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ABSTRACT
To increase the information content in early stages of bioprocess development, various technologies have been introduced for 
monitoring cultivations in microtiter plates (MTPs). Besides spectroscopical measurements, like in the BioLector technology, 
optical measurements with luminescent sensors, placed directly in the cultivation medium, became widely established. 
Monitoring the oxygen transfer rate (OTR) is a key technology for bioprocess development, as it allows mass balancing. At the 
same time, it is a criterion for a rational scale‐up of cultivations. Although this technology has recently been transferred to 
monitoring of OTR in 96‐well MTPs, monitoring of other parameters like carbon dioxide transfer rate (CTR) in individual wells 
was so far impossible. In this study, the preparation and integration of novel CO2‐sensitive fluorescent sensors into the micro 
(µ)‐scale Transfer rate Online Measurement device (µTOM) is reported, that rely on spectrally compatible diketopyrrolopyrrole 
indicator dye. By including 48 CO2 and 48 O2 sensors, the 96‐well sensor layout of the µTOM allows for simultaneous 
measurement of CTR and OTR in separate replicate wells and the calculation of 48 respiratory quotients (RQs). Additionally, to 
reduce the overall media consumption, liquid filling volumes between 0.2 and 0.5 mL were applied. The first‐ever parallel 
monitoring of the OTR, CTR, and RQ in one MTP during cultivations of Hansenula polymorpha RB11 pC10‐FMD (PFMD‐GFP) 
and E. coli BL21(DE3) pRotHi‐YFP are presented. The interpretation of the RQ allowed distinguishing between the oxygen‐ 
unlimited growth of Hansenula polymorpha on glucose, as well as the accumulation and consumption of ethanol. Furthermore, 
the RQ was used to identify the sequential consumption of glucose and glycerol by E. coli BL21(DE3) in Wilms‐MOPS 
autoinduction medium. Thus, the additional online parameters, CTR and RQ, extend the possibilities for early‐stage bioprocess 
development at MTP‐scale.

1 | Introduction 

As state‐of‐the‐art, screening experiments and early process 
development are performed in microbioreactors. Several case 
studies were published, showing the potential of microbioreactors 

in accelerating and cutting the costs of bioprocess development 
(Hemmerich et al. 2018; Lye et al. 2003). The success of micro
bioreactors is directly linked to novel analytical technologies, 
allowing for monitoring the performed cultivations. Besides online 
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spectroscopical measurements like in the BioLector technology 
(Kensy et al. 2009; Samorski et al. 2005), fluorescence sensor spot‐ 
based technologies are widely established for online monitoring. 
Typical parameters measured with sensor spots are, for example, 
dissolved oxygen tension (DOT), dissolved carbon dioxide (DCO2), 
and pH. Broad overviews of established microbioreactor systems 
(Teworte et al. 2022) and applied optical sensor technologies have 
recently been published (Gruber et al. 2017).

The respiration activity is one of the most frequently measured 
parameters in all stages of bioprocess development. This 
parameter can directly be measured via off‐gas analysis in the 
form of the oxygen transfer rate (OTR) and carbon dioxide 
transfer rate (CTR) or indirectly as the dissolved oxygen tension 
(DOT) in aqueous fermentation media. The respiration activity 
is directly correlated to biomass growth and product formation 
and is influenced by sub‐optimal cultivation conditions, for 
example, pH‐inhibition, substrate limitations, and oxygen lim
itation. Hence, the respiration activity is commonly used for 
process development and as a scale‐up criterion (Anderlei et al. 
2004; Müller et al. 2019).

From a combined measurement of the OTR and CTR, the 
apparent respiratory quotient (RQ = CTR/OTR) can be calcu
lated. The RQ allows to characterize the metabolic activity of 
microorganisms with respect to the degree of reduction of the 
carbon source. Hence, diauxic growth on multiple substrates 
can be detected online. Furthermore, if the stoichiometry of the 
microbial metabolism is known, online identifying the con
sumed substrate is possible (Anderlei et al. 2004; M. J. Müller 
et al. 2018). In the case of oxygen‐limited cultivation conditions, 
microorganisms like yeasts can switch to partially anaerobic 
metabolism, producing highly reduced by‐products, such as 
ethanol (Stockmann et al. 2003) or 2,3‐butandiol (Heyman et al. 
2019). Under oxygen limitation, the measured OTR remains 
more or less constant. The formation of reduced by‐products 
leads to increased RQ values > 1. Vice versa, the consumption 
of reduced by‐products results in RQ values < 1 (Stockmann 
et al. 2003).

By reengineering the Respiration Activity Monitoring System 
(RAMOS) for shake flasks, Flitsch et al. (2016) were able to 
monitor the oxygen transfer rates in each well of 48‐well mi
crotiter plates (MTPs), using oxygen‐sensitive sensor spots in 
the headspace of the wells (Flitsch et al. 2016). In 2022, Dinger 
et al. published the µTOM technology, allowing OTR mea
surements in 96‐deepwell MTPs, using miniaturized opto
electronics (Dinger et al. 2022). However, compared to the 
RAMOS for shake flasks, the mentioned MTP systems lack the 
possibility to measure the CTR in parallel.

The optoelectronic sensor module of the µTOM measures the 
luminescence lifetime of the indicator dye contained in the 
sensor spot. The sensor spots are excited using LEDs emitting 
sinusoidal‐modulated red light (610–630 nm) (Borisov et al. 
2008). The emission of the sensor follows the excitation modu
lation. However, the emission is delayed due to the lifetime of the 
luminophore of the sensor. The delay is measured as the phase 
angle between the sinusoidal excitation and emission. In the case 
of the O2‐sensitive sensor spots applied in the µTOM device, the 
lifetimes of the luminophore significantly exceed 1 µs and can, 

therefore, be detected by miniaturized, and inexpensive instru
mentation (Dinger et al. 2022; Lippitsch et al. 1988).

To establish the CO2 measurement in the µTOM, a novel sensor 
system is required to meet the spectral requirements of the 
optoelectronics. Analogously to optical oxygen sensors, carbon 
dioxide concentrations can also be measured via luminescence 
(Liu et al. 2010; Mills and Chang 1993). However, these sensors 
utilize fluorescent pH indicators as transducers, that possess 
lifetimes in the nanosecond range. Unfortunately, these cannot 
be directly measured by the current setup of the µTOM device 
and require more sophisticated instrumentation, such as con
focal laser scanning microscopes (Gruber et al. 2017). Moreover, 
many indicator dyes show “on”–“off” behavior, where a strong 
change in the luminescence intensity is not accompanied by 
any significant change in the decay time. In the µTOM device, 
CO2 monitoring via phase angle measurements is possible by 
applying the dual lifetime referencing (DLR) method that has 
been described in detail in the literature (Huber et al. 2001). 
Briefly, apart from the fluorescent indicator, the composite 
material also contains an inert reference (typically, a metal‐ 
organic dye or an inorganic phosphor) with the luminescence 
decay in the microsecond time domain. The intensity of the 
sensing dye significantly changes in the presence of CO2, 
whereas the reference material gives a constant signal. Conse
quently, the measured phase shift depends only on the ratio of 
intensities of the indicator and the reference material and thus, 
on the CO2 concentration. Evidently, to enable CO2 measure
ment in the µTOM device, it is essential to find a suitable 
“sensing chemistry” (i.e., the indicator dye and the reference 
material) that is spectrally compatible with the opto‐electronics 
of the device. Advantageously, several reported fluorescent CO2 

indicators were demonstrated to be in principle compatible with 
the red‐light excitation (Pfeifer et al. 2018; Rappitsch et al. 2020; 
Schutting et al. 2015). Also, robust inorganic phosphors, such as 
calcium copper silicate (Egyptian blue) (Borisov et al. 2013) and 
chromium(III)‐activated gadolinium aluminum borate, show 
suitable spectral properties and thus, can be used as a reference 
in the DLR read‐out scheme (Borisov et al. 2010). For this study, 
a new diketopyrrolopyrrole indicator (Supporting Information 
1) has been synthesized. It relies on a biphenyl‐substituted 
chromophore (Schutting et al. 2013), which is alkylated in one 
position with 4‐tert‐butyl‐benzyl substituent similarly to the 
published compound (Schutting et al. 2014). The experimental 
details and analytical data are provided in the Supporting 
Information 1–3.

