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Introduction: Automated microbioreactorsystemsaredesigned forintensive bioprocess
characterization. They facilitate reduction of development timelines without loss of
valuable information. The RoboLector automated microbioreactor system was used
for joint investigation of induction profiling and inoculation from seed cultures of
different ages, which is only rarely recognized in literature for optimization. Results:
The microbioreactor system allows reliable detection of growth phases and accurate
inoculation procedures in combination with a true walk-away performance. Inocula
taken from seed cultures resting in stationary growth phase for up to 10 h had no
influence on induction profiling experiments, where late induction is preferred for
maximum space-time-yield of recombinant enzyme production. Conclusion: The
presented method allows for conduction of precise inoculation procedures and thus,
for detailed studies on influential bioprocess parameters. The findings indicate that
standardization in methods is more promising than standardization of cultivation

conditions to scout for new productive bioprocesses.

Background
In the biopharmaceutical industry, biotech-
nological processes for therapeutic agents,
such as antibodies or hormones, are pres-
sured to be ready as soon as possible. Reasons
for this are faster production of material for
clinical trials and subsequent earlier market
entry and thus, prolonged patent protection
for innovative protein drugs. In a market esti-
mated US$44 billion back in 2004 (1], this is
a great stimulation. However, due to necessar-
ily strong regulations with the production of
therapeutic agents for human use (e.g., testing
and approval procedures for development and
supply of vaccines [2]), a fundamental knowl-
edge of cell factories, bioprocessing behavior
and their interaction is required, which is
targeted by PAT 3] and QbD (4] initiatives.
There are several factors to optimize in
biotechnological production of therapeu-
tic agents, including interactions of factors.
Steps along the line of production which were
improved individually may have an overall
negative effect in combination. For example,

high cell density cultivations (HCDC) can

cause problems in following purification
steps due to overload of cells and/or product
concentration, when membrane separations
or preparative chromatography are designed
to work with low viscosity fluids. Addition-
ally, a host strain optimized for HCDC may
be suboptimal in a medium cell density
cultivation (MCDC), which is preferred in

purification stages in this context.

The role of microbioreactor systems in
bioprocess development: an overview
The nature of microbioreactor systems
(MBR) is to enable experimentation in a
high-throughput manner. That makes them
the tool of choice when it comes to fast gen-
eration of intense knowledge in bioprocess
development. Such high-throughput s clearly
needed by naming some optimization targets
in biopharmaceutical process development:
gene dosage (5] and promotor strength [6] of
the expression cassette, engineering of secre-
(7], host variations [8], medium
(9], feeding solutions [10] and
control strategies during cultivation [11].
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Microbioreactor systems: Laboratory machines for
well-controlled and parallel conduction of cultivation
experiments in microliter-scale, can be highly integrated
with other hardware devices and software solutions.

Bioprocess development: Definition of a biotechnological
production process. The upstream processing part includes
engineering of host strain and evaluation of cultivation
conditions like composition of medium or feeding
trajectories. The downstream processing part includes
recovery, purification and formulation/finishing the target
product.

From bench over pilot to production scale the clas-
sical stirred tank reactor (STR) will remain for long
time the gold-standard of bioprocess optimization, as
for this kind of reactor extended knowledge and expe-
rience exists. Furthermore, STRs are integrated main
parts of existing qualified production lines in most of
the cell-based biotechnological processes. From this
point of view, MBR have to mimic STR performance
to be considered relevant for bioprocess development.

Perhaps the most direct scale-down approach is the
miniaturization of the stirred tank itself. Puskeiler
et al. introduced such a system with up to 48 paral-
lel units with an operating volume of several millili-
ters (12]. The single units can be equipped with baffled
or non-baffled reaction tanks and/or different types
of stirrers. The integration of a liquid-handling robot
and a microplate reader allows intermittent at-line
monitoring of biomass (via optical density) and other
assay-accessible substances, whereas pH and dissolved
oxygen (DO) are measured online with optical sen-
sor spots (optodes) [13]. As stirrer speed of each unit
is controlled independently, aeration and mixing can
be adjusted individually. In addition, the liquid-han-
dling robot facilitates manipulation of the individual
cultures based on collected data, for example, with
titration agents.

