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Cryopreservation of assay-ready hepatocyte
monolayers by chemically-induced ice nucleation:
preservation of hepatic function and
hepatotoxicity screening capabilities†

Ruben M. F. Tomás, a Robert Dallman, a Thomas R. Congdonc and
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Cell culture plays a critical role in biomedical discovery and drug development. Primary hepatocytes and

hepatocyte-derived cell lines are especially important cellular models for drug discovery and develop-

ment. To enable high-throughput screening and ensure consistent cell phenotypes, there is a need for

practical and efficient cryopreservation methods for hepatocyte-derived cell lines and primary hepato-

cytes in an assay-ready format. Cryopreservation of cells as adherent monolayers in 96-well plates pre-

sents unique challenges due to low volumes being susceptible to supercooling, leading to low recovery

and well-to-well variation. Primary cell cryopreservation is also particularly challenging due to the loss of

cell viability and function. In this study, we demonstrate the use of soluble ice nucleator materials (IN) to

cryopreserve a hepatic-derived cell line (HepG2) and primary mouse hepatocytes, as adherent mono-

layers. HepG2 cell recovery was near 100% and ∼75% of primary hepatocytes were recovered 24 hours

post-thaw compared to just 10% and 50% with standard 10% DMSO, respectively. Post-thaw assessment

showed that cryopreserved HepG2 cells retain membrane integrity, metabolic activity, proliferative

capacity and differentiated hepatic functions including urea secretion, cytochrome P450 levels and lipid

droplet accumulation. Cryopreserved primary hepatocytes exhibited reduced hepatic functions compared

to fresh hepatocytes, but functional levels were similar to commercial suspension-cryopreserved hepato-

cytes, with the added benefit of being stored in an assay-ready format. In addition, normal cuboidal mor-

phology and minimal membrane damage were observed 24 hours post-thaw. Cryopreserved HepG2 and

mouse hepatocytes treated with a panel of pharmaceutically active compounds produced near-identical

dose–response curves and EC50 values compared to fresh hepatocytes, confirming the utility of cryopre-

served bankable cells in drug metabolism and hepatotoxicity studies. Cryopreserved adherent HepG2

cells and primary hepatocytes in 96 well plates can significantly reduce the time and resource burden

associated with routine cell culture and increases the efficiency and productivity of high-throughput drug

screening assays.

Introduction

Cell culture is a platform technology spanning biomedical dis-
covery science to pharmaceutical and biotechnology indus-

tries. Accurate and reproducible prediction of drug efficacy
and safety is crucial for new drug candidates to enter Phase I
clinical trials, requiring the understanding of drug metab-
olism pathways, potential drug–drug interactions, and adverse
effects.1 As the liver is the primary site for drug metabolism,
primary hepatocytes and the HepG2 cell line, a hepatocellular
carcinoma-derived cell line exhibiting many differentiated
hepatic functions, are the most widely used in vitro models in
pharmacological and toxicological studies to screen drugs for
hepatotoxicity, cytochrome P450 induction/inhibition, and
potential drug–drug interactions.2,3 Cryopreservation of cells
in suspension (vials) is the current approach for long-term
storage and transportation, but most laboratory-based drug
screening applications require cells as adherent monolayers.4
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Thus, cryopreserved cell lines must be thawed from suspen-
sion, propagated, and finally plated into well plates for drug
screening applications, which takes significant time and
resources. The routine handling of cell lines also generates
multiple types of single-use plastic waste (with different dispo-
sal/recycling routes), the potential for genetic drift and
requires specialist knowledge (e.g. substrate specificity, growth
factors, inducers) to establish.5–7 Specifically, cryopreserved
primary hepatocytes exhibit reduced hepatic functions com-
pared to fresh, such as albumin and urea secretion, and lower
initial attachment efficiency due to the downregulation of
adhesion proteins.8–11 This poses a challenge as high-density
hepatocyte monolayers are necessary to ensure high viability.12

Therefore, a practical, efficient, and sustainable method for
the cryopreservation of hepatocyte-derived cell lines and
primary hepatocytes in an assay-ready format, such as mono-
layers in well plates, would facilitate drug metabolism studies
and high-throughput screening. The distribution of assay-
ready cells would also ensure phenotypically identical cells
and save days/weeks of cell culture, optimising time spent by
cell users.

The gold standard cryoprotectant for mammalian cell cryo-
preservation in suspension is 10% dimethyl sulfoxide (DMSO).
However, this cryoprotectant is unable to cryopreserve adher-
ent cell monolayers,13–15 which is likely due to fatal intracellu-
lar ice propagation from cell–cell contacts.16–18 For a success-
ful cryopreservation outcome, cells should be cooled fast
enough to minimise the exposure time to potentially cytotoxic
cryoprotectants and increased solute concentrations during ice
formation, but slow enough to allow cells to dehydrate and
reduce the probability of fatal intracellular ice formation
(IIF).19 Natural and synthetic polymers, such as antifreeze pro-
teins and polyproline,4,20,21 can improve post-thaw outcomes
by inhibiting ice recrystallization or stabilising cell membranes
during freezing. Preconditioning of HepG2 cells and other cell
lines with trehalose and proline has also been shown to
increase post-thaw cell recovery from approximately 10–20% to
50%.22,23 However, this recovery rate is insufficient for assay-
ready banking. Polyampholytes, polymers bearing mixed
anionic/cationic side chains, have been demonstrated to have
potent cryoprotective properties. Carboxylated poly(ε-lysine)
(PLL) and 10% (v/v) DMSO performed twice as well as DMSO
alone for the freezing of rat bone marrow mesenchymal stem
cells and L929 as monolayers.24 Polyampholyte’s mechanism
of cryoinjury protection is unclear, although evidence suggests
that a matrix is formed surrounding cells to trap salts and
minimize osmotic damage, whilst also minimising deleterious
intracellular ice formation by allowing sufficient cellular
dehydration.25–27 Polyampholytes may also interact/protect the
cell membrane, similar to how antifreeze proteins can protect
liposome models.24,28 DMSO is still required in combination
with the above cryoprotectants as it replaces lost water to
prevent excessive dehydration and minimise osmotic shock
from reduced electrolyte concentration in unfrozen solutions
during freezing.29,30 Bailey et al. introduced a synthetically
scalable polyampholyte based on the ring opening of poly

(methyl vinyl ether-alt-maleic anhydride) to cryopreserve a
panel of cell lines as adherent monolayers in 24-well plates.15

Subsequent studies expanded on this and demonstrated that
A549, HepG2 and Caco-2 cells cryopreserved as monolayers in
24-well plates were “Assay Ready” 24 hours post-thaw.13 Over
80% of cells were recovered with preserved healthy mor-
phology, intact membranes, minimal apoptosis, compatibility
with multiple drug screening assays, and retained normal pro-
liferative capacity and metabolic activity. However, the above
cryopreservation examples have been limited to 24-well plates,
which are useful for many assays but may not be suitable for
high-throughput analysis.

Cryopreservation of cells in 96 well plates, as monolayers,
would be more desirable for high-throughput screening appli-
cations but the transition from 24 to 96 well plates is not
trivial. The low volumes in 96 well plates (∼100 μL) are more
likely to supercool than larger volumes, resulting in the cryo-
preservation medium not freezing until ∼−20 °C. Delayed
freezing prevents cellular dehydration, as thermodynamically
stable extracellular ice is required to increase osmolarity (due
to ice forming a pure phase) and promote water transfer,
resulting in low cell recovery values.31 Moreover, ice formation
is an exothermic process that releases more heat during super-
cooling, which can lead to local thawing and influences
cooling rates. As ice nucleation is stochastic, high variability in
the freezing and heat of recrystallisation is observed across a
96 well plate.32 Therefore, methods used for monolayer cryo-
preservation in well plates with larger volumes are not always
useful for 96 well plate format, where inducing nucleation at
sub-zero temperatures is essential.32,33 Controlled ice nuclea-
tion for cell cryopreservation has been achieved by mechanical
(strong electric fields34 and directional freezing)35 and chemi-
cal (pollen washing water,36 cholesterol monohydrate,37,38

Snowmax™,39 sand,40 ice mist32 and biologically inert min-
erals)41 methods. Pollen washing water (PWW) is particularly
interesting as it is the only water-soluble, easily removable, pre-
dictable chemical ice nucleator, produced by suspending
Hornbeam (Carpinus betulus) pollen grains in water.36 The
component allowing controlled nucleation is believed to be a
carboxylic acid-bearing polysaccharide of mass greater than
100 kDa (ref. 42) and has been demonstrated to aid in the cryo-
preservation of A549 and HepG2 cells in 96 well plates as con-
fluent monolayers.43 Despite the reported high cell recovery
rates, the study did not have an in-depth examination of
crucial factors that are important for the practicality of utilis-
ing cryopreserved cell monolayers in drug screening appli-
cations. These factors include well-to-well variability, viability
and metabolic assessments, as well as hepatotoxicity chal-
lenges. Furthermore, ice nucleators have yet to be explored for
the cryopreservation of primary hepatocyte monolayers, where
current cryoprotectants employed have proven to be
ineffective.23,44,45

Herein we induced ice nucleation (IN) for the successful
and reproducible cryopreservation of HepG2 cells and primary
mouse hepatocytes as monolayers in 96 well plates, enabling
their direct use in toxicological screening 24 hours post-thaw
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(“assay ready”). The cryopreservation process yielded very
encouraging results, with nearly 100% recovery of HepG2 cells,
approximately 75% recovery of primary hepatocytes and
minimal well-to-well variation post-thaw. Cryopreservation of
HepG2 cells using DMSO alone, cholesterol monohydrate (as
an alternative nucleator), and a polyampholyte, was attempted
but lower recoveries were obtained. Post-thaw analysis revealed
that HepG2 cells retained normal proliferative capacity and
hepatic functions, including urea secretion, CYP450 levels,
and lipid droplet accumulation in response to free fatty acid
solutions, confirming their assay readiness. Primary hepato-
cytes also preserved their cellular morphology and showed less
than a 5% increase in membrane damage post-thaw. Although
a reduction in primary hepatocyte function was observedthese
levels remained comparable to commercial suspension-cryo-
preserved hepatocytes, with the added advantage of being
readily available in an assay-ready format. Cryopreserved
HepG2 cells and mouse hepatocytes treated with a panel of
pharmaceutically active compounds yielded near-identical
dose–response curves and EC50 values compared to non-frozen
cells, affirming the utility of cryopreserved bankable cells in
drug metabolism and hepatotoxicity studies.

