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Abstract

Background: Shake flasks are frequently used for mammalian cell suspension cul-

tures. For process development and routine culturemonitoring, information on culture

behavior is needed early on.

Main methods and major results:Here, cell-specific oxygen uptake rates (qO2) of two

CHO cell lines were determined from shake flask experiments by simultaneous mea-

surement of oxygen transfer rates (OTR) and viable cell concentrations (VCC). For cell

line one, qO2 decreased from 2.38⋅10−10 to 1.02⋅10-10 mmol cell−1 h−1 during batch

growth. For cell line two, qO2 was constant (1.90⋅10
−10 mmol h−1). Determined qO2

values were used to calculate the VCC from OTR data. Cumulated oxygen consump-

tion and glucose consumption were correlated for both cell lines and enabled calcula-

tion of glucose concentrations from OTR data. IgG producing cell line one had an oxy-

gendemandof∼15mmoloxygen gglucose
−1, cell line twoconsumed∼5mmoloxygen gglucose

−1.

The established correlations for determination of VCC and glucose were successfully

transferred to subsequent cultivations for both cell lines. Combined measurement of

the OTR and the carbon dioxide transfer rate enabled quantitative determination of

the lactate concentration (production and consumption) without sampling.

Conclusions and implications: Taken together, non-invasive measurement of the res-

piration activity enabled time-resolved determination of key culture parameters for

increased process understanding in shake flasks.
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1 INTRODUCTION

Chinese hamster ovary (CHO) cells are themost importantmammalian

cells used for the stable production of therapeutic proteins.[1] Even

though traditionally applied for microbial cultivations, shake flasks are
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nowadays also used to cultivate mammalian cells in suspension.[2,3]

Moreover, fed-batch cultivation with bolus addition of culturemedium

is frequently carried out in shake flasks[4, 5] for early-stage process

development. However, even though they might be used for process

development, the limited capability for instrumentation was cited as
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disadvantageous for sufficient data quality and quantity from shake

flask experiments.[6]

1.1 Advantages of time-resolved monitoring of
process parameters

During early process development, time-resolved monitoring provides

process insights. Thus, it can determine process robustness and aid

in process improvement.[7] Combined with modelling approaches, a

mechanistic understanding of the process can be provided.[7,8] Fur-

ther, time-resolved monitoring is superior to the traditional offline

analysis of process parameters as the information is usually available

without sample preparation[7], in real time. This is especially advan-

tageous, when frequent sampling would be needed as frequent sam-

pling is undesirable, especially when the overall culture volume is low.

In addition, the number of passageswasdemonstrated to affect growth

rates, product formation, and nutrient consumption of CHO cells.[9]

Consequently, routine monitoring of the culture status during cell pas-

saging is desirable.

Knowledge about certain process variables is needed for process

optimization and control. The glucose concentration is important dur-

ing batch cultivation as it is the main carbon source. Additionally, the

glucose concentrationusually is the parameter that is strictly regulated

and fed to the culture in fed-batch cultivations. The oxygen uptake

rate (OUR) can be used to determine the required oxygen mass trans-

fer coefficient (kLa),
[10] the kLa can then be used as a parameter for

transfer of the cultivation process into larger (or smaller) bioreac-

tor scales.[11] As lactate production results in acidification of the cul-

ture medium, time-resolved monitoring of the lactate concentration

is desirable to take corrective actions during fermentation. Moreover,

excessive lactate accumulation results in lower maximum cell concen-

trations and affects productivity.[12,13] In addition, lactate is routinely

monitored in industrial mammalian cell culture processes[14] and it

was demonstrated that lactate consumption was a key parameter for

final antibody titers in industrial process runs.[15] Knowledge about

the viable cell concentration (VCC) is also important, because it gives

general information on the culture status[16] and enables calculation

of growth rates, cell-specific yields, and productivities.

1.2 Relevance of OUR and CER for mammalian
cells

As the space for sensor integration in shake flasks ismuchmore limited

than in classical bioreactors, the number of sensors that can be inte-

grated in a single shake flask is finite. Thus, to gather as much informa-

tion as possible from experiments carried out in shake flasks, parame-

ters providing themost insights into the culture status need to be iden-

tified and measured. Preferably, measurements are carried out non-

invasively.

The OUR has been cited as one of the parameters with a huge

variety of different applications for mammalian cells.[17] It provides

general information on the culture status and is more informative

thanVCCmeasurement.[18] Combinedmeasurement ofOUR andVCC

enables the calculation of the cell-specific oxygen uptake rate (qO2).

Moreover, information on the oxygen demand of the culture enable

choosing correct cultivation parameters to meet the expected oxygen

demand and to avoid oxygen limitation. In addition, a linear correla-

tion between the amount of oxygen and glucose consumed has been

described for different CHO cell lines during fed-batch operation.[19]

This correlation enabled the adaptation of feeding strategies.[19]

Moreover, a linear relationship between glutamine and oxygen con-

sumption was reported for hybridoma cells.[20]

Next toOURmeasurement, the carbon dioxide evolution rate (CER)

is considered an important parameter, but its measurement remains

challenging.[17] The presence of bicarbonate for pHmaintenance com-

plicates CER measurements.[17] As a result of the bicarbonate buffer

system, carbon dioxide (CO2) released during cultivation will give a

mixed signal between CO2 produced by the cells and CO2 originating

from the bicarbonate buffer.[21] Compared to ambient air, the concen-

tration of CO2 is usually increased to 5% to10% in the inlet gas. Thus,

very small changes in the CO2 concentration resulting from cell respi-

ration aremeasured against a high absolute background signal. Detect-

ing these small changes requires a high sensitivity and resolution of

the sensors, and it makes the measurement of the CER additionally

challenging.[22]

If the simultaneous measurement of OUR and CER is possi-

ble with high accuracy, calculating the respiratory quotient (RQ) is

possible.[23,24] The RQ indicates the change from lactate production to

lactate consumption for CHO cells.[24,25] In addition, it was proposed

to be a useful parameter to follow the culture status of mammalian

cells[21,22,25] and enable process control.[26]

1.3 Monitoring of OUR and CER in shake flasks

Amongst others, direct monitoring of the OUR has been realized in

shake flasks by the respiration activity monitoring system (RAMOS).