This work introduces preparation, integration, and calibration 
of the new CO2‐sensors in the µTOM device. With the inte
gration of the novel combined O2‐ and CO2‐sensor layout in the 
µTOM device, the first ever high throughput online measure
ment of RQs in 48 duplicate cultivations was established. 
Finally, combined OTR and CTR measurements in yeast and 
bacterial cultures are presented.

2 | Materials and Methods 

2.1 | CO2 Sensing Material 

For this study, a new diketopyrrolopyrrole indicator (Supporting 
information 1) has been synthesized. It relies on a biphenyl‐ 
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substituted chromophore (Schutting et al. 2013), which is alky
lated in one position with 4‐tert‐butyl‐benzyl substituent similarly 
to the published compound (Schutting et al. 2014). The experi
mental details and analytical data are provided in the Supporting 
Information.

CO2 sensing foil was prepared by dissolving/dispersing 0.5 mg 
of the indicator, 500 mg ethyl cellulose (49% ethoxyl), 12.5 µL of 
tributylphosphate, 20 µL tetraoctylammonium hydroxide 
(TOAOH, 20% wt solution in methanol), and 20 mg of Egyptian 
blue pigment in 900 mg of toluene:ethanol (3:2 v/v) mixture. 
This “cocktail” was knife‐coated on a poly(ethylene tereph
thalate support) and after solvent evaporation, an additional 
protective layer (Fritzsche et al. 2017) composed of Hyflon AD 
60 and Fomblin Y (9:1 w/w) was added.

2.2 | Microtiter Plates and Shake Flasks 

All cultivations in the µTOM device (Dinger et al. 2022) were 
conducted in 96‐deepwell MTP (Riplate RW, 2.0 mL round 
deepwell plate, HJ‐BIOANALYTIK GmbH, Erkelenz, Germany). 
For sterility, the MTP was covered with a gas‐permeable sealing 
film (AeraSealTM, Sigma‐Aldrich Chemie GmbH, Taufkirchen, 
Germany).

All shake flask experiments were performed in modified 250 mL 
RAMOS shake flasks and monitored in an in‐house built RA
MOS device. The RAMOS technology for shake flasks is com
mercially available as TOM device from Kuhner AG (Birsfelden, 
Switzerland) or RAMOS from HiTec Zang GmbH (Herzogenrath, 
Germany).

For this study, two different microorganisms were cultivated: 
E. coli BL21(DE3) pRotHi‐YFP and Hansenula polymorpha 
RB11 pC10‐FMD (PFMD‐GFP).

2.3 | Media and Cultivation Conditions 

Precultures of all microorganisms were cultivated in 250 mL 
shake flasks. The standard filling volumes were 10 mL, and all 
flasks were shaken at a frequency of n = 350 rpm and a shaking 
diameter of d0 = 50 mm.

According to the literature (Ihling et al. 2018; Rahmen et al. 
2015), two precultures were performed for E. coli BL21(DE3) 
pRotHi‐YFP. The first preculture was conducted in terrific broth 
(TB) (Ihling et al. 2018) and inoculated with 100 µL from a 
cryoculture. The subsequent second preculture was inoculated to 
an initial OD600 of 0.1 from the first preculture. A non‐inducing 
Wilms‐MOPS mineral medium was used as a cultivation 
medium (Wilms et al. 2001). The non‐inducing Wilms‐MOPS 
medium contained 20 g·L−1 glucose as a single carbon source, 
200 mM MOPS buffer and 0.5 mg·L−1 kanamycin (initial pH 7.5).

All monitored maincultures were inoculated with an initial 
OD600 of 0.1 from the second preculture. The cultivations were 
carried out in a modified Wilms‐MOPS autoinduction medium. 
Instead of 5 g·L−1 Glycerol (Ihling et al. 2018; Rahmen et al. 
2015), the modified Wilms‐MOPS autoinduction medium 

contained only 4 g·L−1 glycerol, 2 g·L−1 lactose, and 0.5 g·L−1 

glucose. Furthermore, 0.5 mg·L−1 kanamycin was added, and the 
initial pH was adjusted to 7.5 with 5 M NaOH. The filling volume 
in each of the 96 wells in the MTP (Riplate RW, 2.0 mL round 
deepwell plate, HJ‐BIOANALYTIK GmbH, Erkelenz, Germany) 
was 0.5 mL, whereas the RAMOS shake flasks were filled with 
10 mL of medium. Due to the medium's sufficient buffer capac
ity, the pH was not controlled. The cultivation temperature was 
set to 37°C. For cultivations in both, the µTOM (MTP) and 
RAMOS (shake flasks) devices, a shaking frequency of n = 350 
rpm and a shaking diameter of d0 = 50 mm were used.

The preculture of H. polymorpha RB11 pC10‐FMD (PFMD‐GFP) 
was performed in Yeast Extract‐Peptone‐Glycerol (YPG) medium 
(Ausubel et al. 1989) containing 10 g·L−1 glycerol. The initial 
pH was set to 6.5 with 5 M NaOH, and the medium was inocu
lated with 100 µL from a cryoculture. The subsequent mainculture 
was inoculated with an initial OD600 of 0.05 in Yeast Extract‐ 
Peptone‐Dextrose (YPD) medium containing 20 g·L−1 glucose 
(Ausubel et al. 1989). The initial pH was set to 6.5 with 5 M NaOH. 
In one MTP experiment, cultivations with filling volumes of 0.2, 
0.4, and 0.5 mL were carried out in replicates of 24. The cultivation 
temperature was set to 37°C, a shaking frequency of n = 350 rpm 
and a shaking diameter of d0 = 50 mm were used.

2.4 | Measurement Conditions in the µTOM and 
RAMOS Devices 

The flow and stop phase duration for all cultivations conducted 
in the µTOM and RAMOS devices were set to 20 and 10 min, 
respectively (Anderlei and Büchs 2001; Anderlei et al. 2004; 
Schulte et al. 2018).

The flow of air into the measurement compartment of the µTOM 
was controlled to 2 volume air per volume of medium per minute 
(vvm). As the volume of the liquid medium, the total filling 
volume of the MTP was considered. A specific aeration rate of 
2 vvm was set in reference to the total filling volume of the MTP. 
Thus, the total flow of air (V ) into the measurement compart
ment of the µTOM was set to 96 SmL·min−1 for an equal liquid 
filling volume of 0.5 mL in each well. For cultivations with an 
equal distribution of 0.2, 0.4, and 0.5 mL liquid filling volumes 
(24 wells each), the total filling volume of the MTP was 35.2 mL. 
Hence, the total flow of air was controlled to 70.4 SmL·min−1 to 
set a specific aeration rate of 2 vvm within the measurement 
compartment of the µTOM.

To ensure comparability between MTP and shake flask, the aeration 
rate in all cultivations conducted in the RAMOS device was set to 
2 vvm for a fixed standard liquid filling volume of 10 mL.

All cultures were shaken and incubated in an incubation shaker 
(ISFX‐1, Kuhner Shaker GmbH, Herzogenrath, Germany).

2.5 | Offline Analysis 

2.5.1 | Optical Density 

The initial optical density (OD600) of each culture was 
measured using a spectrophotometer (GENESYS 20 Visible 
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Spectrophotometer, Thermo Scientific, Dreieich, Germany) at a 
fixed wavelength of 600 nm. All samples were measured in 
1.5 mL microcuvettes (PS, Plastibrand, Roth, Karlsruhe, 
Germany). The samples were diluted with a 0.9% (w/v) NaCl 
solution, if the OD600 exceeded a value of 0.2.