Another two bioreactor concepts, the shaken ves-
sel and the bubble column, are used in combination
for a MBR with up to 24 parallel units [14.15]. Here,
aeration and agitation is controlled by different shak-
ing speeds and additional submerged gassing. Again,
online monitoring of pH and DO is realized with
optodes. Based on these online signals, pH of the cul-
ture units can be adjusted by controlling the amount
of NH, or CO, in the inlet gas stream when operating
in ‘bubbling mode’. Again, working volumes of several
milliliters are employed. Additionally, each mini-col-
umn is equipped with a heat conductor which enables
temperature control, at least within a distinct range for
two neighboring columns. In contrast to the aforemen-
tioned system, there is no description found for robotic
integration yet. Therefore, for bolus feeding and sam-

pling, the cultivation cassette has to be removed from
the incubator and placed in laminar flow hood to
prevent contaminations.

In this study, we employ the BioLector technol-
ogy [16], which uses microplates as an array of parallel
operated cultivation units. The transparent bottom of
the microplate (specifically: the 48-well FlowerPlate
microplate [17]) gives optical access for online detection
of biomass concentration (via scattered light) and fluo-
rescent molecules, as well as pH and DO (both using
optodes). It should be noted that the measuring prin-
ciple for biomass estimation would interfere with other
light-scattering components in the fermentation broth
like bubbles or agitated stirrers. Additionally, the MBR
was integrated into a liquid-handling robot, which
enables manipulation of the individual cultivation
units based on gathered data and at-line determina-
tion of assay-accessible substances, comparable to the
milliliter stirred tank microbioreactor system described
above. Next to the different agitation and aeration used
compared with the aforementioned two MBR, the
here used system operates with lower working volumes
(typically 800-1500 pl compared with approximately
5-10 ml). The combination of a BioLector MBR sys-
tem with a liquid handling robot was first introduced
by Huber ez 4l. 18], who named this concept ‘Robo-
Lector’. The capabilities of a RoboLector beyond the
basic BioLector technology are determined by the
capabilities and degree of integration of further techni-
cal equipment of the liquid handling unit, which is not
predefined to a specific manufacturer.

For all of the three described MBR, several applica-
tion examples are found in literature [12-15,18-20]. Also,
scalability of the systems to conventional STR was
demonstrated [12.2021], which is crucial for a meaning-
ful application and acceptance of MBR in bioprocess
development.

Treatment of seed cultures as optimization
parameter in bioprocess development

Seed cultures, which serve for generation of initial cell
mass in a production process, are rarely recognized as a
parameter to be considered for optimization, although
varying results are found in literature concerning the
treatment of seed cultures. For example, Rohe ez al.
observed different productivities in cultivations,
which were inoculated from different seed cultures
[6]. By contrast, fermentation runs started from the
same source showed equal productivities. Therefore,
it was concluded biological variations in seed cultures
affected recombinant protein production in main cul-
tures, although the same clone was applied. However,
this issue was not further investigated. In another
study, Buso ez al. found there was no need to conduct
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pre-culturing steps [22]. Direct inoculation of main cul-
tures from a transformation mix did not affect amount
or quality of target protein. By contrast, for Strepro-
myces calvuligerus, status of seed cultures was demon-
strated to affect subsequent main cultures, as shown by
Neves et al. [23). By using inocula from a late-exponen-
tial growth phase they were able to increase batch-to-
batch productivity. However, monitoring physiological
status of seed culture is mandatory in that case.

To face the problem of differentially growing seed
cultures, a method of growth synchronization was pro-
posed by Huber ez al. (197 and Sitkus ez al. [24]. Seed
cultures were conducted using glucose slow-release sys-
tems, which forces the cultures to linear growth sooner
or later. When all cultures entered this phase, time
point of synchronized growth is reached and main
culture are inoculated.

In another work by Huber ez 4/. the method of “bio-
mass-specific” replication was introduced [18]. Here,
the inoculum volume depends on the biomass con-
centration of the seed culture. By doing so, the same
initial biomass concentration is archived in subsequent
main cultures. Advantageous to this method is uni-
form growth in main culture, as shown by the authors.
However, when viability of the cells is affected by
growth phase (e.g., in exponential or stationary growth
phase), the biomass-specific replication fails, as it does
not consider these growth phases for inoculation.