Here, multiple flasks can be monitored in parallel. RAMOS uses elec-

trochemical sensors to determine the oxygen transfer rate (OTR) of a

culture.[27,28] The decrease of the oxygen partial pressure is measured

in the headspace of the shake flask and a measurement and gas flow

phasearealternated.During themeasurementphase, the inlet andout-

let valves of the flask are closed and the decrease in the oxygen partial

pressure caused by respiration is measured. A short high-flow phase

follows the measurement phase to bring the gas composition back to

the level before the measurement phase. As the change of the oxygen

concentration in the liquid can be assumed to be very small compared

to OUR and OTR, the measured OTR directly reflects the OUR.[29,30]

The validity of this assumption for CHO cultures is discussed in detail

elsewhere.[29] As demonstrated recently by monitoring the OTR for

an industrial CHO cell line, measurement times can be adapted flexi-

bly to allow for the detection of very small changes in the oxygen par-

tial pressure.[29] RAMOSalso enablesmonitoring of the carbondioxide

transfer rate (CTR).[28] Here, the increase of the carbon dioxide partial
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pressure in the gas phase is used. In addition to the RAMOS system,

the so-called Transfer–Rate OnlineMonitoring (“TOM”) device is com-

mercially available from Kuhner AG, Birsfelden, Switzerland. Like the

RAMOS system, it enables determination of the OTR in shake flasks

using electrochemical sensors. However, while RAMOS utilizes differ-

encepressure sensors forCTRdetermination, theTOMdevice relies on

non-dispersive infrared sensors for CTRmeasurement. For determina-

tion of the CER from CTR measurements, it is assumed that the CO2

concentration in the liquid does not change during the measurement

phase (see Supplementary data). This is analogue to the assumption

that theOTRwill equal theOUR, if the oxygen concentration in the liq-

uid does not change during measurement.[29] Only under this assump-

tion,CER fromcell respirationwill equal theCTR. Fromthe ratioofOTR

and CTR the transfer quotient (TQ) can be calculated. If CTR equals

CERandOTRequalsOUR, theTQequals the respiratory quotient (RQ).

It should also be noted that the CTR will only directly reflect the CER

over the course of the cultivation, if changes in the CO2 concentration

are only caused by cell respiration. In addition, the CO2 concentration

might be influenced by changes in temperature, ionic strength or pH

value.[31] Hence, if anyof these parameters change, theCTRwill reflect

the sum of CER and any additional effects not caused directly by cellu-

lar respiration. RQ measurement in shake flask has for example been

applied to determine the metabolic activity of the fungus Ustilago may-

dis on complex substrates[32] and to understand cultivations of Bacil-

lus licheniformis atmicroaerobic conditions.[33] Simultaneousmeasure-

ment of OTR and CTR in shake flasks was used to provide insights for

the cultivation of HEK293 cells.[34]

In this study, non-invasive, parallelizedOTRandCTRmeasurements

in shake flasks were used to follow the course of key culture parame-

ters for CHOcells in real-time. Two different suspension cell lineswere

used in different media. The cell-specific oxygen uptake rates (qO2)

were determined to characterize each cell line. Afterwards, VCCswere

calculated from theOTR and compared to VCC data frommanual sam-

pling. Next, the correlation between oxygen and glucose consumption

was determined for both cell lines and glucose concentrations dur-

ing cultivation were calculated from the OTR. Lastly, the fact that lac-

tate formation results in CO2 release from bicarbonate buffered cul-

ture media was exploited to determine the lactate concentration dur-

ing cultivation. Taken together, it was demonstrated, how non-invasive

and time-resolved measurement of the OTR and CTR can significantly

increase the information content during early-stage process develop-

ment and cultivation for mammalian cell cultures in shake flasks.

2 MATERIAL AND METHODS

2.1 Cell lines and culture media

Two different cell lines were used in this study. Cell line one is a CHO

suspension cell line developed by Rentschler Biopharma SE producing

an IgG 1 monoclonal antibody.[35] Cell line two is a CHO suspension

cell line obtained fromCLSCell Lines ServiceGmbH,Germany as a pro-

ducer cell line for different applications.

Cell line one was cultivated in serum-free, chemically defined cul-

ture medium (PowerCHO 2 with HEPES buffer and Pluronic F68)

(Lonza AG, Switzerland) obtained as liquid formulation. The medium

was supplemented with 6 mM L-glutamine (Gibco Life Sciences,

Thermo Fisher Scientific, USA) and 30 µg mL−1 kanamycin (Carl Roth,

Germany) or 1% (v/v) PenStrep (stock with 10,000 Units mL−1 peni-

cillin and 10 g L−1 streptomycin) (Sigma-Aldrich, USA) as indicated in

the experiment overview (Table 1). Cell line twowas cultured in serum-

free, chemically defined culture medium (sciNX w/o L-glutamine) (CLS

Cell Lines Service GmbH, Germany). The medium was supplemented

with 5 mM glutamine and 1% (v/v) PenStrep. Media were stored at

4◦C until use. Directly before cultivation, glutamine and PenStrep or

kanamycin were added to the media in the respective concentrations.

All stock solutions were stored at -20◦C in aliquots and thawed as

needed. Before use, media and supplements were pre-heated to the

cultivation temperature for about 30 min in a water bath (VWB2 12,

VWR, USA).

2.2 Monitoring of the OTR and CTR rate in shake
flasks

The OTR was monitored with two different devices termed ‘RAMOS’

(short for Respiration Activity Monitoring System) and ‘TOM’ (short

forTransfer-RateOnlineMeasurement). Keydifferences inbothdevice

types are described in Supplementary Table 1. Monitoring of the CTR

was only carried out with the TOM device as the resolution of the dif-

ferential pressure sensors utilized in the RAMOS device was too low

for accurate measurement (data not shown). Adjustment of RAMOS

for utilization of CHO cultures was described recently.[29] As the TOM

devicewas integrated into an incubatorwhere flaskswere run in paral-

lel formanual sampling,measurement valueswere affected by opening

the incubator hood for sampling. As a result, OTR and CTR measure-

ment valueswere correlatedwith sampling points and values that devi-

ated more than 30% from the previous measurement value were con-

sidered outliers and excluded. For CHO cell line one, cultivation was

carried out in glass and single-use plastic shake flasks in parallel using

RAMOS as described by.[29] Cultivation of CHO cell line two was car-

ried out in glass flasks using RAMOS and TOM.

2.3 Cryopreservation, thawing, and cell passaging

Working cell banks for both cell lines were stored in the vapor phase

of liquid nitrogen until use. All passages were carried out in 250 mL

Corning plastic flasks closedwith a vent-cap (Sigma-Aldrich, USA) with

a filling volume of 50 mL at a temperature of 36.5◦C and a shaking

frequency of 140 rpm. The shaking diameter was set to 50 mm. An

incubatorwith CO2 and humidity control (ISF1-X, Kühner AG, Switzer-

land) was used and set to 5% and 70%, respectively. For cell line one,

a working cell bank previously established was used for cultivation.

