueous systems, radiolysis of water
through ionization can lead to generation of free radicals, which can then form radicals with other molecules
causing damage [54–56]. Background ionizing radiation has been estimated to be around 1.0–2.0 mSv/yr
(or 0.1–0.2 rad/yr) depending on location on the planet,
which arise primarily through natural causes such as
cosmic rays and terrestrial radiation sources [57].
Given that background ionizing radiation is the only
potential for damage to a properly cryopreserved cell,
analysis of the effects of this becomes relevant in the
context of determining shelf life. Historically, this has
been studied more thoroughly in microorganisms such
as yeast (e.g., Saccharomyces cerevisiae) and bacteria
(e.g., Escherichia coli) [54]. Stapleton and Dington
(1956) and Wood and Taylor (1957) showed that yeast
and E. coli could be exposed to about three times the
tolerable dose of x-rays at room temperature when the
cells were frozen to less than −30°C [53,58,59].Wood
and Taylor also showed that yeast frozen in the presence of oxygen is somewhat less sensitive to x-rays than
yeast irradiated at room temperature under anoxic conditions at high dose rates before significant repair can
be initiated, and in that sense, it is analogous to the
long-duration, low-rate irradiation that cells are subjected to at liquid nitrogen (LN 2 ) temperature
(−196°C) [54].
In studies of mammalian cells, the D0 (dose that
gives an average of one hit per target, yielding 37%
survival over the exponential portion of a survival
curve) at physiological temperatures ranges from 10
rads for the early mouse oocyte [60] to 30 rads for
mouse spermatogonia [61], to somewhat less than 100
rads for 1-cell fertilized mouse embryos in the pronuclear stage [62], to 100 and 150 rads for various
cultured cells [63].These data apply to cells in ambient
air. Under anoxic conditions, the D0 for cultured cells
is 2 to 2.5 times higher, or some 200 to 400 rads [63].
Burki and Okada (1970) reported that the D0 for frozen
mouse leukemic cells irradiated at 400 rads/min at
−79°C is 300 rads [53,64]. This is in agreement with
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the concept that irradiating frozen cells is somewhat
analogous to irradiating anoxic cells at physiological
temperatures. On the basis of this information and considering background radiation of 0.1 rad/yr, Mazur
(1976) estimated the attainment of a dose equal to
D0 in mammalian cells stored at −196°C to be between
200 and 3000 years [53].
From a practical standpoint, Whittingham et al.
(1977) first proposed what amounted to a method of
accelerated age testing of cryopreserved cells using increased radiation exposure to simulate extended, longterm cryostorage [65]. For these studies, frozen mouse
embryos were stored in liquid nitrogen freezers and
placed at three distances from a small radium source.
The liquid nitrogen levels were kept constant and the
freezers were partially rotated weekly to allow uniform
exposure. The radiation doses investigated amounted
to 1.8×, 9× and 84× the background dose level at the
experimental site. The investigators regarded the 1.8×
dose as the control to account for variation among
background radiation level from different geographic locations around the world. When the background
level of radiation was increased ninefold, no adverse
effect was found on embryo storage for up to 2.5 years
(equivalent to approximately 20 years of storage in
ambient background radiation). Additionally, while implantation rates were lower at 84× the background dose
for the longest exposure time (equivalent to approximately 184 years of storage under ambient radiation),
survival immediately upon thawing did not seem to
be affected [65].
Another more recent study investigating the consequences of irradiating cryopreserved peripheral blood
mononuclear cells (PBMC) revealed that frozen cells
actually tolerated irradiation better than those exposed
at room temperature [56].This has been observed previously and some radiation protection from low
temperature directly has been described for cultured
human kidney cells [66] and HeLa cells [67,68]. In
this case, the frozen state reduces or eliminates the secondary chemical consequences of x-rays arising from
diffusible substances and leaves only the effects of direct
ionizations. There are also potential chemical protective effects of CPAs such as DMSO and glycerol [69]
that further increase radiation tolerance. Consistent
with the previously mentioned studies on microorganisms, investigators studying irradiation of
cryopreserved HeLa Cells or Chinese hamster cells
cryopreserved in DMSO to LN2 temperatures observed 3.3 to 3.5 times the tolerable radiation dose
as compared with 22°C exposure [69,70]. Results of
these studies indicated that it would require approximately 30,000 years of storage of cells in 10% DMSO
at −196°C before and accumulated x-ray dose from
background radiation would reach a level that, upon
cellular rehydration and resurrection, would result in
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the equivalent lethal and chromosomal damage of an
acute (e.g., 90% dead, or D10) dose [69].
