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ABSTRACT

To fully explore the potential of human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs), effi-
cient methods for storage and shipment of these cells are required. Here, we evaluated the feasi-
bility to cold store monolayers and aggregates of functional CMs obtained from different PSC lines
using a fully defined clinical-compatible preservation formulation and investigated the time frame
that hPSC-CMs could be subjected to hypothermic storage. We showed that two-dimensional (2D)
monolayers of hPSC-CMs can be efficiently stored at 4°C for 3 days without compromising cell vi-
ability. However, cell viability decreasedwhen the cold storage interval was extended to 7 days.We
demonstrated that hPSC-CMs are more resistant to prolonged hypothermic storage-induced cell
injury in three-dimensional aggregates than in 2D monolayers, showing high cell recoveries
(>70%) after 7 days of storage. Importantly, hPSC-CMs maintained their typical (ultra)structure,
gene and protein expression profile, electrophysiological profiles, and drug responsiveness.
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SIGNIFICANCE

The applicability of human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) in the clinic/
industry is highly dependent on the development of efficient methods for worldwide shipment of
these cells. This study established effective clinically compatible strategies for cold (4°C) storage
of hPSC-CMs cultured as two-dimensional (2D) monolayers and three-dimensional (3D) aggregates.
Cell recovery of 2Dmonolayers of hPSC-CMswas found to be dependent on the time of storage, and
3D cell aggregatesweremore resistant to prolonged cold storage than 2Dmonolayers. Of note, itwas
demonstrated that 7 days of cold storage did not affect hPSC-CM ultrastructure, phenotype, or func-
tion. This study provides important insights into the cold preservation of PSC-CMs that could be valu-
able in improving global commercial distribution of hPSC-CMs.

INTRODUCTION

The emerging potential of human pluripotent stem
cell-derived cardiomyocytes (hPSC-CMs) in cell-

based cardiac repair, patient-specific disease mod-

eling, and drug toxicity [1, 2] is strongly pushing

these cell-based products toward a global market-

place. To date, many efforts have beenmade in im-

provingpluripotent stemcell (PSC) expansion [3–6],

cardiomyocyte (CM)-lineage differentiation, and

enrichmentprocesses [2,7,8];however, littleatten-

tionhasbeengiven tomethodologiesandprotocols

to preserve and transport these cell products

from the manufacturing site to the clinical set-

ting for immediate administration in patients,

to research institutes, or to biotechnology compa-
nies. The complexity is associated with the labori-
ous and time-consuming differentiation protocols,
as well as the inability of maintaining the differ-
entiated nonreplicative cells in culture for long
periods of time, highlighting the need for devel-
oping efficient strategies for preservation of PSC-
CMs. The cryopreservation protocols are still highly
inefficient, usually resulting in a substantial loss of
cell viability and function [9, 10]. Additionally, the
majority of these protocols use animal-derived
components (e.g., proteinsor serum) and/or toxic
cryoprotective agents (CPAs; e.g., dimethyl sulfox-
ide) [11], rendering themunsuitable for clinical ap-
plications. It has been demonstrated that serum

aInstituto de Tecnologia
Quı́mica e Biológica António
Xavier, Universidade Nova de
Lisboa, Oeiras, Portugal;
biBET, Instituto de Biologia
Experimental e Tecnológica,
Oeiras, Portugal; cCenter for
Physiology and
Pathophysiology, Institute for
Neurophysiology, Medical
Faculty, University of
Cologne, Cologne, Germany;
dNova Medical School,
Universidade Nova de Lisboa,
Lisboa, Portugal

Correspondence: Margarida
Serra, Ph.D., Animal Cell
Technology Unit, Instituto de
Biologia Experimental e
Tecnológica and Instituto de
Tecnologia Quı́mica e Biológica
António Xavier, Apartado 12,
2781-901 Oeiras, Portugal.
Telephone: 351 21 446 94 31;
E-Mail: mserra@ibet.pt

Received September 23, 2015;
accepted for publication January
13, 2016; published Online First
on March 29, 2016.

©AlphaMed Press
1066-5099/2016/$20.00/0

http://dx.doi.org/
10.5966/sctm.2015-0238

STEM CELLS TRANSLATIONAL MEDICINE 2016;5:658–669 www.StemCellsTM.com ©AlphaMed Press 2016

PROTOCOLS AND MANUFACTURING FOR CELL-BASED
THERAPIES

mailto:mserra@ibet.pt
http://dx.doi.org/10.5966/sctm.2015-0238
http://dx.doi.org/10.5966/sctm.2015-0238


residues in the therapeutic product can trigger adverse reactions
in patients [12]. Washing protocols are therefore required to
remove CPAs, serum, and cellular debris from therapeutic cells
before patient administration [11, 12].

Hypothermic preservation can be an alternative to cryopres-
ervation in short-term storage situations (e.g., to perform the in-
tercontinental or transcontinental transport of the cells). During
hypothermic storage, cells are maintained at temperatures that
range between 4°C and 10°C. These lower temperatures affect
cell physiology, namely, by reducing their metabolism, energy
storage degradation, and oxygen demand [13]. Effective hypo-
thermic preservation requires the use of preservation solutions
that (a) provide optimal concentrations of ions and impermeable
molecules to maintain ionic and osmotic balance, (b) prevent the
formation of free radicals, (c)maintain anoncotic balance, and (d)
supply energy substitutes [14, 15]. A variety of preservation solu-
tions, such as ViaSpan (University of Wisconsin solution), Celsior,
Custodiol histidine-tryptophan-ketoglutarate solution and, more
recently, HypoThermosol (HTS), were developed taking these fac-
tors into consideration [15] and are commercially available today.
These solutions showed to be effective for hypothermic storage
of a large diversity of cells, tissues, and organs (including neonatal
rat ventricular cardiomyocytes [16], renal cells [17], hepatocytes
[18, 19], liver tissue [20], synthetic human epidermis tissue [21],
kidney [22], pancreas [23], liver [20], and heart [24, 25]). Impor-
tantly, someof these formulations can bedirectly administered in-
topatients, avoidingadditionalpoststorageculturemanipulations/
costs andwashing steps. HTS, for example, has been used as a ve-
hicle solution for different therapeutic cells in several clinical tri-
als, such as in the treatment of autoimmune disorders including
rheumatoid arthritis with allogeneic adipose-derived stem cells
(NCT01743222), advanced heart failure with myogenic cells
(NCT00526253), and restrictive scars using allogeneic dermal fi-
broblasts (NCT01564407).

