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Abstract
The routine application of human pluripotent stem cells (hPSCs) and 
their derivatives in regenerative medicine and drug discovery will 
require the constant supply of high cell numbers generated by robust 
and well-defined processes. Previous studies showed that mTeSR™1 
is the most supportive medium for a novel hPSC culture strategy, 
namely hPSC propagation and expansion of 3-dimensional (3D) 
aggregates in suspension culture.1 This technology has the potential 
to overcome numerous limitations of conventional surface-adherent, 
2-dimensional (2D) cultivation of hPSCs. Stirred tank bioreactors 
represent well-monitored and controlled systems to optimize and 
up-scale cell production in suspension culture. We have recently 
shown proof of principle for the expansion of undifferentiated hPSCs 
in stirred bioreactors in mTeSR™1. However, substantial optimization 
is still required to achieve higher process efficiency, robustness, and 
up-scaling. Here we show that perfusion feeding can result in more 
homogenous culture conditions and substantially increased hPSC 
yields compared to previously reported batch feeding methods.

Introduction
Human embryonic stem cells (hESCs) and induced pluripotent stem 
cells (hiPSCs), and their derivatives are considered promising cell 
sources for novel regenerative therapies. Cell therapies aim to replace 
cell or tissue loss induced by degenerative disorders including 
major disease areas such as cardiovascular and neurodegenerative 
disorders, diabetes, and others that cannot be cured by current 
clinical practice. Moreover, lineage-specific human cell types derived 
from patient-specific hiPSCs can also be utilized for the development 
of yet unavailable in vitro disease models, innovative drug discovery 
strategies, and more predictive drug safety assays. 

Most of the envisioned clinical and industrial applications of hPSCs will 
require billions of lineage-specific cells, which are difficult to generate 
by conventional space- and labor-intensive 2D-culture methods, 
where key culture parameters cannot be monitored and controlled. 
Stirred tank bioreactors are widely used in the biopharmaceutical 
industry for the production of functional proteins in mammalian cell 
lines and provide numerous advantages for process development. 
They allow, for example, the online monitoring and control of key 
process parameters such as pH, oxygen tension, and biomass 
formation. Advanced bioreactor systems that have been developed 
in a wide range of culture vessel dimensions, i.e. from ~100 mL to 
>1,000 L also facilitate straightforward process scale-up. However, 

cultivation and differentiation of hPSCs in stirred systems requires the 
adaptation of cell cultivation from 2D culture to 3D suspension culture. 
Taking advantage of the defined culture medium mTeSR™1, we have 
recently demonstrated that hPSCs can be successfully grown as free 
floating, “cell only” aggregates in small scale suspension.2-4 Based 
on this know-how, the transfer to a stirred “Mini-Bioreactor System” 
(DASGIP™ / Eppendorf®) having a working volume of 100 - 250 mL 
was established.5 Optimization of stirring-controlled aggregate 
formation from single cell-inoculated hiPSCs led to an approximately 
4-fold cell expansion in a single 7 day process run, applying a once-
daily medium replacement strategy referred to as “batch feeding”. 
Process analysis, however, showed that this feeding strategy resulted 
in linear growth kinetics rather than the exponential cell growth that 
is expected under optimal culture conditions. Here we explore the 
impact of feeding strategies on the scaleable expansion of hPSCs in 
stirred tank bioreactors using mTeSR™1.
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Figure 1. Overview of Perfusion- and Batch-Feeding Strategies for 
hPSC Culture in Stirred Tank Bioreactors

hPSCs were cultured in stirred tank bioreactors using mTeSR™1 with two 

different feeding strategies. For batch-feeding, the entire volume of media 

(~100 mL) was replaced once per day. For perfusion feeding, the media was 

replaced at a constant flow rate of 4.2 mL per hour (equivalent to ~100 mL/

day).
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Materials and Methods
The hiPSC line hCBiPSC2, derived from cord blood, was used in 
these experiments.6 For preparation of a single cell suspension, 
monolayer cultures previously maintained in mTeSR™1 (STEMCELL 
Technologies, Vancouver, Canada) were first washed with ~5 mL Ca2+/ 
Mg2+-free PBS per T25 flask, prior to detachment and dissociation 
with 1 mL Accutase™ (STEMCELL Technologies). After incubation 
at 37°C for 4 minutes, 1 mL of mTeSR™1 supplemented with 10 µM 
ROCK inhibitor Y-27632 (generated by Hannover Medical School 
chemistry dept) was added and the cell suspension was transferred 
to a 15 mL polystyrene tube. The cell suspension was centrifuged at 
300 x g for 3 minutes at 4°C, supernatant was removed, and the cells 
were resuspended in 1 mL of mTeSR™1 supplemented with 10 µM 
Y-27632. For determination of the viable cell number, a sample of 
cells were diluted in trypan blue and counted in a haemocytometer.

