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ARTICLE INFO ABSTRACT

Key words:

Characterization of cultivation parameters at screening scale is essential for transfer to production systems,

kia particularly with respect to gas transfer efficiency, expressed as the volumetric oxygen transfer coefficient (kya).
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In this work, the Oy downregulation mode of the commercially available high-throughput screening platform
BioLector was repurposed and shown to be suitable for determining kja using the physical gassing-out method.
As an example, the influence of liquid filling volume in microtiter plates, shaking frequency and aeration rate on

kia was investigated, resulting in values of up to 6 h™! under the tested conditions. Overall, this semi-automated
approach allows kja characterization with little manual effort and supports process transfer between cultivation
systems by enabling oxygen transfer conditions in BioLector experiments to be considered during scale

translation.

1. Introduction

Process transfer between screening and production platforms is a
routine task in bioprocess engineering. Achieving comparable process
performance across scales, from shaken to stirred bioreactors, requires
consideration of various factors such as power input and gas-liquid mass
transfer [1,2]. In particular, for cultivations with specific demand for
gaseous substrates, such as oxygen, knowledge and maintenance of gas
transfer efficiency, described by the volumetric gas transfer coefficient
kia, are essential to ensure transferability of process performance from
screening to production platforms, yet this parameter is frequently
overlooked in screening experiments conducted in microtiter plates
(MTP) and shake flasks [3-6].

Among the available approaches, the dynamic gassing-out method is
one of the most widely used methods for kja determination [2,7]. This
biological approach determines k;a under oxygen-consuming conditions
by temporarily interrupting aeration to estimate the cellular oxygen
uptake rate and evaluating the dissolved oxygen tension (DOT) increase
during re-aeration [8]. In contrast, the physical gassing-out method
determines kja starting from oxygen-free conditions by prior deoxy-
genation of the liquid, typically using an inert gas, and derives ka from
the DOT increase during reoxygenation [9]. This approach has previ-
ously been demonstrated in MTP systems by Fisher et al. [10]. The time
efficiency of performing the physical gassing-out method depends on the
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rate of de- and reoxygenation and on whether the transition between
oxygen-containing and inert gas is performed manually or
automatically.

Real-time monitoring of microbial cultivations in shaken MTP was
enabled by an approach originally introduced by Samorski et al., which
was later translated into the commercially available BioLector (m2p-
labs, Aachen, Germany; now part of Beckman Coulter Life Sciences,
Brea, CA, USA) [11]. This screening platform allows online monitoring
of biomass via backscatter, fluorescence, pH, and DOT during incuba-
tion. In addition, multiple gas supply modes designed for biological
process control, including air supply for standard aerobic cultivations,
anaerobic operation with Nj for anaerobic cultivations, CO, upregula-
tion for COj-dependent metabolisms, O3 upregulation for
high-oxygen-demand microorganisms and O, downregulation via air
and N3 mixing to establish microaerobic environments, are provided.

Here, we demonstrate that the gas supply mode originally intended
for Oy downregulation can be repurposed for kja determination by
applying the physical gassing-out method. By programming time-
dependent changes in the oxygen fraction via the BioLector control
software, deoxygenation and reoxygenation can be executed in an
automated and reproducible manner. This repurposing enables semi-
automated kja determination in shaken MTP, while allowing dynamic
variation of temperature, aeration rate and shaking frequency within a
single structured protocol, as well as adjustment of filling volumes
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across the MTP.
2. Methods
2.1. Media

The composition of the incubation medium, developed as a pro-
duction medium for malic acid with Aspergillus oryzae, was previously
described by Kovilein et al., modified by Hartmann et al. and consisted
of 120 g L' glucose monohydrate, 1.2 g L™ (NH4)2SO4, 0.1 g L™}
KH,PO4, 0.17 g L' K,HPO,, 0.1 g L™' MgSO47H0, 0.1 g L7*
CaCly-2H,0, 5 mg L™! NaCl, 60 mg L™} FeSO47H50, 44 mg L*
ZnS04-7H,0, and 20 pg L1 biotin [12,13]. All components were pre-
pared using demineralized water. Glucose monohydrate as well as the
salt solution containing (NH4)2SO4, KHoPO4, KoHPO4, NaCl and the
antifoaming agent Contraspum A 4050 HAc (Zschimmer & Schwarz
GmbH, Lahnstein, Germany) were sterilized separately by autoclaving at
121 °C, 1 bar for 20 min. The antifoam agent was added to the salt so-
lution prior to autoclaving, corresponding to 100 pL for a total medium
volume of 1.4 L. Stock solutions of MgS04-7H50, CaCly-2H50, FeS-
04-7H20, ZnSO4-7H,0 and biotin were prepared separately, sterilized
by filtration with a pore diameter of 0.2 um and added aseptically after
cooling. The FeSO4-7H>0 stock solution was prepared by dissolving it in
0.1 M HySO4. The pH of the complete medium was adjusted to
7.00 £+ 0.05 using NaOH and H3PO4 at 35 °C prior to dispensing.
Depending on the experimental condition shown in Fig. 1 and Fig. 2,
different liquid filling volumes were dispensed into the MTP wells.