Results and discussion

The primary aim of this study was to cryopreserve HepG2 cells
and primary mouse hepatocytes as adherent cell monolayers
in 96 well plates (an “assay ready” format) while maintaining
their normal cellular viability and differentiated hepatic func-
tions 24 hours after thawing. By achieving this, the need for
routine cell culture can be eliminated, as users would only
require a thawing step, enabling rapid and barrier-free drug
screening and toxicological studies with minimal user effort.
Current cryopreservation methods are unable to freeze cells in
96 well plates, due to the cold-induced damage caused by the
supercooling of water at volumes <100 μL to temperatures as
low as −20 °C.36,43 Furthermore, the stochastic nature of
nucleation also results in high well-to-well variability without
controlled nucleation. A panel of cryoprotectants were initially
screened using HepG2 cells to determine which would provide
the best post-thaw cell recovery including 10% DMSO and 10%
DMSO supplemented with polyampholyte (demonstrated to be
potent in larger volume 24-well plates),13 cholesterol monohy-
drate crystals37,38 or Hornbeam pollen washing water (PWW);
data can be found in the ESI (Fig. S1 and S2†). As expected,
cell recovery using 10% DMSO was low (12.6%) and was
improved with the addition of polyampholyte (<30%).
Significant increases were observed with the addition of the
ice nucleators cholesterol monohydrate and PWW, increasing
cell recoveries to ∼60% and ∼90%, respectively, affirming the
importance of ice nucleators in the cryopreservation of cell
monolayers in low volumes, by preventing supercooling.

PWW was selected for the cryopreservation of hepatic cells
due to the higher cell recoveries obtained and the water-
soluble nature of the nucleator, which simplifies the process

of addition and removal compared to other nucleators such as
cholesterol monohydrate and feldspar.46 The workflow to
produce “assay ready” HepG2 cells in 96 well plates is outlined
in Fig. 1A. Briefly, HepG2 cells are seeded for 24 hours, the cell
culture medium is replaced with the IN and 10% DMSO and
the plates are placed immediately in a −80 °C freezer where
they can be stored until required. Rapid freezing in this
manner is thought to promote innocuous IIF.47 The cryopre-
served HepG2 plates are thawed rapidly with warm cell culture
medium, to minimise cellular damage from intracellular ice
reformation,48 and are ready-to-use in 24 hours. All experi-
ments were conducted 24 hours post-thaw to allow pro-
grammed cell death pathways to complete, which take
12–24 hours,49 thus removing the risks of exaggerating post-
thaw cell recovery and viability that can lead to false positive
results.50 Additional repeats revealed that total post-thaw cell
recovery of HepG2 cells (100%) was achieved through the use
of PWW and 10% DMSO, whereas only 10% of cells were recov-
ered with 10% DMSO alone, Fig. 1B. Individual cell recovery
values can be above 100% due to post-thaw proliferation of
cells. Preconditioning HepG2 cells with trehalose only allows
cell recoveries to reach 42%,23 so this is a considerable
improvement over existing technologies. Post-thaw cell recov-
ery values were also provided for individual wells to highlight
any variations across the well plate, a parameter previously
unexplored that would impact assay results in drug screening
applications, Fig. 1C (data on additional wells can be found in
the ESI†). Minimal well-to-well variation was observed.
Moreover, HepG2 cells were successfully cryopreserved at
different cell densities (1.6–30 k cells per well), Fig. 1D, with
only small changes to cell recovery values observed (no signifi-
cant trend observed). Phase contrast imaging illustrated no
changes to cellular morphology between non-frozen and
freeze/thaw HepG2 cells regardless of seeding density
(enlarged images can be found in the ESI, Fig. S6†).
Successfully cryopreserving cells at different seeding is crucial
for assay development and toxicological screening. For
example, cell viability assays require a linear response between
cell seeding density and the signal output (usually absorbance
or fluorescence), to infer cell viability when testing pharmaceu-
tically active compounds.

HepG2 cells were counted daily following thawing to deter-
mine their proliferative capacity. The growth curves produced
for non-frozen and freeze/thaw HepG2 cells were nearly identi-
cal, along with their doubling rate, Fig. 1E. Short-term storage
(<1 month) of suspension cryopreserved cells at −80 °C does
not alter post-thaw proliferation rate51,52 and the same is
expected for adherent cells stored under the same conditions,
based on these findings. A549 cells were also cryopreserved
using the same workflow to determine its compatibility with
an additional cell line (Fig. S3–S6†). Percentage cell recovery
was 98% and unaffected by cell seeding density, compared to
29% with 10% DMSO alone, and doubling rates were compar-
able to non-frozen cells. Storage of both A549 and HepG2 cells
for over 1 month had no impact on cell recovery values,
Fig. S7.†
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To validate the efficacy of this cryopreservation technology,
it was essential to assess the viability of HepG2 cells using a
range of functional assays, focusing on those commonly
employed to determine EC50 values of pharmaceutically active
compounds during drug screening. Non-frozen and freeze/
thaw HepG2 cells were stained with calcein (green, membrane
intact) and ethidium iodide (EI, red, membrane intact) to visu-
alise membrane damage caused by the freezing process,
Fig. 2A. Minimal membrane damaged cells were observed in
the freeze/thaw samples. The percentage of cells with intact
membranes was quantified by calculating the ratio of calcein-
positive cells to the total cell count, Fig. 2B. A small decrease
in the proportion of cells with intact membranes was observed
after freeze/thaw, from 98% to 87%, which is consistent with
our previous results from 24-well plate freezing with polyam-
pholyte and is sufficiently small not to impact performance.13

The release of lactate dehydrogenase (LDH) into cell culture
medium (spontaneous release) and the total LDH intracellular
content of HepG2 cells (maximum) was also measured before
and after freezing as an additional measure of membrane
intactness, Fig. 2C. LDH is an enzyme with a molecular weight
over 140 kDa,53 so large defects in the membrane are required
for its release and may suggest that other crucial enzymes
required for Phase I/II metabolism of drugs could also be
released. No difference was observed between the intra- and
extra-cellular LDH content of non-frozen and freeze/thaw

HepG2 cells confirming that physical disruption of cells is
largely avoided during cryopreservation with IN, reducing risks
of necrotic cell death pathways. The LDH assay is a standard
tool in drug discovery to monitor apoptotic and necrotic pro-
cesses so these findings are crucial in proving the compatibil-
ity and “assay ready” nature of freeze/thaw HepG2 cells
24 hours post-thaw.54

The activation of intrinsic, extrinsic and calpain pro-
grammed cell death pathways during cryopreservation has led
to an increased interest in supplementing apoptotic inhibitors
into cryoprotectant formulations or post-thaw medium to
improve cell recovery.55,56 The dominant mechanism for apop-
tosis activation in hepatocyte cryopreservation is mitochon-
drial membrane potential disruption by oxidative stress (from
reactive oxygen species), causing cytochrome C release and the
translocation of P53, which initiates the caspase cascade
pathway.57–59 Given the significance of apoptosis in cryopreser-
vation outcomes, the induction of executioner caspases-3 and
-7 (cysteinyl aspartate-specific proteases) was monitored over
time for freeze/thaw cells and compared to non-frozen cells
treated with and without staurosporine, a highly potent induc-
tor of apoptosis by inhibiting kinases, Fig. 2D. Images of
caspase-3/-7 activation have also been provided, Fig. 2E.
Although caspase activation increased from 0.4% to 9%, con-
firming an increase in programmed cell death, this is still an
impressive outcome. For comparison, mesenchymal stem cells

Fig. 1 HepG2 cell monolayer recovery post-thaw. (A) Cryopreservation workflow to produce “Assay Ready” HepG2 96 well plates. HepG2 cells were
cryopreserved using 10% DMSO plus an ice nucleator (IN) as the cryoprotectant. Post-thaw percentage cell recovery of HepG2 confluent mono-
layers was reported as (B) an overall average (10% DMSO control included) ± upper/lower quartiles and the min/max value of 4 biological repeats
and 24 technical repeats (Welch T-test; ****p ≤ 0.0001) and (C) individual well results ± SEM of 4 biological repeats. (D) Post-thaw percentage cell
recovery of HepG2 cells plated at different densities ± SEM of 3 biological repeats with post-thaw phase contrast images provided (scale bar =
100 µm). Enlarged images can be found in the ESI.† (E) Growth curves of non-frozen and freeze/thaw HepG2 cells produced by daily cell counts
which were normalised (± SEM of 3 biological repeats) to calculate the proliferation rate.
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typically exhibit apoptosis levels of 40% post-thaw, hence the
need to explore apoptotic inhibitors, whereas our system
would likely have minimal benefits. A549 cells also displayed
minimal decreases in percentage membrane intact cells (from
99% to 94%) and increases in caspase activation (from 1% to
10%) post-thaw, Fig. S9–S13.†

Metabolic activity and ATP-based assays are crucial indi-
cators of cell viability and are commonly used to screen drug
candidates. The metabolic activity of freeze/thaw HepG2 cells
was measured using a resazurin reduction assay, Fig. 3A.
Direct proportionality was observed between the quantity of
HepG2 cells cryopreserved and percentage cell viability, con-
firming that the resazurin reduction assay can be used to
determine EC50 values in drug screening. Moreover, there were
no differences in the metabolic activity of non-frozen and
freeze/thaw HepG2 cells 24 hours post-thaw. Non-frozen and
cryopreserved HepG2 cells were subsequently treated with
clinically relevant pharmaceutically active compounds that are
heavily metabolised by CYP enzymes and have been previously
used in the development of 3-D HepG2 and hepatocyte models
to study drug-induced liver injury.60–62 Cell viability was
measured using the resazurin reduction assay to plot dose–
response curves and determine drug EC50 values, Fig. 3B–G.

Minimal differences were found between the dose–response
curves and EC50 values of the drug candidates tested against
non-frozen and freeze/thaw HepG2 cells. Therefore, freeze/
thawed HepG2 cells are both “assay-ready” and capable of pro-
viding a faster, simpler, and more cost-effective method for
screening drug compounds, without increasing susceptibility
to cell death caused by the cryopreservation process.

HepG2 cells exhibit a range of differentiated hepatic func-
tions, making them a valuable cell line for investigating drug
metabolism, which serve as additional indicators for evaluat-
ing the effectiveness of our cryopreservation approach.62 The
urea cycle, an essential detoxification pathway responsible for
converting ammonia to urea, serves as a sensitive indicator of
hepatic function and can be influenced by factors such as
pharmacologically active substances, in vitro environmental
conditions, and genetic modifications.63–65 Evaluation of
freeze/thaw HepG2 cells revealed no significant alterations in
urea secretion per cell (Fig. 4A) or urea accumulation in the
culture medium over 7 days (Fig. S17†), indicating the preser-
vation of urea synthesis capacity. The post-thaw activity of cyto-
chrome P450 (CYP) enzymes was also assessed given their
essential role in understanding drug–drug interactions (CYP
induction/inhibition), drug clearance, metabolite formation,

Fig. 2 Post-thaw HepG2 viability assessment. (A) Sample fluorescence images of non-frozen, freeze/thaw and methanol-treated (70%, + control)
HepG2 cells stained with calcein (green, membrane intact) and ethidium iodide (red, membrane damaged). (B) The percentage of membrane intact
cells ± SEM of 3 biological and 2 technical repeats was calculated from the fluorescence images of cells stained with calcein and ethidium iodide.
(C) The total lactate dehydrogenase (LDH) activity (solid line, maximum) found in non-frozen (black) and freeze/thaw (blue) HepG2 cells was
measured and the activity of LDH released into cell culture medium (dashed, spontaneous) ± SEM of 3 biological and 2 technical repeats. (D)
Percentage of caspase-3/-7 positive cells in non-frozen, freeze/thaw and staurosporine-treated cells (2 µM, + control) ± SEM of 3 biological. (E)
Sample fluorescence images of real-time caspase-3/-7 (green) activation in freeze/thaw HepG2 cells and of non-frozen and staurosporine-treated
cells (2 µM, + control) after 24 hours. Scale bars = 100 µm. (ANOVA, Tukey PostHoc; ns: p ≥ 0.05, **p ≤ 0.01, ***p ≤ 0.001).
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and hepatotoxicity detection in drug screening applications.
CYP3A4, in particular, is responsible for metabolizing more
than 50% of pharmaceutically active compounds.66 No signifi-
cant differences were found in the CYP3A4 and CYP2C9

activity of non-frozen and freeze/thaw HepG2 cells, Fig. 4B,
confirming that the freeze/thaw process does not adversely
affect the function of these important drug-metabolizing
enzymes.

