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Abstract Although several scaling bioreactor models of
mammalian cell cultures are suggested and described in
the literature, they mostly lack a significant validation at
pilot or manufacturing scale. The aim of this study is to
validate an oscillating hydrodynamic stress loop system
developed earlier by our group for the evaluation of the
maximum operating range for stirring, based on a maxi-
mum tolerable hydrodynamic stress. A 300-L pilot-scale
bioreactor for cultivation of a Sp2/0 cell line was used for
this purpose. Prior to cultivations, a stress-sensitive par-
ticulate system was applied to determine the stress values
generated by stirring and sparging. Pilot-scale data, col-
lected from 7- to 28-Pa maximum stress conditions, were
compared with data from classical 3-L cultivations and
cultivations from the oscillating stress loop system.
Results for the growth behavior, analyzed metabolites,
productivity, and product quality showed a dependency
on the different environmental stress conditions but not

on reactor size. Pilot-scale conditions were very similar
to those generated in the oscillating stress loop model
confirming its predictive capability, including conditions
at the edge of failure.

Keywords Pilot scale .Mammalian cell culture . Maximum
tolerable hydrodynamic stress . Downscaling . Upscaling

Introduction

Bioprocess scale-up in cell culture industry is a task often still
based more on historical experience rather than on scientific
knowledge. Differences in process performance are common-
ly observed in-between scales which result from intrinsic dif-
ferences between laboratory and production scales
(Humphrey 1998; Mostafa and Gu 2003; Li et al. 2006;
Yang et al. 2007; Xing et al. 2009). Classical scaling rules
suggested to keep various reactor characteristics such as pow-
er input or tip speed constant (Glacken et al. 1983; Ju and
Chase 1992; Marks 2003; Nienow 2006). However, these
criteria are not satisfactory and often provide contradicting
results (Schmidt 2005). Further complication comes from
the determination of the maximum values for the shear rate
or the hydrodynamic stress tolerated by cells.

Pioneering works in bubble-free systems with classical
single-vessel bioreactors were conducted by Oh et al. (1989)
reporting an agitation tip speed (vtip) of 1.4 m/s, corresponding
to a power input of 1.9×10-1 W/kg, to ensure no cell damage.
In contrast, Leist et al. (1986) report tip speeds of 3.5 m/s
(1.5 W/kg) and Kunas and Papoutsakis (1990) of 2.6 m/s
(2.7 W/kg) to be safe for cell culture, while Al-Rubeai et al.
(1995) report of 1.9 m/s (3.1×10-1 W/kg) to be above the cell
damage threshold. This wide range of proposed values is fur-
ther enlarged by the presence of bubbles. Under multiphase
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conditions and without the presence of shear protective
agents, such as Pluronic F-68, critical tip speeds around
0.5 m/s (3.3×10-2 W/kg) and maximum gas flow rates be-
tween 0.02 and 0.03 vvm have been reported in the literature
(Oh et al. 1992; Cruz et al. 1998). Although the addition of
Pluronic can minimize the detrimental effects of bubbles
(Murhammer and Goochee 1990; Chalmers and Bavarian
1991; Jöbses et al. 1991; Oh et al. 1992; Ma et al. 2004). it
results in a reduction of mass transfer (Murhammer and
Pfalzgraf 1992; Sieblist et al. 2013) leading to higher stirring
speeds required to meet the oxygen demand and CO2 removal.
Therefore, the knowledge of the maximum hydrodynamic
stress tolerated by cells is an essential piece of information,
which has to be known during process scale-up and optimiza-
tion. While in the case of weak cells classical single-vessel
bioreactors can be readily used to obtain this quantity, in the
case of particularly robust cells the specific stress threshold
cannot be resolved using classical single-vessel bioreactors.
Typically, this is due to equipment limitations or vortex for-
mation resulting in bubble entrapment and foam formation. In
addition, the above mentioned approaches do not address the
heterogeneous nature of multiple parameters present in large-
scale reactors, i.e., spatial variations in stress (Soos et al.
2013). pH (Osman et al. 2002). and gaseous compositions
(Amanullah et al. 1993; Serrato et al. 2004).

