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Protein-free media for cardiac differentiation
of hPSCs in 2000 mL suspension culture
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Abstract

Background Commonly used media for the differentiation of human pluripotent stem cells into cardiomyocytes
(hPSC-CMs) contain high concentrations of proteins, in particular albumin, which is prone to quality variations

and presents a substantial cost factor, hampering the clinical translation of in vitro-generated cardiomyocytes

for heart repair. To overcome these limitations, we have developed chemically defined, entirely protein-free media
based on RPMI, supplemented with L-ascorbic acid 2-phosphate (AA-2P) and either the non-ionic surfactant Pluronic
F-68 or a specific polyvinyl alcohol (PVA).

Methods and Results Both media compositions enable the efficient, directed differentiation of embry-

onic and induced hPSCs, matching the cell yields and cardiomyocyte purity ranging from 85 to 99% achieved

with the widely used protein-based CDM3 medium. The protein-free differentiation approach was readily up-scaled
to a 2000 mL process scale in a fully controlled stirred tank bioreactor in suspension culture, producing > 1.3 x 10°
cardiomyocytes in a single process run. Transcriptome analysis, flow cytometry, electrophysiology, and contractile
force measurements revealed that the mass-produced cardiomyocytes differentiated in protein-free medium exhibit
the expected ventricular-like properties equivalent to the well-established characteristics of COM3-control cells.

Conclusions This study promotes the robustness and upscaling of the cardiomyogenic differentiation process, sub-
stantially reduces media costs, and provides an important step toward the clinical translation of hPSC-CMs for heart
regeneration.
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Background

The application of cardiomyocytes derived from human
pluripotent stem cells (hPSC-CMs; either embryonic
stem cells: hESCs or induced pluripotent stem cells:
hiPSCs) holds enormous potential for regenerative
medicine, tissue engineering, in vitro disease modeling,
drug development, and other areas [1, 2]. However, this
will necessitate the routine production of hPSC-CMs in
significant quantities tailored to specific applications.

For example, for the replacement of cardiac tis-
sue lost due to myocardial infarction, it has been esti-
mated that at least one billion in vitro-derived CMs
will be required for each patient’s heart [3, 4]. Recent
proof-of-concept studies have demonstrated successful
engraftment of hPSC-CMs in damaged hearts across
different animal models and suggested the graft-related
improvement of heart function [5-8]. Consequently,
these advancements have led to first-in-man studies
for hPSC-CM-based heart repair [9, 10]. However, the
envisioned routine application of hPSC-CMs to thou-
sands or even millions of heart failure patients in need
will require efficient, highly reproducible, and commer-
cially viable cell production processes.

Conventional 2D culture for hPSC expansion and car-
diac differentiation relies on complex and costly matri-
ces and hampers process upscaling, monitoring, and
control. In contrast, matrix-free 3D suspension culture
in stirred culture platforms such as spinner flasks and,
in particular, fully controlled stirred tank bioreactors
(STBRs) overcomes such limitations. The suspension
culture approach has successfully been applied to both
hPSC expansion [11, 12] and directed differentiation,
including mesodermal derivatives such as cardiomyo-
cytes [13-18] and macrophages [19, 20], endothelial
[21], and endodermal derivatives [22].

Culture media are pivotal in process development,
impacting process robustness, costs, and regulatory
compliance. Commonly used media for the cardiac dif-
ferentiation of hPSCs, such as RPMI/B27 (consisting
of 19-22 components depending on the formulation,
including bovine serum albumin, human recombinant
insulin, catalase, superoxide dismutase, transferrin,
and glutathione reductase) [23], or chemically defined
medium, 3 components (CDM3, consisting of only
three components, including recombinant human albu-
min) [24], however, contain high levels of either bovine
serum albumin (BSA), or recombinant human serum
albumin (rHSA), respectively. Albumin is known to
regulate the osmotic pressure, bind and stabilize lipids,
proteins, and metal ions, and possess antioxidant func-
tions, both in vivo and in vitro [25]. Furthermore, albu-
min has been suggested to have a shear-protectant
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effect, thereby promoting cell viability in stirred and
especially gas-sparged processes [26].

However, albumin and other proteins are susceptible
to batch-dependent quality variations, represent a sub-
stantial cost factor, and notably reduce the sensitivity of
proteome/secretome analysis in media samples [27-29],
thus hampering the understanding of complex differ-
entiation processes and in-process-control analytics of
secreted factors [30, 31].

This in mind, we here investigated the replacement of
albumin, enabling the entirely protein-free production of
hPSC-CMs in suspension culture. We found that RPMI
medium, supplemented with the ascorbic acid deriva-
tive AA-2P combined with either the poloxamer Plu-
ronic F-68 (PF-68) or a specific polyvinyl alcohol (PVA;
285,000—124000 Da; hydrolyzation of 87-89%) promotes
the production of hPSC-CMs equivalent to protein-con-
taining control conditions using CDM3. The resulting
differentiation media are completely chemically defined,
only containing components which, in contrast to pro-
teins, are not prone to quality alterations and, in addition,
reduce the overall media costs [32].

Following formulation development in 20 mL scale
in shaker flasks, systematic upscaling of the process to
150 mL and, ultimately, a 2000 mL stirred-tank biore-
actor scale was performed. Through this approach, we
demonstrated the production of>1.3x10° CMs per
2000 mL batch at purities exceeding 85% hPSC-CM
content while maintaining cells’ properties equivalent to
CDM3 controls. For downstream applications, such as
cell therapies to the heart, the generated CM-aggregates
may be directly amenable for transplantation, presenting
a viable alternative therapy strategy compared to single
CMs [8, 33].

Methods

hPSC lines and adherent monolayer culture

A human embryonic stem cell (hESC) line contain-
ing a mix paired-like homeobox transcription factor 1
(MIXL1)-GFP reporter gene [34], termed HES3 MIXL1-
GFP (female donor), was used for process development
in Erlenmeyer flasks and STBRs. The reporter gene
enables an early and direct readout of differentiation
toward the primitive streak. This cell line was obtained
from E. G. Stanley and A. G. Elefanty (Monash Immu-
nology and Stem Cell Laboratories, Monash Univer-
sity). The hiPSC line Phoenix (HSC_ADCF_SeV-iPS2;
MHHIi001-A; female donor) from CD34+human cord
blood hematopoietic cells was, in addition, used for the
demonstration of the general applicability of the devel-
oped differentiation media [35]. In addition, we used the
cell line hHSC_1285i_iPS2 (MHHi006-A; female donor)
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for the upscaling into the 2000 mL bioreactor [36]. Fur-
thermore, an hiPSC cell line generated under GMP-like
conditions from CD34" hematopoietic stem cells repro-
grammed by transduction with a Sendai virus vector
termed GMPDU_8 or GMPDU for short was utilized
(CD34+hPBHSC_GMPDU_SeV-iPS8; MHHi008-A;
male donor) [37]. All hPSC lines were precultured in
adherent 2D monolayer culture on Geltrex (Thermo
Fisher Scientific)-coated T-flasks (Greiner) in E8 medium
(supplemented with 10 pum Y-27632) [38]. After 48 h, the
medium was exchanged for fresh E8 medium. After 72 h,
the hPSCs were detached with Accutase (Thermo Fisher
Scientific) for 3 min at 37 °C and transferred to new Gel-
trex-coated T-flasks or into suspension culture [39]. All
hPSC lines were passaged three times before inoculation
of suspension culture.

Differentiation media composition

Multiple media compositions were investigated in this
study. All were based on an RPMI 1640 medium basis,
supplemented with 5958 mg/L 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) and 300 mg/L
L-Glutamine (Cat. No. 22400089; Thermo Fisher Scien-
tific). Furthermore, L-ascorbic acid 2-phosphate (AA-2P)
at 213 pg/mL was added to all media (Merck). Medium
containing only RPMI 1640 and AA-2P was termed Basis
(BA) medium. Furthermore, the medium was supple-
mented with Pluronic F-68 (Thermo Fisher Scientific)
at a final concentration of 0.1% (BA + PF-68). Moreover,
we investigated the use of low concentrations of transfer-
rin (final transferrin concentration 10.7 pg/mL; Merck)
(BA + Transferrin). Also, a range of polyvinyl alcohols
(termed PVA1, PVA2, PVA3) was investigated. PVA1
had an average molecular weight of 85,000—124,000 Da
and a hydrolyzation grade of 87-89% (Merck, Cat. No.
363081; BA+PVA1). PVA2 had a hydrolyzation grade
of 87-90% but a lower average molecular weight of
30,000-70,000 Da (Merck; Cat. No. P8136; BA +PVA?2).
PVAS3 had a higher hydrolyzation of 99+ % and an aver-
age molecular weight of 85,000-124,000 Da (Merck; Cat.
No. 363146; BA +PVA3). All PVAs were used at a final
concentration of 0.1%.

Bioreactor set-up

hPSCs were expanded and differentiated in an Eppen-
dorf Mini Bioreactor system DASbox and Bioblock
(Eppendorf). The glass bioreactors (flat-bottom) were
equipped with an eight-blade pitched impeller, a sup-
ply port for base to regulate the pH, gas supply via the
headspace, a supply port for fresh medium, and a port
with a 20—-40 mm porous glass filter for removal of the
used medium. Further, a sampling port for aseptic sam-
ple taking was equipped with a needleless injection
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Luerlock port. Peristaltic pumps (Eppendorf) supplied
fresh medium, removed used medium, or supplied base
according to settings in the bioreactor software.

Further, the bioreactors were equipped with pH sen-
sors (Mettler Toledo) and sensors for dissolved oxygen
(DO) (Hamilton Company). All sensors and pumps were
calibrated according to the manufacturer’s protocols. A
detailed protocol for the bioreactor set-up was published
before [39]. The 2000 mL system (Bioflo 320, Eppendorf)
had a hemispherical bottom, in contrast to the DAS-
box bioreactor, and was instead equipped with a three-
blade impeller, but otherwise, it had the same technical
features.

hPSC expansion and cardiac differentiation in suspension
culture
hPSCs were inoculated as single cells in E8 medium at
a cell density of 0.5x10° viable cells/mL. Further, Rho-
associated kinase inhibitor Y-27632 (RI) was added to the
medium at a concentration of 10 uM to prevent anoikis,
and PF-68 was added at a concentration of 0.1% [11]. The
hPSCs form cell-only aggregates and are cultivated for
two to three days (depending on the cell line) in suspen-
sion at 80 rpm in STBRs. After 24 h of cultivation, per-
fusion starts in STBRs, exchanging 1Xreactor volume/
day for fresh medium with an increased glucose con-
centration of 6 g/L (versus 3 g/L glucose under standard
conditions). After 48 h of hPSC expansion, the medium
exchange rate was automatically adjusted to 1.5Xreac-
tor volumes/day, as described before [11]. On days two/
three, aggregates were sampled, and the viable cell den-
sity was determined after dissociation of aggregates with
Accutase and automated cell counting with a ViCell XR
device (Beckmann Coulter). Then, 75x 10° viable hPSCs
as aggregates were collected through centrifugation,
resuspended in differentiation medium supplemented
with 5 pM CHIR (Institute for Organic Chemistry, Leib-
niz University Hannover and Tocris Bioscience), and
reinoculated in a bioreactor at 150 mL scale. Accord-
ingly, for a 2000 mL bioreactor scale, 1 x 10° viable hPSCs
were inoculated. After precisely 24 h, the medium was
exchanged entirely for the respective medium supple-
mented with 5 pM I'WP-2 (Tocris Bioscience). After 72 h,
the complete medium was exchanged for the respec-
tive differentiation medium without adding small mole-
cules. From 96 h process time onwards, the medium was
exchanged at 1/3 reactor volume per day via perfusion.
Differentiated aggregates were analyzed on day 10 of dif-
ferentiation for the presence of cardiac markers. The dif-
ferentiation was performed at a 150 mL scale at 70 rpm
in STBRs or 68 rpm in the 2000 mL system.