HepG2 cells can accumulate triglycerides in cytosolic lipid
droplets, which serves as a proposed marker for steatosis and
lipotoxicity upon exposure to free fatty acid (FFA) solutions or
drugs.67 To assess the impact of the freeze/thaw process on
lipid droplet formation, non-frozen and freeze/thaw HepG2
cells were treated with an FFA solution (sodium palmitate and
sodium oleate) and stained with Nile red, as shown in Fig. 5A.
Both non-frozen and freeze/thaw HepG2 cells exhibited an
increase in Nile red fluorescence intensity, indicating
enhanced lipid droplet accumulation in response to the FFA
solution. The relative lipid content of the cells was quantified
and compared, Fig. 5B, revealing no significant differences

Fig. 3 Rapid drug screening with freeze/thaw HepG2 cells. (A)
Percentage resazurin reduction of non-frozen (black) and freeze/thaw
(blue) HepG2 cells plated at different cell densities ± SEM of 3 biological
repeats and 2 technical repeats. Non-frozen (black) and freeze/thaw
(blue) HepG2 cells were treated with (B) acetaminophen (0–92.6 mM),
(C) diclofenac (0–3.4 mM), (D) doxorubicin (0–9.2 mM), (E) metformin
(0–310 mM), (F) phenformin (0–413 mM) and (G) valproic acid
(0–50 mM) for 24 h and a resazurin reduction assay was used to
measure % cell viability ± SEM of 3 biological repeats and 2 technical
repeats to determine EC50 values.

Fig. 4 HepG2 differentiated hepatic functions are retained post-thaw.
(A) Urea secretion of non-frozen (grey) and freeze/thaw (blue) HepG2
cells after 1, 4 and 7 days of culture. (B) CYP2C9 and CYP3A4 basal
activity of non-frozen (grey) and freeze/thaw (blue) HepG2 cells
24 hours post-thaw. Three biological repeats were completed (ANOVA,
Tukey PostHoc ns: p ≥ 0.05).
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between the non-frozen and freeze/thaw groups. Images of
Nile red-stained HepG2 cells exposed to various concentrations
of the FFA solution can be found in the ESI.† FFA concen-
trations above 0.5 mM were highly cytotoxicity. Therefore,
HepG2 cells cryopreserved with an IN maintain their ability to
respond normally to FFA solutions, establishing them as a
reliable model for studying steatosis and investigating mix-
tures and drugs that may lead to lipotoxicity.67

Human liver cell lines, such as HepG2, are commonly
employed in drug metabolism and toxicity studies due to their
(essentially) unlimited availability, low cost and extensive
knowledge base. However, the limited response of HepG2 gene
expression to inducers and low basal CYP450 activity (Fig. 4B
and S19†) renders this cell line inadequate as a replacement
for primary hepatocytes in drug metabolism studies.68 Primary
hepatocytes are difficult to isolate, (relatively) expensive and
possess limited lifespan so would benefit from cryopreserva-

tion to provide readily usable, bankable hepatocytes. Here,
primary hepatocytes were isolated from mice livers, plated and
cryopreserved with an IN, as illustrated in Fig. 6A. A series of
viability studies were carried out 24 hours post-thaw.
Approximately 75% of viable hepatocytes (counted using
Trypan Blue) were recovered following cryopreservation with
10% DMSO and an IN, a significant increase compared to only
∼50% with DMSO alone, Fig. 6B. Most studies on suspension
cryopreservation of mouse hepatocytes solely report viability,
rather than cell recovery, which fails to consider the number of
cells recovered. However, Lloyd et al. achieved a maximum
recovery of 54% using DMEM supplemented with 20% FBS
and 10% DMSO.69 Post-thaw low plating efficiency is also pro-
blematic in suspension cryopreserved hepatocytes, ranging
from 22–67.5% (compared to 68–82% for fresh hepatocytes)
and can decrease over time, due to down-regulation of cell
adhesion genes and proteins including β1-integrin and
E-cadherin.70–74 Consequently, suspension cryopreservation of
hepatocytes suffers from the cumulative loss of cells from
reduced cell recovery/viability and plating efficiency, whereas
cryopreserving hepatocytes as monolayers, using an IN, mini-
mises cell loss by eliminating attachment issues and improv-
ing overall recovery.

Phase contrast images in Fig. 6C revealed that freeze/thaw
cells maintained their characteristic cuboidal adherent mor-
phology, with granular cytoplasm containing vesicular
inclusions and one or more nuclei. Fewer cells were observed
in the samples cryopreserved with DMSO alone. Suspension
cryopreserved hepatocytes, purchased from a commercial sup-
plier, exhibited a more spherical morphology indicative of
reduced attachment capabilities (images can be found in the
ESI†), which is typically only observed within a few hours of
hepatocyte culture and could relate to the loss of cell adhesion
function.75 Calcein/ethidium iodide staining and LDH release
(into cell culture medium) measurements were completed on
freeze/thaw hepatocyte monolayers to probe cryopreservation-
induced membrane damage, Fig. 6D and E. An increase in
ethidium iodide positive cells and LDH release was observed
confirming loss of membrane integrity, although this was kept
to less than 5% (1.3-fold increase). In contrast, suspension
cryopreserved mouse hepatocytes using University of
Wisconsin (UW) solution plus insulin, dexamethasone, 20%
FBS and 10% DMSO saw LDH secretion increase by 4-fold,
which decreased to 3-fold with the addition of 2 g L−1 of
glucose.76 Moreover, hepatocytes from other species (Human,
porcine and rat) cryopreserved in suspension saw increased in
LDH release ranging from 1.3–3.5-fold.69,71,74 Thus, despite
the increased susceptibility of cell monolayers to cryopreserva-
tion-induced damage caused by intracellular ice propagation,
the membrane integrity of freeze/thaw cells was better pre-
served using an IN, surpassing the levels observed with most
conventional suspension cryopreservation methods reported
in the literature.

Hepatocyte cryopreservation has primarily focused on sus-
pension freezing using medium (such as University of
Wisconsin, Williams E medium, or Leibowitz L15 medium)

Fig. 5 Lipid droplet formation in HepG2 cells after freeze/thaw. (A)
Sample fluorescence images of non-frozen and freeze/thaw HepG2
cells treated with (+ FFA) and without (− FFA) a free fatty acid solution
(0.5–2 µM sodium palmitate and sodium oleate) and stained with Nile
red (scale bar = 100 µm). (B) The relative lipid droplet content of non-
frozen (grey) and freeze/thaw (blue) HepG2 cells treated with 0–2 µM
FFA was determined by fluorescence measurements recorded from Nile
red stained cells. Three biological repeats were completed (ANOVA,
Tukey PostHoc ns: p ≥ 0.05).
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supplemented with 10–40% FBS and 10–20%
DMSO.58,71,74,77–79 Reports on post-thaw function vary signifi-
cantly, with urea secretion, phase I and II metabolism,
albumin/protein synthesis, and ATP content ranging from
unchanged to 14% of the values expected from fresh
hepatocytes. Therefore, in this study, mouse hepatocyte mono-
layers cryopreserved with 10% DMSO and IN were evaluated
for critical hepatic function 24 hours post-thaw and compared
to non-frozen hepatocytes. Additionally, commercially avail-
able suspension cryopreserved hepatocytes were included as a
benchmark for adequate cellular function in cryopreserved
cells.

The metabolic activity of adherent cryopreserved hepato-
cytes was assessed using a resazurin reduction assay (Fig. 7A),
which measures aerobic respiration. A 56% decrease in meta-
bolic activity was observed compared to non-frozen hepato-
cytes. Furthermore, the ATP content of cryopreserved hepato-
cyte monolayers decreased by 70% compared to non-frozen
cells (Fig. S20†). Cryopreservation of hepatocytes has been
shown to deplete ATP, reduce glycogen storage, and decrease
the oxygen consumption rate.48,57,58 Although the exact mecha-
nism of ATP reduction is unknown, IIF and osmotic stress has

been reported to damage and alter mitochondrial complex 1
activity, which is vital for oxidative phosphorylation (ATP pro-
duction) and its impairment can lead to ROS generation,
decrease in mitochondrial potential and cytochrome C release
(which can initiate caspase cascade pathway in apoptosis).48,80

De Sousa et al. revealed that immediately post-thaw hepatocyte
ATP levels are similar to fresh hepatocytes but ATP production
is slower over 24 hours, supporting damage to complex 1.77

Despite the significant decrease in ATP content and metabolic
activity observed in freeze/thaw hepatocyte monolayers, it was
still higher than that of commercially cryopreserved
hepatocytes.

A ∼50% reduction in phase I metabolism (CYP450 activity)
and urea secretion was observed in freeze/thaw cells, Fig. 7B
and C. Approximately 25% of the decreases in aerobic respir-
ation, ATP content and differentiated hepatic functions can be
attributed to cell loss during the freeze/thaw process. Although
cryopreservation is known to reduce urea secretion (25–60%
drop) and phase I and II metabolism in hepatocyte, the exact
reasons are unknown.37,44,73,74,81,82 De Loecker et al. reported
that post-thaw glycogen basal levels are reduced by 30% 24 h
post-thaw and 47% 48 h post-thaw due to an increase in

Fig. 6 Cryopreservation of primary mouse hepatocytes. (A) Workflow for the cryopreservation of plated mouse hepatocytes adhered to 96 well
plates. (B) Percentage cell recovery of mouse hepatocytes using either 10% DMSO or 10% DMSO plus an ice nucleator (IN) ± upper/lower quartiles
and min/max of 3 biological repeats and 2 technical repeats (Welch T-test; *p ≤ 0.05). (C) Phase contrast images of non-frozen hepatocytes and
hepatocyte cryopreserved with 10% DMSO alone or 10% DMSO plus IN (scale bar: ×10 = 100 µm, ×20 = 50 µm). (D) Sample fluorescence images of
non-frozen and freeze/thaw (with IN) hepatocytes stained with calcein (green, membrane intact) and ethidium iodide (red, membrane damaged)
24 h post-thaw (scale bar = 100 µm). (E) The lactate dehydrogenase (LDH) released (solid line, maximum) from non-frozen and freeze/thaw (with an
IN) hepatocytes into cell culture medium 24 h post-thaw ± SEM of 3 biological repeats (unpaired T-test; *p ≤ 0.05).
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energy demand for cellular repair,45,48 which increases viabi-
lity/membrane integrity but does not always translated to
increased hepatic function.37,44,78 Thus, increasing post-thaw
recovery time above 24 h would likely provide minimal
benefits. Despite this, the freeze/thaw adherent hepatocytes
exhibited comparable performance to the commercially sus-
pension cryopreserved hepatocytes and are therefore suitable
for metabolism studies. To further evaluate the functionality
of freeze/thaw primary hepatocytes, a drug toxicity assessment
was conducted using diclofenac (Fig. 7E) and metformin
(Fig. 7F) as test compounds. The dose–response curves and
EC50 values obtained from cryopreserved hepatocytes were
similar to those of fresh primary hepatocytes, indicating their
preserved ability to respond to drug challenges. These findings
demonstrate that cryopreserved hepatocytes maintain
sufficient functional activity for drug metabolism studies and

exhibit comparable performance to commercially available
suspension cryopreserved hepatocytes.