The time interval that a cardiac graft can be efficiently cold-
stored remains limited to 6 hours [25]. This finite time frame further
limits donorheart supply, access, andutility. The ability toefficiently
cold-preserve functional CMs for extended periods would pro-
videanappealingoff-the-shelf solutionfor thetreatmentof cardiac
diseases. Several studies have evaluated the ability to preserve
adult/neonatal rat/mouse CMs at hypothermic conditions [16,
26–29]. For example, Snyder et al. reported the successful hypo-
thermic storage of neonatal rat ventricular CM monolayers for
up to 72 hours in HTS. After this storage period, CMs retained their
viability, metabolic activity (82% by day 1 after storage), and spon-
taneous contractile activity [16]; nevertheless, the impact of hypo-
thermic storage on CM structure, ultrastructure, action potential,
and drug responsiveness was not evaluated.

To date, there have been no studies reporting the efficient hy-
pothermic storage of PSC-CMs. Therefore, in this study, we aimed
to develop efficient strategies for hypothermic storage of murine
andhumanPSC-CMs.TheCMdifferentiationprotocols areconven-
tionally performed in two-dimensional (2D) monolayers or, more
recently, in three-dimensional (3D) cell configurations, such as cell
aggregates [7, 30]. It is well known that cell-cell and cell-matrix in-
teractions play a critical role in cell survival/recovery after thawing
[31]. Disruption of these interactions may result in dissociation-
induced apoptosis [32]. Consequently, we evaluated the feasibility
to cold-store CMs obtained from different PSC lines as 2D mono-
layers and 3D aggregates and assessed the impact of the hypother-
mic storage time on cell viability and metabolic activity recovery.

Cell phenotype, including structure, ultrastructure, gene and pro-
tein expression, and functionality, were assessed after storage by
quantitative reverse-transcription polymerase chain reaction
(RT-PCR), flow cytometry, fluorescentmicroscopy, scanning elec-
tron microscopy, transmission electron microscopy, and electro-
physiology analyses.

MATERIALS AND METHODS

CM Differentiation of Murine PSCs

Amurine transgenic a-PIG induced pluripotent stem cell (miPSC)
line was used in this study. This cell line was genetically modified
to integrate and stably express a transgene containing puromy-
cin-N-acetyl transferase and enhanced green fluorescent pro-
tein (eGFP) genes, both under control of the cardiac-restricted
promoter a-myosin heavy chain (a-MHC) [33]. miPSCs were ex-
panded and differentiated as aggregates in fully controlled biore-
actors aspreviously describedbyour group [8]. Briefly, iPSCswere
inoculated in the WAVE Cellbag (GE Healthcare, Piscataway, NJ,
http://www.gelifesciences.com) as single cells, at a concentra-
tion of 73104 cell perml, andwere cultivated under defined con-
ditions (temperature, 37°C; pO2, 4% O2; CO2, 5%; surface aeration
rate, 0.1 air volume perworking volume perminute (vvm); rocking
angle, 4°; agitation rate, 10–26 rpm;working volume, 1 liter) in dif-
ferentiation medium (Iscove’s modified Dulbecco’s medium with
GlutaMAX, supplemented with 20% [vol/vol] fetal bovine serum,
1% [vol/vol] nonessential amino acids, 1% [vol/vol] penicillin/
streptomycin, and 50mMb-mercaptoethanol [all from Invitrogen,
Carlsbad, CA, http://www.invitrogen.com]). At day 9, cell lineage
selection was induced by addition of puromycin (8 mg/ml). At day
11, cell aggregates composed of more than 97% of miPSC-CMs
were harvested from Wave bioreactor. These cell aggregates
were either preserved (as described in Hypothermic Storage
of PSC-CMs) or dissociated into single cells by using 0.25%
(wt/vol) trypsin/EDTA, and plated, at 5 3 105 cells per cm2, in
24-well plates coated with CELLstart CTS [Invitrogen]). Cells were
cultivated at 37°C, in a humidified atmosphere of 5% CO2, until
hypothermic storage studies were performed.

CM Differentiation of hPSCs

Two hPSC lines were used: hiPSC DF19-9-11T.H (WiCell, Madison,
WI, http://www.wicell.org) and human embryonic stem cell
(hESC) line NKX2-5(eGFP/w) [34] (kindly provided by Dr. David
Elliott, Murdoch Children’s Research Institute, Parkville, Victoria,
Australia). HPSCs were cultured on Synthemax II SC Substrate-
coated (Corning, Corning, NY, http://www.corning.com) plates
in mTeSR1 (StemCell Technologies, Vancouver, BC, Canada,
http://www.stemcell.com) medium until reaching 80% conflu-
ence. Cardiomyocyte differentiation was induced as described
by Lian et al. [35]. By using this protocol, 2D monolayer cultures
composed by 50%–70% of hPSC-CMs were obtained. To enrich
the cell population into CMs, cells were cultured in CM enrichment
medium (RPMI 1640 without glucose [Invitrogen] supplemented
with B27 without insulin [Invitrogen] and 4 mM sodium L-lactate
[Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com]) for
10 days as described elsewhere [32]. After CM enrichment (more
than 80% vascular cell adhesion molecule [VCAM]- and signal regu-
latory protein alpha [SIRPA]-positive cells),monolayer cultureswere
dissociated into single cells by incubationwithTrypLE Select (Invitro-
gen) for5min.Thesecellswere(a) replatedat53105cellspercm2 in
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Synthemax II SC Substrate-coated (Corning) 24-well plates and
maintained for 1 week at 37°C in a humidified atmosphere of
5% CO2, until hypothermic storage studies; and (b) aggregated
as described in the literature [36]. Briefly, 53 105 cells were in-
oculated per well of low-adherent U-bottom 96-well plates
(Nunc, Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com), centrifuged at 500g for 5 min, and cultured in differentia-
tion medium (RPMI 1640 [Invitrogen] supplemented with B27
without insulin) for 1 week until preservation tests.