In a stirred vessel, cells are subject to an oscillating hydro-
dynamic stress as they travel from the quiet region far from the
impeller to the highly turbulent one close to it. This can be
simulated by the laminar extensional flow device developed
by the group of Chalmers (Ma et al. 2002; Mollet et al. 2007;
Godoy-Silva et al. 2009a, b). Here the culture broth was
forced through an external loop equipped with a well-
defined nozzle, exposing the cells to laminar stress values
ranging from 1.2×10-2 to 6.4×103 W/kg. However, due to
the operating procedure, this device cannot fully decouple
exposure frequency and exposure duration, therefore limiting
its capability to mimic the stress history experienced by cells
in differently scaled vessels. Additionally, as discussed by
Nienow et al. (Nienow 2006; Nienow et al. 2013). the use of
laminar flow conditions represents an intrinsic limitation
when considering manufacturing-scale bioreactors, which
typically operate in highly turbulent conditions.

More recently, two different procedures using lab-scale
bioreactors have been proposed to address this issue. The first
one is based on the application of constant high average power
input in a turbulent single-vessel stirred bioreactor. This ap-
proach exposes cells to high hydrodynamic stress at a higher
frequencies compared to large-scale reactors (Nienow et al.
2013). The second strategy developed by Sieck et al. (2013)
tries to align the frequency of high stress values to mimic the
change from high to low hydrodynamic stress, but still the
range of possible stresses experienced at the manufacturing
scale remains larger. In order to employ turbulent flow

conditions and decouple exposure period and hydrodynamic
stress magnitude, Neunstoecklin et al. (2015) recently pro-
posed a scale-downmodel, where a 3-L bioreactor is equipped
with an external loop capable of generating a broad range of
hydrodynamic stresses (15 to 103 Pa). This system was used
to determine the stress threshold values for a Sp2/0 and a CHO
cell line using a fed-batch cultivation process.

Although this quantity is of high industrial importance dur-
ing process scale-up, no systematic study exists in the open
literature where the cell response measured in small scale is
compared with a large-scale cultivation system operated be-
yond or at the edge of failure. Therefore, the main goal of this
work is to provide such a comparison and validation of a
scale-down model. In this study, stress values below as well
as above the previously measured threshold for the Sp2/0 cells
(Neunstoecklin et al. 2015) have been applied using a 300-L
pilot-scale bioreactor. Prior to cultivation, the maximum hy-
drodynamic stress was characterized using a shear-sensitive
particulate system (Villiger et al. 2015). Measured growth
behavior, metabolism, productivity, and critical quality attri-
butes were compared to historical data measured in the oscil-
lating hydrodynamic stress loop model.

Materials and methods

Bioreactor setup

A pilot-scale bioreactor with a working volume of 300 L (New
MBR, Switzerland) equipped with four baffles and a combi-
nation of Rushton and marine impeller was used. The Rushton
impeller was mounted at the bottom of the vessel, while the
marine impeller wasmounted at a higher elevation on the same
shaft pumping the liquid upward. Geometric details of the
compared reactor scales are given in Fig. 1a. The key reactor
operating parameters are compared in Table 1. Calculation of
the volume average energy dissipation rate of the used biore-
actor was performed as follows (Perry et al. 1997):

εh i ¼ NpD5N 3

V
ð1Þ

whereNp is the power number of the impeller,D is the impeller
diameter (m), N is the agitation rate (1/s), and V is the biore-
actor volume (m3). Impeller Reynolds numbers are reported in
Table 1 to verify turbulent conditions. Two selected cultivation
conditions were used to expose cells to stress values well be-
low and above the previously determined threshold value of
25 Pa for those cells (Neunstoecklin et al. 2015). Cultivation
results obtained from the 300-L bioreactor are compared
with those measured previously (Neunstoecklin et al.
2015) using a 3-L bioreactor equipped with an external
loop as shown in Fig. 1b.
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Hydrodynamic stress characterization