2.5.2 | pH Value 

The pH value of the unfiltered culture broth was measured at 
room temperature using a pH‐meter (HI2211pH, Hanna 
Instruments, Vöhringen, Germany), equipped with a pH‐ 
electrode (InLab Easy pH, Mettler‐Toledo, Giessen, Germany).

3 | Results and Discussion 

3.1 | Description of the Sensor Setup in the 
µTOM Device 

The µTOM device, used in this study, is based on the setup 
published by Dinger et al. (2022). A schematic representation of 
a cross‐section of the µTOM device is depicted in Figure 1A. To 
allow monitoring of OTR and CTR, two types of sensors were 
implemented in the optoelectronic sensor module (Figure 1A, 
1). The two sensors allow measuring the O2 and CO2 partial 
pressure (p pO and CO )2 2 in separate wells of a 96‐deepwell 
MTP (Figure 1A, 4). The current sensor layout of the opto
electronic sensor module is depicted in Figure 1B, and com
prises 48 O2‐ (Figure 1B, 13, green) and 48 CO2‐sensitive 
sensors (Figure 1B, 14, red). Both sensor types are bonded to the 
optoelectronic sensor module (Figure 1A, 1). In contrast to the 
O2‐sensitive sensors, an additional protection layer (Figure 1A, 
15, dark blue), consisting of Hyflon AD 60, covers the CO2‐ 

sensitive sensor. This amorphous perfluorinated polymer has 
been previously demonstrated to significantly delay poisoning 
of carbon dioxide sensors by volatile acidic species (Fritzsche 
et al. 2017).

To make the CO2 “sensing chemistry” spectrally compatible 
with the optoelectronic components, a new indicator based on a 
diketopyrrolopyrrole dye class was synthesized (see Supporting 
Information 1–3). The new dye combines π‐extended biphenyl 
substituents in diketopyrrolopyrrole (Schutting et al. 2013) with 
additional alkyl substituent at one of the nitrogen atoms, which 
enhances the photophysical properties, as described previously 
(Schutting et al. 2014). This compound can be conveniently 
prepared in only three steps from a cheap commercially avail
able pigment. The new indicator shows pH‐dependent excita
tion and emission spectra (see Supporting Information 4). 
Although both forms, in principle, can be utilized for CO2 

sensing, this work made use of the deprotonated form of the 
dye, that is spectrally compatible to the excitation wavelength 
(∼625 nm) and the far‐red emission detection window. Thus, in 
the current read‐out scheme, the indicator shows high fluo
rescence intensity in the absence of CO2 (due to the presence of 
a lipophilic base in the sensing membrane) and low fluores
cence upon protonation in presence of CO2 (Supporting Infor
mation 4 and 5). Finally, in order to utilize a DLR referencing 
scheme, Egyptian blue microcrystalline powder as an inert 
reference emitter was added (Borisov et al. 2013). As can be 
seen, the pigment also is efficiently excitable with the red light 
and shows emission above 700 nm (Supporting Information 4).

The MTP within the housing of the µTOM device (Figure 1A, 3) 
is placed on a mounting tray (Figure 1A, 5). A vertical lifting 

FIGURE 1 | Schematic representation of the µTOM device with integrated O2 and CO2 sensors. (A) Cross‐section of two measurement positions 
(wells) within the µTOM device. The optoelectronic sensor module (1) allows for measuring the O2 and CO2 partial pressure (p pO and CO2 2) 
separately within the wells of a 96‐deepwell microtiter plate (MTP) (4). To ensure sterile cultivation conditions, the MTP is covered with an adhesive 
sterile sealing film (10). The MTP within the housing of the µTOM device (3) is placed on a mounting tray (5). A lifting mechanism (6) can vertically 
lift the mounting tray, to close the headspace of every well. The housing is fixed to a shaker tray (7). The shaker tray is mounted on an orbital shaker 
(8) within a temperature‐controlled incubation hood. Humidified filtered air with a specific air flow (V ) enters the housing through four ventilation 
ports (2) and, hence, ventilates the wells of the MTP (11). The respiration activity of microbial cultures (12) within the wells leads to specific oxygen 
(OTR) and carbon dioxide transfer rates (CTR) within each well. The OTR and CTR can be measured by assessing the pO2 and pCO2 over time 
during a so‐called stop phase (Supporting Information 6), described in the literature (Dinger et al. 2022). During the stop phase, the MTP is lifted and 
pressed against the sealing layer (9) to gas‐tightly seal each well. The p pO and CO2 2 are measured via O2 (13) and CO2‐sensitive sensors (14). Both 
sensor types are bonded to the optoelectronic sensor module (1). An additional protection layer (15), consisting of Hyflon AD60, covers the CO2‐ 
sensitive sensor. (B) Bottom view of the optoelectronic sensor module (1). The sensor layout is composed of 48 O2 (13, green) and 48 CO2 (14, red) 
sensors (sensors not accurate to size). 
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mechanism (Figure 1A, 6) of the mounting tray allows to close 
the headspace of every well. The housing is fixed to a shaker 
tray (Figure 1A, 7). The shaker tray is mounted on an orbital 
shaker (Figure 1A, 8) within an incubation hood. During a flow 
phase, humidified filtered air with a specific air flow (V ) enters 
the housing through ventilation ports (Figure 1A, 2). The res
piration activity of microbial cultures (Figure 1A, 12) leads to 
specific oxygen (OTR) and carbon dioxide transfer rates (CTR) 
within each well. The OTR and CTR can be measured by 
assessing the pO2 and pCO2 partial pressure over time during a 
so‐called stop phase. During the stop phase, the MTP is lifted 
and pressed against the sealing layer (Figure 1A, 9) to seal each 
well gas‐tightly. The flow and stop phase are schematically 
shown in Supporting Information 6 and were previously 
described by Dinger et al. (2022). Flow and stop phase are 
periodically repeated throughout a cultivation in the µTOM 
device.

An exemplary course of the pCO2 during a cultivation of the 
yeast Hansenula polymorpha is shown in Figure 2. In the case of 
an aerobic cultivation, the metabolic activity leads to CO2 

evolution from the culture broth. During the stop phase this 
results in a linear increase in the pCO2 and vice versa the 
oxygen partial pressure decreases, due the respiration activity. 

From the measured change of the pCO2 over time during the 
stop phase, the CTR can be calculated according to Equation 1
(Anderlei et al. 2004):

dp
dt

V
V R T

CTR =
· ·

G

L

CO2 (1) 

where CTR [mmol·L−1·h−1] is the carbon dioxide transfer rate, 
dp

dt
CO2 [Pa·h−1] is the change of the carbon dioxide partial pres

sure over time, VG [L] is the gas volume of the headspace in the 
sealed well during the stop phase, R [L·Pa·mol−1·K−1] is the 
universal gas constant, T [K] is the cultivation temperature, and 
VL [L] is the liquid filling volume of the well. The changes in the 
partial pressures are an inherent effect of the stop phase, where 
the wells are gas‐tightly sealed. However, even at high respi
ration activities of about 60 mmol/L/h the oxygen partial pres
sure only decreases by roughly 30 hPa (from ~200 hPa for air to 
~170 hPa) and is not depleted. Therefore, the stop phase does 
not affect the culture by oxygen limitation, and hence, does not 
impact OTR and CTR measurement. In fact, the length of the 
stop phase can be used to adjust the measurement sensitivity of 
the µTOM (Dinger et al. 2022) according to the requirement of 
the investigated biological system, in the same way as for the 
RAMOS technology in shake flasks (Anderlei and Büchs 2001; 
Anderlei et al. 2004). For cultures with low respiration activities 
like cell cultures stop phase durations up to 20 min can be 
applied to increase the change in partial pressures (Ihling et al. 
2021; Neuss et al. 2025). On the other hand, for high respiration 
activities a stop phase length of 5 min is sufficient (Forsten et al. 
2024). A mathematical description for choosing the optimal 
length of the stop phase for expected OTRs of the cultures was 
published by Dinger et al. (2022). Extreme cases for aerobic 
cultivations are oxygen limited cultivation conditions, where 
the OTR of the cultures exceeds the maximum oxygen transfer 
capacity between gas and liquid phase. If not desired, these 
conditions lead to metabolic changes, compared to aerobic 
conditions. However, oxygen limited conditions can be pre
vented by increasing the shaking frequency or reducing the 
liquid filling volume. Both factors have been studied in detail 
and were empirically correlated to the OTRmax in the µTOM by 
Dinger et al. (2022).