In conclusion, it is recognized that treatment of
seed cultures may affect productivity of a bioprocess.
One approach targets the seed cultures directly, for
example, by the method of growth synchronization.
The other way is to even out differentially growing
seed cultures by modifying the treatment of main cul-
tures, for example, by the methods of biomass specific
replication or biomass specific replication.

Motivation & outline of this study

Especially, the combinatorial examination of seed cul-
turing and typical high-throughput experimentation is
missing in literature. Although there are several stud-
ies, including harmonization of seed cultures, surpris-
ingly there is not report found whether this is necessary
or not. For complex investigations with several factors
to be examined, leaving out one factor only reduces
workload and increases throughput.

The study was conducted with the RoboLector MBR
system [1820] to monitor differentially growing seed
cultures and evaluation of their impact on subsequent
typical high-throughput cultivation —experiments.
First, reliable detection of stationary growth phase of
seed cultures was verified including assessment of the
ability of the system to perform inoculation procedures
in a reproducible and reliable (i.e., without supervision

by an experimenter) way. Secondly, the induction pro-
filing for optimization of productivity in an Escherichia
coli-based bioprocess was expanded by the parameter of
seed culture’s growth status to evaluate if that param-
eter affects results. Inoculum for the main cultures was
taken from seed cultures after up to 10 h after those
entered stationary phase. This mimics often performed
overnight cultivation of seed cultures, which lack in
monitoring of growth. A graphical experimental out-
line is given in Figure 1. The new method gives access
to defined inoculation conditions and thus, can be
used for setup and evaluation of routine cell culturing
protocols.

Material & methods
The used RoboLector system was a combination of the
BioLector MBR system (G-BL-100, m2p-labs, Baes-
weiler, Germany) [16] and a Multiprobe II Ex liquid
handling robot (PerkinElmer, MA, USA). For cultiva-
tions, 48-well FlowerPlates with optodes for pH and
DO measurement were used (MTP-48-BOH, m2p-
labs), sealed with a sterile, gas permeable membrane
with a preslitted silicone layer acting as a septum for
robotic pipetting actions (F-GPRS48-10, m2p-labs).
The BioLector device monitored online scattered light
(proportional to biomass concentration), pH and DO.
Measurements were taken every 8 min for all 48 wells.
Cultivation conditions were: shaking frequency 1100
rpm, shaking diameter 3 mm, filling volume 1000 pl,
temperature 37°C and relative humidity over 85%.
Microorganism was E. coli, expressing a recom-
binant enzyme intracellularily upon induction with
Isopropyl-B-D-thiogalactopyranoside (IPTG). Cho-
sen concentration was 1 mM final. Sampling was
programmed to execute just after exponential growth
of main cultures, and samples were transferred into
96-well microplates placed on a custom-made cooling
station. Cooling was controlled at 0°C. Cell lysis for
analysis of recombinant enzyme activity was performed
enzymatically by addition of 1 volume of lysis buffer
(125 mM NaH,PO,/K HPO, pH 8.0; 750 mM NaCl;
0.25% v/v TritonX-100; 12.5 mM EDTA; 1.5 g/l lyso-
zyme; 20 min at 37°C with shaking), followed by ben-
zonase treatment to reduce viscosity caused by released
nucleic acids (0.5 volumes of 50 mM MgCl, * H,O;
12.5 U/ml benzonase; 20 min at 37°C with shaking).
Soluble cell fraction was obtained by centrifugation
(10 min; 3000 rpm; 4°C).

Induction profiling: Systematic approach for
identification of factors for optimal recombinant gene
expression, mainly to maximize productivity of target
protein.
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Figure 1. Experimental outline for induction profiling cultivation experiments. Inoculation of main cultures is made from
differentially growing seed cultures.

