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Abstract
Cell growth measurement and metabolism 
analysis in high-throughput cell culture is a labor-
intensive and time-consuming process. Here, we
introduced CYTENA BPS’s high-throughput 
microbioreactor, the S.NESTTM, and demonstrated 
the reliability of real-time monitoring functions of 
dissolved oxygen (DO) and pH. The DO value was 
correlated with doubling time and cell viability 
while the pH value was related to cell metabolism
and carbon resource utilization. By using the 
S.NEST to assess DO and pH, the cell growth and
metabolic profile could be predicted without any

disturbance. The device could increase the 
efficiency for cell culture and provide a great 
platform for process development.
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Introduction
Assessments of cell growth and viability are 
widely used indicators for mammalian cell 
culture processes. Advances in technology have 
made automated instruments for offline cell 
monitoring a possibility, saving researchers more 
time compared to manually counting cells with 
a hemocytometer under microscopy. However, 
the offline measuring method is inefficient and 
inadequate for high throughput or continuous 
culture. Therefore, realtime monitoring methods 
have been implemented, including laser turbidity, 
oxygen uptake rate (OUR), dissolved oxygen (DO) 
and pH level assessment [1]. 

Measurements of DO and pH levels have been 
widely used in bioreactors for online monitoring. 
It is necessary for the control and analysis of 
cell growth and metabolism. The DO level will 
decrease with the increasing biomass, which is 
related to cell respiration and OUR. With more CO2 
and lactic acid generated from cell respiration and 
glucose metabolism, pH level will decrease. These 
two process parameters are crucial indicators for 
cell assessment and have been widely equipped 
in large-scale culturing platforms, including 
shake flask and bioreactors. However, it is 
labor intensive and time consuming to conduct 
hundreds of experiments on large-scale culturing 
systems for optimizing manufacturing process 
[2,3]. The S.NEST microbioreactor was developed 
to address these challenges by providing powerful 
realtime monitoring at a smaller scale.

The S.NEST serves as a next-generation 
microbioreactor. It has four incubation chambers, 
each composed of thermal modules, water 
trays, humidity and CO2 sensors to control the 
environment independently (Figure 1A). Cells can 
be cultured in a mixing mode with the S.NEST lid. 
The 24-well fluidic channels from the S.NEST lid 
could homogenize the culture medium through 
pneumatic mixing (Figure 1B). The S.NEST 
monitors DO and pH via optical sensor spots, 
which are fixed to the bottom of the microplate 
(Figure 1C).

With fluorometric sensor tags attached to the 
bottom of the microplate, measurement of 
process parameters can be taken in each well 
simultaneously. The optical sensor is advantageous 
for its fast detection without interfering or 
being destructive to the cells. The sensor plate is 
disposable to prevent cross contamination and 
is miniaturized with high precision and low cost. 
Since the DO and pH sensors are not a direct 
method for cell growth and viability measurement, 
it is crucial to investigate the relationship and 
reliability of the two process parameters.

In this study, different densities of Chinese 
Hamster Ovary (CHO-S) cells were seeded in a 
24-well sensor plate to monitor DO and pH in the 
S.NEST system. We demonstrated that the cell 
growth and metabolism with different seeding 
densities were correlated to the DO and pH curves 
and could be reliable indicators for cell health 
assessment.

Figure 1. (A) The S.NEST culture system contains 4 independent chambers for static or mixing culture. (B) The S.NEST lid provides
reciprocal mixing to make medium more homogenous. (C) The S.NEST system provides a real-time monitoring function for DO and 
pH. The sensor spots were attached to the bottom of the microplates for monitoring.
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Materials and methods Results and discussion
Cell culture

A monoclonal antibody expressing CHO-S cell 
line was cultured in CD Hybridoma Medium 
(Thermo Fisher Scientific, Gibco, #11279023) 
supplemented with 100 units/mL of penicillin, 100 
μg/mL of streptomycin (Thermo Fisher Scientific, 
Gibco,#5140122), 1X cholesterol lipid concentrate 
(Thermo Fisher Scientific, Gibco, #12531018), 0.2% 
anticlumping agent (Thermo Fisher Scientific, 
Gibco,#0010057DG) and 8 mM L-glutamine 
(Corning,25-005-CI). CHO-S cells were passaged 
every 3 to 4 days and cultured in a humidified 
incubator with 5% CO2 and 37˚C.