With the preponderance of scientific data pointing towards the ability for cryopreserved cells to remain
stable hundreds if not tens of thousands of years, the
question remains as to why some literature reports have
indicated drops in survival after extended periods of
cryostorage time [71]. The most likely reason for this
apparent phenomenon is inappropriate maintenance
of storage. Cell pre-cryo preparation, cryopreservation
procedures, and post-thaw treatment are normally controlled; however, sample storage can be undefined and
uncontrolled, with temperature fluctuations occurring during sample transfer to LN2 tanks, sample
storage, sample sorting and sample removal [72].This
is particularly the case in clinical environments not
purpose-designed for long-term cryostorage.To ensure
the long-term viability of stored cells, it is important
to ensure that storage areas are well controlled with
regular checks on LN2 levels and vessel-filling rotations as well as staff training [73].
When cells are stored in frames (for bags) or racks
(in the case of cryo-vials), a frame or rack containing several to potentially hundreds of samples is
transiently removed from storage for removal of the
desired sample and then returned to storage. This
exposes some samples to several if not hundreds of
transient warming events. To better understand the
impact of such multiple temperature fluctuations on
cells, a recent study investigating peripheral blood stem
cell (PBMC) storage evaluated the results of 400 such
cycles [72]. In this study, the investigators compared
ideal LN2 vapor storage (reported as −135°C), cycling
to +20°C for 5 min, and cycling under a protective
hood to mitigate temperature fluctuations. In this study,
the samples removed from storage without protection reached a temperature of −60°C before being
placed back into LN2 vapor. Results of this study indicated a significant reduction both in gross viability
as measured by dye exclusion assay as well as T-cell–
specific response in the samples that were cycled
without protection. Repeated temperature shifts led
to a decrease in all measured parameters [72].
For these reasons, when developing a shelf-life estimate for cryopreserved cells, if cryopreservation
processing methods are optimized and have been validated, and assuming a storage temperature of <130°C,
it is more appropriate to base the shelf life on how
many transient events will occur (either due to LN2
storage tank level or sample removal) than on time
itself.
Thawing/warming injury
Cells that have survived cooling and extended storage
at low subzero temperatures are still challenged during

thawing, which can have effects as profound as the
effects of cooling rate [4]. Suboptimal warming is often
a root cause of cryoinjury in cryopreserved cells and
tissues. Although there are several potential mechanisms of cellular damage that may occur during
thawing from a frozen state, cryoinjury may result in
part from recrystallization (also known as Ostwald ripening). This phenomenon occurs when innocuous
extra- or intracellular ice formed during freezing melts
and coalesces into larger, more damaging crystals
during a temperature excursion or suboptimal warming
procedures (typically slow warming). Although the
amount of ice stays constant, change in ice shape and
size can cause injury to cells.
The relationship between the cooling and warming
rates and the effects of thawing or warming depends
on whether the prior rate of cooling has induced cellular dehydration or IIF. Previous research has shown
that the thawing response to slowly cooled cells is often
complex and highly variable and is more difficult to
predict a priori [74]. In some studies, no differences
have been observed between slow and rapid thawing,
whereas in other studies, slow thawing is either better
or worse than rapid thawing depending on the freezing conditions and/or cell type [75].
Thermodynamically, slow cooling favors the formation of fewer extracellular ice nuclei, from which
a smaller number of ice crystals grow to a larger size.
Sufficiently slow cooling will prevent IIF by dehydration and causes progressive freeze concentration leading
to increase in viscosity, reduction in diffusion coefficients and ultimately a glassy matrix when no more
water is available to crystallize. At slower cooling rates,
the extent of dehydration and the subsequent end temperature at which the cells are plunged into LN2
following slow cooling are influential on the optimal
thawing rate used. For example, when cells are slowly
cooled to −40°C followed by a plunge into LN2, a rapid
thawing rate may be optimal.This is because at higher
end temperatures, the cells still maintain residual
freezable water that does not crystallize during subsequent plunge into liquid nitrogen but undergoes what
is known as vitrification to form metastable glass.
