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Abstract

In the field of bioprocess development miniaturization, parallelization and
flexibility play a key role reducing costs and time. To precisely meet these require-
ments, additive manufacturing (3D-printing) is an ideal technology. 3D-printing
enables rapid prototyping and cost-effective fabrication of individually designed
devices with complex geometries on demand. For successful bioprocess develop-
ment, monitoring of process-relevant parameters, such as pH, dissolved oxygen
(DO), and biomass, is crucial. Online monitoring is preferred as offline sampling
is time-consuming and leads to loss of information. In this study, 3D-printed
cultivation vessels with optical prisms are evaluated for the use in upstream
processes of different industrially relevant microorganisms and cell lines. It was
shown, that the 3D-printed optically modified well (OMW) is of benefit for a wide
range of biotechnologically relevant microorganisms and even for mammalian
suspension cells. Evaluation tests with Escherichia coli, Bacillus subtilis, Sac-
charomyces cerevisiae, and Chinese hamster ovary (CHO) cells were performed,
providing highly reproducible results. Growth behavior of OMW cultures was
comparable to behavior of shake flask (SF) cultivations and the signal to noise
ratio in online biomass measurement was shown to be reduced up to 95.8% by
using the OMW. Especially the cultivation phases with low turbidity respective
optical densities below 1.0 rel. AU could be monitored accurately for the first time.
Furthermore, it was demonstrated that the 3D-printed optics are transferable to
different well geometries and sizes, enabling efficient biomass monitoring for
individual requirements with tailor-made 3D-printed cultivation vessels in small
scale.

Abbreviations: CHO, Chinese hamster ovary; DO, dissolved oxygen; k; a, volumetric mass transfer coefficient; .z, maximum specific growth rate;
NSR, noise to signal ratio; OD, optical density; OMW, optically modified well; SF, shake flask; SFR, shake flask reader; VCC, viable cell count.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Engineering in Life Sciences published by Wiley-VCH GmbH

Eng Life Sci. 2023;23:€2300204.
https://doi.org/10.1002/elsc.202300204

www.els-journal.com lof11


https://orcid.org/0000-0001-9474-0269
https://orcid.org/0000-0002-0983-9748
mailto:beutel@iftc.uni-hannover.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.els-journal.com
https://doi.org/10.1002/elsc.202300204
http://crossmark.crossref.org/dialog/?doi=10.1002%2Felsc.202300204&domain=pdf&date_stamp=2023-08-23

REHFELD ET AL.

Engineering

20f11

KEYWORDS

in Life Sciences

3D-printing, mammalian cell cultivation, microbial cultivation, online monitoring

1 | INTRODUCTION

In the biopharmaceutical industry, various prokaryotic
and eukaryotic organisms are used for the production
of recombinant proteins, antibiotics, or vaccines [1, 2].
To serve the ever-increasing pressure to reduce manu-
facturing costs and accelerate the process development,
miniaturization becomes progressively important [3, 4].
Miniaturization offers many advantages for bioprocesses
such as high level of parallelization by increasing the
experimental throughput. The small working volumes are
intended to save valuable resources, which provides great
potential for reducing process development costs [4-6].

Orbital shaken systems, such as microtiter plates and
shake flask (SF), are basic tools for effective process devel-
opment due to their simplicity, low-costs, and their possi-
bility of parallel experimentations [7]. In the first steps of
bioprocess development, the screening of large numbers
of mutants, the microtiter plate became more and more
popular [8, 9]. Due to their simple handling and possibil-
ity of parallelization, SFs are the commonly used shaken
cultivation system in academia as well as in industry. They
are not only used for process and media optimization, but
also inoculum expansion of the preculture for bioreactor
cultivations.

Since sampling is difficult and does change the envi-
ronmental conditions during the process in miniaturized-
scale fermentations due to the small working volume,
online monitoring of dissolved oxygen (DO), pH, and
biomass gets more and more important [10, 11]. For fast and
efficient bioprocess development, it is essential to monitor
DO and pH at early stages of development to detect oxy-
gen limitations and critical changes in pH early on [12].
Additionally, one of the most essential parameters in bio-
processes is biomass, which provides information about
the progress of the process and determines the time point
for induction and harvest [12, 13]. In order to overcome
the challenges of small working volumes and limited space
inside the vessel, non-invasive optical measurement tech-
niques are often used instead of invasive probes which are
generally applied in bench-scale bioreactors [14]

By means of recombinant protein technology, expres-
sion of protein-based biopharmaceuticals has been
achieved by using several organisms such as bacteria,
yeast, or mammalian cells [15-17]. However, the different
organisms and cell lines have individual requirements
toward their cultivation conditions, for example, oxygen
demand or shear stress [18, 19]. To meet those different

requirements, 3D-printing technology is used to produce
customized cultivation vessels. 3D-printing allows rapid
prototyping and cost-effective fabrication of individu-
ally designed tailor-made devices of almost unlimited
complexity on demand and directly on-site in the labora-
tory [20-22]. The “layer-by-layer”-fabrication process in
additive manufacturing facilitates the implementation of
complex components and geometries, which cannot be
realized by conventional manufacturing [23].

