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Abstract
With increasing bioreactor volumes, the mixing time of the reactor increases as
well, which creates an inhomogeneous environment for the cells. This can result
in impaired process performance in large-scale production reactors. Particularly
the addition of base through the reactor headspace can be problematic, since
it creates an area, where cells are repeatedly exposed to an increased pH. The
aim of this study is to simulate this large-scale phenomenon at lab-scale and
investigate its impact. Two different cell lines were exposed to pH amplitudes
of a maximal magnitude of 0.05 units (pH of 6.95). Both cell lines showed
similar responses, like decreased viable cell counts, but unaffected lactate
levels. However, cell line B showed an initially increased specific productivity
in response to the introduced amplitudes, whereas cell line A showed a consis-
tently lower specific productivity. Furthermore, the time point at which base
addition is started influences the impact, which pH amplitudes have on process
performance. When pH control was started earlier in the process, maximal
viable cell counts decreased and the lactate metabolic shift was less pronounced.
These results show that the potential negative impact of pH amplitudes can be
minimized by strategic process design.
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1 INTRODUCTION

The demand for biopharmaceuticals is steadily increasing
and it has been predicted that approximately 50% of the
biologics will continue to be produced in large-scale
bioreactors with volumes of at least 5000 L [1]. Bioreactor
volumes in cell culture currently reach up to 25000 L and

Abbreviations: 1/2-CS1/2, Compartment system; CHO, Chinese
Hamster Ovary; qmAb, Specific mAb production rate; VCC, Viable cell
concentration
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although production at large scale is more economic, there
can be challenges associated with the scale-up of a process.
An increase inmixing time is always associatedwith larger
reactor volumes and it can result, for example, in pH gra-
dients [2–5]. This difference in scales can have no impact
on a process [6,7], but it can also negatively affect process
performance [8–10]. It has been shown in a case study,
that shake flasks can demonstrate a better consistency in
process performance with a large-scale reactor (15,000 L)
than a 3 L lab-scale bioreactor, highlighting the impact
different reactor scales can have on process performance.
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The main factors for the discrepancy between the scales
were identified as differences in pH and CO2 [11]. While
increased CO2 levels have been consistently shown to neg-
atively impact process performance [12–15], less is known
about the impact of pH inhomogeneity on process perfor-
mance. Due to the addition of base through the headspace
of the large-scale reactor, an area with an increased pH can
form [4,16]. A challenge for pH inhomogeneity studies in
unmodified bioreactors is an increase in osmolality, which
is a result of the addition of large amounts of base to intro-
duce pH excursions [17]. 2-Compartment Systems (2-CS),
which require a recirculation of the cells betweenmultiple
bioreactors, can on the other hand struggle with effects
introduced by the pump [18]. The response to a single
shift, as well as a single perturbation in pH has however
been studied. It has been shown that a change in pH from
7.0 to 7.8 or 9.0 rapidly increases the intracellular pH of
Chinese Hamster Ovary (CHO) cells [19]. Hybridoma cells
have been shown robust to single pH excursion and pH
shifts [20]. However, base addition at large-scale would
cause frequent pH excursions for only short periods of
time [4,21,22]. Recent work has shown that the exposure
of CHO cells to reoccurring pH amplitudes of an average
magnitude of 7.3 already impairs process performance and
inhibits the lactate metabolic shift [23]. Due to inherent
differences of the various CHO cell lineages, the response
to pH inhomogeneity may however vary from cell line to
cell line [24].
Therefore, this study focuses on the investigation of dif-

ferences between the cell line lineage specific response to
pH inhomogeneity. Since previouswork has shown a nega-
tive impact on process performance, when cells were intro-
duced to pH amplitudes of 0.4 pH units [23], this study
investigates amplitudes of a maximal magnitude of 0.1 pH
units. Both cell lineswere exposed to similar pH excursions
in 2-CSs, where base addition started at the same time
point for all experiments. However, base addition started
later in the previous study [23], therefore the impact of
the starting time point of pH correction on process per-
formance was also investigated. Furthermore, submerse
base addition has been suggested as a solution to gradi-
ents occurring at large-scale by improving mixing [4,25].
The impact on cells has however not been evaluated and is
investigated here as well.