During this vitrification step, rather than the phase
changing from liquid to solid by crystallization (ice),
an amorphous solidified liquid is formed with little
to no crystallization. Because the recrystallization
process is time dependent, during slow thawing rates,
the metastable vitrified water will exhibit devitrification and have sufficient time for re-growth to large
intracellular crystals causing damage to the cells. On
the other hand, during rapid thawing the probability
of substantial devitrification and regrowth of damaging ice crystals is relatively low, due to the high speed
and short time of thawing. When slow cooling is continued to −60°C or lower, cells will lose most if not
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all freezable water and shrink in volume considerably.The intracellular freeze concentrate will therefore
form a more stable glass following a plunge in LN2
and consequently may not undergo devitrification or
recrystallization regardless of the warming rate. In this
case, the optimal warming rate will be more dependent on the balance between osmotic and solute effects.
Rapid thawing of the cells may cause considerable
differences in solute concentrations and rapid influx
of the solvent (water) may induce lethal osmotic shock
to the extensively dehydrated cells. However, slow
thawing may cause longer exposure to concentrated
solutes introducing solute related toxicity to the cells
during the transition from a glassy state to a liquid
phase. Therefore, for slow cooling cryopreservation,
the thawing rate employed is dependent on the cell
tolerance to osmotic and solute effect, which is cell
type– and/or species-specific.
If the cells experience rapid cooling rates during
cryopreservation, the probability of ice formation increases both inside and outside the cell, resulting in
numerous ice crystals of smaller size. In this case, rapid
thawing is almost exclusively required to avoid recrystallization of small intracellular ice crystals formed
during the prior cooling step.The smaller ice crystals
maintain high surface energies and tend to grow into
harmful large ice crystals by recrystallization given sufficient time, as is the case with slow thawing rates.
Therefore, a slow thaw following the use of rapid cooling
would be expected to have detrimental effect on cells.
As discussed earlier, for slowly cooled cells, a wide
range of thawing rates can be used depending on the
conditions the cells experienced during the initial
cooling step. Over the years, research on adult stem
cells has revealed slow cooling combined with rapid
thawing with agitation is optimal. However, in a largescale bio-banking, where large batches of cells are
normally cryopreserved, often at large volumes per vial
or bag, achieving rapid thawing rates is particularly
difficult because the thermal mass of the specimen
dictates the warming rate that can be achieved. Additionally, where cells are densely packed for
cryopreservation, the modified ice kinetics that occurs
during cooling will have an effect on the thawing rate
required for optimal survival.
Cryoprotective agents
The addition of CPAs is a common practice during
cryopreservation to reduce the freezing and thawing–
induced damage to the cells.The CPAs protect slowly
frozen cells through colligative effects by mitigating
the solute damage via suppression of salt concentration in the unfrozen fraction at a given temperature.
It is also presumed that the increasingly high viscosity of CPAs during lowering of the temperature may
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inhibit or retard damaging ice crystal growth. There
is a large divergence in choice of CPAs, ranging from
low molecular weight solutes (permeating) such as
DMSO and glycerol, to sugars such as sucrose and
trehalose (non-permeating), to high molecular weight
polymers such as polyvinylpyrrolidone and hydroxyethyl
starch. The effectiveness of a given CPA for a given
cell type usually depends on the permeability of that
cell to that CPA and its toxicity [76]. Currently the
most widely used CPA is DMSO because it is known
to permeate most cells well and has historically yielded
better results post-thaw than other CPAs for most cell
types, and it is also available in pharmaceutical- and
pharmacopeia-grade preparations.