Hypothermic Storage of PSC-CMs

The2Dmonolayer cultures and3Daggregatesofmurine andhuman
PSC-CMswere stored at 4°C inHypoThermosol-FRS solution (BioLife
Solutions, Bothell, WA, http://www.biolifesolutions.com) for 3, 5,
and 7 days (designated as S3, S5, and S7, respectively). Immediately
before hypothermic storage, culture medium was replaced by the
following volumes of HTS solution: 2D monolayers, 300 ml per well
in a 24-well plate; 3D aggregates, 150 ml per well in a 96-well plate
(1 aggregate per well) or 1ml per cryovial (300 aggregates per cryo-
vial). After the hypothermic storage interval, HTS solution was re-
moved, murine, and human PSC-CMs were washed once with the
respective differentiation medium (described in CM Differentiation
of Murine PSCs and CM Differentiation of hPSCs) and cultivated in
the samemedium for 7 days. In the first 24 hours after storage, me-
dium was supplemented with 10 mM of RhoA kinase (ROCK) inhib-
itor (Y-27632; Biogen Cientifica SL, Madrid, Spain, http://www.
biogen.es). Medium was totally exchanged at days 0, 1, 3, and 7
of culture. Methods for evaluation PSC-CM viability and metabolic
activity andforassessmentofPSC-CMphenotypeandfunction,after
cold storage, are provided in the supplemental online data.

RESULTS

Impact of Hypothermic Storage on PSC-CMViability and
Metabolic Activity

In this study, we aimed at developing a protocol for hypothermic
storage of PSC-CMs, cultured either as 2D monolayers or 3D aggre-
gates, to ensureefficient short-termpreservationand/or shippingof
PSC-CM suitable for clinical applications and toxicology testing.Mu-
rineandhumanPSC-CMswerepreservedathypothermicconditions
(4°C) for 3, 5, and 7 days (designated hereafter as S3, S5, and S7, re-
spectively), in HypoThermosol-FRS preservation solution. HTS was
used because it is a xeno-free, cGMP, and clinically compatible solu-
tion thathasbeen successfully used forhypothermicpreservationof
multiple cell types, including neonatal rat CMs [16].

Our results show that miPSC-CMs can be efficiently stored for
7 days in hypothermic conditions in HTS solution, without compro-
mising cell viability ormetabolic activity (supplemental online Fig. 1).
Both2Dmonolayersand3Daggregatesof iPSC-CMsremainedhighly
viable after cold storage (supplemental online Fig. 1A) and main-
tained a-MHC driven eGFP expression (supplemental online Fig.
1A). By day 7 of culture after storage, both 2D monolayers and 3D
aggregatesofmPSC-CMshadnearly recovered theirmetabolic activ-
ity (.90%, as determined by the PrestoBlue assay; supplemental
online Fig. 1B).

hPSC-CMs were more sensitive to hypothermia-induced
stress than mPSC-CMs. Our results showed that high cell viabil-
ities (80%) could be obtained when 2D monolayers of hPSC-CMs
were preserved at hypothermic conditions for 3 days (S3 condi-
tion, Fig. 1A, 1B). However, cell viability after storage decreased

with increasedcold-storage intervals (Fig.1;Table1). Specifically, cell
viabilities, determined by the Trypan Blue exclusion method (Fig.
1A), and metabolic activity recoveries, evaluated by using the
PrestoBlue assay (Fig. 1B; Table 1), of approximately 60% and 50%
were estimated for S5 and S7 conditions, respectively. The marked
propidium iodide (PI) and NucView Caspase-3 substrate staining
(Fig. 1C) and the significantly higher cell lysismeasuredby the lactate
dehydrogenase (LDH) activity in the supernatant (Fig. 1D) at day 1
after storage confirmed that cell death was more pronounced in
the S7 condition. We verified that the caspase activity of stored
hiPSC-CMs (immediately and 24 hours after cold storage) in the S7
condition increased in relation to thehiPSC-CMsbeforehypothermic
storage (Fig.1E).Morespecifically,weobservedasignificant increase
in the activity of apoptotic initiator caspases (-8, -9, and -10) and ap-
optoticeffectorcaspases (-3/7and-6).Thehighest increase incaspase
activity (approximately 1.7-fold increase)was registered in caspase
3/7, 24 hours after cells were removed from hypothermic storage,
corroborating the pronouncedNucViewCaspase-3 substrate stain-
ing shown in Fig. 1C. All together, these results allowed us also to
perceive that cell death occurred mainly from day 0 to 1 of culture
after storage by both necrosis and apoptosis. Nonetheless, after
7 days in culture after storage, cells that recovered from hypo-
thermia remained viable, adherent to culture dishes without
meaningful PI/NucView staining (Fig. 1C). MitoView staining
alsohighlighted thepresenceof abundant and functionalmitochon-
dria, a typical CM feature (Fig. 1C lower). It isworth noting that after
all cold-storage intervals (S3, S5, and S7), cells restored theirmetab-
olism, as shown by similar values of specific glucose and glutamine
consumption rates and lactate production rate when compared
with the control, hiPSC-CMs not subjected to hypothermic storage,
that is, maintained in culture during the storage period (Table 1).

Similarprofilesofcell recoverywereobtainedwhenCMsderived
from a hESC line were preserved as 2D monolayers (supplemental
online Fig. 2). Specifically, cell recoveries of 80%were obtained after
5 days of hypothermic storage (supplemental online Fig. 2A, condi-
tion S5), but increased storage intervals (condition S7) led to a signif-
icant decrease in cell viability and metabolic activity recovery (42%,
as determined by the PrestoBlue assay; Fig. 2A). After both storage
intervals, cells that survived to hypothermic storage recovered their
metabolism (supplemental online Fig. 2B).