Conclusion

In conclusion, our study demonstrates the successful cryopre-
servation of HepG2 cells and primary mouse hepatocytes as
monolayers in 96 well plates using soluble ice nucleators. This
method enables the cells to be “assay ready” directly from the
−80 °C freezer with minimal handling, facilitating high-
throughput screening and reducing the time burden associ-
ated with routine cell culture. Near total cell recovery for
HepG2 cells was achieved and approximately 75% recovery for
primary hepatocytes, with minimal well-to-well variation, com-
pared to only 29% and ∼50% with DMSO alone, respectively.

Fig. 7 Post-thaw primary hepatocyte function and drug response. Non-frozen (grey) hepatocytes, hepatocytes cryopreserved with 10% DMSO + IN
adhered to 96-well plates (blue) and commercially supplied suspension cryopreserved hepatocytes (red) were assessed for (B) resazurin reduction
(C) CYP450 activity and (D) urea secretion 24 hours post-thaw. Data is presented as an average ± SEM of 3 biological and 2 technical repeats. Drug–
dose response curves were produced for non-frozen (black) and freeze/thaw adherent (blue) hepatocytes treated with (E) diclofenac (0–3.4 μM) and
(F) metformin (0–77.4 mM) for 24 hours. Percentage cell viability was calculated using a resazurin reduction assay and reported ± SEM of 3 biological
repeats. (ANOVA, Tukey PostHoc; ns: p ≥ 0.05, * p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001).
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Post-thaw HepG2 cells retained normal proliferative capacity
and differentiated hepatic functions, making them suitable for
toxicological screening. Furthermore, non-frozen and freeze/
thaw HepG2 cells exhibited near-identical EC50 values against
a panel of pharmaceutically relevant drugs, indicating that the
cryopreservation process did not affect their drug response.
Although post-thaw primary hepatocytes experienced reduced
metabolic activity, CYP450 activity and urea secretion, their
performance was comparable to suspension cryopreserved
hepatocytes provided by cell manufacturers. This work high-
lights the effectiveness of addressing a key biophysical mode
of damage during micro-well plate cryopreservation, namely
super cooling, to allow cell banking and distribution in a
ready-to-use format. Our method provides an efficient and sus-
tainable cryopreservation method for hepatocyte-derived cell
lines and primary hepatocytes, with broad applications in the
drug discovery process. By reducing the time and resources
required for thawing, propagation, and plating of cryopre-
served cells, while ensuring phenotypically identical cells for
consistent and reliable screening results, this cryopreservation
method offers significant advantages. The implementation of
this method in high-throughput screening using 96 well plates
allows for simultaneous analysis of multiple test compounds,
increasing the efficiency and productivity of drug screening
assays. Further optimization and validation of this cryopreser-
vation technique may open up new possibilities for other cell
types and expand its application in various fields of cell-based
research and testing.

Experimental section

For complete experimental methods see the ESI.†

Materials

Minimum Essential Medium Eagle with Earle’s salts,
L-glutamine and sodium bicarbonate (M4655); fetal bovine
serum, non-USA origin (F7524); MEM non-essential amino
acid solution (100×) (M7145); Type I solution from rat tail
(C3867); DMSO hybri-max™ (D2650); phenol-free DMEM/
F-12 medium (1121041-025); carbamazepine (1093001); urea
assay kit (MAK006); sodium palmitate (P9767); sodium oleate
(07501); bovine serum albumin (A3294); Dulbecco’s phosphate
buffered saline, modified (DPBS), w/o calcium chloride and
magnesium chloride (D8537); acetaminophen (A5000); val-
proic acid (V0033000); doxorubicin hydrochloride (D2975000);
metformin hydrochloride (M0605000); phenformin hydro-
chloride (1003386493); Nile red (102011796); diclofenac
sodium (287840-1GM); Corning XT CoolSink 96F (CLS432070);
cholesterol (C3045); Liberase™ (5401119001) were purchased
from Merck, Gillingham, UK. Amphotericin B, penicillin,
streptomycin (PSA) (11570486); trypsin (0.25%) and EDTA
(1 mM) (25200 072); rifampicin (BP2679); HEPES buffer solu-
tion (11560496) were purchased from Fisher Scientific,
Loughborough, UK. CyQUANT™ LDH Cytotoxicity Assay kit
(C20300); LIVE/DEAD™ Viability/Cytotoxicity Kit, for mamma-

lian cells (L3224); CellEvent caspase-3/7 detection reagent
(C10723); HBSS with no Ca2+, no Mg2+ and no phenol red
(14175095); HBSS with Ca2+ and Mg2+ and no phenol red
(14025092); William’s E medium, no phenol red (A1217601);
Primary Hepatocyte Thawing and Plating Supplements
(CM3000); Primary Hepatocyte Maintenance Supplements
(CM4000) were purchased from Thermo Fisher Scientific,
Loughborough, UK. Trypan blue solution 0.4% (25-900-C1); tre-
halose dihydrate (T9531) and resazurin tablets (CHE3158) were
purchased from Scientific Laboratory Supplies, Nottingham,
UK. P450-Glo™ CYP2C9 Assay (V8792) and P450-Glo™ CYP3A4
Assay (V9002) were purchased from Promega, Wisconsin, USA.
Sambucus nigra (“Elder”) pollen and Carpinus.

Cell line culture

Human liver hepatocellular carcinoma cells (HepG2, ECACC
85011430) were cultured in Eagle’s minimum essential
medium (EMEM) supplemented with 10% foetal bovine serum
(FBS), 1% MEM non-essential amino acids (NEAA), 100 units
per mL penicillin, 100 μg mL−1 streptomycin, and 250 ng
mL−1 amphotericin B (1% PSA). Cells were incubated at 37 °C
and 5% CO2 and passaged every 3–4 days, before reaching
70–80% confluency. Cells were dissociated using a balanced
salt solution containing trypsin (0.25%) and EDTA (1 mM).
Mycoplasma contamination was tested routinely with a
MycoAlert Mycoplasma Detection Kit 150 (Lonza, Basel,
Switzerland). HepG2 cells were cultured on clear 96-well plates
coated with rat tail type I collagen (100 µg mL−1) at varying
densities outlined throughout.

Statistical analysis

Statistical analysis and data visualization were performed
using GraphPad Prism 8 (La Jolla, California, USA). The
Shapiro-Wilk test and Levene test were utilized to assess the
normality of the data and equality of variances between
groups. If the data met the assumptions of normality and
equal variance, it was reported as mean ± SEM. Statistical sig-
nificance between the means of 2 groups were assessed using
an unpaired (independent) T-test and for 2+ groups a one-way
analysis of variance (ANOVA), followed by Tukey’s post hoc ana-
lysis, was used. In cases where the assumption of equal var-
iances was violated but data still exhibited normal distri-
bution, box plots were generated, representing the median,
upper and lower quartiles, and minimum and maximum
limits. Statistical significance between means was determined
using Welch’s t-test. The significance levels were represented
as follows: not significant (ns) for p ≥ 0.05, * for p ≤ 0.05, **
for p ≤ 0.01, and **** for p ≤ 0.0001. Dose–response curves
were generated using nonlinear regression with a variable
slope (four parameters) fitted by the least squares regression
method, without any weighting. GraphPad determined the
EC50 values based on the fitting process.

Primary mouse hepatocyte isolation and culture

Mice were bred at the University of Warwick after local AWERB
and Home Office approvals (PP3644080). Hepatocytes were iso-
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lated from adult (8- to 12-weeks old) male and female C57BL/
6NCrl mice via a two-step perfusion process. Perfusion was
carried out through the vena cava at a flow rate of 6 mL min−1

for 10 min with buffers warmed to 42 °C. Perfusion buffer I
consisted of HBSS with no Ca2+ or Mg2+ supplemented with
EDTA (0.5 mM) and HEPES (25 mM). Perfusion Buffer II
(digestion buffer) consisted of HBSS with Ca2+ or Mg2+ sup-
plemented with HEPES (25 mM) and Liberase™ (40 µg mL−1).
The liver was removed and dissociated in cold suspension
buffer (digestion buffer without Liberase™). The cells were
passed through a 70 µm filter and centrifuged at 50g for 2 min
at 4 °C. After two washes with plating medium (Williams E
supplemented with CM3000 thawing/plating supplement
pack), cells were plated in 96 well plate coated with rat tail type
I collagen (100 µg mL−1) at a density of 30k cell per well for
4 hours. The medium was exchanged for maintenance
medium (Williams E medium supplemented with
CM4000 maintenance pack) and the cells were incubated for a
further 24 hours. Gibco™ Mouse (CD-1) Cryopreserved
Hepatocytes, Plateable Male (6–12 weeks) (10890041) were pur-
chased from Fisher Scientific (Loughborough, UK) to compare
our cryopreservation approach to commercial suspension cryo-
preserved hepatocytes. Cells were thawed with thawing
medium and plated at a density of 30k cell per well in 96-well
plates. The medium was replaced with maintenance medium
after 4 hours and incubated for a further 24 hours.

Cryopreserving and thawing cell monolayers

HepG2 cells (density dependent on assay) and mouse hepato-
cytes (30k cell per well) were plated on rat tail type I collagen
(100 µg mL−1) coated 96 well plates and incubated for
24 hours. The cryoprotectant solution was prepared in
advance. Hornbeam pollen (0.8 g) was suspended in sterile
water (10 mL) for 24 h at 4 °C. The solution was sterile filtered
and mixed 1 : 1 with either Eagle’s minimum essential base
medium (HepG2) or Williams E base medium (Mouse hepato-
cytes) supplemented with 20% FBS and 20% DMSO (final con-
centration 10%) to produce the cryopreservation formulation.
The cell culture medium of the cells was replaced with 100 µL
of the prechilled cryopreservation formulation (4 °C) and the
plates were placed on a Corning XT CoolSink 96F and in a
−80 °C freezer overnight. HepG2 cells and hepatocytes were
also cryopreserved with 10% DMSO alone in cell culture
medium for comparison. To thaw the cells, 150 µL of warm
complete/thawing cell culture medium (37 °C) was added and
the plates were placed in the incubator for 12 min. The solu-
tions were replaced with 200 µL of warm complete (HepG2)/
maintenance (Hepatocyte) medium and the cells were placed
in the incubator for a further 24 h. Phase contrast images were
obtained before and after cryopreservation.