Cryopreservation and cell passaging were carried out as described

previously.[29]
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TABLE 1 Overview of experiments presented in this study

Experiment 1 Experiment 2 Experiment 3

Figures Figure 1, 2, Supplementary

Figure 1, 2, 3

Figure 3 Figure 4, 5, 6, Supplementary

Figure 4, 5, 6, 7

Cell line CHO cell line 1 CHO cell line 1 CHO cell line 2

Medium Medium 1

PowerCHO™ 2

Medium 1

PowerCHO™ 2

Medium 2

sciNX

Media Supplements 6mMglutamine, 30 µgmL−1

kanamycin

6mMglutamine, 1% PenStrep 5mMglutamine, 1% PenStrep

Initial viable cell concentration 0.2⋅106 mL−1 0.2⋅106 mL−1 0.5⋅106 mL−1

0.25⋅106 mL−1

Flask type glass and plastic glass glass

Device type RAMOS RAMOS RAMOS and TOM

Number of passages after thawing 2 14 3

ID of cryogenic vial #1 #1 #2

Cell line two was obtained as a 50 mL growing culture by CLS

Cell Lines Service GmbH, Germany and cells were grown as described

above until a cell density of about 2.5⋅106 mL−1 was reached. Cells

were then centrifuged (8 min, 300 × g, room temperature) (Heraeus

Multifuge X3R , Thermo Fisher Scientific, USA) and the VCC set to

1.2⋅107 mL−1 in a mixture of culture medium used for cultivation

(45% v/v), fresh culture medium with supplements added (45% v/v)

and dimethylsulfoxide (DMSO) (10% v/v). Aliquots of 1 mL of this mix-

ture were transferred to 2 mL cryovials and frozen at a controlled

cooling rate of -1◦C min−1 using a Nalgene Mr. Frosty freezing con-

tainer (Thermo Fisher Scientific, USA). After 24 h, the cryovials were

transferred into a liquid nitrogen storage tank and stored in the vapor

phase of liquid nitrogen. One vial was rapidly thawed for cultivation

and its content resuspended in 9 mL fresh culture medium with sup-

plements added. Afterwards, the cells were centrifuged for 5 min at

175 × g at room temperature using a Heraeus Multifuge X3R cen-

trifuge (Thermo Fisher Scientific, USA). The supernatant was then

discarded and the remaining cell pellet was resuspended in 3 mL

fresh culture medium with supplements added. Afterwards, the vol-

ume was filled up to 20 mL using fresh culture medium with supple-

ments added to cultivate the first passage. Cells were grown until a

cell density of about 2⋅106 mL-1 was reached. The seed cell concen-

tration for subsequent passages was set to 0.25⋅106 mL−1 in a volume

of 20mL.

2.4 Main culture cultivation conditions

After an appropriate number of passages (see Table 1 for details for

each experiment), main culture cultivations were started. All cultiva-

tions were carried out at a temperature of 36.5◦Cwith a shaking diam-

eter of 50mmand a shaking frequency of 140 rpm. An initial filling vol-

ume of 50 mL was used. Flasks for manual sampling were cultured in a

humidified incubator (ISF1-X, Kühner AG, Switzerland) at 70% relative

humidity and 5%CO2. Formanual sampling, glass flasks (Duran, Schott

AG, Germany) closed with a cellulose plug (Rotilabo culture plug, Roth,

Germany) and Corning plastic flasks closed with a vent-cap (Sigma-

Aldrich, USA) were used. At each sampling point, 1 to 1.5 mL of culture

volume were withdrawn from the flask under sterile conditions. After-

wards, the flaskwas put back to the incubator and sampled again at the

next sampling point.

For monitoring of the respiration activity in glass flasks, modified

glass flasks were used. However, these flasks were onlymodified in the

upper part of the flask to enable active gassing needed for measure-

ment. TOM flasks were cultured under the same conditions and in the

same incubator as the flasks used for manual sampling. RAMOS flasks

were cultured in parallel to the flasks for manual sampling in an incu-

bator without CO2 and humidity control (ISF1-X, Kühner AG, Switzer-

land). For gassing of the monitored RAMOS flasks, a gas mixture of

5% CO2 in synthetic air was used. Monitoring of the OTR in single-

use plastic flasks was carried out in a RAMOS device using adapters

as described previously.[29] It was previously demonstrated that cul-

ture behavior in onlinemonitored and offline sampled glass and plastic

flasks from the RAMOS device is comparable.[29] In all cases, the same

types of flasks (either glass or single-use plastic) were used for online

monitoring and offline sampling.

2.5 Determination of offline parameters

Parameters determined from manual sampling with relevance to this

study are described in the following sections. VCC analysis was carried

out immediately after sampling using culture broth. For further analy-

sis, 1 mL of culture broth was transferred into a 1.5 mL tube and cen-

trifuged in a table centrifuge (mini centrifuge Rotilabo, Carl Roth, Ger-

many) for 3 to 5 min at a rotation rate of 6000 rpm at room tempera-

ture. The supernatant was used for the determination of glucose and

lactate concentration and stored at -20◦C until use.
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2.5.1 Determination of VCC

Determination of the VCC was carried out by manual counting using a

hemocytometer (Counting chamber C-Chip Neubauer improved, Carl

Roth, Germany) and a vital exclusion stain. If needed, the culture broth

was diluted with medium. Afterwards, 10 µL of appropriately diluted

culture broth was mixed with 10 µL of trypan blue (cell line one) or

10 µL of erythrosin B solution (Merck KGaA, Germany) (cell line two).

Finally, 10 µL of themixture were added to the chamber. For each sam-

ple, the cell numbers in four quadrants were manually counted, aver-

aged and corrected by the dilution factor given by themanufacturer.

2.5.2 Glucose and lactate measurement

The glucose and lactate concentrations in the culture supernatant

weredeterminedbyhigh-pressure liquid chromatography (HPLC) anal-

ysis. Before analysis, the samples were filtered and transferred into a

vial. An organic acid resin column (Rezex ROA-Organic Acid H+ (8%),

300 × 7.8 mm, Phenomenex Inc, USA) was used for separation. As

HPLC system, aDionexUltimate 3000 system (ThermoScientific, USA)

equipped with a refractive index detector (RefractoMax 520, Shodex,

Germany) was used. As mobile phase 5 mMH2SO4 was used at a flow

rate of 0.8 mL min−1. For medium one, separation was carried out at

a temperature of 40◦C. For medium two, a temperature of 60◦C was

used.