3.2 | Characterization of CO2‐Sensor Response 
and Drift 

To measure the pCO2 correctly, the CO2‐sensors must be cali
brated before any experiment. Additionally, for the CO2‐sensors 
an online recalibration during cultivations must be performed 
to correct for the sensor drift. The calibration procedures are 
described in this section. To characterize the response of the 
sensors to changes in pCO2, a calibration setup (Supporting 
Information 7) was used, which is schematically shown in 
Figure 3. The setup allows to control a specific pCO2 within a 
calibration cell (Figure 3F), housing the CO2‐sensors. Four 
Pico‐O2 modules (PyroScience, Aachen, Germany) (Figure 3, 
1–4) measure the sensor responses. A Pico‐O2 module is an 
optoelectronic measuring module with equivalent functionality 
compared to one measuring position of the µTOM opto
electronic sensor module (Figure 1A, 1). The pCO2 within the 

FIGURE 2 | Typical course of the carbon dioxide partial pressure 
(pCO2, red downward triangles) and the oxygen partial pressure (pO2, 
blue upward triangles) during one measurement cycle (n + 1), consist
ing of a flow (20 min) and a stop phase (10 min). Cycle n + 1 follows a 
previous cycle n. The cycles periodically continue throughout the whole 
cultivation. A schematic representation of the µTOM device during flow 
and stop phase is presented in Supporting Information 6. The pO2 and 
pCO2 above 96 (48 CO2 and 48 O2 sensors) separate replicate MTP wells 
are individually measured continuously throughout the whole cultiva
tion. During the stop phase, the carbon dioxide partial pressure 
increases linearly and vice versa the oxygen partial pressure decreases, 
due to the respiration activity of the cultivated microorganisms. The 
linear slopes of the changing partial pressures are used to calculate the 
carbon dioxide and oxygen transfer rates (CTR and OTR). The slope of 
the carbon dioxide partial pressure dp

dt
CO2 is depicted and the CTR is 

calculated from the slope according to Equation 1. For the online cal
ibration of the CO2‐sensitive sensors, an arithmetic mean value of the 
pCO2 of 20 measurement points (roughly 2.5 min) at the end of each 
flow phase, representing the phase shift in air (d air), is calculated. 
Calibrations in cycle n and cycle n + 1 are marked as Cn and Cn+1, 
respectively. 
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calibration cell is changed by a mixed flow of compressed air 
(Figure 3A) and pure CO2 (Figure 3B). The flows of both gases 
are controlled by two mass flow controllers (Figure 3C) and are 
humidified in two gas washing bottles each (Figure 3D), before 
entering the calibration cell. While the absolute flow through 
the calibration cell is kept constant at 200 SmL·min−1, the ratio 
between compressed air and pure CO2 is changed to adjust a 
specific pCO2 within the calibration cell. The calibration setup 
operates fully automatically, and an external computer 
(Figure 3H) records the sensor responses. A calibration routine 
within the calibration setup is periodically repeated (see 
Figure 4). Each calibration procedure lasts 28 min and includes 
seven pCO2 setpoints ranging from 0.39 to ~ 47 hPa. First, the 
seven setpoints are reached by increasing the pCO2 and sub
sequently by decreasing the pCO2. During 15 min, the pCO2
increased stepwise (every 2 min). Subsequently, the pCO2 is 
decreased stepwise in the opposite direction. By both, increas
ing and decreasing the pCO2, not only were the sensors cali
brated, but also the ability of the sensors to recover from 
exposure to CO2 was proven. The response time to reach 90% of 
the sensor signal at the setpoints shown in Figure 4 is roughly 
15 s. Therefore, the sensor response does not delay the mea
sured CO2 partial pressure during a 10 min long stop phase as 
depicted in Figure 2.

The sensing principle of the CO2‐sensors relies on the proto
nation of the indicator in presence of CO2 (Supporting Infor
mation 5). The resulting hypsochromic shift of absorption and 
emission bands can be measured as an increase of the phase 
shift (d ) by the optoelectronics of the µTOM device. The 

arithmetic means and standard deviations of five measurement 
points of four sensors at each adjusted pCO2 are shown in 
Figure 4B. By optimizing the parameters a b b, and0 0,0 1,0 using 
the downhill simplex method, the calibration curve 
(Equation 2) was fitted to the calibration points. The results of 
the calibration procedure and the fitted calibration curve are 
shown in Figure 4B.

( )
pC

b a b a

b
O =

( + ( · ))

1 ·

d
d

d
d

2
0,0 0,0 1,0 0,0

1,0

air

air

(2) 

where pCO2 is the carbon dioxide partial pressure, 
a b b, and0 0,0 1,0 are fit parameters of the calibration equation 
and d

d air
is the measured phase shift relative to the phase shift in 

air. The pCO2 is calculated from the sensor response (phase 
shift, d ) in the form of the relative phase shift. The relative 
phase shift is calculated by dividing the measured d by the 
initially measured phase shift in air (d air).

The calibration procedure, shown in Figure 4A, was repeated 
twice per hour for 96 h. To investigate the sensor drift, the 
measured phase shift in air (d air) at the beginning of each 
calibration routine is divided by the phase shift in air (d air,0) of 
the first calibration. In this way, the relative sensor drift is 

calculated ( )d
d

air

air,0
. The progression of the relative phase shifts 

follows a linearly increasing trend (Figure 5A, black triangles), 
showing a continuous drift. Although the exact origin of the 

FIGURE 3 | Schematic representation of the calibration setup. The calibration setup is supplied with air by a compressor (a), and pure CO2, 
which is taken from a gas cylinder (b). Two mass flow controllers (c) control the air and CO2 flow through gas washing bottles (d) and the calibration 
cell (f), housing the CO2 sensors. The mixing of specific air (red line) and CO2 (orange line) flows allows to adjust the CO2 partial pressure (pCO2) 
within the calibration cell (f). Only the lower surface of the CO2 sensors (magenta line, g) is in contact with the gas phase below the sensors within 
the calibration cell. The PC (h) is used to set the flows of the two mass flow controllers via a USB connection (dashed purple line). The absolute flow 
through the cell (f) is kept constant at 200 SmL·min−1. An additional gas washing bottle (e) can optionally be added, to mix both gas flows (black 
line). Furthermore, the additional gas washing bottle contained 1 g·L−1 acetic acid, to test the sensor's sensitivity toward acidic compounds. The 
response of the CO2 sensors (magenta line, g) inside the calibration cell (f) is monitored by four optoelectronic devices, so‐called Pico‐O2 modules (1, 
2, 3, 4). These were connected to the PC (h) via a USB connection (dashed purple line). 
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drift could not be clarified, the phenomenon is likely to origi
nate from an irreversible reaction of traces of acidic species with 
the lipophilic base. This results in decrease fluorescence from 
the deprotonated form of the dye and, thus, in an increase of the 
measured phase shift, which reflects the increasing contribution 
of the reference phosphor material. In fact, spiking the fifth gas 
washing bottle (Figure 3E) with 1 g·L−1 acetic acid resulted in 
an airflow containing traces of acetic acid, which accelerated 
the relative sensor drift (Figure 5A, colored squares), compared 
with exposure to ambient air (Figure 5A, black triangles). In 
conclusion, it can be assessed that although Hyflon AD60 layer 
was previously demonstrated to significantly enhance the long‐ 
term stability of the CO2 sensors, acidic compounds still per
meate this layer of the CO2 sensors. It is also possible that this 
protective layer is less efficient after integration of the sensor 
films due to structural defects, such as partial delamination of 
the Hyflon AD60 layer. Throughout the first 70 h of exposure 
(Figure 5A) to air containing traces of acetic acid, the calibra
tion procedure shown in Figure 4A is performed 2 times 
per hour. The starting point of each calibration in air containing 
traces of acetic acid is shown in Figure 5A (colored squares). 
The relative phase shifts during each calibration procedure are 
presented in Figure 5B. The time point of each calibration 
procedure is marked by the scale legend in Figure 5B. The 
sensor drift leads to a decrease in the measured relative phase 
shift over time at the different calibration points. After 70 h of 
exposure to an airflow containing traces of acetic acid, the 
measured relative phase shift at the highest calibration point 
with a pCO2 of 47.29 hPa decreased from 1.6 to 1.3 (Figure 5B). 
Hence, the dynamic range of the CO2 sensors is reduced by two‐ 
fold. A two‐fold reduced dynamic range also leads to a two‐fold 
decreased signal‐to‐noise ratio. In Figure 5A, the time point of 
the two‐fold reduced dynamic range after 70 h is marked by a 
vertical red dashed line. At this point, a relative sensor drift 

