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Abstract 

Background Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) have attracted significant 
interest for use in disease modeling, drug discovery and potential therapeutic applications. However, conventional 
hiPSC-CM cryopreservation protocols largely use dimethyl sulfoxide (DMSO) as the cryoprotectant (CPA), which 
is linked with a loss of post-thaw recovery and function for various cell types and is not ideal for therapeutic protocols. 
Additionally, the effect of freezing parameters such as cooling rate and nucleation temperature on post-thaw recov-
ery of hiPSC-CMs has not been explored.

Methods hiPSC-CMs were generated by Wnt pathway inhibition, followed by sodium l-lactate purification. Sub-
sequently, biophysical characterization of the cells was performed. A differential evolution (DE) algorithm was uti-
lized to determine the optimal composition of a mixture of a sugar, sugar alcohol and amino acid to replace DMSO 
as the CPA. The hiPSC-CMs were subjected to controlled-rate freezing at different cooling rates and nucleation 
temperatures. The optimum freezing parameters were identified by post-thaw recoveries and the partitioning 
ratio obtained from low temperature Raman spectroscopy studies. The post-thaw osmotic behavior of hiPSC-CMs 
was studied by measuring diameter of cells resuspended in the isotonic culture medium over time. Immunocyto-
chemistry and calcium transient studies were performed to evaluate post-thaw function.

Results hiPSC-CMs were found to be slightly larger than hiPSCs and exhibited a large osmotically inactive volume. 
The best-performing DMSO-free solutions enabled post-thaw recoveries over 90%, which was significantly greater 
than DMSO (69.4 ± 6.4%). A rapid cooling rate of 5 °C/min and a low nucleation temperature of -8 °C was found to be 
optimal for hiPSC-CMs. hiPSC-CMs displayed anomalous osmotic behavior post-thaw, dropping sharply in volume 
after resuspension. Post-thaw function was preserved when hiPSC-CMs were frozen with the best-performing DMSO-
free CPA or DMSO and the cells displayed similar cardiac markers pre-freeze and post-thaw.

Conclusions It was shown that a CPA cocktail of naturally-occurring osmolytes could effectively replace DMSO 
for preserving hiPSC-CMs while preserving morphology and function. Understanding the anomalous osmotic behav-
ior and managing the excessive dehydration of hiPSC-CMs could be crucial to improve post-thaw outcomes. Effective 
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Background
Cardiovascular diseases are among the leading causes 
of morbidity and mortality globally, with ischemic heart 
diseases (IHDs) alone accounting for approximately 9 
million deaths annually [1]. This number is expected to 
continue to rise due to aging populations [2]. The heart 
has very limited regenerative potential [3], and this effect 
is not sufficient to replace the large portions of cardiac 
tissue affected in IHDs. Transplantation of cardiomyo-
cytes into infarcted hearts has emerged as a potential 
promising treatment, with improvement of cardiac func-
tion observed in animal studies [4–6].

Particularly, cardiomyocytes derived from human-
induced pluripotent stem cells (hiPSCs), referred to as 
hiPSC-CMs, have garnered significant interest. This 
interest is due to the exceptional self-renewal capability 
of hiPSCs, which is crucial for regenerative therapy, dis-
ease modeling and drug discovery applications [7–11], 
where large quantities of cardiomyocytes are desired. 
Moreover, a mounting body of evidence has suggested 
that hiPSC-CMs can effectively emulate native cardiomy-
ocytes in transplantation [12] and drug discovery [13–15] 
applications. Effective cryopreservation of hiPSC-CMs 
is essential to improve their accessibility to patients and 
researchers by greatly decreasing manufacturing and 
supply chain costs. Furthermore, the development of an 
optimized hiPSC-CM cryopreservation protocol would 
support the creation of biobanks, from which cells could 
be withdrawn whenever desired.

However, efforts to cryopreserve cardiomyocytes 
have met with limited success. Most studies report 
relatively low post-thaw viabilities between 50 and 
80% [16–18] with changes observed in the post-thaw 
function of the cardiomyocytes such as reduced con-
tractility and increased susceptibility to drug-induced 
arrhythmic events [17]. All of the conventional cardio-
myocyte cryopreservation protocols utilize dimethyl 
sulfoxide (DMSO), typically at a concentration of 10%, 
as one of the components of the cryoprotective agent 
(CPA). Despite its widespread use, in vitro studies have 
shown DMSO to cause cell death and compromise the 
cell membrane due to its permeabilizing properties 
[19]. Additionally, patients receiving DMSO infusions 
report various adverse allergic, gastrointestinal, neu-
rological and cardiac side effects [20–23]. Moreover, 
DMSO is associated with epigenetic effects such as 
disruptions in DNA methylation mechanisms [24, 25], 

which makes it particularly problematic for use with 
hiPSC-derived cells. Thus, DMSO needs to be washed 
out before infusion, which leads to additional cell loss 
post-thaw. Lastly, 10% DMSO has also been shown to 
damage and leach contaminants from plasticware [26], 
which can lead to manufacturing challenges.

Consequently, there is a need to develop DMSO-free 
cryopreservation methods for hiPSC-CMs. To that end, 
we have demonstrated in previous studies that combi-
nations of naturally-occurring osmolytes can effectively 
preserve a variety of cell types, ranging from T-lympho-
cytes [27, 28, 30] to mesenchymal stem cells [29, 30] 
and hiPSCs [31]. Yet, unlike the one-size-fits-all nature 
of DMSO, it has been demonstrated that specific com-
binations of concentrations lead to better post-thaw 
outcomes [27, 30, 31], which requires CPA optimiza-
tion for a specific cell type. In addition to CPA optimi-
zation, the optimal freezing parameters also need to be 
identified for hiPSC-CMs. Freezing parameters such as 
cooling rate [34] and nucleation temperature [35] have 
a significant effect on the post-thaw recovery of most 
cell types. However, the effect of these freezing param-
eters on hiPSC-CM recovery has not been explored. In 
the existing literature, when controlled-rate freezing 
has been performed, the freezing protocols have usu-
ally not been specified [32]. When specified, a cool-
ing rate of 1  °C/min has been chosen for most of the 
freezing process [16, 17], with no clear consensus on 
the optimal cooling rate [33]. Moreover, the impact of 
nucleation temperature on hiPSC-CM cryopreserva-
tion has not been explored.

In this study, we determined biophysical characteris-
tics of interest both pre-freeze and post-thaw. A differ-
ential evolution (DE) algorithm was used to optimize a 
DMSO-free CPA composition for hiPSC-CMs to maxi-
mize post-thaw recovery. Further, we also assessed the 
effect of cooling rate and nucleation temperature on the 
recovery of hiPSC-CMs. The effect of cooling rate was 
further explored by performing low temperature Raman 
spectroscopy and analyzing the solute partitioning of 
hiPSC-CMs. These results were used to identify the opti-
mal controlled rate freezing parameters for hiPSC-CMs. 
Finally, the post-thaw function of the hiPSC-CMs was 
measured by performing calcium transient studies. These 
studies will advance our basic understanding of the freez-
ing behavior of cardiomyocytes and help us to preserve 
this important cell type more effectively.

DMSO-free cryopreservation would accelerate the development of drug discovery and therapeutic applications 
of hiPSC-CMs.

Keywords Cardiomyocytes, Cryopreservation, DMSO-free, Raman spectroscopy, NADES, Protocol development
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Methods
Cardiomyocyte differentiation
The CCND2 hiPSC line (provided by Dr. Jianyi Zhang, 
University of Alabama at Birmingham), previously repro-
grammed from cardiac fibroblasts of a healthy female 
donor [56] and genetically modified to overexpress cyc-
lin D2 to enhance cardiac differentiation yield [36, 37], 
was used in this study. The hiPSCs were cultured as 
adherent colonies on 6-well plates coated with Matrigel 
(Corning) and fed with mTeSR1 medium (STEMCELL 
Technologies) for 5  days to reach 80%–90% confluency. 
hiPSCs used in this investigation were between passage 
57 and 79. To harvest the hiPSCs, the culture medium 
was removed, and each well was washed once with sterile 
DPBS (Gibco) before adding 1  ml of room-temperature 
Accutase (STEMCELL Technologies). The plates were 
incubated at 37 °C for 8 min. To stop the Accutase reac-
tion, 0.5 ml of mTeSR1 medium was added to each well. 
The singularized cells were collected, centrifuged at 200 
g for 5 min to remove the Accutase solution, and resus-
pended in mTeSR1 with 5 μM ROCK inhibitor (Y27632). 
The hiPSCs were seeded at a density of 1 ×  106 cells/well 
on Matrigel-coated 12-well plates and maintained in a 5% 
CO2 incubator at 37 °C for 24 h. The hiPSC cultures were 
routinely tested for mycoplasma contamination.