Percentage cell recovery/growth curves

HepG2 cells were cryopreserved between 1.6–30k cell per well
and hepatocytes at a density of 30k cell per well. Cell counts
were performed immediately before cryopreservation and
24 hours post-thaw to calculate percentage cell recovery. To

perform cell counts, cell dissociation was completed using
trypsin (0.25%) and EDTA (1 mM) and viable cells were stained
with Trypan Blue (0.2% for HepG2 and 0.04% for hepatocytes).
Freeze/Thaw and non-frozen HepG2 cells were counted daily
until 80–90% confluency was reached to determine prolifer-
ation rates.

Live/Dead™ staining

Non-frozen and Freeze/Thaw HepG2 cells (15k cell per well)
and mouse hepatocytes (30k cell per well) were washed twice
with DPBS and stained with ethidium iodide (2 µM) and
calcein (2 µM) at RT for 40 min. HepG2 cells treated with ice
cold 70% methanol for 30 min was also stained with both dyes
as a positive control for comparison. Cells were imaged on an
Olympus CX41 microscope equipped with a UIS-2 10×/0.45/
∞/0–2/FN22 lens using a phase contrast channel and with
blue (calcein) and green (ethidium) excitation lasers. Cells
were counted using ImageJ. Values were reported as percen-
tage live cells relative to the total number of cells.

Lactate dehydrogenase release

Non-frozen and Freeze/Thaw HepG2 cells (0–15k cell per well)
and mouse hepatocytes (30k cell per well) were tested for
enzyme leakage using the CyQUANT™ LDH Cytotoxicity Assay
kit (ThermoFisher Scientific). Either 10 µL ultrapure water, to
determine the release of LDH to the cell culture medium
(‘Spontaneous LDH Release’), or 10 µL of 10× Lysis Buffer, pro-
vided by the CyQUANT™ kit, to determine the total LDH
content of the cells (‘Maximum LDH Release’), was added to
wells. The cells were incubated at 37 °C for 45 min and 50 µL
of each sample medium (Spontaneous and Maximum LDH
Activity Controls) was added to a new 96-well plate in triplicate
(three technical repeats). The Reaction Mixture provided by the
CyQUANT™ LDH Cytotoxicity Assay kit was added to each well
and mixed by tapping. The plates were incubated at RT for
30 min and 50 µL of stop solution was added. Absorbance
measurements were recorded on a BioTek Synergy HT micro-
plate reader at 490 nm and 680 nm (background measure-
ment). Both the Spontaneous and Maximum LDH Release
Control Absorbance values were plotted following subtraction
of the background absorbance measurement. Non-frozen
control cell samples were also analysed for comparison.

Caspase-3/-7 activation

Freeze/thaw HepG2 cells were incubated with CellEvent
Caspase-3/7 Detection Reagent (5 µM) was added to HepG2
cells immediately after thawing and imaged 2, 4, 8 and 24 h
post-thaw using the phase contrast channel and blue exci-
tation laser of an Olympus CX41 microscope. Non-frozen
HepG2 cells treated with and without staurosporine (2 µM,
24 h) were also imaged to provide a positive and negative
control, respectively. Cells were counted using ImageJ and
values were reported as percentage caspase positive cells rela-
tive to the total number of cells.
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Resazurin reduction metabolic assay

Freeze/thaw HepG2 cells (0–15k cell per well) were incubated
with resazurin solution (100 µL) for 4 h and freeze/thaw mouse
hepatocytes (30k cell per well) and Gibco™ Mouse (CD-1)
Cryopreserved Hepatocytes (30k cell per well) for 24 h.
Resazurin solution was prepared by dissolving 1 resazurin
tablet (Scientific Laboratory Supplies) in 50 mL of phenol-free
DMEM/F-12 medium supplemented with 10% FBS and sterile
filtered. Absorbance measurements were obtained at 570 nm
and 600 nm using a BioTek Synergy HT microplate reader.
Non-frozen cells were also measured for comparison and resa-
zurin solution alone for background subtraction. See ESI† for
resazurin reduction calculations. Resazurin reduction was cal-
culated using the following equation:

εOXð Þλ2Aλ1 � εOXð Þλ1Aλ2
εREDð Þλ1A′λ2 � εREDð Þλ2A′λ1 � 100

λ1 = 570 nm, λ2 = 600 nm; Aλ1 & Aλ2 = Absorbance of test
sample, control or media alone at 570 nm and 600 nm; A′λ1 &
A′λ2 = Absorbance of media alone at 570 nm and 600 nm; (εOX)
& (εRED) = Molar extinction coefficient of resazurin at respective
wavelengths.

Drug dose–response

Non-frozen and freeze/thaw HepG2 cells (15k cell per well)
were treated with acetaminophen (0–92.6 mM), diclofenac
(0–3.4 mM), doxorubicin (0–9.2 mM), metformin (0–310 mM),
phenformin (0–413 mM) and valproic acid (0–50 mM) and
placed in a humidified environment at 37 °C and 5% CO2 for
24 h. Non-frozen and freeze/thaw hepatocytes were treated
with diclofenac (0–3.4 μM) and metformin (0–77.4 mM) and
placed in a humidified environment at 37 °C and 5% CO2 for
24 h. The cell culture medium was replaced with 100 µL of
resazurin solution and the cells were incubated for 2 h in a
humidified environment at 37 °C and 5% CO2. Fluorescence
measurements were recorded with excitation and emission at
530/25 nm and 590/30 using a BioTek Synergy HT microplate
reader. Wells with resazurin solution alone were also measured
for background subtraction and cells untreated with pharma-
ceutically active compounds were measured as a maximum
resazurin reduction value. Percentage cell viability was
reported using the fluorescence readings using the following
equation:

Sample Fluorescence� BackgroundFluorescence
Maximum Untreatedð Þ Fluorescence� BackgroundFluorescence

� 100

Urea secretion

Urea measurements for non-frozen and freeze/thaw HepG2
cells were taken after 1, 4 and 7 days of culture using the
Sigma-Aldrich Urea Assay kit (MAK006). Urea measurements
for non-frozen and freeze/thaw hepatocytes and Gibco™
Mouse (CD-1) Cryopreserved Hepatocytes were recorded after 1
day of culture. Briefly, the supernatant collected (2 µL) was

diluted in urea assay buffer (48 µL) and either complete reac-
tion mix was added (50 µL: urea assay buffer, 42 µL; peroxidase
substrate, 2 µL; enzyme mix, 2 µL; developer, 2 µL; converting
enzyme, 2 µL) or reaction mix without converting enzyme was
added (50 µL), to subtract backgrounds generated by
ammonium ion, NAD+/NADP+, and pyruvate. The plate was
mixed and incubated for 60 min in a humidified environment
at 37 °C and 5% CO2. Absorbance measurements were
recorded at 570 nm using a BioTek Synergy HT microplate
reader. Values were compared against a urea calibration curve
of 0–5 nmol per well and reported as nmol per µL and nmol
per µL per 106 cells.

Lipid droplet staining

Non-frozen and freeze/thaw HepG2 cells (15k cell per well)
were incubated in a humidified environment at 37 °C and 5%
CO2 with complete cell culture medium supplemented with a
free fatty acid solution (100 µL) consisting of 0–2 µM sodium
palmitate and sodium oleate (1 : 1) and 1% bovine serum
albumin (BSA) for 24 h. The cells were washed with DPBS (×3)
and stained with Nile red (100 µL, 15 µM) diluted in phenol-
free DMEM base medium for 30 min at RT. Cells were washed
with DPBS (×3) and imaged on an Olympus CX41 microscope
equipped with a UIS-2 20×/0.45/∞/0–2/FN22 lens using a
phase contrast channel and green excitation laser. The DPBS
was removed, and cells were allowed to dry for 15 min at RT.
Fluorescence measurements were recorded using a 530/25 nm
excitation laser and 590/35 nm emission filter using a BioTek
Synergy HT microplate reader. Fluorescence of Nile red is
directly proportional to the number of lipid droplets.

Cytochrome P450

Non-frozen and freeze/thaw HepG2 cells (15k cell per well),
non-frozen and freeze/thaw hepatocytes (30k cell per well) and
Gibco™ Mouse (CD-1) Cryopreserved Hepatocytes were
assessed for CYP3A4 and CYP2C9 activity. To determine
CYP450 activity, CYP3A4 and CYP2C9 were measured using the
corresponding Promega CYP450 kits (V8792 and V9002).
Briefly, the medium was replaced with a culture medium con-
taining a luminogenic CYP substrate, either CYP3A4/Luciferin-
IPA (3 μM, 50 μL, 1 h) or CYP2C9/Luciferin-H (100 μM, 50 μL,
3 h). The CYP substrate was also added to empty wells as a
background measurement. The culture medium containing
the CYP substrate (25 μL) was transferred to an opaque white
96 well plate, and luciferin detection reagent (25 μL) was
added for 20 min at RT. Luminescence was measured on a
TECAN Spark microplate reader with 1 s integration time.

Conflicts of interest

MIG and TC are directors and shareholders of Cryologyx Ltd
which funded aspects of this work. MIG is a named inventor
on a patent application relating to this work.

Paper Biomaterials Science

7650 | Biomater. Sci., 2023, 11, 7639–7654 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

kt
ob

a 
20

23
. D

ow
nl

oa
de

d 
on

 1
9/

07
/2

02
5 

10
:0

3:
54

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm01046e


Acknowledgements

This work was financially supported by Cryologyx Ltd and
InnovateUK (10004515). This project (MIG) has received
funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation pro-
gramme (grant agreement no. 866056 and 899872) and the
Royal Society for an Industry Fellowship (191037) joint with
Cytiva. Special thanks to Thomas Whale and Nina Kinney for
their input on the uses of ice nucleators. For the purpose of
open access, the authors have applied a Creative Commons
Attribution (CC BY) license to any author-accepted manuscript
version arising from this submission.

References

1 D. Sun, W. Gao, H. Hu and S. Zhou, Why 90% of Clinical
Drug Development Fails and How to Improve It?, Acta
Pharm. Sin. B, 2022, 12(7), 3049–3062, DOI: 10.1016/j.
apsb.2022.02.002.

2 S. Rudzok, U. Schlink, O. Herbarth and M. Bauer,
Measuring and Modeling of Binary Mixture Effects of
Pharmaceuticals and Nickel on Cell Viability/Cytotoxicity in
the Human Hepatoma Derived Cell Line HepG2, Toxicol.
Appl. Pharmacol., 2010, 244(3), 336–343, DOI: 10.1016/j.
taap.2010.01.012.

3 E. L. Lecluyse, Human Hepatocyte Culture Systems for the
in Vitro Evaluation of Cytochrome P450 Expression and
Regulation, Eur. J. Pharm. Sci., 2001, 13, 343–368, DOI:
10.1016/S0928-0987(01)00135-X.

