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Introduction: A bioartificial liver comprising alginate-encapsulated liver cell spheroids (ELS) could bridge the gap to
transplant or spontaneous recovery in acute liver failure, but will be required for emergency use, necessitating
cryopreservation. A cryopreservation protocol has been developed, but beyond this, the feasibility of cold-chain
storage is considered here. Cryopreservation will be increasingly required for timely delivery of tissue and bioen-
gineered products, and significant, but often, over-looked factors that impact on cost and ease of clinical application
are the storage temperature and useful preservation time. Storage in the vapor phase of liquid nitrogen (*- 170�C) is
the gold standard, but for safety and economic purposes, storing ELS in electric freezers at - 80�C may be preferable.
Methods: ELS were cryopreserved using an optimized protocol and stored at either - 80�C or at - 170�C for up to 1
year. ELS were removed from storage after 1, 2, 3, 6, 9, or 12 months, and recovery was assessed 24 h postwarming.
Cell recovery was assessed using viability (fluorescent staining with image analysis), cell number (nuclei count), and
functional (hepatospecific protein enzyme-linked immunosorbent assay) assays.
Results: Viability, the viable cell number, and function of ELS stored at - 170�C were maintained at similar values
throughout the year. In contrast, ELS stored at - 80�C exhibited decreased viability, viable cell numbers, and function
by as early as 1 month. Progressive deterioration was subsequently observed. After 12 months of storage at - 80�C,
viable cell recovery of ELS was *15% that of ELS stored at - 170�C.
Conclusions: While convenience and cost might support the use of - 80�C for storage of multicellular bioengineered
products such as ELS, results indicate rapid deterioration in functional recoveries after only a few weeks. This study
demonstrates that storage temperature is an important consideration in regenerative medicine and caution should be
applied by limiting storage at - 80�C to only a few weeks.

Introduction

Future applications in regenerative medicine will in-
creasingly require a robust cryobanking step to be able to

deliver cell products, produced under regulatory-compliant
conditions to be delivered as and when required by health
services. Our group has focused on development of encap-
sulated liver cell spheroids (ELS) as a part of a bioartificial
liver (BAL) to bridge the gap either to transplant or to
spontaneous recovery in patients suffering from acute liver
failure (ALF).1 The system requires conditioning culture for
up to 10 days to allow formation of 3D ELS that are suffi-
ciently functional to treat ALF. ALF, however, can develop
within 1–2 days and requires immediate support.2 To meet
this demand with sufficient quality-assured, batch-tested
ELS, a scale-up process with cryobanking is a necessary step

in the overall production plan. Cryopreservation of ELS with
high functional recoveries in postwarming cultures itself is a
challenge, but we have recently developed an improved
protocol that has centered around control of the ice nucle-
ation step to reduce random super cooling (to below the
melting point of the mixture) and possible subsequent in-
tracellular ice formation, by including an ice-nucleating
agent, cholesterol.3 Samples of ELS were routinely stored in
the vapor-phase nitrogen (below - 170�C) before rewarming.

To move to scale-up and eventual clinical trials, there are
several factors to consider in developing a suitable cold-
chain for delivery, which include not only scientific optimi-
zation of the cryopreservation step but also costs, logistics,
and ease of end-user application. One of these factors is end
temperature for cryopreservation and storage of the cryo-
preserved products of ELS (which link through to the often-
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overlooked logistics required for transport of cryobanked
materials between production facilities and end-user sites).
Vapor-phase nitrogen storage is the gold standard in many
cell cryobanking facilities,4 but requires the logistical re-
sources for delivery, handling, and maintenance of liquid
nitrogen supplies. Moreover, the use of nitrogen requires
personnel to be trained in its use and specific storage facili-
ties (which must be well ventilated, etc.) to meet safety re-
quirements. Storage in electrical freezers at - 80�C may
simplify and reduce costs in the cryobanking stage, and can
be readily interfaced with automated sample management.5

There have been previous reports from the tissue-banking
literature, particularly for cryobanking of heart valves that
- 80�C storage is inferior to that in vapor-phase nitrogen.6 On
the other hand, in different cell types (peripheral blood
mononuclear cells), storage at - 80�C was suggested to yield
acceptable recoveries for up to 1.5 years (although recovery
did decline beyond this storage time).7

Despite these reports, little data are available regarding
appropriate storage temperature for cell therapy products
such as cell organoids. In particular, we could find no liter-
ature describing the rate of attrition (if any) on functional
recoveries of organoid systems such as ELS. If, however,
storage at - 80�C did result in acceptable functional re-
coveries even for a few months, this information could be
used to formulate a cold-chain strategy, and a conventional
- 80�C storage freezer could be utilized. The aim of this study
was to investigate the effects of 2 storage temperatures
( - 170�C and - 80�C) on functional recovery of ELS for
storage periods up to and, including, 1 year.

