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Bioreactors in space have applications from basic science to microbial factories. Monitoring
bioreactors in microgravity has challenges with respect to fluidics, aeration, sensor size,
sample volume and disturbance of medium and cultures. We present a case study of the
development of small bioreactors and a non-invasive method to monitor dissolved oxygen,
pH, and biomass of yeast cultures. Two different bioreactor configurations were tested for
system volumes of 60ml and 10.5ml. For both configurations, the PreSens SFR vario, an
optical sensor array, collected data autonomously. Oxygen and pH in the cultures were
monitored using chemically doped spots, 7 mm in diameter, that were fixed to the bottom of
sampling chambers. Spots emitted a fluorescent signal for DO and pH when reacted with
oxygen molecules and hydrogen ions, respectively. Biomass was sensed using light
reflectance at centered at 605 nm. The, optical array had three light detectors, one for
each variable, that returned signals that were pre- and post-calibrated. For heterotrophic
cultures requiring oxygen and respiring carbon dioxide, a hollow fiber filter, in-line with the
optical array, oxygenated cells and remove carbon dioxide. This provided oxygen levels that
were sufficient to maintain aerobic respiration for steady state conditions. Time series of
yeast metabolism in the two bioreactors are compared and discussed. The bioreactor
configurations can be easily be modified for autotrophic cultures such that carbon dioxide is
enhanced and oxygen removed, which would be required for photosynthetic algal cultures.

Keywords: yeast bioreactor, SFR vario optical array, case study, system development, lunar missions, optical
measurements

INTRODUCTION

Yeast is an ideal cell model for space biology since it is a eucaryotic organismwith fast growth rates whose
metabolism has increasing importance in genomics and systems biology and shares many molecular
processes with animals (Botstein et al., 1997; Scannell et al., 2007; Baryshnikova et al., 2010; Botstein and
Fink, 2011; Botstein and Fink, 2011). For experiments in space, yeast is usually grown in bioreactors that
come in various configurations (Walther 2002). Yeast bioreactors can be operated as batch, batch-fed, and
continuous cultures. Batch and batch-fed cultures give unsteady state growth and limit the number of
yeast generations produced. This is because as biomass accumulates in the bioreactor nutrients are rapidly
depleted and cell growth rates decrease until cells reach the stationary phase when growth ceases.
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Additionally, as biomass increases oxygen concentrations in the
bioreactor can be rapidly depleted causing yeast to depend on
anaerobic metabolism, which produces lower growth rates.

In contrast, continuous cultures maintain cells at a steady state
growth rate by periodically removing biomass to maintain a
constant biomass concentration (Chapra 1997). This has three
consequences; since biomass concentration is constant, both
nutrient uptake and oxygen respiration remain constant,
unlike batch and batch-fed cultures, and growth continues as
long as nutrients are supplied. By prolonging growth, continuous
cultures can extend the generation times of the population. This is
important since many of the genomic studies of space conditions
and the effects of radiation and microgravity on cells depend on
longer exposures of metabolically active cells. This can only be
achieved in continuous cultures. Yet many space bioreactors are
based on the batch or batch-fed design where cells accumulate in
the bioreactor without dilution (Walther, 2002).

The Space Biology Group, part of the Space Hub (a
consortium of the University of Zurich and the Lucerne
University of Applied Sciences and Arts), has designed two
bioreactor systems to continuously grow cells for numerous
generations in small volumes, which is necessary for space
applications where nutrient mass and volumes are limited.
Theses bioreactors use a novel optical array to monitor cell
metabolism in near-real time. This paper is a case study that
compares the two bioreactors and their potential for space
deployment.

METHODS AND SET-UP

Yeast Cultures
Cultures of Brewer’s yeast, Saccharomyces cerevisiae (BY4742,
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) were obtained from Dr. R.
Willaert at the University of Brussels, Vrije as part of the
PRODEX-ESA project on yeast bioreactors for space
applications. Cells were grown in 7.5 g L−1 D-glucose and
Synthetic Complete (SC) media, for steady state cultures. The
SC media was prepared with yeast nitrogen base (YNB) without
amino acids, which were added separately. Inocula was prepared
using Yeast Extract-Peptone Dextrose (YPD) with 1% yeast
extract (BD 212750) and 2% peptone extract (BD 211677).

