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A B S T R A C T

The successful use of human induced pluripotent stem cells (iPSCs) for research or clinical applications requires 
the development of robust, efficient, and reproducible cryopreservation protocols. After cryopreservation, the 
survival rate of iPSCs is suboptimal and cell line-dependent. We assessed the use of ice recrystallization inhibitors 
(IRIs) for cryopreservation of human iPSCs. A toxicity screening study was performed to assess specific small- 
molecule carbohydrate-based IRIs and concentrations for further evaluation. Then, a cryopreservation study 
compared the cryoprotective efficiency of 15 mM IRIs in 5 % or 10 % DMSO-containing solutions and with 
CryoStor® CS10. Three iPSC lines were cryopreserved as single-cell suspensions in the cryopreservation solutions 
and post-thaw characteristics, including pluripotency and differential gene expression were assessed. We 
demonstrate the fitness-for-purpose of 15 mM IRI in 5 % DMSO as an efficient cryoprotective solution for iPSCs in 
terms of post-thaw recovery, viability, pluripotency, and transcriptomic changes. This mRNA sequencing dataset 
has the potential to be used for molecular mechanism analysis relating to cryopreservation. Use of IRIs can 
reduce DMSO concentrations and its associated toxicities, thereby improving the utility, effectiveness, and ef-
ficiency of cryopreservation.

1. Introduction

Induced pluripotent stem cells (iPSCs), reprogrammed from somatic 
cells can self-renew and differentiate into specialized cell types from all 
three germ layers (ectoderm, mesoderm and endoderm) (Takahashi 
et al., 2007). Owing to these unique features, iPSCs, iPSC-derived cells, 
and organoids are important cellular products that can be used in drug 
screening, disease modelling, and for cell therapies. Robust, efficient, 
and reproducible cryopreservation protocols are required to provide 
reliable master and working cell banks, enabling the requisite quality 
control checks to be performed, whilst maximising post-thaw cell 

quality. IPSCs can be cryopreserved as colonies or single cells. For single 
cell formulations, the use of Rho-associated kinase (ROCK) inhibitor Y- 
27632 supports the survival of dissociated pluripotent stem cells 
(Watanabe et al., 2007; Martin-Ibañez et al., 2008; Li et al., 2008). 
Pluripotent stem cells are highly sensitive to cryopreservation, resulting 
in reduced viability, low reattachment and altered trilineage differen-
tiation capability (Wagh et al., 2011; Uhrig et al., 2022). Reports on 
cryopreservation of iPSCs state that 30 % to 80 % of cells survive the 
cryopreservation process (Hunt, 2011).

Cryopreservation is a complex process where all parameters such as 
ice nucleation temperature, cooling rate, sample volume, and 
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cryoprotectant parameters (such as dimethyl sulfoxide (DMSO) con-
centration) must be carefully optimized (Chantelle et al., 2013; Wolkers 
et al., 2021). Most cryoprotectants exhibit cytotoxicity and hence must 
be carefully removed post-thaw to reduce cellular damage (Awan et al., 
2020). Conventional methods for iPSCs cryopreservation use 10 % 
DMSO as a cryoprotective agent and a slow cooling rate of 1 ◦C per 
minute (Li et al., 2018; Crook et al., 2017). A significant cause of cellular 
damage during cryopreservation results from ice recrystallization which 
is defined as the growth of large ice crystals at the expense of small ones. 
Ice recrystallization inhibitors (IRIs) are small molecules that aid the 
cryoprotective action by maintaining small ice crystal size within a 
frozen solution (Chantelle et al., 2013; Poisson et al., 2019). IRIs have 
shown promising results in mitigating cellular damages in pluripotent 
stem cells (Alasmar et al., 2023; Briard et al., 2016). They are easily 
synthesized, tuneable, amenable to industrial production, and have been 
demonstrated not to be cytotoxic (Briard et al., 2016; Deller et al., 2016).

Recent studies have compared the pre- and post-cryopreserved 
transcriptomic and proteomic profiles of iPSC-derived cells (Mathews 
et al., 2023; Neaverson et al., 2022; Chirikian et al., 2022; Ali et al., 
2018; Kaindl et al., 2019). Our study investigates transcriptomic 
changes following cryopreservation of iPSCs by slow freezing with IRIs. 
In addition to the novelty of the tested cryoprotectants, this study is the 
first to report, to the best of our knowledge, the analysis of mRNA 
sequencing data from post-thawed iPSC samples that were cryo-
preserved using IRIs.

2. Material and methods

2.1. Study design

A toxicity screening study was initially performed to select the 
optimal specific small-molecule IRI and its concentration. The recovery, 
viability, and apoptosis of three iPSC lines (iPSC-1 to − 3) were assessed 
following incubation of single-cell suspensions in different IRI- 
containing solutions for 2 h at room temperature (RT) (Table 1). 
Then, a cryopreservation study was performed to assess the efficiency of 
including IRIs in the cryoprotectant solutions for iPSC cryopreservation. 
Three new iPSC lines (iPSC-4 to − 6) were cryopreserved as single-cell 
suspensions and post-thaw characteristics including pluripotency and 
differential gene expression were assessed (Table 1). The complete 
dataset used in this study is available here: https://doi.org/10.17881/ 
fpn5-th91.

2.2. Ethical statement

Subjects provided a written informed consent to participate in the 
study. Skin samples were provided by two study sources: all skin sam-
ples, with the exception of the skin sample used to generate iPSC-6, were 

provided by the Luxembourg Parkinson’s study under approval by the 
National Ethics Board (Comité National d’Ethique de Recherche 
(CNER), Ref: 201407/13) and Data Protection Committee (Commission 
Nationale pour la Protection des Données (CNPD), Ref: 446/2017). The 
skin sample used to generate iPSC-6 was provided by the CRB-CHU 
Amiens, Biobanque de Picardie (Biobanking Resources Impact Factor: 
BB-0033–00017) under approval from the Ministère de la Recherche (N◦

AC-2013–1827). All research was performed in accordance with rele-
vant guidelines/regulations and in accordance with the Declaration of 
Helsinki.