with a value of 1.5 can be measured (Figure 5A, horizontal red 
dashed line). Without a continuous recalibration of the CO2 

sensors, the sensor drift results in an overestimation of the 
measured pCO2, preventing accurate CTR calculations. How
ever, a continuous recalibration of the CO2‐sensor at seven 
adjusted pCO2 during cultivations in the µTOM device is not 
feasible. The removal of the sensors for calibration or an in situ 
calibration at increased pCO2 in the µTOM would directly affect 
the cultivation conditions.

To overcome this challenge, a method to recalibrate the CO2 

sensors online based on the relative sensor drift was developed. 
A flow chart of the full sensor drift compensation and online 
recalibration is presented in Supporting Information 8. For each 
produced sensor batch, four sensors are sacrificed to calculate 
the initial calibration parameters (a b b, ,0,0 0,0 1,0) of Equation 2
by performing the calibration procedure depicted in Figure 4. 
Subsequently, the sensor drift is characterized by spiking the 
fifth gas washing bottle (Figure 3E) with 1 g·L−1 acetic acid. As 
shown in Figure 5B, throughout the exposure of the sensors to 
an airflow containing traces of acetic acid, the calibration pro
cedure is repeated twice per hour. In Figure 5C,D it is shown 
that the refitted calibration parameters b d0, and b d1, , normalized 
to the initially calculated parameter b ,0,0 and b1,0

( )and ,respectivelyb
b

b
b

d d0,

0,0

1,

1,0
of four CO2 sensors, show a linear 

dependence of the relative sensor drift (Figure 5C,D, black da
shed lines). A similar linear dependency was observed for the 
parameter ao d, , which is depicted in Supporting Information 9.

During cultivation in the µTOM, both calibration parameters 
b bandd d0, 1, can be estimated as a function of the relative sensor 
drift and their initial values b ,0,0 and b1,0. Finally, the third 
calibration parameter a d0, is optimized using the downhill 

FIGURE 4 | (A) Typical results of the calibration procedure, conducted with the calibration setup illustrated in Figure 3. A picture of the setup is 
shown in Supporting Information 7. In a period of 16 min of calibration, the CO2 partial pressure (pCO2) within the calibration cell was gradually 
increased every 2 min from 0.39 to 47.29 hPa. After 16 min of calibration, a stepwise decrease of the pCO2 back to 0.39 hPa followed. The sensor 
responses to pCO2 changes within the calibration cell were continuously measured using the four Pico‐O2 devices presented in Figure 3. The sensor 
response is measured as the phase shift between the sinusoidal intensity‐modulated excitation light and the resulting fluorescence signal of the CO2 

sensor. (B) Determination of initial calibration parameters from the calibration procedure in (A). The mean average of the relative phase shift of four 
CO2 sensors at seven calibration points with pCO2 ranging from 0.39 hPa to 47.29 hPa is depicted as black dots. The error bars represent the mean 
standard deviation. The calibration model (Equation 2) was fitted to the relative phase shift values d

d air
. The relative phase shift represents the phase 

shift at an adjusted pCO2, normalized with the phase shift in air (0.39 hPa CO2). The calibration was performed at a temperature of 37°C. 
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simplex method, to fit the calibration curve to the one‐point 
calibration point in air at the end of each stop phase (Figure 2, 
Cn). By using the drift‐compensated calibration parameters a d0, , 
b d0, , and b d1, in Equation 3, the pCO2 can be measured accu
rately in the µTOM device.

( )
pC

b a b a

b
O =

( + ( · ))

1 ·

d d d
d

d d

d
d

d

2
0, 0, 1, 0,

1,

air

air

(3) 

By applying this method, cultivations of yeast and bacteria were 
monitored online. The results are shown in the following 
sections.

3.3 | Cultivation of Hansenula polymorpha 
(Ogataea angusta) 

Parallel cultivations of Hansenula polymorpha RB11 pC10‐FMD 
(PFMD‐GFP) (henceforth referred to as H. polymorpha) on YPD 

medium supplemented with 20 g/L glucose were conducted in 
the µTOM device measuring OTR and CTR. Cultivations with 
three different filling volumes were monitored, and the influ
ence of oxygen limitation on the cultivation results was 
analyzed.

Cultivations with filling volumes of 0.2 and 0.4–0.5 mL were 
performed in 24 replicates each (two rows of the MTP for each 
filling volume). For each filling volume, the OTR and CTR were 
measured separately in 12 of the 24 replicate cultivations. The 
RQ is calculated from simultaneous measurement of CTR and 
OTR in separate replicate wells. The sensor layout and the well 
pairing are depicted in Supporting Information 13. The results 
of the cultivations are depicted in Figure 6. Each cultivation 
showed an equivalent exponential increase of the OTR and the 
CTR, resulting in an RQ value close to 1, as shown in 
Figure 6D–F. The maximum OTR reached during the cultiva
tions of H. polymorpha decreased with increasing filling vol
umes. The end of the oxygen‐unlimited growth phases for each 
cultivation condition is marked by vertical light blue dashed 
lines in Figure 6. The maximum measured OTR is limited by 

FIGURE 5 | Characterization of the drift behavior of the CO2 sensors. (A) The exemplary drift of the continuously measured relative phase shift 
over 96 h. One CO2 sensor was exposed to humidified air (─▼─), and the second sensor was exposed to air humidified with water containing 1 g·L−1 

acetic acid (─■─). (B) Relative phase shift at adjusted CO2 partial pressures (0.39–47.29 hPa) of the CO2 sensor humidified with water containing 
1 g·L−1 acetic acid during 70 h of continuous exposure (A). The scale legend in (B) shows the time period when the calibration routine was 
performed. The starting points of each calibration procedure in (B) are marked in the same color in (A). Calibration procedures with a relative phase 
shift in air larger than 1.5 (reached after 70 h) of exposure were not considered for the characterization of the drift behavior of the sensors. The 
calibration procedure, shown in Figure 4A, was periodically repeated (2 times per hour) during the 70 h of exposure. After each calibration 
procedure, the parameters of the calibration model (Equation 2) were refitted to the relative phase shifts shown in B. The refitted calibration 
parameters b d0, and b d1, normalized to the initial parameter b0,0 and b1,0 ( )and ,respectivelyb

b
b
b

d d0,
0,0

1,
1,0

of four CO2 sensors are shown in C and D as a 
function of the current phase shift in air (d air), normalized with the phase shift in air at 0 h of exposure to acetic acid (d air,0). A linear fit for all 
normalized calibration parameters b

b
d0,

0,0
and b

b
d1,

1,0
was calculated and is depicted as a black dashed line in C and D. The values for a d0, are shown in the 

