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Abstract

Every biopharmaceutical process aims for real-time monitoring and control of criti-
cal process parameters to minimize process variability and at the same time ensure
predefined product quality. High-frequency automated sampling from different bio-
reactors and sample transfer to state-of-the-art analytical methods provides near
real-time process and analytical data to achieve process robustness. This applica-
tion note presents an advanced bioprocess monitoring strategy applying the auto-
mated sampling system Numera® in combination with a Cedex® HiRes Analyzer and
the software Lucullus®. The on-line availability of the Cedex® HiRes Analyzer ena-
bles the measurement of complex cell integrity parameters in near real-time using
the established trypan blue exclusion method. The performance of the on-line Ce-
dex® HiRes Analyzer was compared to in-line permittivity and standard off-line Ce-
dex® HiRes Analyzer measurements, showing advantages over both methods.

Introduction baffle parameters, the heating system, and the
feeding strategy. To achieve optimal bioprocess per-
formance, frequent monitoring of cell integrity pa-
rameters, specifically cell viability and viable cell
density (VCD), is crucial 2. VCD is one of the most
important key performance indicators of biopro-
cesses and VCD measurements are also commonly
used to control the timing of specific process events
such as inoculation, induction, feeding, or culture
harvest to ensure optimal culture productivity.
Despite considerable progress in on-line and
software-supported monitoring technologies, it is
most often not possible to fully circumvent liquid
(i.e., cell suspension) samples as a reliable source
for information on culture viability. However, the
manual sampling of a culture followed by off-line

In the European Union and the United States,
monoclonal antibodies represent the most often ap-
proved biopharmaceutical product, followed by hor-
mones, enzymes, vaccines, nucleic acid-based
products, and modified cell-based products. Most
biopharmaceutical products are produced by cellu-
lar expression systems in complex bioprocesses .
The maintenance of cell integrity during all stages of
a bioprocess is essential for optimal cell growth,
culture longevity, high product titers, and product
quality. Various bioprocess variables and operating
conditions influence cell integrity parameters as
e.g., basal and supplemental media composition,
aeration system parameters, agitation parameters,
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Figure 1: System overview. The used infrastructure has two levels: i) the hardware level including the bioreactor system (with
scales, pumps, in-line probes), the automated sampling system Numera® (composed of Multiplexer Module, Control Module,
Dilution Module, Routing Module, and Filtration Module from top left to bottom right) with an autosampler, a sample transfer
unit, the Cedex® HiRes Analyzer, and an HPLC system (not shown). ii) the overarching software Lucullus® for the planning,
preparation, execution, and evaluation of all processes. No additional middleware is required. The sample path for automated

sampling and on-line analysis is emphasized with a green line.

VCD measurements is a tedious, labor-intensive,
and time-consuming procedure 3. The next para-
graph presents Securecell’s innovative bioprocess
automation tools Lucullus® and Numera® in combi-
nation with the Cedex® HiRes Analyzer (Roche Diag-
nostics GmbH) as an optimal consorted solution for
automated on-line monitoring and control of critical
cell integrity parameters.

Integration of the Cedex® HiRes Analyzer into
the Numera® PAT system

The modular automated sampling system Nu-
mera® can be flexibly configured with the following
modules: a Control Module, 1-4 Multiplexer Mod-
ule(s), a Routing Module, a Dilution Module, a Filtra-
tion Module, and an autosampler (Figure 1). Nu-
mera® allows for sampling of up to 16 bioreactors in
parallel, seamless sample processing, and sample
transfer to the autosampler or 3rd party analyzers.
The autosampler is used for sample collection and
storage at 4 °C.

The Cedex® HiRes Analyzer is an image-based

cell culture analyzer providing information about
cell density, cell viability, cell aggregation, and mor-
phological parameters such as cell diameter and
cell compactness. The analyzer assesses these pa-
rameters using the trypan blue exclusion method in
combination with a high-resolution image scanner.
The trypan blue exclusion method is based on the
principle that viable cells possess intact cell mem-
branes and exclude the trypan blue dye whereas
cells undergoing apoptosis or necrosis lose mem-
brane integrity and take up the dye *.