3 RESULTS AND DISCUSSION

3.1 Determination of cell-specific oxygen uptake
rates (qO2) utilizing measurement of the oxygen
transfer rate (OTR) in shake flasks

A data set previously published and described in detail[29] was

exploited further in this study. From the published data set, the mea-

sured OTR, VCC and glucose concentration were used. The course

of these data over the cultivation time is depicted in Supplementary

Figure 1. From themeasuredOTRandVCCdata, calculation of the cell-

specific oxygen uptake rate (qO2) was performed. Assuming that the

OTR equals the OUR, the OTR can be defined as the product of VCC

and qO2 (Equation 1).

OUR = OTR = qO2 ⋅ VCC (1)

As growth was shown to be similar in glass and plastic flasks, both

data sets were used for determination of qO2 (Figure 1).

Figure 1 depicts the correlation between the VCC measured with

the hemocytometer from manual sampling and the measured OTR

at the respective sampling point until 144 h. Later data points were

not considered, since the VCC started to decrease (Supplementary

Figure 1B, closed and open blue triangles). The correlation revealed

a two-phase behavior (Figure 1, solid green and dashed orange

F IGURE 1 Determination of cell-specific oxygen uptake rates
(qO2) for CHO cell line one. The correlation between theOTR and the
VCCwas determined until 120 h using a data set published previously
(Supplementary Figure 1).[29] For determination of VCC using a
hemocytometer, four quadrants from one sample were counted and
averaged. Open squares are data from single-use plastic flasks, closed
squares are data from glass flasks. Data from experiment 1. Solid
green line shows a linear fit for VCCs up to 1.6⋅109 L−1 resulting in a
qO2 of 2.38⋅10

−10 mmol h−1. Dashed orange line shows a linear fit for
VCCs from 1.6⋅109 to 8.75⋅109 L−1 resulting in a qO2 of
1.02⋅10−10 mmol h−1. The intersection of both regression curves
(dotted lines) (VCC= 1.73⋅109 L−1, OTR= 0.44⋅mmol L−1 h-1) was
used to define the transition between the different qO2 values

line, respectively). The intersection of the linear regression lines (at

VCC = 1.73⋅109 L−1 and OTR = 0.44 mmol L−1 h−1) was defined as

the transition from the first phase to the second phase. The obtained

qO2 values (qO2 of 2.38⋅10-10 mmol h−1 in the first phase and

1.02⋅10-10 mmol h−1 in the second phase) agree well with the litera-

ture. Seidel, Maschke, Werner, Jossen, and Eibl[36] recently analyzed

46 data sets from twenty different publications to determine an aver-

age qO2 value for CHO cells. A mean value of 2.07 ⋅10−10 mmol h−1

was reported.[36]

In general, changes in qO2 values can be caused by several differ-

ent culture parameters like cell density or cell age.[17] Deshpande and

Heinzle reported a decrease in qO2 from 3.2⋅10-10 to 1.8⋅10−10 mmol

h−1 for a CHO cell line and concluded that this was caused by the

so-called ‘crowding phenomenon’.[37] The crowding phenomenon orig-

inally described a decrease in qO2 with increasing cell concentra-

tions for lymphocytes.[38] Pappenreiter, Sissolak, Sommeregger, and

Striedner[39] reported qO2 values of about 1.6⋅10
−10 mmol h−1 during

cultivation in a 15 L bioreactor. A linear correlation between VCC and

OUR was found up to cell concentrations of 1⋅107 mL−1 in their study.

In addition, they reported two different slopes for the OUR in depen-

dence of the packed cell volume (PCV).[39] A decrease in qO2 was also

reported for hybridoma cells upon depletion of glutamine.[40] Further,

varying qO2 values have been reported in batch cultures for CHOcells,

however at lower initial glucose concentrations.[41] Taken together, the

calculated qO2 values from our study compare well with data from the

literature, especially considering that differences in absolute values for

qO2 are reasonable as determination is affected by the measurement

conditions.[16]
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At a given set of cultivation parameters, themaximumOTR that can

be physically reached (OTRmax), can be calculated according to Meier

et al. assuming that gas-liquid mass transfer limits oxygen transfer.[42]

Calculation of the OTRmax under the experimental conditions applied

in this study results in an OTRmax of 7.5 mmol L−1 h−1. Inserting this

value and the average qO2 value of 2.07 ⋅10−10 mmol h−1 for CHO

cells[36] into Equation 1 indicates that about 36million cells permL can

sufficiently be supplied with oxygen in shake flasks at the chosen con-

ditions. However, restrictions can occur at changing cultivation condi-

tions, as the OTRmax decreases with increasing filling volume. Conse-

quently, attention needs to be paid if the filling volume is changed dur-

ing cultivation. Rising filling volumes are typically the case during fed-

batch cultures. In CHO fed-batch cultures cell densities of more than

25 million cells per mL have been reported in shake flasks.[43] There-

fore, these cultures might be close to or even run into an oxygen limi-

tation during cultivation. To prevent an oxygen limitation, the shaking

frequencymight have to be increased or the initial filling volume needs

to be lowered.With (semi)-perfusion cultures, even higher VCCsmight

be reached already in shake flasks.[44] Here sufficient oxygen supply

will become evenmore critical. These exemplary considerations under-

line the importance of paying attention to oxygen supply, especially at

changing conditions (e.g., filling volume) during cultivation.

3.2 Calculation of the glucose concentration from
the OTR obtained in shake flasks

Fed-batch operation is often realized in small-scale cultivations by

bolus feeding of media components after an initial batch phase. The

composition of the feed is usually designed to not become limiting. To

determine the optimal time point for feed addition, the glucose con-

centration in the culture broth needs to be known. Thus, we deter-

mined the correlation between oxygen consumption and glucose con-

sumption to estimate the residual concentration of glucose based on

the OTR measurement during cultivation. The cumulated oxygen con-

sumption is reflected by the integral of the OTR (IntOTR) over time

(Supplementary Figure 2). Therefore, the IntOTR was plotted against

the amount of glucose consumed (Figure 2), that is until the last data

point, where glucosewas still detected in the culture broth. Again, data

points for glass and single-useplastic flasks fromapreviously published

data set (Supplementary Figure 1) were used to establish the correla-

tion. Fitting of the data points using Equation 2 gave very good accu-

racy between the consumed amount of glucose and the oxygen integral

(Figure 2, red line).