Hypothermic preservation of hiPSC-CMs cultured as 3D ag-
gregates led to higher cell recoveries than when cultured as 2D
monolayers. From 3 days in culture after storage onward, no
significant differences in metabolic activity recovery were de-
tected between S5 and S7 conditions (Fig. 2B). By day 7 of cul-
ture after storage,metabolic activity recoveries of 66%and 71%
were determined by the PrestoBlue assay in S5 and S7 condi-
tions, respectively (Fig. 2B; Table 1). No necrotic centers were
observed in aggregates from S5 and S7, and just a few PI-
positive cells randomly distributed through the aggregate were
detected at day 1 after storage (Fig. 2A). Importantly, contrary
to what was observed in 2D monolayer cultures (Fig. 1E), after
hypothermic storage of hiPSC-CMaggregates, the activity of ini-
tiator and effector caspases did not change significantly and
was even lower for some stored samples in relation to hiPSC-
CMs before hypothermic storage (Fig. 2C). These data indicate
thatwhen hiPSC-CMs are stored in this configuration, cell death
by apoptosis is not meaningful.

In scanning electron microscopy images, it was possible to
identify a higher amount of dead cells/cellular debris on the
surface of the aggregates subjected to hypothermic storage
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Figure 1. Hypothermic storage of hiPSC-CMs as two-dimensional monolayers. hiPSC-CMs were stored for 3, 5, and 7 days at 4°C in
HypoThermosol solution. Cell recoverywas evaluated for 7 days after storage. (A): Evaluation of cell recovery after the storage interval and 7 days
of culture using the Trypan Blue exclusion method. (B): Assessment of metabolic activity recovery using the PrestoBlue assay. The cell concen-
tration (A) and the fluorescence values of PrestoBlue (B) are presented as a percentage in relation to the values obtained in the cells immediately
before cold storage. (C):Upper panel: Viability analysis of hiPSC-CMs from the S7 condition, assessed at days 1 and 7 after storage, using the FDA
(live cells; green) andPI (deadcells; red). Lowerpanel:Detectionof caspase-3 activityusingNucViewCaspase-3 Substrate (red) and theMitoView
mitochondrial dye (cyan) at days 1 and7after storage in S7 cultures. Scale bars =100mm. (D):Cell lysismeasuredby the LDHactivity in theculture
supernatant. Values are normalized by the number of cells. (E): Fold increase in the activity of caspases-3/7, -6, -8, -9, and -10 immediately and
24 hours after hypothermic storage in the S7 condition in relation to the cells before storage. Data are presented as mean6 SD of three (A), four
(E), and five (B, D) measurements. p, p , .05; pp, p , .01; ppp, p , .001, determined by one-way analysis of variance and unpaired t test.
Abbreviations: d0, 0 days after storage; d1, 1 day after storage; FDA, fluorescein diacetate; hiPSC-CM, human induced pluripotent stem
cell-derived cardiomyocyte; LDH, lactate dehydrogenase; ns, not significant; PI, propidium iodide; S3, stored for 3 days; S5, stored for 5 days;
S7, stored for 7 days.
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comparatively to control aggregates (hiPSC-CM aggregates not
subjected to cold storage; Fig. 2D vs. Fig. 2E). These results were
also confirmed by PrestoBlue assay because lower cell viabilities
andmetabolic activities after storagewere attained in S5 and S7
conditions comparatively to the control (Fig. 2B). Noteworthy, af-
ter 7 days of culture after storage, aggregates from S7 condition
maintained their structure, being almost indistinguishable from
control aggregates (Fig. 2D vs. Fig. 2E). In accordance, no signifi-
cant differences (p . .05) in aggregate size were detected be-
tween aggregates from the S7 condition (269 6 17 mm; Fig.
2D) and control aggregates (2566 13mm; Fig. 2E). Themetabolic
profile, namely, specific glucose and glutamine consumption
rates and lactate production rate,was also not significantly differ-
ent from control aggregates (Table 1).

Effect of Hypothermic Storage on PSC-CM Phenotype

Hypothermic storagemayaffectnotonly cell viability andmetabolic
activity, but also cell phenotype and function [37]. Although we
showed that hPSC-CMs are more resistant to prolonged hypother-
mic storage-induced cell injury in 3D aggregates than in 2D mono-
layers, we intended to confirm also that viable cells recovered after
hypothermic storage in 2D monolayers maintain their phenotype.
Thus, we assessed the effect of hypothermic storage on the struc-
ture and functional featuresof hPSC-CMs storage as 2Dmonolayers
and 3D aggregates. Our results showed that PSC-CMs, stored either
as2Dmonolayersor3Daggregates, recovered fromall hypothermic
storage intervals (S3, S5, and S7), restored their metabolism
(Table 1), retained the expression of cardiac markers (determined
by flow cytometry; Figs. 3A and 4A), and the contractile function
(Figs. 3B and 4B). Therefore, cells subjected to a longer period of
hypothermic storage (S7 condition)were selected and further char-
acterized in terms of gene expression, cell structure, ultrastructure,
and function.

Quantitative RT-PCR analysis was performed for hiPSC-CMs
stored as 2D monolayers. The results revealed that, after 7 days
in culture after storage, CM-specific genes, with the exception of
VCAM1, and the cardiac progenitor-related genes, KDR and
GATA4, were highly expressed in hPSC-CMs subjected to cold
storage than in the control (i.e., nonstored cells that were main-
tained in culture for 14 days, which corresponds to the 7 days of

hypothermic storage plus 7 days in culture after storage) (Fig. 3B).
These data suggest a hypothetical role of hypothermia in CM
enrichment and/or maturation (cardiac progenitor cells pre-
sent in culture before hypothermia might be more sensitive
to cold storage-induced stresses than CMs with a more mature
phenotype).