The hiPSCs were then subjected to a fully defined direct 
cardiac differentiation protocol by modulating Wnt/β-
catenin signaling. On Day −1, 1  ml of fresh mTeSR1 
medium was added to each well. On Day 0, cardiac dif-
ferentiation was initiated on 100% confluent hiPSCs by 
adding 6.5 μM GSK3-β inhibitor (CHIR99021) in 2  ml 
of RPMI/B-27 without insulin (RPMI minus) medium 
into each well for 48 h to induce mesoderm formation. 
On Day 2, the CHIR99021 medium was replaced with 
fresh RPMI minus medium supplemented with 5  μM 
Wnt inhibitor (IWP2) to induce cardiac differentiation. 
On Days 4 and 6, fresh RPMI minus medium was added 
to each well. On Day 8 and every 3 days thereafter, fresh 
maintenance medium (RPMI/B-27) was added. Spon-
taneous twitching was observed on Day 7, and robust 
spontaneous contraction was found to occur by Day 12.

Next, cardiomyocyte enrichment was performed on 
Days 10–14 by adding 2  ml DMEM (without glucose) 
with 4  mM sodium L-lactate every 2  days to achieve a 
cardiomyocyte population purity of > 98% [37]. On Days 
14–16, cells were maintained in RPMI/B-27 medium 
(RPMI+). Day 20 hiPSC-CMs were harvested by treat-
ing the wells with 0.25% Trypsin–EDTA for 12 min at 
37 °C. The singularized hiPSC-CMs were resuspended 
in RPMI/B-27 medium with 20% fetal bovine serum 
(RPMI20) and 5  μM ROCK inhibitor (Y27632) and 
allowed to recover for 30 min before being used for all of 
the experiments performed in this study.

Cryoprotectant formulation
Naturally-occurring osmolytes such as trehalose (Sigma-
Aldrich), glycerol (Humco) and isoleucine (Sigma-
Aldrich) were was used to formulate the DMSO-free 
CPA. Both the DMSO and DMSO-free CPAs utilized an 
isotonic basal buffer of Normosol R. A 10% concentra-
tion solution of DMSO (Sigma-Aldrich) in Normosol R 
was taken as the control CPA for all studies.

Controlled rate freezing
Singularized cardiomyocytes were resuspended in Nor-
mosol R at a concentration of 6 to 8 million cells per ml 
and gently pipetted to break any clumps. 0.5 ml of the 
cell suspension was transferred to 1.8 ml cryovials (Nunc 
CryoTubes, Thermo Scientific) and twice the working 
concentration of the CPA solution was added dropwise 
in increments of 150 μl, 150 μl and 200 μl to reach a 
final volume of 1  ml. The DMSO and DMSO-free vials 
were left loosely capped at room temperature for 30 
min and 1  h, respectively to allow the CPA to internal-
ize sufficiently. A “dummy” vial containing 10% DMSO in 
Normosol R was prepared, with a type T thermocouple 
inserted through a hole in the cap to monitor the inter-
nal temperature. Next, the vials were tightly capped and 
transferred to a controlled rate freezer (Kryo 560–16, 
Planer) to undergo freezing according to the following 
protocol.

1. Starting temperature of 4 °C.
2. Ramp at −10 °C/min to 0 °C.
3. Hold at 0  °C for 10 min to allow the temperature 

inside (sample temperature) and outside (chamber 
temperature) the vials to equilibrate.

4. Ramp at − CR°C/min to TNUC
5. Hold at TNUC for 15 min to allow the temperature 

inside and outside the vials to equilibrate.
6. Ramp at − CR°C/min to −60 °C.
7. Ramp at −10 °C/min to −100 °C.

Where CR and TNUC were the cooling rate and the 
nucleation temperature, respectively. At the end of step 
5, the vials were briefly sprayed with a jet of liquid nitro-
gen using a cryogun (Brymill) to induce nucleation at the 
desired nucleation temperature. After the completion of 
the freezing protocol, the vials were immediately trans-
ported to a liquid nitrogen dewar and stored in the vapor 
phase of liquid nitrogen.

Thawing
After retrieving the vials from the vapor phase of liquid 
nitrogen, the vials were thawed by swirling them in a 
37 ◦C water bath for around 2.5 min until most visible ice 
melted. Next, the vials were moved to a biosafety cabinet 
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and pipetted up and down gently to ensure an even dis-
tribution for enumeration. To measure the immediate 
viability, a small cell sample of 50 μl was mixed with acri-
dine orange/propidium iodide (AO/PI) to quantify via-
bility based on membrane integrity. The number of live 
and dead cells was counted and the size distribution of 
the cells was obtained using an automated cell counter 
(Countess 3 FL, Thermo Fisher). Post-thaw recovery was 
evaluated using the formula in Eq. 1.

After counting, the contents of the vials were trans-
ferred to centrifuge tubes and 1 ml of RPMI20 was slowly 
added dropwise to each tube. The tubes were allowed to 
rest for 10 min to minimize osmotic shock. After that, 
RPMI20 was added dropwise with periodic shaking after 
every 1 ml until a final volume of 10 ml was reached. The 
tubes were centrifuged at 200 g for 5  min, resuspended 
in RPMI + with 1  μM ROCK inhibitor and plated onto 
12-well plates coated with Matrigel.

DE Algorithm
A DE algorithm with the basic mutation strategy (DE/1/
rand/bin) was used to rapidly optimize the DMSO-free 
CPA without testing compositions over the entire param-
eter space. The post-thaw recovery of the cardiomyocytes 
was chosen as the functional metric of the algorithm. The 
parameter space for the algorithm was determined by 
taking the experimental cytotoxicity limit for a particular 
component from previous studies [30, 31] and dividing it 
into ten levels. The components of the DMSO-free CPA 
(trehalose, glycerol and isoleucine) were chosen based on 
previous studies which had demonstrated comparative or 
better cryopreservation outcomes using combinations of 
sugars, sugar alcohols and amino acids when compared 
to DMSO [28, 29].

The initial compositions to be tested (Generation 
0) were determined by a direct stochastic search and 
freezing and thawing was performed to determine the 
post-thaw recovery for the selected compositions. The 
recovery results were used by the algorithm to gener-
ate mutated versions of Generation 0 to be tested. The 
compositions yielding the best recoveries from the 
mutation and the current generation were outputted as 
the emergent population (Generation 1). This cycle was 
repeated until convergence was achieved; that is, when 
the emergent population was identical to the previous 
generation. This convergence condition has been dem-
onstrated to identify the global maximum with over 
95% accuracy [31]. For this study, the DE algorithm was 
programmed with a mutation rate of 0.85 and a crosso-
ver of 1. The population size, or the unique number of 

(1)Recovery =
Number of live cells post thaw

Number of live cells pre freeze

compositions outputted per generation, was set to 9. 
The cells were frozen via controlled rate freezing at a 
cooling rate of 1 °C/min with nucleation induced man-
ually at −4 °C for all generations.

Low temperature Raman spectroscopy
A Peltier stage (Thermonamic Electronics) and a series 
800 temperature controller (Alpha Omega Instru-
ments) were used to freeze samples of cardiomyocytes 
in 10% DMSO. Cooling rates of 1 °C/min, 3 °C/min and 
5 °C/min were tested and ice nucleation was induced at 
approximately −8 °C by briefly bringing the sample in 
contact with a liquid-nitrogen-chilled probe. The final 
temperature was held at a stable temperature of −50 
°C, at which point Raman data were collected. Raman 
spectroscopic measurements were made using the 
WiTec Confocal Raman Microscope Alpha 300R with 
UHTS spectrometer and DV401 CCD detector with 
600/mm grating. A 532 nm Nd:YAG laser was used as 
the excitation source. A 100× air objective (NA 0.90, 
Nikon Instruments) was used to focus the laser. The 
size of each pixel in the field of view was 333 × 333 nm, 
and Raman spectra were obtained at each pixel with a 
0.2 s integration time.