A previous report was already demonstrated a fully 3D-
printed single piece cultivation vessel including prisms
for improved scattered light measurement [24]. The inte-
gration of the prisms leads to a changed light guidance.
Instead of vertical scattered light measurement through
the bottom of the vessel [25], the measurement takes place
in the horizontal plane by 90° light deflection through the
prisms. In addition to the increased linearity of the turbid-
ity measurement, especially in the low optical density (OD)
range, the sensitivity could be significantly increased and
the noise to signal ratio (NSR) was reduced [24].

This paper focuses on the biotechnological upstream
application of the optically modified well (OMW) as
described in ref. [24]. To investigate the potential appli-
cations of the OMW, initial proof-of-concept cultivations
of biotechnologically relevant organisms were performed.
For this purpose, the cultivation processes were moni-
tored online with a shake flask reader (SFR) vario (PreSens
Precision GmbH, Regensburg, Germany). In addition to
biomass monitoring, also pH and DO were recorded using
glued-in sensor spots. For further validation, cultivations
were conducted in the OMW as well as in commonly used
SFs to compare the quality of the online biomass monitor-
ing and the growth behavior of the cultivated organisms.
To identify possible limitations of the online biomass mea-
surement with the OMW, it was investigated how sensitive
the biomass signal reacts to different vessel geometries and
sizes, as well as to metabolic changes of the organisms
concerning the amount of carbon source.

2 | MATERIALS AND METHODS

2.1 | Measurement device

In this study, the SFR vario from PreSens Precision Sensing
GmbH (Regensburg, Germany) was used. The SFR vario
is an optical unit for SFs enabling the non-invasive deter-
mination of pH, DO, and biomass simultaneously. The
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biomass measurement is based on scattered light detection
using ared LED with A = 630 nm and a photodiode with an
integrated amplifier as a detector. The multisensor device
is controlled by the associated PreSens Flask Studio PFS
software.

2.2 | Design and measurement principle
of the OMW

3D-printed cultivation vessels were designed using the
CAD software “Autodesk Inventor Professional 2020”
(Autodesk, Inc., SanRafael, USA). Vessels were manufac-
tured using the 3D inkjet printer Agilista-3200 W (Keyence
Corporation, Osaka, Japan). The transparent material
AR-M2 (Keyence Corporation, Osaka, Japan) was used.
Figure 1A shows the printed OMW with a 3D-printed
threaded cap to close the vessel. This cap included a thread
for commercially single-use cultivation tube lids with gas-
permeable membranes and sampling ports and a filter
for pressure compensation. Seal rings were integrated for
making the system airtight.

For measuring biomass, a light guide was integrated into
the 3D-printed design of the well [24]. The prism-like light
guide is located outside the well and extends through the
wall of the vessel (see Figure 1B-D). This light guide uses
its reflective surface to redirect the light used for the scat-
tered light measurement by 90° in the horizontal plane
inside the bottom of the vessel.

The translucency of the printing material and the inter-
nal reflection was improved by smoothing the rough
surface of the 45° slope of the light guide caused by the
printing process. Moreover, the bottom and slope of the
light guide were bonded with a 4 mm round cover glass.
The panes of the light guide on the inside were covered
with a clear acrylic lacquer (DETAX, Ettlingen, Germany).
For DO and pH determination, two sensor spots (PreSens
Precision Sensing GmbH, Regensburg, Germany) contain-
ing reversible fluorescent dyes indicating changes in DO
and pH were integrated into the cultivation vessel (see
Figure 1B,C).

The three holes in the base were used for screws to attach
the device directly on the commercial sensor platform.

