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Abstract A new online monitoring technique to measure
the physiological parameters, dissolved oxygen (DO)
and pH of microbial cultures in continuously shaken 24-
well microtiter plates (MTP) is introduced. The new
technology is based on immobilised fluorophores at the
bottom of standard 24-well MTPs. The sensor MTP is
installed in a sensor dish reader, which can be fixed on
an orbital shaker. This approach allows real online
measurements of physiological parameters during con-
tinuous shaking of cultures without interrupting mixing
and mass transfer like currently available technologies
do. The oxygen transfer conditions at one constant
shaking frequency (250 1/min) and diameter (25 mm)
was examined with the chemical sulphite oxidation
method. Varied filling volumes (600-1,200 pL) of Esc-
herichia coli cultures demonstrated the importance of
sufficient oxygen transfer to the culture. Cultures with
higher filling volumes were subjected to an oxygen lim-
itation, which influenced the cell metabolism and pro-
longated the cultivation time. The effects could be
clearly monitored by online DO and pH measurements.
A further study of different media in an E. coli fer-
mentation elucidated the different growth behaviour in
response to the medium composition. The MTP fer-
mentations correlated very well with parallel fermenta-
tions in shake flasks. The new technique gives valuable
new insights into biological processes at a very small
scale, thus enabling parallel experimentation and shorter
development times in bioprocessing.
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Introduction

In parallel with the expansion of gene sequencing and
increasing protein structure data, the knowledge to create
new biomolecules is rising and there seems to be an
unlimited pool of new products. Due to the fact that many
of these new molecules can only be produced by fer-
mentation and cell culture, there exists a great interest in
new processing techniques. In order to process large
numbers of different clones and to handle the complexity
of the biological systems, the industry turned to high
throughput screening technologies [1, 2]. Coming from
parallel shake flasks cultures many companies switched to
microtiter plates (MTP) as cultivation and screening
platform. The advantages of these miniature bioreactors
include the possibility to operate many simultaneous
cultures in a small space. Additionally, the standardised
microtiter plate design is ideally suited for automated
systems [1, 3, 4]. If MTP, as any other bioreactors, are
used for the cultivation of micro-organisms, care has to be
taken to operate these bioreactors at suitable conditions.
Basic characterisation of mixing and oxygen transfer in
MTP were yet performed by different authors [4-7]. The
results demonstrated that high shaking frequencies are
required to provide sufficient mixing and suitable oxygen
transfer conditions for microbial cultures.

For online monitoring of cultures in MTP new min-
iaturised sensors were implemented in the plates. Espe-
cially optical fluorescence sensors were preferred,
because of their small size, high precision, low cost and
the possibility of non-invasive measurement [3, 6, 7]. The
information from fluorescence sensors can be acquired
by measuring the fluorescence intensity or the fluores-
cence lifetime [8, 9]. General problems with measure-
ments of fluorescence intensity include fluctuations in
light intensity and detector sensitivity, irregular sensor
spots, light scattering, and intrinsic fluorescence of the
sample. The use of a second internal standard fluoro-
phore is a promising strategy. Though, fluorescence
lifetime is the more reliable solution, because the
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fluorophores can be intrinsically referenced, and are
therefore independent of fluctuating light intensities.
The fluorescence lifetime can be detected in either the
time domain or the frequency domain. The use of flu-
orophores with long half-life (in the order of microsec-
onds), which are typically used in optical oxygen
sensors, enables inexpensive detector systems containing
light-emitting diodes (LEDs) and photodiodes [10-12].
Additionally, the intrinsic fluorescence of complex bio-
logical matrices can be eliminated in this time regime,
because the fluorescence of biological materials usually
decay completely within 100 ns. The fluorescence sen-
sors (optodes) are immobilised in the middle of the MTP
wells and are measured through the optically transpar-
ent bottom with an optical fibre [6, 8, 13]. Commercially
available fluorescence intensity-based sensor MTP can
be read out with conventional fluorescence readers. The
apparent drawback of this method is the poor shaking
performance of these readers (too low shaking fre-
quencies at small shaking diameters of 1-3 mm [7]) and
the interruption of MTP shaking during the measure-
ment. This can lead to limited oxygen transfer and
mixing. As a result the microorganisms or cells are
possibly affected and change their metabolism. Addi-
tionally, the oxygen concentrations drop rapidly and
measurement errors are unavoidable [7].