Medium described elsewhere
(21], with additional buffering capacity of 100 mM
3-(N-morpholino) propanesulfonic acid (pH 7.4) and

appropriate antibiotics to maintain selection pres-

composition is

sure. In main cultures 20 g/l glucose served as carbon
source, for seed cultures glycerol amount was adjusted
to 15 g/l due to different used volumes of cryostock, in
which glycerol is used as cryoprotectant.

Activity measurement of recombinant enzyme was
performed with a p-Nitrophenyl-substrate. Liberated
p-Nitrophenol was quantified by kinetic absorption
measurement at a wavelength of 420 nm in 96-well
standard microplates using a multiplate reader (Spec-
traflour Plus, Tecan, Crailsheim, Germany). Assay
conditions were as follows: 37°C, 10 pl of diluted
cell lysate, 200 pl of assay buffer (pH 8.0) contain-
ing p-Nitrophenyl-substrate. Measurements were
compared with a dilution series of target enzyme from

commercial source with known activity.

Results & discussion

Normalization of cultivations by monitoring
metabolic status of seed cultures

For the first set of high-throughput cultivation experi-
ments, three seed cultures were employed with differ-
ent initial cell densities. Other fermentation parame-
ters (especially medium and amount of carbon source)
were kept equal. As a result, seed cultures entered sta-
tionary growth phase at different time points, but with
the same final biomass concentration, according to the

well-known model of microbial growth with a limiting
substrate [25].

With end of growth, transfer of seed broth into
seven replicates of main cultures was programmed. To
detect end of growth in the seed cultures, monitoring
of DO is used, more precisely the measurement of a
drop below 50% air saturation (a.s.), followed by a rise
above 80% a.s. was defined as clear indication of enter-
ing stationary growth phase. This method is superior
over monitoring biomass concentration, as it allows for
detection of respiration activity of the culture, which
is a direct indicator for metabolic activity. Following
main cultures are started in equal fermentation con-
ditions, including same amount of inoculum with
same metabolic activity of cell broth. Resulting main
cultures are only distinguished by time of beginning.
Growth kinetics of all seven replicates of the three sets
of main cultures do not show deviations, as Figure 2
depicts. To be precise, all cultures started immediately
to grow after inoculation, reflected by falling DO
signals and increasing scattered light signal. Growth
lasted quite exactly for 6 h in all cultivations, with same
final biomass concentration. Liquid transfer from seed
to main cultures was programmed to be performed
without interruption of shaking to avoid artifacts
caused by settling cells. The coefficient of variation
(CV) of final biomass concentration among all 21 cul-
tivations (seven replicates in three cultivation sets) is
2.9%, while CV-values for the individual sets are 2.4,
3.2 and 2.0% (Figure 2). With superimposed fermenta-

230

Pharm. Bioprocess. (2014) 2(3)

future science group



Automated microbioreactor systems for pharmaceutical bioprocessing Methodology

tion kinetics among each seven replicates and the three
cultivation sets, pipetting accuracy of small volumes
is shown to be excellent. This is especially important
in microscale fermentation, where small volume han-
dling is daily routine. End of exponential growth phase
could be detected safely and deviations from biological
replicates can be neglected (Figure 2), which is required
in high-throughput investigations.

Workload is done by the RoboLector MBR system
automatically, so transfer of cells from seed to main
cultures is executed even during the night or weekends.
That means, workflow progression in sequential cul-
tivations is only determined by the dynamics of the
individual cultures. With programmable sterilization
procedures for the robotic pipetting tips (e.g., tip incu-
bation with ethanolic or alkaline solutions [20]), it is
possible to grow several clones or cell types at the same
time. A possible application would be benchmark-

©)

ing expression hosts for a given protein of interest, in
particular with automated sampling and subsequent
analytics at-line to the high-throughput cultivation.