4 K. A. Murray and M. I. Gibson, Chemical Approaches to
Cryopreservation, Nat. Rev. Chem., 2022, 579–593, DOI:
10.1038/s41570-022-00407-4.

5 U. Ben-David, B. Siranosian, G. Ha, H. Tang, Y. Oren,
K. Hinohara, C. A. Strathdee, J. Dempster, N. J. Lyons,
R. Burns, A. Nag, G. Kugener, B. Cimini, P. Tsvetkov,
Y. E. Maruvka, R. O’Rourke, A. Garrity, A. A. Tubelli,
P. Bandopadhayay, A. Tsherniak, F. Vazquez, B. Wong,
C. Birger, M. Ghandi, A. R. Thorner, J. A. Bittker,
M. Meyerson, G. Getz, R. Beroukhim and T. R. Golub,
Genetic and Transcriptional Evolution Alters Cancer Cell
Line Drug Response, Nature, 2018, 560(7718), 325–330,
DOI: 10.1038/s41586-018-0409-3.

6 R. J. Geraghty, A. Capes-Davis, J. M. Davis, J. Downward,
R. I. Freshney, I. Knezevic, R. Lovell-Badge,
J. R. W. Masters, J. Meredith, G. N. Stacey, P. Thraves and
M. Vias, Guidelines for the Use of Cell Lines in Biomedical
Research, Br. J. Cancer, 2014, 1021–1046, DOI: 10.1038/
bjc.2014.166.

7 M. A. Urbina, A. J. R. Watts and E. E. Reardon, Labs Should
Cut Plastic Waste Too, Nature, 2015, 528(7583), 479–479.

8 C. Terry, R. D. Hughes, R. R. Mitry, S. C. Lehec and
A. Dhawan, Cryopreservation-Induced Nonattachment of
Human Hepatocytes: Role of Adhesion Molecules, Cell
Transplant., 2007, 16, 639–647.

9 M. Ölander, J. R. Wiśniewski, I. Flörkemeier, N. Handin,
J. Urdzik and P. Artursson, A Simple Approach for
Restoration of Differentiation and Function in
Cryopreserved Human Hepatocytes, Arch. Toxicol., 2019,
93(3), 819–829, DOI: 10.1007/s00204-018-2375-9.

10 K. Yoshida, F. Ono, T. Chouno, B. R. Perocho, Y. Ikegami,
N. Shirakigawa and H. Ijima, Cryoprotective Enhancing
Effect of Very Low Concentration of Trehalose on the
Functions of Primary Rat Hepatocytes, Regen. Ther., 2020,
15, 173–179, DOI: 10.1016/j.reth.2020.08.003.

11 M. H. Aghdaie, N. Azarpira, A. Shamsaeefar,
N. Motazedian, M. Kaviani, E. Esfandiari, S. Golbabapour,
S. Nikeghbalian, K. Kazemi, H. Salahi, S. A. Malek-Hosseini
and B. Geramizadeh, Effects of Different Cold Preservation
Solutions on the Functions of Cultured Isolated Human
Hepatocytes, Int. J. Organ Transplant. Med., 2020, 11(1), 15–
25.

12 C. Yamasaki, Y. Ishida, A. Yanagi, Y. Yoshizane, Y. Kojima,
Y. Ogawa, Y. Kageyama, Y. Iwasaki, S. Ishida, K. Chayama
and C. Tateno, Culture Density Contributes to Hepatic
Functions of Fresh Human Hepatocytes Isolated from
Chimeric Mice with Humanized Livers: Novel, Long-Term,
Functional Two-Dimensional in Vitro Tool for Developing
New Drugs, PLoS One, 2020, 15(9), 1–24, DOI: 10.1371/
journal.pone.0237809.

13 R. M. F. Tomás, A. Bissoyi, T. R. Congdon and M. I. Gibson,
Assay-Ready Cryopreserved Cell Monolayers Enabled by
Macromolecular Cryoprotectants, Biomacromolecules, 2022,
23(9), 3948–3959, DOI: 10.1021/acs.biomac.2c00791.

14 G. Pless-Petig, S. Knoop and U. Rauen, Serum- and
Albumin-Free Cryopreservation of Endothelial Monolayers
with a New Solution, Organogenesis, 2018, 14(2), 107–121,
DOI: 10.1080/15476278.2018.1501136.

15 T. L. Bailey, C. Stubbs, K. Murray, R. M. F. Tomas, L. Otten
and M. I. Gibson, A Synthetically Scalable Poly(Ampholyte)
Which Dramatically Enhances Cellular Cryopreservation,
Biomacromolecules, 2019, 20, 3104–3114, DOI: 10.1021/acs.
biomac.9b00681.

16 J. P. Acker, A. Larese, H. Yang, A. Petrenko and
L. E. McGann, Intracellular Ice Formation Is Affected by
Cell Interactions, Cryobiology, 1999, 38(4), 363–371, DOI:
10.1006/cryo.1999.2179.

17 J. P. Acker and L. E. McGann, Cell-Cell Contact Affects
Membrane Integrity after Intracellular Freezing,
Cryobiology, 2000, 40(1), 54–63, DOI: 10.1006/
cryo.1999.2221.

18 J. P. Acker, J. A. W. Elliott and L. E. Mcgann, Intercellular
Ice Propagation: Experimental Evidence for Ice Growth
through Membrane Pores, Biophys. J., 2001, 81(3), 1389–
1397, DOI: 10.1016/S0006-3495(01)75794-3.

19 P. Mazur, S. P. Leibo and E. H. Y. Chu, A Two-Factor
Hypothesis of Freezing Injury. Evidence from Chinese
Hamster Tissue-Culture Cells, Exp. Cell Res., 1972, 71(2),
345–355, DOI: 10.1016/0014-4827(72)90303-5.

20 B. Graham, T. L. Bailey, J. R. J. Healey, M. Marcellini,
S. Deville and M. I. Gibson, Polyproline as a Minimal

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2023 Biomater. Sci., 2023, 11, 7639–7654 | 7651

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

kt
ob

a 
20

23
. D

ow
nl

oa
de

d 
on

 1
9/

07
/2

02
5 

10
:0

3:
54

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1016/j.apsb.2022.02.002
https://doi.org/10.1016/j.apsb.2022.02.002
https://doi.org/10.1016/j.taap.2010.01.012
https://doi.org/10.1016/j.taap.2010.01.012
https://doi.org/10.1016/S0928-0987(01)00135-X
https://doi.org/10.1038/s41570-022-00407-4
https://doi.org/10.1038/s41586-018-0409-3
https://doi.org/10.1038/bjc.2014.166
https://doi.org/10.1038/bjc.2014.166
https://doi.org/10.1007/s00204-018-2375-9
https://doi.org/10.1016/j.reth.2020.08.003
https://doi.org/10.1371/journal.pone.0237809
https://doi.org/10.1371/journal.pone.0237809
https://doi.org/10.1021/acs.biomac.2c00791
https://doi.org/10.1080/15476278.2018.1501136
https://doi.org/10.1021/acs.biomac.9b00681
https://doi.org/10.1021/acs.biomac.9b00681
https://doi.org/10.1006/cryo.1999.2179
https://doi.org/10.1006/cryo.1999.2221
https://doi.org/10.1006/cryo.1999.2221
https://doi.org/10.1016/S0006-3495(01)75794-3
https://doi.org/10.1016/0014-4827(72)90303-5
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm01046e


Antifreeze Protein Mimic That Enhances the
Cryopreservation of Cell Monolayers, Angew. Chem., Int.
Ed., 2017, 56(50), 15941–15944, DOI: 10.1002/
anie.201706703.

21 R. M. F. Tomás, T. L. Bailey, M. Hasan and M. I. Gibson,
Extracellular Antifreeze Protein Significantly Enhances the
Cryopreservation of Cell Monolayers, Biomacromolecules,
2019, 20(10), 3864–3872, DOI: 10.1021/acs.
biomac.9b00951.

22 T. L. Bailey, J. R. Hernandez-Fernaud and M. I. Gibson,
Proline Pre-Conditioning of Cell Monolayers Increases
Post-Thaw Recovery and Viability by Distinct Mechanisms
to Other Osmolytes, RSC Med. Chem., 2021, 12(6), 982–993,
DOI: 10.1039/d1md00078k.

23 B. Stokich, Q. Osgood, D. Grimm, S. Moorthy,
N. Chakraborty and M. A. Menze, Cryopreservation of
Hepatocyte (HepG2) Cell Monolayers: Impact of Trehalose,
Cryobiology, 2014, 69(2), 281–290, DOI: 10.1016/j.
cryobiol.2014.08.001.

24 K. Matsumura and S. H. Hyon, Polyampholytes as Low
Toxic Efficient Cryoprotective Agents with Antifreeze
Protein Properties, Biomaterials, 2009, 30(27), 4842–4849,
DOI: 10.1016/j.biomaterials.2009.05.025.

25 K. Matsumura, F. Hayashi, T. Nagashima, R. Rajan and
S. H. Hyon, Molecular Mechanisms of Cell
Cryopreservation with Polyampholytes Studied by Solid-
State NMR, Commun. Mater., 2021, 2(1), 1–7, DOI: 10.1038/
s43246-021-00118-1.

26 R. C. Deller, M. Vatish, D. A. Mitchell and M. I. Gibson,
Synthetic Polymers Enable Non-Vitreous Cellular
Cryopreservation by Reducing Ice Crystal Growth during
Thawing, Nat. Commun., 2014, 5, 1–7, DOI: 10.1038/
ncomms4244.

27 C. Stubbs, T. L. Bailey, K. Murray and M. I. Gibson,
Polyampholytes as Emerging Macromolecular
Cryoprotectants, Biomacromolecules, 2020, 21(1), 7–17, DOI:
10.1021/acs.biomac.9b01053.

28 M. M. Tomczak, D. K. Hincha, S. D. Estrada, R. E. Feeney
and J. H. Crowe, Antifreeze Proteins Differentially Affect
Model Membranes during Freezing, Biochim. Biophys. Acta,
Biomembr., 2001, 1511(2), 255–263, DOI: 10.1016/S0005-
2736(01)00281-4.

29 C. Y. Cheng, J. Song, J. Pas, L. H. H. Meijer and S. Han,
DMSO Induces Dehydration near Lipid Membrane
Surfaces, Biophys. J., 2015, 109(2), 330–339, DOI: 10.1016/j.
bpj.2015.06.011.

30 T. H. Jang, Cryopreservation and Its Clinical Applications,
Integr. Med. Res., 2017, 6(1), 12–18, DOI: 10.1016/j.
imr.2016.12.001.

31 E. Bigg, The Supercooling of Water, Proc. Phys. Soc.,
London, Sect. B, 1953, 66, 688–694, DOI: 10.1088/0370-1301/
66/8/309.

32 M. I. Daily, T. F. Whale, R. Partanen, A. D. Harrison,
P. Kilbride, S. Lamb, G. J. Morris, H. M. Picton and
B. J. Murray, Cryopreservation of Primary Cultures of
Mammalian Somatic Cells in 96-Well Plates Benefits from

Control of Ice Nucleation, Cryobiology, 2020, 93, 62–69,
DOI: 10.1016/j.cryobiol.2020.02.008.