In this paper a new online measurement technique for
continuously shaken 24-well MTP is presented. The new
technique distinguishes between the currently available
techniques [6, 8, 13] due to the direct mounting of the
measurement optics and electronics on the shaker plate
of a regular orbital shaker, thus avoiding poor shaking
performance and the interruption of MTP shaking of
the currently available techniques. To validate the
technique growth of bacterial cultures is investigated.
The oxygen transfer characteristics of the 24-well MTP
is determined at one constant shaking condition for
different filling volumes. The influence of different filling
volumes (V1) on the culture growth is demonstrated by
monitoring of the physiological parameters dissolved
oxygen (DO) and pH . The kinetics of E. coli cultures in
different media are compared with oxygen transfer rate
results from shake flasks, obtained with the respiration
activity monitoring system (RAMOS, explanation fol-
lows).

Materials and methods

Sensor dish reader for optical DO and pH measurements
in MTPs

The sensor dish reader is a commercially available 24-
well MTP-reader. It was developed and delivered by
PreSens GmbH (Regensburg, Germany). The reader
consists of a controller and a compact box with 24
single optical read out units, which are localised in the
centre below each well of a 24-well MTP (Fig. 1). Each
read-out unit consists of an excitation light source
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Excitation filter —_ Emission filter
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Photodiode
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24-well sensor plate

Shaker plate

Controller Orbital shaker
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Fig. 1 Experimental set up for the optical measurement of
dissolved oxygen (DO) and pH in shaken 24-well microtiter plates

(LED) and a photon detector (photodiode). The exci-
tation light and fluorescence light are both directed
through optical filters (see Fig. 1). The sensor dish
reader was optimised by the supplier of the device in
such a way that no difference in the signal to noise
ratio was notable between shaking and resting condi-
tions. The DO- and pH-measurements were conducted
with specially prepared standard 24-well MTP (Oxo-
Dish OD-24 and HydroDish HD-24, PreSens GmbH,
Regensburg, Germany). In the middle of each well of
the 24-well MTP, a fluorescence optode was immobi-
lised. MTPs with only one type of optodes, for DO or
pH measurement, were available. Thus, measurements
of DO and pH could only be conducted in subsequent
experiments. Both types of optodes, DO and pH, were
measured in the frequency domain detection mode.
While DO was calculated from simple phase-shifts of
the emitted light, pH was analysed by the dual lifetime
referencing (DLR) method [9].

All measurements with the sensor dish reader were
performed in a dark room. The DO optodes were
calibrated with 10 g/L. sodium sulfite solution for zero
reading and air saturated water (aqua bidest.) for the
100% reading. The pH optodes were calibrated with a
six-point calibration at pH 4.0, 5.0, 6.0, 7.0, 8.0 and
9.0. Acetate, phosphate and TRIS buffers with constant
ionic strength of 120 mmol/L NaCl (Fluka, Germany)
were used as calibration solutions. All calibrations were
performed before each experiment at the experimental
temperature. The intrinsic fluorescence of each medium
caused some slight deviations of the DO values from
100 and 0%. Thus, a background correction of the
measured data of the DO optodes was necessary.
Therefore the DO signals were recalibrated after the
cultivation experiments. The measured phase shift at
the end of the culture was taken as 100% DO and the
phase shift of a spontaneous baseline during exponen-
tial culture growth (e.g. Fig. 3, 1,200 pL) was taken as



0% DO. The recalibration was calculated with a
modified Stern-Volmer equation, which was imple-
mented in an oxygen calibration software provided by
the manufacturer of the sensor dish reader (PreSens,
Regensburg, Germany).