2.3. Induced pluripotent stem cells (iPSCs)

Six different iPSC lines were used for the toxicity screening study 
(iPSC-1 to − 3) and the cryopreservation study (iPSC-4 to − 6). For the 
toxicity screening study, three iPSC lines of similar subject characteris-
tics (gender and age at skin biopsy collection) with different pluripo-
tency status were used. In contrast, for the cryopreservation study, iPSC 
lines of fully pluripotent status with different characteristics were used 
(Table 1). The pluripotent status was established by molecular and 
functional assays. Fibroblast isolation, reprogramming, and iPSCs cul-
ture for all cell lines, was performed as previously described 
(Mommaerts et al., 2022). Briefly, fibroblasts were reprogrammed to 
iPSCs, using a simpliconTM RNA Reprogramming Kit (Millipore, 
SCR550) following the manufacturer’s instructions. Cultures were 
maintained on Matrigel (Corning, 354277) coated 6-well plates (Thermo 
Fisher, 140675) in an incubator at 37 ◦C with 5 % CO2 in culture media 
composed of Essential 8™ Medium (Thermo Fisher, A1517001) sup-
plemented with 1 % penicillin–streptomycin (Gibco, 15070). Absence of 
mycoplasma contamination was confirmed using MycoAlert™ PLUS 
mycoplasma detection kit (Lonza, LT07-703). All fibroblast lines, prior 
to reprogramming, were cryopreserved in a solution containing 10 % 
DMSO without IRIs. All iPSC lines were cryopreserved in CryoStor® 
CS10 (CS10, Biolife Solutions, 210102) without IRIs prior to their use in 
this study.

2.4. Toxicity screening study

Seven solutions were assessed for toxicity: a base buffer solution (i) 
consisting of CryoStor® CSB buffer (BioLife Solutions, 200102) with no 
IRI and no DMSO; one IRI compound (IRI-I) at three concentrations (ii; 5 
mM, iii; 10 mM and iv; 15 mM); a second IRI compound (IRI-II) at one 
concentration (v; 15 mM); and two commercial cryopreservation solu-
tions. These commercial cryosolutions were CryoStor® CS10 and 
CryoStor® CS5 (BioLife Solutions, 205102), which consist of CryoStor® 
CSB buffer containing 10 % and 5 % DMSO respectively. CryoStor® 
cryopreservation solutions are animal component-free, defined, and 
cGMP-manufactured. IRIs were dissolved in CryoStor® CSB buffer. Both 
IRIs evaluated in this study were N-aryl-glyconamides, however the 
specific composition of the IRI solutions is proprietary (Patent No.: US 
9,648,869 B2).

IPSC lines were grown to approximately 80 % confluence by visual 
assessment, harvested by enzymatic treatment (AccutaseTM, Stem Cell 
Technologies, 07920), counted with the CASY-cell counter (OLS, 
5651719), and pelleted. The 4 ◦C pre-cooled cryosolutions were added 
to each pellet to reach a final concentration of one million viable cells 
per mL. Each sample was aliquoted in 3 equal volumes of 0.5 mL and 
incubated for 2 h at room temperature (RT) prior to dropwise addition of 
culture media to dilute out the cryoprotectant. After centrifugation, cells 
were suspended in culture media and analysed to assess their recovery, 
viability, and apoptotic levels.

2.5. Cryopreservation study

Based on the results of the toxicity screening study, the IRI com-
pound (IRI-I) was selected to be evaluated at a concentration of 15 mM, 

Table 1 
Subject characteristics.

Study iPSC 
lines

Gender Diagnostic Age¥

(years)
Passage

Toxicity study iPSC- 
1

Male Idiopathic 
Parkinson’s 
Disease

68 P6

iPSC- 
2

Male Healthy control 65 P7

iPSC- 
3

Male Healthy control 62 P7

Cryopreservation 
study

iPSC- 
4

Male Healthy control 65 P7

iPSC- 
5

Male Healthy control 72 P7

iPSC- 
6

Female Healthy Control 23 P15

¥ Age relates to subject age at skin biopsy collection.
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and three cryopreservation solutions were further evaluated: commer-
cial cryosolution CryoStor® CS10 which contains 10 % DMSO (CS10), 
15 mM IRI-I in CryoStor® CS5 which contains 5 % DMSO (IRI-I5) and 
15 mM IRI-I in CryoStor® CS10 (IRI-I10).

Cryopreservation. IPSC lines were grown to approximately 80 % 
confluence by visual assessment, harvested by enzymatic treatment 
(AccutaseTM), counted with the CASY-cell counter, and pelleted. The 
pellets were either lysed for future mRNA sequencing analysis, lysed for 
future qRT-PCR characterization, seeded for pluripotency assessment, or 
suspended in their respective 4 ◦C pre-cooled cryosolutions (CS10, IRI-I5 
and IRI-I10) to reach a final concentration of one million cells per mL. 
Cells suspended in CS10 (1 mL) were immediately aliquoted into 1.8 mL 
cryovials (FluidX, 65–7501) and transferred to a controlled rate freezer. 
Cells suspended in IRI-containing cryosolutions (1 mL) were incubated 
for 15 min at RT prior to aliquoting into cryovials and transferred to a 
controlled rate freezer. The controlled rate freezers (ICE CUBE 14 M− B 
and ICE CUBE 14S-B, SY-LAB) cooled the samples from 4 ◦C to − 80 ◦C at 
1 ◦C per min. Ice nucleation was not induced during the freezing process. 
The cryopreserved cells were transferred and stored four months in the 
vapour phase of liquid nitrogen. Four vials were cryopreserved for each 
cryoprotectant and cell line combination.

Thawing. Cryovials were thawed using a digital warming system 
(ThawStar CFT2, Biocision) then gently transferred into a tube, diluted 
by dropwise addition of cell culture media, pelleted by centrifugation 
and the cryoprotectant solutions removed.

Cell culture for mRNA sequencing. Recovery and viability percentages 
were assessed (n = 3 vials) then the iPSCs were cultured in the previ-
ously described media but with the addition of 10 µM ROCK inhibitor Y- 
27632 (Stem Cell technologies, 72302). After 23 h, a media exchange 
was performed with culture medium without ROCK inhibitor and a 
phase-contrast image was taken using phase-contrast microscopy (Leica 
DMIL LED microscope). One hour later (24 h post-thaw), confluence of 
iPSCs were assessed with a Cytonote lens-free video microscope (Ipra-
sense) then the cells lysed with QIAzol Lysis Reagent (Qiagen) for mRNA 
sequencing.