Intensities of Raman signals and boundaries of cells 
were measured using similar techniques from previ-
ously defined methods [44]. Briefly, Raman spectra were 
acquired at each pixel, and different molecular targets 
were used to create heat maps of cells, DMSO, and ice 
(Table  1). Raman heat maps of components of interest 
were generated by discrete trapezoidal area integration 
(MATLAB) of various signal bonds. Cell boundaries were 
identified for the different cooling rates using a combina-
tion of the amide I signal (C=C stretching) and oxymyo-
globin (oMb) to form an outline of the cell boundary. The 
region not occupied by ice or cells was identified by the 
symmetric C-S stretching in DMSO, and the ice region 
was identified by its O–H stretching.

The partitioning ratio (Eq.  2) was calculated as the 
intensity of DMSO outside of the cell in the non-ice 
region divided by the intensity of DMSO inside of the 
cell. The intensity is proportional to the concentration 
of DMSO in each compartment.

Table 1 Significant peaks of the Raman spectra

Substance Wavenumber Assignments

Proteins, lipids 1620–1700 Amide I and C=C stretching [45]

Ice 3087–3162 O–H stretching [46]

DMSO 648–698 Symmetric C–S stretching [47]

oMb 1570–1600 Redox and spin state of heme Fe [48]
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where Co and Ci represent the concentrations of the CPA 
outside and inside the cell, respectively.

Immunocytochemistry
Cardiomyocytes plated onto Matrigel-coated 12-well 
plates were fixed using formalin and permeabilized using 
a solution of 0.2% Tween 20 in dPBS. The permeabilized 
cardiomyocytes were incubated with anti-Actin (1:5000, 
Sigma-Aldrich, A2103) and Nkx-2.5 (1:200, Santa Cruz 
Biotechnology, sc-376565) antibodies to stain F-actin and 
the Nkx2.5 transcription factor, respectively and counter-
stained with DAPI (Roche). After 24 h, the primary anti-
bodies were aspirated and the corresponding fluorescent 
secondary antibodies (Invitrogen) were added to detect 
primary antibody binding. Stained cultures known to not 
express the antigens of interest and unstained cardiomyo-
cyte cultures were used as negative controls. The stained 
cells were imaged using a Leica DMI6000B microscope 
using a 20× air objective and a DFC365 FX camera.

Calcium transient study
To assess calcium transient measurements, singularized 
hiPSC-CMs were re-plated to form a monolayer. The cell 
suspension was transferred to a conical tube containing 
RPMI20 at twice the volume of the cell suspension and 
incubated for 30 min. The suspension was then cen-
trifuged at 200 g for 5  min to remove the supernatant. 
The hiPSC-CMs were resuspended in RPMI+ medium 
with 10 μM ROCK inhibitor and seeded at a density of 
2e6 cells/well on 12-well plates. The re-plating medium 
was replaced after 24 h with fresh RPMI+. The hiPSC-
CMs were fed with fresh RPMI+ every 2  days until a 
connected monolayer was formed for calcium transient 
measurement.

Calcium ion movement was assessed using a DMi8 
fluorescence microscope (Leica, Wetzlar, Germany) and 
LAS X software. The hiPSC-CM monolayer was incu-
bated with 5 μM Fluo-4 acetoxymethyl ester (Fluo-4 AM) 
per 1 ml of culture medium at 37 °C for 30 min, followed 
by an exchange to Tyrode’s salt solution for another 
30-min incubation at 37 °C. Subsequently, the hiPSC-
CMs were placed onto the microscope stage and covered 
with a heating plate to maintain the temperature at 37 °C. 
Fluo-4 AM intensity was recorded at a frame rate of 6.90 
Hz with a 30 ms exposure time. The acquired data was 
processed using ImageJ to obtain a time trace of the cal-
cium signal and analyzed with a custom-written Python 
script to extract maximal and minimal intensity and cor-
responding time points for each peak. Peak amplitude 
was determined by F/F0, where F = <  Fmax >  −  <  Fmin > 

(2)Partitioning ratio = P =

Co

Ci

and  F0 = <  Fmin >. <  Fmax > and <  Fmin > represent the aver-
aged maximum and minimum intensity for each peak, 
respectively.

Statistical analysis
Power analysis was performed to ensure an adequate 
sample size to achieve a power of 0.95. Statistical valida-
tion was performed using two-sample t-tests with a 95% 
confidence level, and the null hypothesis was rejected for 
p < 0.05. Error bars in all figures represent the standard 
error.

Results
Biophysical properties of hiPSC‑CMs
Initial studies involved basic biophysical characterization 
of the cells. The histogram of size distribution (Fig. 1A) 
indicated that the variation in size of hiPSC-CMs (stand-
ard deviation = 4.11 μm) was greater than that of hiPSCs 
(standard deviation = 2.74 μm), as evident by the long 
tails of the hiPSC-CM histogram. Additionally, it was 
noted that hiPSC-CMs in suspension were 14.86 ± 0.05 
μm in diameter (Fig. 1B), which was slightly greater than 
the size of hiPSCs (13.48 ± 0.03 μm) in suspension. The 
osmotically inactive cell volume fraction for the cells was 
also determined. hiPSC-CMs were suspended in sucrose 
solutions of differing osmolarities and the cell diam-
eter determined. This data was graphed in the form of a 
Boyle-van’t Hoff plot (see Fig. 1C). The osmotically inac-
tive cell volume fraction for hiPSC-CMs was 0.4.

DE algorithm‑driven DMSO‑free CPA optimization
The post-thaw recovery of cells for a given popula-
tion vector (i.e. array of solution compositions) is given 
in Fig.  2A. It was observed that the post-thaw recovery 
increased with increasing generations. Post-thaw recov-
eries shown in orange are greater than 80%. Beyond 
Generation 6, there were no new improved composi-
tions discovered, which signaled that convergence was 
achieved and led to the termination of the algorithm. The 
post-thaw recovery for the three top solution composi-
tions exceeded 90%. In comparison, the average recovery 
of the DMSO controls across the different generations 
was 69.4 ± 6.4%.

Recovery contours (Fig. 2B–E) were generated by plot-
ting the recovery points for each tested composition and 
performing natural neighbor interpolation within the 
convex hull of tested points. Duplicate recovery points 
for the same composition were averaged for creating the 
contours. From the Sugar-Sugar Alcohol recovery con-
tour (Fig. 2B), it was observed that there are clear regions 
where post-thaw recovery increases and decreases rap-
idly with changes in composition creating islands of high 
post-thaw recovery. Despite the non-linear nature of the 
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contours, the top-down view of the Sugar-Sugar Alco-
hol and Sugar Alcohol-Amino Acid recovery contours 
(Fig.  2C–D) clearly showed that increasing concentra-
tions of glycerol correspond to an increase in recovery. 
On the other hand, the effect of trehalose and isoleu-
cine concentration on recovery was not linear. Instead, 
it was found that specific combinations of trehalose 
and isoleucine concentrations create recovery hotspots 
(Fig.  2E). The three best-performing solutions from the 

DE algorithm, solutions A, B and C in increasing order of 
sugar level, are marked on the recovery contours.

Cooling rate optimization
The post-thaw recovery of hiPSC-CMs frozen at cool-
ing rates of 1, 3 and 5  °C/min was determined using a 
nucleation temperature of −4 °C. As shown in Fig. 3 A, 
it was observed that the recovery was significantly higher 
for the 1 and 5  °C/min cooling rates when compared to 

Fig. 1 Biophysical properties of hiPSC-CMs. A Histogram of the size distribution of hiPSCs and hiPSC-CMs obtained from the Countess 3 FL cell size 
data. B Average diameter of hiPSCs (n = 7173) vs hiPSC-CMs (n = 7455). The difference in cell diameters was statistically significant. (*** p < 0.001) C 
Boyle-van’t Hoff plot of hiPSC-CMs displaying the variation of normalized cell volume fraction (V/V0) as a function the solution osmolarity (1/Osm). 
Here, V and  V0 represent the volume of the cell in a solution of a given osmolarity and the volume of the cell in an isotonic medium, respectively. 
The osmotically inactive volume fraction of hiPSC-CMs is denoted by the dotted gray line. The error bars represent the standard error