BioBLU 0.3 single-use bioreactor vessels (DASGIP™ / Eppendorf®) 
were used for 3D suspension culture. Cultures were inoculated with 25 
mL of a 2.5 x 106 cells/mL single cell suspension to achieve a density 
of 5 x 105 cells/mL in 125 mL volume of mTeSR™1 supplemented with 
10 µM ROCK inhibitor Y-27632. Cultures were stirred at 70 revolutions 
per minute (rpm) utilizing an 8 blade pitched impeller.5,7 No culture 
medium changes or additions were performed for the first 48 hours (hr) 
after inoculation. Thereafter, two alternative feeding strategies were 
applied using mTeSR™1 medium without Y-27632 (Figure 1). For 
batch feeding the entire culture volume was replaced at 24 h intervals 
as previously described.4,5 For perfusion feeding, the culture medium 
was constantly replaced at flow rates of 4.2 mL/hr (equivalent to ~100 
mL/day), with cell retention by porous outflow filter. For analysis of 
cell and aggregate number and other parameters, 3.5 mL culture 
samples were harvested daily through a sampling port. To prevent 
culture dilution the sample volume was not replaced, thus resulting 
in culture volume reduction from 125 mL to ~100 mL during the 7 day 
process.

The following parameters were monitored within the medium: pO2, pH, 
glucose concentration, and lactate concentration. Each bioreactor 
vessel was equipped with probes for online pO2 and pH monitoring. 
The pH probes were calibrated by two-point calibration. pO2 probe 
calibration was conducted under process conditions: headspace 
gassing with 3 sL/h air plus 5% CO2, stirring at 70 rpm utilizing an 8 
blade pitched impeller at 37°C in 100 mL mTeSR™1 and after stable 
pO2 values were reached, a slope calibration was performed. Glucose 
and lactate concentrations were measured with a YSI 2700 Select™ 
Biochemistry Analyzer (YSI Incorporated Life Sciences, Ohio, USA).

In addition, hiPSCs were monitored for aggregate formation, viable 
cell number, and the expression of pluripotency-associated cell 
markers. Aggregate size was measured by diameter analysis of 
light microscopic images (Axiovert A1 and Axiovision 8.4 software, 
Zeiss, Goettingen, Germany). Cell aggregates were dissociated 
with collagenase B (Roche, Basel, Switzerland) treatment for assays 
requiring single cells as previously described.4 Viable cell counts 
were determined by trypan blue exclusion assay. The expression of 
pluripotency-associated markers was assessed by flow cytometry 
using antibodies specific to SSEA4 (1:70; mouse IgG3, Hybridoma 
Bank, Iowa City, USA), OCT4 (1:100; mouse IgG2b, Santa Cruz 
Biotechnology Inc., Santa Cruz, USA) and NANOG (1:100; Rabbit 

Figure 2. Aggregate Formation in Stirred Suspension Culture

After process inoculation by respective single cell suspensions (day 0, not 
shown) aggregates were observed by light microscopy from samples of stirred 
cultures. Aggregates formed by day 1, and increased in size over time. Depicted 
pictures represent typical results that were achieved either by batch feeding (A) 
or perfusion feeding (B), respectively. Scale bars: 200 µm.
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Figure 3. Growth Kinetics of hCBiPSC2 in Stirred Suspension Culture