Cell culture for pluripotency assessment. Pluripotency assessment (n =
1 vial) using immunofluorescence and qRT-PCR was performed after 2 
passages and 3 to 5 days culture for colony formation. Cell culture media 
was as above, with ROCK inhibitor present for the first 24 h after initial 
thawing and each passage.

2.6. Recovery, viability, and apoptosis assessment

Recovery and viability of iPSCs were assessed using a Cellometer 
Auto 2000 Cell Profiler (Nexcelom Bioscience) and Cellometer AOPI 
staining solution (Nexcelom Bioscience, CS2-0106). Recovery was 
calculated using the formula: recovery (%) = (yield of viable cells after 
thawing/yield of viable cells before cryopreservation)*100. Cell 
apoptosis was assessed by flow cytometry using the FITC Annexin V 
Apoptosis Detection Kit 1 (BD Pharmingen, 556547) according to the 
manufacturer’s instructions on a BD FACSVerse. In this kit, single pro-
pidium iodide (PI)-stained cells are reported as “necrotic”, single 
Annexin V-stained cells as ‘‘early apoptotic’’, double Annexin V/PI- 
stained cells as ‘‘late apoptotic’’ cells, and double negative-stained 
cells as “viable”.

2.7. Pluripotency assessment

The self-renewal capability and the trilineage differentiation capa-
bility (ability of the iPSC lines to differentiate into ectoderm, mesoderm, 
and endoderm) were determined. For both capabilities, immunofluo-
rescence (IF) images of 4 % paraformaldehyde-fixed cells were taken 
using an Axio Observer.Z1 microscope (Zeiss) and qRT-PCR was per-
formed using unfixed cells. Consistency in colony morphology was 
assessed using phase-contrast microscopy.

Immunofluorescence. For self-renewal capability, the IF primary 

antibodies targeted SSEA4 (Millipore, MAB4304, 1:25), NANOG (Mil-
lipore, AB5731, 1:100), TRA-1–60 (Millipore, MAB4360, 1:25), OCT4 
also known as POU5F1 (Abcam, ab19857, 1:600), TRA-1–81 (Millipore, 
MAB4381, 1:25) and SOX2 (Abcam, ab97959, 1:200). Secondary anti-
bodies included anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 
568 (Invitrogen, A21202 and A10042 respectively, 1:1000). A nuclei 
counterstain, Hoechst 33,342 (Thermo Fisher, H3570, 1:10 000), was 
included. To assess trilineage differentiation capability, cells were 
differentiated as previously described (D’Amour et al., 2005; Sa and 
McCloskey, 2012; Chambers et al., 2009). Primary IF antibodies tar-
geted β-Tubulin (TUBB3, BD Biosciences, 560338, 1:10) for ectoderm, 
α-smooth muscle actin antibody (α-SMA, Abcam, ab5694, 1:100) for 
mesoderm, and SOX17 (R&D Systems, IC19241G, 1:13) for endoderm. 
The nuclei counterstain was also performed.

Gene expression analysis qRT-PCR. For gene expression analysis, RNA 
was isolated from QIAzol-lysed cells using the miRNeasy Mini kit 
(Qiagen, 217004) with on-column DNase treatment. For each sample, 
one microgram of total RNA (quantified with a Synergy MX (BioTek) 
spectrophotometer) was reverse-transcribed using the High Capacity 
Reverse Transcription Kit (Life Technologies, 4374966). qPCR was 
performed using the microarray TaqMan® hPSC Scorecard Panel kit 
(Thermo Fisher, A15871), which contains 94 pluripotency and triline-
age differentiation genes (Tsankov et al., 2015). The reactions were run 
on an ABI 7500 Fast Real-Time PCR System and Cqs calculated by 7500 
System SDS software v2.3 (both Applied Biosystems). Cqs were then 
uploaded to the hPSC Scorecard™ Analysis Software (Thermo Fisher), 
which compares the gene expression profile of the sample to that from a 
reference dataset, defining its pluripotency and trilineage differentiation 
as positive, borderline or negative.

2.8. mRNA sequencing

RNA was isolated with the Qiagen miRNeasy Mini kit with on- 
column DNase treatment. RNA concentration were measured with the 
Quant-IT RiboGreen® RNA Assay Kit (Thermo Fisher, R11490) with a 
Synergy MX spectrophotometer. RNA quality was assessed using RNA 
Integrity Numbers (RINs) generated using RNA 6000 Nano Chips 
running on a 2100 Bioanalyzer (Agilent Technologies). RINs range from 
1 (RNA completely degraded) to 10 (RNA completely intact).

RNA sequencing was conducted at CeGaT (Center for Genomics and 
Transcriptomics, Tübingen, Germany) using a NovaSeq 6000 and 200 ng 
of RNA. The TruSeq Stranded mRNA kit (Illumina) was used to prepare 
the library. Two times 100 base pair reads were generated per library. 
Demultiplexing of the sequencing reads was performed with Illumina 
bcl2fastq v2.20. Adapters were trimmed with Skewer v0.2.2. The quality 
of FASTQ files was analysed with FastQC v0.11.5-cegat.

The generated sequencing reads were mapped against the human 
genome build hg38 using STAR aligner (Dobin et al., 2013) and the read 
counts for each gene were calculated using featureCounts. Gene 
expression was normalized by DESeq2 v1.22.2 with variance-stabilizing 
transformation (VST) (Love et al., 2014) and the low expression genes 
with total counts across all samples less than 10 were excluded. Unsu-
pervised hierarchical clustering of RNA sequencing data with fold 
change (FC) ≥ 1.5 times was conducted using the dist R function. A 
heatmap was generated using the pheatmap and gplots R packages.