(See figure on next page.)
Fig. 2 DE algorithm-driven DMSO-free CPA optimization results of hiPSC-CMs. A Post-thaw recovery for each generation (Gen) of the DE 
algorithm. Each bar within a generation represents the recovery (Eq. 1) of one of the compositions of that generation. Mean post-thaw recovery 
of each generation is denoted by a gray circle. B 3D isometric view of the sugar-sugar alcohol recovery contour. C–E Top-down views of the C 
sugar-sugar alcohol, D sugar alcohol-amino acid and E sugar-amino acid recovery contours. Level 0 corresponds to the absence of the component. 
Concentrations of components corresponding to level 10 for the sugar, sugar alcohol and amino acid were set to values determined from previous 
studies. [30, 31]
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Fig. 2 (See legend on previous page.)
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3  °C/min for hiPSC-CM cryopreserved in DMSO-free 
solutions as well as 10% DMSO controls. However, there 
was no significant difference in the immediate post-thaw 
recoveries of 1 vs 5  °C/min. To determine the optimum 
cooling rate, the hiPSC-CMs were seeded at a constant 
density of 1 ×  106 cells per ml on Matrigel-coated 12 well 
plates and the reattachment and function was tracked for 
1 week. Despite having largely similar post-thaw recover-
ies, it was found that the hiPSC-CMs frozen at 5 °C/min 
consistently started beating earlier and had a larger num-
ber of beating cells when compared to the cells frozen at 
1  °C/min. From these results, it was determined that a 
cooling rate of 5 °C/min is optimal for the preservation of 
hiPSC-CMs.

Nucleation Temperature Optimization
Three batches of hiPSC-CMs were frozen at the previ-
ously determined optimal cooling rate of 5  °C/min with 
manual nucleation induced at −4 °C, −6 °C and −8 °C. 
The post-thaw recoveries for the three cases are displayed 
in Fig. 3B. While there was no significant difference in the 
post-thaw recoveries of cells frozen with nucleation at −4 
°C and −6 °C, it is evident from the data that the hiPSC-
CMs frozen with nucleation induced at −8 °C recorded a 
significantly higher post-thaw recovery. Monitoring post-
thaw attachment and function after seeding on Matrigel-
coated 12 well plates further reinforced the findings, with 
a larger number of cells attaching and beating for the −8 
°C condition. These findings indicated that the induction 
of ice nucleation at −8 °C while freezing hiPSC-CMs lead 
to the most favorable post-thaw outcomes.

Low temperature Raman spectroscopy
Raman spectroscopy was used to investigate three differ-
ent cooling rates: 1 °C/min, 3 °C/min, and 5 °C/min. The 
cell boundaries were identified, and partitioning ratios 
were calculated as described in the methods section in 

order to understand the distribution of cryoprotective 
agents for different freezing conditions. Cells frozen with 
a cooling rate of 1  °C/min (Fig.  4A–C) had a partition-
ing ratio of 1.16 ± 0.19, cells frozen with a cooling rate 
of 3  °C/min (Fig. 4D–F) had a partitioning ratio of 0.82 
± 0.13, and cells frozen with a cooling rate of 5  °C/min 
(Fig. 4G–I) had a partitioning ratio of 1.00 ± 0.14. No sig-
nificant intracellular ice formation was observed at any of 
the cooling rates.

The partitioning ratio of cells with a 3 °C/min cooling 
rate were statistically significantly lower compared to 
cells cooled at 1 °C/min and 5 °C/min. This result is con-
sistent with the result given in Fig. 3A demonstrating that 
post-thaw recovery at 3 °C/min is less than that at 1 and 
5 °C/min.

Post‑thaw osmotic behavior
On addition of the culture medium to hiPSC-CMs in the 
CPA post-thaw, it was noticed that the hiPSC-CMs dis-
played an anomalous osmotic behavior post-thaw when 
compared to other cell types. As displayed in Fig. 5, this 
was characterized by the absence of swelling and a steep 
drop in the cell volume post-thaw. For the DMSO-free 
best performing CPA solutions, it was noted that the cell 
volume almost dropped to the previously determined 
osmotically inactive volume fraction of 0.4 within the 
first 30 min of culture media addition. For DMSO, the 
overall trend of cell volume over time was similar, how-
ever, the drop in cell volume was gentler.

Post‑thaw assessment
The next phase of the investigation involved determin-
ing the post-thaw phenotype and function of the cells. 
hiPSC-CMs were frozen at the optimum cooling rate and 
nucleation temperature of 5  °C/min and −8 °C, respec-
tively using the two best-performing DMSO-free CPAs 
and the 10% DMSO control. As shown in Fig. 6 A, it was 

Fig. 3 hiPSC-CM controlled-rate freezing parameter optimization. A Post-thaw recovery vs cooling rate for hiPSC-CMs. B Post-thaw recovery vs 
nucleation temperature for hiPSC-CMs. n = 4 for each condition and each CPA (Solution A or 10% DMSO). The error bars represent the standard 
error. (** p < 0.01, *** p < 0.001)
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found that the post-thaw recoveries of the DMSO-free 
best performers were significantly greater than that of 
DMSO (80.19 ± 4.22%), with Solution A recording the 
highest recovery (92.06 ± 2.50%). Also, it was noted that 
there was no significant difference in the recoveries of the 
two best-performing DMSO-free CPAs.

The contractile function of the cells is important and 
transient variations in calcium flux in the cells is com-
monly used as a surrogate of that function. As a result, 
calcium transient studies of the frozen and thawed 
hiPSC-CMs were performed and compared to unfrozen 
passaged and replated cells to check if post-thaw func-
tion was preserved. The calcium signal amplitude of the 
DMSO-free Solution A and DMSO were not significantly 
different from the unfrozen replated cells (see Fig.  6D). 
However, Solution B exhibited a marked reduction in 
signal amplitude compared to the other cases. Similarly, 
as indicated by Fig. 6E, the ratio of upstroke velocity to 
downstroke velocity showed no significant difference 
among Solution A, DMSO, and the freshly re-plated con-
trol, suggesting that the shape of the calcium transient 
trace was not affected by the preservation process when 
using Solution A or DMSO. Consistent with the trend 
of signal amplitude, Solution B showed a significantly 

smaller upstroke to downstroke velocity ratio when com-
pared to the other conditions.

The final phase of post-thaw assessment involved 
determining post-thaw immunohistochemistry of the 
cells to establish that the phenotype was not influenced 
by the freezing process. Expression of F-actin and Nkx2.5 
were used as markers of CM phenotype. It was found that 
hiPSC-CMs exhibited high expression of F-actin and the 
Nkx2.5 transcription factor post-thaw, similar to what 
was observed for unfrozen passaged cells (Fig. 7).

Discussion
Biophysical characterization
The studies described in Fig. 1 demonstrated that hiPSC-
CMs were larger than the hiPSCs from which they were 
derived. This difference in size between hiPSCs and dif-
ferentiated cells is consistent with previous studies which 
have recorded significant variations in cell size along the 
differentiation pathway [50, 58]. Though highly variable 
across sources [59–61], the volume of hiPSC-CMs is usu-
ally considered to be around 2000 μm3 [51]. Assuming 
detached hiPSC-CMs in suspension to be perfect spheres 
would result in a cell diameter of ~ 15.6 μm. This estimate 
of cell diameter is very close to the diameter recorded in 

Fig. 4 Relative Raman spectroscopy signals of cardiomyocyte cells at −50 °C. Representative images of cardiomyocytes frozen to −50 °C at varying 
cooling rates. Heatmaps corresponding to specific signals (Table 1) are of A, D, and G amide I and oMb combined representing the location 
of the cell marked by symbol C, B, E, and H DMSO representing the unfrozen section marked by symbol U, and C, F, and I ice marked by symbol 
I for cardiomyocytes with cooling rates of 1 °C/min, 3 °C/min and 5 °C/min, respectively. J The partitioning ratio (Eq. 2) is shown for each cooling 
rate condition. Each Raman figure was taken within a 60 × 60 pixel area. The scanning area for each image is 20 × 20 μm. Relative signal intensity 
increases from blue to red. The error bars represent the standard error. (* p < 0.05, ** p < 0.01)
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this study (14.86 μm). An osmotically inactive cell vol-
ume fraction of 0.4 is comparable to other cell types such 
as lymphocytes [52], but considerably higher than eryth-
rocytes [53] or hematopoietic progenitor cells [54]. The 
high osmotically inactive cell volume fraction suggests 
that the cells will not tolerate high levels of dehydration. 
This outcome is consistent with the post-thaw osmotic 
behavior exhibited in Fig. 5. If the cells are less tolerant of 
dehydration, a higher cooling rate would be beneficial to 
reduce dehydration of the cells.