Characterisation of oxygen mass transfer
in 24-well MTPs

To characterise the oxygen mass transfer conditions in
24-well MTPs at one fixed shaking frequency (n: 250 1/
min) and shaking diameter (dy: 25 mm) with different
filling volumes (V' : 400, 500, 600, 800, 1,000 and
1,200 puL) the chemical sulfite oxidation method was
applied [14]. Hermann et al. [4, 5] modified this method
for application in small-scale reactors without requiring
any oxygen probe by applying a pH indicator, which
was used to indicate the end of complete oxidation.
Thus, it was possible to determine the maximum oxygen
transfer capacity (OTR,.x) by simple stoichiometric
balancing of the oxidation reaction. OTR .4 is generally
defined as:

OTRmaX = kLa . C?)Z = kLa -L02 - PG (1)

With the knowledge of oxygen solubility in the liquid
phase Loy (7.46:107" mol/L/bar at 30°C according to
[15]) and the oxygen partial pressure in air (pg)
(0.2095 bar), the volumetric mass transfer coefficient
(krLa) can be calculated.

The experiments were performed by shaking an un-
sealed 24-well MTP with DO optodes together with the
sensor dish reader (Fig. 1) at 30°C, a shaking frequency
of 250 1/min and at a shaking diameter of 25 mm (Lab-
Shaker LS-W, Kiihner AG, Basel, Switzerland). Differ-
ent from Hermann et al. [4, 5] the sulfite system (0.5 M
Na,SO; (98% purity, Roth, Karlsruhe, Germany),
10-'M CoSO, (Fluka, Neu-Ulm, Germany), 0.012 M
Na,HPO,/NaH,PO, phosphate buffer (Merck, Darms-
tadt, Germany), initial pH 8) were used without the pH-
indicator Bromothymol blue because the depletion of
sulfite oxidation could be directly monitored by the DO
increase at the end of the reaction. Generally the
experiments last between 7 and 20 h at the applied
conditions.

In order to transfer the oxygen transfer conditions
to biological culture systems, one have to take into
account that the OTR,,,  is slightly different due to
physico-chemical differences of biological media in
comparison with the sulfite system. The differences are
caused by different oxygen diffusion coefficients (Dg;)
and Lg,. In case of synthetic media, these parameters
can be estimated by methods presented by Akita and
Weisenberger [15, 16]. In case of complex media, these
parameters cannot be calculated theoretically. In for-
mer works these effects were lumped together in a
proportionality constant (f), where the biological
OTR,,.x capacities were related to the corresponding
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OTR,,.x values of the sulfite system [17-19]. The pro-
portionality constant (f) normally will be in the range
of 1-3 due to the fact that biological media are less
concentrated than the applied sulfite solutions [17-19].
The most convenient way to determine f is to measure
the OTR,,x (under oxygen limitation, where Cy is 0
%) in the biological culture and in the sulfite system at
the same operation conditions (Vy, n, d,) with RA-
MOS (explanation follows). With the knowlegde of the
proportionality constant (f) and the OTR,,x from the
sulfite system, it is now possible to choose adequate
operation conditions during fermentations that allow
sufficient oxygen supply.

Cultivation of E. coli cultures in MTPs and RAMOS

Escherichia coli JM109 (ATCC 53323, DSMZ, Braun-
schweig, Germany) was used for culture studies in 24-
well MTPs with different filling volumes. The strain was
maintained in glycerol stocks (LB-medium with 50 g/L
glycerol) at —=70°C. In the experiment, the different filling
volumes in 24-well MTP were directly inoculated from
the glycerol stocks with 5%-v/v of the filling volume
resulting in an initial ODggg,, of 0.3 (0.12 g/L). It
should be noted that due to the direct inoculation from
the glycerol stocks into the main culture a small amount
of glycerol also was transfered. Therefore, the culture
medium contains 2.5 g/l glycerol and is termed
LB2.5G-medium in this work. The 24-well MTP was
incubated in the sensor dish reader at 30°C, a shaking
frequency of 250 1/min and at a shaking diameter of
25 mm (Lab-Shaker LS-W, Kihner AG, Basel, Swit-
zerland). E. coli BL 21 (DE3) pET3-alcdh (E. coli ADH)
is a strain expressing an alcohol dehydrogenase (acldh),
which was kindly delivered by the laboratory of Prof.
Tadao Oikawa (Department of Biotechnology, Kansai
University, Osaka, Japan). This strain was used in the
RAMOS experiments and in the media studies in the 24-
well MTP. The strain was maintained on LB-agar Petri
dishes at 4°C. The inoculum culture was incubated over
night in 20 ml LB medium in a 250 ml-Erlenmeyer flask
at 30°C at a shaking frequency of 300 1/min and at a
shaking diameter of 50 mm. Cells were separated from
the inoculum medium and resuspended in the main
culture medium. After inoculation the culture started
with an ODggg,.,,, of 0.5. The 24-well MTP was incubated
on the sensor dish reader at 30°C, a shaking frequency of
250 1/min and a shaking diameter of 25 mm. During
these experiments the 24-well MTPs were sealed with gas
permeable adhesive seals (Art. No. AB-0718, Abgene,
Hamburg, Germany) to protect the culture from con-
tamination.