The maximum hydrodynamic stress values (τmax) in the bio-
reactors were determined using a procedure developed by
Villiger et al. (2015). This procedure is based on the measure-
ment of the maximum stable size of aggregates composed out
of polymeric nanoparticles. When exposed to certain hydro-
dynamic stress, these aggregates undergo breakup until steady
state size, which is controlled by the maximum stress present
in the system (Soos et al. 2008, 2013; Ehrl et al. 2010).
Although the size of these aggregates is comparable to the size
of mammalian cells, the obtained stress values may only be
indicative of the stress to which cells are exposed to during the
cultivation process, yet this scalable measurement allows
quantifying the highest stresses between different scales and
equipment. A detailed description of the method can be found
in the original work of Villiger et al. (2015).

Cell line and inoculum preparation

The cell line used in this study was derived from a Sp2/0 host
cell line producing a commercialized monoclonal antibody. A

cell bank vial was directly thawed into complex proprietary
media for the expansion of cells. Density after thawing was
0.5±0.1×106 cells/mL, and subcultivation of the cells was
performed every other day to keep the cell density below 1.5
±0.1×106 cells/mL. Initially, orbitally shaken T-flasks were
used, and after reaching an appropriate volume, the cells were
transferred in glass spinner flasks (Integra, Switzerland) and
cultivated at 37 °C with 90 % humidity. Spinner flasks were
aerated through an open pipe sparger using air supplemented
with 5 % CO2. Duration of the expansion was always 29 days,
after which cells were used for inoculation. Each experiment
was inoculated with freshly prepared inoculum culture, and
seeding was performed into a prefilled bioreactor using the
same media, with a target cell density of 0.3×106 cells/mL.

Cell cultivation and offline data analysis

The 300-L bioreactor was controlled at an agitation speed of
71 rpm and a DO set point of 60 % air saturation. The latter
was first controlled with air until a flow rate of 0.4 L/min was
reached. After this point, oxygen was added to the gas stream
on demand resulting in maximum total volumetric gas flow

Fig. 1 In (a), the dimensions of
the bioreactors considered in this
study are given. Values refer to
bioreactors with a volume equal
to 3 and 300 L, respectively (all
values in millimeters). In (b), the
shear loop model described by
Neunstoecklin et al. (2015) and
used to generate high oscillating
stress at small scale is shown

Table 1 Operating conditions for the bioreactor cultivations

VBio (L) N (rpm) D (m) vtip (m/s) Np (−) ReImp (−) <ε > (W/kg)
τmax (Pa)

3 110 0.06 0.346 5.4 9474 8.6×10−3 1.2

300 71 0.23 0.855 5.4 89,856 1.9×10−2 7

300 150 0.23 1.806 5.4 189,838 1.8×10−1 28
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rate of 2 L/min, corresponding to 0.0067 vvm. The effect on
the corresponding power input was neglected due to the low
gas flow rate (Nienow 1998). The overall power number for
the two mounted impellers was assumed to be equal to the sum
of the individual ones (Hudcova et al. 1989). i.e., 5.0 for the
Rushton turbine (Perry et al. 1997) and 0.4 for the up-pumping
marine impeller (Paul et al. 2003). giving a total of 5.4.With an
agitation speed of 71 rpm, this results in an 〈ε〉 of 1.9×10-2 W/
kg with τmax being equal to 7 Pa. To investigate stress values
beyond the threshold, this reactor was operated in a second
experiment at an agitation speed of 150 rpm corresponding
to 〈ε〉 equal to 1.8×10-1 W/kg with τmax equal to 28 Pa. The
pH was controlled via CO2 with a set point of 7.1 until day 3
when a step change down to 6.9 was applied. This value was
kept constant for the rest of the process. A concentrated nutri-
tional bolus feedwas added when a cell density of 2×106 cells/
mL was reached, usually occurring on day 2 or 3, containing a
complex mixture of glucose, amino acids, and proteins.