33 G. John Morris and E. Acton, Controlled Ice Nucleation in
Cryopreservation - A Review, Cryobiology, 2013, 66(2), 85–
92, DOI: 10.1016/j.cryobiol.2012.11.007.

34 L. Lauterboeck, N. Hofmann, T. Mueller and
B. Glasmacher, Active Control of the Nucleation
Temperature Enhances Freezing Survival of Multipotent
Mesenchymal Stromal Cells, Cryobiology, 2015, 71(3), 384–
390, DOI: 10.1016/j.cryobiol.2015.10.145.

35 L. Bahari, A. Bein, V. Yashunsky and I. Braslavsky,
Directional Freezing for the Cryopreservation of Adherent
Mammalian Cells on a Substrate, PLoS One, 2018, 13(2),
e0192265, DOI: 10.1371/journal.pone.0192265.

36 K. A. Murray, N. L. H. Kinney, C. A. Griffiths, M. Hasan,
M. I. Gibson and T. F. Whale, Pollen Derived
Macromolecules Serve as a New Class of Ice-Nucleating
Cryoprotectants, Sci. Rep., 2022, 12, 12295, DOI: 10.1038/
s41598-022-15545-4.

37 I. Massie, C. Selden, H. Hodgson and B. Fuller,
Cryopreservation of Encapsulated Liver Spheroids for a
Bioartificial Liver: Reducing Latent Cryoinjury Using an Ice
Nucleating Agent, Tissue Eng., Part C, 2011, 17(7), 765–774,
DOI: 10.1089/ten.tec.2010.0394.

38 I. Massie, C. Selden, H. Hodgson and B. Fuller,
Cryopreservation of Encapsulated Liver Spheroids for a
Bioartificial Liver: Reducing Latent Cryoinjury Using an Ice
Nucleating Agent, Tissue Eng., Part C, 2011, 17(7), 765–774,
DOI: 10.1089/ten.tec.2010.0394.

39 M. Teixeira, S. Buff, H. Desnos, C. Loiseau, P. Bruyère,
T. Joly and L. Commin, Ice Nucleating Agents Allow
Embryo Freezing without Manual Seeding, Theriogenology,
2017, 104, 173–178, DOI: 10.1016/j.
theriogenology.2017.08.012.

40 B. Jiang, W. Li, S. Stewart, W. Ou, B. Liu, P. Comizzoli and
X. He, Sand-Mediated Ice Seeding Enables Serum-Free
Low-Cryoprotectant Cryopreservation of Human Induced
Pluripotent Stem Cells, Bioact. Mater., 2021, 6(12), 4377–
4388, DOI: 10.1016/j.bioactmat.2021.04.025.

41 N. M. Wragg, D. Tampakis and A. Stolzing,
Cryopreservation of Mesenchymal Stem Cells Using
Medical Grade Ice Nucleation Inducer, Int. J. Mol. Sci.,
2020, 21(22), 1–16, DOI: 10.3390/ijms21228579.

42 K. Dreischmeier, C. Budke, L. Wiehemeier, T. Kottke and
T. Koop, Boreal Pollen Contain Ice-Nucleating as Well as
Ice-Binding “antifreeze” Polysaccharides, Sci. Rep., 2017, 7,
41890, DOI: 10.1038/srep41890.

43 K. A. Murray, Y. Gao, C. A. Griffiths, N. L. H. Kinney,
Q. Guo, M. I. Gibson and T. F. Whale, Chemically Induced
Extracellular Ice Nucleation Reduces Intracellular Ice
Formation Enabling 2D and 3D Cellular Cryopreservation,
JACS Au, 2023, 3(5), 1314–1320, DOI: 10.1021/
jacsau.3c00056.

44 N. J. Swales, C. Luong and J. Caldwell, Cryopreservation of
Rat and Mouse Hepatocytes. I. Comparative Viability
Studies, Drug Metab. Dispos., 1996, 24(11), 1218–1223.

Paper Biomaterials Science

7652 | Biomater. Sci., 2023, 11, 7639–7654 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

kt
ob

a 
20

23
. D

ow
nl

oa
de

d 
on

 1
9/

07
/2

02
5 

10
:0

3:
54

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1002/anie.201706703
https://doi.org/10.1002/anie.201706703
https://doi.org/10.1021/acs.biomac.9b00951
https://doi.org/10.1021/acs.biomac.9b00951
https://doi.org/10.1039/d1md00078k
https://doi.org/10.1016/j.cryobiol.2014.08.001
https://doi.org/10.1016/j.cryobiol.2014.08.001
https://doi.org/10.1016/j.biomaterials.2009.05.025
https://doi.org/10.1038/s43246-021-00118-1
https://doi.org/10.1038/s43246-021-00118-1
https://doi.org/10.1038/ncomms4244
https://doi.org/10.1038/ncomms4244
https://doi.org/10.1021/acs.biomac.9b01053
https://doi.org/10.1016/S0005-2736(01)00281-4
https://doi.org/10.1016/S0005-2736(01)00281-4
https://doi.org/10.1016/j.bpj.2015.06.011
https://doi.org/10.1016/j.bpj.2015.06.011
https://doi.org/10.1016/j.imr.2016.12.001
https://doi.org/10.1016/j.imr.2016.12.001
https://doi.org/10.1088/0370-1301/66/8/309
https://doi.org/10.1088/0370-1301/66/8/309
https://doi.org/10.1016/j.cryobiol.2020.02.008
https://doi.org/10.1016/j.cryobiol.2012.11.007
https://doi.org/10.1016/j.cryobiol.2015.10.145
https://doi.org/10.1371/journal.pone.0192265
https://doi.org/10.1038/s41598-022-15545-4
https://doi.org/10.1038/s41598-022-15545-4
https://doi.org/10.1089/ten.tec.2010.0394
https://doi.org/10.1089/ten.tec.2010.0394
https://doi.org/10.1016/j.theriogenology.2017.08.012
https://doi.org/10.1016/j.theriogenology.2017.08.012
https://doi.org/10.1016/j.bioactmat.2021.04.025
https://doi.org/10.3390/ijms21228579
https://doi.org/10.1038/srep41890
https://doi.org/10.1021/jacsau.3c00056
https://doi.org/10.1021/jacsau.3c00056
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm01046e


45 P. De Loecker, B. J. Fuller, V. A. Koptelov and W. De
Loecker, Metabolic Activity of Freshly Prepared and
Cryopreserved Hepatocytes in Monolayer Culture,
Cryobiology, 1993, 30(1), 12–18, DOI: 10.1006/
cryo.1993.1002.

46 T. F. Whale, M. A. Holden, A. N. Kulak, Y. Y. Kim,
F. C. Meldrum, H. K. Christenson and B. J. Murray, The
Role of Phase Separation and Related Topography in the
Exceptional Ice-Nucleating Ability of Alkali Feldspars, Phys.
Chem. Chem. Phys., 2017, 19(46), 31186–31193, DOI:
10.1039/c7cp04898j.

47 J. P. Acker and L. E. McGann, Innocuous Intracellular Ice
Improves Survival of Frozen Cells, Cell Transplant., 2002,
11(6), 563–571, DOI: 10.3727/000000002783985468.

48 X. Stéphenne, M. Najimi and E. M. Sokal, Hepatocyte
Cryopreservation: Is It Time to Change the Strategy?, World
J. Gastroenterol., 2010, 1–14, DOI: 10.3748/wjg.v16.i1.1.

49 R. Palchaudhuri, M. J. Lambrecht, R. C. Botham,
K. C. Partlow, T. J. van Ham, K. S. Putt, L. T. Nguyen,
S. H. Kim, R. T. Peterson, T. M. Fan and P. J. Hergenrother,
A Small Molecule That Induces Intrinsic Pathway Apoptosis
with Unparalleled Speed, Cell Rep., 2015, 13(9), 2027–2036,
DOI: 10.1016/j.celrep.2015.10.042.

50 K. A. Murray and M. I. Gibson, Post-Thaw Culture and
Measurement of Total Cell Recovery Is Crucial in the
Evaluation of New Macromolecular Cryoprotectants,
Biomacromolecules, 2020, 21(7), 2864–2873, DOI: 10.1021/
acs.biomac.0c00591.

51 J. Milosevic, A. Storch and J. Schwarz, Cryopreservation
Does Not Affect Proliferation and Multipotency of Murine
Neural Precursor Cells, Stem Cells, 2005, 23(5), 681–688,
DOI: 10.1634/stemcells.2004-0135.

52 M. Li, C. Feng, X. Gu, Q. He and F. Wei, Effect of
Cryopreservation on Proliferation and Differentiation of
Periodontal Ligament Stem Cell Sheets, Stem Cell Res.
Ther., 2017, 8(1), 77, DOI: 10.1186/s13287-017-0530-5.

53 R. Jaenicke and S. Knof, Molecular Weight and Quaternary
Structure of Lactic Dehydrogenase: 3. Comparative
Determination by Sedimentation Analysis, Light Scattering
and Osmosis, Eur. J. Biochem., 1968, 4(2), 157–163, DOI:
10.1111/j.1432-1033.1968.tb00187.x.

54 S. Kaja, A. J. Payne, Y. Naumchuk and P. Koulen,
Quantification of Lactate Dehydrogenase for Cell Viability
Testing Using Cell Lines and Primary Cultured Astrocytes,
Curr. Protoc. Toxicol., 2017, 2017, 1–10, DOI: 10.1002/
cptx.21.

55 A. Bissoyi and K. Pramanik, Role of the Apoptosis Pathway
in Cryopreservation-Induced Cell Death in Mesenchymal
Stem Cells Derived from Umbilical Cord Blood, Biopreserv.
Biobanking, 2014, 12(4), 246–254, DOI: 10.1089/
bio.2014.0005.

56 J. Schmidt-Mende, E. Hellstrom-Lindberg, B. Joseph and
B. Zhivotovsky, Freezing Induces Artificial Cleavage of
Apoptosis-Related Proteins in Human Bone Marrow Cells,
J. Immunol. Methods, 2000, 245(1–2), 91–94, DOI: 10.1016/
S0022-1759(00)00285-4.

57 R. Fujita, T. Hui, M. Chelly and A. A. Demetriou, The Effect
of Antioxidants and a Caspase Inhibitor on Cryopreserved
Rat Hepatocytes, Cell Transplant., 2005, 14, 391–396.

58 T. Matsushita, T. Yagi, J. A. Hardin, J. D. Cragun,
F. W. Crow, H. Robert Bergen, G. J. Gores and S. L. Nyberg,
Apoptotic Cell Death and Function of Cryopreserved
Porcine Hepatocytes in a Bioartificial Liver, Cell
Transplant., 2003, 12, 109–121, DOI: 10.3727/
000000003108746696.