To access morphology and structure of hiPSC-CMs stored as
3D aggregates, immunofluorescence microscopy analysis was
carried out. Our results showed that hiPSC-CMs exhibited a typ-
ical cardiac morphology, with highly organized sarcomeric
a-actinin, titin, troponin I, and troponin T after 7 days of hypo-
thermic storage (Fig. 4C). Similar results were attained for
miPSC-CMs that also expressed Myl2, Myl7, and a-MHC
(supplemental online Fig. 3), as well as for cells stored as 2D
monolayers (not shown).

Transmission electron microscopy analysis revealed that
after the storage interval and 7 days in culture after storage,
hiPSC-CMs cultured either as 2D monolayers (Fig. 5A) or 3D
aggregates (Fig. 5B) did not display signals of microstructural
damage (such as damaged cell membranes and organelles)
and showed ultrastructural features indistinguishable from
the hiPSC-CMs not subjected to hypothermic storage (control;
Fig. 5C). Myofilaments organized in myofibrils with a sarco-
meric pattern were observed, as well as abundant long and
slender mitochondria. Z bands delimiting the sarcomeres and
highly specialized cell-cell junctions (intercalated disks) were
also identified in both culture configurations (Fig. 5A, 5B). No
other bands were visible in the sarcomere construct, in the
cold-stored hiPSC-CMs and control (Fig. 5A–5C). The aligned
sarcomeres in stored hiPSC-CMs presented a mean length of
1.40 6 0.06 mm, similar to the control (1.49 6 0.09 mm) and
to sarcomere length reported in literature for early and imma-
ture hiPSC-CMs (1.50 6 0.15 mm) [38].

Characterization of hiPSC-CM Function After
Hypothermic Storage

We verified that after all storage intervals, murine (not shown)
and human iPSC-CMs stored as 2Dmonolayers and3Daggregates
regained their normal beating frequency after 3–4 days in culture
(Fig. 3B, supplemental online Fig. 3B, and supplemental online

Table 1. Evaluation of hiPSC-CM recovery after 3, 5, and 7 days of storage at 4°C in HypoThermosol preservation solution

2D monolayers 3D aggregates

S3 S5 S7 Control S5 S7 Control

Metabolic activity recovery (%)

Day 1 poststorage 796 5 61 6 5 506 3 — 92 6 15 806 14 92 6 12

Day 7 poststorage 816 4 68 6 3 486 2 — 63 6 17 706 18 86 6 11

qMet (mmol×1029cells×hour21)

qGLN 0.036 0.01a 0.026 0.00b 0.026 0.00a 0.016 0.00 0.036 0.00, NS 0.026 0.01, NS 0.026 0.00

qGLC 0.086 0.01, NS 0.096 0.01, NS 0.076 0.01, NS 0.086 0.01 0.106 0.02, NS 0.116 0.04, NS 0.096 0.03

qLAC 0.136 0.01, NS 0.116 0.02, NS 0.096 0.01, NS 0.136 0.01 0.156 0.02, NS 0.146 0.02, NS 0.176 0.03

Values denote the mean6 SD of 5 (2D monolayers) and 15 (3D aggregates) measurements. Significant differences in relation to the control (cells not
subjected to hypothermic storage maintained under conventional culture conditions for 14 days [i.e., equivalent to 7 days of storage plus 7 days of
poststorage recovery]) were determined by an unpaired t test with Welch’s correction.
ap , .001.
bp, .01.
Abbreviations:—, no data; 2D, two-dimensional; 3D, three-dimensional; hiPSC-CM, human induced pluripotent stem cell-derived cardiomyocyte; NS,
not significant; qGLC, specific consumption rate of glucose; qGLN, specific consumption rate of glutamine; qLAC, specific production rate of lactate;
qMet, specific consumption/production rate of metabolites; S3, stored for 3 days; S5, stored for 5 days; S7, stored for 7 days.

662 Effective Hypothermic Storage of hPSC-CMs

©AlphaMed Press 2016 STEM CELLS TRANSLATIONAL MEDICINE

http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0238/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0238/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0238/-/DC1


Movie 1). The action potential (AP) characteristics of miPSC-CMs
cold-stored as 2Dmonolayers were very similar to controlmiPSC-
CMs, showing comparable maximum diastolic potential, beating
frequency, velocity of diastolic depolarization, AP upstroke veloc-
ity, and AP duration (supplemental online Fig. 4A).Moreover, the
response of cold-stored and controlmiPSC-CMs to cardiostimula-
tory drugs was not significantly different. When the adrenergic
agonist isoproterenol was administered, a similar increase of
AP frequency was observed (supplemental online Fig. 4B). Posi-
tive chronotropic effects of isoproterenol were reversible upon
washout (supplemental online Fig. 4B).

Characterization of hiPSC-CM function after 7 days of hypother-
mic storage as 2Dmonolayers plus 7 days in culturewas assessed by
recording inward and outward whole-cell K+ conductances in
voltage-clamp experiments using the whole-cell patch-clamp con-
figuration.After obtaining “whole-cellmode,”briefmeasurements
ofmembrane potential (Vm, under current clamp)were conducted

before shifting to voltage clamp. These recordings revealed that
cell membranes were adequately polarized after 7 days of cold
storage (Vm = 269.2 6 0.6 mV; n = 8). To evaluate voltage de-
pendence of transmembrane currents, a wide range of poten-
tials was used to record currents following 10 mV steps (of
260 ms) from2130 to +0 mV, while keeping the holding poten-
tial at270 mV (Fig. 6A left). The corresponding curves revealed
three main components: (a) a clear inward component from
2130 to260 mV (component that may correspond to the typ-
ical cardiac inward K rectifier, Ikr); (b) an inward “hump” from
250 to 220 mV; and (c) a typical delayed outward K+ current
above 210 mV (Fig. 6A right). To investigate the outward K+

current, a less abrasive single voltage step (to +40 mV) was per-
formed (Fig. 6B). This protocol consisted in a brief depolarization
(50 ms) to 210 mV aiming at Ca2+ influx through voltage-
activated channels, which was immediately followed by a longer
depolarizing step (750 ms) to +40 mV.