Daily samples were taken from all cultures to follow the
growth behavior and the production and consumption of nutri-
ents andmetabolic products. The samples were used tomonitor
cell density and viability (Vi-CELL, Beckman Coulter, USA),
pH (SevenMulti, Mettler-Toledo, Germany), pO2 and pCO2

(ABL5 blood gas analyzer, Radiometer, Switzerland), metab-
olites (Nova CRT, Nova Biomedical, USA), turbidity (Turb
550, WTW, Germany), and osmolality (Micro Osmometer,
Advanced Instruments, USA). The amount of produced pro-
tein was analyzed by standard HPLC analysis using protein A.
Product quality was analyzed after protein A capture by size
exclusion chromatography for protein aggregates (Berridge
et al. 2009). Glycosylation analysis was performed via gel
electrophoresis (CGE-LIF) using the procedures developed
by Papac et al. (1998) and Rapp et al. (2011). Charged variants
were analyzed via capillary isoelectric focusing (cIEF) using an
iCE280 system (ProteinSimple, USA).

Specific consumption and production rates were calculated
as follows:

qi ¼
Δci⋅2

Δt X t þ X tþ1ð Þ ð2Þ

where qi is the specific metabolic rate,Δci is the concentration
difference of the corresponding metabolite, Δt is the time
difference in between two consecutive culture samples, and
x is the viable cell density (Adams et al. 2007).

Results

Shear characterization of the pilot-scale bioreactor

When using stirred and sparged bioreactors, the cell culture
broth is exposed to various sources of hydrodynamic stress

originating from turbulent flow, gas jet present during bubble
formation, bubble rise, or bubble burst (Oh et al. 1992;
Michaels et al. 1996; Cruz et al. 1998; Chisti 2000; Zhu
et al. 2008; Liu et al. 2013; Villiger et al. 2015). To evaluate
the relative contribution of stirring and sparging to the maxi-
mum hydrodynamic stress present in a 300-L bioreactor, this
was characterized by the shear sensitive system developed by
Villiger et al. (2015). Effects from bubble burst were eliminat-
ed by the use of Pluronic F-68 at the same concentration as
used for subsequent culture experiments (Boulton-Stone and
Blake 1993; Jordan et al. 1994; Clincke et al. 2010; Villiger
et al. 2015). The advantage of this characterization system is
its capability to describe the experienced by the cells in any
system independent on its scale, shape, or material (see
Supplementary Fig. S1). This makes it possible to compare
stainless steel and single-use devices including non-stirred-
based systems like wave-rocking bioreactors or shake flasks.

In order to determine the relative importance of the above
mentioned mechanisms, τmax was measured for various com-
binations of stirring and sparging for the 300-L bioreactor.
Two types of ring spargers, which were located below the
Rushton impeller, were equipped with either eight sintered
spargers (average pore diameter equal to 50 μm) or eight
nozzles with a diameter of 1 mm. The obtained results are
shown in Fig. 2. The maximum hydrodynamic stress for
non-aerated conditions monotonically increases with ReImp.
When considering intermediate gas flow rates, corresponding
to 0.03 vvm, values of τmax measured for the sinter sparger are
very similar to those measured for single-phase conditions,
indicating negligible contribution of small bubbles. In con-
trast, when openings with 1-mm diameter were used, generat-
ing larger bubbles, the value of τmax increases at low ReImp, to
about 5 Pa with gas flow rates of 0.03 vvm and about 8 Pa for
0.09 vvm (see Fig. 2). By further increase of ReImp, this effect