2 MATERIALS ANDMETHODS

2.1 Cell line, preculture, and cultivation
conditions

CHOsuspension cell lineA, producingmAbAand cell line
B, producingmAbB,were cultivated in chemically defined

PRACTICAL APPLICATION

Increasing mixing times in large-scale bioreactors
can result in the formation of gradients. Exposure
of different cell lines to even minor pH ampli-
tudes resulted in a negatively affected process per-
formance. The overall response of the cells to the
repeated exposure to pH excursions appears to be
cell lysis, revealing an only limited adaptation abil-
ity of the cells. This was reflected in higher cell
densities, as well as improved viability of the cells,
when base addition was postponed. These results
show, that even in a well-mixed lab-scale bioreac-
tor, base addition presents a stress factor for the
cells. The sensitivity of the cells not only to pH
excursions, but to base addition in itself shows the
importance of process design as a tool to minimize
negative effects on process performance.

medium. Both cell lines were derived from different CHO
lineages. Preculture of the cells was performed in shake
flasks at 10% pCO2, 36.5◦C and 143 rpm to expand the cells
before inoculation. Bioreactors were inoculated to achieve
an initial cell density of 5 × 105 cells mL−1.
1-compartment system (1-CS) experiments were con-

ducted in unmodified 3 L bioreactors (Labfors, Infors,
Bottmingen, Switzerland) in which dissolved oxygen
(dO2) (VisiFerm, Hamilton, Franklin, MA, USA) and pH
(EasyFerm, Hamilton, Franklin, MA, USA) were moni-
tored with inline probes. pCO2 was monitored with an off-
gas sensor (BlueInOne, Bluesens, Herten, Germany). dO2,
pCO2 and pH were independently controlled. pH control
was performedwith either 0.5MNaOH or 3%H3PO4, once
the pH reached a value of 6.90. The dO2 (40%) and pCO2
(10%) were kept constant by the addition of O2 and CO2
respectively. Temperature was initially set to 36.50◦C and
shifted to 33◦C, once a cell density of 25 × 105 cells mL−1
(cell line A) or 35× 105 cells mL−1 was reached. Feed Awas
continually fed from day 4 (cell line A) or day 5 (cell line
B) and Feed B started at day 6 (cell line A) or day 7 (cell
line B) of the cultivation. Both feeds contain mixtures of
different amino acids, which were individually optimized
for both cell lines. Glucosewas fed continually after its con-
centration dropped below 2 g L−1 to reestablish glucose
levels of 2 g L−1. The 2-CSs were setup according to pre-
viously published work [23]. They consist of a bioreactor
vessel with added outlet at the bottom and a bypass for the
recirculation of the cells. When the pH in the bioreactor
drops beneath the dead band (0.02 pH units), base is added
directly in the bypass. This creates a zone with increased
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pH throughout the bypass. Only 7.5% of the total cell pop-
ulation is exposed to the pH amplitudes, therefore mim-
icking the base addition zone of a large-scale reactor. All
experiments were performed once.

2.2 Analytical methods

Viable cell counts (VCC), dead cell counts, and cell size
were determined with the Cedex HiRes automatic pic-
ture Analyzer (Roche, Mannheim, Germany). Lactate
was measured with the Cedex Bio HT Analyzer (Roche,
Mannheim, Germany). Concentration of the mAbs was
measured by HPLC (Ultimate 3000, Dionex, Sunnyvale,
CA, USA) with a protein A sensor cartridge (Applied
Biosystems, Bleiswijk, Netherlands). Apoptotic cells and
PI positivte/Annexin negative particles were determined
with Annexin V Alexa Fluor™ 488 and Propidium Iodide
(ThermoFisher Scientific,Waltham,MA,USA). Cellswere
treated according to Kumar et al. except for the direct incu-
bation of the cells in the staining solution, without prior
washing of the cells [26].