Growth status of seed culture & its influence
on induction profiling experiments

With determined excellent standard deviation of bio-
logical replicates, confirmed safety in detection of
growth phases and according automated handling
actions, the full potential of the RoboLector MBR sys-
tem was applied: influence of seed culture on induc-
tion profiling (a typical high-throughput cultivation
experiment [18,20]) was investigated. Four sets of main
cultures were prepared, while each set of main cultures
ought to be inoculated from individual seed cultures
at different stages in stationary growth phase, which
is transfer of cells that are resting in stationary growth
phase for up to 10 h. This simulates often performed
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Figure 2. Growth kinetics regarding biomass concentration (solid lines) and dissolved oxygen (dotted lines)

of three seed cultures (left graphs) and their subsequent main cultures (right graphs, seven replicates each).
Seed cultures were started with different volumes from cryovial (A: 50 ul; B: 20 pl; C: 5 pul) and thus, reached
end of growth at different time points (indicated with black triangles, A: 24.0 h; B: 27.8 h; C: 37.2 h). Time point
of inoculation of the three sets of main cultures was set to zero for direct visual growth comparison and is also

indicated with black triangles.
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overnight growth of seed cultures, where online moni-
toring of fermentation parameters is missed and the
possible influence on main cultures is not in scope.
As a result, the inoculation of main cultures is per-
formed with an unknown viability. In addition, it is
not known if and when seed culture entered stationary
phase during overnight incubation.

For the RoboLector method, inoculation of main
cultures was programmed to execute either just with
entering stationary phase of seed culture or several
hours after growth saturation, which is 3, 6 or 10 h.
The following main cultures are used for induction
profiling. IPTG addition was programmed to execute
at 0.5, 1, 2, 3, 4 or 6 h after inoculation for the four sets
of main cultures. Although no biomass degradation in
seed cultures could be detected by online monitoring
of biomass concentration (Figure 3), there is no indica-
tion for ‘fitness” or viability of cells. When using over-
night grown seed cultures, a defined amount of cells
is often used for inoculation. This amount of cells is
determined by measuring optical density because it is
a quick method, but gives no access to viability of the
culture. This holds also true for scattered light mea-
surement of the MBR system. On the opposite, the
method of colony forming units (CFU) detection on
agar plates needs days of incubation.

During exponential growth activity of cultures is
considered to be maximal. Here, this assumption is
supported when growth patterns for seed and main
cultures plotted in Figure 2 are compared. The seed
culture started with 50 pl from a cryovial exhibited
a delay of 12 h before cell growth is detectable. By
contrast, subsequent main cultures begun with 20 pl
of seed broth start growing after inoculation immedi-
ately, which is due to maximum activity of the inocu-
lum. Therefore, growth phase of seed cultures could
affect main cultures, which brings another parameter
to consider in a high-throughput cultivation experi-
ment. Moreover, indecisive results could arise. Hence,
it is necessary to evaluate impact of seed culture’s status
beside other parameters.

The four sets of induction profiling cultivations
were sampled just after end of growth individually,
which again is detected as described above with a fall
and rise in DO signal. Time point of induction was
of great influence on amount of recombinant enzyme.
While enzymatic activity did not exceed 300 U/ml
for inductions during the first 4 h, it was in the range
of 900-1200 U/ml when IPTG was added after 6 h,
which means a three- to four-fold increase. Also, cul-
tures were growing slowly after IPTG addition, which
is reflected in prolonged cultivation times needed to
reach maximal biomass concentration. When induced
0.5 h after inoculation, process time doubles from

approximately 12 to 24 h compared with latest induc-
tion at 6 h. Remarkably, final biomass concentration
did not vary significantly (data not shown). Both early
induction and prolonged process time affect space-
time-yield negatively. Induction at 6 h led to a produc-
tivity of approximately 80 U/ml/h, while other condi-
tions did not exceed approximately 20 U/ml/h, which
is fourfold less. By contrast, status of seed cultures did
not change these proportions, as summarized results
show in Figure 4.

The conclusion is, that seed culture as investigation
factor can be omitted, which allocates a degree of free-
dom. The only point to consider is that seed culture
has to reach growth saturation, which is easily archived
routinely with simple overnight cultures. Time point
for induction of main cultures is much more important
to tweak productivity of recombinant enzyme synthe-
sis. The presented data indicated in this specific case
late induction is preferred. By contrast, in other stud-
ies early induction was beneficial with another target
protein [18], although E. coli was used as host as well.
Furthermore, for the production of another enzyme
in C. glutamicum optimal time point of induction
was determined between early and mid-exponential
growth phase [20]. It should be noted that in the two
mentioned studies, estimation of productivity was not
performed from samples drawn directly after the expo-
nential growth, but from samples after the completion
of the whole experiment. This may have a non-negli-
gible effect on evaluation of the experimental data and
would be worth for consideration. In conclusion, there
seems no general applicable workflow for bioprocess
optimization, but a standardization of a method for
seeking an optimized bioprocess should be the target.
In addition, it is likely that not all factors of influence
and their interaction can be considered, even with

high-throughput platform technologies.

