Evaluation of the performance of a novel hydrostatic bioreactor
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Abstract— pH of cell culture medium and dissolved ox-
ygen are important criteria for cell proliferation and differ-
entiation and are also crucial for the performance of cell
culture systems. Therefore, this study aims to investigate the
performance of a novel hydrostatic bioreactor while measur-
ing the changes of pH and dissolved oxygen in bicarbonate-
buffered and HEPES-buffered cell culture media. pH
changes of media samples, which were subjected to hydro-
static pressure with varying pressure amplitudes, frequen-
cies and exposure times, were determined via a colorimetric
approach. The concentration of dissolved oxygen was
measured using a micro optical oxygen sensor. An increase
in pressure, frequency and time resulted in an increase on
pH. However, after an exposure time of 30 minutes no fur-
ther increase in pH was observed and the pH of the media
samples were adjusted to the cell culture environment of the
incubator. Similar trends were observed for bicarbonate-
buffered and HEPES-buffered media. Initial results suggest
further that pressure had a stronger influence on pH than
frequency.
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I. INTRODUCTION

pH and dissolved oxygen concentration are vital parame-
ters due to their importance during bioprocesses [1]. The pH
value of cell culture medium influences cell proliferation
and cell viability [2] as well as the synthesis of extracellular
matrix [3]. Dissolved oxygen is known to affect cell cycle,
cell growth and differentiation [4,5]. It has been hypothe-
sized that hypoxia is the key parameter for three-
dimensional cell culture, because of the limited solubility
and diffusion properties of oxygen in liquids [6,7]. Thus, a
lack of dissolved oxygen in cell culture medium could result
in cell death [5]. Despite their importance, limited infor-
mation seems to be available about pH and oxygen changes
in three-dimensional cell culture systems. A novel bioreac-
tor was used to apply hydrostatic pressure to cell culture
environment. Hydrostatic pressure provides mechanical
stimulation and native-like environment for cells and has
been shown to stimulate cell differentiation and tissue for-

mation [8,9]. Angele et al. (2003) found that subjecting
human mesenchymal progenitor cells to hydrostatic pres-
sure lead to an increased deposition of cartilaginous matrix
proteins [10]. Cyclic hydrostatic pressure also induced
chondrogenic differentiation in murine embryonic fibro-
blasts [11]. Hence, hydrostatic pressure might play an im-
portant role during cartilage formation. Moreover, intermit-
ted hydrostatic pressure has been demonstrated to promote
osteogenic differentiation [12]. This study aims to investi-
gate the changes in pH and dissolved oxygen concentration
in cell culture media in a novel hydrostatic bioreactor. The
duration, pressure and frequency of the applied hydrostatic
pressure were altered in order to determine their effect on
pH and dissolved O,.

II. METHODS AND MATERIALS

pH changes were determined as described elsewhere with
modifications (Jang 2010). Briefly, a colorimetric attempt
was used to quantify pH changes in DMEM cell culture
medium, which follows the color change of Bromothymol
Blue from yellow (pH 6.0) to blue (pH 7.6). Known vol-
umes of Bromothymol Blue (BTB) (Sigma-Aldrich, UK)
were added to medium samples (Table 1) in multiwell tissue
culture plates. The absorbance was read at 610 nm wave-
length in the conventional plate reader before applying
hydrostatic pressure. To apply hydrostatic pressure, multi-
well plates were inserted into the bioreactor without lid. The
bioreactor was sealed and hydrostatic pressure was applied.
Subsequently, at various time points, pressures and frequen-
cies in order to investigate their influence on pH changes
(n=8).

To relate absorbance changes to pH, absorbances were
read for media samples with known pH and standard curves
were plotted. pH values were adjusted using SM HCI and
2M NaOH to prepare medium standard samples.
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Table 1: Medium samples buffered with Bicarbonate (BC)
and 25 mM HEPES (HP) with Phenol red (+ PR) and with-
out Phenol red (- PR) were used for the investigation of pH
and O, changes applying pressure in a new hydrostatic
bioreactor. In addition medium samples were supplemented
with fetal calf serum (FCS).

Bicarbonate Buffered HEPES buffered
Medium Medium
BC + PR + FCS HP + PR + FCS
BC - PR + FCS HP - PR + FCS
BC + PR - FCS HP + PR - FCS
BC - PR - FCS HP - PR - FCS

Oxygen changes in various cell culture media (Table 1)
were determined using a micro optical oxygen sensor (Pre-
Sens, Germany). Measurements were performed before
applying hydrostatic pressure and then at various time
points, pressures and frequencies in order to investigate
their influence on O, changes.