Materials and Methods

Chemicals

Unless otherwise stated, all chemicals were sourced from
Sigma (Poole, United Kingdom).

HepG2 monolayer cell culture for production of ELS

HepG2 cells were obtained from the ECACC (Wiltshire,
United Kingdom) and maintained in a modified MEM-alpha
medium (Gibco, Paisley, United Kingdom) supplemented
with 10% FBS (Hyclone, Loughborough, United Kingdom),
100 IU/mL penicillin, and 0.1 mg/mL streptomycin. The
medium was changed every 2–3 days. Cells were counted
using a hemocytometer, and the viability was assessed using
trypan blue dye exclusion.

Alginate encapsulation and culture of ELS

HepG2 cells were encapsulated into alginate as described
previously. Briefly, 80% confluent monolayer cultures were
trypsinized and encapsulated into 1% alginate (alginic acid
sodium salt Macrocystis pyrifera kelp).8 Alginate beads con-
taining cells were resuspended in the culture medium at a
ratio of 1:32. The medium was changed every 2–3 days un-
less otherwise stated.

Cryopreservation and storage of ELS
over extended periods

About 250mL beads of ELS were exposed to 1 mL cryo-
preservation medium containing 15% w/v dimethyl sulfox-

ide (DMSO) in the University of Wisconsin solution (Belzer,
Madison, WI) to achieve a final DMSO concentration of 12%
with an additional 1.1 mg/mL cholesterol powder as an ice-
nucleating agent, for 10 min at 4�C, and transferred to 1.8-mL
cryovials (Nunc, Loughborough, United Kingdom) in 1.25-
mL volumes. A preprogrammed slow-cooling protocol9 was
applied using a Planer Kryo 10 Freezer (Planer, Sunbury-on-
Thames, United Kingdom) with the main cooling ramp
planned to control the sample temperature change at *
- 2�C/min. However, there were additional brief nonlinear
steps, and the full protocol was as follows: 8-min hold at 0�C
to ensure all samples had reached equilibrium at this tem-
perature; - 2�C/min to - 8�C; - 35�C/min to - 28�C;
- 2.5�C to - 33�C; + 2.5�C/min to - 28�C; - 2�C/min to
- 60�C; - 10�C/min to - 100�C; and - 20�C/min to - 160�C.
All cryovials for these studies were loaded with the same cell
batch on the same day for cryopreservation and storage.

ELS destined for storage in the vapor phase of liquid ni-
trogen (Group A) were removed once the cycle was complete
and transferred to the vapor phase of liquid nitrogen.
However, ELS destined for storage at - 80�C (Group B) were
removed once the chamber temperature of the Kryo10
Freezer had reached - 80�C and transferred to an electrical
freezer set at - 80�C (Revco, Langensebald, Germany). When
samples were removed for - 80�C storage, the Kryo10 au-
tomatically paused the cooling program until the chamber
lid was replaced before continuing cooling at 10�C/min to
- 100�C. The - 80�C freezer was fitted with alarms, and no
incidents of power failure or temperature drift were ob-
served over the whole 12-month period. Similarly, nitrogen
vapor storage was routinely checked three times per week,
and liquid nitrogen levels were maintained by filling three
times per week.

Groups A and B were stored for up to 1 year, but were
thawed at incremental time points (1, 2, 3, 6, 9, and 12
months). ELS were thawed rapidly in a 37�C water bath until
all visible ice disappeared. ELS were washed twice in a
complete culture medium [first, a chilled medium was added
slowly over 12 min, and then replaced with a warm (37�C)
medium] and returned to culture. Recovery of cryopreserved
ELS was assessed at 24 h postwarming, as we have previ-
ously shown this time point to be when the damage of ELS
from cryopreservation is most apparent.3 For comparison,
unfrozen ELS were assessed for viability and viable cell
number at the equivalent time point (i.e., 24 h after ELS were
removed for cryopreservation).