In Erlenmeyer flasks, 10x 10° viable hPSCs as aggre-
gates were inoculated in the respective differentiation
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medium supplemented with 5 uM CHIR. After 24 h, the
medium was exchanged for the respective differentiation
medium supplemented with 5 uM IWP-2. After 72 h,
the medium was exchanged entirely for plain differentia-
tion medium and, afterward, exchanged every two days.
Also, the CM yield and purity were analyzed on day 10 of
differentiation.

The general hPSC expansion strategy and differentia-
tion protocol, as well as the method to determine aggre-
gate size were published previously [11, 13].

Cardiomyocyte aggregate dissociation for downstream
analysis

A cell sample was taken from the suspension culture and
dissociated to obtain single cells to analyze the cell popu-
lation throughout the process and at the endpoint. When
performed with aggregates during pre-culture or on the
first three days of the differentiation process, dissociation
was performed with Accutase (Thermo Fisher Scientific)
for 3 min in an Eppendorf Thermomixer at 37 °C. After
day 3 of differentiation, the STEMcell technologies cardi-
omyocyte dissociation kit was utilized for 3—6 min in an
Eppendorf Thermomixer at 37 °C, with increasing incu-
bation time towards the end of the process. The disso-
ciation was stopped by diluting the dissociation reagent
with cardiomyocyte support medium at a 3:1 ratio. After
centrifugation and resuspending, cells were available for
counting, flow cytometry analysis, or seeding for elec-
trophysiological or immunohistochemical analysis or the
production of BCTs.

To seed single CMs for patch clamp analysis and
immunofluorescence staining, cells were kept in their
differentiation medium until day 17 of differentiation
and dissociated as described above. After dissociation,
single cells were resuspended in medium consisting of
IMDM + GlutaMAX (Thermo Fisher Scientific), sup-
plemented with 20% FCS (Cytiva), 1 mM L-glutamine
(Thermo Fisher Scientific), 1% non-essential amino acids
(Thermo Fisher Scientific), 0.1 mM 2-mercaptoethanol
(Thermo Fisher Scientific), 10 uM Y-27632 (Tocris Bio-
science) and 1% penicillin/streptomycin (Merck). 10,000
cells were applied to glass slides coated with 0.1% gela-
tin (Merck) and 4 pg/mL fibronectin (Corning) [13].
One day after seeding, the medium was exchanged for
RPMI+B27 medium. The medium was renewed every
2 days, and cells were further analyzed after 7 days.

Electrophysiological analysis

Seeded hPSC-CMs were analyzed in whole-cell mode
with an EPC10 amplifier using the Patchmaster v20x 60
software (HEKA instruments). Data was analyzed
using Fitmaster software (HEKA instruments). Signals
were filtered at 5 kHz and sampled at 20 kHz. Pipettes
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(GB150EFT-10, Science Products) were pulled on a
DMZ-Universal Puller (Zeitz) and heat polished to give
a resistance of~2 MQ when filled with pipette solu-
tion. For current-clamp recordings of APs, the extra-
cellular solution contained 140 mM NaCl, 4 mM KClI,
2 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and 10 mM
glucose. The pipette solution contained 140 mM KCl,
4 mM MgCl,, 10 mM HEPES, and 10 mM EGTA. Both
solutions were adjusted to pH 7.4 with NaOH. The oft-
set potential was zeroed before the cells were patched;
the junction potential was not corrected for. Patch clamp
data was analyzed using Pulsefit software (HEKA Instru-
ments Inc.) Data analyses were performed with Origin
6.0 (Microcal Software).

Immunofluorescence staining of hPSC-CMs

Cells were fixed with 4% PFA at room temperature for
10 min for immunofluorescence staining. Then, cells
were washed with PBS w/o and blocked with 5% (w/v)
donkey serum (Merck), 0.25% (v/v) Triton X-100 (Merck)
in Tris-buffered saline (TBS) at RT for 20 min. Cells were
incubated with the primary antibody diluted in TBS
(containing 1% w/v BSA; Merck) at 4 °C overnight. After-
ward, cells were washed with TBS, and the secondary
antibody was diluted in TBS and added. After a 30-min
incubation at RT, cells were washed again with TBS. To
stain nuclei with DAPI, 1.7 pg/mL in PBS+Ca®t/Mg**
was added to the cells and incubated for 15 min at room
temperature. The stained cells were then analyzed with
an Axio Observer A1l fluorescence microscope and Axio-
vison software (Zeiss).

Confocal microscopy of hPSC-CM aggregates

Aggregates were prepared for confocal microscopy as
recently described [18]. In short, aggregates were stained
with Sytox Deep Red, dehydrated with EtOH, and cleared
with methyl salicylate/benzyl benzoate. With a confo-
cal microscope (e.g., Zeiss LSM 980 Airyscan), internal
structures in intact aggregates were revealed.

Production of bioartificial cardiac tissues

Bioartificial cardiac tissues (BCTs) were produced from
differentiated cardiac aggregates after dissociation into
single cells, as described previously [40]. The cell-matrix
solution was prepared with 1.34 mg/mL rat tail colla-
gen type I (Thermo Fisher), 0.014 M NaOH, and 0.012—
0.017 mg/mL Geltrex" (Gibco), together with 1x10°
cardiomyocytes and 0.1x 10° irradiated human foreskin
fibroblasts (irr-hFF) per BCT in BCT medium (DMEM
supplemented with 12% Horse Serum (Gibco), 1% L-glu-
tamine, 1% penicillin—streptomycin). The cell-matrix
mixture was poured into custom-made silicon molds
lined with two titanium rods placed 6 mm apart (initial
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slack length). After solidification for 30 min at 37 °C,
5 mL BCT medium, supplemented with 60 uM L-ascor-
bic acid, was added per tissue, and medium renewal was
performed every second day. Growing static stretch,
increasing in 400 pm increments, was applied every
fourth day between days 7 and 19. 21 days after produc-
tion, the BCTs were transferred to culture vessels to per-
form force measurements using a multimodal bioreactor
[41].

Flow cytometry

Day 1 differentiating aggregates (for MIXL1-GFP expres-
sion analysis) or day 10 cardiac aggregates were har-
vested for flow cytometry analysis. Gathered aggregates
were washed with PBS and dissociated, either with
Accutase (Thermo Fisher Scientific) for day 1 differenti-
ating aggregates or with STEMdiff cardiomyocyte disso-
ciation kit (Stemcell Technologies) for CM aggregates on
day 10 as described before. After washing with PBS, day
1 single cells derived from differentiating aggregates were
directly analyzed for their expression of MIXL1-GFP via
flow cytometry. Day 10 cardiac aggregates were treated
with a Fixation and Permeabilisation Flow Cytometry Kit
(Novus Biologicals) and stained with the respective pri-
mary antibody for 1 h at room temperature. After wash-
ing, the cells were incubated for 30 min with a respective
APC-conjugated secondary antibody. After further wash-
ing, the cells were analyzed with a MACSQuant flow
cytometer (Miltenyi Biotec). Utilized antibodies can be
found in Additional File 1, Table S1.

RNA isolation and Bulk RNA sequencing

CM aggregates equivalent to 3x10° viable cells were
derived from the process, centrifuged, and resuspended
in 500 uL TRIzol reagent (Thermo Fisher Scientific).
Aggregates were mechanically disrupted by vortexing
until the solution was free from visible cells. RNA sam-
ples were stored at -80 °C until further processing. After
thawing, 100 pL of chloroform (Merck) was added and
centrifuged at 12,000x g at 4 °C for 15 min. The aque-
ous phase containing the cellular RNA was separated
and processed using a NucleoSpin RNA Kit II (Mach-
ery-Nargel). The RNA quantity and purity were meas-
ured via UV-spectrophotometry. 500 ng of total RNA
was used as input for mRNA enrichment with NEBNext
Poly(A) Magnetic Isolation Module (New England Bio-
labs). A stranded cDNA library was generated using the
NEBNext Ultra II Directional RNA Library Prep Kit for
[lumina (New England Biolabs). The library pool was
denatured with NaOH and diluted to 1.8 pM. 1.3 mL of
denatured library pool was loaded on an Illumina Next-
Seq 550 sequencer using a High Output Flowcell. The
resulting BCL files were converted to FASTQ files using
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bcl2fastq Conversion Software (Illumina), and the data
was processed with nforce/rnaseq (version 3.9; https://
doi.org/10.5281/zenodo.1400710). Normalization and
differential expression analysis were performed on the
internal Galaxy instance of the Hannover Medical School
RCU Genomics.

Western blot analysis for cytoskeletal proteins

and channels

Aggregates were collected on dd16/17 and frozen in lig-
uid nitrogen. Cells were lysed in kinase buffer (20 mM
Tris—acetate, pH 7.0, 0.1 mM EDTA, 1 mM EGTA,
1 mM Na3VO4, 10 mM B-glycerolphosphate, 50 mM
NaF, 5 mM pyrophosphate, 1% Triton X-100, 2 pg/mL
Leupeptin; 0.27 M sucrose, supplemented with Pro-
tease Inhibitor Cocktail (Roche) and PhosSTOP Phos-
phatase Inhibitor Cocktail (Roche)) [42] to analyze the
abundance of various cytoskeletal proteins and typical
channels expected to be present in CMs. The cell lysate
was mixed (4:1) with ROTILoad1 (Roth) and heated for
4 min to 85 °C and then separated on an SDS Page gel
(BioRad Criterion Gel 4-15% or 7.5%) and transferred
via Criterion blotter (Biorad). The blotted proteins were
stained with the respective antibody or SYPRO Ruby
(Biorad) for a-/B-Myosin, and the intensity (optical den-
sity) of the respective band was quantified using Image-
quant software V8.2 (Cytiva) and the LAS400 system
(Cytiva). All samples were normalized to either a stand-
ard or a-actinin to account for differences in the applied
amount of protein and compared to one CDM3 sample
to allow cross-gel comparison. Samples from the human
heart were used as a control for the position of a/p-
Myosin on the SDS gels. Utilized antibodies can be found
in Additional File 1, Table S2.