Fig. 2 Maximum hydrodynamic stress, in a 300-L bioreactor measured
by the shear-sensitive particulate system developed by Villiger et al.
(2015). Two types of spargers, one with a hole opening of 1 mm and
the other with a 50-μm sinter sparger, were investigated combining
various agitation speeds and gas flow rates. Open circles correspond to
the non-aerated single-phase condition. The applied gas flow rates, for an
open pipe sparger with a hole opening of 1 mm, were equal to 0.03 vvm
(filled square) and 0.09 vvm (open triangle), while for 50-μm sparger,
only gas flow rate equal to 0.03 vvm (filled diamond) was analyzed.
Arrows indicate the conditions used for the cell culture experiments
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becomes negligible indicating that at high ReImp, the maxi-
mum hydrodynamic stress is dominated by the turbulence
generated by the impeller. Arrows in Fig. 2 indicate the two
cultivation conditions used, applying maximum gas flows of
0.03 vvm using sintered spargers. As can be seen from Fig. 2
in both cultivation conditions, the maximum hydrodynamic
stress originates from stirring with negligible effect of sparg-
ing. For completeness, the same analysis was done for the 3-L
bioreactor (see Supplementary Fig. S2). A more detailed dis-
cussion on these results can be found in the original article
(Neunstoecklin et al. 2015). Moreover, in all cultivations, the
effect of bubble burst was prevented, through the use of
Pluronic F-68, which is known to inhibit the attachment of
cells to bubbles (Handa-Corrigan et al. 1989; Trinh et al.
1994; Wu 1995; Meier et al. 1999; Gigout et al. 2008). A
commonly used parameter to assess cell damage caused by
mixing phenomena is the Kolmogorov’s microscale, η, which
is a function of the ratio between the turbulence intensity
(represented by the local EDR, ε) and the kinematic viscosity
of the liquid (ν) given as η=(v3/ε)1/4. It has been proposed that
cell damage occurs when the eddy diameter η reaches the size
of a freely suspended cell (Croughan et al. 1987; Oh et al.
1989; Chisti 2000; Flickinger 2013). The measured maximum
stress values were recalculated (ε=τ2/ρμ) and expressed as the
corresponding Kolmogorov scales with illustrative purpose in
Fig. 2. As can be seen from the two cultivation conditions
indicated with arrows and performed at 71 rpm (≈90,000)
and 150 rpm (≈190,000), the size of the smallest eddies is
equal to 8 and 4 μm, respectively. On the other hand, when
calculating the mean Kolmogorov length scale based on the
vessel averaged energy dissipation rate using the whole vessel
volume, sizes are 65 and 37μm, respectively. With an average
cell size of 15 μm, cell damage would be expected for both
conditions regarding local quantities but not for the averaged
ones. Because reduced growth was observed for the culture
with higher agitation but not for the other, we conclude that
the use of the Kolmogorov scale cannot discriminate in be-
tween the two applied conditions and suggest the use of an
experimentally derived maximum stress as presented by
Villiger et al. (2015).

Proliferation behavior of the cells

Prior to this study, the described SP2/0 cell line was charac-
terized upon its hydrodynamic stress resistance using a spe-
cially designed shear loop system (Neunstoecklin et al. 2015).
It was found that for the studied cells, the threshold is equal to
25.2±2.4 Pa. It is worth noting that an alternative to the ap-
plied loop system would have been the use of a single biore-
actor, operated under elevated stirring speed and thus resulting
in higher stresses (Nienow et al. 2013). However, due to the
robustness of the studied industrial cell line, the very high
stirring speeds required was above the maximum operating

limit of the motor. Furthermore, even before reaching the
maximum stirring speed, the formation of vortexes was ob-
served resulting in a non-desired secondary effect of bubble
entrapment and consequent breakup (Kunas and Papoutsakis
1990; Hua et al. 1993; Emery et al. 1995; Chisti 2000).