The differential gene expression analysis between 24 h post-thaw 
cells and their controls (freshly isolated, unfrozen iPSC samples) was 
performed using DESeq2 with the p-value cut-off of 0.01. The dataset 
was analysed by identifying the common genes that were > 3.0 times 
deregulated. To do so, any gene that was > 3.0 times deregulated in each 
cryosolution was included. This was performed for each of the cell lines 
separately. Then, for each cryosolution, deregulated genes common to 
all three cell lines were identified. Our logic was that the identified genes 
are susceptible to deregulation in the specified cryosolution as a 
consequence of the cryopreservation process itself, independent of the 
cell line‘s identity.
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Pathway identification was performed with Gene Set Enrichment 
Analysis (GSEA) using the knowledge based Molecular Signatures 
Database (mSigDB) (Subramanian et al., 2005). Fisher’s exact test was 
performed to identify the statistical enrichment of the categories in 
mSigDB using the differentially up- or down-regulated genes as the test 
set. All detected genes were taken as the background set. Categories with 
an adjusted p-value (p adj) < 0.01 and containing at least five differ-
entially expressed genes (DEGs) were considered significantly enriched.

Pathways relating to pluripotency, apoptosis induction, hypoxia, 
stress-induced, and membrane transport were selected for further 
analysis. The keywords to select the pathways of interest for pluripo-
tency were ESC, PLURI, EMBRYONIC; for apoptosis: APOP, TNF, FAS, 
CASP; for hypoxia: HYPOX, OSMO; for any stress: STRESS, and for 
membrane transport: …MEMBRANE…TRANSPORT. Venn diagrams 
were generated using https://bioinformatics.psb.ugent.be/webtoo 
ls/Venn/.

2.9. Statistical analysis

For the toxicity screening and cryopreservation study, a two-way 
ANOVA was used for data analysis. When treatments were signifi-
cantly different (p < 0.05), a Holm-Sidak test for pairwise comparisons 
was performed. All analysis were performed using SigmaPlot v12.5 
(Systat). Normality was tested using the Shapiro–Wilk test. All graphs 
were done in Excel version 2003.

3. Results

3.1. Toxicity screening study

Initially, a toxicity screening study was performed to determine 
which of the IRI compounds to use in the cryopreservation study.

Pluripotency Assessment. Based on the immunofluorescence (Fig. 1A) 
and molecular assay results (Fig. 1B and 1C), we concluded that the 
pluripotency status of iPSC-1 was “not pluripotent”, iPSC-2 was 
“pluripotent”, and iPSC-3 was “borderline”. At the morphological level, 

Fig. 1. Pluripotency assessment (A-C) of the three iPSC lines (iPSC-1, − 2, and − 3) and toxicity screening study results (D) following room temperature incubation of 
single-cell suspension in 7 solutions: a base buffer solution (i; with no IRI and no DMSO), two IRIs compounds at three concentrations (ii; 5 mM, iii; 10 mM and iv,v; 
15 mM) and two commercial cryopreservation solutions (CryoStor® CS10, and CryoStor® CS5). (A) Phase-contrast photograph of colonies, along with immunos-
tainings for pluripotency markers (SSEA4, NANOG, TRA-1–60, OCT4, TRA-1–81 and SOX2). All cultures were stained simultaneously and all photographs were taken 
using the same microscope settings. Scale bar is shown at the bottom right and depicts 100 μm. (B, C) Microarray TaqMan® hPSC Scorecard results for self-renewal 
and trilineage differentiation genes of undifferentiated cells (B) and differentiated (C) cells, respectively. Scorecard result icons ‘‘+’’ (positive), ‘‘B’’ (borderline), or 
‘‘–’’ (negative) are displayed and color coded green (self-renewal), blue (ectoderm), orange (mesoderm), and purple (endoderm). (D) Performance results (mean ± 1 
standard deviation) for recovery and viability of the three technical replicates. # denotes no statistically significant difference between any group, *p < 0.05 and **p 
< 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cell lines iPSC-2 and iPSC-3 grew in typical rounded colonies with 
defined borders, whilst iPSC-1 had typical morphology at the centre of 
the colonies but abnormal star-shaped cells on the border (Fig. 1A, 
Colony). Concerning the pluripotency immunostaining for SSEA4, 
NANOG, TRA-1–60, OCT4, TRA-1–81 and SOX2, iPSC-2 and iPSC-3, but 
not iPSC-1, stained positively for SSEA4, TRA-1–60 and TRA-1–81 
(Fig. 1A). For the gene expression profile of undifferentiated cells using 
the TaqMan® hPSC Scorecard Panel kit (94 genes), iPSC-2 was classified 
as “pluripotent”, iPSC-3 as “borderline” and iPSC-1 as “not pluripotent” 
(Fig. 1B). In the gene expression profiling using differentiated cells, all 
three cell lines expressed the genes associated with the mesoderm germ 
layer and none expressed genes associated with the endoderm germ 
layer; for the genes typically associated with the ectoderm germ layer, 
iPSC-1 had borderline expression whilst iPSC-2 and iPSC-3 had positive 
expression (Fig. 1C).

Recovery. There were no statistically significant differences in re-
covery, measured via AOPI staining intensity, between any of the 
cryosolutions (i to v, CS5 and CS10), with mean recovery across the 
three iPSC lines ranging between 51.3 % (i) and 63.2 % (ii) (Fig. 1D). 
Mean recovery was higher in iPSC-1 (72.6 %) than iPSC-2 (47.9 %) and 
iPSC-3 (51.5 %) (p < 0.001) but the difference between iPSC-2 and iPSC- 
3 was not statistically significant (p = 0.294).

Viability. No statistically significant differences in viability, measured 
via AOPI staining intensity, were found between any of the cryo-
solutions, aside from IRI solution iv, which showed a higher viability 
than the buffer control i (mean 82.5 % and 73.9 % respectively, p =
0.032) (Fig. 1D). Mean viability was higher in iPSC-3 (85.1 %) than 
iPSC-1 (75.6 %) and iPSC-2 (77.7 %) (p < 0.001). There was no statis-
tically significant difference in viability and early apoptosis, measured 
via flow cytometry of Annexin V and PI stained cells, between any of the 
cryosolutions, with mean viability across the three iPSC lines ranging 
between 70.5 % (CS10) and 75.1 % (ii) (Fig. 1D and Fig. S1). Mean 
viability was lower in iPSC-2 (70.0 %) than iPSC-1 (75.3 %) and iPSC-3 
(73.5 %) (p < 0.001). The cryosolutions showed an enrichment in 
respect of late apoptosis and necrosis for each specific cell line with the 
highest percentages in the cell line iPSC-2 assessed as “pluripotent” 
(mean 9.3 % and 0.4 % respectively) (Fig. S1).