Statistical analysis

All experiments were performed at least in three inde-
pendent biological replicates as long as not stated dif-
ferently. Data was analyzed with GraphPad Prism 8
(GraphPad Software Inc.) unless otherwise indicated.
Data is presented as mean *standard deviation (s.d.) or
standard error of the mean (SEM), as noted in the respec-
tive figure.

Results

Supplementation with Pluronic F-68 or a specific polyvinyl
alcohol allows for the efficient protein-free cardiac
differentiation of hPSCs in suspension culture

The schematic in Fig. 1A depicts our strategy for inves-
tigating how different protein-containing or protein-free
media (outlined in Table 1) support the cardiac differen-
tiation of hPSCs in suspension culture in shaken Erlen-
meyer flasks. To ensure uniform culture conditions,
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Fig. 1 BA+PF-68 and BA+PVAT achieve CM yield and purities comparable to CDM3 in shaken Erlenmeyer flasks. A Schematic of differentiation.
hPSC aggregates are formed over three days of expansion in STBRs and transferred to Erlenemeyer flasks, where different differentiation media
were used. B Expression of MIXL1-GFP on dd1 for the investigated differentiation media assessed by flow cytometry compared to CDM3 (dashed
line; n=3; results are mean +s.d.). C Cell yields on dd 10 for respective media formulations compared to CDM3 cell yields (dashed line; n=3; results
are mean +s.d.). D Representative flow cytometry plots revealing the expression of investigated CM markers cardiac troponin T (cTnT), pan-myosin
heavy chain (MHC), and sarcomeric actinin (SA) for CDM3, BA + PF-68, and BA + PVA1

hPSCs were expanded in conventional monolayer cul-
ture for three passages for stirred tank bioreactor (STBR)
inoculation with single hPSCs at a density of 0.5x10°%/
mL for cell-only aggregate formation according to recent
work [11]. After three days, the viable cell number was
determined, and aggregates equivalent to about 10x 10°
hPSCs were transferred to 20 mL of differentiation
medium supplemented with 5 pM CHIR (for chemical
WNT pathway induction) into Erlenmeyer flasks shaken
at 70 rpm [13]. The concentration of respective media
supplements was chosen based on published optimiza-
tion studies that are: 0.1% v/v for Pluronic F-68 (PF-68)

[11], 10.7 mg/L w/v for transferrin [38], and 0.1% v/v for
polyvinyl alcohols (PVAs) [43]. Exactly 24 h after CHIR-
based induction of differentiation, the medium was
replaced for the same respective differentiation medium
but supplemented with 5 pM IWP-2 (for chemical WNT
pathway attenuation). This medium was replaced after
48 h for differentiation medium without small molecules
and refreshed every 2 days (Fig. 1A).

Using a MIXL1-GFP-reporter hESC line, primitive
streak-like priming was monitored by flow cytometry on
day 1 (dd1) of differentiation [30, 34, 44-46] (Fig. 1B).
A highly similar transgene expression of approximately
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Table 1 Composition and designation of investigated cardiomyocyte differentiation media
Basis (BA) CDM3 BA + PF-68 BA+TF BA +PVA1 BA+PVA2 BA+PVA3
RPMI-1640 X X X X X X X
L-ascorbic acid 2-phosphate (AA-2P Vitamin C Deriva- X X X X X X
tive); 213 mg/L
Recombinant human albumin (RHA); 500 mg/L X
Pluronic F-68 (PF-68); 0.1% X
Transferrin (TF); 10.7 mg/L X
Polyvinyl alc. 1 (PVAT) X
2 85,000-124,000 Da; hydrolyzation 87-89%; 0.1%
Polyvinyl alc. 2 (PVA2) X
@ 30,000-70,000 Da; hydrolyzation of 87-90%; 0.1%
Polyvinyl alc. 3 (PVA3) X

@ 85,000-124,000 Da; hydrolyzation of 99+ %; 0.1%

70% was observed across all media tested (reflecting
the proportion of positive cells previously described in
RPMI+B27 without insulin [30]), indicating that albu-
min is not required for small molecule (i.e., CHIR)-
driven induction of mesendodermal differentiation [30].
On dd10, the viable cell yield and CM content were
investigated. In contrast to the heterogenous results
observed for “Basis” (BA) medium as well as BA+PVA2,
BA+PVA3, and BA+TF formulations (Fig. 1C), the
two compositions BA+PVAl and BA+PF-68 pro-
moted highly reproducible cell yields and CM purities,
closely reflecting the benchmark differentiation results in
CDM3 (Fig. 1C; Fig. 1D). Based on these small-scale pro-
cess development studies in the Erlenmeyer flask plat-
form, BA+PVA1l and BA+PF-68 where further tested
for differentiation process upscaling in STBR-based
experiments.

Protein-free conditions promote cardiac differentiation

in STBRs

Applying a 150 mL process scale in an impeller-stirred
STBR platform, the formulations BA+PVA1l and
BA +PF-68 were tested applying a differentiation proto-
col previously established with CDM3, typically resulting
in 1x10° hPSC-CMs/mL, yielding 150 x 10° hPSC-CMs
per process batch in 10 days [13].

Before differentiation, hPSCs were expanded at yield-
optimized suspension conditions in E8 medium, exem-
plarily depicted in Additional File 1, Figure S1 [11]. To
ensure the general cell line-independent applicability of
our approach (schematically outlined in Fig. 2A), growth
and differentiation characteristics with protein-free for-
mulations were investigated with the lines hESC MIXL1-
GFP and hiPSC Phoenix (focus on BA+PVA1l) and
compared to the established conditions in CDM3 [13].

At the induction of differentiation at dd0, hPSC aggre-
gates were in a size range of 100-200 pm (Additional
file 1, Figure S1B+C), favorable for cardiac differentia-
tion [18, 30, 47, 48]. At the start of differentiation, the
cell density was adjusted to 75x 10° in 150 mL medium,
and differentiation was induced by CHIR [13]. Viable
cell numbers constantly increased up to dd4-6, followed
by a steady decline as previously observed [13]; growth
kinetics of protein-free media closely resembled the pat-
tern for CDM3. Cell counts on dd10 were as follows for 1)
hESC MIXL1-GFP; CDM3: 1.24+0.28 X 10% BA +PVA1:
1.45+0.22x10% BA+PF-68: 2.02+0.9x10° and ii) for
hiPSC Phoenix: CDM3: 1.54+0.15x10% BA+PVAL:
1.96 +0.72 x 10° viable cells/mL (Fig. 2B+ C).

Importantly, according to the CM-specific markers
cTnT, pan-MHC, and SA, the CM content in protein-
free media was also highly similar to CDM3 for the
above-noted lines hESC MIXL1-GFP and hiPSC Phoenix
(Fig. 2D+E) and further confirmed for two additional,
independent hiPSC lines in 150 mL STBR scale (Addi-
tional File 1, Figure S2). Aggregate size patterns were also
highly similar as exemplified for BA+PVA1 compared to
CDM3 (Fig. 2F+G). As the overall results for both pro-
tein-free media were comparable, we further focused on
the in-depth analysis of BA + PVA1l-derived CMs.

CMs derived under protein-free conditions are highly
similar to CDM3-based controls regarding their molecular
and physiological properties

For more detailed investigations on media-dependent
CM characteristics, contractile forces were assessed via
bioartificial cardiac tissues (BCTs) [13, 49, 50]. BCTs
produced from BA+PVAl-differentiated CMs exerted
equivalent or, by tendency, higher (i) spontaneous active
and (ii) electrically paced active contraction forces
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Fig. 2 Protein-free differentiation media closely resemble typical patterns observed for COM3 at 150 mL process scale. A Schematic

of differentiation. hPSC aggregates were formed over two or three days (depending on cell line). The viable cell density was adjusted to 75 x 10°
hPSCs per 150 mL bioreactor, and the differentiation was performed. B Viable cell number and viability for the hESC line HES3 MIXL1-GFP for CDM3
(black), BA+PVAT1 (blue), BA+PF-68 (green) throughout the 10-day lasting differentiation process (n =3 for each medium; mean+s.d.) and C

for the hiPSC line Phoenix HSC_ADCF_SeV_iPS2 for CDM3 (black) and BA+PVAT1 (blue; n=3 for each medium; mean +s.d.).. D CM-specific markers
cTnT, pan-MHC, and SA for the hESC line MIXL1-GFP for CDM3 (black), BA+PVAT1 (blue), BA+PF-68 (green; n=3 for each medium; mean+s.d.)

and E for the hiPSC line Phoenix for CDM3 (black) and BA+PVA1 (blue; n=3 for each medium; mean +s.d.). F Aggregate size development

during differentiation for exemplary processes in CDM3 or G BA +PVA1 (cell line Phoenix; each dot represents a single analyzed aggregate, red lines

indicate mean=+s.d.)

compared to CDM3 controls under increasing preload,
as well as (iii) at the endpoint at the maximum stretch
(Fig. 3A +B). Respective BCTs were equivalent in sponta-
neous beating frequency and closely resembled previous
results observed from protein-dependent differentiations
utilizing the same cell line (Fig. 3C) [13].

Single-cell patch clamp analysis of suspension-
derived CMs seeded in 2D revealed ventricular-like
CMs according to their plateau phase lasting>200 ms
at 50% of their repolarization level (APD50) [17, 53, 55,
56]. Indeed, under protein-free and CDM3 conditions,
the majority of CMs showed the typical action potential
shape of immature, ventricular-like CMs, as depicted
in Fig. 3D+E. Under both conditions, the measured
APD 50 was between 0.5 and 1 s (Fig. 3F). Moreover,

the AP frequency, AP amplitude, and resting membrane
potential (RMP) were highly similar (Fig. 3G-I). When
comparing patched CMs derived from independent dif-
ferentiation batches from BA+4PVAl, highly reproduc-
ible values for APD50, AP frequency, AP amplitude, and
RMP were observed (Fig. 3]-M).