For each inoculum, 100 ml of YPD batch culture was grown at
30°C on a shaker (250 rpm). After 16–24 h of incubation, the
yeast was transferred to two, 50 ml centrifuge tubes and
centrifuged for 10 min at 4,000 rpm to concentrate the
inoculum. The YPD was decanted and the remaining cell
concentrate washed with SC medium, then vortexed for 20 s
and centrifuged again. After three washings, inoculum was
prepared by mixing the cell concentrate in 10 ml of SC
medium. The volume of inoculum for each bioreactor is given
in Table 1 along with bioreactor configurations. It should be
noted that even after 24 h, inocula in batch cultures had positive
growth rates, although only half of the exponential growth rate.

Optical Sensor Array
Metabolic variables were measured using the SFR vario optical
array (Figure 1A) by PreSens GmbH to non-invasively and
simultaneously sample time series of optical density (OD) for
biomass, dissolved oxygen (DO), and pH. To sample DO and pH,
the array used chemically treated spots that were autoclavable
(PreSens Manual, 2019). The DO spots (SP-PSt3-YAU-D7-YOP)
reversely react with oxygen molecules and, when excited by an
LED, emitted a fluorescent signal at 505 nm. The pH spots (SP-
LG1-V2-D7) reversely react with hydrogen ions and, when
excited by an LED, fluoresced at 470 nm. Fluorescence
emissions from the spots were measured by photodetectors
(Figure 1B). The DO and pH spots were glued to the inside-
bottom of each sample chamber (Figure 1C) and left to dry for
24 h, after which they were flushed with filtered de-ionized water.

Optical density (OD) of yeast in the bioreactor was measured as
backscatter from cells with excitation provided at a peak wavelength
of 605 nm by an LED and absorption determined over the visible
band by a positive-intrinsic-negative (PIN) photodiode. To sample
DO, pH and biomass, the sample chamber with the culture was
positioned on the SFR aligned with the optical detectors.
Additionally, the SFR measured ambient temperature and
pressure. Data were acquired at a frequency of 0.29 h−1 (4.8 ×
10−3 min−1) corresponding to the division rate of the cells.

Bioreactor Configurations
Two bioreactor configurations were tested over a 15 days period to
compare yeast growth and metabolism under aerobic, steady state
conditions. Table 1 summarizes the details of the two bioreactors.

TABLE 1 | Configurations of the two bioreactors.

Configuration Bioreactor 1 Bioreactor 2

System volume 60 ml 10.5 ml
Growth chamber volume 70 ml 8.5 ml
Culture volumea 50 ml 8.5 ml
Inoculation volume, Biomass 10 ml of 18 mg ml−1 1 ml of 10 mg ml−1

Medium flow rate 10 ml h−1 2.1 ml h−1

Recirculating flow rateb 27 ml min−1 27 ml min−1

Retention time in growth chamber 2.2 min 0.38 min
Sample collection siphon overflow valve
Optical sensor location growth/sensor chamber sensor chamber
Optical volume sensed 50 ml 1.5 ml
Optical sampling frequency 0.29 h−1 0.29 h−1

aThe volume of culture in the growth chamber. bThe recirculation rate was set by PDMS volume, not the sample volume.
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For the first configuration of Bioreactor 1, SC medium was pumped
from a 2 L bottle into a 70 ml growth chamber containing 50ml of
culture. Growth rates were maintained by a peristaltic pump that
replenished the medium at a dilution rate of D � 0.2 h−1 while
simultaneously removing cells to a waste bottle via a siphon. Initially,
carbon dioxide was sequestered using a LiquiCel hollow fiber filter
and Ca(OH)2 trap (volume 100ml) in-line with cultures while
oxygen was augmented using filtered air (0.5 Lmin−1). However,
neither of these were needed to aerate and maintain an operational
pH and therefore were eliminated from the final configurations.

Aeration was provided by a 8.5 ml, the PDMSXA-1000
(PermSelect Inc.) hollow fiber filter (HFF), hereafter called
PDMS, with a surface area of 103 cm2. Cells were recirculated
from the PDMS filter to the growth/sampling chamber using a
second peristaltic (Figure 2A,B). This created a closed loop which
enhanced oxygen transfer in the cultures once every 2.2 min at a
flow rate of 27 ml min−1 for a total system volume of 60 ml.