Glucoseconsumed

[
g L−1

]
=

13.511 ± 1.694
[
g L−1

]
⋅ IntOTR

[
mmol L−1

]

199.7 ± 38.1 [mmol L−1] + IntOTR [mmol L−1]

(2)

A linear correlation between the cumulated oxygen consumption

and the glucose consumption in a stirred tank reactor was previ-

ously reported in fed-batch cultivations.[19] Fitting by using Equation 2

F IGURE 2 Correlation between consumed amount of oxygen
(IntOTR) and consumed amount of glucose for CHO cell line one. The
integral of the oxygen transfer rate (OTR) was calculated and plotted
against the amount of glucose consumed. TheOTRwas determined for
glass and single-use plastic flasks each in biological triplicates. The
glucose concentration was determined by HPLCmeasurement from
one glass and one single-use plastic flask run in parallel. Data from
experiment 1 that was published previously.[29]

assumes that the stoichiometry is linear at low oxygen demand. Con-

sequently, the relationship between IntOTR and glucose consumed is

linear at low IntOTR. Higher glucose concentrations are present in the

first part of the batch cultivation (left part of Figure 2). Thus, a linear

relationship between consumed amounts of glucose and oxygen is also

observed in the beginning of batch fermentations and is well reflected

by the fit equation. However, as the glucose concentration decreases

in batch mode, more oxygen is consumed per amount of glucose con-

sumed and, consequently, a deviation from linear behavior is observed

(right part in Figure 2). The deviation from linear behavior occurswhen

about 5 g L−1 of glucose are still left in the medium. This deviation

from linear behavior is also accounted for in the fit equation. A higher

oxygen consumption per glucose consumed indicates that glucose is

not used for growth and, thus, biomass generation, but oxidized for

energy metabolism. An increase in oxidative metabolism and, conse-

quently, an increasing amount of oxygen consumed per glucose con-

sumed was also reported for hybridoma cells.[45] The change in glu-

cose metabolization is most likely also connected to the change in qO2

observed (Figure 1) and points to general changes in cell metabolism. A

decrease in glucose consumption with decreasing glucose concentra-

tion has previously been reported for CHO cells and was associated

with the change from exponential growth to late exponential growth

phase.[46] The observation that glucose is not used for biomass gener-

ation is also in excellent agreement with the course of the VCC (Sup-

plementary Figure 1). Even at comparably high glucose concentrations

of about 3 g L−1 (after 144 h of cultivation), the VCC does not increase

further, but enters a plateau phase (Supplementary Figure 1, blue tri-

angles).

With the developed correlations, the VCC and the glucose concen-

tration can be calculated from the time-resolved OTR data, resulting
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in a time-wise resolution of one data point per hour (Supplementary

Figure 3). As the same data were used to establish the correlations,

the calculated andmeasured VCCdata agreedwell for both flask types

(Supplementary Figure 3, blue symbols) until the point when the VCC

started to decrease. Besides the VCC, the glucose concentration was

in very good agreement with the offline measured glucose concen-

tration (Supplementary Figure 3, red symbols). However, after deple-

tion of glucose and lactate, cell respiration continued for another 24 h

(compare Supplementary Figure 1). Consequently, the oxygen integral

increased further (Supplementary Figure 2), resulting in negative cal-

culated glucose concentrations. As mentioned previously,[29] the oxy-

gen consumption after depletion of glucose and lactate wasmost likely

attributed to the consumption of another carbon source that was not

accounted for in the correlation. Since the media composition is pro-

prietary, it is not possible to specify the exact compound metabolized.

However, as discussed previously,[29] this ‘shoulder’ in the OTR was

observed for hybridoma cells after glutamine depletion, indicating oxi-

dationof alternative substrates (e.g., glucose, other aminoacids or fatty

acids).[40] In addition, metabolization of galactose might be reason-

able. Addition of galactosewas demonstrated to enablemetabolization

of lactate in CHO cell cultures and was consumed after depletion of

glucose.[47]

3.3 Transfer of established correlations for
measurement of VCC and glucose to a subsequent
cultivation

The transferability of the established correlations for estimation of

VCCand glucose to a newdata setwas investigated by a second experi-

ment (Table 1). The data are presented in Figure 3. TheOTRdata of this

data setwere published previously,[29] but not used for further calcula-

tions. The course of theOTR from the first experiment (Table 1, Supple-

mentary Figure 1) is depicted for comparison (Figure 3A, closed orange

squares). Compared to the first experiment (Figure 3A, closed orange

squares), an increase in the lag-phase of 20 hwas observed for the sec-

ond experiment (Figure 3A, closed black stars).

The determined correlations for calculation of the VCC (Figure 1)

and the glucose concentration (Figure 2) from the OTR and IntOTR,

respectively, were used to directly calculate the VCC (Figure 3B, open

blue triangles) and the glucose concentration (Figure 3B, open red

squares) from the measured OTR (Figure 3A, closed black stars) for

experiment 2. The estimated VCC and glucose concentration from the

time-resolved OTR was compared to offline data for VCC and glu-

cose concentrations obtained frommanual sampling (Figure 3B, closed

blue triangles and closed red squares, respectively). The VCC was pre-

dicted precisely from the OTR until the VCC started to decrease (after

around 168 h). A precise prediction until the VCC started to decline

is reasonable as the correlation was established using the experimen-

tal data until the VCC started to decrease. Moreover, calculating the

VCC from the OTR is only possible, if the qO2 remains constant dur-

ing cultivation. Otherwise, changes in qO2 need to be determined and

F IGURE 3 Reproducibility of culture behaviour for CHO cell line
one and prediction of viable cell concentration (VCC) and glucose
concentration during cultivation. (A) TheOTR is shown as the average
of a triplicate determination (closed orange squares, experiment 1),
and as a single determination (experiment 2, closed black stars). The
OTR data depicted in Figure 3Awere originally published as Figure 6
in Ihling et al.[29] (B) The glucose concentration (open red squares) was
calculated from the oxygen consumption (IntOTR) using the correlation
established in Figure 2 using data from experiment 1. Data are
compared to data frommanual sampling (closed red squares) obtained
in experiment 2 (see Table 1). The VCC (open blue triangles) was
calculated from theOTR using the correlation established in Figure 1
using data from experiment 1. Data are compared to data frommanual
sampling (closed blue triangles) from experiment 2 (see Table 1). CHO
cells (initial VCC= 0.2⋅106 mL−1) were cultured at 36.5◦C in
serum-free chemically definedmedium supplemented with 6mM
glutamine (30 µgmL−1 kanamycin in experiment 1, 1% PenStrep in
experiment 2). Cultivation conditions: 250mL glass shake flasks,
50mL filling volume, 140 rpm shaking speed, 50mm shaking diameter.
Flasks for determination ofOTRwere gassedwith 5%CO2 in synthetic
air at a rate of 6.25mLmin−1. Flasks for manual sampling were closed
with a cellulose plug and cultured with 5%CO2 in air at 70% r.h