Viability assay

ELS (250 mL) were washed twice with 500mL PBS/Ca2 + /
Mg2 + (Lonza, Slough, United Kingdom) before dual staining
with 10 mL of 1 mg/mL fluorescein diacetate (FDA/DMSO)
and 20 mL of 1 mg/mL propidium iodide (PI/water). ELS
were incubated for 90 s at room temperature before 2 further
washes with 500mL PBS/Ca2 + /Mg2 + . Images were captured
using Lucia Imaging Software with a DX1200 camera at ex-
posures of 64 (FDA) and 250 ms (PI).

Quantification of viability

For quantitative measurement, the integral densities of
each stain were assessed using Lucia imaging software, and
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the viability was calculated as the percentage of live cells
within the total cell field.

Quantification of cell numbers from ELS

Beads were removed from culture, washed twice with
HBSS, dissolved in 16 mM EDTA/0.15 M NaCl for 10 min,
and centrifuged at 13,000 rcf for 5 min. The supernatant was
removed, pellet vortexed, and resuspended in phosphate-
buffered saline. The cell concentration was assessed using the
Nucleoview System (Sartorius Stedim, Epsom, United
Kingdom) according to the manufacturer’s instructions. Vi-
able cell numbers were calculated by multiplying the cell
number (determined using the Nucleoview system) by the
viability (determined using fluorescent staining with image
analysis) for each sample.

Functional assay by albumin secretion

Albumin secretion over 24 h was quantified by sandwich
enzyme-linked immunosorbent assay (ELISA). A fresh me-
dium (5 mL) was harvested after 24 h and stored at - 20�C. A
standard curve (25–200 ng/mL) using a known human protein
serum calibrator (Dako, Ely, United Kingdom) was produced.
Species-specific primary (Dako) and secondary horseradish
peroxidise-linked (Abcam, Cambridge, United Kingdom) an-
tibodies were used. Nonspecific binding was reduced using
5% nonfat milk. Optical density (492 nm) was measured (An-
thos HTIII plate reader; Labtech, Salzburg, Austria), and data
were analyzed using Biolise software (Labtech).

Differential scanning calorimetry

The glass-transition temperature of the cryopreservation
medium was determined using modulated differential scan-
ning calorimetry (DSC) with a Q2000 calorimeter (TA Instru-
ments, Elstree, United Kingdom). Briefly, aliquots of *80mL
were sealed inside high-volume stainless-steel pans and com-
pared with an empty reference pan. Samples were cooled at
20�C/min to - 150�C on 1 run. Analysis during warming was
at 3�C/min with modulation of 1�C/min to 25�C. Data were
analyzed using Universal Analysis software (TA Instruments).

Statistics

Statistical analyses were performed by Student’s t-Test
using Excel software.

Results

Viability of thawed ELS after storage at either - 170 �C
(Group A) or at - 80 �C (Group B)

Viability of control, unfrozen ELS remained high at
99.8% – 0.3%. After storage for 1 month, viabilities of the 2
cryopreserved cohorts showed a relatively small, yet signif-
icant, difference (group A-1m: 80% – 5% vs. group B-1m:
65% – 5%; p < 0.005). At all other time periods for storage at
- 170�C (groups A-2m, A-3m, A-6m, A-9m, and A-12m), the
recovered viability remained in the region of 75%, with no
statistical deterioration over time (see Fig. 1). However, after
storage at the higher subzero temperature ( - 80�C), viability

FIG. 1. Effect of storage temperature for up to 1 year on viability of encapsulated liver cell spheroids (ELS) at 24 h in
postwarming cultures. ELS were thawed, and viability was assessed at 24 h postwarming. Micrographs (top) show fluorescein
diacetate (FDA) (alive) and propidium iodide (PI) staining (dead) after storage time indicated. Images captured: · 4 original
magnification, 64 ms exposure FDA, and 250 ms exposure PI. Viability of ELS stored either at - 170�C (dark bars) or at - 80�C
(light bars) was quantified using image analysis. For the - 80�C stored samples, a clear deterioration over time was observed, to a
minimum after 12 months. **p < 0.01, ***p < 0.005–170�C compared to - 80�C at the same time point; aaa p < 0.005 cf. 1-month
storage at - 80�C, b p < 0.05 cf. 2-month storage at - 80�C and p < 0.005 cf. 1-month storage at - 80�C, c p < 0.05 cf. 6-month storage
at - 80�C and p < 0.005 cf. 1-,2-, and 3-month storage at - 80�C, ddd p < 0.005 cf. 1-,2-,3-, and 6-month storage at - 80�C.
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decreased progressively, such that in B-3m, it had fallen
below 30%, and in B-12m, it was lower again at *15%.
Viability in group B-12m was also statistically lower than B-
1m ( p < 0.005) (see Fig. 1).