The experiments were carried out with three different
types of bacteria culture media: complex, semi-synthetic
and synthetic. The media had the following composi-
tion: Luria Bertani medium (LB): 10 g/L tryptone
(Difco from Becton Dickinson, Franklin Lakes, USA),
5 g/L yeast extract (Roth, Germany) and 5 g/L. NaCl.



78

The pH was close to 6.7 without adjustment. All
components were mixed and dissolved in deionized
water and autoclaved for 20 min at 120°C. Glucose
MI9Y medium (GM9Y): 5.0 g/L yeast extract (Roth,
Germany), 1.0 g/lL NH4Cl, 0.5 g/L NaCl, 6.0 g/L
Na,HPO,, 3.0 g/L KH,PO,, 0.011 g/L CaCl,, 0.241 g/L
MgSO,, pH="7.0. All components were mixed and dis-
solved in deionized water and autoclaved for 20 min at
120°C. After autoclaving 4.0 g/L glucose (Roth,
Germany) was added to the solution after separate
autoclaving in a 200 g/L. glucose stock solution. The
WR-medium is a completely synthetic medium and is
normally used for high-cell density fed-batch fermenta-
tions. It was prepared according to Ref. [20]. All
chemicals were delivered by Fluka (Neu-Ulm, Germany)
unless specified otherwise.

Recently, a respiration activity monitoring system
(RAMOS, Hitec Zang, Herzogenrath, Germany) for
the online determination of the oxygen transfer rate
(OTR) and carbon dioxide transfer rate (CTR) in
shake flasks has been introduced and described in de-
tail [21, 22]. In this work, RAMOS was used as refer-
ence to monitor the culture growth in the described
media. All experiments were performed with 10 ml
filling volume in a modified 250 ml-Erlenmeyer shake
flask (see [21, 22]). The cultures were incubated at 30°C
at 250 1/min (d,= 50 mm).

Results and discussion

Influence of the filling volumes (V1) on the oxygen
transfer capacity (OTR,.x)

The OTR,,.x was studied at different filling volumes
(400, 500, 600, 800, 1,000 and 1,200 pL) and constant
shaking conditions, at a shaking diameter (d,) of 25 mm
and a shaking frequency (n) of 250 1/min. The data are
presented in Fig. 2 versus the reciprocal filling volume
(1/V1y) to illustrate the dependencies of the oxygen
transfer. A straight linear increase of the OTR,,, and

kra over the reciprocal filling volume is noticeable.
Similar to the report of Hermann et al. [5] and John
et al. [7] for 96-well MTPs, the oxygen transfer depends
only on the gas-liquid interfacial area (A4), which is a
typical property of surface-aerated reactors [5, 7]. At
moderate shaking conditions the gas-liquid interfacial
area (4) remains constant at different filling volumes,
and with increase in the filling volume, the specific mass
transfer area (a) (a= A/V) and thereby the OTR,,,x and
kyra decrease. The upper OTR,,,x and kya values are
slightly higher than the OTR,,x and kpa-values of 96-
well MTPs measured by Hermann et al. [5] at 22°C,
whereas they are much lower as values reached in 48-
well MTPs at much higher shaking frequencies [17].