2.2. BioLector set-up and operating conditions

Experiments were performed using a BioLector system (BioLector XT
with Microfluidic XT), with protocols defined via the BioLection soft-
ware (V. 5.7.1.0). The 48-well FlowerPlate MTP (M2P-MTP—48-BOH2)
was aseptically filled and sealed according to the manufacturer’s in-
structions using a gas-permeable foil (M2P-F-GP—10) and a silicone
sealing foil (M2P-F-RSXT—10). Humidity control was enabled during
incubation, while temperature was maintained constant at 35 °C, the
orbital diameter was 3 mm and both shaking frequency and aeration
rate during Oy downregulation gassing were varied according to the
experimental protocol. DOT was measured with optodes and expressed
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as a percentage, where 100% corresponds to saturation with pure oxy-
gen in the gas phase. Accordingly, air saturation corresponds to
approximately 21% of this value.

2.3. Automated deoxygenation-reoxygenation protocol

At the beginning of the automated protocol, as shown in Table 1, the
O, downregulation (air:Ng) gassing mode was selected. Subsequently,
shaking frequency and aeration rate were adjusted to the maximum
values permitted for the respective filling volumes to ensure that air
saturation was reached within 2 h. The oxygen fraction was then set to
the minimum achievable value of 1% while maintaining maximum
shaking frequency and aeration rate to achieve rapid deoxygenation.
Thereafter, shaking frequency and aeration rate were set to the values
for which kja was to be determined, and the oxygen fraction was reset to
21% to initiate reoxygenation. Subsequently, deoxygenation and reox-
ygenation phases were alternated, with deoxygenation performed for
1h under the previously described conditions followed by 1h of
reoxygenation.

Since the minimum oxygen fraction achievable in the BioLector Oz
downregulation mode was 1%, complete deoxygenation was not ach-
ieved prior to reoxygenation; however, kja was determined from the
slope of the linearized reoxygenation curve and was therefore inde-
pendent of the initial DOT level.

2.4. Methodological considerations

Gas exchange occurs via the gas-permeable sealing foil covering the
microtiter plate, while the wells are not directly sparged, resulting in an
aeration principle comparable to shake flask cultivation. The gas at-
mosphere is distributed across the plate chamber, and potential mass
transfer resistance introduced by the sealing foil is inherently included
in the determined kia values.

A potential source of systematic deviation arises from the upstream
water bottle used for gas humidification, which can act as an additional
oxygen buffer during deoxygenation and reoxygenation. This effect was
assessed by comparing k;a measurements obtained with dry and hu-
midified air under identical operating conditions. At an aeration rate of
100 mL min ! and a shaking frequency of 900 rpm, kia values deter-
mined with dry air were approximately 5% higher than those obtained
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Fig. 1. Automated alternating deoxygenation and reoxygenation sequence used for k;a determination at successive shaking frequencies. Incubation in 48-well
FlowerPlate MTP with 0.6 mL, pH 7.00, 35 °C and an orbital diameter of 3 mm, with 25 mL min~' air during 1 h oxygenation at the indicated shaking fre-
quencies and 100 mL min ! air:N, mixture containing 1% O at 1300 rpm during 1 h deoxygenation. Humidity control was enabled. k.a was determined from the
linear phase of In(DOT*-DOT) following the switch to air. Data represent means + standard deviations of 5 replicate wells. Standard deviations are illustrated only

for DOT measurements and are shown as blue shaded areas.
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Fig. 2. kja as a function of shaking frequency and aeration rate for different filling volumes determined using the O, downregulation method in 48-well FlowerPlate
MTP. Incubation with pH 7.00, 35 °C, with an orbital diameter of 3 mm, with air during 1 h oxygenation at the indicated shaking frequencies and aeration rates and
100 mL min~! air:N, mixture containing 1% O, at 1300 rpm during 1 h deoxygenation. Humidity control was enabled. 13 shaking frequencies ranging from 100 to
1300 rpm were tested in combination with 4 filling volumes and 3 aeration rates of 25, 50 and 100 mL min~" air, resulting in a total of 156 conditions with 5-6
replicates per condition. Both graphs show the same dataset rotated to enhance visualization of the multidimensional parameter space. Data represent means

of replicates.

Table 1

Schematic representation of the automated deoxygenation-reoxygenation pro-
tocol. Within the BioLection software, humidity control was enabled and tem-
perature was set to a constant value. For the gassing mode, O, downregulation
using an air:N, mixture was selected. Shaking frequency and O concentration in
the inlet gas were set as variable values. The protocol shown corresponds to the
measurements presented in Fig. 1.