Supporting Information 9. 
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the maximum oxygen transfer capacity (OTRmax) in the wells, 
resulting from the filling volume and the shaking conditions. The 
theoretical OTRmax was calculated according to Dinger et al. 
(2022) (Supporting Information 10) for each filling volume is 
depicted in Figure 6A–C as a thick horizontal dashed blue 
line. The calculated OTRmax values are 67.0, 33.5, and 
26.8 mmol·L−1·h−1 for a filling volume 0.2, 0.4, and 0.5 mL, 
respectively, at a shaking frequency of 350 rpm and shaking 
diameter of 50 mm. The measured values for each filling volume 
are within a 10 percent range of the calculated OTRmax values 
and, therefore, in good agreement with the correlation published 
by Dinger et al. (2022). In contrast to the OTR, the CTR cannot 
be limited, since the evolved CO2 is transferred out of the liquid 
medium. Therefore, an increase of the CTR, exceeding the OTR, 
was measured in each cultivation. As a result, the RQ value 
reaches values significantly higher than 1 (Figure 6D–F). The 
increased RQ results from the partially anaerobic metabolism of 
H. polymorpha under oxygen‐limited cultivation conditions with 
glucose as substrate. The partially anaerobic metabolism (Pasteur 
effect) results in the formation of ethanol and acetic acid as 
products and, hence, in an increase in the RQ (Stockmann et al. 
2003; Stöckmann et al. 2003). For each cultivation, a gradual 
decrease in the CTR is visible after 9–10 h of cultivation, marking 
the time point of glucose depletion (vertical purple dashed lines 

in Figure 6). After glucose depletion, the previously oxygen‐ 
limited cultures show a decrease in CTR, indicating the con
sumption of ethanol and acetic acid. The measured RQ decreases 
to a value below 1, when ethanol is consumed. This is due to its 
higher degree of reduction (Supporting Information 11), com
pared with glucose (6 and 4, respectively). The resulting RQ 
values below 1 have already been published for H. polymorpha 
(Stockmann et al. 2003) and other yeasts like Pichia stipites or 
Saccharomyces cerevisiae (Anderlei et al. 2004). Based on the final 
gradual decrease of the OTR and CTR, the depletion of all carbon 
sources in the liquid media can be concluded (Figure 6A–C, 
vertical light green dashed lines).

The combined measurement of the OTR and CTR allows 
characterizing the metabolism of aerobic cultivations in liquid 
volumes below 1 mL. Furthermore, phases of oxygen‐unlimited 
and partially anaerobic metabolism can be distinguished. Fur
thermore, the consumption of the ethanol, which was prior 
produced due to oxygen limitation could be detected. In case of 
the cultivation conditions depicted in Figure 6A,D, the switch 
between ethanol production and consumption would remain 
undiscovered, if only the OTR would be measured. Thus, 
combined measurement of OTR and CTR allows a better un
derstanding of bioprocesses.

FIGURE 6 | Course of oxygen (OTR, blue) and carbon dioxide transfer rates (CTR, magenta) and the respiratory quotient (RQ, black) in parallel 
cultivations of Hansenula polymorpha RB11 pC10‐FMD (PFMD‐GFP). The average values and mean standard deviations of 12 replicates are depicted 
as symbols and shadows, respectively. The parallel cultivations were performed with three filling volumes, 0.5 mL (─□─, A, D), 0.4 mL (─○─, B, E), 
and 0.2 mL (─△─, C, F), resulting in specific maximum oxygen transfer capacities (OTRmax, horizontal blue dashed line), as published by Dinger 
et al. (2022). A respiration quotient of 1 is indicated by a horizontal black dashed line (D, E, F). OTR values below 4 mmol·L−1·h−1 were not 
considered for the calculation of the RQ. The light blue vertical dashed lines mark the end of the oxygen‐unlimited growth phase, purple vertical 
dashed lines indicate the depletion of glucose, and light green vertical dashed lines indicate the depletion of all carbon sources in the medium. 
Cultivation medium: complex YPD medium, carbon source: 20 g·L−1 glucose. Cultivation conditions: 96‐deepwell MTP (round), shaking frequency 
n = 350 rpm, shaking diameter d0 = 50 mm, T = 37°C, aeration: 2 vvm, flow phase: 20 min, stop phase: 10 min. 
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3.4 | Cultivation of Escherichia coli 

One frequently applied method for classifying the performance 
of recombinant clone libraries of Escherichia coli producing 
heterologous enzymes is the cultivation on Wilms‐MOPS auto‐ 
induction medium (Rahmen et al. 2015). The Wilms‐MOPS 
auto‐induction medium used in this experiment contains glu
cose, lactose and glycerol as carbon sources that are sequentially 
or co‐consumed by the organisms. The depletion of the indi
vidual carbon sources was detected by HPLC analysis and first 
published by medium (Rahmen et al. 2015). However, due to 
the different degrees of reduction (Supporting Information 12) 
of glucose, lactose, and glycerol (4, 4, and 4.67, respectively) the 
sequential consumption of the three carbon sources is detect
able by the measured RQ.

Figure 7 shows the measured averaged OTR, CTR, and RQ 
values from 96 wells (Figure 7A,C) and six shake flasks 
(Figure 7B,D). The pairing of the wells for simultaneous OTR, 
CTR, and RQ measurements in separate replicate wells is 
depicted in Supporting Information 13. The pooled standard 
deviation of the CTR measurements in the µTOM was 
1.4 mmol·L−1·h−1. As a quantitative cutoff for RQ calculation a 
limit of detection (threefold pooled standard deviation 
~4 mmol·L−1·h−1) was defined for the CTR measurement. The 
limit of detection can be improved by optimizing the length of 
the stop phase as mathematically described by Dinger et al. 
(2022). The cutoff value for the CTR does not impact the 

independent subsequent CTR measurements technically or 
mathematically. The results in this study are well comparable to 
the extensive studies on the Wilms‐MOPS auto‐induction 
medium described by Rahmen et al. (2015) and Ihling et al. 
(2018). The cultivation pattern of E. coli BL21(DE3) pRotHi‐YFP 
in Wilms‐MOPS auto‐induction medium can be divided into 
four characteristic phases. The end of phases I, II, and III are 
characterized by the depletion of either glucose, lactose, or 
glycerol, respectively. A detailed description of the phases 
observed for the cultivation of E. coli in auto‐induction medium 
has previously been published (Ihling et al. 2018; Rahmen et al. 
2015; Rahmen et al. 2015). Additionally, cultivation results and 
HPLC‐analyses for the particular strain, used in this study, were 
reported in the literature (Flitsch et al. 2016). The yield coeffi
cients for biomass growth on glucose and glycerol (0.5 and 0.44, 
respectively) were taken from the results published by Kopp 
et al. (2017). Contrary to the higher degree of reduction of 
glycerol compared with glucose, the biomass yield of the 
plasmid‐containing E. coli BL21 (DE3) strains on glycerol is 
lower than the biomass yield on glucose. However, for strains 
without plasmids, biomass yields of 0.55 with glycerol as sub
strate were reported (Kopp et al. 2017). For the elemental 
composition of the biomass, the empirical formula CH N O2 0.25 0.5
was used (Atkinson and Mavituna 1982). The resulting esti
mated stoichiometry for the growth on glucose and glycerol is 
presented in Equations 4 and 7, respectively. The stoichiometric 
amount of biomass (vBiomass) for growth on glucose and glycerol 