2.3 Estimation of the product formation
rate

The specific mAb production rate (qmAb) was approxi-
mated by

𝑞𝑚𝐴𝑏 =
[𝑚𝐴𝑏]2 − [𝑚𝐴𝑏]1(
[𝐼𝑉𝐶𝐷]2 − [𝐼𝑉𝐶𝐷]1

) (1)

[𝐼𝑉𝐶𝐷]2 =
([𝑉𝐶𝐶]2 ⋅ 𝑉2 + [𝑉𝐶𝐶]1 ⋅ 𝑉1)

2

⋅ (𝑡2 − 𝑡1) + [𝐼𝑉𝐶𝐷]1 (2)

3 RESULTS AND DISCUSSION

3.1 Cell line specific impact of pH
inhomogeneity on process performance

It has previously been shown that the exposure of cells
to amplitudes of only 0.4 pH units already negatively
impacts process performance. Furthermore, the num-
ber of exposed cells or the amount of added base was
identified as the main culprits for impaired process per-
formance [23]. Here the impact of smaller pH amplitudes
(magnitude of 0.05 units) and of a narrow pH control
without the introduction of amplitudes are investigated

for cell lines A and B. The negative control is a 1-CS,
since comparability between the 1-CS and 2-CS has been
previously established [23]. Additionally, cell line B was
exposed to medium amplitudes (magnitude of 0.1 units).
Figure 1A,B show the pH profiles in the bypass of

the 2-CS. Base was added to cultivations of cell line A
continuously, except for the negative control, where
base addition ceased around 180 h. Cell line B required
acid addition after approximately 140 h, except for the
experiment, where medium amplitudes (0.1 pH units)
were introduced (Figure 1C,D). The sharp drops in pH
for the small amplitudes (0.05 pH units) of cell line A
and the medium amplitudes (0.1 pH units) of cell line B
are likely related to cell lysis. Since base is added into the
bypass right before the pH probe, the remains of lysed
cells, particularly DNA, could be sticking to the probe
and cause the drop in pH. This is in good agreement
with Figure 2A,B, since the drops are correlated with the
steepest decreases in VCC for both cell lines.
Both cell lines show a decreased maximal VCC, when

exposed to small amplitudes (0.05 pH units) and nar-
row pH control (no pH amplitudes) (Figure 2A,B). The
decrease is more pronounced for cell line B, where only
less than 50% of the maximal VCC were reached. Cell line
A, which has shown only an 18% decrease inmaximal VCC
in a previous report [23], shows a decrease in maximal
VCC of 22% when small amplitudes (0.05 pH units) are
introduced and of 44% for the narrow pH control (no
pH amplitudes). However, base addition was started
earlier in this study, to achieve similar starting points
for both cell lines. This indicates that the time point,
when pH control is started is relevant to the impact of
the pH amplitudes on process performance. The dif-
ference between both starting points for pH correction
was assessed in 1-CS experiments and is discussed later
(Figure 3).
Cell viabilities are similar for cell line A, while the

medium amplitudes (0.1 pH units) of cell line B caused
a premature decline in viability. Furthermore, when pH
control was narrow (no pH amplitudes) for cell line B,
viability dropped after 160 h and started to slowly increase
again, eventually reaching similar values as the control
cultivation. Since a spike in the amount of PI positive and
Annexin negative cells (Figure 4D) correlates with the
drop in viability, a mere measurement error is unlikely.
This suggests that upon the cessation of base addition, the
cells are able to recover from the base addition. Narrow
pH control (no pH amplitudes) resulted in worse process
performance than the small amplitudes (0.05 pH units),
although less base was added with each pH correction.
This suggests that by increasing the frequency of base
addition, although less base is added at each point, more
cells are affected by the base. The amounts of base which
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F IGURE 1 (A-B) pH trajectories in the bypass of the 2-CS for narrowpHcontrol (no amplitudes are introduced), small amplitudes (0.05 pH
units) and medium amplitudes (0.1 pH units). (C-D) Amounts of base which were added throughout the cultivations

were added in total confirm this hypothesis. For cell line
A, a total of 240 g of base was added, when the pH was
controlled narrowly (no pH amplitudes), while only 150 g
were added, when small amplitudes (0.05 pH units) were
introduced. Similarly, 120 g were added for cell line B
during narrow pH control in comparison to 100 g for small
amplitudes. However, when medium amplitudes were
introduced, less base was initially added (Figure 1D). This
suggests that a more severe insult to less cells is more
detrimental than a lesser insult to more cells. Overall
the combination of the number of exposed cells with the
strength of the insult appears to determine the overall
impact on process performance. Absolute lactate levels, as
well as specific lactate production/consumption rates, are
similar between the different experiments (Figure 2C,D).
Only the introduction of medium amplitudes (0.1 pH
units) to cell line B showed increased lactate levels, as
well as the absence of the metabolic shift from lactate pro-
duction to lactate consumption. Since lactate metabolism
has been shown to be a process indicator, as well as a
predictor of final process outcomes, the absence of the
lactate metabolic shift indicates that the exposure of cells