While the lack of a noticeable increase in cell volume 
associated with resuspension in an isotonic medium 
could be due to the low temporal resolution of the meas-
urements in Fig.  5, numerous studies conducted on the 
osmotic behavior of rat [66] and guinea pig [67] cardio-
myocytes have noted a similar resistance to swelling. In 
addition, an increase in rabbit cardiomyocyte size due 
to osmotic stress has been associated with a significant 
reduction in contractility [68]. Furthermore, metaboli-
cally inhibited rat cardiomyocytes have recorded signifi-
cant sarcolemmal disruption when subjected to osmotic 
stresses after the resumption of metabolic function [69]. 
Taken as a whole, there is considerable evidence that 

hiPSC-CMs could be considered to be osmotically sensi-
tive. This sensitivity may explain poor response to con-
ventional freezing conditions.

Cryoprotectant optimization
Previous studies of the freezing behavior of CM have 
used 10% DMSO as a cryoprotectant and little has been 
done to look at the influence of varying concentration 
on post-thaw recovery or function [16, 17, 33]. In this 
investigation, we used a DE algorithm to optimize the 
composition of cryopreservation solution. The decision 
to enhance parameter space resolution was motivated 
by the complex topology of the space. This enabled us 
to better understand the impact of minor variations in 
osmolyte concentrations on the post-thaw recovery of 
hiPSC-CMs. This decision can be validated by observ-
ing the shape of the hiPSC-CM recovery contours, which 
contain numerous recovery peaks adjacent to regions of 
low recovery. These variations would have been missed 
had we chosen a lower osmolyte concentration resolu-
tion. The recovery is observed to increase linearly with 
increase in sugar alcohol concentration. No such clear 
trend is observed for sugar or amino acid concentrations, 

Fig. 5 Post-thaw osmotic behavior of hiPSC-CMs. Each data point represents the normalized cell volume fraction (V/Vintial) derived from the mean 
size of the hiPSC-CMs (obtained from the Countess 3 FL imaging data). Here V and  Vinitial represent the volume of the cell at a given time point 
and the volume of the cell before the addition of the culture medium. n > 200 for each CPA at each time point. At 0.75 h post-thaw, corresponding 
to the first vertical dashed line from the left, hiPSC-CMs were diluted 1:1 with RPMI+. At 2 h post-thaw (second vertical dashed line) the cells were 
centrifuged and resuspended in RPMI+. The inset represents the expected normalized cell volume curve for stem cells [55]
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and specific concentration combinations yield the recov-
ery hotspots observed in the contours. We have dem-
onstrated in studies that combinations of sugars, sugar 
alcohols and amino acids form Naturally-occurring Deep 
Eutectic Systems (NADES) at specific molar ratios [39, 
40]. It is possible that the islands of high recovery corre-
spond to NADES formation both inside and outside the 
cell.

Influence of freezing parameters
As expected, the cooling rate and nucleation tempera-
ture of the freezing process had a significant effect 

on the post-thaw recovery. In contrast to other cell 
types, we did not observe an inverted U-shaped curve 
predicted by Mazur’s two-factor hypothesis [34, 63], 
according to which both high and low cooling rates cor-
respond to low post-thaw recoveries with an optimum 
cooling rate in between [63–65]. Instead, as shown in 
Fig. 3A, we found that a moderate cooling rate of 3 °C/
min corresponded to worse recovery when compared 
to higher or lower cooling rates of 5  °C/min or 1  °C/
min. The low temperature Raman spectroscopy did not 
demonstrate any significant intracellular ice forma-
tion at any of the three cooling rates tested. Hence, it is 

Fig. 6 Post-thaw functional assessment of hiPSC-CMs. A Post-thaw recovery for hiPSC-CMs frozen at the optimal freezing parameters using the two 
best performing DMSO-free CPAs and 10% DMSO. B–C hiPSC-CMs frozen using B Solution A and C 10% DMSO replated post-thaw and cultured 
for 1 week. Scale bar: 100 μm D–E Calcium transient analysis of hiPSC-CMs to find the D signal amplitude described by the ratio of the difference 
between the averaged maximum and minimum intensity of calcium transient peak and the averaged minimum intensity of the calcium transient 
peak (F/F0), and the E ratio of the upstroke velocity to downstroke velocity, of hiPSC-CMs frozen using DMSO-free Solution A and B and 10% DMSO 
compared to unfrozen cells which were detached and replated. n = 7 for unfrozen cells, n = 5 for Solution A, n = 3 for Solution B and 10% DMSO. The 
error bars represent the standard error. (** p < 0.01, *** p < 0.001)
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unlikely that the observed outcome reflected the influ-
ence of intracellular ice formation. One explanation is 
that there is one (or more) mechanism of damage that 
is cooling-rate-dependent but different than the two-
factor explanation used for more cell types. If the cell 
membrane undergoes specific phase transitions during 
cooling, ‘slow’ cooling could avoid membrane leakage 
and ‘rapid’ cooling would avoid excessive dehydration, 
which could be also damaging. We have observed a 
similar cooling rate dependence for freezing with Natu-
ral Killer cells [57] which are also sensitive to conven-
tional freezing protocols [41].

The low temperature Raman spectroscopy gives us 
additional insights into the freezing response of the 
cells. We have demonstrated that for different cell types, 
the partitioning of solute is an important cell response 
to the freezing environment [29, 44, 62]. A partitioning 
ratio closer to 1 in Jurkat cells correlates with a higher 
recovery rate across varying cooling rates and DMSO 
concentrations [44]. A similar outcome was observed for 
cardiomyocytes, with the cooling rate of 5 °C/min having 
the highest recovery as well as a partitioning ratio clos-
est to 1. This suggests that the average concentration of 
DMSO in the extracellular space was nearly equal to the 

Fig. 7 Immunocytochemistry of hiPSC-CMs cryopreserved using DMSO and the optimized DMSO-free CPAs. The first two columns from the left 
represent the F-actin (green) and Nkx2.5 (red) expression in hiPSC-CMs which were either not frozen or frozen using either DMSO or the optimized 
DMSO-free CPAs. The third column contains the DAPI counterstain (blue) to detect nuclei. The rightmost column contains the composite image. 
Scale bar: 100 μm
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average concentration of DMSO in the intracellular space 
for a cooling rate of 5 °C/min. For a cooling rate of 3 °C/
min, the partitioning ratio was roughly 0.8. This indicated 
that the concentration of DMSO inside the cell is greater 
than the outside. The transport of DMSO across the cell 
membrane at this particular cooling rate differs from that 
observed at both higher and lower cooling rates.

The effect of nucleation temperature on the post-thaw 
recovery was similarly unexpected. It has been known for 
several decades that lower nucleation temperatures result 
in a higher fraction of cells that form intracellular ice, a 
lethal event [38]. We observed that using a lower nuclea-
tion temperature of −8 °C for hiPSC-CMs yielded higher 
post-thaw recoveries when compared to −4 °C or −6 °C. 
This outcome is consistent with the observation that 
hiPSC-CMs could be highly sensitive to excessive dehy-
dration. Nucleation at a higher temperature would result 
in greater cellular dehydration than nucleation at a lower 
temperature [49], leading to lower post-thaw recovery.

Post‑thaw characterization
Results of post-thaw calcium transient studies of hiPSC-
CMs in the literature have been mixed. While some 
sources report no difference in the calcium handling of 
hiPSC-CMs post-thaw [42], others have shown a sig-
nificant impairment in calcium handling post-thaw for 
hiPSC-CMs derived from specific hiPSC cell lines [17]. 
In this study, the frozen and thawed hiPSC-CMs dem-
onstrated the ability to attach post-thaw and exhibit 
calcium transients. It was observed that DMSO-free 
Solution A and Solution B recorded significantly higher 
recovery compared to DMSO. Furthermore, measuring 
the ratio of upstroke to downstroke velocity revealed that 
both Solution A and DMSO had similarly-shaped cal-
cium transient traces compared to the unfrozen re-plated 
control. This suggests that the calcium handling of these 
conditions was not affected by the preservation process. 
In contrast, Solution B, which contains double the sugar 
concentration of Solution A, exhibited a significantly 
smaller upstroke to downstroke velocity ratio when com-
pared to the other conditions. This signaled the possibil-
ity of impaired calcium ion intake necessary to initiate 
the contraction of hiPSC-CMs. A possible explanation 
for this observation could be that increasing sugar levels 
in the DMSO-free CPA might correlate to worse attach-
ment and post-thaw function, despite reporting equiva-
lent post-thaw recoveries. Alternatively, similar to the 
post-thaw recovery contours obtained from the DE algo-
rithm results, there might be specific combinations of 
sugar and amino acid concentrations that might lead to 
better post-thaw function. Post-thaw immunophenotyp-
ing demonstrated that the cells still expressed CM-spe-
cific markers post-thaw. This is in line with the findings 

from other studies which report post-thaw hiPSC-CMs 
exhibiting an intact sarcomeric structure and maintain-
ing similar expression of cardiac markers [18, 42].