For Bioreactor 2, the 70 ml growth chamber was eliminated, and
the 8.5 ml hollow fiber filter became the culture chamber as well as
providing aeration (Figure 3A). Since it was not possible to
measure oxygen, pH and optical density in the sealed PDMS
filter, a 1.5 ml, flow-through sampling chamber was developed,
and the spots affixed. The sampling chamber was positioned on

SFR optical array so spots and cell concentrations could be
sampled. Cells were recirculated from the oxygenated filter to
the sampling chamber and back in a closed loop with a
retention time of 0.38 min for a flow rate of 27 ml min−1.
Valves were placed on the sample/medium tubing in the closed
position to prevent pressure surges from the recirculation pump.
This isolated the sampling/medium pump from the recirculating
loop such that the oxygen levels in the PDMS bioreactor remained
high as cells respired and no backflow occurred to the medium or
sample bottles. For this configuration, the total system volume was
10.5 ml. Valves were opened to deliver medium to the culture at a
rate of 2.1 ml h−1 while simultaneously displacing 2.1 ml of sample
to the waste bottle, after which valves were closed to reestablish
aeration by the recirculating flow.

Hereafter bioreactors one and two are referred to by their total
system volumes, the 60ml bioreactor and 10.5 ml bioreactor,
respectively. Every 24 h a 5ml grab sample from the 60ml
bioreactor and a 2.1 ml sample from the 10.5 ml bioreactor were
taken. Every third day, cells were microscopically observed and were
found to be in good condition with no change in shape or budding
over time. OD of grab samples was in measured at 650 nm on a
spectrophotometer (Eppendorf Biophotometer plus) to calibrate the
biomass after a 1:10 dilution with the medium as per Granata et al.

FIGURE 1 | (A) The SFR optical array showing: (B) the dissolved oxygen sensor in the blue rectangle with the LED (top) and detector (bottom), the pH sensors in
the red rectangle with the LED (top) and detector (bottom), and the biomass sensor in the green rectangle with the LED (left) and detector (right); and (C) the position of
the spots in the 50 ml growth/sampling chamber (top) and 1.5 ml sampling chamber (bottom) with arrows showing dissolved oxygen spots.
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(2021). Dry weight was determined by filtering cells onto pre-dried
and weighed filters, drying them for 2 h at 105°C, cooling them in a
desiccator, andweighing themass. BiomassOD in the bioreactor was
linearly correlated to cell dry weight as:

BiomassDwt(mgml−1) � 0.6099 + 2.773 × 10−5 × (OD) (1)

For N � 25, r2 � 0.881
DO and pH were pre- and post-calibrated using standard

solutions, adjusted for ambient temperature and pressure.
Time series of 15 days were collected for both bioreactors,

however means were also determined using data from two
preliminary experiments of shorter duration. The initial time series
was conducted on the 60ml bioreactor. Afterwards, the PDMS filter
was flushed with 50ml of 70% ethanol and left overnight (≈10 h).
Tubing was autoclaved at 121°C and 1,034mbar (15 psi) for 20min.
The PDMS filter was rinsed with 100ml of filtered de-ionized, and the
systemassembled under a laminarflowhoodwhere it wasflushedwith
SC medium and inoculated for the 10.5ml bioreactor time series.

For time series, data dropouts (i.e. missing points) were
interpolated, however, aberrant data points were not edited,
deleted or interpolated. Analysis of Variance (ANOVA) was
conducted on time series data using SPSS v27 and a Tukey
test and t-tests were used to discriminate differences between

means. Statistical tests were run for both equal and unequal
variances with alpha values set to 0.05. Means values, plus and
minus one standard deviation, are used in the paper.

RESULTS

Optical Measurements
DO spots were accurate after being autoclaved several times.
Standard pH solutions were linearly correlated with spots that
were autoclaved 2–4 times (SFRpH � 4.736 + 0.3630xpH, r2 � 0.790)
and those autoclaved once (SFRpH � 2.1339 + 0.5833xpH, r2 �
0.855). However, spots autoclaved multiple times had higher pH
values than those autoclaved once (Figure 4A). Despite the
differences in accuracy, pH spots autoclaved once and multiple
times gave reproduceable results that could be post-calibrated to
account for offsets and drift during the 15 days experiments.