2.3 | Microorganisms and media

Standard microbial expressions systems were used to eval-
uate the 3D-printed cultivation vessel. All media were
prepared with deionized water (Arium 661 Ultrapure water
system, Sartorius Stedim Biotech S. A., Gottingen, Ger-
many). Escherichia coli BL21 (DE3) as prominent example
for gram-negative bacteria were grown from 20% v/v glyc-
erol stocks stored at —80°C in lysogeny broth (LB) media:

PRACTICAL APPLICATION

The development of a robust, reproducible and
efficient bioprocess requires online monitoring
of essential process parameters, such as pH, dis-
solved oxygen (DO), and biomass. In this study, a
3D-printed cultivation vessel was investigated for
the cultivation of various biotechnologically rele-
vant organisms. By geometrical adaptation to fit
a commercial sensor platform, online monitoring
and recording of process data was enabled, which
data was then used for evaluation. The additively
fabricated optical modification for improved scat-
tered light-based biomass measurement enables,
for the first time, recording of reliable growth
curves in 3D-printed culture vessels. After suc-
cessful cultivation of bacteria and yeast, the
use in mammalian cell culture was also shown.
Here, it could be shown that a culture of CHO
cells with low optical density (OD) properties
(ODgpo < 1.0 rel.AU) in shaken culture could be
online-monitored accurately. With its high flexi-
bility, 3D-printing made it possible to transfer this
optical modification to individual vessel geome-
tries. This allows fast and simple adjustments to
the wide-ranging requirements of bioprocesses.

5 g L7! yeast extract (Carl Roth), 10 g L™ ! peptone from
casein (Sigma-Aldrich), 10 g L~! NaCl (Carl Roth) pH 7.1.
Pre-cultures were carried out in 250 mL SF with baffles
at 30°C at 150 rpm overnight. Main-cultures were con-
ducted at 37°C. As a gram-positive model microorganism,
Bacillus subtilis (DSM 168) was used. Cells were stored as
glycerol stock with 20% v/v glycerol at —80°C. Pre-cultures
and main-cultures were conducted in the same way as
the E. coli cultures. Saccharomyces cerevisiae NCYC 1024
a yeast was selected as simple model organism for eucary-
otes. For cultivations Yeast-Peptone-Dextrose (YPD) media
were used: 10 g L™! yeast extract, 20 g L~! peptone from
casein, and a variant amount of glucose (Carl Roth), pH
6.0. Pre-cultures were performed in 250 mL SFs with 20%
filling volume at 30°C at 150 rpm overnight.

24 |
OMW

Microbial cultivations in 3D-printed

3D-printed cultivation vessels were sterilized by autoclav-
ing (20 min, 121°C). For online monitoring of pH, DO, and
biomass, the OMW was set up on the SFR vario. Cultiva-
tions of E. coli, S. cerevisiae, and B. subtilis were carried out
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Optics for pH,
DO sensors

3D-printed optically modified well (OMW). (A) Complete OMW with a total volume of 50 mL and a lid with a closure of a

commercial 50 mL single-use cultivation tube. (B) Close-up of the vessel bottom from the inside with glued sensor spots for online measuring
of pH and dissolved oxygen (DO), and the two prisms used for scattered light-based biomass determination; (C) View of the underside

through the transparent bottom of the OMW. (D) Schematic illustration of the beam paths for biomass measurement (excitation light path in

red, detection light path in blue) and DO and pH measurement (excitation light path in purple, emission light path in green).

with a filling volume of 12.5 mL on an orbital shaker with
25 mm shaking diameter (Solaris2000, ThermoFisher Sci-
entific, Waltham, USA) and a bench top incubator (CER-
TOMAT HK, B.Braun Biotech International, Melsungen,
Germany). The shaking frequency was set to 345 rpm with
a trigger angle of 180° and an illumination time of 68.9 ms.

2.5 | Microbial cultivations in shake

flasks

SFs cultivations of E. coli, B. subtilis, and S. cerevisiae
were conducted in a commercial 500 mL SF with baffles
with sensor spots (SFS 500 WB, PreSens Precision Sens-
ing GmbH, Regensburg, Germany) and a filling volume
of 100 mL in the respective media and temperature. The
SFR vario with the SF was installed in an incubator with a
shaking diameter of 50 mm. Shaking frequency was set to
150 rpm. Trigger angle was set individually for each organ-
ism: E. coli (310°), B. subtilis (0°), and S. cerevisiae (20°).