By this experiment it became obvious that filling
volumes of 400 uL and 500 pL are not very adequate for
the online measurement of physiological parameters like
DO or pH. The immobilised optodes in the middle of the
wells are not covered by liquid at these filling volumes,
and hence, no correct detection of the parameters would
be possible. Depending on the evaporation rate during
cultivation, this problem could occur even with higher
filling volumes. Under the studied conditions, 33% of
the water in the wells evaporated until the end of the
experiment after 20.5 h.

Cultivation of E. coli at different filling volumes

Cultivations of E. coli JM 109 in LB2.5G-medium were
conducted at filling volumes of 600, 800, 1,000, and
1,200 pL. Big differences in the DO and pH courses of
each single batch were noticed (Fig. 3). The DO and pH
measurements were performed in different sucessive
experiments with the same inoculation (from glycerol
stock) and culture conditions. The DO values for the
highest filling volume showed the fastest drop until
oxygen limited conditions were reached. The pH courses
indicate no big deviations until 3.8 h of cultivation.
When the cultures reached oxygen limitation, indicated
by very small DO values, pH starts to decrease linearly
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Fig. 3 Impact of different filling
volumes (600-1200 pL) on
dissolved oxygen (DO) and pH
of a biological culture of E. coli
JM 109 in LB2.5G-medium
measured at a shaking diameter
(dy) of 25 mm and a shaking
frequency (n) of 250 1/min,
30°C
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in sequence from the highest to the lowest filling volume
(Vp). It is well known that an oxygen limitation of aer-
obic bacterial cultures can induce the production of
organic acids like acetic acid [23]. Therefore, a stronger
oxygen limitation will result in a more pronounced de-
crease of the pH, as illustrated in Fig. 3. The sponta-
neous increase of the DO signals indicate the depletion
of the primary carbon sources (glycerol together with
yeast extract). At the same time, the pH signal also
exhibits a turning-point. With the start of the metabol-
isation of a second carbon source of the LB2.5G-med-
ium, the pH increases. This increase continues until the
end of the cultivation. During this increase of the pH,
the DO signals drop down to low levels again and finally
increase after all carbon sources are exhausted. It can be
assumed that the organic acid produced during the
oxygen limitation is reutilised by the organism, which
leads to the increase of the pH signal as depicted in
Fig. 3 [23].

During the second growth phase, a clear separation
of the DO and pH courses can be noticed again be-
tween cultures performed at the different filling vol-
umes (V). This results in a maximum prolongation of

the cultivation of 4 h between the smallest filling vol-
ume (600 pL) and the largest filling volume (1,200 pL).
This very simple example of varying oxygen transfer
conditions (adjusted by different filling volumes at
otherwise constant shaking conditions) demonstrates
the importance of suitable culture conditions. Un-
known oxygen transfer conditions can lead to misin-
terpretations of the experimental results. Especially in
case of functional genomic and proteomic research it
might be of great importance to monitor a possible
cause of unexpected gene regulation and protein
translation effects. The new technique can help clarify
gene regulation and protein translation under different
oxygen transfer or enviromental (e.g., pH) conditions
in microfermentations.

Monitoring of E. coli cultures in different media

In the following experiment the sensor dish reader was
used to monitor cultivations of E. coli ADH in different
media. Again, the DO and pH measurements were per-
formed in different subsequent runs with the same
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Fig. 4 a Comparison of the oxygen transfer rate (OTR) over time
of E. coli ADH in three different standard culture media (LB,
GM9Y and WR-medium) measured in a RAMOS device;
experimental conditions: 30 °C, filling volume: 10 mL, shaking
diameter (dp): 50 mm, shaking frequency (n): 350 rpm, bioreactor:
modified 250 mL-Erlenmeyer flasks [7, 10]. b—d Comparison of DO
and pH of E. coli ADH in the same three different standard culture
media for bacteria (b LB-, ¢ GM9Y-, and d WR-medium)
incubated in a 24-well microtiter plate; experimental conditions:
30°C, filling volume (V1): 600 pL, shaking diameter (dp): 25 mm
and shaking frequency (n): 250 1/min