The base media used to prepare the CPA can also
be important. Typically, an isotonic electrolyte solution approved for infusion, such as Isolyte (B. Braun
Medical, Inc.) or PlasmaLyte (Baxter Healthcare, Ltd),
may be used as the solvent to prepare a 5–10% concentration of DMSO. Although this system may be
straightforward from a regulatory perspective, these isotonic salt solutions are devoid of proteins, fats and
cholesterol and may not provide for the best
cryopreservation outcomes. Historically, fetal bovine
serum has been used either as a supplement or the base
media for cryopreservation with good success; however,
safety concerns have made this impractical for clinical use. Recent work has been done to replace fetal
bovine serum with clinically reasonable protein sources,
such as human serum albumin; however, many of the
other factors present in more complex preparations are
likely contributory for cryosurvival, such as lipids and
cholesterol.This has prompted investigation into other
animal sources, such as buffalo [77], and other human
sources, such as human platelet lysates, which contain
human albumin as well as lipids, cholesterol, cytokines
and anti-inflammatory factors (unpublished observation, E.J. Woods, Cook Regentec, 2014).
Cytotoxic effect of CPAs
Despite the cryoprotection they offer, some CPAs can
also be harmful to cells. For instance, DMSO is potentially cytotoxic and can have negative systemic effects
in vivo when infused. This complicates direct use of
thawed cells in clinical applications using previously
cryopreserved cells with this compound. The clinical
use of frozen-thawed hematopoietic stem cells (HSC)
treated with DMSO has been shown to cause mild
to serious adverse reactions in animals as well as in
humans [78–83]. On the basis of these toxicity considerations, the removal of DMSO from frozenthawed cells is often considered prudent before clinical
use if large volumes of DMSO are included in the preparation to be delivered. International Conference on
Harmonisation guideline Q3C defines DMSO as a
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class 3 solvent (solvents with low toxic potential), and
as such residual solvent levels of 50 mg per day or less
would be accepted by regulators without justification; quantities greater than this would need to be
evaluated for safety [84]. Cell-washing methods using
isotonic salt solutions and centrifugation for DMSO
removal are somewhat effective, particularly at laboratory scale, but introduce mechanical forces and
osmotic stress, causing cell packing/clumping and potentially significant cell loss as well as putting burden
on clinical sites and creating a potential break in aseptic
conditions [8,85]. Taken together, this evidence suggests that for clinical applications, it is highly desirable
to develop cryopreservation protocols either with lower
concentrations of DMSO or with non-toxic alternatives to DMSO. Several studies have investigated, with
promising results, either freezing with minimal concentrations of DMSO or replacing DMSO with nontoxic alternatives [86–88].
Osmotic effects of CPA
In addition to toxicity considerations, CPAs can also
play a direct role in producing cryoinjury if they are
not optimally added and removed in a cryopreservation
process [67].This is because CPAs can potentially induce
osmotic injury to the cells during their addition and
removal, and the higher the CPA concentration, the
greater the likelihood of damage.While permeating CPAs
do indeed penetrate cells, none to date have been identified that cross their membranes as quickly as water.
The addition of a permeating CPA therefore causes the
cell to undergo extensive initial dehydration due to
osmotic efflux of water followed by rehydration due to
influx of the CPA and water. During removal of a CPA,
the cells at first swell due to the osmotic influx of water
and then slowly return to initial isotonic volume as the
CPA and water leave the cell.These repeated volumetric changes can result in significant loss of functional
integrity and even cell death [89].
The rate at which a permeable CPA diffuses into
the cells varies between the cryoprotectants and is also
temperature and concentration dependent. For this
reason, impermeable solutes such as sugars are often
added to dilution media to prevent excessive osmotic
swelling during post-thaw CPA removal. As mentioned earlier, CPA diffusion across the membrane is
also a function of concentration and temperature.The
higher the concentration, the faster and more extensive the osmotic shock. This may be overcome either
by gradual or stepwise addition and dilution of CPAs
before freezing and after warming [90–92]. Temperature also has a profound effect on permeation because
CPAs tend to penetrate more rapidly at higher temperatures. CPAs also reduce the temperature at which
ice crystallization first occurs, thereby extending the

osmotically driven dehydration time during freezing.