The sample transfer from the Numera® to the
Cedex® HiRes Analyzer is realized by connecting the
Numera® Routing Module and the Cedex® HiRes
Analyzer with a sample transfer unit (STU) specially
engineered by Securecell for this integration. The
STU holds a 6-way loop valve and a liquid sensor
(Figure 2). The sample is transferred from the Nu-
mera® Routing Module pump via the 6-way loop
valve until the liquid sensor. Upon detection of the
sample at the sensor, valve rotation connects the
filled 300 pyL sample loop to the Cedex® HiRes sy-
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Figure 2: System detail. Schematic of the fluidic connection with a sample transfer unit between the Numera® Routing Module
and the Cedex® HiRes Analyzer. For the integration of a Cedex® HiRes Analyzer at least a Numera® Control Module, a Multiplex-
er Module, a Routing Module, and a sample transfer unit are required. The Dilution Module is optional. The sample path is em-

phasized with a green line.

ringe. The modularity of the system and automated
liquid detection allows for some flexibility with re-
gard to the spatial configuration and sample line
lengths. As soon as the measurement on Cedex®
HiRes Analyzer is finished, the results are automati-
cally transferred to Lucullus®. The sample analysis
method of the on-line and off-line Cedex® HiRes
samples is similar i.e., cellular features are common
and results are comparable.

An identical sample transfer mechanism with
minor changes on the STU is used with cell analyz-
ers from other suppliers.

In-line dielectric spectroscopy

Permittivity is a material property that is meas-
ured using dielectric spectroscopy and takes effect
when a material interacts with an electric field. The
charge carriers of the material orient themselves to
the vector of the electric field and create a polariza-
tion field that opposes and weakens the external
field. The larger the tendency for charge distortion
(also called electric polarization) of the material, the
larger the value of the permittivity. Cell permittivity
measurements are often used for the estimation of
overall VCD due to the fact that viable cells polarize
whereas dead cells have damaged membranes and
do not polarize anymore. However, larger cells po-
larize more i.e., larger cells make up a proportional-

ly larger part of the signal than the same number of
smaller cells. Therefore, when an electric field is ap-
plied to cell cultures, the permittivity measurement
should be proportional to the total VCD but funda-
mentally represents a measurement of viable cell
biovolume 35,

Material and Methods
Set-up automated sampling

All experiments described were performed in a
bioprocessing laboratory with a fully integrated loT
infrastructure (i?BPLab) at Zurich University of Ap-
plied Sciences (ZHAW) Wadenswil. In the presented
application, an unprocessed sample fragment was
transferred from the Numera® Routing Module to
the STU and subsequently to the Cedex® HiRes Ana-
lyzer for on-line analysis (system parameters: focus
offset 25 pym, sedimentation duration 60 s, CMin-
Size 7, CMaxSize 70, AggrMinSize 12). All devices
including the reactor system, the Numera®, the Ce-
dex® HiRes Analyzer, and an HPLC system were
connected to Lucullus®. In Lucullus® the samples
were planned and triggered during the process exe-
cution phase, and all data were recorded, including
data from manually drawn and analyzed samples.
Automated sampling and analysis with the Cedex®
HiRes Analyzer were performed about every 3-6 h
and manual sampling approximately every 24 h. The
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total process duration was 169 h including a 20 h
preparation phase for a sterility check and media
conditioning phase.

Cultivation condition

Chinese hamster ovary (CHO) cell fed-batch
cultivations were performed in a 2.5 L Labfors 5 bi-
oreactor (Infors HT) equipped with an Incyte sensor
probe (Hamilton AG) for in-line cell permittivity
measurements and a dip tube attached through
PG13.5 port. The dip tube was connected to the Nu-
mera® Multiplexer Module for sample drawing. The
reactor was supplied with air (0.05 Ln/min), O, to
control dissolved O, at 40%, and CO,. The tempera-
ture and stirrer setpoints were set at 37 °C and 100
rpm, respectively. The pH was controlled at 7.2 by
the CO, flow and base supplementation.

Results and Discussion

The execution of one complete automated on-
line analytical run on the Numera® Cedex® HiRes
system takes less than 15 min, including Numera®
sample drawing, direct sample transfer, analysis by
the Cedex® HiRes Analyzer, and cleaning of the
sampling lines.