To validate the proposed shear loop system, the same SP2/
0 cell line was cultivated at conditions below and above the
stress threshold, using a 300-L pilot-scale vessel. In particular,
cultivations were performed at 71 rpm (≈90,000) correspond-
ing to a stress of 7 Pa being well below the threshold and at the
maximum agitation speed possible for the given reactor which
is 150 rpm (≈190,000) corresponding to 28 Pa (see Fig. 2).
Vortex formation was not observed at any conditions, due to
the upward pumping marine impeller. In order to compensate
for run-to-run variabilities all data were aligned to the time
point of the initial bolus feed, performed after reaching a cell
density of 2×106 cells/mL, as described in the BMaterials and
methods^ section. To identify differences between cultiva-
tions performed at different stresses and scales, data were
analyzed using Student’s paired two-sample t test. Hence,
p values above 0.1 where considered as equivalent to the con-
trol culture and p values below 0.1 were considered as different,
while values lower than 0.05 were considered as significantly
different. The growth profiles of 300-L cultures together with
published data (Neunstoecklin et al. 2015) obtained from either
3-L cultivations in classical single vessels, applying stress
values of 1.2 Pa, or 3-L systems equipped with an external loop
generating maximum stress values of 21 or 38 Pa are compared
in Fig. 3a. In the case of low stress, the measured data in the
300-L bioreactor closely follows the growth and viability pro-
file of the 3-L system at 1.2 Pa (Fig. 3a, b) with an exception on
day 5 where the 300-L culture shows a higher cell density. This
aligned trend is furthermore valid for the integral viable cells
(IVC) and the cell aggregates in the culture (Fig. 3c, d).
Furthermore, results are very alike when comparing the data
from the 300-L run at 28 Pa with the 3-L oscillating shear
model applying 21 Pa. For both, the maximum cell density
decreases from 5×106 down to 4×106 cells/mL and the via-
bility profile is first comparable with the standard but stays
higher after day 7. The cellular aggregation rate is significant-
ly reduced with p values below 0.05, in particular observed
between days 2 and 7, thus confirming the higher hydrody-
namic stress values present in both systems.

Cell metabolism and productivity

Cell culture samples were measured daily for glucose (GLC),
lactate (LAC), glutamine (GLN), glutamate (GLU), and am-
monia (NH4) as described in the BMaterials and Methods^
section. From the obtained values, specific rates were calcu-
lated according to Eq. (2). As can be seen from Supplementary
Fig. S4, no significant difference of specific rates was ob-
served between the applied conditions. With lactate being
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one of the most important metabolite stress indicators, usually
used to interpret the well-being of the culture (Li et al. 2010,
2012; Zagari et al. 2012; Le et al. 2012). it can be seen in
Fig. 4a that lactate concentrations are significantly lower with
p values below 0.05 for cultures with higher stress values,
accompanied with lower growth, resulting in specific rates
that are very similar. The cumulative amount of glucose
shown in Fig. 4b gives a good picture on the energy metabo-
lism of the cells where cultures applying higher stress in both
scales consume significantly lower amounts of glucose
(p<0.05). This goes along with the lower growth and lactate
production described before. Additionally, the specific pro-
ductivity shows a decreasing trend from values around 37 to
10 pg/cell/day, when conditions beyond the threshold of 25.2
±2.4 Pa were applied (Supplementary Fig. S3b). Apart from
the culture with 38 Pa which was vastly over the cell line
threshold, this can also be observed in Fig. 4c where the total
amount of product at the day of harvest is the lowest (p>0.05),
for the 300-L experiment performed at 28 Pa. Interestingly,
highest titers could be observed for the conditions applying
21 Pa in the 3-L system with about 15 % more final product
than obtained for the control culture. Here the paired t test
resulted in a p value of 0.5 indicating no difference between
the experiments, declared by the aligned titer profile for the
first 8 days. The final titer increase can be explained by the
increased longevity of this culture with an approximately
10 % higher viability from day 6 on compared to the control.
Similar findings are reported by Senger and Karim (2003)
who realized increased production of total recombinant
tissue-type plasminogen activator protein when applying
moderate shear. These findings indicate the possibility, to
increase productivity through hydrodynamic stress, as long
as the critical threshold is not exceeded.