Cells were seeded at 5 x 105 cells/mL (process day 0) and cell counts were 
determined from bioreactor-derived samples harvested daily (each bar 
represents n = 3 independent bioreactor runs for each process strategy). In 
batch-fed cultures (grey bars) viable cell density ranged 1.9 - 2.3 x 106 cells/mL 
on day 7, which represents a 3.9-fold expansion of cells. Perfusion feeding 
(black bars) resulted in an average cell density of 2.6 -3.4 x 106 cells/mL on day 
7, thus yielding a 5.3-fold increase of cells during the process.
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IgG, Cell Signaling Technology, USA). For expression analysis total 
RNA was prepared using RNeasy Kit (Macherey-Nagel, Düren, 
Germany) and reverse transcribed with RevertAid™ H Minus 
(Fermentas, Thermo Scientific, St. Leon-Rot, Germany) using 
random primers according to manufacturer’s instructions. Real time 
quantitative (qPCR) was performed as described.6 Expression levels 
of target genes were normalized to β-actin transcript levels. Data are 
shown as mean ± SEM of normalized gene expression levels from 
three experiments.

Results and Discussion
24 h after the inoculation of stirred single cell suspension cultures, 
small cell aggregates (Figure 2) with an average diameter of 
60 µm (quantitative assessment not shown) emerged. These 
aggregates increased in size throughout the course of cultivation, 
resulting in an average diameter of 140 µm on day 7 in the batch-
fed process; an equivalent average aggregate diameter of  
145 µm was also observed on day 7 in the perfusion-fed process 
(Figure 2). We further noted a highly homogeneous size distribution 
of aggregates throughout the course of the processes with both 
feeding conditions (Figure 2). This is an important observation as it 
suggests that differential results obtained when comparing the two 
culture strategies can be attributed to physiological changes rather 
than merely differences in aggregate dimensions.

Growth kinetics, generated by daily cell counts of bioreactor-
derived samples, are presented in Figure 3. On day 7 an average 
cell concentration of 2.1 x 106 cells/mL was observed in the batch-
fed process (Figure 3; n = 3 independent bioreactor runs) yielding 
2.1 x 108 cells per vessel (100 mL culture volume). This represents 
a robust 3.9-fold increase in viable cells, and is in accordance with 
our published findings.5 In perfusion-fed cultures, where the culture 
medium was constantly replaced at a fixed medium flow rate, a 
substantially higher average yield of 3.1 x 106 cells/mL, was observed 
at the process endpoint (Figure 3; n = 3 independent bioreactor runs), 
which is equivalent to a 5.3-fold increase in viable cells compared to 
inoculation density.

Since the daily medium throughput was essentially the same with both 
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Figure 4. Metabolic Activity Analysis

Starting at 48 h post-inoculation the culture medium was replaced daily, either by one-time complete replacement (batch feeding, red lines) or continuous exchange 
(perfusion feeding, black lines). Whereas heterogeneous zigzag patterns were observed for the pH values as well as for glucose and lactate concentrations in response 
to batch feeding, a much more homogeneous course of these parameters was observed in response to perfusion feeding. The later feeding strategy resulted in slightly 
lower glucose concentrations and higher lactate concentrations upon vocal measurements of media aliquots collected once a day.

feeding strategies, that is ~100 mL per day, the total consumption of 
mTeSR™1 equaled ~650 mL in each individual process run. However, 
calculations of the cell yield per mL total medium throughput revealed 
the generation of 2.2 x 105 cells/mL in batch-fed processes whereas 
3.6 x 105 cells/mL were obtained by perfusion feeding, reflecting the 
higher efficiency of the latter strategy.

To compare the metabolic activities in the two processes, online 
monitoring of the pH (and pO2, data not shown) was performed. It 
should be noted that culture conditions were equivalent for the 
first 48  h in both feeding strategies (i.e. after process inoculation 
no medium was exchanged or added for the first 48 h). Thereafter 
the alternative feeding strategies were applied. As expected, batch 
feeding resulted in an oscillating “zigzag-like” pH pattern, where pH 
drops between feeds and is restored to the level of fresh mTeSR™1 
(pH ~7.2) at each 24 h feeding (Figure 4). At higher cell concentrations 
(on process days 5-7) a maximal pH drop to pH ~6.6 was observed. 
In contrast, in the perfusion-fed processes, after the relatively steep 
pH decrease during the first 48 h post-inoculation, a relatively stable, 
linear progression occurred throughout the process duration.