Figure 3 exemplarily demonstrates the versatil-
ity of the system by providing frequent and reliable
measurements of cell viability with the Cedex®
HiRes Analyzer and lactate with an HPLC system,
as well as the flexibility of Numera® to integrate
multiple analyzers simultaneously.
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Figure 3: Automated on-line monitoring of cell viability (or-
ange dots) and lactate concentration (blue dots) during a
CHO fed-batch process.
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Figure 4: Graph displaying viable cell density measured off-
line (black dots) and on-line (orange dots) using the Cedex®
HiRes Analyzer and in-line permittivity (blue line) measured
with an Incyte probe during a CHO fed-batch process.

The performance of the Numera® Cedex® HiRes
system was validated by comparison to an in-line
and off-line measurement approach. Methods to
measure in-line cell integrity parameters include for
example 3D digital holographic microscopy or in-si-
tu spectroscopy such as Raman, fluorescence, and
dielectric spectroscopy. Here, the in-line permittivi-
ty measurements were taken with an Incyte dielec-
tric spectroscopy probe and the off-line measure-
ments with the Cedex® HiRes Analyzer after manual
sampling of the reactor system. Permittivity meas-
urement values (pF/cm) correlate with the VCD
(cells/mL) and would require a conversion factor to
translate the permittivity to an absolute VCD value.

All three measurement techniques (in-line, on-
line, and off-line) are reliable approaches to moni-
toring the VCD (Figure 4). The clear advantage of
the on-line over the off-line VCD monitoring method
is the possibility of a high measurement frequency
while requiring fewer operators and manual ac-
tions. The fully automated approach also reduces
the risks of contamination, manual errors, opera-
tor-to-operator variations, and system parameter
fluctuations that potentially result in cellular stress
which might negatively influence product titer and
quality.

Both, the in-line and on-line measurement ap-
proaches allow for VCD monitoring at a high fre-
quency. The minor fluctuations of the permittivity
signal at 80-120 h process time coincide with anti-
foam and glucose addition. At 150 h process time
divergence between the in-line and on-line VCD
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Figure 5: Automated monitoring of cell viability (orange dots)
and permittivity (blue line) during a CHO fed-batch process.

measurement signal is observed. At this stage, the
culture is in the death phase with declining overall
cell viability (Figure 5). According to Opel et al., the
in-line permittivity signal during the death phase of
a mammalian CHO culture does not correlate well
with the VCD since the cell diameter of apoptotic
cells is increasing. As permittivity captures changes
in cell biovolume, dielectric spectroscopy measure-
ments during the death phase are less reliable 6.
Further, it is not possible to discriminate from the
permittivity signal alone whether a signal decrease
is due to viability loss or a reduction in the cell num-
ber.

For the on-line Cedex® HiRes determined VCD,
minor variations between subsequent measure-

Key Results
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ments are observed (Figure 4). The variation can be
explained by: 1. the inherent standard error of the
Cedex® HiRes Analyzer 2. incomplete sample loop
filling of the STU i.e., when not exactly 300 pL sam-
ple are transferred to the analyzer 3. sample line
gradients also known as chromatographic effects.

Conclusion and Outlook

The Cedex® HiRes Analyzer was successfully in-
tegrated with Securecell’s automated sampling sys-
tem Numera® and the performance was tested dur-
ing a mammalian cell cultivation process. The
on-line VCD measurement with the Numera® Ce-
dex® HiRes system provides a robust solution to
monitor multiple cell integrity parameters in high
frequency and real-time without the need for manu-
al interaction. Together with Lucullus®, the present-
ed setup is a state-of-the-art system for automated
monitoring and control of critical cell integrity pa-
rameters using the well-established trypan blue ex-
clusion method.

Work is in progress to confirm these initial re-
sults and to further improve the system in terms of
precision i.e., the sampling time of Numera® should
be increased to ensure complete sample loop filling
of the STU and shorter connection tubing between
the Numera® and the STU should be used to reduce
sample line gradients.

e On-line availability of reference analytics (Cedex® HiRes Analyzer)

e Full automation of the well-established trypan blue exclusion method

e The on-line VCD/viability measurements correlate to the off-line/manual measurements
e (Centralized and advanced bioprocess monitoring and control enabled by Lucullus®

e Combination of Numera® and Lucullus® as integrated PAT solutions
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