To determine how the bioreactor volume influenced optical
density, SFR reflectance of filtered de-ionized water in the 60ml
bioreactor was varied. OD increased linearly over pathlengths of
2–14mm (Figure 4B). This plateau at 14mm was reached at a
chamber volume of 16.5 ml and increased volume gave relatively
constant reflection, indicating the maximum penetration of light
into the sample was 14 mm.

FIGURE 2 | (A) A schematic of the 60 ml bioreactor; (B) a photograph of the system.

FIGURE 3 | (A) A schematic of the second bioreactor configuration for the 10.5 ml bioreactor system with the PDMS filter and recirculation flow isolated from the
sample/medium pump by valves (valve is X); (B) a photograph of the system. Note that the sample goes directly to the sampling chamber and is not recycled to the culture.
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Bioreactor Comparisons
Comparison of Mean DO, pH and OD
For both the 10.5 and 60 ml bioreactors, increased DO generally
lead to increased pH (Figure 5). The increase in pH as a
function of DO was a significantly different for the 60 ml
and 10.5 ml bioreactors (F1,40 � 4.876, p � 0.034) indicating
the pH dependency on DO followed different trends in the two
bioreactors.

The pH decreased as biomass increased in both bioreactors,
indicating that acidity increased with increasing biomass
concentration (Figure 6A). Similarly, DO decreased as
biomass increased as result of cell respiration (Figure 6B).
While there was no difference in the slopes of pH and DO as a
function of biomass in the 10.5 ml bioreactor (F1,47 � 2.88, p �

0.103), the slopes for pH and DO in the 60 ml bioreactor were
significantly different (F1,23 � 8.03, p � 0.02).

Both bioreactors had the same range in biomass
concentrations, yet the mean pH was not significantly different
(F1,47 � 1.20, p � 0.279) between the two bioreactors. In contrast,
mean DO was different (F1,40 � 32.9, p ≤ 0.001) in each bioreactor
with consistently higher DO values in the 10.5 ml bioreactor.

Comparisons of Time Series
Trends in the time series of the 60 ml and 10.5 ml cultures were
somewhat different. For the 60 ml bioreactor, the biomass initially
increased slightly after inoculation then decreased as slow growing
biomass was mixed and diluted, after which biomass remained
steady at 1.32 ± 0.43mgml−1 by day 6.6 (Figure 7A). While
biomass was constant, the DO and pH continually rose. On days
5.5 and 12 (indicated by the black vertical lines in the graph), the
medium bottle was replaced with new medium that was saturated
at a DO of 6 mg L−1, so these peaks in DO were likely the result of
the change in medium bottles and the unavoidable shaking of the
sampling chamber. The same response occurred in preliminary
experiments (not shown).

The low initial biomass in the 10.5 ml system was a result of a
low cell concentration in the inoculum, which increased except
when cells accumulated for a short time in the PDMS filter before
being flushed-out (Figure 7B). However, biomass in the 10.5 ml
bioreactor attained a steady state value of 1.73 ± 0.55 mg ml−1

about the same time as the 60 ml bioreactor (i.e. day 6), although
more variable than in the 60 ml system. DO in the 10.5 ml system
remained steady and relatively high after biomass was constant.
Replacement of the medium bottle on day 11 had no effect on the
DO signal since the sampling chamber was isolated from the
medium line. Biomass concentrations for both 15 day time series
were not different (F1,37 � 0.871, p � 0.357), but the steady state
biomass in the 10.5 ml bioreactor had a higher mean value
(1.73 mg ml−1) than the 60 ml bioreactor (1.32 mg ml−1), which
was statistically different (F1,118 � 5.64, p < 0.001).

Overall, it appears the 10.5 ml system was more effective at
oxygenating the small volume of culture. This implies that the

FIGURE 4 | (A) Calibration of pH after autoclaving once (•) and multiple times (■). The dotted line is a 1:1 relationship; and (B) SFR reflectance in filtered de-ionized
water as a function of the bioreactor volume and path length of the light.

FIGURE 5 | Measurements of pH as a function of DO for the 60 ml
bioreactor (◆) and the 10.5 ml bioreactor (>).
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filter took longer to transfer DO into the larger volume while
higher O2 transfer rates occurred in the smaller volume
bioreactor. Still, the hollow fiber filter maintained DO at
sufficiently high levels for aerobic metabolism in both
bioreactors. When compared to literature values of DO for
steady state S. cerevisiae cultures (Table 2) there were no
significant differences with either the 10.5 ml (df � 71, |t| �
1.75 p � 0.084) or the 60 ml (df � 78, |t| � 0.24 p � 0.808)
bioreactors.