Figure 2. Hypothermic storage of hiPSC-CMs as three-dimensional aggregates. Aggregates were stored for 5 and 7 days at 4°C in HypoThermosol
solution. Cell recoverywas evaluated for 7 days after storage. (A):Cell viability at day 1 after storage assessed by using fluorescein diacetate (live cells;
green) and propidium iodide (dead cells; red) dyes. (B): Evaluation of metabolic activity recovery after storage by PrestoBlue assay. The fluorescence
values are presented as a percentage in relation to the values obtained in the cells immediately before cold storage. (C): Fold increase in the activity of
caspases-3/7, -6, -8, -9, and -10 immediately and 24 hours after hypothermic storage in S7 condition in relation to the cells before storage. (D, E):
ScanningelectronmicroscopyofhiPSC-CMaggregates fromS7conditionafter7days in cultureafter storage (D)and thecontrol (hiPSC-CMaggregates
notsubjected tocoldstorage, i.e.,maintained incultureduring thestorageperiod) (E). Theboxedregionsweremagnified toshowcell boundariesand
cell-cell contacts (arrow). Scale bars = 200mm (B), 10mm (C left, D), and1mm (Cmiddle and right). Data are presented asmean6 SD of 4 (C) and 15
(B)measurements. p, p, .05;pp, p, .01;ppp, p, .001; ns as determined by unpaired t test. Abbreviations: d0, 0 days after storage; d1, 1 day after
storage; hiPSC-CM, human induced pluripotent stem cell-derived cardiomyocyte; ns, not significant; S5, stored for 5 days; S7, stored for 7 days.
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The inward current hump detected in the current-voltage re-
lationship between 250 and 0 mV (Fig. 6A) suggests the activa-
tion of voltage-gated calcium channels, allowing Ca2+ influx
mainly through CaV1 (L-type) channels [39]. Even though we
did not perform experiments to directly evaluate calcium

dynamics, it is likely that activation of voltage-activated calcium
channels may account for the inward current hump observed
here. Thus, Ca2+ recruitment through voltage-gated channels, most
probably via CaV1 (L-type) channels, ensures that coupling to
small-conductance Ca2+-activated K+ outward currents occur as

Figure3. CharacterizationofhiPSC-CMsstoredas two-dimensional (2D)monolayers inhypothermic conditions forupto7days. (A):Percentageof
SIRPA and VCAM-positive cells determined by flow cytometry. (B): The beating frequency (beats perminute) after all storage intervals (S3, S5, and
S7) was monitored until day 4 of culture after storage in hiPSC-CMs cultured as 2D monolayers. The results were normalized to the beating fre-
quency measured in the control cells not subjected to cold storage. (C): Quantitative reverse-transcriptase polymerase chain reaction analysis
showing the relative expression of cardiac-related transcription factors, cardiac-specific structural genes, calcium handling, and membrane ion
channels in the S7 condition, after 7 days in culture poststorage. Values were normalized to the control, cells not subjected to cold storage,
and maintained in culture for the same time period. Data are presented as mean6 SD of at least three measurements. p, p, .05; pp, p, .01;
ppp, p, .001; ns, as determined by unpaired t test. Abbreviations: d7, after 7 days in culture poststorage; hiPSC-CM, human induced pluripotent
stem cell-derived cardiomyocyte; ns, not significant; SIRPA, signal-regulatory protein alpha; VCAM, vascular cell adhesion molecule.

Figure 4. Characterization of hiPSC-CMs stored as three-dimensional (3D) aggregates in hypothermic conditions for up to 7 days. (A, C): After
hypothermic storageand1week in cultureafter storage, cellswere characterizedby flowcytometry (A)and immunofluorescence staining (C) for
cardiac-specific markers. (B): The regained of contractile activity was also assessed by phase-contrast microscopy. (A): Percentage of SIRPA,
VCAM, and cTNT-positive cells determined by flow cytometry. (B): The beating frequency (beats per minute) after all storage intervals (S3,
S5, and S7) was monitored until day 4 of culture after storage. The results were normalized to the beating frequency measured in the control
cells not subjected to cold storage. (C): Immunofluorescence analysis of hiPSC-CMs (from plated 3D aggregates) after hypothermic storage for
theCM-specificmarkers: sarcomerica-actinin, TroponinC, Troponin I, andTitin (red) antibodies. F-actin is stainedwithphalloidin (green).Nuclei
were counterstained with Hoechst (blue). Scale bars = 30 mm. Abbreviations: cTNT, cardiac troponin T; hiPSC-CM, human induced pluripotent
stem cell-derived cardiomyocyte; S3, stored for 3 days; S5, stored for 5 days; S7, stored for 7 days. SIRPA, signal-regulatory protein alpha; VCAM,
vascular cell adhesion molecule.
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described for CMs [40]. Consistent with this, we showed that the
outward K+ current (Fig. 6B) was clearly voltage-dependent,
with the maximal amplitude obtained when cells were depolar-
ized with a prepulse reaching210 mV—that is, close to the maxi-
mum activation of CaV1 (L-type) currents.

Indirect measurements of contractions obtained from video
data analysis revealed that hiPSC-CMs subjected to 7 days of cold
storage as 2D monolayers respond appropriately to different
chronotropic agents (Fig. 6C–6H). An increase in K+ concentration
from 5 to 30mM shifted the potential equilibrium of K+, resulting
in membrane potential depolarization and, consequently, in a

strong and sustained contraction (Fig. 6C). The addition of verap-
amil (1 mM), which specifically blocks L-type Ca2+ channels, re-
duced the beating frequency and ultimately arrested beating
(Fig. 6D). Conversely, the administration of 0.5 mM adrenaline,
a b-receptor agonist, significantly increased the beating fre-
quency of hiPSC-CMs, but not the duration of the contraction
events (Fig. 6E, 6F). The treatment with nimodipine (300 pM), a
L-typeCa2+ channel blocker, evoked subtle butmeaningful effects
on beating behavior. Beating frequency remained constant,
whereas the duration of the contractions significantly decreased
(Fig. 6G, 6H). These data strongly suggested the existence of