Effect on key product quality attributes

Several authors discussed the effect of laminar or turbulent
flow on the behavior of mammalian cells during culture and
their effect on the final product. Particular attention is paid to
the influence on the quality of the protein. Most reports con-
clude that only minor effects on quality attributes like glyco-
sylation or charged variant distribution are found as long as no
change in the growth behavior and the basic metabolite can be
observed (Senger and Karim 2003; Scott et al. 2012; Sieck
et al. 2013; Nienow et al. 2013; Neunstoecklin et al. 2015).
Only one study exists that claims to observe significant chang-
es in the glycosylation at hydrodynamic conditions below the
threshold affecting growth and metabolism (Godoy-Silva
et al. 2009a).

In this work, we found that the effect of hydrodynamic
stress on the measured quality attributes (nine major
glycoforms) for sublethal conditions is negligible (Fig. 5a).
It can be seen that for conditions below the threshold (black
1.2 Pa, forward slash 15 Pa, and back slash 7.8 Pa), indepen-
dent on the vessel size, the distributions are very similar.
Values above 25 Pa (vertical line 38 Pa and horizontal line
28 Pa) show a shift toward more complex glycan structures
and in particular toward the bi-antennary form FA2G2aG2
(Fig. 5a, structure 8), being distinctly higher compared to the
control. A very similar trend is visible for the charged variant
profiles (Fig. 5b). For stress values below the threshold, only
minor changes are observed, while increasing the stress above
the threshold results in a distribution shift to the right, toward
more alkaline forms. The distribution for both the glycosyla-
tion and charged variants depends on the applied hydrody-
namic stress beyond the threshold, and not on the reactor size.
This becomes clear when comparing the patterns of the 3-L

a

c

b

d

Fig. 3 Comparison of the growth
behavior (a, b, c) and the
morphology (d) of the Sp2/0 cell
line cultured in 300-L bioreactors
using maximum stress values of
7 Pa (black diamond) and 28 Pa
(red diamond), together with data
measured in 3-L scale using
maximum stress values of 1.2 Pa
(black triangle), 21 Pa (red
triangle), and 38 Pa (blue
triangle) (Neunstoecklin et al.
2015). Error bars represent 1
standard deviation and are
obtained from at least two
independent cultivations.
Statistical analysis, based on
Student’s paired two-sample
t test, is provided in the text
(Color figure online)
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run at 15 Pa (forward slash) and the 300-L run at 7 Pa (back
slash). Results in between the two are very similar. The same
applies to the 3-L run at 38 Pa (vertical line) and the 300-L run
at 28 Pa (horizontal line). Apart from the described trends,
there was no statistical difference found between either scales
or applied stresses with all p values being well above 0.1.
Generally, the response to the applied operating condition,
i.e., hydrodynamic stress, results in suboptimal growth and
therefore in the same change in quality, which in reverse can
be used as a fingerprint representing the operating conditions.
In Supplementary Fig. S5, the glycosylation and charged var-
iants profiles are displayed during late exponential phase at
day 5. Absolute values at this day are different but the overall
trends are the same as discussed above. These results indicate
the strong dependency of quality on the growth behavior of
the culture. Furthermore, the obtained data in the 300-L pilot-
scale reactor fully support the predictive capabilities of the
earlier developed small-scale model (Neunstoecklin et al.
2015) and indicate that maximum hydrodynamic stress should
be the scaling criteria of choice when agitation is considered
as the main source of hydrodynamic stress.