Despite this, it was observed that the cells that were 
cryopreserved exhibited variations in intensities of the 
expressed markers, which could signal the possibil-
ity of heterogeneity in the post-thaw population. Addi-
tional studies could further examine whether specific 
subpopulations were enriched or depleted due to a dif-
fering response to the freezing protocol. Furthermore, 
future studies could test the freezing response of hiPSC-
CMs derived from other cell lines to our freezing proto-
col. This would help rule out any variability in outcomes 
across cell lines. Methods to address the osmotic fragility 
of hiPSC-CMs, such as introducing a hold step post-thaw 
before resuspension in the culture medium to allow the 
cells to regain their mechanical resistance [69] could be 
tested. Moreover, the effect of other supplements that 
are conventionally added to cryoprotective media [43] 
to improve outcomes could be explored. Lastly, in addi-
tion to the immediate post-thaw recovery and short-term 
function analyzed in this study, long-term post-thaw 
characterization would need to be performed to assess 
the suitability of a cryopreservation protocol for thera-
peutic applications [70].

Conclusions
This study demonstrated that hiPSC-CMs exhibited 
complex osmotic behavior with a high osmotically inac-
tive cell volume fraction and sensitivity to osmotic stress 
post-thaw. Combinations of sugars, sugar alcohols and 
amino acids were able to preserve the cells at high lev-
els of post-thaw recovery. Rapid cooling rates resulted 
in high levels of post-thaw recovery and improved post-
thaw function. Further studies can be conducted to 
enhance performance and improve post-thaw outcomes. 
This is critical, as the effective DMSO-free cryopreserva-
tion of hiPSC-CMs would greatly accelerate the develop-
ment of drug discovery and therapeutic applications of 
hiPSC-CMs.

Abbreviations
hiPSC  Human-induced pluripotent stem cell
hiPSC-CM  Human-induced pluripotent stem cell-derived cardiomyocyte
DMSO  Dimethyl sulfoxide
CPA  Cryoprotectant or cryoprotective agent
DE  Differential evolution
IHD  Ischemic heart diseases
RPMI minus  RPMI/B27 medium minus insulin
RPMI +   RPMI/B27 medium
RPMI20  RPMI/B27 medium with 20% fetal bovine serum
CR  Cooling rate
TNUC  Nucleation temperature
AO/PI  Acridine orange/propidium iodide
oMb  Oxymyoglobin
P  Partitioning ratio
Fluo-4 AM  Fluo-4 acetoxymethyl ester



Page 14 of 16Mallya et al. Stem Cell Research & Therapy          (2025) 16:301 

<  Fmax >  Averaged maximum intensity of calcium transient peak
<  Fmin >  Averaged minimum intensity of calcium transient peak
F  Difference between <  Fmax > and <  Fmin >
F0  <Fmin >
NADES  Naturally-occurring deep eutectic systems

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13287- 025- 04384-5.

Additional file 1.

Acknowledgements
Parts of this work were carried out in the Characterization Facility, University of 
Minnesota, which receives partial support from the NSF through the MRSEC 
(Award Number DMR-2011401) and the NNCI (Award Number ECCS-2025124) 
programs. The authors acknowledge that they have not used AI-generated 
work in this manuscript.

Author contributions
ASM, JRD, TB and AH contributed to the conceptualization of the study. ASM, 
TB, JH, TL and JRD conducted experiments and analyzed the data. JRD, BMO 
and AH contributed to supervision and validation. ASM prepared the original 
draft of the manuscript. AH and JRD reviewed and edited the manuscript. All 
authors read and approved the final version of the manuscript.

Funding
This work was supported by the National Institutes of Health (R01HL154734).

Data availability
All data generated or analyzed during this study are included in this published 
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
The source lab obtained prior ethical approval from the University of Min-
nesota Human Subjects Research Institutional Review Board (IRB) for the col-
lection of cells, with signed informed donor consent, and the derivation of the 
cell line used in this study [56]. The University of Minnesota does not require 
IRB oversight for using de-identified cell lines for research purposes. Hence, 
additional ethical approval was not required for the experiments performed 
in this study.

Consent for publication
Not applicable.

Competing interests
AH declares a competing interest as she holds equity in Evia Bio Inc. which is 
related to the subject of this research. AH has issued patents # 10314302 and 
20220240499, and an international patent application # PCT/US2020/029847 
related to this work and owned by Regents of the University of Minnesota. The 
remaining authors declare that they have no competing interests.

Author details
1 Department of Mechanical Engineering, University of Minnesota, Minneapo-
lis, MN, USA. 2 Department of Biomedical Engineering, University of Minnesota, 
Minneapolis, MN, USA. 3 Department of Genetics, Cell Biology and Develop-
ment, University of Minnesota, Minneapolis, MN, USA. 4 Stem Cell Institute, 
University of Minnesota, Minneapolis, MN, USA. 

Received: 3 October 2024   Accepted: 9 May 2025

References
 1. Wu P, Yu S, Wang J, Zou S, Yao DS, Xiaochen Y. Global burden, trends, 

and inequalities of ischemic heart disease among young adults 
from 1990 to 2019: a population-based study. Front Cardiovasc Med. 
2023;24(10):1274663.

 2. Khan MA, Hashim MJ, Mustafa H, Baniyas MY, Al Suwaidi SKBM, AlKatheeri 
R, et al. Global Epidemiology of Ischemic Heart Disease: Results from the 
Global Burden of Disease Study. Cureus [Internet]. 2020 Jul 23 [cited 2024 
Jul 2]; https:// www. cureus. com/ artic les/ 36728- global- epide miolo gy- of- 
ische mic- heart- disea se- resul ts- from- the- global- burden- of- disea se- study

 3. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabé-Heider F, 
Walsh S, et al. Evidence for Cardiomyocyte Renewal in Humans. Science. 
2009;324(5923):98–102.

 4. Shiba Y, Fernandes S, Zhu WZ, Filice D, Muskheli V, Kim J, et al. Human ES-
cell-derived cardiomyocytes electrically couple and suppress arrhythmias 
in injured hearts. Nature. 2012;489(7415):322–5.

 5. Zhao X, Chen H, Xiao D, Yang H, Itzhaki I, Qin X, et al. Comparison of non-
human primate versus human induced pluripotent stem cell-derived 
cardiomyocytes for treatment of myocardial infarction. Stem Cell Reports. 
2018;10(2):422–35.

 6. Chong JJH, Yang X, Don CW, Minami E, Liu YW, Weyers JJ, et al. Human 
embryonic-stem-cell-derived cardiomyocytes regenerate non-human 
primate hearts. Nature. 2014;510(7504):273–7.

 7. Chen IY, Matsa E, Wu JC. Induced pluripotent stem cells: at the heart of 
cardiovascular precision medicine. Nat Rev Cardiol. 2016;13(6):333–49.

 8. Tani H, Tohyama S, Kishino Y, Kanazawa H, Fukuda K. Production of 
functional cardiomyocytes and cardiac tissue from human induced 
pluripotent stem cells for regenerative therapy. J Mol Cell Cardiol. 
2022;164:83–91.

 9. Fujita J. Development of cardiac regenerative medicine using human iPS 
cell-derived cardiomyocytes. Keio J Med. 2020;70(3):53–9.

 10. Sharma A, Wu JC, Wu SM. Induced pluripotent stem cell-derived cardio-
myocytes for cardiovascular disease modeling and drug screening. Stem 
Cell Res Ther. 2013;4(6):150.

 11. Narkar A, Willard JM, Blinova K. Chronic cardiotoxicity assays using human 
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). IJMS. 
2022;23(6):3199.