Figure 5. Ultrastructural characterization of hiPSC-CMs after hypothermic preservation. (A, B): Transmission electron microscopy (TEM) im-
ages of hiPSC-CMs, stored at hypothermic conditions for 7 days, as 2Dmonolayers (A) and as 3D aggregates (B). (C): TEM images of the control 3D
aggregates: hiPSC-CMs not subjected to hypothermic storage, that is, maintained in culture during the storage period (control). HiPSC-CMs pre-
sented a large nucleus (Nu)-to-cytoplasm ratio and containedmany myofibrils aligned and organized in a sarcomeric pattern. Z-bands and neigh-
boring CMs (CM1 and CM2) connected by intercalated disks were also observed. Scale bars = 1 mm (A, B right, C right) and 2 mm (B left, C left).
Abbreviations: 2D, two-dimensional; 3D, three-dimensional; CM, cardiomyocyte; hiPSC-CM, human induced pluripotent stem cell-derived
cardiomyocyte; ID, intercalated disks; M, mitochondria; MF, myofibrils; Nu, nucleus; S7, stored at hypothermic conditions for 7 days; Z, Z-band.
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L-type voltage-activated Ca2+ currents in hiPSC-CMs after hypo-
thermic storage.

Real-time intracellular calcium imaging, using the calcium in-
dicator dyeRhod-3, revealed that 2Dmonolayers (not shown) and

3Daggregates of hiPSC-CMspresent synchronized oscillatory pat-
terns of intracellular calcium concentrations (Fig. 6I, 6J).
Supplemental online Movie 2 shows a representative live imaging
recording of whole-cell calcium transients of iPSC-CMs after cold

Figure 6. Functional characterization of hiPSC-CMs subjected to hypothermic storage for 7 days. After hypothermic storage for 7 days and
1week in culture after storage, cell functionalitywas evaluated by thedetection of CM-specific action potentials (AP) (A,B), typical CM response
to drugs (C–H), and calcium transients (I, J). (A):Whole-cell voltage-clamp recordings from hiPSC-CMs subjected to 7 days of hypothermic stor-
age as 2D monolayers. (A): Left: Representative currents following a set of voltage pulses (260 ms), covering a wide range of potentials, with
incremental depolarization steps (10mV) from2130 to 0mV (holding voltage270mV) (inset). Right: Corresponding current-voltage relation-
ship showing three different components in terms of voltage dependence: a strong inward rectifier, an inward hump, and a delayed outward
current. (B):Representative current traces froma triple set of double depolarizing pulses: one first step to240,210, and +20mV, lasting 50ms,
followed by a second pulse to +40mV, lasting 750ms (inset). One can notice a larger outward current at +40mVwhen preceded by a prepulse to
210mV,which suggest a Ca2+-dependent current component. (C–H): Effect of chronotropic drugs: 30mMKCL (C), 1mMVerapamil (D), 0.5mM
Adrenaline (E, F), and 300 pM Nimodipine (G, H), on contractile activity of hiPSC-CMs (cultured as 2D monolayers) subjected to 7 days of
hypothermic storage, analyzed by video recording in an inverted microscopy. (I): Pseudocolor images showing minimal (Ca2+ min; left)
and maximal (Ca2+ max; right) intensity of the calcium indicator dye Rhod-3. The six hiPSC-CMs analyzed (from plated 3D aggregates)
are highlighted. (J): Graphical representation of calcium level cycling, during hiPSC-CMs contraction, determined by confocal imaging of
the Rhod-3 dye, for the six different hiPSC-CMs. Data are presented asmean6 SDof 24 (F, H)measurements. ppp,p, .001; ns, as determined
by unpaired t test. Abbreviations: CM, cardiomyocyte; hiPSC-CM, human induced pluripotent stem cell-derived cardiomyocyte; Max, max-
imal; Min, minimal; ns, not significant.
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storage. Overall, these results clearly show that murine and human
iPSC-CMsexhibit intactmolecular, ultrastructural, and functional prop-
erties after 1 week of hypothermic storage.

DISCUSSION

Several studies have focused on the development of methods to
preserve primary cultures of neonatal and adult CMs from rat and
mouse origin [16, 41–45], but little has been done to optimize the
short- and long-term storage of hPSC-CMs that more accurately
reflect the physiology of human CMs. In this study, we developed
efficient strategies for the hypothermic storage of 2Dmonolayers
and 3D aggregates of hPSC-CMs. We showed that both 2D cell
monolayers and 3D cell aggregates of mPSC-CMs can be main-
tained for up to 1week in hypothermic conditions withoutmean-
ingful effects on cell viability (.90% of cell recovery), structure,
and functionality (including action potential and drug responsive-
ness). However, we verified that hPSC-CMs are more sensitive to
hypothermia/rewarming-induced stress than mPSC-CMs. A 30%
decrease in cell viability was observed in hPSC-CMs preserved
as monolayers, when the storage interval was extended from 3
to 7 days. In fact, it is not surprising that murine and human
PSC-CMs present such a different tolerance to hypothermic stor-
age because several studies have described significant differences
in the transcriptional networks, global molecular signatures, and
signaling pathways inmouse andhumanPSCs [46, 47]. Thesediffer-
ences likely justify thedistinctdevelopmental potentials, culture re-
quirements, and epigenetic landscapes observed in these cells [46].
Mu et al. showed significant differences in the induction of differ-
entiation of murine and human ESCs into CMs, as well as in specific
featuresofeachCMderivative, includingaveragebeating frequency
and response to 24 hours of hypoxia stimulation [48].