2.6 | CHOKI cell cultivation

Asmodel organisms for complex eukaryotic cells the mam-
malian suspension cell Chinese hamster ovary (CHO)
K1 were chosen. CHO cells were routinely cultivated
in 125 mL SFs in chemically defined media TC-42

w/o L-Glutamine (Sartorius Xell GmbH, Schlofi Holte-
Stukenbrock, Germany) supplemented with 8 mM L-
Glutamine (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) in a 5% CO,, humidified atmosphere at 37°C
at a shaking rate of 120 rpm with an orbital diameter of
19 mm. For cultivation of CHO K1 cells in the 3D-printed
OMW, an extensive post-processing after printing was nec-
essary to remove cell toxic leachables and extractables [26,
27]. Therefore, the OMW was first autoclaved then incu-
bated in 70% v/v ethanol at 30°C for 24 h and afterwards
autoclaved for a second time. Moreover, no DETAX in case
of CHO cell cultivation were used. OMW-cultures were
inoculated with 0.3 x 10° cells mL~! and were carried out
with a shaking frequency of 150 rpm, a trigger angle of
310° and an illumination time of 68.9 ms. Samples were
taken every 24 h and the viable cell count (VCC) and via-
bility of the culture were analyzed using a trypan blue
assay-based Cedex cell counter (Cedex HiRes, Roche Diag-
nostics GmbH, Mannheim, Germany). For SF cultivation,
a 125 mL flask with baffles and sensor spots were used
with a filling volume of 25 mL and a shaking frequency of
120 rpm. Trigger angle was set to 0°.

2.7 | Biomass calibration

For the correlation of scattered light signal and OD dilu-
tion series of stationary phase cells suspensions were
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used. Therefore, each cell line was cultivated in the corre-
sponding media until they reached the stationary phase.
E. coli and B. subtilis were cultivated overnight, S. cere-
visiae for 24 h and CHO cells for 3 days. The cells were
harvested by centrifugation and the resulted cell pellet
was resuspended. For the microorganisms 0.9% w/v NaCl-
solution and for the CHO cells phosphate-buffered saline
(PBS) were used. For the calibration procedures sequential
dilutions were produced.

The reference measurement of OD was carried out
at 600 nm in a d = 1.00 cm cuvette (Sarstedt AG &
Co.KG, Niimbrecht, Germany) with a photometer (Libra
S80, Biochrom GmbH, Cambridge, UK). Calibration pro-
cedures itself were performed as described in ref. [24].

3 | RESULTS AND DISCUSSION

3.1 | Correlation of scattered light signal
and 0D, for different organisms

To estimate the progress of a cultivation, the quantifica-
tion of cell growth is the most evident parameter. The most
established method for offline-biomass quantification is
the measurement of OD at 600 nm. This method is sim-
ple and fast to perform, but it is only available by offline
measurement. The SFR vario enables continuous online
measurement of biomass by scattered light.

In our previous work, we already demonstrated a high
correlation between the scattered light signal of the SFR
vario and offline determined ODgg, using the turbidity
standard formazine and a cell suspension of S. cerevisiae
in the OMW over the total OD range, especially in the
low OD-range [24]. Due to the different morphologies
of various organisms and the resulting influence on the
scattered light signal [25], calibration procedures with
different model organisms were investigated. Therefore,
relevant cell lines, used in academia as well as industry
for biotechnological application, were chosen. To exclude
the influence of the used media on the scattered light sig-
nal [28], cultures were harvested once the stationary phase
was reached, and the resulting pellets were resuspended
in saline or PBS, respectively. Calibrations were performed
by sequential dilutions of cell suspensions. Figure 2 shows
the calibration curves of E. coli, S. cerevisiae, B. subtilis,
and CHO cells. The calibration curves of the microorgan-
isms can be divided into two sections. Considering the
lower ODg range (Figure 2B), an exponential correlation
between the online measured scattered light signal and
the offline determined ODgq can be observed. The ampli-
tude for all three organisms measured by the SFR vario
only varies slightly between ODgy of 0.2 and 1 rel.AU.
With increasing OD, there is a clear difference between

the organisms in the scattered light signal. With the same
offline determined OD, E. coli shows the highest amplitude
values, followed by B. subtilis and S. cerevisiae. The cali-
bration curve of S. cerevisiae differs from those of E. coli
and B. subtilis from an OD of 1 rel. AU onwards. This can
be attributed to the different cell morphologies - round
cell shape of S. cerevisiae compared to the rod-shaped mor-
phology of E. coli and B. subtilis [29]. For ODg, values
above 5 rel.AU, the correlations can be described by lin-
ear fits (Figure 2A). When the ODg, values are higher
(18.1-19.0 rel.AU), the sensor amplitude of E. coli is 1.2-fold
higher than of B. subtilis and even two times higher than of
S. cerevisiae. Due to their poor light scattering properties, it
was so far difficult to record robust growth curves of CHO
cells with the SFR vario without high signal to noise ratio
[28, 30]. Here, it was shown for the first time, that using
3D-printed prisms enables accurate results concerning cor-
relation of offline determined OD and sensor amplitude by
a linear fit with a regression coefficient of determination of
0.997. These results indicate that meaningful correlations
between scattered light signal and offline measured OD
were achieved over a wide range for all tested organisms.
This provide the possibility to establish calibration curves
under cultivation-specific conditions (medium, filling vol-
ume, shaking frequency) for a direct correlation between
the online biomass signal and the OD during cultivation
experiments. The here used calibration method by sequen-
tial dilution does not take into account the morphological
changes of the cells during an ongoing cultivation. There-
fore, it is recommended for later applications to perform
dynamic calibrations using running cultures and simulta-
neous online and offline measurements to achieve higher
accuracy of prediction.