Taking all of the above into account, we selected cryosolution iv (15 
mM IRI-I in Cryostor® CSB) for our cryopreservation study because it 
had the highest mean viability (by AOPI staining intensity) for all the 
cell lines and comparable recovery (by AOPI staining intensity) and 

viability (by flow cytometry of Annexin V and PI stained cells) to the 
other IRI-containing cryosolutions.

3.2. Cryopreservation study

Results of the cryopreservation study are presented as follows: 
assessment of pluripotency status prior to cryopreservation, post-thaw 
characteristics and differential gene expression. New cell lines (iPSC-4 
to − 6), different from those used in the toxicity screening study (iPSC-1 
to − 3), were used.

3.2.1. Pluripotency assessment prior to cryopreservation
Based on the immunofluorescence and molecular assay results, all 

iPSC lines (iPSC-4 to − 6) were considered pluripotent (Table 2). The 
results for each pluripotency characterization assay in each cell line are 
shown in Fig. S2. At the morphological level, all iPSC lines grew in 
typical rounded colonies with defined borders (Table 2 and Fig. S2A, 
Colony). All cell lines showed positive pluripotency immunostaining for 
SSEA4, NANOG, TRA-1–60, OCT4, TRA-1–81 and SOX2 (Table 2 and 
Fig. S2A). All lines expressed genes typically associated with pluripo-
tency, with no signal associated with differentiation in the three germ 
layers (Table 2 and Fig. S2B). Once differentiated, all three cell lines 
expressed genes typically associated with the germ layers ectoderm and 
mesoderm (Fig. S2C). All lines were capable of differentiation into the 
endoderm germ layer as shown by positive immunostaining for SOX17 
(Fig. S2D).

3.2.2. Post-thaw characteristics
Recovery. The mean cell recovery, measured via AOPI staining in-

tensity, in cryosolution IRI-I5 (64.1 %) was higher than in IRI-I10 (49.2 
%, p = 0.021) and in CS10 (51.2 %, p = 0.035)(Fig. 2A). The difference 
between IRI-I10 and CS10 was not statistically significant. Mean re-
covery was higher in iPSC-4 (63.0 %) than iPSC-6 (46.8 %, p = 0.012).

Viability. The viability, measured via AOPI staining intensity, prior to 
cryopreservation was 89.7 ± 0.8 % for all cell lines. The mean post-thaw 
viability of cells in cryosolution IRI-I5 (85.3 %) was higher than IRI-I10 
(80.7 %, p = 0.037)(Fig. 2A). Mean viability was higher in iPSC-5 (86.1 
%) than iPSC-6 (81.4 %, p = 0.03).

Confluence. The confluence, 24 h post seeding, measured with a 
Cytonote, was already radically different between the cell lines and 
cryosolutions, ranging from 8 % (iPSC-5, IRI-I10) to 74 % (iPSC-4, CS10) 

Table 2 
Pluripotency assessment (self-renewal and trilineage differentiation capability) by immunofluorescence (IF) and qRT-PCR of three iPSC lines (iPSC-4, − 5 and − 6) used 
in the cryopreservation study (prior to cryopreservation and post expansion). “+” denotes a positive expression, “-“ denotes a negative expression, “B” stands for 
borderline expression and “NA” denotes not tested.

Prior Cryopreservation Post expansion

iPSC-4 iPSC-5 iPSC-6 iPSC-4 iPSC-6

CS10 IRI-I5 IRI-I10 CS10 IRI-I5 IRI-I10

Pluripotency Colony + + + + + + + + +

IF SSEA4 + + + + + + + + +

Nanog + + + + + + + + +

TRA-1–60 + + + + + + + + +

Oct4 + + + + + + + + +

TRA-1–81 + + + + + + + + +

SOX2 + + + + + + + + +

qRT-PCR Self-renew + + + + + + + + +

Ecto − − − − − − − − −

Meso − − − − − − − − −

Endo − − − − − − − − −

Trilineage differentiation qRT-PCR Self-renew − − − NA NA NA NA NA NA
Ecto + B + NA NA NA NA NA NA
Meso + + + NA NA NA NA NA NA
Endo − − − NA NA NA NA NA NA

IF Ecto NA NA NA + − − + + +

Meso NA NA NA + + + + + −

Endo + + + + + + + + +
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(Fig. 2B). At 24 h post seeding, visual observations of iPSC-5 showed a 
lower confluence than iPSC-4 and iPSC-6 (Fig. 2C). It was also observed, 
in the iPSC-5 and IRI-I10 combination, there were fewer adherent cells. 
This low density is not a seeding error as the number of cells floating in 
solution was higher.

RNA yield and quality. RNA yield per well correlated with the visual 
confluence of cells, ranging from 0.7 μg (iPSC-5, IRI-I10) to 13.0 μg 
(iPSC-6, CS10). RNA integrity, determined using a Bioanalyzer, was very 
high in all samples, with RIN values of 9.5 (iPSC-5, IRI-I10), 9.7 (iPSC-6, 
IRI-I5) and 10.0 (all remaining samples) denoting undegraded RNA.

Pluripotency assessment. The pluripotency assessment was performed 
for the surviving cells after 2 passages. IPSC-5 cells cryopreserved with 
IRI-I10 did not survive the thawing process, whilst those cryopreserved 
in CS10 and IRI-I5 did not survive the first passage. After 2 passages, 
based on the immunofluorescence and molecular assay results, iPSC-4 
and iPSC-6 cryopreserved with CS10, as well as iPSC-6 cryopreserved 
with IRI-I5, were pluripotent (Table 2). IPSC-4 cryopreserved with IRI-I5 
and IRI-I10 as well as iPSC-6 with IRI-I10 were determined as border-
line. The results for each pluripotency characterization assay in each cell 
line are also shown in Fig. S3. At the morphological level, both surviving 
iPSC lines (iPSC-4 and iPSC-6) grew in typical rounded colonies with 
defined borders (Fig. S3A, Colony). All showed positive pluripotency 
immunostaining for SSEA4, NANOG, TRA-1–60, OCT4, TRA-1–81 and 
SOX2 (Fig. S3A). Both lines expressed genes typically associated with 
pluripotency, with no signal typically associated with differentiation in 
the three germ layers (Fig. S3B). For iPSC-4, negative expression of the 
ectoderm target TUBB3 was obtained with IRI-I5 and IRI-I10 (Fig. S3C). 
For iPSC-6, negative expression of the mesoderm target α-SMA was 
obtained with IRI-I10. The remaining samples were capable of differ-
entiating into each of the three germ layers as shown by positive im-
munostaining for ectoderm (TUBB3), mesoderm (α-SMA), or endoderm 
(SOX17).