As expected, aggregate-derived CMs seeded in mon-
olayer showed typical sarcomeric structures after
immunofluorescence stainings (Additional File 1, Fig-
ure S3A-D) [18]. Confocal microscopy revealed a simi-
lar 3D cardiac aggregate morphology in BA+PVAL and
CDM3 conditions (Additional File 1, Figure S3E+F).
The amount of proteins for various CM-typical channels
(Navl.5, RyR2, NCX, Cavl.2, and Kir2.1) and structural
proteins (a/p-myosin, MYLCla/v, TPM-a/p), including
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Fig. 3 Contraction and electrophysiological analysis revealed no substantial differences between CMs from protein-free differentiation and CDM3.
A Bioartificial cardiac tissues (BCTs) were produced from three independent differentiation runs in either BA+PVAT or CDM3 medium (cell line
Phoenix, 3 BCTs per biological replicate for 3 biological replicates; mean + SEM). The paced and spontaneous contraction forces increase to a similar
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at the maximum stretch (1200 pm; mean + SEM). C Spontaneous beating frequency (Hz) for BCTs from CMs differentiated in BA+PVA1 or CDM3

at 0 um and 1200 um preload (mean +SEM). D Representative ventricular-

like action potentials (APs) for BA+ PVA1-derived and E CDM3-derived,

seeded CMs were revealed by patch clamp analysis. F Duration of the action potential at 50% of the amplitude (APD50) for CMs derived

from BA+PVA1 and CDM3 conditions. G Frequency of APs/min for CMs derived from BA+PVA1 and CDM3 conditions H AP amplitude (in mV)

for CMs derived from BA+PVA1 and CDM3 conditions. I Resting membrane potential (in mV) for CMs derived from BA+PVA1 and CDM3 conditions
(for BA+PVA1 n=3 biological replicates, for COM3 control n=1 in F-I) J-M Comparison of APD50, AP frequency, AP amplitude, and RMP in three
biologically independent CM batches produced in BA+PVAT (all mean + SEM)

the predominant expression of a-myosin was also equiv-
alent. The dominant tropomyosin isoform was TPM-
a, and mainly MYLC1lv was expressed. For none of the
investigated proteins, significant media-dependent differ-
ences were found (Additional File 1, Figure S4).
BA+PVA1l versus CDM3-derived CM batches (all
at comparable CM purities, n=3 for each condition)
were also compared by bulk-RNA-sequencing. Accord-
ing to principal component analysis, respective sam-
ples differentiated in BA+PVAl or CDM3 clustered
together, suggesting some degree of media-dependent
expression patterns (Fig. 4A). Among the 16,185 iden-
tified transcripts (count>10 in each sample), 61 were
significantly upregulated with a log, fold-change>1

in BA+PVAl-derived CMs compared to CDM3 CM
samples. 81 transcripts were significantly downregu-
lated (Fig. 4B; Additional File 1, Table S3). However, we
did not observe significant, biologically relevant (log,
fold-changes>1) changes in the expression of typical
CM-specific genes such as TNNT2, NKX2.5, ACTCI,
TNNII, etc. Interestingly, Gene Ontology (GO) analysis
[52] of transcripts with the highest fold changes indicated
increased expression of proliferation-related GOs under
protein-free conditions. On the other hand, downregula-
tion of extracellular matrix organization-associated GOs
as well as TGF-f signaling, was suggested in BA+PVA1-
differentiated CMs (Fig. 4C+ D).
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Successful upscaling of CM production from 150 towards 2000 mL process scale was tested, utilizing
to 2000 mL is compatible with the maintenance of lineage another genetically independent hiPSC line (hHSC_
purity F1285T_iPS2 [36]). For cell expansion, hPSCs aggre-

To further progress the cell number production puta- gates were generated at a 500 mL scale (Eppendorf
tively required for clinical applications, upscaling Bioblock) to produce sufficient cells to induce
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Fig. 5 Successful upscaling of differentiation to 2000 mL bioreactor (Bioflo 320). A Viable cell number and viability for the hiPSC line hHSC_1285T_
iPS2 in a 2000 mL bioreactor differentiated in BA+PVA1 throughout the 10-day differentiation process (n=3; mean+s.d.). B CM-specific

markers cTnT, pan-MHC, and SA for the hiPSC line for differentiation runs in A (n=3; mean +s.d.). C Microscopic analysis of aggregate diameters
during the 10-day differentiation process are comparable between an exemplary 150 mL process and a 2000 mL process when utilizing the same
cell line hHSC_1285T_iPS2 (each dot represents a single aggregate; mean +s.d.) D Exemplary depiction of the respective markers (cTnT, pan-MHC,
SA) for a 2000 mL differentiation process. E Total biomass generated in one 2000 mL differentiation process

differentiation at a cell density of 1x10° hPSCs in
2000 mL scale (Eppendorf Bioflo 320 system). This
process enabled the derivation of approximately
1.3x10° viable cells/batch (0.65%10°+0.19 viable
cells/mL; Fig. 5A+E) in BA+PVAI and, importantly,
a CM content typically>85% revealed by flow cytom-
etry on dd10 (Fig. 5B+ D). In addition, daily sampling
and automatic aggregate size analysis via microscopy
revealed that the size pattern of aggregates through-
out the 10-day lasting process was highly similar to the
established conditions in a 150 mL scale when investi-
gating the same cell line (Fig. 5C), suggesting that the
hydrodynamic conditions were comparable in both
systems.

Discussion

This study describes the development and application
of novel, chemically defined, and entirely protein-free
culture media for the cardiomyogenic differentiation of
hPSCs in suspension culture. By omitting protein com-
ponents, process standardization and reproducibility
are promoted, presenting an important step towards
the clinical translation of hPSC-CMs beyond the cur-
rent state of the art [13, 53, 54].

Albumin is the most abundant protein in human
blood plasma. It is applied as a common component of
cell culture media, as it is known to have a variety of
functions, such as the stabilization and protection of
media components and cells.
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Our data (Fig. 1) suggest that the combined supple-
mentation of RPMI and AA-2P with either PF-68 or
PVAL can take over the roles of albumin as a free radi-
cal scavenger and shear protectant.

PF-68 is a foam-reducing and shear-protecting agent
in mammalian cell culture [26, 55, 56]. As such, it has
been used as an essential component of protein-free
media formulations applied to produce recombinant
proteins, for example, in baby hamster kidney cells
(BHK-21) [57].

The use of a PVA-containing medium has been
described for the generation of chimeric antigen receptor
T cells (CAR-T cells) [58]. However, the hydrolyzation
state and chain length appear to substantially influence
respective PVA capacity to promote cell viability and pro-
liferation [43]. It has been demonstrated that the hydro-
lyzation state mainly affects PVA solubility; a lower state
leads to higher water solubility [59]. We have also dem-
onstrated that the biological function of different PVAs
to support cardiomyogenic differentiation appears to be
influenced by the respective mass and hydrolyzation state
(Fig. 1C).

Notably, all chemical components applied in our study
are compliant with FDA regulations and are broadly used
in the pharmaceutical industry [60, 61]. PVA is known
to be biologically inert and is essentially non-toxic in
the typically applied concentration range, promoting its
frequent use in the cosmetical-, food- and pharmaceuti-
cal- industries [61-63]. Thus, although further consulta-
tions with regulatory authorities for Advanced Therapy
Medicinal Products (ATMP) authorization are required,
the BA+PVA1 composition appears straightforward for
clinical applications. Similarly, the usage of PF-68 should
comply with the regulatory requirements, as no toxicity
was observed when the compound was utilized as a drug-
carrying agent [64].

It is noteworthy that no concentration adjustment
of the applied WNT modulators CHIR and IWP-2 was
required in our protein-free approach compared to
CDM3, even though recent findings indicate that albu-
min reduces the activity of CHIR [65]. However, our pro-
tein-free differentiations not only yielded comparable cell
numbers and CM purities compared to CDM3 (Fig. 2B-
E), but the resulting CMs also showed highly equivalent
electrophysiological (Fig. 3D-M) and contractile proper-
ties (Fig. 3A-C) in line with prior data for CDM3-derived
CMs [13].

The resting membrane potential of CMs under pro-
tein-free and protein-containing conditions was—30
to—40 mV, which is in the range of values described for
juvenile CMs [66]. The characteristic, predominantly
ventricular-like APs were very comparable in three
independent batches of BA+PVAl-derived CMs; some
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variability in the resting membrane potential, decreasing
towards the -90 mV typically found in mature CMs was
observed, potentially indicating an ongoing maturation
of the differentiated CMs [67].

However, expression levels of structural proteins (e.g.,
high a-MHC versus low p-MHC levels) confirmed the
expected, immature state of both CDM3 and protein-
free-derived CMs. Generally, the expression of cytoskel-
etal proteins and ion channels was in line with previous
results (Additional File 1, Figure S4) [51, 68-70].

GO analysis of transcript expression patterns revealed
potential differently regulated pathways between dif-
ferent media conditions, such as higher mitotic activity,
reduced extracellular structure formation, and reduced
TGE-p signaling in BA +PVAL (Fig. 4C+D).

To our knowledge, the cell yields and CM purities
described here (typically 1.5-2x10° viable cells/mL at
80-95% CM purity; Fig. 2) are best-in-class and surpass
CM vyields and purities achieved by other groups in a
comparable differentiation approach [47, 71-74]. Similar
cell numbers were achieved in the past only by applying
genetic enrichment of CMs [15]. Higher CM yields were
reported for microcarrier-based differentiation proto-
cols, which, however, require substantial downstream
processing [75]. When comparing the results in this
paper to our former data utilizing an equivalent differ-
entiation protocol [13], we here produced up to double
the viable cell counts utilizing the same hiPSC line (that
is, "Phoenix") in both protein-free and CDM3 condi-
tions [13]. A potential reason for these differences may
be based on changes in the pre-culture process applied in
the current study based on our recently published work
[11]. Such changes, which include perfusion-based con-
stant medium exchange after the first 24 h of the process,
control of dissolved oxygen, and control of the medium
pH, are allowing for an improved expansion and prolif-
eration rate of the hPSCs at the pluripotent state[11].
This may consequently promote higher cell proliferation
at early stages of differentiation (days 1-4, Fig. 2B+ C)
despite maintenance of the general proliferation kinetic
patterns in the current study similar to those described
previously [13].

Notably, the enabled upscaling of our protein-free
process to 2000 mL allows for the production of approx-
imately 1.3x 10° cells per process run (Fig. 5A). Interest-
ingly, these large-scale processes showed a notable nick
in the number of viable cells after 24 h of differentiation
(confirmed by reduced viability counts at this stage) com-
pared to growth kinetics observed in 150 mL scale (com-
pare Fig. 2B-E and Additional File 1, Figure S2 to Fig. 5A).
The process transition from a 150 mL scale (performed
in a DASbox STBR platform) to 2000 mL (performed in
a 3000 mL bioreactor controlled by the Bioflo 320 control
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unit) includes multiple changes, such as those in impeller
design and geometry (8-blade impeller to 3-blade impel-
ler) and vessel geometry (flat-bottom to hemispherical
bottom). Additional understanding of the potential shear
force applied to the aggregates will be required to opti-
mize our process conditions further.

In addition to the above aspects, our protein-free
medium formulations should further improve the quality
of differentiation media regarding process reproducibil-
ity. Many scientists utilizing RHA as a culture medium
component have experienced quality fluctuations,
especially when utilizing RHA from different vendors
and batch-to-batch variations [32]. As RHA is a sig-
nificant cost driver of the CDM3, utilizing our protein-
free formulations allows a price reduction of up to 35%
(BA+PVA1 versus CDM3).

Protein-free media formulations also provide new
options for process analysis. As shown recently, secreted
proteins substantially influence the hPSC-to-CM dif-
ferentiation [30, 31, 76]. Detailed investigations on
the secretome are a potent strategy for advancing the
mechanistic understanding of the differentiation pro-
cess, promoting process robustness, and providing new
biomarkers for in-process analysis. However, in protein-
containing media, particularly in the presence of albu-
min, the sensitive assessment of low abundant factors,
which may have a dominant influence on lineage differ-
entiation (such as, e.g., antagonists of Nodal signaling
such as CER1 and LEFTY1) is challenging [27, 30, 77].
First attempts using simplified protein-reduced media
by omitting BSA from the B-27 supplement revealed a
substantial improvement in the number of identified
secreted proteins along the cardiac differentiation of
hPSCs [28]. Our entirely protein-free formulations will
further promote the in-depth analysis of the secretome
along the entire cardiac differentiation process without
the current necessity of protein-depletion steps. Ulti-
mately, by secretome analysis at the differentiation end-
point, CM-secreted factors that impact heart function
upon the transplantation of hPSC-derived CMs can be
investigated [78—81].