Real-time monitoring and cell measurement

DO and pH play a pivotal role in reflecting cell 
physiological status. Real-time monitoring of DO 
and pH from the optical sensor could solve the 
problem of relatively high costs and contamination 
risks from the traditional electrochemical principal 
device. Therefore, validating the reliability of 
the optical sensors used in a complex biological 
environment becomes a crucial issue.

Here, cells were seeded with 2.5 x105 cells/mL, 5 
x105 cells/mL and 1 x106 cells/mL in a 24-well sensor 
plate and the medium was added as a control 
(Figure 2A). DO and pH were monitored for 8 
days. We found that there were two turning points 
in each DO and pH curve. The DO and pH curves 
in each group were decreased at the beginning 
(Figure 2A). The decreasing performance of 
each DO and pH group was correlated to the cell 
density. The decreasing tendency of DO and pH 
with higher seeding density was greater than the 
group with lower seeding density (Figure 2A). At 
the first turning point, the decreasing DO and pH 
curves flattened, potentially due to the change 
in the cell growth profile and cell metabolism. At 
the end of the culture period, the second turning 
point was observed that the DO and pH curves in 
each group showed an increasing tendency which 
was positively correlated to the cell seeding density 
(Figure 2A). To examine if DO and pH curve were 
related to cell growth profiles, cell growth and 
viability were also measured.

Cells with a higher seeding density had higher total 
cell density (TCD) and viable cell density (VCD) but 
showed lower viability at the end of the culture 
period (Figure 2B). The doubling time was analyzed 
as 41, 102 and 136 hours in 2.5x105 cells/mL, 5x105 
cells/mL and 1x106 cells/mL seeding groups on day 
4, respectively (Figure 2B). Since the two turning 
points were observed in the DO and pH curves, the 
relation between the turning points, the cell growth 
profiles and metabolism were further investigated.

Mixing culture with different cell seeding density

CHO-S cells were prepared in 2.5x105 cells/mL, 5 
x105 cells/mL and 1x106 cells /mL for cell seeding. 
Each density of cells was added to 6 wells of 24- 
well sensor plate (CYTEAN BPS, #PX24A003) and 
medium was added to the other 6 wells as control. 
18 mL of Dulbecco’s phosphate-buffered saline 
(DPBS) (GeneDireX, #CC702-0500) was added to 
the inter-well to avoid high evaporation. Cells were 
cultured in the S.NEST with a 10 seconds/cycle 
mixing rate for 8 days. The pH and DO sensor spots 
in the microplate were detected by the camera 
module equipped in the S.NEST system and the 
data was collected every 5 minutes. Cell density 
and viability were counted with an automated cell 
counter (CURIOSIS, #FACSCOPE) every 2 days.

Glucose and lactate assay

A glucose assay kit (Abcam, #65333) and L-lactate 
assay kit (Abcam, #65330) were used to assess 
cell metabolism. The supernatants, which were 
collected on day 0, 2, 4, 6 and 8, were diluted 
from 10 to 200 folds with the kit buffer. The 
diluted samples and standards were added to 
the microplate (Corning, #3599) at a 1:1 ratio and 
incubated at room temperature for 30 minutes 
in the dark. The absorbance was measured with 
optical density 570 nm by the microplate reader 
(Molecular Devices, SpectraMax iD3).
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Figure 2. (A) Schematic diagram of cell seeding position with different cell seeding densities in the microplate. The representative 
data of DO and pH curves with different cell seeding densities. (B) The total cell density, viable cell density, viability and doubling 
time were measured and analyzed each 2 days. Data are shown as mean ± SEM.

Glucose and lactate assay

The DO value was related to OUR from the cells 
and oxygen transfer rate (OTR) from the S.NEST 
mixing. Since the mixing rate, volume and the 
culture platform were the same in each seeding 
density group, OUR became a major influence on 
the DO value in this application note. Therefore, 
the two turning points in each cell group were 
compared with cell physiology. We found that the 
DO value was decreased to about 80% and the cell 
doubling time was about 30 hours (Figure 3A-C). 
The DO value of the first turning point in the 1x106 
cells/mL cell seeding density group was measured 
as 80.75% on day 1.4 and the doubling time was 
30.51 hours (Figure 3A). The DO value of the first 
turning point in the 5x105 cells/mL cell seeding 
density group was measured as 77.38% on day 2.6 
and the doubling time was 44.75 hours (Figure 3B). 