Recoveries of viable cell numbers from ELS
after storage at either - 170 �C (Group A)
or - 80 �C (Group B)

Viable cell numbers of control unfrozen ELS were 4.4 – 0.2
million viable nuclei per mL alginate. Viable cell numbers
were maintained for the entire 12 months in ELS stored at
- 170�C (Group A) at *3.5 million viable nuclei per mL al-
ginate. Conversely, viable cell numbers of ELS stored at
- 80�C (Group B) showed a progressive decline in number to
a minimum after 12 months by which time, only *0.3 mil-
lion viable nuclei per mL alginate remained (see Fig. 2)
( p < 0.005). At all time points, viable cell numbers were
significantly improved by storage at - 170�C (Group A) com-
pared with - 80�C storage (Group B) ( p < 0.005) (see Fig. 2).

Functional recovery (albumin synthesis and secretion)
of ELS after storage at either - 170 �C (Group A)
or - 80 �C (Group B)

Similarly, when functional activities of ELS were investi-
gated by measuring albumin secretion, storage at - 170�C was
consistently superior (see Fig. 3)—at all time points, Group A
had significantly higher albumin secretion ( p < 0.01) versus
Group B. For this assessment, already by 1 month, albumin
secretion had fallen by more than 60% after storage at - 80�C
(Group B), whereas by 12 months storage at this temperature,
it was almost undetectable, and these losses were significantly
greater than in ELS stored for 1 month ( p < 0.005).

Differential scanning calorimetry

During rewarming, alterations in reverse heat flow were
observed between - 120.2�C and - 119.6�C, which are

characteristic of glass-transition temperatures seen in aque-
ous mixtures such as those used here.10

Discussion

The outcomes from this study clearly show that viability,
viable cell number, and integrated metabolic function were
lost in ELS stored at - 80�C compared to those stored at
- 170�C. ELS stored in the vapor phase of liquid nitrogen were
maintained over the year, with no change in recovery of ELS.
These findings are in agreement with other studies investi-
gating the effect of long-term storage at or close to - 170�C of
various cell and tissue types, including sperm11 and cardiac
valves,12 where no loss of viability or function was observed
during long-term storage, even for as long as 28 years.13

Conversely, ELS stored at - 80�C deteriorated over time,
resulting in significant losses in viability and function. These
data confirm other findings in either intact tissues (heart
valves)14,6 or single-cell suspensions of bone marrow pro-
genitor cells 15. In studies on the fibroblast populations of
heart valves (found unsuitable for transplantation), Brock-
bank et al. found that those stored for up to 2 years below
- 135�C maintained activity (glycine incorporation). How-
ever, fibroblast populations stored at - 80�C showed a gen-
eral decline in activity for periods out to 24 weeks, although
numbers were small.14 Similarly, Feng and colleagues6 in-
vestigated prostacyclin release as indicators of endothelial cell
function in porcine heart valve leaflets, and reported that
while function was maintained for 2 weeks at - 80�C, after 8
weeks of storage at this temperature, no prostacyclin syn-
thesis could be detected. Interestingly, when valves were
stored at - 170�C, a fall in prostacyclin synthesis was detected
after 6 months, but this remained constant at 12 months.
These differences are not easily explained, because in theory,
living cells that have survived during the cooling to tem-
peratures below - 170�C should be stable for many years.

Conversely, in a study on cryopreservation of human
peripheral blood progenitor cells, Sputtek and colleagues15

FIG. 2. Effect of storage temperature for up to 1 year on
viable cell numbers of ELS at 24 h in postwarming cultures.
ELS were thawed and viable cell numbers measured at 24 h
postwarming. Viable cell numbers of ELS stored either at -
170�C (dark bars) or at - 80�C (light bars) were quantified
using nuclei count. For the - 80�C stored samples, there was
a clear progression in the loss of viability with time, with
each later time point presenting a lower viable cell number
than the previous times points (except at 9 and 12 months,
where the viable cell numbers were very low, and no sta-
tistical difference could be measured between the two val-
ues). **p < 0.01, ***p < 0.005–170�C compared to - 80�C at the
same time point; aaa p < 0.005 cf. 1-month storage at - 80�C,
b p < 0.05 cf. 2 months of storage at - 80�C, and p < 0.005 cf. 1-
month storage at - 80�C, ccc p < 0.005 cf. 1 and 2 months of
storage at - 80�C, ddd p < 0.005 cf. 1,2,3, and 6 months of
storage at - 80�C.