FIGURE 7 | Comparison of the oxygen (OTR, blue) and carbon dioxide transfer rates (CTR, magenta) and the respiration quotient (RQ, black) in 
parallel cultivations of E. coli BL21(DE3) pRotHi‐YFP. (A and C) The cultivations were carried out in each well of a 96‐deepwell microtiter plate 
(MTP) of the novel µTOM device (─∇─) and (B and D) in eight shake flasks in a RAMOS device (─□─). The average values and mean standard 
deviations of the parallel cultivations are depicted as symbols and shadows, respectively. In the µTOM device OTR and CTR values were each 
calculated from 48 replicate cultivations. In the RAMOS device 4 replicate cultivations were evaluated. The Roman numbers represent the different 
cultivation phases, according to Rahmen et al. (2015), separated by dashed vertical lines. (I): Pure glucose consumption (resulting in RQ ≥ 1, light 
blue horizontal dashed line), (II) induction phase with parallel consumption of glycerol and lactose, (III) growth on glycerol (resulting in RQ ≤ 0.8, 
green horizontal dashed line), and (IV) end of active respiration, due to carbon source depletion. CTR values below 4 mmol·L−1·h−1 were not 
considered for the calculation of the RQ. Cultivation medium: Mineral Wilms‐MOPS autoinduction medium, carbon sources: 0.5 g·L−1 glucose, 
2 g·L−1 lactose, and 4 g·L−1 glycerol. Cultivation conditions µTOM: 96‐round deepwell MTP, filling volume VL = 0.5 mL, shaking frequency n =  
350 rpm, shaking diameter d0 = 50 mm, T = 37°C, aeration = 2 vvm, flow phase: 20 min, stop phase: 10 min, 48 replicate. RAMOS: 250 mL shake 
flasks, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, aeration: 2 vvm, flow phase: 20 min, stop phase: 10 min. 
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is calculated according to Equations 3 and 6, respectively. 
Where MGlucose is the molar mass of glucose, MBiomass is the 
molar mass of the biomass (CH N O2 0.25 0.5), MGlycerol is the molar 
mass of glycerol, YBiomass

Glucose
is the biomass yield for growth on 

glucose, and YBiomass
Glycerol

is the biomass yield for growth on glycerol. 
The theoretical RQ values, resulting from the reaction stoichi
ometry for growth on glucose and glycerol, are 1.17 
(Equation 5) and 0.74 (Equation 8), respectively.

Stoichiometry for growth on glucose (Biomass Yield: 0.5):

v Y M
M

= · = 0.5·
180

21.51
= 4.18Biomass

Glucose

Biomass

g
mol

g
mol

Biomass
Glucose

(3) 

C H O + 1.05 NH + 1.55 O 4.18 CH N O
+ 1.82 CO + 3.38 H O

6 12 6 3 2 2 0.25 0.5

2 2
(4) 

n
n

RQ = = 1.82 mol
1.55 mol

= 1.17 [ ]CO

O

2

2
(5) 

Stoichiometry for growth on glycerol (Biomass Yield: 0.44):

v Y
M
M

= · = 0.44·
92.1

21.51
= 1.88Biomass

Glycerol

Biomass

g
mol

g
mol

Biomass
Glycerol

(6) 

C H O + 0.47 NH + 1.50 O 1.88 CH N O
+ 1.12 CO + 2.82 H O

3 8 3 3 2 2 0.25 0.5

2 2
(7) 

n
n

RQ = = 1.12 mol
1.50 mol

= 0.74 [ ]CO

O

2

2
(8) 

The results in Figure 7C,D show that the measured RQ value 
during phase I is larger 1 (light blue horizontal dashed lines), 
indicating growth on glucose, as estimated by Equations 3 and 
4. The end of phase I and, hence, the depletion of glucose is 
marked by a typically short decrease of the OTR and CTR val
ues (around 5 mmol·L−1·h−1) after around 5 h of cultivation. 
Throughout phase 3, the OTR and CTR are exponentially 
increasing, indicating growth of the microorganisms. The 
measured RQ values are within the range of the theoretical RQ 
of 0.74 (green horizontal dashed line), thus, indicating the 
consumption solely of glycerol. The consumption of glycerol 
results in exponential growth and consequently in an ex
ponential increase of OTR and CTR, until glycerol is depleted 
after about 13 h of cultivation (see Figure 7A,B). In phase II, the 
RQ value is in a range between 1.17 (Equation 5) and 0.74 
(Equation 8), indicating neither growth solely on glucose nor 
glycerol. Flitsch et al. (2016) and Rahmen et al. (2015) could 
show that during phase II the organisms consume lactose and 
glycerol in parallel. The consumption of lactose leads to an 
induction of the protein production. The resulting metabolic 
burden (Ihling et al. 2018; Rahmen et al. 2015) leads to constant 
OTR and CTR levels between 5 and 8 h of cultivation (see 
Figure 7A,B, phase II).

By comparing the RQ progression during cultivations of E. coli 
with the theoretical stoichiometry of the metabolic activity of 

the microorganisms, the consumed carbon source can be 
identified online. Additionally, the results in Figure 7 indicate 
an insufficient ratio between lactose and glycerol in the 
medium. The ratio leads to a second undesired growth phase 
(phase III) on glycerol. In an efficient bioprocess, this second 
growth phase (Figure 7, phase III) must be minimized by 
optimizing the ratios of the three carbon sources, as shown by 
Kunze et al. (2012). The optimization can be performed in 
subsequent high‐throughput screening experiments (24 qua
druplicate cultivations) in 96‐deepwell MTPs, cultivated in the 
novel µTOM device. Furthermore, parallel experiments in the 
µTOM and the RAMOS demonstrated good agreement between 
both systems. The arithmetic means RQ values from the 48 
µTOM measurements and the according standard deviation are 
in a 30% range of the arithmetic means RQ measured in the 
RAMOS device (Supporting Information 12). Consequently, the 
results from the RAMOS device as an independent reference 
method prove the accuracy of the novel CO2 sensors in 
the µTOM.

4 | Conclusion 

It was shown that a novel optical CO2 sensor that relies on the 
dual lifetime referencing read‐out scheme and is spectrally 
compatible to the optoelectronics of the µTOM device enables 
continuous monitoring the CO2 partial pressure in individual 
wells of a 96‐deepwell MTP. As sensor drift was observed, an 
appropriate online calibration method was developed. It 
allowed correct measurements of the CTR during microbial 
cultivations. The measurements obtained in the µTOM are in 
good agreement with parallel shake flask cultivations.

The novel sensor layout for the µTOM was used to monitor 
cultivations of H. polymorpha (O. angusta) and E. coli. The RQ 
monitoring allowed to characterize the predominant metabo
lism and the identification of the consumed carbon sources. The 
results show the potential of the µTOM device for the charac
terization of microbial cultivations in 96‐deepwell MTP.

Considering quadruplicate cultivations, one reference condition 
and 23 new cultivation conditions, the OTR, CTR, and RQ can 
be monitored using the novel sensor layout. The RQ is calcu
lated from simultaneous measurement of CTR and OTR in 
separate replicate wells. Hence, compared with the RAMOS 
system for eight shake flasks, the experimental throughput is 
increased by more than sevenfold.

Nomenclature 

pCO2 carbon dioxide partial pressure, [hPa]

n shaking frequency, [rpm]

T cultivation temperature, [K]

R universal gas constant, [L·Pa·mol−1·K−1]

YPG yeast extract peptone glycerol medium, ‐

YPD yeast extract peptone dextrose medium, ‐

w/v weight per volume percent, [%]

vvm volume flow per volume medium per minute, [SmL/ 
mL/min]

11 Biotechnology and Bioengineering, 2026

 10970290, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.70322 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [17/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



TB terrific broth, ‐

RAMOS respiration activity monitoring system, ‐

µRAMOS respiration activity monitoring system for 48‐well microtiter 
plates, ‐

OTRmax maximum oxygen transfer capacity, [mmol·L−1·h−1]

OTR oxygen transfer rate, [mmol·L−1·h−1]

CTR carbon dioxide transfer rate, [mmol·L−1·h−1]

RQ respiratory quotient (CTR/OTR), [‐]

OD600 optical density (wavelength 600 nm), [A.U.]