3.2.3. Differential gene expression
Heatmap analysis. Heatmap of the deregulated genes (p adj ≤ 0.05 

and fold change (FC) ≥ 1.5) showed that the iPSC lines post cryopres-
ervation clustered together, with different gene expression patterns than 

their counterparts prior to cryopreservation (Fig. 3A). Each genotype 
exhibited strong similarities regardless of the cryosolution used but 
there was less differential clustering between the pre- and post- 
cryopreserved condition than between genotypes, suggesting that 
cryopreservation has a stronger effect than the genotype effect.

Gene analysis. A Q30 value of 91.8 % was obtained. Significant dif-
ferences between pre- and post-thaw cell lines were seen for 492 genes (p 
adj ≤ 0.05 and FC > 3.0) (Fig. 3B and Fig. 3C). The highest number of 
DEGs was observed for IRI-I10 and the lowest for CS10. Of the 10 most 
prominently up-regulated genes in each cryosolution, the following 
seven were common to all three cryosolutions: MT2A, SERPINE1, NQO1, 
HMOX1, VGF, RTL5 and TIMP4 (Fig. S4A). All these genes, with the 
exception of the unannotated gene RTL5, are protein coding with GO 
annotations including drug and protease binding, oxidoreductase and 
growth factor activity. The equivalent down-regulated genes were H1-0, 
NPTX1, KLF15, AL591742.2, SYT7 and C3 (Fig. S4B). All these genes, 
with the exception of AL591742.2 (a long non-coding RNA) are protein 
coding, of which H1-0 and NPTX1 are unannotated and the others have 
GO annotations including DNA-, calcium ion- and signalling receptor- 
binding.

To confirm that the cryopreserved and thawed iPSC lines remained 
pluripotent, the expression of the stemness gene markers KLF4, HESX1, 
REST, NANOG, POU5F1, SOX2, ZIC3, SALL4, CXCL5, DNMT3B, IDO1, 
LCK, and TRIM22 were analysed. No differences in expression were 
found using the common dataset with FC > 3.0. However, when the 
entire dataset with FC ≥ 1.5 was analyzed, HESX1 and DNMT3B were 
up-regulated in all three cryosolutions, ZIC3 and IDO1 were down- 
regulated in all three cryosolutions and NANOG was up-regulated only 
for CS10 and IRI-I5. The log2 (FC) in CS10, IRI-I5 and IRI-I10 was 0.91, 
0.94 and 1.06 respectively for HESX1, 0.66, 0.65 and 0.59 for DNMT3B, 
− 0.66, − 0.68 and − 0.66 for ZIC3, − 1.09, − 1.09 and − 1.07 for IDO1. 
The log2 (FC) in CS10 and IRI-I5 was 0.72 and 0.66 for NANOG.

Pathway analysis. The lowest number of selected deregulated path-
ways was obtained for CS10 and the highest for IRI-I10 (Fig. 3D). There 
were no statistically significant up-regulated pathways for IRI-I5. There 
was one up-regulated pathway for CS10 (Hallmark_hypoxia), which was 
common to IRI-I10 (Fig. 3E). The other pathways up-regulated in IRI-I10 

Fig. 2. Post-thaw assessment in the cryopreservation study where the cryoprotective efficiency of two IRI-containing cryosolutions (IRI-I5: 15 mM IRI-I in 5 % 
DMSO-containing solution and IRI-I10: 15 mM IRI-I in 10 % DMSO-containing solution) were compared with CryoStor® CS10 (CS10) using three iPSC lines (iPSC-4, 
− 5 and − 6). (A) Performance results (mean ± 1 standard deviation) for post-thaw recovery and viability of the three technical replicates. # denotes no statistically 
significant difference between any group, *p < 0.05.(B) Confluence measurement 24 h post-thaw after expansion of the iPSC lines. (C) Phase-contrast images after 
media exchange 23 h post-thaw. Scale bar is shown at bottom right and depicts 100 μm.
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were related to apoptosis, hypoxia, stress, and pluripotency. For the 10 
most down-regulated pathways, all pathways were common to all three 
cryosolutions and were membrane transport-related.

3.3. Summary

In summary, the cryosolution IRI-I5 exhibited the highest post-thaw 
recovery and viability but the cryosolution CS10 had the lowest number 
of DEGs and deregulated pathways. However, the differences between 
these two cryosolutions were generally small in magnitude. IRI-I10 

performed significantly poorer than the other cryosolutions, with 
lower post-thaw recovery and viability rates, and higher numbers of 
DEGs and deregulated pathways.

4. Discussion

We compared IRI-containing cryosolutions with the commercially 
available CryoStor® CS10 for cryopreservation of iPSCs. First, a toxicity 
screening study was performed which identified the optimal small- 
molecule IRI solution iv (15 mM IRI-I in CryoStor® CSB). Then, a 

Fig. 3. mRNA sequencing results for deregulated genes and pathways in the cryopreservation study. (a) heatmap of the differentially expressed genes (degs). controls 
are the ipsc lines prior to cryopreservation. (b) venn diagram of the down-regulated and up-regulated degs. (c) number of degs deregulated. (d) number of 
deregulated pathways selected for pluripotency, apoptosis induction, hypoxia, stress-induced, and membrane transport. (e) ten most up- and down-regulated selected 
pathways. the degs are calculated as transcript levels of the ipsc lines (ipsc-4,− 5 and − 6) following cryopreservation and thawing with different cryosolutions (CS10, 
IRI-I5 and IRI-I10) as compared to freshly isolated iPSC lines (n = 3). Heatmap analysis was performed using the entire dataset (p adj ≤ 0.05 and fold change (FC) ≥
1.5) while gene and pathway analysis was performed using the genes deregulated common for each cryosolutions for each cell line assessed separately (p adj ≤ 0.05 
and FC > 3.0).
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cryopreservation study compared the cryoprotective efficiency of 
CryoStor® CS10 (which contains 10 % DMSO) with 15 mM IRI-I in 
CryoStor® CSB solution either containing 5 % or 10 % DMSO.