FIG. 3. Effect of storage temperature for up to 1 year on
function of ELS at 24 h in postwarming cultures. ELS were
thawed and viable cell numbers measured at 24 h post-
warming. Total function of ELS stored either at - 170�C
(dark bars) or at - 80�C (light bars) were quantified using
enzyme-linked immunosorbent assay. There was again a
progressive loss in function as assessed by protein synthesis
in samples stored at–80�C, although this was not so clear as
the loss in viability and viable cell numbers at the early time
points (1–3 months); however, for albumin synthesis, there
was a statistical deterioration now evident between 9 and 12
months of storage. **p < 0.01, ***p < 0.005–170�C compared to
- 80�C at the same time point; aaa p < 0.005 cf. 1-month
storage at - 80�C and p < 0.05 cf. 2 months of storage at
- 80�C, bbb p < 0.005 cf. 1-month storage at - 80�C, c
p < 0.005 cf. 1-month storage at - 80�C, and p < 0.05 cf. 2,3 and
9 months of storage at - 80�C.

192 MASSIE ET AL.



stored samples for extended periods (5–52 months) in a
paired fashion at either - 80�C or - 170�C. In this case, re-
coveries of cell numbers after thawing did not differ between
the paired units, whereas colony-forming cultures (prolifer-
ation) were reduced by more than 90% in cells recovered
from - 80�C storage with storage times close to 2 years
(range 5–52 months).

In our present work, this was the first study undertaken
on the effect of extended storage temperatures in encapsu-
lated cells (multicellular ELS) that we could find. The study
also benefitted from the prospective storage of sufficient
samples from one initial cell production to allow direct
comparisons to be made at the different storage times, so
avoiding intersample variation, and also a robust ability to
assess outcomes against those measured after shorter storage
periods. Once again, storage at - 170�C was seen to be su-
perior in both recoveries of viable cells, and in functional
recovery estimated from albumin synthesis. Even by 1
month, there was a small, but significant, attrition in recov-
ery of viable cell numbers after storage at - 80�C (reduced by
*15%), but a much larger drop in albumin secretion (by
about 60%) compared to those stored at - 170�C. It is gen-
erally recognized that while activities such as urea produc-
tion or drug metabolism can be maintained to relatively high
levels even after cryopreservation, albumin synthesis is
much more sensitive to cryopreservation-induced hepatocyte
injury,16,17 and this concurs with our previous observations.3

For these reasons and the importance of albumin synthesis in
BAL function, it was the marker of choice to investigate ef-
fects of different storage temperatures.

These assessments were made at 24 h post-thawing, as this
is the time at which damage from cryopreservation is most
apparent. We have previously shown that ELS undergo
cryopreservation-induced delayed-onset cell-death (CIDOCD),
which is expressed over the first 24 h following rewarming,
and that recovery may be overestimated if measured too
soon after thawing, as CIDOCD is not yet fully apparent.3

Rather, these differences in outcome after 1 month at - 80�C
suggest that there may be subtle levels of latent cryoinjury (at
the subcellular level of organization, which can interfere with
protein synthesis, but which is not reflected by the penetra-
tion and activation of fluorescent stains). More importantly,
in terms of scale-up production of ELS, even short-term
storage at - 80�C would appear to be unwise from a scien-
tific perspective. In contrast, in ELS stored at - 170�C, the
indices of cell recoveries and function remained unchanged
over the entire 12-month period.

Encapsulation has been suggested as one strategy to
minimize the mechanical injuries imposed on cells during
cryopreservation and low temperature banking, an injury
that is probably of smaller significance than those attributed
to extreme dehydration or to intracellular ice formation, but
nevertheless, a potentially avoidable stress.18,19,20 However,
our current work provided no evidence for this. Indeed, ELS
stored at - 80�C showed progressive injury over the 12
months, which argues against any evidence for a major
physical protection by encapsulation during storage at tem-
peratures such as - 80�C.