MBiomass molar mass of biomass (CH N O2 0.25 0.5), 21.51 g
mol

MGlucose molar mass of glucose, 180 g
mol

MGlycerol molar mass of glycerol, 92.1 g
mol

MTP microtiter plate, ‐

MFC mass flow controller, ‐

d0 shaking diameter, [mm]

µTOM transfer rate online‐monitoring device for 96‐deepwell 
MTP, ‐

dp
dt
CO2 slope of the linearly increasing carbon dioxide partial 

pressure, [hPa·h−1]

VL filling volume, [mL]

VG gas volume in the headspace of each well, [mL]

V controlled aeration flow, [SmL·min−1]

YBiomass
Glucose

biomass yield for growth on glucose, [‐]

YBiomass
Glycerol

biomass yield for growth on glycerol, [‐]

b0,0 initial calibration parameter of the CO2‐sensors, [‐]

a0,0 initial calibration parameter of the CO2‐sensors, [‐]

b1,0 initial calibration parameter of the CO2‐sensors, [‐]

a d0, drift‐compensated calibration parameter of the CO2‐ 
sensors, [‐]

b d0, drift‐compensated calibration parameter of the CO2‐ 
sensors, [‐]

b d1, drift‐compensated calibration parameter of the CO2‐ 
sensors, [‐]

d air phase shift in air, [°]

d phase shift, [°]
d

d air
relative sensor drift, [‐]
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Supporting Information 

Additional supporting information can be found online in the 
Supporting Information section.
Supporting information 1: Synthesis of the new indicator dye. 3,6‐Bis[4′‐ 
bis(2‐ethylhexyl)‐ sulfonylamide‐1,1′‐biphenyl‐4‐yl]‐2,5‐dihydropyrrolo‐ [3,4‐ 
c]pyrrole‐1,4‐dione (1) was synthesized according to literature procedure 
(Schutting et al., 2013). 100 mg (0.095 mmol) of 1 were dissolved in 10 mL of 
anhydrous dimethylformamide, 225 mg (1.6 mmol) of fine‐powdered 
potassium carbonate were added and the dispersion was warmed to 60°C 
under stirring. After a color change from orange to blue, 20 µl (0.11 mmol) 
of 4‐tert‐butylbenzylbromide were added and the dispersion was stirred at 
60°C for another 3 h. The mixture was cooled to room temperature and 
5 mL of 1 M aqueous hydrochloric acid were added. After addition of water 
and dichloromethane the product was extracted into the organic phase and 
this was repeated three times. The organic phase was dried over anhydrous 
sodium sulfate and the solvents were evaporated under reduced pressure. 
The crude product was purified via column chromatography with silica‐gel 
as stationary phase and dichloromethane/methanol (99/1 v/v) as an eluent 
to yield a dark red powder (29 mg, 25% yield). 1H NMR (300 MHz, CDCl3) δ 
8.46 (s, 1H), 8.38 (d, J = 8.1 Hz, 2H), 7.94 – 7.83 (m, 6H), 7.80 – 7.66 (m, 8H), 
7.36 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 5.06 (s, 2H), 3.12 – 2.85 (m, 
8H), 1.72 – 0.77 (m, 69H). MS (MALDI‐TOF): m/z [MH]+ 1193.7072 
(found), 1193.7163 (calc.); [M+Na]+ 1215.6858 (found), 1215.6962 (calc.).  
Supporting information 2: Mass spectrum (MALDI‐TOF) of the indi
cator 2.  
Supporting information 3: 1H NMR (300 MHz, CDCl3) of indicator 2. 
Supporting information 4: Left: Absorption (solid lines) and fluores
cence (pointed lines) spectra of indicator 2 in toluene solution in the 
neutral form (black lines) and deprotonated form (addition of tetra
octylammonium hydroxide, red lines). Right: Excitation and emission 
spectra of Egyptian blue in form of microcrystalline powder.  
Supporting information 5: Sensing principle of the CO2 sensor. In the 
absence of carbon dioxide the indicator 2 is in its deprotonated form due 
to the presence of tetraoctylammonium base. Protonation of the indicator 
in presence of carbon dioxide results in hypsochromic shift of absorption 
and emission bands (Supporting information 4) and thus in decrease of 
fluorescence intensity upon excitation with the red light. Both the indi
cator and the lipophilic base are embedded into ethylcellulose polymeric 
matrix.  
Supporting information 6: Cross‐sectional drawing of two of the 96 
measuring positions (wells) within the μTOM device during the flow and 
the stop phase. During the flow phase, the microtiter plate (MTP) is 
lowered (blue arrow, downwards), allowing ventilation of the wells with 
a defined total air flow V . In the stop phase, the MTP is lifted and pressed 
against the sealing layer (Figure 1 A, 9). Consequently, all wells are gas‐ 
tightly sealed and, thereby, the ventilation of the wells is stopped.  
Supporting information 7: Side view of the setup used for calibration, 
without the optional gas washing bottle shown in Figure 3 e.  
Supporting information 8: Schematic depiction of necessary calibra
tion steps, to allow accurate pCO2‐measurements by sensor drift com
pensation. The initial 7‐point calibration (Figure 4) and drift 
characterization (Figure 5) are performed in the calibration setup 
(Figure 3 and Supporting Information 7) for every produced sensor batch, 
as illustrated in Figure. The seven point calibration yields the initial 
calibration parameters a , b and b0,0 0,0 1,0 of the sensor batch. The drift 
characterization allows to calculate the drift compensated calibration 
parameters b b,0 d 1 d, , as functions of their initial values (b and b )0,0 1,0 and 
the relative sensor drift d

d air
air

,0
. The relative sensor drift is determined as a 

one point calibration before each stop phase (Figure 2, Cn) during cul
tivations. Subsequently, the drift compensated calibration parameter a0,d
is optimized (downhill‐simplex) to fit Equation 3 to the online one‐point 
calibration in air (Figure 2, Cn) and to allow the drift compensated cal
culation of the pCO2.  
Supporting Information 9: Determination of the calibration para
meter a d0, during the exposure of the CO2 sensor in air containing traces 

of acetic acid, as shown in Figure 5 A. The refitted parameter a d0, nor
malized to the initial parameter a0 values at 0 h of exposure of four CO2 
sensors are shown in dependence on the current phase shift in air 
(d air d, ) normalized with the phase shift in air at 0 h of exposure to acetic 
acid (d air,0). A linear fit for the calibration parameter a

a
d0,

0,0
was calculated 

and is depicted as a black dashed line.  
Supporting information 10: Empirical correlation for the OTRmax 
(Dinger et al., 2022), depending on the filling volume (VL [mL]), shaking 
diameter (d0 [mm]) and shaking frequency (n [rpm]). The presented 
correlation is used to predict the OTRmax in 96‐deepwell MTP with a 
round cross‐section (well diameter = 7 mm), when filled with Newtonian 
fluids with viscosities similar to that of water.  
Supporting Information 11: Degree of reduction.  
Supporting Information 12: Respiration quotient of parallel cultiva
tions of E. coli BL21(DE3) pRotHi‐YFP in the µTOM device (─▼─) and 
the RAMOS device (─■─) depicted in Figure 7. The data points repre
sent the arithmetic mean values (RAMOS N = 7, µTOM N = 48). The red 
shadow marks a 30% confidence interval around the arithmetic mean 
values from the RAMOS device. The blue shadow depicts the standard 
deviation of 48 replicate RQ measurements in the µTOM device.  
Supporting Information 13: The sensor layout in the lid of the µTOM 
device is depicted. The oxygen partial pressure is measured in all wells in 
rows A to D of the microtiter plate. In all wells of rows E to H the carbon 
dioxide partial pressure is measured. Replicate cultivations are performed 
according to the well paring for RQ calculations. For example, the first 
RQ value is calculated from the CTR measured in well E1 divided by the 
OTR measured in well A1 ( )RQ = CTR

OTR1
E
A

1
1

. By this pairing in total 48 RQ 
values can be calculated for 48 duplicate cultivations.
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