59 M. Duval, C. Plin, A. Elimadi, D. Vallerand, J. P. Tillement,
D. Morin and P. S. Haddad, Implication of Mitochondrial
Dysfunction and Cell Death in Cold Preservation - Warm
Reperfusion-Induced Hepatocyte Injury, Can. J. Physiol.
Pharmacol., 2006, 84(5), 547–554, DOI: 10.1139/Y06-014.

60 S. J. Fey, B. Korzeniowska and K. Wrzesinski, Response to
and Recovery from Treatment in Human Liver-Mimetic
Clinostat Spheroids: A Model for Assessing Repeated-Dose
Drug Toxicity, Toxicol. Res., 2020, 9(4), 379–389, DOI:
10.1093/TOXRES/TFAA033.

61 S. J. Fey and K. Wrzesinski, Determination of Drug Toxicity
Using 3D Spheroids Constructed from an Immortal
Human Hepatocyte Cell Line, Toxicol. Sci., 2012, 127(2),
403–411, DOI: 10.1093/toxsci/kfs122.

62 Y. Zhou, J. X. Shen and V. M. Lauschke, Comprehensive
Evaluation of Organotypic and Microphysiological Liver
Models for Prediction of Drug-Induced Liver Injury, Front.
Pharmacol., 2019, 10, 1093, DOI: 10.3389/fphar.2019.01093.

63 Y. Su, Z. Chen, L. Yan, F. Lian, J. You, X. Wang and
N. Tang, Optimizing Combination of Liver-Enriched
Transcription Factors and Nuclear Receptors
Simultaneously Favors Ammonia and Drug Metabolism in
Liver Cells, Exp. Cell Res., 2018, 362(2), 504–514, DOI:
10.1016/j.yexcr.2017.12.015.

64 V. V. Iyer, H. Yang, M. G. Ierapetritou and C. M. Roth,
Effects of Glucose and Insulin on HepG2-C3A Cell
Metabolism, Biotechnol. Bioeng., 2010, 107(2), 347–356,
DOI: 10.1002/bit.22799.

65 S. S. Bale, I. Golberg, R. Jindal, W. J. McCarty, M. Luitje,
M. Hegde, A. Bhushan, O. B. Usta and M. L. Yarmush,
Long-Term Coculture Strategies for Primary Hepatocytes
and Liver Sinusoidal Endothelial Cells, Tissue Eng., Part C,
2015, 21(4), 413–422, DOI: 10.1089/ten.tec.2014.0152.

66 Y. L. Teo, H. K. Ho and A. Chan, Metabolism-Related
Pharmacokinetic Drug-Drug Interactions with Tyrosine
Kinase Inhibitors: Current Understanding, Challenges and
Recommendations, Br. J. Clin. Pharmacol., 2015, 79(2), 241–
253, DOI: 10.1111/bcp.12496.

67 H.-R. Yao, J. Liu, D. Plumeri, Y.-B. Cao, T. He, L. Lin, Y. Li,
Y.-Y. Jiang, J. Li and J. Shang, Lipotoxicity in HepG2 Cells
Triggered by Free Fatty Acids, Am. J. Transl. Res., 2011, 3(3),
285–291.

68 H. H. J. Gerets, K. Tilmant, B. Gerin, H. Chanteux,
B. O. Depelchin, S. Dhalluin and F. A. Atienzar,
Characterization of Primary Human Hepatocytes, HepG2
Cells, and HepaRG Cells at the MRNA Level and CYP
Activity in Response to Inducers and Their Predictivity for

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2023 Biomater. Sci., 2023, 11, 7639–7654 | 7653

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

kt
ob

a 
20

23
. D

ow
nl

oa
de

d 
on

 1
9/

07
/2

02
5 

10
:0

3:
54

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1006/cryo.1993.1002
https://doi.org/10.1006/cryo.1993.1002
https://doi.org/10.1039/c7cp04898j
https://doi.org/10.3727/000000002783985468
https://doi.org/10.3748/wjg.v16.i1.1
https://doi.org/10.1016/j.celrep.2015.10.042
https://doi.org/10.1021/acs.biomac.0c00591
https://doi.org/10.1021/acs.biomac.0c00591
https://doi.org/10.1634/stemcells.2004-0135
https://doi.org/10.1186/s13287-017-0530-5
https://doi.org/10.1111/j.1432-1033.1968.tb00187.x
https://doi.org/10.1002/cptx.21
https://doi.org/10.1002/cptx.21
https://doi.org/10.1089/bio.2014.0005
https://doi.org/10.1089/bio.2014.0005
https://doi.org/10.1016/S0022-1759(00)00285-4
https://doi.org/10.1016/S0022-1759(00)00285-4
https://doi.org/10.3727/000000003108746696
https://doi.org/10.3727/000000003108746696
https://doi.org/10.1139/Y06-014
https://doi.org/10.1093/TOXRES/TFAA033
https://doi.org/10.1093/toxsci/kfs122
https://doi.org/10.3389/fphar.2019.01093
https://doi.org/10.1016/j.yexcr.2017.12.015
https://doi.org/10.1002/bit.22799
https://doi.org/10.1089/ten.tec.2014.0152
https://doi.org/10.1111/bcp.12496
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm01046e


the Detection of Human Hepatotoxins, Cell Biol. Toxicol.,
2012, 28(2), 69–87, DOI: 10.1007/s10565-011-9208-4.

69 T. D. R. Lloyd, S. Orr, D. P. Berry and A. R. Dennison,
Development of a Protocol for Cryopreservation of
Hepatocytes for Use in Bioartificial Liver Systems, Ann.
Clin. Lab. Sci., 2004, 34(2), 165–174.

70 R. M. Adams, M. Wang, A. M. Crane, B. Brown,
G. J. Darlington and F. D. Ledley, Effective Cryopreservation
And Long-Term Storage Of Primary Human Hepatocytes
With Recovery Of Viability, Differentiation, And Replicative
Potential, Cell Transplant., 1995, 4(6), 579–586.

71 A. Ostrowska, D. C. Bode, J. Pruss, B. Bilir, G. D. Smith and
S. Zeisloft, Investigation of Functional and Morphological
Integrity of Freshly Isolated and Cryopreserved Human
Hepatocytes, Cell Tissue Banking, 2000, 1, 55–68.

72 E. Katenz, F. W. R. Vondran, R. Schwartlander, G. Pless,
X. Gong, X. Cheng, P. Neuhaus and I. M. Sauer,
Cryopreservation of Primary Human Hepatocytes:
The Benefit of Trehalose as an Additional Cryoprotective
Agent, Liver Transpl., 2007, 13(1), 38–45, DOI: 10.1002/
lt.20921.

73 C. Chesné, C. Guyomard, A. Fautrel, M.-g. Poullain,
B. Frémond, H. de Jong and A. Guillouz, Viability and
Function in Primary Culture of Adult Hepatocytes from
Various Animal Species and Human Beings after
Cryopreservation, Hepatology, 1993, 18(2), 406–414, DOI:
10.1002/hep.1840180227.

74 J. Arikura, N. Kobayashi, T. Okitsu, H. Noguchi,
T. Totsugawa, T. Watanabe, T. Matsumura, M. Maruyama,
Y. Kosaka, N. Tanaka, K. Onodera and S. Kasai, UW
Solution: A Promising Tool for Cryopreservation of
Primarily Isolated Rat Hepatocytes, J. Hepatobiliary
Pancreat. Surg., 2002, 9(6), 742–749, DOI: 10.1007/
s005340200103.

75 E. H. Tchaparian, J. S. Houghton, C. Uyeda, M. P. Grillo
and L. Jin, Effect of Culture Time on the Basal Expression
Levels of Drug Transporters in Sandwich-Cultured Primary

Rat Hepatocytes, Drug Metab. Dispos., 2011, 39(12), 2387–
2394, DOI: 10.1124/dmd.111.039545.

76 T. Fu, D. Guo, X. Huang, M. R. G. O’gorman, L. Huang,
S. E. Crawford and H. E. Soriano, Apoptosis Occurs in
Isolated and Banked Primary Mouse Hepatocytes, Cell
Transplant., 2001, 10, 59–66.

77 G. De Sousa, F. Nicolas, M. Placidi, R. Rahmani,
M. Benicourt, B. Vannier, G. Lorenzon, K. Mertens,
S. Coecke, A. Callaerts, V. Rogiers, S. Khan, P. Roberts,
P. Skett, A. Fautrel, C. Chesne and A. Guillouzo, A Multi-
Laboratory Evaluation of Cryopreserved Monkey Hepatocyte
Functions for Use in Pharmaco-Toxicology, Chem.-Biol.
Interact., 1999, 121, 77–97, DOI: 10.1016/s0009-2797(99)
00092-7.

78 J. A. Coundouris, M. H. Grant, J. Engeset, J. C. Petrie and
G. M. Hawksworth, Cryopreservation of Human Adult
Hepatocytes for Use in Drug Metabolism and Toxicity
Studies, Xenobiotica, 1993, 23(12), 1399–1409, DOI:
10.3109/00498259309059449.

79 J. G. Hengstler, M. Ringel, K. Biefang, S. Hammel,
U. Milbert, M. Gerl, M. Klebach, B. Diener, K. L. Platt,
D. T. Bö Ttger, P. Steinberg and F. Oesch, Cultures with
Cryopreserved Hepatocytes: Applicability for Studies of
Enzyme Induction, Chem.-Biol. Interact., 2000, 125, 51–73,
DOI: 10.1016/s0009-2797(99)00141-6.

80 X. Stéphenne, M. Najimi, D. K. Ngoc, F. Smets, L. Hue,
B. Guigas and E. M. Sokal, Cryopreservation of Human
Hepatocytes Alters the Mitochondrial Respiratory Chain
Complex 1, Cell Transplant., 2007, 16, 409–419.

81 Z. Chen, Y. Ding and H. Zhang, Cryopreservation of
Suckling Pig Hepatocytes, Ann. Clin. Lab. Sci., 2001, 31(4),
391–398.

82 E. Vara, J. Arias-Díiaz, N. Villa, J. Hernández, C. García,
P. Ortiz and J. L. Balibrea, Beneficial Effect of
S-Adenosylmethionine during Both Cold Storage and
Cryopreservation of Isolated Hepatocytes, Cryobiology,
1995, 32(5), 422–427, DOI: 10.1006/cryo.1995.1041.

Paper Biomaterials Science

7654 | Biomater. Sci., 2023, 11, 7639–7654 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

kt
ob

a 
20

23
. D

ow
nl

oa
de

d 
on

 1
9/

07
/2

02
5 

10
:0

3:
54

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1007/s10565-011-9208-4
https://doi.org/10.1002/lt.20921
https://doi.org/10.1002/lt.20921
https://doi.org/10.1002/hep.1840180227
https://doi.org/10.1007/s005340200103
https://doi.org/10.1007/s005340200103
https://doi.org/10.1124/dmd.111.039545
https://doi.org/10.1016/s0009-2797(99)00092-7
https://doi.org/10.1016/s0009-2797(99)00092-7
https://doi.org/10.3109/00498259309059449
https://doi.org/10.1016/s0009-2797(99)00141-6
https://doi.org/10.1006/cryo.1995.1041
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm01046e

	Button 1: 