Conclusions

This work highlights the potential of protein-free media
to support the differentiation of pluripotent stem cells
into cardiomyocytes in suspension culture, including
substantial process upscaling to a 2000 mL scale. The
cardiomyocyte yield, purity, and functionality—including
contractile and electrophysiological properties—closely
match those achieved with protein-containing media,
as demonstrated by side-by-side comparisons. Produc-
ing 1.5-2x1076 cells/mL at 85-99% underscores the
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process’ competitive efficiency compared to the state of
the art. We anticipate that protein-free differentiation
media will also be applicable to other hPSC differen-
tiation approaches, substantially promoting the field and
paving the way for robust and cost-effective cell therapy
processes. Importantly, the successful process up-scal-
ing to 2000 mL enables the production of approximately
1.3x10° cardiomyocytes in a single batch, achieving suf-
ficient cell numbers discussed for replacing cardiomyo-
cyte loss of individual heart failure patients.

Abbreviations

2D Two-dimensional

3D Three-dimensional

AA-2P Ascorbic acid 2-phosphate

ACTC1 Cardiac muscle alpha actin

AP Action potential

BCT Bioartificial cardiac tissue

BHK Baby hamster kidney

BSA Bovine serum albumin

CART-cells Chimeric antigen receptor t-cells

Cav1.2 Calcium channel, voltage-dependent, L type, alpha 1C
subunit

CDM3 Chemically defined medium, 3 components

CHIR(99021) Selective GSK-3 inhibitor

cTnT/TNNT2 Cardiac troponin T

dd Day of differentiation

E8 Essential 8 medium

FCS Fetal calf serum

GFP Green fluorescent protein

GO Gene ontology

hESC Human embryonic stem cell

hiPSC Human induced pluripotent stem cell

hPSC Human pluripotent stem cell

hPSC-CMs Human pluripotent stem cell-derived cardiomyocytes

IWP-2 Inhibitor of WNT production 2

KIR2.1 Cardiac inward rectifier potassium channel

MHC Pan-Myosin heavy chain

MIXL1 Mix paired-like homeobox

MYLC1v/a Myosin light chain ventricular/atrial

NAV1.5 Sodium channel protein type 5

NCX1 Sodium-calcium exchanger 1

NKX2.5 Homeobox protein Nkx-2.5

PBS Phosphate buffered saline

PF-68 Pluronic F-68

PVA Polyvinyl alcohol

rHSA Recombinant human serum albumin

RIY-27632 Rock inhibitor Y-27632

RMP Resting membrane potential

RPMI (medium)  Roswell park memorial insitute medium
RyR2 Ryanodine receptor 2

SA Sarcomeric actinin

STBR Stirred-tank bioreactor

TNNN Troponin 11

TPM Tropomyosin

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513287-024-03826-w.

[ Additional fileT (PDF 880 KB) }

Acknowledgements
The authors thank Dr. Bauerfeind and O. Terwolbeck from the MHH Core Unit
for laser microscopy for their help with confocal microscopy. The authors


https://doi.org/10.1186/s13287-024-03826-w
https://doi.org/10.1186/s13287-024-03826-w

Kriedemann et al. Stem Cell Research & Therapy (2024) 15:213

thank Dr. Dittrich-Breiholz, Dr. Maike Kosanke, and the Research Core Unit
Genomics at Hannover Medical School for performing bulk RNA sequencing
and providing the infrastructure for analysis.

Author contributions

N.K.: conception and design, collection and assembly of data, data inter-
pretation, article writing; FM.: conception and design, ImageJ code writing,
DASware script writing; W.T, C. H-B, K.U,, AF, M.M.: collection of data; L.CAPS,
AL performing and analyzing patch clamp experiments; MW, V.F, TA, 1.G.:
performing and analyzing bioartificial tissue experiments; B.P, KK, T.K.: per-
forming and analyzing western blot experiments. R.Z.: conception and design,
data analysis and interpretation, article writing, financial support.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was
supported by the German Research Foundation (DFG; grants Cluster of Excel-
lence REBIRTH EXC 62/2 and ZW64/4-2), the Federal Ministry of Education and
Research (BMBF; grants 0TEK1601A, 13XP5092B, 031L0249 and 01EK2108A),
Lower Saxony'Forderung aus Mitteln des Niedersachsischen Vorab'(grant
ZN3340) and 'Niedersachsische Ministerium fir Wissenschaft und Kultur’
(MWK; grant ZN4092) and the European Union (Horizon Europe project HEAL
grant 101056712). The views and opinions expressed are, however, those of
the authors only and do not necessarily reflect those of the European Union
or the European Health and Digital Executive Agency (HADEA). Neither the
European Union nor the granting authority can be held responsible for them.

Availability of data and materials

The bulk RNAseq data is available via the SRA database via NCBI under acces-
sion number prjna1108903. Other data and code shown in this study are
available from the corresponding authors upon reasonable request.

Declarations

Ethics approval and consent to participate

Hannover Medical School ethics committee approved the use of anonymized
human tissue in the frame of KFO311, and experiments were performed
following the given recommendations (used for western blot analysis; no.
8358_BO_K_2019; Title: “Charakteristika und Mechanismen veranderter
Sakomerfunktion bei (pré)terminalem Herzversagen und nach Entlastung in
humanem Myokard und zelluldren Modellen’, issued on the 22nd of February
2019). All patients or legally authorized representatives(s) provided written
informed consent for the use of samples.

Consent for publication
Consent for publication was given in the frame of the ethics approval
metioned above.

Competing interests
FM. and W.T. are employees of Evotec. The other authors declare no potential
competing interests.

Received: 16 May 2024 Accepted: 1 July 2024
Published online: 18 July 2024

References

1. Inoue H, Nagata N, Kurokawa H, Yamanaka S. IPS cells: a game changer
for future medicine. EMBO J. 2014;33:409-17. https://doi.org/10.1002/
embj.201387098.

2. KempfH, Andree B, Zweigerdt R. Large-scale production of human
pluripotent stem cell derived cardiomyocytes. Adv Drug Deliv Rev.
2016,96:18-30. https://doi.org/10.1016/j.addr.2015.11.016.

3. Zweigerdt R. Large scale production of stem cells. Adv Biochem Eng
Biotechnol. 2009. https://doi.org/10.1007/10_2008_27.

4. Laflamme MA, Murry CE. Heart regenartion. Nature. 2011;473:1-7. https://
doi.org/10.1038/jid.2014.371.

5. Chong JJH,Yang X, Don CW, Minami E, Liu YW, Weyers JJ, Mahoney
WM, Van Biber B, Cook SM, Palpant NJ, Gantz JA, Fugate JA, MuskheliV,

Page 14 of 17

Gough GM, Vogel KW, Astley CA, Hotchkiss CE, Baldessari A, Pabon L, et al.
Human embryonic-stem-cell-derived cardiomyocytes regenerate non-
human primate hearts. Nature. 2014;510:273-7. https://doi.org/10.1038/
nature13233.

Liu Y-W, Chen B, Yang X, Fugate JA, Kalucki FA, Futakuchi-Tsuchida A,
Couture L, Vogel KW, Astley CA, Baldessari A, Ogle J, Don CW, Steinberg
ZL, Seslar SP, Tuck SA, Tsuchida H, Naumova AV, Dupras SK, Lyu MS, et al.
Human embryonic stem cell-derived cardiomyocytes restore function

in infarcted hearts of non-human primates. Nat Biotechnol. 2018;36:597—
605. https://doi.org/10.1038/nbt4162.

Stidemann T, Réssinger J, Manthey C, Geertz B, Srikantharajah R, Von
Bibra C, Shibamiya A, Kbhne M, Wiehler A, Wiegert JS, Eschenhagen T,
Weinberger F. Contractile force of transplanted cardiomyocytes actively
supports heart function after injury. Circulation. 2022;146:1159-69.
https://doi.org/10.1161/CIRCULATIONAHA.122.060124.

Kobayashi H, Tohyama S, Ichimura H, Ohashi N, Chino S, Soma Y, Tani H,
TanakaY, Yang X, Shiba N, Kadota S, Haga K, Moriwaki T, Morita-Umei Y,
Umei TC, Sekine O, Kishino Y, Kanazawa H, Kawagishi H, et al. Regenera-
tion of nonhuman primate hearts with human induced pluripotent stem
cell-derived cardiac spheroids. Circulation. 2024. https://doi.org/10.1161/
CIRCULATIONAHA.123.064876.

Mallapaty S. Revealed: two men in China were first to receive pioneering
stem-cell treatment for heart disease. Nature. 2020;581:249-50. https.//
doi.org/10.1038/d41586-020-01285-w.

Silver SE, Barrs RW, Mei Y. Transplantation of Human Pluripotent Stem
Cell-Derived Cardiomyocytes for Cardiac Regenerative Therapy. Front
Cardiovasc Med. 2021;8:1-9. https://doi.org/10.3389/fcvm.2021.707890.

. Manstein F, Ullmann K, Kropp C, Halloin C, Triebert W, Franke A, Farr C,

Sahabian A, Haase A, Breitkreuz Y, Peitz M, Bristle O, Kalies S, Martin U,
Olmer R, Zweigerdt R. High density bioprocessing of human pluripotent
stem cells by metabolic control and in silico modeling. Stem Cells Trans|
Med. 2021;10:1063-80. https://doi.org/10.1002/sctm.20-0453.

Ullmann K, Manstein F, Triebert W, Kriedemann N, Franke A, Teske J,
Mertens M, Lupanow V, Gohring G, Haase A, Martin U, Zweigerdt R.
Matrix-free human pluripotent stem cell manufacturing by seed train
approach and intermediate cryopreservation. Stem Cell Res Ther.
2024;15:1-20. https://doi.org/10.1186/513287-024-03699-z.

Halloin C, Schwanke K, Lobel W, Franke A, Szepes M, Biswanath S,
Wunderlich S, Merkert S, Weber N, Osten F, de la Roche J, Polten F, Wollert
K, Kraft T, Fischer M, Martin U, Gruh |, Kempf H, Zweigerdt R. Continuous
WNT control enables advanced hPSC cardiac processing and prognostic
surface marker identification in chemically defined suspension culture.
Stem Cell Reports. 2019;13:366-79. https://doi.org/10.1016/j.stemcr.2019.
06.004.

Langenberg K, Kamphorst J, Bonhomme C, dAmico E, Dublin S, Braam

S, Reijerkerk A. Controlled stirred tank bioreactors for large-scale manu-
facture of human iPSC models for cell therapy. Cytotherapy. 2020,22:543.
https://doi.org/10.1016/jjcyt.2020.03.042.