The initial toxicity screening study demonstrated that the IRI- 
containing solutions were no more membrane-disrupting or apoptosis- 
inducing than the DMSO-based solutions after 2 h exposure at RT; 
there were no differences in recovery and viability between the IRI 
containing solutions to the base buffer CryoStor® CSB, or to the Cryo-
Stor® CS10 and CS5 controls. There was only one exception, where the 
base buffer demonstrated lower viability results compared to the IRI- 
containing solution iv (15 mM IRI-I in CryoStor® CSB). Post- 
incubation, iPSC-2 showed lower recovery and viability compared to 
iPSC-1 and iPSC-3. Given that the iPSC lines were of similar subject 
characteristics, we assign the higher sensitivity of iPSC-2 to its fully 
pluripotent status.

In the cryopreservation study, the cryosolutions IRI-I5 and CS10 
outperformed IRI-I10 and had very similar numbers of DEGs (a differ-
ence of 1.9 % in the entire dataset with FC ≥ 1.5). The difference be-
tween the two IRI-containing cryosolutions is the DMSO content, with 
10 % and 5 % in IRI-I10 and IRI-I5 respectively. We assign the reduced 
cryoprotective efficiency of IRI-I10 to a negative interaction between the 
IRI compounds and the higher DMSO content. This is consistent with 
published data where DMSO has been shown to modulate intracellular 
IRI activity (William and Acker, 2020).

Post-thaw, iPSC-5 showed an intermediate recovery and the highest 
viability which contradicts the visual appreciation and expansion failure 
at 24 h. This anomaly is supported by published data, where post-thaw 
assessments of cryopreservation outcome performed within 1 h of 
thawing yielded overestimates in survival, due to both apoptotic and 
necrotic processes that lead to cell death following cryopreservation 
(Baust et al., 2000; Baust et al., 2001). In embryonic stem cells (ESCs), 
previous studies showed a high viability post-thaw, then a rapid decline 
to 30 % viability within 90 min, due to apoptosis (Wagh et al., 2011; 
Heng et al., 2006). The iPSC-5 cell line showed higher sensitivity to 
cryopreservation and post-cryopreservation passage than iPSC-4 and 
iPSC-6. The pluripotency status of iPSC-5 was equivalent to iPSC-4 and 
iPSC-6, and its cell line characteristics similar to iPSC-4, hence the 
higher sensitivity is due to currently unknown individual cell line 
specificities.

Our transcriptomic analysis compared 24 h post-thaw iPSCs and 
their freshly isolated (unfrozen) iPSC sister samples. In agreement with 
our study, a previous transcriptomic analysis performed with human 
ESCs cryopreserved using a 10 % DMSO cryosolution found a higher 
number of down-regulated than up-regulated DEGs (Wagh et al., 2011). 
The authors demonstrated that these DEGs are controlled in a time- 
dependent manner with the number of the frozen-thawed specific 
genes upregulated reaching a maximal plateau within 24 h and dropping 
down at 48 h.

Multiple pathways of apoptosis initiation are involved in cryopres-
ervation failure (Baust et al., 2001; Baust et al., 2002). In our study, two 
factors had an apoptosis-inhibitory effect. Firstly, ROCK inhibitor was 
present in the culture medium for 23 h following seeding of the iPSCs 
(Narumiya et al., 2000). A previous study demonstrated that ROCK in-
hibition following cryopreservation inhibits caspase-8 activity (Xu et al., 
2010). Secondly, CryoStor® CS5 and CS10 contain a caspase-1 inhibitor 
in addition to DMSO, which is also an apoptosis inhibitor (Baust et al., 
2000). In our study, no caspase DEGs were identified using the common 
dataset with FC > 3.0. However, when using the entire dataset with FC ≥
1.5, the different cryosolutions showed similar low levels of CASP3 and 
CASP8 up-regulation and CASP10 down-regulation. Given that the 
expression levels of these caspases were similar in all three cryo-
solutions, this suggests that none of them had a particularly unique ef-
fect on those genes.

A primary goal in iPSC cryopreservation is minimizing pluripotency 
alterations resulting from the cryopreservation protocols and reagents. 
For example, cryopreservation of human ESCs with 10 % DMSO had 

resulted in a reduced OCT4 marker expression (Katkov et al., 2006). In 
our study, the expression levels of the stemness genes were similar in all 
three cryopreservation solutions, which suggests that none of the cryo-
solutions had a particularly unique effect on those genes. This is further 
supported by the low coefficient of variation (≤ 3 %) obtained between 
the cryosolutions for the self-renewal genes included in the TaqMan® 
hPSC Scorecard microarray (CXCL5, DNMT3B, HESX1, IDO1, LCK, 
NANOG, POU5F1, SOX2, and TRIM22). This is not consistent with a 
study where down-regulation of DEGS of stemness genes (KLF4, HESX1, 
REST, NANOG, POU5F1, SOX2, ZIC3, SALL4) was demonstrated at 24 h 
post-thaw for human ESCs cryopreserved using a different 10 % DMSO 
cryosolution (Wagh et al., 2011).

A previous study has investigated the effect of cryopreservation of 
iPSCs (using both conventional slow-freezing and adherent vitrification) 
on gene expression (Kaindl et al., 2019). Similarly to our study, RNA 
sequencing was performed on cells immediately prior to and one-day 
post thawing, and these authors additionally analysed cells 4 days 
post thaw. Their results differ from ours in that they found neither 
cryopreservation process to have a discernible effect on DEG. This dif-
ference may be due to the use of different thresholds to report DEGs, in 
terms of numbers of reads.

In our transcriptome analysis, many pathways, potentially linked to 
the cryopreservation process, were found deregulated. It is unclear 
which changes in gene expression are protective or detrimental to the 
cells. In order to decipher the impact of these changes, we investigated 
the specific pathways that were deregulated only in IRI-I10 (the cryo-
preservation solution that caused the most deregulation). In these 
pathways, 19 DEGS that were deregulated in the common dataset with 
FC > 3.0 were identified.