Discussion

Determination of a scale-independent safe operating range by
scale-down models is limited, because available published
models are not validated using pilot- or manufacture-scale
conditions. In this work, a validation of an earlier developed
oscillating hydrodynamic stress scale-down model
(Neunstoecklin et al. 2015) was discussed using a 300-L pi-
lot-scale bioreactor. Maximum hydrodynamic stress values at
this scale were determined at various operating parameters
with a shear sensitive particulate system based on the break-
age of aggregates composed of polymer nanoparticles
(Villiger et al. 2015). The same method was used to charac-
terize the maximum shear stress in the lower scale units, pro-
viding coherence to the entire procedure. Using the measured
hydrodynamic stress threshold of the investigated Sp2/0 cell
line equal to 25 Pa, the operating conditions for the pilot scale
were set either well below (7 Pa) or slightly above (28 Pa) this
value. The obtained results were compared with our previous
data (Neunstoecklin et al. 2015) from either classical 3-L cul-
tivations and with data obtained from the oscillating stress
loop system. The growth behavior of the cells at high agitation

a

b

c

Fig. 4 Lactate (a) and product titer (b) production for the considered
cultivations. Maximum stress values applied at 3 L were 1.2 Pa (black
triangle), 21 Pa (red triangle), and 38 Pa (blue triangle) (Neunstoecklin
et al. 2015). while at 300 L, they were 7 Pa (black diamond) and 28 Pa
(red diamond).Error bars represent 1 standard deviation and are obtained
from at least two independent cultivations. Statistical analysis, based on
Student’s paired two-sample t test, is provided in the text

a

b

Fig. 5 Comparison of glycosylation (a) and charged variant (b) profiles
at day 11 measured in 3-L and in 300-L bioreactors for various values of
the maximum hydrodynamic stress. Numbers on the x-axis in (a)
represent the nine separated glycoforms, shown with their antennary
structure above the bars of the plot. The x-axis in (b) shows the
isoelectric point of the corresponding charge variant. Error bars
represent 1 standard deviation and are obtained from at least two
independent cultivations
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was reduced but showed a better longevity expressed through
a higher viability at the end of the cultivation (see Fig. 3). Very
similar results were obtained from the oscillating hydrody-
namic stress loop scale-down model applying comparable hy-
drodynamic conditions. Furthermore, as shown in Figs. 4c and
5, the productivity and product quality were very much
aligned throughout the scales when comparing similar stress
values. Although no statistical difference could be shown, a
trend to more complex glycosylation forms as well as a shift to
more basic charged variants could be observedwith increasing
stresses beyond the edge of failure, thus being dependent on
the hydrodynamic stress value rather than on the actual reactor
scale. These results are in agreement with previous works
published in literature where only minor effects on quality
attributes like glycosylation or charged variant distribution
were observed, as long as no changes in the growth behavior
or basic metabolites were detected (Senger and Karim 2003;
Scott et al. 2012; Sieck et al. 2013; Nienow et al. 2013;
Neunstoecklin et al. 2015).

Compared to previous studies of cell response to elevated
stresses using various scale-down models (Ma et al. 2002;
Nienow 2006; Mollet et al. 2007; Godoy-Silva et al. 2009a,
b; Sieck et al. 2013; Nienow et al. 2013), the data presented
here shows for the first time a validation study for a scale-
down model using an edge of failure approach at pilot scale,
thereby proving the applicability and predictability of the cor-
responding model developed by our group (Neunstoecklin
et al. 2015). This assures better confidence when applying it
in a quality by design framework, when determining the max-
imum agitation operating range of a process. Additionally, the
maximum stress determination approach considered in this
work in combination with the shear characterization is appli-
cable for any kind of system, including single use, not geo-
metrically different systems and non-stirred reactors. It en-
ables better understanding to decide on appropriate mixing
conditions than criteria based on power input (P/V) to ensure
sufficient gas mass transfer. This can be of specific interest for
novel high cell density fed-batch or perfusion cultures.
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