The ratio of DO to biomass in both bioreactors was
significantly different for unsteady state conditions (Table 2),
which is expected given the different initial conditions. The ratio
for steady state conditions was also significantly different between
the 10.5 and 60 ml bioreactors. However, only the DO to biomass
ratio of 10.5 ml bioreactor was significantly different from
literature values of other steady state systems. Even though
these means and distributions at steady state were statistically
different, the 95% confidence limits were not extremely large
(0.2–1.45). Since there were no significant differences in the DO
levels at steady state, changes in the ratios reflect changes in
biomass.

DISCUSSION

Limitations of the Measurements
For the 60 ml bioreactor, OD in the 50 ml sampling chamber
corresponded to a pathlength >14 mm for maximum light
penetration. For the 10.5 ml bioreactor the sampling chamber
volume was 1.5 ml with a pathlength of approximately 1 mm,
which was below the plateau of the 14 mm pathlength. Since
reflectance changes at pathlengths less than 14 mm it is essential
that the volume and pathlength of small sampling chambers
remain constant throughout the experiment otherwise biomass
measurements will be inaccurate and unreliable. This can be
accomplished by maximizing the surface area of the chamber. For
example, a cylindrical sampling chamber would have a volume
(V) equal to its surface area (SA) times sample depth, equivalent
to pathlength (PL) or V � SA*PL. By maximizing the surface area,
the pathlength can be minimized so that small changes in volume
have a minor influence on pathlength. For larger bioreactor
volumes with pathlengths greater than 14 mm, reflectance will
not change with increased volume, however, such systems must
be well-mixed to ensure representative samples.

FIGURE 6 |Measurement of pH verses biomass for the 60 ml bioreactor (◆) and the 10.5 ml bioreactor (>); and (B) DO verses biomass for the 60 ml bioreactor
(◆) and the 10.5 ml bioreactor (>).

FIGURE 7 | Long term time series of DO (•), pH (>), and biomass (⬛) in: (A) the 60 ml bioreactor; (B) the 10.5 ml bioreactor.
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The biomass measurement has special significance for
continuous cultures where both fluid volume and cell biomass
are constant. This is highlighted by the1.5 ml sampling chamber
where pathlength was easily maintained since there was no
headspace and flow in equaled flow out. In contrast, volumes in
batch-fed cultures will increase asmedium is added but not removed.
Volume in batch cultures will remain constant since no medium is
added. Additionally, biomass increases over time in both batch and
batch-fed cultures. These increases in volume and biomass will
reduce the pathlength of light and effect OD measurements,
especially using our optical sensor array. If the dynamic range of
the photodetector is insufficient, even if the pathlength is optimum,
OD measurements can saturate for conventional transmission
measurements. This problem is averted for the optical sensor
array. The optical array also has the advantage that dissolved
oxygen and pH are non-invasively measured therefore this optical
method does not influence hydrogen ion or oxygen concentrations
in the bioreactor. Electrode sensors have permeable membranes and
consume oxygen and hydrogen ions to determine their
concentrations. In large volume bioreactors these probes have a
negligible effect on solution concentrations but this may not be the
case for small volume bioreactors. Further, Aroniada et al. (2020)
cautioned that the use of membrane DO probes have slow response
times at high DO levels which increase when DO tends to zero. The
use of the optical array eliminates these types of variability.

Comparison of Bioreactor Configurations
Generally, hollow fiber filters have high oxygen transfer rates
(Granata et al., 2021). PDMS filters have been shown to have
higher oxygen transport rates than stirred reactors at lower shear
rates (Orgill et al., 1996). Themajor difference in the configurations
of the 60 ml and 10.5 ml bioreactors, was in the later the PDMS
filter functioned as the growth chamber reducing the total volume
of the bioreactor system. One draw-back of the PDMS filter is its
construction. It allowed cells to accumulate at the ends of the
bioreactor where the filter diameter increases, resulting in a larger
cross-sectional area and consequently a reduction in velocity. This
allowed cells to sediment-out at the extreme ends of the filter.
However, cells eventually were entrained in the flow and were
sampled by the optical array, resulting in some variation in cell
biomass over time, which is especially evident in the 1.5 ml
sampling volume, but not in the 50 ml sampling volume.