The DO value of the first turning point in the 2.5x105 
cells/mL cell seeding density group was measured 
as 76.50% on day 3.5 and the doubling time was 
34.35 hours (Figure 3C). We found that the DO 
value started to increase when cell viability was 
decreased to about 90% (Figure 3D-F). The second 
turning point was observed on day 5.6 in the 1x106 
cells/mL seeding group; viability was decreased to 
90.7% (Figure 3D). The second turning point was 
observed on day 6.6 in the 5x105 cells/mL seeding 
group; viability was decreased to 92.1% (Figure 3E). 
The second turning point was observed on day 7.4 
in the 2.5x105 cells/mL seeding group; viability was 
decreased to 91.5% (Figure 3F).
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Figure 3. (A-C) The first turning point in the DO curves with different seeding densities were analyzed with doubling time. (D-F) 
The second turning point of DO was analyzed and compared with cell viability. All data were shown as mean ± SEM.

Glucose and lactate assay

The main factor that affects pH value in the 
culture media is cell metabolism. Thus, glucose 
and lactate assays were conducted to examine 
cell metabolism in different groups. All groups 
showed decreasing pH and was correlated to the 
increasing lactate at the beginning of the culture 
period until the pH value reached about 6.8 (Figure 
4). The pH value of the first turning point in the 
1x106 cells/mL cell seeding group was about 6.81 on 
day 1.6 and glucose and lactate were measured as 
1.73 g/L and 1.78 g/L, respectively (Figure 4A). The 
first pH turning point in the 5x105 cells/mL seeding 
group was about 6.73 on day 2.6 and glucose and 
lactate were measured as 1.80 g/L and 1.84 g/L, 
respectively (Figure 4B). The first pH turning point 
in the 2.5x105 cells/mL seeding group was assessed 
as 6.83 on day 3.7 and glucose and lactate were 
analyzed as 1.36 g/L and 1.63 g/L, respectively 
(Figure 4C). All the seeding group was observed 
that the first turning point occurred when glucose 

concentration was decreased to 0.5-fold of initial 
glucose concentration and lactate was increased 
to about 1.75 g/L (Figure 4A-C), indicating a 
potential feeding time point in fed-batch culture.
The second turning point was observed at the 
end of the culture period and was related to 
metabolism switch. The glucose was almost 
completely used by the cells and lactate became 
the main carbon source for cell utilization (Figure 
4D-F). The second pH turning point of the 1x106 
cells/mL seeding group was measured as 6.75 on 
day 4.6 and glucose and lactate were assessed as 
0.91 g/L and 2.28 g/L, respectively (Figure 4D). The 
second turning point of pH in the 5x105 cells/mL 
seeding group was monitored as 6.72 on day 5.6 
and the concentration of glucose and lactate was 
measured as 0.20 g/L and 2.54 g/L, respectively 
(Figure 4E). The second turning point of the 2.5x105 
cells/mL seeding group was observed as 6.8 on day 
6.6 and glucose and lactate were shown as 0.06 
g/L and 2.28 g/L, respectively (Figure 4F).
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Figure 4. The pH was affected by cell metabolism. Part of the media were collected to analyze glucose and lactate concentration. 
(A-C) The first turning point of pH curves was related to the glucose and lactate concentration. (D-F) The second turning point of 
pH curves was related to metabolism switch. All data were shown as mean ± SEM.

Microbioreactor is a highly-utilized and critical 
system in the upstream processes of CLD 
workflows including clone selection, batch/ 
fed-batch culture, and media optimization, for 
example. Though advanced methods are developed 
to control and monitor process parameters in 
microbioreactors, the effects of those parameters 
on cell conditions are still not fully understood. In 
this study, we demonstrated the significance of 
DO and pH values for the assessment of growth 
kinetics and cell metabolism without sampling 
and showed the reliability of the S.NEST culture 
system in the meanwhile. Our previous application 
note showed that our microbioreactor, the C.BIRD, 
could optimize CLD workflows [4]. Likewise, huge 
values could be added if a DO and pH monitoring 
capable system is applied to the CLD workflow 
during the top-performed clone selection and other 
dynamic processes such as high-productivity cell 
culture process development. The DO and pH value 
monitored from the 24-well microplate served as a 
basis for later cultivation in a large-scale bioreactor 
with the aim of optimizing growth kinetics and 
cell activity. In addition to optimizing CLD, the 

S.NEST culture system shows great potential in 
streamlining the T-cell expansion manufacturing 
process and pH-sensitive drug pharmacokinetics 
[5, 6]. The high-throughput characteristic of the 
S.NEST combined with a statistical tool, such as 
the Design of Experiment methodology, shows 
tremendous promise in optimizing process 
parameters in process development.

Conclusion
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