III. RESULTS

The absorbance spectrum for BTB in media samples with
known pH was measured between 300-700 nm (Figure 1).
Depending on pH, Bromothymol blue is charged different-
ly, which influences the absorption of visible light. Maxi-
mum absorption was observed at 610 nm. An increase in pH
resulted in an increase of absorbance at 610 nm, which
indicates a linear relationship between absorption and pH.
Therefore, the absorption was measured at 610 nm for fur-
ther experiments.
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Figure 1: Absorbance spectrum BTB (A). The absorp-
tion spectrum of BTB of media samples with known pH
was screened from 300 to 700 nm. Maximum absorption
was observed at 610 nm
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Absorbance was measured at 610 nm for medium sam-
ples with known pH (Figure 2). Linear correlation between
absorbance and pH was found over a range of pH 6-8 which
is well in the range of pH changes observed during cell
culture [13]. Changes of the pH values of media samples
were calculated by interpolating the measured absorbance
from the standard curve.

The influence of frequency of hydrostatic pressure on pH
of media samples within the bioreactor is shown in Figure 3
and Figure 4. pH values increased with frequencies up to
0.8 Hz. At higher frequencies pH values decreased. Similar
trends were observed for bicarbonate-buffered (BC) and
HEPES-buffered (HP) media with and without FCS. How-
ever, it seems that the addition of FCS lead to a stronger pH
increase at 0.8 Hz frequency for BC-buffered media.
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Figure 2: Standard curve for the determination of pH

changes in medium (BC+PR+FCS) shown exemplarily
(B). Standard deviations are shown as error bars (n=8).
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Figure 3: pH changes of bicarbonate-buffered cell culture

media in dependency of frequency. Standard deviations are
shown as error bars (n=8).
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Figure 4: pH changes of HEPES-buffered cell culture
media in dependency of frequency. Standard deviations are
shown as error bars (n=8).

Altering the pressure amplitude and duration of applied
hydrostatic pressure resulted in similar pH changes. An
initial pH increase was observed for higher pressures and
longer durations. However, no further pH increase was
observed for media samples subjected to hydrostatic pres-
sure for more than 30 minutes. This indicates that the media
pH was adjusted to cell culture environment after 30
minutes in the bioreactor chamber.

IV. CONCLUSIONS

Changes in pH and dissolved oxygen in cell culture me-
dia were investigated when applying hydrostatic pressure at
various pressure amplitudes, frequencies and exposure
times. Differences in pH were colorimetrically indicated by
Bromothymol Blue, a pH indicator, which changes its color
from yellow (pH 6.0) to blue (pH 7.5). At different pH val-
ues Bromothymol Blue possess different charges, which are
responsible for the colorimetric properties such as the ab-
sorption of light. Hence, the absorption spectrum of the cell
culture medium is determined by its pH value. The higher
the pH of the standard samples the higher the absorption at
610 nm. Cell culture media samples wer subjected to hydro-
static pressure for up to lhour. At various times points (0 m,
10, 20, 30, 40, 50, 60 minutes) pH of the media was deter-
mined. The longer the cell culture media were subjected to
hydrostatic pressure, the higher the pH. However, after 30
minutes no further increase in pH was observed, suggesting
that the media pH had adjusted to the atmospheric condi-
tions in the incubator. Media samples were exposed to hy-
drostatic pressure with amplitudes of 0, 50, 100, 150, 200,
280 kPa. Results showed that the higher the pressure the
higher the pH. Similar trend was observed when samples
were subjected to hydrostatic pressure with increasing fie-
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quencies (0, 0.2, 0.4, 0.6, 0.8 and 1.0 Hz). Bicarbonate-
buffered and HEPES-buffered cell culture media showed
similar trends for the increase in pH.

The increase in pH could be explained with the increased
gas flow within the bioreactor chamber when hydrostatic
pressure is applied. Higher pressures and frequencies might
pump the atmosphere from the cell culture incubator (5%
CO,) faster in the bioreactor chamber, leading to an increase
of gas exchange between the gaseous phase and liquid
phase within the chamber and therefore and increase in pH.
Longer durations gave more time for gas exchange between
media and gaseous phase within the bioreactor chamber.
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