The development of the 1.5 ml plastic, sampling chamber also
reduced the system volume. Additionally, this sampling chamber
was 3-D printed so that different designs and materials could be
easily printed and tested. The innovative combination of the
hollow fiber filter, as the bioreactor, and the small volume
sampling chamber eliminated the need for the large chamber,
significantly reducing the total system volume.

Yeast Metabolism
Saccharomyces cerevisiae can metabolize glucose by aerobic
respiration consuming 1 mole of O2 and producing 1 mole of
CO2. However, cells can switch to a mixed respiro-fermentative
metabolism, resulting in carbon partitioned between CO2 and
ethanol production with lower concentrations of volatile organic
acids (Whiting 1976). Switching from strict obligate aerobes to
facultative anaerobes is determined by glucose concentrations
>10 g L−1 (Pejin and Razmov, 1993; Hagman and Piškur 2015),
dilution rates (i.e. growth rates) ≥ 0.28 h−1 (Van Hoek et al., 1998;
Jouhten et al., 2008; Hagman and Piškur 2015) and by oxygen
levels <1.7 mgO2 L

−1 (Jouhten et al., 2008). Otterstedt et al. (2004)
found that aerobic metabolism of Saccharomyces cerevisiae can be
reduced for glucose concentrations >40 g L−1 in the presence or
absence of oxygen, a phenomenon known as the Crabtree effect.

Since we did not measure CO2 directly, nor were ethanol and
volatile acids determined, we cannot conclude that pH changes
were solely caused by aerobic respiration of CO2. Thus, two
alternatives can explain the decreases in DO and concomitant
decreases in pH, respiro-fermentation and aerobic respiration.

Peña et al. (2015) showed that S. cerevisiae growth rates in
shaken flasks were optimum at pH � 6 but were reduced 20% at
pH’s of 4 and 7. At pH’s of 8 and 9, growth rate was severely
reduced. In terms of carbonate chemistry, they found at pH � 6, 80%
of the total CO2 produced by respiration was dissolved and only 20%
of the carbon (C) was fixed into metabolites. In contrast, at pH � 8,
the opposite was found, 20% C was dissolved and 80% C was fixed,
which was also reflected in uptake of labelled leucine into proteins.
We found only small changes in pH in both bioreactors as steady
state was reached, which did not inhibit cell growth. The fact that pH
in both the 60ml and 10.5 ml bioreactors hovered near 6, suggests
that cells were aerobic and C-CO2 dominated pH measurements.
This is supported by the data of Hagman and Piškur (2015). For the
same glucose concentration as in our bioreactors, they reported no

TABLE 2 | S. cerevisiae cultures in both bioreactors and from the literature.

Cultures System DO
(mg L−1)

Biomass
(g L−1)

DO/Biomass
(mg g−1)

References

UnSS 10.5 ml 5.0 ± 0.4 1.1 ± 0.6 7.5 ± 6.6A This study
UnSS 60 ml 4.2 ± 0.1 1.8 ± 0.4 2.1 ± 0.5A This study
SS 10.5 ml 4.8 ± 0.2 2.1 ± 0.2 2.3 ± 0.03B,C This study
SS 60 ml 4.7 ± 0.2 1.32 ± 0.05 3.3 ± 0.3B This study
SS CSTR 4.4 ± 1.9 1.9 ± 1.4 3.5 ± 3.2B,C Granata et al. (2021)

Jouhten et al. (2008)
Lee et al. (2003)
Peddie et al. (1991)

A Un-steady state (UnSS) ANOVA, comparison of 60 ml versus 10.5 ml, F1,52 � 30.6, p < 0.001.
B Steady state (SS) ANOVA, comparison of all systems F2,140 � 39.5, p < 0.001.
C Significant differences between SS, systems, p ≤ 0.01.
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ethanol was produced and the respirator quotient (RQ) of O2:CO2

was 1, indicating aerobic respiration. Given the high DO levels with
the PDMS filter and the optimal pH level with no large variations in
biomass, we suggest that conditions in the bioreactors promoted
aerobic respiration, ensuring yeast cells completely metabolize
glucose (Rienger et al., 1983).