Conclusion & outlook

In pharmaceutical bioprocessing, cell-based meth-
ods account for the vast majority of produced agents.
Development in the upstream part of production
is mainly dominated by modification, introduction
or deletion of genetic elements of production strains
and the search for optimal cultivation process param-
eters with these strains. In this field, microbioreactor
systems (MBR) are emerging, as they provide high-
throughput experimentation and demonstrated scal-
ability to stirred tank reactors (STR), which are still
predominant from bench to production scale.

The use of an automated MBR system in upstream
bioprocess development is presented. With detection of
growth phase and automated liquid handling of small
volumes determined to be accurate and reproduc-
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Figure 3. Online fermentation kinetics of seed cultures. Solid lines: biomass concentration; dotted lines: DO signal;
black triangles: time of transfer from seed cultures into corresponding main cultures after 0 h (A), 3 h (B), 6 h (C)

or 10 h (D) after seed cultures entered stationary phase.

ible, the status of seed cultures for induction profiling
experiments was assessed. Productivity was affected
by time point of induction, where late in induction
resulted in highest recombinant activity and lowest
process time. There was no significant influence of the
seed cultures status on output of induction profiling,
regardless if the inoculum just reached saturation of
growth or 10 h before.
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The presented method demonstrated how online
data acquisition in automated MBR systems can be
extremely beneficial for accelerating bioprocess devel-
opment, because they allow for fast identification of
parameters, whether these are worth optimizing or not.
The highly varying results found in literature arising
from the question ‘How to treat seed cultures in bio-
processing?’ indicate one conclusion: standardization
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in optimization methods would be a more promising
target rather than standardization of cultivation tech-
niques, especially with a growing number of influential
parameters.

Future perspective

In general, MBR systems are suitable for applica-
tions in several stages during bioprocess development.
First, parameters of influence are identified to decide
whether these need attention or not in further develop-
ment. Then parameters which turned out to affect pro-
ductivity are examined in optimization runs (includ-
ing their interactions). Afterwards, along transferring
the biological process into pilot and production scale,
MBR can serve as scale-down model to re-evaluate
the process behavior, allowing continuous supervi-
sion of process consistency. Current ongoing research,

development, evaluation and application of MBR sys-
tems pave the way for these to replace laborious and
bulky bioreactors in bioprocess development. With a
growing number of laboratory machines designed for
high-throughput applications, seamless integration
and automated data exchange with MBR becomes an
important role.
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Executive summary

Introduction & background

Results & discussion

2.9% (n = 21) for final biomass concentration.

phase or up to 10 h before.

need further attention.
Conclusion & outlook

e Experimentation in high quality and quantity is needed for intense understanding in bioprocess development,
here microbioreactor systems are the emerging tools-of-choice.

e The evaluation of seed cultures as a parameter for investigation in bioprocess optimization is only rarely
recognized, although highly varying results are found in literature.

¢ An automated microbioreactor system (RoboLector) is validated and used for combinatorial induction and
seed culture profiling for maximizing expression of a recombinant enzyme in Escherichia coli.

* The applied microbioreactor system provides excellent and reliable performance in detection of growth phase
and execution of inoculation procedures, demonstrated by superimposed fermentation kinetics and a CV of

¢ Late induction was both beneficial for high volumetric enzymatic activity and low process time.
¢ Incoulum had no influence, regardless whether taken from seed cultures which just entered stationary growth

* The optimization parameter ‘seed culture’ was evaluated thoroughly (‘effect check’) and confirmed not to

e Results of the study and corresponding literature indicate that standardization of optimization methods for
bioprocess development is a more promising approach compared with standardization of cultivation methods.
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