Correia C, Serra M, Espinha N, Sousa M, Brito C, Burkert K, Zheng Y,
Hescheler J, Carrondo MJT, Sari¢ T, Alves PM. Combining hypoxia and
bioreactor hydrodynamics boosts induced pluripotent stem cell differen-
tiation towards cardiomyocytes. Stem Cell Rev Reports. 2014;10:786-801.
https://doi.org/10.1007/512015-014-9533-0.

Kropp C, Kempf H, Halloin C, Robles-Diaz D, Franke A, Scheper T, Kinast

K, Knorpp T, Joos TO, Haverich A, Martin U, Zweigerdt R, Olmer R. Impact
of feeding strategies on the scalable expansion of human pluripotent
stem cells in single-use stirred tank bioreactors. Stem Cells Trans| Med.
2016;5:1289-301. https://doi.org/10.5966/sctm.2015-0253.

Kahn-Krell A, Pretorius D, Ou J, Fast VG, Litovsky S, Berry J, Liu X, Zhang J.
Bioreactor suspension culture: differentiation and production of cardio-
myocyte spheroids from human induced pluripotent stem cells. Front
Bioeng Biotechnol. 2021. https://doi.org/10.3389/fbice.2021.674260.
Kriedemann N, Triebert W, Teske J, Mertens M, Franke A, Ullmann K, Man-
stein F, Drakhlis L, Haase A, Halloin C, Martin U, Zweigerdt R. Standardized
production of hPSC-derived cardiomyocyte aggregates in stirred spinner
flasks. Nat Protoc. 2024. https://doi.org/10.1038/541596-024-00976-2.
Ackermann M, Rafiei Hashtchin A, Manstein F, Carvalho Oliveira M, Kempf
H, Zweigerdt R, Lachmann N. Continuous human iPSC-macrophage mass
production by suspension culture in stirred tank bioreactors. Nat Protoc.
2022;17:513-39. https://doi.org/10.1038/541596-021-00654-7.


https://doi.org/10.1002/embj.201387098
https://doi.org/10.1002/embj.201387098
https://doi.org/10.1016/j.addr.2015.11.016
https://doi.org/10.1007/10_2008_27
https://doi.org/10.1038/jid.2014.371
https://doi.org/10.1038/jid.2014.371
https://doi.org/10.1038/nature13233
https://doi.org/10.1038/nature13233
https://doi.org/10.1038/nbt.4162
https://doi.org/10.1161/CIRCULATIONAHA.122.060124
https://doi.org/10.1161/CIRCULATIONAHA.123.064876
https://doi.org/10.1161/CIRCULATIONAHA.123.064876
https://doi.org/10.1038/d41586-020-01285-w
https://doi.org/10.1038/d41586-020-01285-w
https://doi.org/10.3389/fcvm.2021.707890
https://doi.org/10.1002/sctm.20-0453
https://doi.org/10.1186/s13287-024-03699-z
https://doi.org/10.1016/j.stemcr.2019.06.004
https://doi.org/10.1016/j.stemcr.2019.06.004
https://doi.org/10.1016/j.jcyt.2020.03.042
https://doi.org/10.1007/s12015-014-9533-0
https://doi.org/10.5966/sctm.2015-0253
https://doi.org/10.3389/fbioe.2021.674260
https://doi.org/10.1038/s41596-024-00976-2
https://doi.org/10.1038/s41596-021-00654-7

Kriedemann et al. Stem Cell Research & Therapy

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34

35.

(2024) 15:213

Gutbier S, Wanke F, Dahm N, Rimmelin A, Zimmermann S, Christensen K,
Kochl F, Rautanen A, Hatje K, Geering B, Zhang JD, Britschgi M, Cowley SA,
Patsch C. Large-scale production of human IPSC-derived macrophages
for drug screening. Int J Mol Sci. 2020;21:1-23. https://doi.org/10.3390/
ijms21134808.

Olmer R, Engels L, Usman A, Menke S, Malik MNH, Pessler F, Gohring

G, Bornhorst D, Bolten S, Abdelilah-Seyfried S, Scheper T, Kempf H,
Zweigerdt R, Martin U. Differentiation of human pluripotent stem cells
into functional endothelial cells in scalable suspension culture. Stem Cell
Reports. 2018;10:1657-72. https://doi.org/10.1016/j.stemcr.2018.03.017.
Sahabian A, Sgodda M, Naujok O, Dettmer R, Dahlmann J, Manstein F,
Cantz T, Zweigerdt R, Martin U, Olmer R. Chemically-defined, xeno-free,
scalable production of hpsc-derived definitive endoderm aggregates

),

with multi-lineage differentiation potential. Cells. 2019;8:1-19. https://doi.

0rg/10.3390/cells8121571.
Brewer GJ, Torricelli JR, Evege EK, Price PJ. Optimized survival of hip-
pocampal neurons in B27-supplemented neurobasal™, a new serum-free

medium combination. J Neurosci Res. 1993;35:567-76. https://doi.org/10.

1002/jnr490350513.

Burridge PW, Matsa E, Shukla P, Lin ZC, Churko JM, Ebert AD, Lan F, Diecke
S, Huber B, Mordwinkin NM, Plews JR, Abilez OJ, Cui B, Gold JD, Wu JC.
Chemically defined generation of human cardiomyocytes. Nat Methods.
2014;11:855-60. https://doi.org/10.1038/nMeth.2999.

Francis GL. Albumin and mammalian cell culture: Implications for bio-
technology applications. Cytotechnology. 2010;62:1-16. https://doi.org/
10.1007/510616-010-9263-3.

Papoutsakis ET. Media additives for protecting freely suspended

animal cells against agitation and aeration damage. Trends Biotechnol.
1991;9:316-24. https://doi.org/10.1016/0167-7799(91)90102-N.

Bendall SC, Hughes C, Campbell JL, Stewart MH, Pittock P, Liu S, Bonneil
E, Thibault P, Bhatia M, Lajoie GA. An enhanced mass spectrometry
approach reveals human embryonic stem cell growth factors in culture.
Mol Cell Proteomics. 2009;8:421-32. https://doi.org/10.1074/mcp.M8001
90-MCP200.

Wolling H, Konze SA, Hofer A, Erdmann J, Pich A, Zweigerdt R, Buettner
FFR. Quantitative secretomics reveals extrinsic signals involved in human
pluripotent stem cell cardiomyogenesis. Proteomics. 2018;18:1-12.
https://doi.org/10.1002/pmic.201800102.

Robert AW, Pereira IT, Dallagiovanna B, Stimamiglio MA. Secretome
analysis performed during in vitro cardiac differentiation: discovering the
cardiac microenvironment. Front Cell Dev Biol. 2020;8:1-15. https://doi.
0rg/10.3389/fcell.2020.00049.

Kempf H, Olmer R, Haase A, Franke A, Bolesani E, Schwanke K, Robles-
Diaz D, Coffee M, Gohring G, Drdger G, P6tz O, Joos T, Martinez-Hackert
E, Haverich A, Buettner FFR, Martin U, Zweigerdt R. Bulk cell density and
Wnt/TGFbeta signalling regulate mesendodermal patterning of human
pluripotent stem cells. Nat Commun. 2016. https://doi.org/10.1038/
ncomms13602.

Gaspari E, Franke A, Robles-Diaz D, Zweigerdt R, Roeder |, Zerjatke T,
Kempf H. Paracrine mechanisms in early differentiation of human pluri-
potent stem cells: insights from a mathematical model. Stem Cell Res.
2018;32:1-7. https://doi.org/10.1016/j.5cr.2018.07.025.

Frahm GE, Smith DGS, Kane A, Lorbetskie B, Cyr TD, Girard M, Johnston
MJW. Determination of supplier-to-supplier and lot-to-lot variability in
glycation of recombinant human serum albumin expressed in Oryza
sativa. PLoS ONE. 2014. https://doi.org/10.1371/journal.pone.0109893.
Gruh I, Martens A, Cebotari S, Schrod A, Haase A, Halloin C, Triebert

W, Goecke T, Arar M, Hoeffler K, Frank P, Lampe K, Moussavi A, Fricke V,
Kriedemann N, Szepes M, Kerstin Matz-Rensing, Eiringhaus J, Vries A-L de,
et al. Cell therapy with human iPSC-derived cardiomyocyte aggregates
leads to efficient engraftment and functional recovery after myocardial
infarction in non-human primates. bioRxiv. 2024; https://doi.org/10.1101/
2023.12.31.573775

Davis RP, Ng ES, Costa M, Mossman AK, Sourris K, Elefanty AG, Stanley EG.
Targeting a GFP reporter gene to the MIXL1 locus of human embryonic
stem cells identifies human primitive streak-like cells and enables isola-
tion of primitive hematopoietic precursors. Blood. 2008;111:1876-84.
https://doi.org/10.1182/blood-2007-06-093609.

Haase A, Gohring G, Martin U. Generation of non-transgenic iPS cells
from human cord blood CD34+ cells under animal component-free

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 150f 17

conditions. Stem Cell Res. 2017,21:71-3. https://doi.org/10.1016/j.scr.
2017.03.022.

Hartung S, Schwanke K, Haase A, David R, Franz WM, Martin U, Zweigerdt
R. Directing cardiomyogenic differentiation of human pluripotent stem
cells by plasmid-based transient overexpression of cardiac transcription
factors. Stem Cells Dev. 2013;22:1112-25. https://doi.org/10.1089/scd.
2012.0351.

Haase A, Glienke W, Engels L, Gohring G, Esser R, Arseniev L, Martin U.
GMP-compatible manufacturing of three iPS cell lines from human
peripheral blood. Stem Cell Res. 2019;35: 101394. https://doi.org/10.
1016/).5¢r.2019.101394.

Chen G, Gulbranson DR, Hou Z, Bolin JM, Ruotti V, Probasco MD, Smuga-
Otto K, Howden SE, Diol NR, Propson NE, Wagner R, Lee GO, Antosiewicz-
Bourget J, Teng JMC, Thomson JA. Chemically defined conditions for
human iPSC derivation and culture. Nat Methods. 2011;8:424-9. https://
doi.org/10.1038/nmeth.1593.

Manstein F, Ullmann K, Triebert W, Zweigerdt R, Manstein F, Ullmann K,
Triebert W, Zweigerdt R. Process control and in silico modeling strategies
for enabling high density culture of human pluripotent stem cells in
stirred tank bioreactors Process control and in silico modeling strategies
for enabling high density culture of human pluripotent stem c. STAR
Protoc. 2021;2: 100988. https://doi.org/10.1016/jxpro.2021.100988.
Szepes M, Melchert A, Dahlmann J, Hegermann J, Werlein C, Jonigk

D, Haverich A, Martin U, Olmer R, Gruh |. Dual function of ipsc-derived
pericyte-like cells in vascularization and fibrosis-related cardiac tissue
remodeling in vitro. Int J Mol Sci. 2020;21:1-20. https://doi.org/10.3390/
ijms21238947.