Another factor that may indicate cells were undergoing aerobic
respiration is based on the ratio of DO to biomass. The DO to
biomass ratio for the 60 ml bioreactor was comparable to the
literature values for Saccharomyces cerevisiae at low growth rates
(0.1-0.2 h−1) and aerobic conditions (RQ ≈ 1). In contrast, this ratio
was slightly lower for the 10.5 ml bioreactor, indicating that higher
biomass can be supported at the same DO levels as conventional
bioreactor systems. However, further research is needed with these
small bioreactors under the same environmental conditions to
understand the complex metabolism of S. cerevisiae and to
distinguish aerobic respiration from respiro-fermentativemetabolism.

Space Applications
Yeast have been an ideal model to studymutations and nucleic acid
repair of radiation-induced lesions in microgravity space
experiments (Levy et al., 2012). While early experiments had
short exposure time over a few generations, more interest has
focused on long-term space exploration that can be related to
effects on astronauts (Kiefer and Pross 1999). Most space
experiments on microorganisms have been conducted in
bioreactors in low Earth orbit (Walther 2002; Nickerson et al.,
2004). One of the first yeast bioreactors was produced by our Space
Biology Group at the Swiss Federal Institute of Technology in
Zurich (ETHZ), which consisted of a 345 ml bioreactor (Walther
et al., 1994). This system was used to study yeast budding at
different growth rates with cell divisions from 2 days−1 to
0.38 days−1 aboard SpaceLab (Walther et al., 1996).
Unfortunately, only 100 ml of medium was used in this system,
which limited division rates and hence total generations in the 8-
days experiments. Fukuda et al. (2000) and Takahashi et al. (2001)
were able to grow yeast for up to 10 generations aboard MIR.

More recently, Nislow et al. (2015) used three cascading (i.e. in
series) batch reactors aboard the International Space Station to
extend yeast growth to 20 generations and foundDNAdamage and
negative effects on cell reduction-oxidation. The BioSensor
bioreactor (Padgen et al., 2021) will be one of the first to
monitor yeast cells out of low Earth orbit when it launches in
late 2021. The BioSensor can measure trends in reduction-
oxidation potential and optical density (i.e. biomass) of cell
cultures reconstituted from dried yeast. Cultures are isolated in
chambers that are filled with oxygenated medium (Santa Maria
et al., 2020). This configuration limits cell aeration and cannot be
operated in steady state for continuous cultures. Given amaximum
chamber volume of 28.8 ml (not including tubing) and amaximum
medium volume of 424 ml (after filling all chambers), cultures are
limited to approximately 21 generation times before nutrients are
depleted. In contrast, our systems are capable of producing 100
yeast generations since steady state biomass can bemaintained, and
even longer generation times if more medium can be supplied.

Additionally, our system will sample not only biomass but also
pH and oxygen, advancing the previous yeast bioreactor design of

the Space Biology Group (now the Space Science Hub www.
spacehub.uzh.ch). The innovation of the PreSens optical array
allowed cell metabolism to be monitored in a non-invasive way
that complimented the 10.5 ml system. The next step will be to
substitute miniature peristaltic and valves to reduce the hardware
size. One of the most significant consequences of the reduced
bioreactor size is that a 2-L containment volume, which is
specified for upcoming space missions will not be completely
occupied by the bioreactor hardware. This leaves more space for
other containers and experiments. For example, the addition of a
larger medium container would allow cells to be grown longer,
resulting in more generations exposed microgravity and radiation.
Different containers for treatments could be added to study the
effects of different stressors on cells under space conditions for
extended missions.

In summary, the PDMS bioreactor in-line with the SFR vario
optical array can maintain cells in aerobic environments with steady
state growth rates for extended generations times to monitor cell
metabolism and the effects of radiation and microgravity for long-
term space exploration. The current 10.5 ml system will be improved
by reducing the size of the fluidics hardware and the optical array so
that the volume of medium can be increased to prolong a variety of
experiments. The system will be ready for deployment in upcoming
Lunar and Martian missions to study how microbial bioreactors can
be utilized to produce biomaterials, including carbon fiber (Mathijsen
2020), bioplastics (Ross et al., 2016), bioconcrete (Rosas et al., 2020),
food and health stuffs (DuFossé and Fouillaud 2019), and in waste
remediation and life support for space stations such as the biologically
oriented MELiSSA program (ESA 2019).
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