It is clear that end-temperature cryobanking and storage
of ELS at - 80�C is not sufficiently low to prevent losses in
functional recovery. It is now generally accepted that for cells
to be successfully stored in the long-term, cells and tissues

need to achieve ultra-low temperatures below the glass
transition of the cell–cryprotectant mixture, so that no mobile
water fraction persists in the stored sample. These glass-
transition temperatures are typically quoted to be close to
- 120�C in the types of aqueous media containing DMSO that
were used here for cryopreservation of ELS,14,21 in agreement
with our own DSC findings in this study.

Thus, at - 80�C, the temperature can be high enough for
slow, but significant, alterations in the physical state of wa-
ter, including recrystallization of ice and/or devitrification of
freeze-concentrated fractions, which can cause injury. The
logistical benefits of using electrical freezers may seem at-
tractive in some cell therapy applications (for example, short-
term storage of adipose tissue samples to isolate adipocytes
or tissue stem cells for reconstructive surgery down to
- 70�C), but even after 1 or 2 days, poor recoveries of isolated
cells were reported with losses of more than 90%.22,23

Such evidence also cautions against the absolute as-
sumption that cells stored at - 170�C can safely enter a cold
chain for distribution in a transporter at - 80�C if maximum
cell numbers are required immediately on thawing, although
this was not a part of the current work and will need careful
evaluation in the future. The debate on transport tempera-
tures has been recently highlighted by work in other systems
(in this case, cryobanked embryos) where even transition to
vapor-phase nitrogen for transport may have coincided with
a loss of viability.24 Much is likely to depend on the time that
cryobanked materials are exposed to variable cryogenic
temperatures during transit. For ELS, specifically, future
studies will need to be carried out to define the safest con-
ditions (e.g., rates of warming,21 and requirements for an-
nealing steps), as samples pass through temperatures in the
glass-transition range before safe transport at - 80�C can be
assured. This may be different if cryopreserved cells are be-
ing shipped to establish new growing cultures at end use,
where significant cell losses can be tolerated as long as some
cells recover after thawing and enter the growth phase in
culture, and cellular debris from dead/dying cells can be
removed from post-thaw cultures so as not to damage the
surviving cell population. For a BAL to be successful, though
immediate post-thaw recovery is required, and so - 80�C
storage, even for brief periods, appears to be inappropriate
for this application. Not only is there a risk of insufficient
functional biomass being available following storage at
- 80�C, cellular debris (including DNA) from dead ELS may
be inadvertently returned to the BAL recipient with potential
inflammatory responses.

However, some groups have described that storage at
- 80�C is suitable, and differing (i.e., higher) glass-transition
temperatures (resulting from the use different cryoprotec-
tants) may offer an explanation for this. Alternatively, dif-
ferent cell types may possess a greater capability to cope
with recrystallization and/or devitrification. Therefore, al-
though this study is conclusive for storage of ELS here, the
same does not necessarily apply to all cell and tissue types
using all cryopreservation protocols.

In a recent report, Seki and Mazur examined the rela-
tionship between mouse oocytes stored at - 80�C or
- 196�C.25 In this study, vitrification techniques with high
CPA concentrations were applied, which differ from the
slow-cooling protocol used for the ELS. Nevertheless, these
authors showed a significant fall-off in viability by 3 months
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when the oocytes were stored at - 80�C, and this was more
pronounced at slower warming rates. The authors also
suggested that this was indicative of devitrification or re-
crystallization of ice in oocytes held at - 80�C, which is a
temperature higher than the glass-transition range for their
CPA mixture (* - 130�C). Interestingly, in oocytes exposed
to a vitrification solution EAFS10/10 (with a total solute
concentration of *60% w/w), but only cooled to - 80�C and
then stored at this temperature, ice nucleation events could
be detected, suggesting at least a small amount of extracel-
lular ice. If those partially nucleated - 80�C stored oocytes
were warmed extremely rapidly (+ 3000�C/min), only a
small viability loss by 28 days (from *90% to *60%) was
experienced, although further attrition took place by 3
months to 40% viability. These positive outcomes for oocytes
stored at - 80�C, dependent on the ultrafast warming, are
difficult to translate to ELS where large-volume cryopreser-
vation will be required, but they do add support to the ideas
about changes in the water state in temperatures in the re-
gion of - 80�C.

In summary, cold-chain delivery of cell products in re-
generative medicine is only one aspect of the overall process,
but it can have significant bearing on the clinical or economic
outcomes in the production process. Maintenance of appro-
priate ultra-low temperatures appears to be crucial. New
cryotechnologies are being developed to address these is-
sues, and these need to be fully evaluated in the next few
years.26,27
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