Kensah G, Gruh |, Viering J, Schumann H, Dahlmann J, Meyer H, Skvorc D,
Bar A, Akhyari P, Heisterkamp A, Haverich A, Martin U. A novel miniatur-
ized multimodal bioreactor for continuous in situ assessment of bioartifi-
cial cardiac tissue during stimulation and maturation. Tissue Eng - Part C
Methods. 2011;17:463-73. https://doi.org/10.1089/ten.tec.2010.0405.
Osten F, Weber N, Wendland M, Holler T, Piep B, Kréhn S, Teske J, Boden-
schatz AK, Devadas SB, Menge KS, Chatterjee S, Schwanke K, Kosanke

M, Montag J, Thum T, Zweigerdt R, Kraft T, lorga B, Meissner JD. Myosin
expression and contractile function are altered by replating stem cell-
derived cardiomyocytes. J Gen Physiol. 2023;155:1-15. https://doi.org/10.
1085/jgp.202313377.

Wilkinson AC, Ishida R, Kikuchi M, Sudo K, Morita M, Crisostomo RV,
Yamamoto R, Loh KM, Nakamura Y, Watanabe M, Nakauchi H, Yamazaki S.
Long-term ex vivo haematopoietic-stem-cell expansion allows noncondi-
tioned transplantation. Nature. 2019;571:117-21. https://doi.org/10.1038/
s41586-019-1244-x.

Skelton RJP, Brady B, Khoja S, Sahoo D, Engel J, Arasaratnam D, Saleh KK,
Abilez OJ, Zhao P, Stanley EG, Elefanty AG, Kwon M, Elliott DA, Ardehali R.
CD13 and ROR2 permit isolation of highly enriched cardiac mesoderm
from differentiating human embryonic stem cells. Stem Cell Reports.
2016;6:95-108. https://doi.org/10.1016/j.stemcr.2015.11.006.

Drakhlis L, Biswanath S, Farr CM, Lupanow V, Teske J, Ritzenhoff K, Franke
A, Manstein F, Bolesani E, Kempf H, Liebscher S, Schenke-Layland K,
Hegermann J, Nolte L, Meyer H, de la Roche J, Thiemann S, Wahl-Schott C,
Martin U, et al. Human heart-forming organoids recapitulate early heart
and foregut development. Nat Biotechnol. 2021. https://doi.org/10.1038/
$41587-021-00815-9.

Xu XQ, Graichen R, Soo SY, Balakrishnan T, Bte Rahmat SN, Sieh S, Tham
SC, Freund C, Moore J, Mummery C, Colman A, Zweigerdt R, Davidson BP.
Chemically defined medium supporting cardiomyocyte differentiation of
human embryonic stem cells. Differentiation. 2008;76:958-70. https://doi.
0rg/10.1111/).1432-0436.2008.00284 x.

Fonoudi H, Ansari H, Abbasalizadeh S, Larijani MR, Kiani S, Hashemizadeh
S, Zarchi AS, Bosman A, Blue GM, Pahlavan S, Perry M, Orr Y, Mayorchak Y,
Vandenberg J, Talkhabi M, Winlaw DS, Harvey RP, Aghdami N, Baharvand
H. A universal and robust integrated platform for the scalable production
of human cardiomyocytes from pluripotent stem cells. Stem Cells Trans|
Med. 2015;4:1482-94. https://doi.org/10.5966/5ctm.2014-0275.

Chen VC, Ye J, Shukla P Hua G, Chen D, Lin Z, Liu J, Chai J, Gold J, Wu J,
Hsu D, Couture LA. Development of a scalable suspension culture for
cardiac differentiation from human pluripotent stem cells. Stem Cell Res.
2015;15:365-75. https://doi.org/10.1016/j.5cr.2015.08.002.


https://doi.org/10.3390/ijms21134808
https://doi.org/10.3390/ijms21134808
https://doi.org/10.1016/j.stemcr.2018.03.017
https://doi.org/10.3390/cells8121571
https://doi.org/10.3390/cells8121571
https://doi.org/10.1002/jnr.490350513
https://doi.org/10.1002/jnr.490350513
https://doi.org/10.1038/nMeth.2999
https://doi.org/10.1007/s10616-010-9263-3
https://doi.org/10.1007/s10616-010-9263-3
https://doi.org/10.1016/0167-7799(91)90102-N
https://doi.org/10.1074/mcp.M800190-MCP200
https://doi.org/10.1074/mcp.M800190-MCP200
https://doi.org/10.1002/pmic.201800102
https://doi.org/10.3389/fcell.2020.00049
https://doi.org/10.3389/fcell.2020.00049
https://doi.org/10.1038/ncomms13602
https://doi.org/10.1038/ncomms13602
https://doi.org/10.1016/j.scr.2018.07.025
https://doi.org/10.1371/journal.pone.0109893
https://doi.org/10.1101/2023.12.31.573775
https://doi.org/10.1101/2023.12.31.573775
https://doi.org/10.1182/blood-2007-06-093609
https://doi.org/10.1016/j.scr.2017.03.022
https://doi.org/10.1016/j.scr.2017.03.022
https://doi.org/10.1089/scd.2012.0351
https://doi.org/10.1089/scd.2012.0351
https://doi.org/10.1016/j.scr.2019.101394
https://doi.org/10.1016/j.scr.2019.101394
https://doi.org/10.1038/nmeth.1593
https://doi.org/10.1038/nmeth.1593
https://doi.org/10.1016/j.xpro.2021.100988
https://doi.org/10.3390/ijms21238947
https://doi.org/10.3390/ijms21238947
https://doi.org/10.1089/ten.tec.2010.0405
https://doi.org/10.1085/jgp.202313377
https://doi.org/10.1085/jgp.202313377
https://doi.org/10.1038/s41586-019-1244-x
https://doi.org/10.1038/s41586-019-1244-x
https://doi.org/10.1016/j.stemcr.2015.11.006
https://doi.org/10.1038/s41587-021-00815-9
https://doi.org/10.1038/s41587-021-00815-9
https://doi.org/10.1111/j.1432-0436.2008.00284.x
https://doi.org/10.1111/j.1432-0436.2008.00284.x
https://doi.org/10.5966/sctm.2014-0275
https://doi.org/10.1016/j.scr.2015.08.002

Kriedemann et al. Stem Cell Research & Therapy

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

(2024) 15:213

Kempf H, Olmer R, Kropp C, Rickert M, Jara-Avaca M, Robles-Diaz D,
Franke A, Elliott DA, Wojciechowski D, Fischer M, Roa Lara A, Kensah G,
Gruh |, Haverich A, Martin U, Zweigerdt R. Controlling expansion and car-
diomyogenic differentiation of human pluripotent stem cells in scalable
suspension culture. Stem Cell Reports. 2014;3:1132-46. https://doi.org/
10.1016/j.stemcr.2014.09.017.

Kensah G, Lara AR, Dahlmann J, Zweigerdt R, Schwanke K, Hegermann

J, Skvorc D, Gawol A, Azizian A, Wagner S, Maier LS, Krause A, Drager G,
Ochs M, Haverich A, Gruh I, Martin U. Murine and human pluripotent
stem cell-derived cardiac bodies form contractile myocardial tissue

in vitro. Eur Heart J. 2013;34:1134-46. https://doi.org/10.1093/eurheartj/
ehs349.

de la Roche J, Angsutararux P, Kempf H, Janan M, Bolesani E, Thiemann S,
Wojciechowski D, Coffee M, Franke A, Schwanke K, Leffler A, Luanpitpong
S, Issaragrisil S, Fischer M, Zweigerdt R. Comparing human iPSC-cardio-
myocytes versus HEK293T cells unveils disease-causing effects of Bru-
gada mutation A735V of NaV1.5 sodium channels. Sci Rep. 2019,9:11173.
https://doi.org/10.1038/541598-019-47632-4.

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang
Z,Koplev S, Jenkins SL, Jagodnik KM, Lachmann A, McDermott MG,
Monteiro CD, Gundersen GW, Maayan A. Enrichr: a comprehensive gene
set enrichment analysis web server 2016 update. Nucleic Acids Res.
2016;44:W90-7. https://doi.org/10.1093/nar/gkw377.

Kempf H, Kropp C, Olmer R, Martin U, Zweigerdt R. Cardiac differentia-
tion of human pluripotent stem cells in scalable suspension culture. Nat
Protoc. 2015;10:1345-61. https://doi.org/10.1038/nprot.2015.089.

Lian X, Hsiao C, Wilson G, Zhu K, Hazeltine LB, Azarin SM, Raval KK, Zhang
J, Kamp TJ, Palecek SP. Robust cardiomyocyte differentiation from human
pluripotent stem cells via temporal modulation of canonical Wnt signal-
ing. Proc Natl Acad Sci U S A. 2012. https://doi.org/10.1073/pnas.12002
50109.

Tharmalingam T, Ghebeh H, Wuerz T, Butler M. Pluronic enhances the
robustness and reduces the cell attachment of mammalian cells. Mol
Biotechnol. 2008;39:167-77. https://doi.org/10.1007/512033-008-9045-8.
Zhang Z, Al-Rubeai M, Thomas CR. Effect of Pluronic F-68 on the
mechanical properties of mammalian cells. Enzyme Microb Technol.
1992;14:980-3. https://doi.org/10.1016/0141-0229(92)90081-X.

Hesse F, Ebel M, Konisch N, Sterlinski R, Kessler W, Wagner R. Comparison
of a production process in a membrane-aerated stirred tank and up

to 1000-L airlift bioreactors using BHK-21 cells and chemically defined
protein-free medium. Biotechnol Prog. 2003;19:833-43. https://doi.org/
10.1021/bp0257630.

Nishimura T, Hsu |, Martinez-Krams DC, Nakauchi Y, Majeti R, Yamazaki S,
Nakauchi H, Wilkinson AC. Use of polyvinyl alcohol for chimeric antigen
receptor T-cell expansion. Exp Hematol. 2019;80:16-20. https://doi.org/
10.1016/j.exphem.2019.11.007.

Baker MI, Walsh SP, Schwartz Z, Boyan BD. A review of polyvinyl alcohol
and its uses in cartilage and orthopedic applications. J Biomed Mater Res
- Part B Appl Biomater. 2012;100:1451-7. https://doi.org/10.1002/jbm.b.
32694,

Khalig NU, Lee J, Kim S, Sung D, Kim H. Pluronic F-68 and F-127 based
nanomedicines for advancing combination cancer therapy. Pharmaceu-
tics. 2023. https://doi.org/10.3390/pharmaceutics15082102.

Rivera-Hernandez G, Antunes-Ricardo M, Martinez-Morales P, Sdnchez ML.

Polyvinyl alcohol based-drug delivery systems for cancer treatment. Int J
Pharm. 2021. https://doi.org/10.1016/j.ijpharm.2021.120478.

Ben HN. Poly(vinyl alcohol): review of its promising applications and
insights into biodegradation. RSC Adv. 2016;6:39823-32. https://doi.org/
10.1039/c6ra05742j.

Demerlis CC, Schoneker DR. Review of the oral toxicity of polyvinyl
alcohol (PVA) - PDF free download. Food Chem Toxicol. 2003;41:319-26.
https://doi.org/10.1016/50278-6915(02)00258-2.