Therefore, procedures for the addition and removal of
a CPA must be optimized according to specific cell characteristics to ensure successful cryopreservation. The
dynamics of cell volume changes must be maintained
within the tolerable limits by carefully selecting the
optimal type and concentration of a CPA along with a
cooling rate that yields the optimal time necessary for
diffusion of a CPA in and out of the cell during cooling
in the presence of ice. For this, information is required
regarding the osmotic tolerance limits of cells, defined
as the extent of volume excursions cells can withstand
before irreversible loss of function occurs. In addition,
to optimize addition and removal of CPAs, it is also necessary to define other osmotic properties, such as
osmotically inactive cell volume, hydraulic conductivity and solute permeability of the cell.
Factors pertaining to systems and devices
Although overlooked at times, especially earlier in the
development process, the freezing/storage systems and
devices used for cell therapies can play a critical role.
A variety of aspects within the cold chain process
should be considered for clinical and commercial development. The freezing equipment, product storage
containers and transport logistics can vary significantly and effect product success. As products move
from clinical trials into true manufacturing, scale
becomes significant. Laboratory and even clinical trial
scale is often orders of magnitude lower than what will
be encountered as products reach mainstream clinical production. Many solutions have been proposed
and are under development, some of which rely on
technology initially conceived for food preservation,
such as high throughput tunnel freezers and spiral
freezers produced by Praxir, Linde and others. Such
high-throughput controlled rate and storage devices
will become crucial for the ultimate success of many
cell-based products.
As discussed earlier, the use of cryogenic temperatures (below −150°C) is often applied for cell
therapies. Liquid nitrogen or LN2 vapor phase is the
standard method for achieving cryogenic temperatures for storing stem cell products. These cell-based
products are usually frozen down using a controlledrate step-wise process using both manual and automated
systems. Cooling rates between −0.5°C and −2.0°C
per minute are often employed to minimize temperature shock and optimize cell viability and recovery.
Traditional low-cost manual methods often use devices
such as the Mr. Frosty container (Thermo Scientific)
or the CoolCell device (BioCision).These systems are
widely used and accepted within the research community. Such devices are typically maintained in a
refrigerated environment before use. Cryovials are placed
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into the chilled device, and then the entire device is
moved to a −80°C freezer.They remain in the freezer
for a minimum of 16 h or until the samples reach −80°C.
The vials are then transferred from the device to an
LN2 tank for long-term storage. For clinical applications, larger and more expensive automated controlledrate freezing systems are typically used. A number of
systems are available, including solenoid driven LN2
vapor systems (Planer, Planer PLC; CryoMed,Thermo
Fisher Scientific) and sterling cycle driven systems (VIA
Freeze, Asymptote). Many of these systems can be used
for freezing contents in cryovials or cryobags.The automated systems are programmable, and the cooling
chambers are typically cooled by LN2. As with the
manual devices, the vials or bags are often chilled/
frozen to −80°C and then transferred to LN2 tanks or
vapor storage systems for long-term storage.
A variety of container options exist for frozen
storage of cell therapy products, but users should consider their requirements when determining the
appropriate container. Frozen storage container consideration should include type of application (research
or clinical), fill volume, temperature, aseptic filling and
removal access, sterile containment, container biocompatibility, possible regulatory requirements and
scalability options. Small volume products (5 mL or
less) are typically best suited to be contained in vials
because some product loss can occur in the attached
tubing or ports if using cryobags. The use of cryovials
for cryopreservation storage is standard practice, especially for research and development uses. However,
traditional screw-cap cryovial containers are not ideal
where clinical and larger scale applications are intended as they rely on open processing steps. If clinical
applications are anticipated with small volumes, disposable closed-system cell freezing containers such as
the CellSeal closed-system cryogenic vial (Cook
Medical) or the Crystal closed vial (Aseptic Technologies) should be considered.
Standard bags and vials on the market are all produced using single-use thermoplastic materials (COC,
EVA based, FEP, etc.) designed to withstand cryogenic temperatures. It should be noted that although
bags are rated to cryogenic temperatures, the tubing
(PVC, C-Flex) and connectors often used for connecting and filling them are not rated for use and storage
at cryogenic temperatures.These components are commonly used for filling only and removed before freezing
and storage. In addition, for clinical products, a full
validation package or regulatory approvals may be warranted. Several bag systems currently commercially
available include the CryoStore (Origen Biomedical), CryoMACS (Miltenyi Biotec) and Cell Freeze
(Charter Medical) frozen storage containers.