characteristics of bacterial growth on different media.
Different OTR,,,x were reached. The E. coli ADH cul-
ture on LB-medium reached an OTR,,,, of 0.022 mol/L/
h similar to that reported before [23]. Higher OTR .«
could be reached on the semi-synthetic medium GM9Y
(0.051 mol/L/h) and on the full synthetic medium WR
(0.057 mol/L/h). After an initial exponential increase of
the OTR all media showed a second phase, where
residual carbon source or by-products were metabolised.
Due to the different nature of the media the cultivations
ended at different times. While in the media with com-
plex ingredients (LB, GM9Y), the metabolic activity
terminated at around 6 hours, E. coli ADH required
14 h to complete growth on pure synthetic medium
(WR).

In comparison to the RAMOS-cultivations the mea-
sured DO and pH data of these different cultivations are
presented in Fig. 4b—d. The experiments were conducted
with a filling volume (77) of 600 uL to guarantee a
maximum oxygen transfer (among the applied filling
volumes here, see comments on Fig. 2) and sufficient
volume for a steady coverage of the optode by the cul-
ture liquid (see evaporation problems described earlier).

The DO courses in the different media appear as in-
verse projections of the respective OTR courses. The DO
minimum occur at very similar times as the OTR peaks
(LB, GM9Y: ~3-4 h and WR:~8-9 h). Obviously cul-
tures on the GM9Y- and the WR-medium in the 24-well
MTPs were subjected to a slight oxygen limitation, as
the DO reached very low levels. The respiration activity
in the 24-well MTP finally terminates at around 6 h for
the LB- and GM9Y-medium and at 14 h for the WR-
medium, which is very similar to the cultures in the
RAMOS system (Fig. 4A).

The pH course of the cultures can give additional
information. The steady increase of the pH value on LB-
medium (Fig. 4B) is typical for this medium [23]. This
occurs due to the deamination of amino acids or pep-
tides and the release of ammonia to the medium [23-25].
In GM9Y-medium (Fig. 4c) the turning point at 3.8 h
indicates the switch of metabolism from the consump-
tion of the first carbon source (glucose) to the second
(yeast extract). The subsequent increase of pH is typical
for growth on complex media components. Synchro-
nously with the end of respiration activity the pH be-
came stationary. The culture in WR-medium (Fig. 4d)
displays a typical pH course of cultures growing on
synthetic media with steadily decreasing pH [20].



Conclusions

A new technique to measure DO and pH in microbial
cultures is presented. It permits online measurements of
these physiological parameters in 24-well MTPs during
continuous shaking of the culture. It is possible to
monitor the real physiological state of the micro-
organisms without interrupting mixing and mass trans-
fer. Thus, especially in case of DO measurements, the
problems associated with interrupted shaking operation,
typical for other approaches [7], can be avoided. Mea-
surements with E. coli cultures at different filling vol-
umes demonstrated the importance of adequate and
sufficient oxygen transfer. Neglecting these aspects may
result in prolongation of experiments, formation of
anaerobic by-products and misinterpretation of results.
Therefore, the characterisation of oxygen transfer at the
specific experimental conditions should be in any case
obligatory. The presented chemical method offers an
easy way to characterise the oxygen transfer. The study
of different media in 24-well MTP elucidated that the
medium composition has great impact on the oxygen
uptake rate of the cells. It became apparent that at the
applied shaking conditions weak oxygen limitations
occurred with two media (GM9Y and WR). The online
measurements of DO and pH worked reliably and gave
important process information at a very small scale. The
operation conditions with the described set up applied
for biological culture experiments depend strongly on
the oxygen requirement of the investigated micro-
organisms and on the prerequisite that the culture liquid
is in contact with the optodes. Evaporation can cause
problems, so that optodes may not be covered with
culture liquid during the experiment. Humidity control
in the incubator or improved gas-permeable membranes
with less evaporation can solve this problem. Generally,
the new technique provides an excellent tool for strain
screening, media development, toxicity screening and
many more automated screening applications.
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