Singla P, Garg S, McClements J, Jamieson O, Peeters M, Mahajan RK.
Advances in the therapeutic delivery and applications of functionalized
pluronics: a critical review. Adv Colloid Interface Sci. 2022,299: 102563.
https://doi.org/10.1016/j.cis.2021.102563.

Lian X, Bao X, Zilberter M, Westman M, Fisahn A, Hsiao C, Hazeltine LB,
Dunn KK, Kamp TJ, Palecek SP. Chemically defined, albumin-free human
cardiomyocyte generation. Nat Methods. 2015;12:595-6. https://doi.org/
10.1038/nmeth.3448.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

79.

80.

Page 16 of 17

Robertson C, Tran DD, George SC. Concise review: Maturation phases

of human pluripotent stem cell-derived cardiomyocytes. Stem Cells.
2013;31:829-37. https://doi.org/10.1002/stem.1331.

Karbassi E, Fenix A, Marchiano S, Muraoka N, Nakamura K, Yang X, Murry
CE. Cardiomyocyte maturation: advances in knowledge and implications
for regenerative medicine. Nat Rev Cardiol. 2020;17:341-59. https://doi.
0rg/10.1038/541569-019-0331-x.

Kim J, Kim EM, Lee HA, Kim KS. Effective derivation of ventricular
cardiomyocytes from hPSCs using ascorbic acid-containing maturation
medium. Animal Cells Syst (Seoul). 2023;27:82-92. https://doi.org/10.
1080/19768354.2023.2189932.

Zhang X-H, Haviland S, Wei H, Sari¢ T, Fatima A, Hescheler J, Cleemann

L, Morad M. Ca2+ signaling in human induced pluripotent stem cell-
derived cardiomyocytes (iPS-CM) from normal and catecholaminergic
polymorphic ventricular tachycardia (CPVT)-afflicted subjects. Cell
Calcium. 2013;54:57-70. https://doi.org/10.1016/j.ceca.2013.04.004.
Weber N, Schwanke K, Greten S, Wendland M, lorga B, Fischer M, Geers-
Knorr C, Hegermann J, Wrede C, Fiedler J, Kempf H, Franke A, Piep B,
Pfanne A, Thum T, Martin U, Brenner B, Zweigerdt R, Kraft T. Stiff matrix
induces switch to pure 3-cardiac myosin heavy chain expression in
human ESC-derived cardiomyocytes. Basic Res Cardiol. 2016. https://doi.
0rg/10.1007/500395-016-0587-9.

Hamad S, Derichsweiler D, Papadopoulos S, Nguemo F, Sari¢ T, Sachinidis
A, Brockmeier K, Hescheler J, Boukens BJ, Pfannkuche K. Generation of
human induced pluripotent stem cell-derived cardiomyocytes in 2D
monolayer and scalable 3D suspension bioreactor cultures with reduced
batch-to-batch variations. Theranostics. 2019;9:7222-38. https://doi.org/
10.7150/thno.32058.

Ting S, Lam A, Tong G, Chen A, Wei H, Wu JJ, Lam YN, Reuveny S, Oh S.
Meticulous optimization of cardiomyocyte yields in a 3-stage continuous
integrated agitation bioprocess. Stem Cell Res. 2018;31:161-73. https://
doi.org/10.1016/j.5cr.2018.07.020.

Fischer B, Meier A, Dehne A, Salhotra A, Tran TA, Neumann S, Schmidt K,
Meiser |, Neubauer JC, Zimmermann H, Gentile L. A complete workflow
for the differentiation and the dissociation of hiPSC-derived cardio-
spheres. Stem Cell Res. 2018;32:65-72. https://doi.org/10.1016/j.5cr.2018.
08.015.

Ashok P, Parikh A, Du C, Tzanakakis ES. Xenogeneic-free system for bio-
manufacturing of cardiomyocyte progeny from human pluripotent stem
cells. Front Bioeng Biotechnol. 2020;8:1-12. https://doi.org/10.3389/fbice.
2020.571425.

Laco F, Lam ATL, Woo TL, Tong G, Ho V, Soong PL, Grishina E, Lin KH, Reu-
veny S, Oh SKW. Selection of human induced pluripotent stem cells lines
optimization of cardiomyocytes differentiation in an integrated suspen-
sion microcarrier bioreactor. Stem Cell Res Ther. 2020;11:1-16. https://doi.
0rg/10.1186/513287-020-01618-6.

Paige SL, Plonowska K, Xu A, Wu SM. Molecular regulation of cardiomyo-
cyte differentiation. Circ Res. 2015;116:341-53. https://doi.org/10.1161/
CIRCRESAHA.116.302752.

Sarkar P, Randall SM, Muddiman DC, Rao BM. Targeted proteomics of the
secretory pathway reveals the secretome of mouse embryonic fibroblasts
and human embryonic stem cells. Mol Cell Proteomics. 2012;11:1829-39.
https://doi.org/10.1074/mcp.M112.020503.

. Wang J, Liu M, Wu Q, Li Q, Gao L, Jiang Y, Deng B, Huang W, Bi W, Chen Z,

Chin YE, Paul C, Wang Y, Yang HT. Human embryonic stem cell-derived
cardiovascular progenitors repair infarcted hearts through modulation
of macrophages via activation of signal transducer and activator of tran-
scription 6. Antioxidants Redox Signal. 2019;31:369-86. https://doi.org/
10.1089/ars.2018.7688.

Kervadec A, Bellamy V, El Harane N, Arakélian L, Vanneaux V, Cacciapuoti
|, Nemetalla H, Périer MC, Toeg HD, Richart A, Lemitre M, Yin M, Loyer X,
Larghero J, Hagége A, Ruel M, Boulanger CM, Silvestre JS, Menasché P,

et al. Cardiovascular progenitor-derived extracellular vesicles recapitulate
the beneficial effects of their parent cells in the treatment of chronic
heart failure. J Hear Lung Transplant. 2016;35:795-807. https://doi.org/10.
1016/j.healun.2016.01.013.

Liu B, Lee BW, Nakanishi K, Villasante A, Williamson R, Metz J, Kim J, Kanai
M, Bi L, Brown K, Di Paolo G, Homma S, Sims PA, Topkara VK, Vunjak-Nova-
kovic G. Cardiac recovery via extended cell-free delivery of extracellular
vesicles secreted by cardiomyocytes derived from induced pluripotent


https://doi.org/10.1016/j.stemcr.2014.09.017
https://doi.org/10.1016/j.stemcr.2014.09.017
https://doi.org/10.1093/eurheartj/ehs349
https://doi.org/10.1093/eurheartj/ehs349
https://doi.org/10.1038/s41598-019-47632-4
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1038/nprot.2015.089
https://doi.org/10.1073/pnas.1200250109
https://doi.org/10.1073/pnas.1200250109
https://doi.org/10.1007/s12033-008-9045-8
https://doi.org/10.1016/0141-0229(92)90081-X
https://doi.org/10.1021/bp0257630
https://doi.org/10.1021/bp0257630
https://doi.org/10.1016/j.exphem.2019.11.007
https://doi.org/10.1016/j.exphem.2019.11.007
https://doi.org/10.1002/jbm.b.32694
https://doi.org/10.1002/jbm.b.32694
https://doi.org/10.3390/pharmaceutics15082102
https://doi.org/10.1016/j.ijpharm.2021.120478
https://doi.org/10.1039/c6ra05742j
https://doi.org/10.1039/c6ra05742j
https://doi.org/10.1016/s0278-6915(02)00258-2
https://doi.org/10.1016/j.cis.2021.102563
https://doi.org/10.1038/nmeth.3448
https://doi.org/10.1038/nmeth.3448
https://doi.org/10.1002/stem.1331
https://doi.org/10.1038/s41569-019-0331-x
https://doi.org/10.1038/s41569-019-0331-x
https://doi.org/10.1080/19768354.2023.2189932
https://doi.org/10.1080/19768354.2023.2189932
https://doi.org/10.1016/j.ceca.2013.04.004
https://doi.org/10.1007/s00395-016-0587-9
https://doi.org/10.1007/s00395-016-0587-9
https://doi.org/10.7150/thno.32058
https://doi.org/10.7150/thno.32058
https://doi.org/10.1016/j.scr.2018.07.020
https://doi.org/10.1016/j.scr.2018.07.020
https://doi.org/10.1016/j.scr.2018.08.015
https://doi.org/10.1016/j.scr.2018.08.015
https://doi.org/10.3389/fbioe.2020.571425
https://doi.org/10.3389/fbioe.2020.571425
https://doi.org/10.1186/s13287-020-01618-6
https://doi.org/10.1186/s13287-020-01618-6
https://doi.org/10.1161/CIRCRESAHA.116.302752
https://doi.org/10.1161/CIRCRESAHA.116.302752
https://doi.org/10.1074/mcp.M112.020503
https://doi.org/10.1089/ars.2018.7688
https://doi.org/10.1089/ars.2018.7688
https://doi.org/10.1016/j.healun.2016.01.013
https://doi.org/10.1016/j.healun.2016.01.013

Kriedemann et al. Stem Cell Research & Therapy (2024) 15:213

stem cells. Nat Biomed Eng. 2018;2:293-303. https://doi.org/10.1038/
$41551-018-0229-7.
81. Tachibana A, Santoso MR, Mahmoudi M, Shukla P, Wang L, Bennett M,

Goldstone AB, Wang M, Fukushi M, Ebert AD, Woo YJ, Rulifson E, Yang PC.

Paracrine effects of the pluripotent stem cell-derived cardiac myocytes
salvage the injured myocardium. Circ Res. 2017;121:139-48. https://doi.
0rg/10.1101/2024.02.24.581789.

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

Page 17 of 17


https://doi.org/10.1038/s41551-018-0229-7
https://doi.org/10.1038/s41551-018-0229-7
https://doi.org/10.1101/2024.02.24.581789
https://doi.org/10.1101/2024.02.24.581789

	Protein-free media for cardiac differentiation of hPSCs in 2000 mL suspension culture
	Abstract 
	Background 
	Methods and Results 
	Conclusions 

	Background
	Methods
	hPSC lines and adherent monolayer culture
	Differentiation media composition
	Bioreactor set-up
	hPSC expansion and cardiac differentiation in suspension culture
	Cardiomyocyte aggregate dissociation for downstream analysis
	Electrophysiological analysis
	Immunofluorescence staining of hPSC-CMs
	Confocal microscopy of hPSC-CM aggregates
	Production of bioartificial cardiac tissues
	Flow cytometry
	RNA isolation and Bulk RNA sequencing
	Western blot analysis for cytoskeletal proteins and channels
	Statistical analysis

	Results
	Supplementation with Pluronic F-68 or a specific polyvinyl alcohol allows for the efficient protein-free cardiac differentiation of hPSCs in suspension culture
	Protein-free conditions promote cardiac differentiation in STBRs
	CMs derived under protein-free conditions are highly similar to CDM3-based controls regarding their molecular and physiological properties
	Successful upscaling of CM production from 150 to 2000 mL is compatible with the maintenance of lineage purity

	Discussion
	Conclusions
	Acknowledgements
	References