3.2 | Proof of concept cultivation

After successful correlation of scattered light and ODgy),
cultivations of different cell lines in the OMW with online
monitoring of the critical process parameters DO, pH, and
biomass were conducted to investigate the feasibility of
the OMW. Figure 3 shows exemplary datasets of S. cere-
visiae cultivations in the OMW. The results demonstrate
the successful use of the OMW for cultivation purposes
of S. cerevisiae with high reproducibility. Recorded growth
curves clearly depicts typical growth behavior of a yeast
culture on complex media. DO and pH were monitored
over the entire cultivation time by sensor spots placed at
the transparent bottom of the OMW. Moreover, the unique
metabolic properties can be clearly detected in the biomass
signal as well as in online monitored pH and DO signal. In
the first 5 h, the biomass signals increase slowly, followed
by a short period of exponential growth. Then, a metabolic
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FIGURE 2 Correlation of scattered light measurements and dissolved oxygen (OD)s, for different organisms. Comparison of scattered

light intensities with ODg values for B. subtilis, E. coli, S. cerevisiae, and Chinese hamster ovary (CHO) with data collected from dilution

series of stationary phase cell suspensions. For each data point 10 measurement points were recorded (one measurement point every 30 s). (A)

Total calibration range with linear fit between ODy, of 5 and 30 rel. AU. (B) Calibration range of lower ODy, range with exponential fit.
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FIGURE 3
and biomass of S. cerevisiae in the optically modified well (OMW)
using the shake flask reader (SFR) vario, n = 3. S. cerevisiae was
grown on Yeast-Peptone-Dextrose (YPD) media with 10 g L™!

Online monitoring of pH, dissolved oxygen (DO)

glucose at 30°C, 345 rpm shaking frequency, and 25 mm shaking
diameter.

shift is detectable by pH shift, a short increase in the DO
signal and a plateau in the biomass signal (indicated by
the arrow). At this time point, the primarily carbon source
glucose is completely consumed and the cells begin to
metabolize the peptone contained in the media as energy
source. After 11 h, the cultures reached the phase of max-
imal growth with maximum specific growth rate (ty.x)
of between 0.19 and 0.22 h™!. Reaching of the stationary
phase is characterized by an abrupt increase in the DO
and pH signal, as well as the stable biomass signal. More-
over, further organisms, E. coli, B. subtilis, and CHO cells,
were successfully cultivated in the OMW. Data are shown
in Supplemented information (see Figure S1).

3.21 | Comparison with commonly used
shake flask cultivations

After successful proof of concept cultivations in 3D-printed
OMWs, the comparability of growth behavior in the OMW
to commonly used SFs was investigated. Therefore, each
organism was cultivated in parallel in both cultivation sys-
tems. Beyond online monitoring of pH, DO, and biomass,
samples were taken for offline determination of ODgg,
using a photometer. Comparing the offline data (see
Figure 4), growth was comparable in both systems, regard-
less of the cell type. Earlier studies showed higher NSRs
during calibration procedure for measurement in verti-
cal direction than the horizontal measurement principle
due to interfacial reflections [24]. These findings are also
reflected in the presented cultivation data (see Figure 4).
Biomass signals from all SF cultivations, which are using
the vertical measurement principle through the flask bot-
tom, show higher signal noises, especially at the beginning
of the experiments, when the OD is low. The signal to noise
ratio is also organism dependent. This effect can be con-
tributed to additional reflections of the media surface in
the SF. They overlay the reflection signal and are less visi-
ble for higher layer thickness, that is, depending on volume
and rotation speed and actual OD [25].