taken into account. Here, it might be plausible that qO2 changed once

the cells entered the stationary phase. In addition, it was demonstrated

for CHO fed-batch cultures, that a deviation between VCC and OUR

was observed after the peak VCC was reached.[48] The course of the

glucose concentration was also well reflected by the estimation based

on the IntOTR. The good agreement between data determined from

manual sampling and concentrations predicted fromnon-invasivemea-

surement of the OTR demonstrated that the established correlations

could be applied to a subsequent cultivation without manual sampling.

An accurate prediction using the OTR was even possible, although the

duration of the lag-phase differed between the cultivation utilized to

establish the correlations.
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F IGURE 4 Cultivation of Chinese hamster ovary (CHO) cell line
twowith time-resolvedmonitoring of the oxygen transfer rate (OTR)
andmanual sampling. (A) OTR values in duplicate for cultivation in
RAMOS device (closed green stars and open green diamonds) and
TOMdevice (closed orange squares and open purple circles) are
depicted over the cultivation time. Viable cell concentration (VCC)
(blue triangles) determined frommanual sampling is depicted in
duplicate. (B) Glucose concentration (red squares) and lactate
concentration (purple circles) determined frommanual sampling over
the cultivation time. Data from experiment 3 (see Table 1). CHO cells
(initial VCC= 0.5⋅106 mL−1) were cultured at 36.5◦C in serum-free
chemically definedmedium supplemented with 5mMglutamine and
1%PenStrep. Flasks were gassedwith 5%CO2 in synthetic air at a rate
of 6.25mLmin−1 (RAMOS) or with 5%CO2 in air at 70% r.h. at a rate
of 11mLmin−1 (TOM). Flasks for manual sampling were closedwith a
cellulose plug and cultured with 5%CO2 in air at 70% r.h. Cultivation
conditions: 250mL glass shake flasks, 50mL filling volume, 140 rpm
shaking speed, 50mm shaking diameter

3.4 Transfer of calculation of VCC and glucose
concentration from OTR data in shake flasks to a
second CHO cell line

To demonstrate that the presented approach for calculating VCC and

glucose concentrations frommeasurement of theOTR is broadly appli-

cable, the methodology was applied to a second CHO cell line that was

cultured in adifferentmedium (“medium2”).Here, twodifferent device

options (RAMOS and TOM) were used in parallel (see Supplementary

Table 1 for device specifications).

The course of the OTR (n = 4) and VCC (n = 2) is depicted in

Figure 4A. ThemaximumOTR reached, and the shape of theOTR curve

differed significantly fromthebehavior of the first cell line (Supplemen-

tary Figure 1). However, the measured OTR between the two different

deviceswasvery similar indicating comparable culturebehavior inboth

devices.

The course of the VCC (Figure 4A, blue triangles) from flasks man-

ually sampled and ran in parallel to the monitored flasks was well

reflected in the shape of the OTR curve. Glucose was consumed in the

first part of the cultivation and probably consumed after around 120 h

(Figure 4B red squares). Lactate was initially formed but consumed as

the glucose concentration decreased (Figure 4B, purple circles). After

glucosewasdepleted, lactatewas still left in themediumandconsumed

slowly for a considerable time. Prolonged glucose consumption indi-

cated non-optimal growth conditions and some improvement potential

of themedium.Media optimizationwas, however, not part of this study.

Calculation of qO2 from simultaneous measurement of VCC

and OTR resulted in a constant qO2 during the exponential phase

(until 69 h) (Supplementary Figure 4A). The obtained qO2 of

1.90⋅10−10 mmol h−1 is in the range of qO2 values reported previously

(see above), but the overall VCCs reached were lower than for the first

cell line (compare Figure 1). Thus, it seems reasonable, that a constant

qO2 was observed, as the crowding phenomenon,[38] for example,

might only occur at higher VCCs. Another reason for the different qO2

values determined for both cell lines could be attributed to differences

in phenotypes and genotypes of the two CHO cell lines. CHO cells are

known to be very diverse in genotypes and phenotypes.[49–52] As the

CHO cell lines used in this study originated from different sources, it

is reasonable that a different cell behavior is observed. Additionally,

CHO cell line one produces a monoclonal antibody (mAb). Differences

in mAb producing and native CHO cell lines regarding growth and

substrate consumption have also been reported.[46] Like the first cell

line, applying the determined qO2 value to the online data set used for

calibration enabled retrospective calculation of the VCC with a higher

temporal resolution (Supplementary Figure 4B). As can be seen, the

standard deviation of the VCC calculated from the OTR was relatively

low compared to the error of manual cell counting (Supplementary

Figure 4B). In addition, the course of the VCCwas also estimated quite

accurately from the OTR in later stages of the cultivation. Accurate

determination of the VCC in later stages of the cultivation indicates

that the qO2 did not change as soon as glucose was depleted and

lactate was consumed.

The correlation between glucose and oxygen consumption was

determined next (Supplementary Figure 5A). Again, a fit function (Sup-

plementaryFigure5A)with linear dependency at lowoxygen consump-

tion was found to describe the experimental data best. Data until 96 h

were considered, as the glucose concentration after 168 h (Figure 4,

red squares)was very low (<0.1 g L−1). The correlation gave goodaccu-

racy when applied to the data set used for calibration (Supplementary

Figure 5B).

At low oxygen consumption, the ratio of the linear relationship

between glucose and oxygen consumption is obtained by division

of the constants obtained from Equation 2. The reciprocal of the

constants represents the amount of oxygen per glucose consumed.