 12. Miyagawa S, Kawamura T, Ito E, Takeda M, Iseoka H, Yokoyama J, et al. 
Pre-clinical evaluation of the efficacy and safety of human induced 
pluripotent stem cell-derived cardiomyocyte patch. Stem Cell Res Ther. 
2024;15(1):73.

 13. Blinova K, Stohlman J, Vicente J, Chan D, Johannesen L, Hortigon-Vinagre 
MP, et al. Comprehensive translational assessment of human-induced 
pluripotent stem cell derived cardiomyocytes for evaluating drug-
induced arrhythmias. Toxicol Sci. 2017;155(1):234–47.

 14. Stillitano F, Hansen J, Kong CW, Karakikes I, Funck-Brentano C, Geng L, 
et al. Modeling susceptibility to drug-induced long QT with a panel 
of subject-specific induced pluripotent stem cells. eLife. 2017 Jan 
30;6:e19406.

 15. Kitani T, Ong SG, Lam CK, Rhee JW, Zhang JZ, Oikonomopoulos A, 
et al. Human-induced pluripotent stem cell model of trastuzumab-
induced cardiac dysfunction in patients with breast cancer. Circulation. 
2019;139(21):2451–65.

 16. Xu C, Police S, Hassanipour M, Li Y, Chen Y, Priest C, et al. Efficient genera-
tion and cryopreservation of cardiomyocytes derived from human 
embryonic stem cells. Regen Med. 2011;6(1):53–66.

 17. Zhang JZ, Belbachir N, Zhang T, Liu Y, Shrestha R, Wu JC. Effects of 
cryopreservation on human induced pluripotent stem cell-derived car-
diomyocytes for assessing drug safety response profiles. Stem Cell Rep. 
2021;16(1):168–81.

 18. Zhou B, Shi X, Tang X, Zhao Q, Wang L, Yao F, et al. Functional isolation, 
culture and cryopreservation of adult human primary cardiomyocytes. 
Sig Transduct Target Ther. 2022;7(1):254.

 19. Gurtovenko AA, Anwar J. Modulating the structure and properties of cell 
membranes: the molecular mechanism of action of dimethyl sulfoxide. J 
Phys Chem B. 2007;111(35):10453–60.

 20. Shu Z, Heimfeld S, Gao D. Hematopoietic SCT with cryopreserved grafts: 
adverse reactions after transplantation and cryoprotectant removal 
before infusion. Bone Marrow Transpl. 2014;49(4):469–76.

 21. Martino M, Morabito F, Messina G, Irrera G, Pucci G, Iacopino P. Fraction-
ated infusions of cryopreserved stem cells may prevent DMSO-induced 

https://doi.org/10.1186/s13287-025-04384-5
https://doi.org/10.1186/s13287-025-04384-5
https://www.cureus.com/articles/36728-global-epidemiology-of-ischemic-heart-disease-results-from-the-global-burden-of-disease-study
https://www.cureus.com/articles/36728-global-epidemiology-of-ischemic-heart-disease-results-from-the-global-burden-of-disease-study


Page 15 of 16Mallya et al. Stem Cell Research & Therapy          (2025) 16:301  

major cardiac complications in graft recipients. Haematologica. 
1996;81(1):59–61.

 22. Horacek JM, Jebavy L, Jakl M, Zak P, Mericka P, Maly J. Cardiovascular 
changes associated with infusion of hematopoietic cell grafts in oncohe-
matological patients—impact of cryopreservation with dimethylsulfox-
ide. Exp Oncol. 2009;31(2):121–2.

 23. Windrum P, Morris TCM. Severe neurotoxicity because of dimethyl sulph-
oxide following peripheral blood stem cell transplantation. Bone Marrow 
Transpl. 2003;31(4):315–315.

 24. Iwatani M, Ikegami K, Kremenska Y, Hattori N, Tanaka S, Yagi S, et al. Dime-
thyl Sulfoxide Has an Impact on Epigenetic Profile in Mouse Embryoid 
Body. Stem Cells. 2006;24(11):2549–56.

 25. Verheijen M, Lienhard M, Schrooders Y, Clayton O, Nudischer R, Boerno 
S, et al. DMSO induces drastic changes in human cellular processes and 
epigenetic landscape in vitro. Sci Rep. 2019;9(1):4641.

 26. McDonald GR, Hudson AL, Dunn SMJ, You H, Baker GB, Whittal RM, et al. 
Bioactive contaminants leach from disposable laboratory plasticware. 
Science. 2008;322(5903):917–917.

 27. Pi CH, Yu G, Petersen A, Hubel A. Characterizing the “sweet spot” for the 
preservation of a T-cell line using osmolytes. Sci Rep. 2018;8(1):16223.

 28. Pi C, Yu G, Dosa PI, Hubel A. Characterizing modes of action and interac-
tion for multicomponent osmolyte solutions on Jurkat cells. Biotech 
Bioeng. 2019;116(3):631–43.

 29. Pollock K, Yu G, Moller-Trane R, Koran M, Dosa PI, McKenna DH, et al. 
Combinations of Osmolytes, including monosaccharides, disaccha-
rides, and sugar alcohols act in concert during cryopreservation to 
improve mesenchymal stromal cell survival. Tissue Eng Part C Methods. 
2016;22(11):999–1008.

 30. Pollock K, Budenske JW, McKenna DH, Dosa PI, Hubel A. Algorithm-
driven optimization of cryopreservation protocols for transfusion 
model cell types including Jurkat cells and mesenchymal stem cells: 
Algorithm-driven optimization of freezing. J Tissue Eng Regen Med. 
2017;11(10):2806–15.

 31. Li R, Hornberger K, Dutton JR, Hubel A. Cryopreservation of human iPS 
cell aggregates in a DMSO-free solution—an optimization and compara-
tive study. Front Bioeng Biotechnol. 2020;22(8):1.

 32. Chen VC, Ye J, Shukla P, Hua G, Chen D, Lin Z, et al. Development of a 
scalable suspension culture for cardiac differentiation from human pluri-
potent stem cells. Stem Cell Res. 2015;15(2):365–75.

 33. Preininger MK, Singh M, Xu C. Cryopreservation of Human Pluripotent 
Stem Cell-Derived Cardiomyocytes: Strategies, Challenges, and Future 
Directions. In: Karimi-Busheri F, Weinfeld M, editors. Biobanking and 
Cryopreservation of Stem Cells [Internet]. Cham: Springer International 
Publishing; 2016 [cited 2024 Aug 14]. p. 123–35. (Advances in Experimen-
tal Medicine and Biology; vol. 951). http://link.springer.com/https:// doi. 
org/ 10. 1007/ 978-3- 319- 45457-3_ 10

 34. Mazur P. Cryobiology: the freezing of biological systems: the responses 
of living cells to ice formation are of theoretical interest and practical 
concern. Science. 1970;168(3934):939–49.

 35. Hubel A. Preservation of cells: a practical manual. Hoboken, New Jersey: 
Wiley-Blackwell; 2018.

 36. Zhu W, Zhao M, Mattapally S, Chen S, Zhang J. CCND2 overexpression 
enhances the regenerative potency of human induced pluripotent stem 
cell-derived cardiomyocytes: remuscularization of injured ventricle. Circ 
Res. 2018;122(1):88–96.

 37. Zhao M, Nakada Y, Wei Y, Bian W, Chu Y, Borovjagin AV, et al. Cyclin D2 
overexpression enhances the efficacy of human induced pluripotent 
stem cell-derived cardiomyocytes for myocardial repair in a swine model 
of myocardial infarction. Circulation. 2021;144(3):210–28.

 38. Toner M, Cravalho EG, Karel M. Thermodynamics and kinetics of intra-
cellular ice formation during freezing of biological cells. J Appl Phys. 
1990;67(3):1582–93.

 39. Hornberger K, Li R, Duarte ARC, Hubel A. Natural deep eutectic systems 
for nature-inspired cryopreservation of cells. AIChE J. 2021;67(2): 
e17085.

 40. Joules A, Burrows T, I. Dosa P, Hubel A. Characterization of eutectic 
mixtures of sugars and sugar-alcohols for cryopreservation. Journal of 
Molecular Liquids. 2023 Feb;371:120937.

 41. Saultz JN, Otegbeye F. Optimizing the cryopreservation and post-thaw 
recovery of natural killer cells is critical for the success of off-the-shelf 
platforms. Front Immunol. 2023;15(14):1304689.