To compare the noise characteristics of the biomass sig-
nals from OMW to SF, the data of biomass signal from the
first hour of cultivation were used. A median filter with a
window size of 20 was applied and the average deviation
from the original signal was determined (see Table 1). The
highest NSR reduction by using the OMW instead of the SF

850807 SUOWLWIOD dAeaID 8|qedl|dde ayy Aq peusenob ae Ssplife YO ‘@SN JO s8N 10} A%eiqi]8UIIUO /8|1 UO (SUORIPUOD-pUe-SW.BI W00 A3 1M ARl 1 [eul|UO//:SANY) SUORIPUOD PUe swie | 8ui8es [€20z/TT/9T] uo ArigiTauliuo feim ‘Auew.es aueiyood Aq $0Z00£Z02 5 P/Z00T OT/I0p/ W00 A3 1M Afeiq 1 jeul|uoy/Sdny woJj pepeojumoq ‘6 ‘€202 ‘€9828TIT



70f11

E. coli

B. subtilis

S. cerevisae

D

CHO cells

Engineering

1.5x10°

1.0x10°

biomass [rel. AU]

5.0x10*

0.0
0

1.0x10°

8.0x10*

AU

6.0x10*

biomass [rel

4.0x10*

2.0x10*

2.0x10°

1.5x10°

1.0x10°

biomass [rel. AU]

5.0x10*

0.0
0

7.5x10*

6.0x10*

4.5x10*

biomass [rel.AU]

3.0x10*

biomass_SF

in Life Sciences

Online

REHFELD ET AL.

time [h]

time [h]

10
time [h]

15

20

1

1

24

48 72

time [h]

DO_SF

96

pH_SF

1
120

DO [%]

100

80

(2]
| =}
DO [%]

— biomass_ OMW —— DO_OMW — pH_OMW

pH [

.l‘
o
pH]

475

4565

47.0

pH

465

-6.0

VCC [cells mL™]

o o

ODygyp [rel. AU

IN

[

ODgyo [rel.AUJ
»

25

IN)
o

ODgy [rel. AU]
&

o

1.0x107

8.0x10°

=)
°
2
=)
>

~

.0x10°

2.0x10°

0.0

[ _.
o«
/
’
L /
/
/
»®

L o
p--==¢ | I
0 time [h] 4 6
L A e

P TT--e

/

/

/
L ’
/
/
/
/
’
L ¢
/
/
/
/

"__‘ 1 1 1
0 4 8
time [h]

/‘//
/'/
P
/
7
__.—" 1 1 1
0 : 15 20
Zeit [h]
2
7 N
4 \
| = /// \\
7 \
s \
/ \
,
L b 2
; \
. \
’ \
, \
L - "
/ \
, \
L /.l i
s b 3
\
°
,——"'/

- I I L L I L
0 20 40 60 80 100 120
time [h]

SF - OMW

FIGURE 4 Comparison of online monitored biomass, dissolved oxygen (DO) and pH and offline determined growth curves of optically
modified well (OMW) and shake flask (SF) cultivations of different model organisms. (A) E. coli, (B) B. subtilis, (C) S. cerevisiae, and (D)
Chinese hamster ovary (CHO) cells.

€9828T9T

5UB0 11 SUOLLLIOD 9A1IE810 3 oo idde 8L Aq peusanob ae SaoiLie YO ‘38N J0 S| Joj AZeidi T aUIUO /3|1 UO (SLONIPUOO-PUE-SULBY W00 A3 1 ARe.q 18U [U0//SANL) SUORIPUOD P SWi | au) 95 *[£202/TT/9T] Uo Areiqi auIluo /b1 *AuesD aUeIo00) Ad Y0Z00EZ0Z 3SR/Z00T OT/10p/LI00"/a | 1w K11 PUIIUO// SNy WOl papeojumod ‘6 ‘€202



Engineering

REHFELD ET AL. 8of 11
in Life Sciences J—
TABLE 1 Comparison of noise to signal ratio of biomass signal rior to the growth in conventional SFs, but also enables
from OMW and SF. the OMW improves biomass monitoring, which is of great
Relative NSR  Relative Relative NSR advantage in bioprocesses. By cultivating in the 3D-printed
Organism  OMW (%) NSR SF (%) reduction (%) OMW, the NSR could be greatly reduced.
E. coli 0.62 7.55 91.78
B. subtilis 0.54 3.87 86.14
S. cerevisize  0.58 13.82 95.78 3.2.2 | Variation of the amount of carbon
CHOcells 021 1.266 83.81 source

CHO, Chinese hamster ovary; NSR, noise to signal ratio, OMW, optically
modified well; SF, shake flask.

was achieved with S. cerevisiae by more than 95 %. For all
tested organisms, an extensive reduction of relative NSR of
more than 83% could be observed.