Consequently, data from Figure 2 (denominator = 199.7 mmol L−1,

nominator = 13.511 g L−1) and Supplementary Figure 5 (denomina-
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tor = 26.7 mmol L−1, nominator = 5.468 g L−1) were used for cell line

one and cell line two, respectively. The first cell line exhibited a much

higher oxygen consumption per glucose (∼15 mmoloxygen gglucose
−1)

than the second cell line (∼5 mmoloxygen gglucose
−1). The obtained val-

ues are in the same order of magnitude as reported for hybridoma

cells[45] andCHOcells in fed-batch cultivation.[19] As discussed above,

the observed deviation might be caused by phenotypic and genotypic

differences in the cell lines. Another reason for the deviation between

the cell lines might be differences in the culture media (glucose

concentration). The deviation might also result from a different cell

metabolism caused bymonoclonal antibody production in cell line one,

as antibody production requires additional metabolic resources. That

differences in the ratio are caused by monoclonal antibody produc-

tion might be most plausible, as cell metabolism was found to change

drastically between the transition from peak growth to peak antibody

production for a single CHO cell line.[53] A highly oxidative state of

metabolism, that is, increased flux into the oxidative tri-carboxylic acid

cycle and oxidative pentose phosphate pathway, also corresponds to

increased antibody production.[53] This could explain the significantly

higher oxygen demand per glucose consumed for cell line one. While

the demonstrated methodology is suitable to derive VCC and glucose

concentrations fromOTRmeasurement, it is not possible to determine

the reasons for the observed differences in cell line behavior.

Instead of transferring the correlations for the second cell line to

a subsequent culture run under the same conditions, prediction of

VCC and glucose concentration fromOTRdata for a culture inoculated

with a smaller initial cell density (2.5⋅105 mL−1) was investigated. The

course of the OTR was different compared to the culture inoculated

with an initial VCC of 5⋅105 mL−1 (Supplementary Figure 6). Transfer

of the correlations established for an initial VCC of 5⋅105 mL−1 to an

initial VCC of 2.5⋅105 mL−1 gave a good prediction of the VCCover the

whole cultivation time (Figure 5, blue curves) and an acceptable predic-

tion of the glucose concentration (Figure 5, red curves).

3.5 Additional insights into culture behavior and
calculation of the lactate concentration by
measurement of the CTR and the TQ in shake flasks

For the cultivation of cell line two, the CTRwasmeasured in parallel to

the OTR in the same flask in the TOM device. The measurement set-

up described here is advantageous for accurate CTR determination as

only the change in the carbon dioxide partial pressure in the gas phase

is measured. Consequently, the exact inlet and outlet concentrations

of CO2 are irrelevant for measurement. As the liquid concentration of

CO2 is assumed to be in equilibrium with the gas phase, the CO2 con-

centration in the liquid does not have to be known for calculation of the

CTR.

The change in carbon dioxide partial pressure during measurement,

which was used to calculate the CTR, gave quite accurate values and

enabled a reasonable observation of culture progression (Figure 6A,

closed cyan triangles). The combined knowledge of OTR and CTR

enabled the non-invasive calculation of the transfer quotient (TQ)

F IGURE 5 Prediction of glucose concentration and viable cell
concentration (VCC) for cell line twowith a different inoculation
density. The glucose concentration for an inoculation density of
0.25⋅106 mL−1 (open red squares and stars) was calculated from the
oxygen consumption (IntOTR) using the correlation established in
Supplementary Figure 5 for an inoculation density of 0.5⋅106 mL−1.
Data are compared to data frommanual sampling (closed red
diamonds). The VCC (open blue triangles and circles) was calculated
from theOTR using the correlation established in Supplementary
Figure 4 for an inoculation density of 0.5⋅106 mL−1. Data are
compared to data frommanual sampling (closed blue triangles). Data
from experiment 3 (Table 1). CHO cells (initial VCC= 0.25˙106 mL−1)
were cultured at 36.5◦C in serum-free chemically definedmedium
supplemented with 5mMglutamine and 1% PenStrep). Flasks were
gassedwith 5%CO2 in synthetic air at a rate of 6.25mLmin−1

(RAMOS). Flasks for manual sampling were closedwith a cellulose
plug and cultured with 5%CO2 in air at 70% r.h. Cultivation
conditions: 250mL glass shake flasks, 50mL filling volume, 140 rpm
shaking speed, 50mm shaking diameter

(Figure 6A, closed black circles). In analogy, the ratio of OUR and CER

is defined as the respiratory quotient (RQ) (Equation 3).

TQ =
CTR
OTR

; RQ =
CER
OUR

(3)

RQ values for mammalian cells are dependent on medium composi-

tion and cultivation conditions and might vary quite strongly.[26] For

CHO cells, RQ values slightly above 1 were observed during lactate

production from glucose, while RQ values lower than 1 were observed

during subsequent lactate consumption.[24,25] In case that the CTR

equalled the CER and theOTR equalled theOUR (see below), themea-

sured TQ corresponds to the RQ. Consequently, a switch from lac-

tate production to lactate consumption was expected at around 90 h

judging from the course of the TQ value (Figure 6A, closed black cir-

cles). At about this time, the TQ decreased below 1 (Figure 6A, inter-

cept of dashed black lines). This observation is in good agreement

with the lactate concentration determined from twomanually sampled

flasks (Figure 6B, purple circles). Consequently, time-resolved TQ val-

ues obtained without sampling in shake flasks were suited to distin-

guish between lactate production and lactate consumption.
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F IGURE 6 Non-invasive determination of the oxygen transfer rate
(OTR), carbon dioxide transfer rate (CTR) and transfer quotient (TQ)
and prediction of lactate concentration for cell line two. (A) Course of
theOTR (closed orange squares), CTR (closed cyan triangles) and TQ
(closed black circles) over the cultivation time using the TOMdevice.
Dashed horizontal linemarks a TQ of 1. Dashed vertical line depicts
time-point at which the TQ decreased from above 1 to below 1. (B)
Difference between CTRmeas and CER (closed grey squares) during
cultivation. The integral of the difference between CTRmeas and CER is
presented as pink open stars and equals the amount of lactate in the
culturemedium (inmmol L−1). Lactate concentrationmeasured by
HPLC from flasks manually sampled and run in parallel to the
monitored flasks is depicted as purple circles (double determination).
Data from experiment 3 (see Table 1). CHO cells (initial
VCC= 0.5⋅106 mL−1) were cultured at 36.5◦C in serum-free
chemically definedmedium supplemented with 5mMglutamine and
1% PenStrep. Flasks were gassedwith 5%CO2 in air at 70% r.h. at a
rate of 11mLmin−1 (TOM). Flasks for manual sampling were closed
with a cellulose plug and cultured with 5%CO2 in air at 70% r.h. in the
same incubator. Cultivation conditions: 250mL glass shake flasks,
50mL filling volume, 140 rpm shaking speed, 50mm shaking diameter

Considering the stoichiometry for growth on glucose with simulta-

neous lactate formation and glutamine as the carbon source, the cal-

culated RQ should only be slightly above 1 (∼1.1). However, the mea-

suredTQ is largely above1 in the first part of the cultivation (Figure 6A,

closedblack circles). This higherTQ is causedbya largerCTRcompared

to theOTR. Comparisonwith the expected biological RQ indicates that

the TQ did not equal the RQ in this part. Consequently, higher CTR val-

ues were attributed to additional CO2 release from the liquid into the

gas phase due to lactate formation.