In this work,we showed that hPSC-CMaggregates subjected to
5 and7days of hypothermic preservationpresent similar cell recov-
eries after storage. After 7 days of hypothermic storage, cell recov-
eries were higher in PSC-CM aggregates (70%) than in PSC-CM
monolayers (50%). Theseresults suggest that a3Darchitecture con-
fers an additional protection to extended hypothermia-induced
stress, possibly because of the formation of vast and stable cell-
to‐cell and cell-to-extracellular matrix (ECM) interactions. It has
been reported that a tridimensional organization favors the estab-
lishment and maintenance of cellular junctions between cardiac
cells [49]. In the same study, the authors demonstrated that aggre-
gates of cardiac cells exhibit a larger number of intercellular junc-
tions and a higher amount of ECM connecting the cells compared
to 2D cultures [49]. Interestingly, it has been shown that in 3D con-
formations, cell extensions become entangled with ECM fibrils,
resulting in integrin-independent mechanical interactions that
strengthen cell anchorage [50]. All these findings support our sup-
position that spatial organization of PSC-CMs may affect their bio-
logical response to hypothermic storage.

It hasbeen reported thathypothermic storagemay inducead-
verse effects on cells, including hypoxic stress, ischemia and
reperfusion injury, disruptions inmembrane potential (redox bal-
ance), cellular ionic imbalances (disturbanceofNa+, Ca2+, andFe2+

homeostasis), generation of reactive oxygen species, collapse of
cytoskeleton, and ultrastructural damage [37, 51–55]. These ef-
fects are more pronounced with increasing hypothermic storage
intervals, resulting in the activation of necrotic or apoptotic cell
death pathways [37, 55]. Activation of the apoptotic cascade
takes hours to days to be fully manifested after cells or tissues

are removed from storage. Thus, to assess the efficiency of the
preservation strategy, cell recovery should be assessed for an ex-
tended time period in culture after storage andpreferably by using
complementary characterization techniques. In this study,weeval-
uated CM recovery during 7 days of culture after storage, through
the analysis of cellular membrane integrity (fluorescein diacetate/
PI staining and Trypan Blue exclusion test), metabolic activity
(PrestoBlue assay), anddetection of apoptosis activation andmito-
chondrial activity (quantification of caspase activity andMitoView/
NucView staining). As expected, extended hypothermic preserva-
tion intervals induced both necrosis and apoptosis of hPSC-CMs,
particularly in 2Dmonolayer cultures. Nonetheless, hPSC-CMs that
recovered from hypothermic storage, either in 3D aggregate or in
2D monolayer cultures, maintained their phenotype as reflected
by a typical CM structure/ultrastructure and cardiac protein ex-
pression profile. The expression of typical CM genes (including
transcription factors, specific structural genes, and ionic channels)
were revealed to be significantly higher in stored hiPSC-CMs than
in the control, suggesting that the hypothermia state may en-
hance CM enrichment/maturation processes. A recent study re-
ported that apoptotic stimuli—more specifically, a sublethal
caspase-activation—up-regulates cardiac progenitor and CM dif-
ferentiation, increasing the final yield ofCMs [56]. As shown inour
study and in others [16, 37, 57], the hypothermic state promotes
caspase activation; consequently, we could also speculate about
an interference of cold preservation in cardiogenic pathways. Im-
portantly, hiPSC-CMs subjected to 7 days of hypothermic storage
maintained their functionality, exhibiting features typical form
healthy CMs, including (a) several ionic conductances (IKr, out-
ward delayed rectifiers, and Ca2+-activated K+ currents) [58], (b)
indirect “fingerprints” of voltage-activated L-type Ca2+ currents
[58], and (c) appropriate contractile activity response to chrono-
tropic agents [59].

Commercially available hypothermic solutions, such as HTS,
were carefully formulated to maintain the ionic and osmotic bal-
ances, inhibit acidosis, andprevent cell swelling at low temperatures
[15, 37]. These features facilitate preservation of cell homeostasis,
which is not achievablewhen using just culturemedium as a preser-
vation formulation. Forexample,normalhumanepidermalkeratino-
cytes can be maintained for periods exceeding 1 week at 4°C in HTS
and only 24 hours in normal growth medium at 4°C [21]. Currently,
the incorporation of protective agents, including antioxidants, ion
chelators, andmembranestabilizers, inpreservationmediahasbeen
reported to markedly improve preservation efficacy. For example,
fructose-1,6-bisphosphate [42, 60], 2,3-butanedione [42, 61], myo-
sin II ATPase inhibiting-agents [29], dopamine and lipophilic deriva-
tives [45], and human neuregulin-1 peptide [62] proved to be
efficient in improving the poststorage viability in mouse/rat hearts
and/orCMs.Arecentstudywithpreservedbioartificial livers showed
that an improved protective effect can be obtained if distinct agents
are added to the storage solution during the appropriate preserva-
tion stage (preincubation, hypothermia, and rewarming) [63]. Spe-
cific protectiveagents could alsobe combinedwithour cold-storage
preservationprotocol to furtherenhancepreservationefficacy after
extended storage intervals.

CONCLUSION

We established effective and clinically compatible strategies for
cold storage of 2D monolayers and 3D aggregates of murine
and human PSC-CMs and provided some evidence about the
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appropriate time interval to store PSC-CMs at hypothermic con-
ditions without compromising their viability, phenotype, and
function. These preservation strategies can be integrated with
the differentiation process, avoiding additional and possible
harmful manipulation of cells, such as monolayer/aggregate dis-
sociation. Moreover, these strategies enable cell products to be
manufactured off-site in certified companies. Importantly, our ap-
proach for hypothermic storage of 2Dmonolayers of PSC-CMswill
facilitate thedeliveryofcertified, validated, ready-to-usecellplates
suitable for high-throughput cardiac drug testing and toxicity
screening, whereas the 1-week storage strategy for PSC-CMaggre-
gates will allow the distribution of not only off-the-shelf tissue like
invitromodels for cardiac toxicitydrug testing,butalso therapeutic
cells that could be directly used in cardiac regenerative therapies.
In fact, it has been demonstrated that the delivery of cardiac pro-
genitor cells in the formof 3D cell aggregates improved in vivo sur-
vival of implanted cells in amurinemodel of cardiac injury [64]. The
strategies for cold preservation of PSC-CMs described herein con-
tribute to overcoming the hurdles and needs of the regenerative
medicine market and scientific community, constituting a step
forward toward improved worldwide commercial distribution of
hPSC-CMs for use in the clinic and biopharmaceutical industry.
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