So far, online monitoring of mammalian cell cultures
has been difficult due to low optical densities [28, 30].
Data of the CHO cell cultivations highlights the advan-
tage of online biomass measurement with the OMW in
comparison to SFs. The online biomass signal of SF cultiva-
tion shows a steady decrease, although the VCC increases
(Figure 4D). In contrast, the OMW biomass signal shows a
steady increase and thereby corresponds to the offline VCC
data. Using the improved scattered light measurement by
3D-printed prisms enabled sensitive online monitoring of
CHO cells with the SFR vario for the first time. Especially
at the beginning of cultivations with low cell numbers and
thus lower OD, the online measured OMW growth curves
show a small but steady increase in the biomass signal,
which much better correlates with the offline data than
the growth curves obtained in SF. After 96 h of cultivation,
the biomass signal of OMW cultivation increases rapidly,
although the offline determined VCC did not increase in a
comparable way or even decreased already. Similar obser-
vations were made by Maschke et al. It can be assumed
that at this time point of cultivation the cells get into death
phase which leads to change in cell morphology and cell
surface. The increase of the signal could also be confirmed
visually by a milky turbidity [30].

Comparing, DO signals with each other, the oxygen lim-
itation in the SF occurs earlier and lasts longer than in the
3D-printed OMW. Both systems were operated with the
specific standard conditions. Investigations of the oxygen
transfer coefficient (volumetric mass transfer coefficient
[kra]) by the sulfite-oxidation method [31] showed that
under these standard conditions, the k;a value of the SF
is 13.88% lower, which means the oxygen supply is worse
than in the OMW. If the cultivations of SF and OMW are to
be compared not only qualitatively but also quantitatively
with each other, the settings should be chosen in such a
way that the same k; a value is achieved in both systems.

In conclusion, the test results highlight the applicability
of the 3D-printed cultivation vessel. Not only is the growth
in the 3D-printed OMW comparable or even slightly supe-

The potential of the new scattered light-based online
monitoring via 3D-printed prisms was demonstrated by
cultivating S. cerevisiae in complex YPD-media with var-
ious concentrations of glucose. The aim was to investigate
limitations of detection of metabolic shifts at low car-
bon source concentration, what is associated with lower
biomass concentration. S. cerevisiae was used for the
following experiments due to their unique metabolic prop-
erties. Figure 5A depicts the recorded growth curves of
S. cerevisiae on different amounts of glucose with the SFR
vario. Dependent on the initial glucose concentration, the
cultures attain the stationary phase at different times and
the scattered light levels are also carbon source dependent.
The more glucose is available, the more biomass can be
produced, which is clearly depicted in the biomass signals
detected by scattered light-based monitoring.

When the primary carbon source glucose becomes
limiting, the cells enter diauxic shift characterized by
decreased growth rate, which can be observed as a
plateau in the online monitored biomass signal [32]. The
online monitored growth curves via 3D-printed prisms
enable the detection of bioprocess relevant phenomena as
diauxic growth even at low carbon source concentrations
(Figure 5B). This gives the possibility to use the online
biomass signal for process control, as even small metabolic
changes are detectable.

3.23 |
size

Influence of the vessel geometry and

There are three parameters which are mainly adjusted to
increase the oxygen transfer rate (OTR) into the cultivation
media of a shaken culture. Since increasing the shaking
diameter, frequency or reducing the filling volume leads
to smaller measuring volume and thus to higher signal
noise, another possibility is to modify the vessel geometry
and integrate baffles [33]. Funke et al. [10] have systemat-
ically investigated the influence of the well geometry of a
microtiter plate on the maximum oxygen transfer capacity
and identified the well-geometry with a six-petal flower-
shape as the optimal geometry in case of maximal OTR
by stable liquid height at any filling volumes and shak-
ing frequency. The so-called FlowerPlate is commercially
available and compatible for online measuring with the
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FIGURE 6
biomass signal of S. cerevisiae cultures in a standard optically
modified well (OMW) (reference) and a flower shaped OMW.
S. cerevisiae were cultivated in Yeast-Peptone-Dextrose (YPD) media

Online monitored dissolved oxygen (DO) and

with 10 g L™! glucose at 30°C, 345 rpm shaking frequency, 25 mm
shaking diameter.

BioLector (Beckman Coulter GmbH, Aachen, Germany).
The high flexibility and straightforwardness of 3D-printing
enables the fast prototyping of the OMW in the flower-
shape form. Figure 6 shows the results of an S. cerevisiae
cultivation in the flower-shape OMW in comparison to
a non-baffled OMW (reference). Both cultivations show
a typical growth curve of S. cerevisiae. The online moni-
tored DO signal clearly depicts the higher k; a value of the
flower-shaped OMW. The culture in the non-baffled OMW
entered the phase of oxygen limitation earlier and caused
longer cultivation times. In the early stage of cultivation,
the biomass signals of both systems are quite similar.
After 5 h, the NSR of the flower-shape OMW increased.