Under physiological conditions, the buffer reaction of the bicarbon-

ate buffer can be simplified as shown in Equation 4,[24] because the

amount of carbonic acid (H2CO3) in the liquid phase can be neglected

around neutral pH. The ratio between lactate and proton formation

during glycolytic metabolism is assumed to be 1:1.[54] Consequently,

for eachmole of lactate formed, onemole of carbon dioxide is released.

Assuming that the ratio between hydrogen carbonate (HCO3
−) and

CO2 is 1:1,[22] lactate formation led to a release of CO2 from the liq-

uid phase (Equation 4). Here it is implied that the CO2 concentration in

the liquid did not change for any other reason than lactate formation.

CO2 (g) ↑ ⇔ CO2 (l) +H2O⇔HCO−

3 +H+ (4)

Winckler et al.[24] observed TQ values decreasing from about 2.5

to about 1 for CHO cells grown on glucose with simultaneous lactate

formation and calculated the biological RQ to be close to 1.[24] This

is in agreement with the RQ expected from the stoichiometry (∼1.1

during growth on glucose with simultaneous glutamine consumption

and lactate formation). The difference between TQ and RQ can thus

be attributed to the difference between measured CTR (CTRmeas) and

biological CER. This difference equals the CO2 released due to lactate

formation (CTRbuff) (Equation 5).

CTRbuff = CTRmeas − CER (5)

Assuming, highly simplified, that theRQfromcell respiration is 1 and

that theOTRequals theOUR,[29] theCER equals theOTR (Equation 6).

Together with the use of Equation 5, CTRbuff can then be calculated

frommeasuredOTR and CTR data (Figure 6B, closed grey squares).

RQ =
CER
OUR

= 1, withOUR = OTR : ⇒ OTR = CER (6)

By integration of CTRbuff over time, the lactate concentration was

directly obtained. The calculated lactate concentration (Figure 6B,

openpink stars)was in excellent agreementwith the lactate concentra-

tion determined from manual sampling (Figure 6B, purple circles) dur-

ing lactate production. The accuracy is especially striking considering

the simplifications made for the estimation of the lactate concentra-

tion from the respiration activity data. In addition, subsequent lactate

consumption was also predicted very well. The accurate prediction of

lactate consumption is reasonable as lactate consumptionwill shift the

equilibrium of CO2 towards the liquid form (Equation 4). This results

in less CO2 release into the gas phase and consequently a lower TQ

than expected. Again, the difference between TQ and RQ can be used

to calculate the lactate consumption. It should be emphasized that the

lactate concentration measured by HPLC was not used for calibration

or calculation of the lactate concentration from the respiration activ-

ity data. Consequently, predicting the lactate concentration profilewas

possible completelywithout sampling andcan thereforebe regardedas

an orthogonal and independent measurement to HPLC analysis.

Calculationof lactate formation fromrespirationactivity is onlypos-

sible, if bicarbonate is present in the culture medium as a direct cor-

relation between the buffer system, CO2 release and lactate forma-

tion would otherwise not be given. For media buffered with synthetic

buffers, the CTR should equal the CER, if no non-biological CO2 forma-

tion occurs. Thus,measurement of theCTR in parallel to theOTRmight
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be of interest to determine the biological RQ and investigate the corre-

lation between changes in RQ and culture behavior.

4 CONCLUSIONS

This study used simultaneous measurement of the OTR and VCC in

shake flasks to determine qO2 values for two different CHO cell lines.

For CHOcell line one, a two-phase behaviorwas observed and the qO2

decreased from 2.38⋅10−10 to 1.02⋅10−10 mmol h−1 during growth on

glucose. For cell line two, the qO2 was constant at 1.90⋅10−10 mmol

h−1. Both values are in good agreement with literature data.

The determined qO2 values were used to retrospectively calculate

the VCC from the measured OTR with a 24-fold increased resolution

compared tomanual sampling. In subsequent experiments, determined

qO2 values were validated and used to calculate VCCs without sam-

pling. A good correlation between measured and predicted VCCs was

obtained for both cell lines until the maximum VCC was reached. For

cell line two, the course of the VCC was also predicted very well dur-

ing subsequent lactate consumption. Taken together, the presented

approach can be used for process monitoring to spot deviations from

expected culture behavior or to determine optimum time-points for

passaging and culture termination without the need for manual sam-

pling.

A linear correlation between the amounts of glucose and oxy-

gen consumed was found for both cell lines. For cell line one,

which produced a monoclonal antibody, oxygen consumption was

∼15 mmoloxygen gglucose
−1. For cell line two, which did not pro-

duce a monoclonal antibody, oxygen consumption was ∼5 mmoloxygen

gglucose
−1. The established correlations enabled satisfactory calcula-

tion of the glucose concentration without sampling. Only at low glu-

cose concentrations (< 1 g L−1), prediction was less accurate. Time-

resolved information on the current glucose concentration could be

used to schedule time points for bolus feeding and, again, spot differ-

ences in culture behavior.

Measurement of the OTR was combined with measurement of the

CTR to enable direct calculation of the TQ for cell line two in a bicar-

bonate buffered medium. The TQ was found to be above 1 during lac-

tate production and decreased below 1 during lactate consumption.

Thus, the switch from lactate production to lactate consumption could

be determined in shake flasks without sampling. Additionally, the lac-

tate concentration during cultivation was accurately calculated in a

time-resolvedmanner fromCTR andOTR data. Time-resolved calcula-

tion provides the option to take corrective actions during cultivation, if

the lactate concentration gets too high and detrimental effects for the

culture are expected.

In conclusion, our study demonstrates the benefits of non-invasive

monitoring of the respiration activity to estimate key culture param-

eters during CHO cell cultivation in shake flasks. Our approach also

underlines howmonitoring theOTRcanbeutilized in combinationwith

offline parametermeasurement to determine critical differences in cell

line behavior. In future, the methods presented might be used for pro-

cess control in process analytical technology (PAT) applications or to

compare data and culture behavior between different scales without

sampling. In addition, combination with mechanistic models might be

suited to follow and predict culture behavior during the process.
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