In addition to frozen storage, transport logistics
should also be considered when developing a frozen
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storage protocol. If products are required to be transported from one location to another (i.e., from
production site to patient), the optimal container, temperature and shipper, need to be considered, along with
the proper testing and validation. For frozen products, two standard methods exist, dry ice or liquid
nitrogen (LN2) dry shippers. Both options are fairly
common, but dry ice shippers maintain a temperature
at approximately −80°C, whereas liquid nitrogen shippers maintain products temperatures at approximately
−196°C.The length of transit time is important because
dry ice shippers can generally maintain temperatures for 24–48 h, whereas LN2 dry shippers can
maintain temperatures for 10 days or more. Upon
receipt of the cells, clinical sites need to be prepared
to use the cells quickly or store them for some period
of time before use. This can be accomplished through
mechanical ultra-low freezers, liquid nitrogen vapor
storage units, or potentially using protocols in which
cells are warmed to −80°C and stored for some period
before use. In the latter case, those protocols must be
validated and may be cell- and system-specific and time
dependent. It is important to note that traversing the
Tg of a system creates the potential for ice nucleation, and the more nucleation intracellularly, the more
potential for recrystallization upon thaw and subsequent cell damage. This is a time dependent process,
that is, the longer the sample is held above the Tg,
the more likely nucleation is to occur, but molecular
motion at such temperatures is still slow. Proper secondary storage containers and packaging are also
necessary to ensure the frozen storage containers and
products are not damaged during transport.
A best practices systems approach to
improved biopreservation
When developing methods for improved
cryopreservation of cells, the focus tends to be on the
ice-inhibiting cryoprotectant(s), the cooling rate steps,
the storage temperature, and thawing. As mentioned
earlier, there are potential stresses that can negatively
precondition the cells before cryopreservation, and then
mechanisms of cell damage or death that may manifest for hours to days post-thaw.Therefore, best practices
to support a “systems” or risk-based approach to reduce
the potential stresses that can result from biopreservation
or stability intervals would likely benefit from focus.
The focus should start with the source biologic material, including cell/tissue processing, non-frozen and/
or frozen storage, packaging, thermal cycling or adverse
warming events, transport integrity, and stability through
patient application. Cells isolated and manufactured
from the cellular starting material may require different cryopreservation conditions at different stages
of product manufacturing (e.g., cell bank, frozen
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intermediate, retained samples, final drug product) as
their characteristics are altered.
Cellular therapies and regenerative medicine use
cell and tissue products sourced from blood, bone
marrow and various tissues. The clinical and commercial success of these products is potentially affected
by stability limitations, which include transport of the
source material before cell processing. This focus on
potential upstream impact is consistent with the lessons
learned from hypothermic organ preservation for
transplant [26,93], which led to the development of
improved hypothermic preservation solutions that were
intracellular-like in chemical composition rather than
isotonic-based [35,93].
Following isolation and processing, cells are prepared for storage in combination with a media
formulation. As described earlier, for cryopreservation,
the formulation includes a cryoprotectant agent (CPA)
with the non-CPA components of the cryo-cocktail
traditionally based on isotonic-based media such as
serum, culture media or balanced salt solutions, with
the potential addition of a protein. Recent focus on
the hypothermic continuum (both during freezing
and also thawing) as in organ preservation, and
further design of the non-CPA components of the
cryopreservation media with targeted inhibition of
cellular stress, have resulted in intracellular-like

(non-isotonic) formulations with promising results and
also the elimination of serum or protein [94,95].
Cell type–specific optimization of the cooling rate
and the temperature of storage in relation to the glass
transition temperature may improve the biopreservation
outcome. Furthermore, an oft-neglected aspect of
frozen storage is the limitation of thermal cycling or
transient warming events. The potential stresses from
this thermal variability have been shown to have a negative impact on cell stability [96]. In addition to the
events of thawing detailed earlier, consideration should
be given to the positive/negative impact of post-thaw
wash steps (both in consideration to the cell product
as well as to the manufacturing or clinical delivery
workflow). Cells may be osmotically buffered (or not)
by the media environment during and after thawing,
they may be sensitive to post-thaw exposure to
cryoprotectants, and they may also be significantly affected by potential stresses introduced during wash
steps. All of these accumulated and isolated stresses
subsequently impact post-thaw stability (yield, viability, cell/molecular integrity, and functionality).