 42. Van Den Brink L, Brandão KO, Yiangou L, Mol MPH, Grandela C, 
Mummery CL, et al. Cryopreservation of human pluripotent stem 
cell-derived cardiomyocytes is not detrimental to their molecular and 
functional properties. Stem Cell Res. 2020;43: 101698.

 43. Erol OD, Pervin B, Seker ME, Aerts-Kaya F. Effects of storage media, 
supplements and cryopreservation methods on quality of stem cells. 
World J Stem Cells. 2021;13(9):1197–214.

 44. Louwagie T, Wagner M, Li R, Yu G, Petersen A, Hubel A. Characterizing 
cellular membrane partitioning of DMSO using low-temperature 
Raman spectroscopy. Front Mol Biosci. 2023;22(10):1144059.

 45. Mathlouthi M, Vinh LuuD. Laser-raman spectra of d-glucose and 
sucrose in aqueous solution. Carbohyd Res. 1980;81(2):203–12.

 46. Mendelovici E, Frost RL, Kloprogge T. Cryogenic Raman spectroscopy 
of glycerol. J Raman Spectrosc. 2000;31(12):1121–6.

 47. Okotrub KA, Surovtsev NV. Raman scattering evidence of hydrohalite 
formation on frozen yeast cells. Cryobiology. 2013;66(1):47–51.

 48. Brazhe NA, Treiman M, Brazhe AR, Find NL, Maksimov GV, Sosnovtseva 
OV. Mapping of Redox State of Mitochondrial Cytochromes in Live 
Cardiomyocytes Using Raman Microspectroscopy. Saks V, editor. PLoS 
ONE. 2012 Sep 5;7(9):e41990.

 49. Mazur P. Kinetics of water loss from cells at subzero temperatures and 
the likelihood of intracellular freezing. J Gen Physiol. 1963;47(2):347–69.

 50. Li R, Walsh P, Truong V, Petersen A, Dutton JR, Hubel A. Differentiation 
of human iPS cells into sensory neurons exhibits developmental stage-
specific cryopreservation challenges. Front Cell Dev Biol. 2021;14(9): 
796960.

 51. Li J, Hua Y, Miyagawa S, Zhang J, Li L, Liu L, et al. hiPSC-derived cardiac 
tissue for disease modeling and drug discovery. IJMS. 2020;21(23):8893.

 52. Andronic J, Bobak N, Bittner S, Ehling P, Kleinschnitz C, Herrmann 
AM, et al. Identification of two-pore domain potassium channels as 
potent modulators of osmotic volume regulation in human T lym-
phocytes. Biochimica et Biophysica Acta (BBA) - Biomembranes. 2013 
Feb;1828(2):699–707.

 53. Denysova O, Nitsche JM. Conclusions about osmotically inactive vol-
ume and osmotic fragility from a detailed erythrocyte model. J Theor 
Biol. 2022;539: 110982.

 54. Hubel A, Norman J, Darr TB. Cryobiophysical characteristics of 
genetically modified hematopoietic progenitor cells. Cryobiology. 
1999;38(2):140–53.

 55. Casula E, Asuni GP, Sogos V, Fadda S, Delogu F, Cincotti A. Osmotic behav-
iour of human mesenchymal stem cells: Implications for cryopreserva-
tion. Kerkis I, editor. PLoS ONE. 2017 Sep 8;12(9):e0184180.

 56. Zhang L, Guo J, Zhang P, Xiong Q, Wu SC, Xia L, et al. Derivation and High 
Engraftment of Patient-Specific Cardiomyocyte Sheet Using Induced 
Pluripotent Stem Cells Generated From Adult Cardiac Fibroblast. Circ: 
Heart Failure. 2015 Jan;8(1):156–66.

 57. Joules A, Mallya AS, Louwagie T, Yu G, Hubel A. Probing mechanisms 
of cryopreservation damage to natural killer cells. Cytotherapy. 2025. 
https:// doi. org/ 10. 1016/j. jcyt. 2025. 01. 012.

 58. Cantor EL, Shen F, Jiang G, Tan Z, Cunningham GM, Wu X, et al. Passage 
number affects differentiation of sensory neurons from human induced 
pluripotent stem cells. Sci Rep. 2022;12(1):15869.

 59. Lundy SD, Zhu WZ, Regnier M, Laflamme MA. Structural and functional 
maturation of cardiomyocytes derived from human pluripotent stem 
cells. Stem Cells Dev. 2013;22(14):1991–2002.

 60. Iwoń Z, Krogulec E, Tarnowska I, Łopianiak I, Wojasiński M, Dobrzyń 
A, et al. Maturation of human cardiomyocytes derived from induced 
pluripotent stem cells (iPSC-CMs) on polycaprolactone and polyurethane 
nanofibrous mats. Sci Rep. 2024;14(1):12975.

 61. Knight WE, Cao Y, Lin YH, Chi C, Bai B, Sparagna GC, et al. Maturation 
of pluripotent stem cell-derived cardiomyocytes enables modeling of 
human hypertrophic cardiomyopathy. Stem Cell Rep. 2021;16(3):519–33.

 62. Yu G, Yap YR, Pollock K, Hubel A. Characterizing intracellular ice formation 
of lymphoblasts using low-temperature Raman spectroscopy. Biophys J. 
2017;112(12):2653–63.

 63. Mazur P, Leibo SP, Chu EHY. A two-factor hypothesis of freezing injury. Exp 
Cell Res. 1972;71(2):345–55.

 64. Mazur P, Leibo SP, Seidel GE. Cryopreservation of the germplasm of ani-
mals used in biological and medical research: importance, impact, status, 
and future directions. Biol Reprod. 2008;78(1):2–12.

https://doi.org/10.1007/978-3-319-45457-3_10
https://doi.org/10.1007/978-3-319-45457-3_10
https://doi.org/10.1016/j.jcyt.2025.01.012


Page 16 of 16Mallya et al. Stem Cell Research & Therapy          (2025) 16:301 

 65. Cipri K, Lopez E, Naso V. Investigation of the use of Pulse Tube in cell 
cryopreservation systems. Cryobiology. 2010;61(2):225–30.

 66. Pine MB, Brooks WW, Nosta JJ, Abelmann WH. Hydrostatic forces limit 
swelling of rat ventricular myocardium. Am J Physiology-Heart Circ 
Physiol. 1981;241(5):H740–7.

 67. Pine MB, Kahne D, Jaski B, Apstein CS, Thorp K, Abelmann WH. Sodium 
permeability and myocardial resistance to cell swelling during metabolic 
blockade. Am J Physiology-Heart Circ Physiol. 1980;239(1):H31–9.

 68. Mizutani S, Prasad SM, Sellitto AD, Schuessler RB, Damiano RJ, Lawton JS. 
Myocyte Volume and Function in Response to Osmotic Stress. Circula-
tion. 2005 Aug 30;112(9_supplement):I–219.

 69. Ruiz-Meana M, Garcia-Dorado D, Gonzalez MA, Barrabes JA, Soler-Soler 
J. Effect of osmotic stress on sarcolemmal integrity of isolated cardio-
myocytes following transient metabolic inhibition. Cardiovasc Res. 
1995;30(1):64–9.

 70. Smits AM, Van Laake LW, Den Ouden K, Schreurs C, Szuhai K, Van Echteld 
CJ, et al. Human cardiomyocyte progenitor cell transplantation preserves 
long-term function of the infarcted mouse myocardium. Cardiovasc Res. 
2009;83(3):527–35.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	DMSO-free cryopreservation of hiPSC-derived cardiomyocytes: low temperature characterization and protocol development
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cardiomyocyte differentiation
	Cryoprotectant formulation
	Controlled rate freezing
	Thawing
	DE Algorithm
	Low temperature Raman spectroscopy
	Immunocytochemistry
	Calcium transient study
	Statistical analysis

	Results
	Biophysical properties of hiPSC-CMs
	DE algorithm-driven DMSO-free CPA optimization
	Cooling rate optimization
	Nucleation Temperature Optimization
	Low temperature Raman spectroscopy
	Post-thaw osmotic behavior
	Post-thaw assessment

	Discussion
	Biophysical characterization
	Cryoprotectant optimization
	Influence of freezing parameters
	Post-thaw characterization

	Conclusions
	Acknowledgements
	References