to amplitudes of only 0.1 pH units has already the potential
to negatively impact process performance [27,28].
The qmAb is differently affected in both cell lines (Fig-

ure 5). While cell line A shows an almost consistently
higher productivity of the negative control, cell line B
shows a higher productivity for the medium (0.1 pH units)
and small amplitudes (0.05 pH units) up until 200 h of the
process. Similar to the increase in productivity in response
to high osmolality [29–31], the introduced pH amplitudes
could present non-ideal growth conditions, which increase
the specific productivity of the cells. Furthermore, a recent
study showed that different CHO cell line lineages either
have a preference for biomass synthesis or mAb produc-
tivity [24]. These inherent differences between the cell lin-
eages could potentially be affecting their adaptation capa-
bilities.
In terms of cell size, cell line A shows similar trajecto-

ries for the negative control and narrow pH control, while
the small amplitudes resulted in smaller cells after 200 h
(Figure 4A). Cell line B shows consistently smaller cells
for all scenarios in comparison to the negative control until
150 h (Figure 4B). After this point cell size increases more
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F IGURE 2 (A-B) Viable cell concentration (dots) and viability (triangles) trajectories. (C-D) Absolute lactate levels for the different intro-
duced amplitudes

F IGURE 3 (A) Viable cell concentration (dots) and viability (triangles) trajectories. (B) Absolute lactate levels (dots) and percentage of PI
positive/Annexin negative cells (triangles) for different time points of the start of pH control
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F IGURE 4 (A-B) Percentage of apoptotic cells (dots) and cell size (triangles) over the process time. (C-D) Percentage of PI posi-
tive/Annexin negative particles

F IGURE 5 (A-B) Specific mAb production rate of both cell lines
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rapidly in the 2-CS and at the end of the process the nega-
tive control shows the smallest cells. Increased cell specific
productivity has been correlated to increased cell size and
therefore volume of the cells [32–34]. However, cell line B
shows a lower cell size for the cells with higher productiv-
ity, indicating a different mechanism behind the increased
initial productivity.
Stressful conditions like hyperosmotic stress, nutrient

limitation and ammonia concentration have been corre-
lated to increased levels of apoptotic cells [35–37]. How-
ever, neither cell line shows increased levels of apoptosis
(Figure 4A,B). Cell line A even shows approximately 15%
less apoptotic cells, when small amplitudes (0.05 pH units)
are introduced, in comparison to the negative control.
Furthermore, the lower percentage of apoptotic cells corre-
lates with a decreased cell size. These results further point
towards the limited capacity of the cells to adapt to the
frequent, but short insults caused by base addition. This is
further highlighted by the number of PI positive/Annexin
negative cells (Figure 4C,D). Dead cells are positive for PI,
due to a leaky cell membrane, and positive for Annexin,
due to the displacement of phosphatidyl serine (PS) to the
outer membrane [38]. Particles which are positive for PI
and negative for Annexin are stained solely for their DNA
content. Cell line B shows particularly high levels of this
subpopulation, when medium amplitudes are introduced
(Figure 4D). Furthermore, levels increase, when pH is con-
trolled narrowly (no pH amplitudes), but decline, when
base addition ceases at 140 h. Therefore, it appears that the
cells disintegrate, rather than adapt,when they are exposed
to pH inhomogeneity. This further shows the importance
to avoid even rather small pH excursions at large-scale.

3.2 Effect of starting point for pH
control on process performance

Since higher pH amplitudes from a previous study [23]
resulted in a lesser decrease of the maximal VCC of cell
line A, different starting points for pH correction were
investigated in a 1-CS experiment. Base addition was
started at 25 h in this study and at 100 h in the previous
study. To correct for the lower inoculation cell densities
in the previous study, pH control was started at a similar
VCC, which was reached around 50 h in this study.
An earlier start of pH control resulted in a slightly

decreased VCC, as well as a steep VCC decrease, after the
maximal VCC was reached (Figure 3A). This is in align-
ment with the higher percentage of PI positive/Annexin
negative particles (Figure 3B). Furthermore, a pronounced
lactate metabolic shift is only occurring, when base addi-
tion is postponed. These results indicate that even in awell-

mixed lab-scale bioreactor, the addition of base presents
a potential stress for the cells. Since the temperature shift
was performed at 50 h, delayed base addition affected the
cells only after the exponential growth phase. It is well
established for microbial cells, that stress resistance and
growth are inversely correlated [39–41]. Since the decrease
in temperature results in a decrease in growth rate, the
stress resistance of the cells could be improved. It has fur-
thermore been shown that yeast in the stationary phase are
better able to maintain their intracellular pH despite extra-
cellular pH changes, than growing cells [42]. This could
explain, why the postponed base addition resulted in an
improved process performance.