Finally, in consideration to a risk-based approach
to product development, it is advised to evaluate the
Quality/Regulatory footprint of all components within
the biopreservation system (media formulations,
packaging, shipping containers, labeling, etc.) for

Table I. Summary of definitions of damage mechanisms and factors to consider associated with a cryopreservation process.
Damage mechanism
Osmotic injury or
toxic injury
Cold-shock injury
Chilling injury

Cooling injury

Storage injury

Thawing injury

Post-cryopreservation
processing

Description and factors to consider
Injury due to the addition and removal of cryoprotective agents. Cell-specific characteristics such as
biophysical parameters (size, shape, membrane permeability to water and cryoprotectants, osmotically
inactive water, osmotic and volumetric tolerance limits) should be considered.
Injury due to an abrupt change in temperature. Cooling rate should be considered, with very slow
(<0.5°C/min) cooling rates applied to cold shock–sensitive cells.
Injury due to prolonged exposure to cold (but above cryogenic) temperatures. Absolute exposure time is the
most critical factor to consider. If cells appear to be chilling sensitive but are tolerant of a cryoprotectant
such as DMSO at warmer temperatures, strategies can be employed to perform cryoprotectant additions at
or near room temperature and reduce the amount of time “chilled.”
Injury associated with extracellular and intracellular ice formation. Factors to consider can be cell type–
specific and include cooling rate, ice nucleation regimen, supercooling, end temperature before transfer to
storage, cellular dehydration, intracellular ice formation and hypertonic solute toxicity.
Injury due to unwanted thermal fluctuations (transient warming events), cosmic rays and free radical
formation. Factors to consider include the glass transition temperature of the cryoprotectant and careful
maintenance of the storage temperature at all times. Properly cryopreserved and stored cells are viable
indefinitely. Although practically challenging, if at all possible a sample should never be removed from
cryostorage until it is to be used; otherwise temperature of the sample should be monitored throughout any
temporary removal (such as removing a rack of vials or frame of bags). Additional considerations should
include the use of closed system containers for storage (in vapor or liquid).
Injury associated with warming sample from LN2 storage temperature to above phase change temperature.
Potential recrystallization during warming should be considered. If slow cooling is used, a wide range of
warming rates are likely acceptable; however, faster warming generally may result in less intracellular
recrystallization.
Upon thaw, cells are in a potentially compromised state. Care must be given to appropriately prepare them for
use. If a permeable cryoprotectant is used (such as DMSO), knowledge of cell-specific osmotic
characteristics is important. Cells swell and may lyse upon removal of permeable cryoprotectants and may
not survive one-step dilution. If cells are administered directly from thaw without dilution or a washing step,
this is effectively a one-step dilution and may result in significant cell loss in vivo.
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qualification within a Good Manufacturing Practice
process and/or for clinical application. All of these potential stress points within the life cycle of the cell
product (including packaging and cold chain management) from source material to patient application,
affect the clinical therapeutic efficacy and commercial viability of the cell or tissue product. Additionally,
becoming dependent on a sole supplier of a key excipient used in cryopreservation is a significant risk,
which is why it is often necessary to identify multiple suppliers or have escrow agreements in place that
provide the list of ingredients in case the vendor goes
out of business so that the excipients can then be made
for the end user by an alternative manufacturer.
In conclusion, successful cryopreservation is a
critical and potentially overlooked component of
successful cellular therapeutic development. A strong,
science-driven approach to defining the optimal
cryopreservation, storage, shipping and thaw parameters should be a central part of any such program.
Some of the key damage mechanisms and associated factors to consider described here are summarized
in Table I. It is important also to consider that in developing a cryopreservation process, variables should
be adjusted not just on the basis of total cell recovery and gross viability, but on functional recovery, with
the specific product efficacy requirements in mind to
define what “functional” means to that specific cellular therapeutic product. If a robust cryopreservation
and post-thaw processing system is developed, the
product shelf life is essentially indefinite so long as temperature is maintained.
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