Glucose and lactate concentrations showed similarly oscillating 
versus stable patterns in batch-fed and perfusion-fed processes, 
respectively (Figure 4). Whereas fresh mTeSR™1 medium contains 
15 mM glucose, the concentration dropped to lowest values of ~4 mM 
in our experimental setup (observed by perfusion feeding on day 7; 
Figure 4). This drop represents a maximal reduction to ~35% glucose 
relative to fresh medium, suggesting that no complete depletion of 
the carbon source occurred at any point of the process. A reciprocal 
pattern for lactate accumulation was found whereby a maximal 
concentration of ~15 mM was measured on day 7 of the perfusion-fed 
process (Figure 4).

To assess the quality of process-derived hPSCs, the expression 
of the pluriotency-associated surface marker SSEA-4 as well as 
pluripotency-associated transcription factors OCT4, NANOG and 
SOX2 were determined at day 7. Gene expression levels, determined 
by qPCR, demonstrated that transcription factors were maintained at 
comparable levels to that in 2D monolayer culture in both suspension 
culture strategies (Figure 5). Flow cytometry further revealed that 
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Figure 6. Expression of Pluripotency-Associated Proteins

Expression of transcription factors OCT4 and NANOG, and of surface marker 
SSEA-4 after 7 days of expansion in batch-fed (top) or perfusion-fed (bottom) 
culture in mTeSR™1. Representative flow cytometry histograms show that the 
majority of cells harvested at the process endpoint expressed the pluripotency-
associated markers (suspension culture expanded cells shown in red, isotype 
control shown in grey).

the majority of the cells retained expression of these markers at the 
protein level. ~90 - 98% of cells stained positive for the pluripotency 
markers in both conditions (Figure 6), with slightly higher values for 
OCT4 and NANOG detected in cells from the perfusion-fed cultures.

Conclusion
We have previously demonstrated the robust, multi-passage 
expansion of hPSCs in suspension culture at tissue-culture scale 
using mTeSR™1.2-4 In contrast, alternative culture media such as that 
containing Knockout™ Serum Replacement (Invitrogen™) failed to 
support this culture format.2-4 Subsequently, the controlled formation 
of aggregates as well as the expansion of hPSCs after single cell 

inoculation was demonstrated in stirred tank bioreactors, an important 
step towards culture up-scaling. In a 7 day process, cell yields of 
2 x 108 cells / 100 mL were obtained when a batch feeding system 
was applied.5

In the present study we have directly compared our batch feeding 
strategy with perfusion feeding as an alternative procedure. Although 
both the daily and the overall throughput of mTeSR™1 medium was 
unchanged in the two process conditions, we have observed a 
substantial increase in cell yields when applying perfusion feeding. 
Batch feeding resulted in linear growth kinetics (Figure 3) and 
yielded 2.1 x 108 cells per vessel (in 100 mL culture volume) closely 
recapitulating our previous data set which was achieved by the same 
approach.5 In contrast, a more exponential growth pattern (Figure 3) 
was observed after perfusion feeding, yielding 3.1 x 108 cells / 100 mL 
at the process endpoint, which is an ~47.5% improvement compared 
to batch feeding. 

Notably, cells generated by both process strategies retained 
expression of established pluripotency-associated markers. 
This  suggests that their typical characteristics were maintained 
in mTeSR™1 despite the substantial differences with respect to 
the physiological characteristics of the two processes. This study 
demonstrates that the suspension culture approach in bioreactors 
provides novel possibilities for process control and a large potential 
for process optimization by systematic modulation of relevant 
parameters, as previously shown for mouse pluripotent stem cell 
culture in 2 L scale stirred and fully controlled bioreactors.7,8 Moreover, 
this study confirms the general applicability of the suspension culture 
system for hPSC expansion in stirred bioreactor cultures, and the 
suitability of mTeSR™1 medium for retention of pluripotency in this 
high-density system.

Figure 5. Expression of Pluripotency-Associated Genes

Quantitative real time analysis for transcription factors NANOG, OCT4 and SOX2 
showed no significant deviation in expression levels from batch-fed or perfusion-
fed bioreactor-expanded cells compared to conventional 2D feeder-free 
monolayer (ML) cultures. Primers were defined to detect endogenous variant of 
the factor to exclude false positive results in induced pluripotent stem cells
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