Time of Shaking Time of Aeration Concentration of
shaking frequency aeration rate 0O [%]
[h] [rpm] [h] [mL

min 1]
0 1300 0 100 21
2 1300 2 100 1
3 100 3 25 21
4 1300 4 100 1
5 200 5 25 21
6 1300 6 100 1
7 300 7 25 21
8 1300 8 100 1
9 400 9 25 21
10 1300 10 100 1
11 500 11 25 21
12 1300 12 100 1
13 600 13 25 21
14 1300 14 100 1
15 700 15 25 21
16 1300 16 100 1
17 800 17 25 21
18 1300 18 100 1
19 900 19 25 21

with humidified air, a deviation that was accepted in the following
measurements to minimize evaporation.

2.5. Calculation of kia

The calculation of kia from the increase in DOT was performed
during the reoxygenation phase according to the description provided
by Hartmann et al. [14]. DOT*, as shown in Eq. 1, represents the DOT
value at air saturation and is determined at the end of the initial 2 h
oxygenation phase. Accordingly, plotting In(DOT* — DOT) versus time t
during reoxygenation results in a linear relationship with a slope cor-
responding to —k;a.

In(DOT* — DOT) = —kya t+In(DOT") €}

All data processing was performed using Microsoft Excel (V. 2108,
Microsoft Corporation, Redmond, WA, USA).

3. Results & Discussion

Fig. 1 illustrates the determination of k;a as an example for a specific
set of operating conditions. During the first 2 h, the system was operated
at maximum shaking frequency and aeration rate to ensure that the DOT
value at air saturation DOT* was reached within the predefined time
frame. Subsequently, alternating deoxygenation and reoxygenation cy-
cles with a duration of 1 h each were applied. At low shaking frequencies
of 100 and 200 rpm, the DOT initially increased only slowly before
exhibiting a sudden rise. This behavior is likely caused by insufficient
bulk mixing at low shaking frequencies, resulting in diffusion-
dominated oxygen transport rather than convective mass transfer.
Since the wells were not directly sparged and oxygen transfer occurred
via surface aeration from the well headspace, an oxygen concentration
gradient likely developed within the liquid column under these condi-
tions. The delayed increase in the measured DOT likely reflects the time
required for this diffusion front to reach the sensor location at the bot-
tom of the well.

Fig. 2 shows the multidimensional dependence of kja on shaking
frequency, aeration rate and liquid filling volume in a 48-well MTP.
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With respect to shaking frequency, kia was very low at low shaking
frequencies, indicating diffusion-dominated oxygen transfer due to
limited liquid motion. A pronounced increase in kja occurred above
500 rpm, followed by a plateau at higher shaking frequencies. This
behavior suggests that the effective gas-liquid interfacial area reaches a
saturation limit at high shaking frequencies, rendering further increases
in shaking frequency ineffective for enhancing oxygen transfer. Another
plausible explanation is that the observed plateau is influenced by hy-
drodynamic effects related to out-of-phase operating conditions, as
originally described by Biichs et al., in which the liquid no longer follows
the shaker motion in phase, resulting in a reduced effective transfer of
mechanical energy to the liquid [15]. Such conditions have been re-
ported to occur at higher shaking frequencies, which correspond to the
regime in which the kja plateau was observed in the present study, in
combination with small shaking diameters, as used in the BioLector
system, baffle-like vessel geometries, as mimicked by the FlowerPlate
well design, and increased liquid viscosity, which is plausible due to the
high glucose concentration of the medium. In contrast to the plateau in
kia observed at higher shaking frequencies, kja increased with aeration
rate across the entire investigated range without reaching a plateau at
the maximum aeration settings of the device. With respect to liquid
filling volume, overall differences in k;a were small across the investi-
gated parameter space. At low shaking frequencies, however, the
smallest filling volume of 0.6 mL exhibited slightly higher kja values
than larger volumes, likely because even low shaking frequencies were
sufficient to induce slow liquid motion at smaller volumes, whereas
larger filling volumes remained largely diffusion-dominated.

Previous studies report kia values covering a wide numerical range,
including approximately 4-88 h™! reported by Fisher et al. and
10-40 h™! reported by John et al., with which the values determined in
the present study partially overlap, supporting the plausibility of the
obtained kpa range; however, their data were obtained using different
cultivation devices and determination methods and are therefore not
directly comparable [10,16-19].

4. Conclusion

This study presents a rapid approach for kja determination in the
BioLector screening platform that requires only minimal operational
effort. By repurposing the O downregulation gassing mode, kja can be
determined within a semi-automated workflow without additional
hardware or complex experimental procedures. The method enables
systematic and high-throughput characterization of oxygen transfer
across multiple operating parameters, facilitating improved compara-
bility between screening and larger-scale cultivation platforms.
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