From this list, the 10 genes HSPA6, FLNC, MAP1A, SLC1A4, 
SLC22A3, DHRS2, TLR4, SERPINB3, SPP1 and EDN1 were up-regulated 
only in IRI-I10. The function of these genes fell into different functional 
categories that are important for cell survival. The up-regulation of the 
heat shock protein HSPA6 has been associated with protection from 
apoptosis (Beere et al., 2000). FLNC codes for filamin C, an actin binding 
protein, while MAP1A codes for microtubule-associated protein 1A 
(Stossel et al., 2001; Hirokawa, 1994). Both proteins are closely asso-
ciated with the stabilization of the cytoskeleton. SLC1A4 and SLC22A3 
code for the solute carrier family 1 member 4 and solute carrier family 
22 member 3 respectively, and are part of the solute carrier (SLC) su-
perfamily, which are membrane transport proteins (Arriza et al., 1993). 
Up-regulation of DHRS2, that code for the enzyme dehydrogenase/ 
reductase SDR family member 2, has been shown to protect against 
apoptosis induced by oxidative stress-mediated cellular injury (Monge 
et al., 2009). TLR4 codes for the Toll-like receptor 4, which is a key 
receptor for activating the innate immune system. In platelets, cryo-
preservation did not change the surface abundance of TLR4 (Wood et al., 
2021). Up-regulation of SERPINB3, which codes for serpin family B 
member 3, significantly attenuates apoptosis (Vidalino et al., 2009). The 
roles of the genes SPP1 that codes for Secreted Phosphoprotein 1 and 
EDN1 that codes for Endothelin 1 remain unknown. We found that the 
up-regulated genes present only in IRI-I10-cryopreserved cells are 
mainly associated with the stem cell membrane and apoptosis.

The 8 genes NQO1, HMOX1, SERPINE1, ANXA1, MT1E, MT2A, 
CALCA and FOXA2 were up-regulated in all the cryosolutions. NQO1 
codes for a NAD(P)H quinone oxidoreductase, which protects against 
oxidative stress (Dinkova-Kostova and Talalay, 2010). The up- 
regulation of HMOX1, which works mainly as an antioxidant protein, 
is a major defense mechanism against oxidative stress and tissue injury 
(Yoshida et al., 2001). SERPINE1 codes for plasminogen activator in-
hibitor 1 (PAI-1). The gene was found up-regulated in neural stem cells 
in the hypoxic group compared with the control group (Shi et al., 2018). 
The ANXA1 gene, which codes for Annexin A1, has anti-inflammatory 
activity (Sugimoto et al., 2016). MT1E and MT2A are both metal-
lothioneins (MTs) which have potential protective effects against 
oxidative stress (Babula et al., 2012). CALCA, which codes for 
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calcitonin-related polypeptide alpha, has been associated with various 
roles including calcium homeostasis, regulation of the immune response 
and cell proliferation as well as apoptosis after tissue injury (Russell 
et al., 2014). Recently, CALCA has also been identified as a regulator of 
stem cell self-renewal and differentiation (Lv et al., 2022). The role of 
the gene FOXA2 (which codes for forkhead box A2) with regards to 
cryopreservation is unclear. As these 8 DEGs identified in all three 
cryosolutions are associated with protective action, we can conclude 
that the up-regulation is linked with the cryopreservation process, 
regardless of the cryosolution.

It is noteworthy that in our transcriptome analysis a pathway related 
to hypoxia was associated with CS10 and IRI-I10, but not IRI-I5. This 
difference only concerned the gene CAV1, as the other genes (SERPINE1, 
HMOX1, MT1E and MT2A) were up-regulated for all three cryosolutions. 
CAV1 codes for caveolin-1, which is a cholesterol-binding protein that 
can potentially regulate a variety of cellular processes including 
apoptosis (Xu et al., 2016). Caveolae are mechanosensitive and CAV1 
expression has been closely linked with stem cell fate and differentiation 
(De Belly et al., 2022). The similar levels of caveolin up-regulation in our 
cryosolutions suggests a protective action linked with the cryopreser-
vation process, regardless of the cryosolution.

A limitation of this study is that we are unable to say whether the 
higher post-thaw recovery and viability is due to the addition of IRI or to 
the reduction in DMSO concentration from 10 % to 5 % as no CryoStor® 
CS5 was included in the study. It has been found that in iPSCs, a 15 % to 
50 % increase in recovery and viability occurred when DMSO concen-
tration was reduced from 10 % to 5 % (Miyamoto et al., 2012). We used 
iPSCs that had been previously cryopreserved in CryoStor® CS10, so it 
cannot be excluded that this had imposed a selective pressure on those 
iPSCs that selected out a nonrepresentative, DMSO freeze-resistant 
subpopulation.

This manuscript is fully relevant to the growing demand for robust 
cryopreservation methods with reduced DMSO content. Even low con-
centrations of DMSO have been demonstrated to alter cellular processes 
by modifying DNA methylation profiles, impacting gene expression, 
deregulating miRNAs as well as inducing differentiation (Erol et al., 
2021). Cryopreservation studies of iPSCs have addressed issues such as 
aggregates vs single cell freezing, slow freezing vs vitrification, absence 
vs presence of small molecules such as ROCK inhibitor, and development 
of animal-component free cryosolutions. Few studies have been under-
taken to test the cryopreservation of pluripotent stem cells using cryo-
solutions with less or no DMSO (Weng and Beauchesne, 2020). A 
controlled rate freezing study using DMSO-free trehalose-based cryo-
solutions containing ethylene glycol or glycerol achieved cryopreser-
vation of iPSCs that the authors described as “acceptable” compared to 
the 10 % DMSO standard (Ntai et al., 2018). In our study, we demon-
strate the fitness-for-purpose of 15 mM IRI in 5 % DMSO as an efficient 
cryoprotective solution for iPSCs in terms of their post-thaw recovery, 
viability, pluripotency, and transcriptomic changes. IRIs can reduce 
DMSO concentrations, thereby improving the utility, effectiveness, and 
efficiency of cryopreservation.
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