In addition, the amplitude signal increases much more
slowly from this point on, reaching only 65% of the max-
imum value of the reference, although the final measured
ODg( was even slightly higher. The integration of baffles
changes the flow behavior of the fluid [33], which affects
the backscattering light after a certain duration of culti-
vation. These results indicate that the 3D-printed prisms
for improved biomass monitoring are transferable to other
vessel geometries. However, the here tested flower shape
showed lower sensitivity and higher NSR in comparison
to the non-baffled OMW.

In some cases, offline analytics are essential for product
monitoring or the investigation of potentially produced by-
products. For this, a minimum sample volume is required.
With a total vessel volume of 50 mL and a working volume
of 25% the available sample volume is limited. Above all,
a continuous reduction of the cultivation volume would
have an influence on the measurement signal [25].

To investigate the effect of the vessel size on scat-
tered light measurement via 3D-printed prisms and growth
behavior, two further OMWs with a total volume of 100 and
150 mL were constructed. The height of the vessels and the
3D-printed optic were the same as for the 50 mL OMW.
This resulted in an increasing diameter with an increasing
vessel volume (see Figure S2).

Figure 7 depicts the online monitored growth curves
and DO signals of S. cerevisiae cultivations, which were
conducted in OMWs with a total volume of 100 mL
(OMW_100) and 150 mL (OMW_150). Although, both
OMWs were filled with the same culture with an ODggq
of 0.265 rel. AU, the initial scattered light signal is different.
The amplitude value of the OMW_150 is 30.1% higher than
of the OMW_100 amplitude value. Both cultures reached
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FIGURE 7 Online monitored dissolved oxygen (DO) and

biomass signals of S. cerevisiae cultures in an optically modified well
(OMW) with a total volume of 100 mL or 150 mL. S. cerevisiae were
cultivated in Yeast-Peptone-Dextrose (YPD) media with 10 g L™!
glucose at 30°C, 345 rpm shaking frequency, 25 mm shaking
diameter, and a filling volume of 25 mL (OMW_100) and 37.5 mL
(OMW_150).

the stationary phase after 17 h of cultivation. The culture
in the OMW_100 reached a maximum biomass signal of
127,469.4 rel. AU corresponding to an offline determined
ODgq of 21.1 rel. AU. Although the offline measured ODg
of OMW_150 is with 20.3 rel.AU slightly lower, a higher
biomass signal of 171,781.7 rel. AU is obtained, correspond-
ing to the initial relative difference. This could be caused
by the increasing surface to volume ratio, which affect the
fluid dynamics. Despite the increased diameter, detailed
growth curves are obtained, which are comparable to the
smaller OMW of 50 mL (see Figure 3).

The change in vessel geometry leads to a change in the
light field inside the vessel.

Therefore, new calibrations are required once the vessel
geometry or size changes to correlate online determined
biomass signal to standard biomass parameters such as
ODg or dry/wet cell weight.

4 | CONCLUDING REMARKS

In this study, a 3D-printed cultivation vessel with additive
manufactured optical prisms for improved scattered light
measurement was tested for biotechnological upstream
applications. The potential of the OMW was successfully
demonstrated by online monitoring of critical process
parameters of bacteria, yeast, and mammalian suspen-
sion cells with high reproducibility. A major success was
the application of the OMW for suspension CHO cells.
The scattered light measurement in the horizontal plane
enabled reasonable online biomass monitoring of CHO
suspension with low NSR.

The application of the OMW should be extended to
further cell types such as microalgae and filamentous

in Life Sciences

organisms to evaluate the 3D-printed system for a wide
range of biotechnological relevant organisms. Further-
more, the use should also be evaluated for producing cell
lines. Growth behavior of all tested organisms in the OMW
was comparable to SF cultivations with the advantage of
high-resolution online biomass measurement.

Using the tailor-made OMW in combination with the
commercially available SFR vario for online monitoring
of shaken cultures makes up a useful tool for accuracy
induction or feeding strategies under the guidance of
online growth curves. Recorded growth curves enable the
identification of bioprocess relevant phenomena such as
metabolic shifts, which is mostly hard to detect by man-
ual sampling and offline determination of biomass during
bioprocesses.

Generally, the 3D-printed cultivation vessel with
improved scattered light measurement provides an excel-
lent tool for shaken cultivations in small scale. Moreover,
it was possible to transfer the 3D-printed optics to other
vessel geometries and sizes. By that, the concept of the
scattered light measurement in the horizontal plane can
be applied for individual setups, which is enabled by the
high flexibility of 3D-printing. This could be of particular
interest for development of customized and highly com-
plex cultivation vessel for a wide range of biotechnological
relevant organisms.
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