3.3 Effects of submerse base addition on
process performance

Although the earlier time point of base addition negatively
impacted process performance, the rather severe effect of
even minor pH amplitudes raises the question whether
or not submerse addition of the base is harmful to the
cells. Submerse addition has been suggested as a solu-
tion to improve mixing at large-scale and thereby reduce
occurring gradients [4,25]. To assess its impact on the
cells, 1-CS studies, where base was either added through
the reactor headspace or by submerse addition, were
conducted.
Viabilities are similar in both cases, while the maximal

VCC is 22% higher, when base is added from the top (Fig-
ure 6A). However, the VCC decline is steeper in this case.
This is in good agreement with the increased levels of PI
positive/Annexin negative particles, when base was added
from the top of the reactor (Figure 6D). Furthermore, sub-
merse addition of the base resulted in a more pronounced
and earlier metabolic shift from lactate production to lac-
tate consumption (Figure 6C). Overall, the only negative
impact of submerse base addition is the decrease in max-
imal VCC. A possible cause for this decrease could be the
continuous addition of base to the reactor during submerse
addition. Since drops need to form when base is added
through the reactor headspace, base is added stepwise
rather than continuous, whichmight be beneficial. In con-
text with these results, the observed decreased viable cell
counts in response to the pH amplitudes are partially due
to the submerse addition of the base. The decreased max-
imal VCC of cell line A for the small amplitudes (0.05 pH
units) (Figure 2) can therefore be entirely explained by
the submerse addition. Other responses, for example, the
decreased qmAb and differences in cell size, are however
not a result of the submerse base addition, but of the base
addition strategy (Figure 6B).
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F IGURE 6 (A) Viable cell concentration (dots) and viability (triangles) trajectories. (B) Cell size (dots) and specific antibody production
rate (triangles). (C) Absolute lactate levels. (D) Percentage of PI positive/Annexin negative cells for addition of base to the air-liquid interface
and submerse addition

4 CONCLUDING REMARKS

The aim of the study was to expose two different CHO
cell lineages to reoccurring pH amplitudes, which they
likely encounter in large-scale bioreactors. The two inves-
tigated cell lines showed similar overall responses, like
decreased VCC andmainly unaffected lactate levels, when
they were exposed to small amplitudes (0.05 pH units) and
when pH control was narrow (no pH amplitudes) in the
2-CS. Differences were observed for the qmAb, where cell
line B showed an increased productivity throughout the
first half of the process, when cells were exposed to small
(0.05 pH units) and medium amplitudes (0.1 pH units).
In comparison to previously published work, where cell
line A was exposed to pH amplitudes of up to 0.4 pH
units, the maximal VCC was observed to be decreased fur-
ther in response to the smaller amplitudes, as well as the
narrow pH control (no pH amplitudes). A possible root
cause for these observations is the earlier start of pH cor-

rection in the current study. Delaying the starting point
of base addition to match the temperature shift slightly
increased VCC and resulted in a more pronounced lactate
metabolic shift. This is likely due to the inverse correlation
between fast growth and adaptability of the cells. There-
fore, base addition should be postponed as long as pos-
sible, at least to the point where growth is not exponen-
tial anymore. Particularly during the early stages, pH con-
trol could be accomplished by sparged gases only, which
has been recently demonstrated as an alternative to base
addition [43]. Submerse base addition, which has been
proposed as a solution to minimize gradients, resulted in
a decreased VCC and is therefore not an ideal strategy.
Overall, process design, particularly in regards to the start-
ing point of pH correction, impacts the influence, which
pH inhomogeneity has on overall process performance.
Therefore, the improvement of the process design can be
an effective tool to minimize the negative effects of base
addition.
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