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Abstract

Reliable monitoring of mammalian cells in bioreactors is essential to biopharmaceuti-
cal production. Trypan blue exclusion is a method of determining cell density and via-
bility that has been used for over one hundred years to monitor cells in culture and is
the current standard method in biomanufacturing. This method has many disadvan-
tages however and there is a growing demand for more detailed and in-line measure-
ments of cell growth in bioreactors. This article assesses a novel dynamic imaging
system for single cell analysis. This data shows that comparable total cell density, via-
ble cell density and percentage viability data shown here, generated by the imaging
system, aligned well with conventional trypan blue counting methods for an industri-
ally relevant Chinese Hamster Ovary (CHO) cell line. Furthermore, detailed statistical
analysis shows that the classification system used by the PharmaFlow system can
reveal trends of interest in monitoring the health of mammalian cells over a 6-day
bioreactor culture. The system is also capable of sampling at-line, removing the
necessity for taking samples off-line and enabling real time monitoring of cells in a

bioreactor culture.
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the trypan blue dye by the cell membrane allowing simple, color-based

identification of live and dead cells. Many alternative viability methods

Effective monitoring and control of a bioprocess involving mammalian
cells is an important feature of the consistent and robust biomanufac-
turing of biotherapeutics.>? Sensors that allow continuous monitoring
of pH, dissolved oxygen and temperature have been available for
some time.® However, cell concentrations are typically measured by
manual sampling, staining and counting with a stand-alone counter.*
The ability to accurately assess cell viability is vitally important in
bioprocessing. The gold standard method of assessing viability and
counting mammalian cells is the trypan blue method which has been

successfully used for decades.>® This method is based on exclusion of

exist using other dyes and fluorescent stains such as acridine orange
and propidium iodide” and 7-AAD.2 Despite some of these alternative
methods proving more accurate, trypan blue staining remains the
standard in most academic and many industrial settings. Automated
cell counting using trypan blue has become commonplace and multi-
ple platforms are available.”° In more recent years, there has been a
move towards less invasive methods of cell health analysis in biopro-
cessing. There is also an aspiration within the biopharmaceutical
industry to move away from offline measurements in favor of auto-

mated bioprocessing encompassing in-line or at-line monitoring**2
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using various sensor and imaging technologies that have become

available.*®

The distinctions between at-line and in-line monitoring are well
described in a recent review.'* In-line monitoring is typically per-
formed by the use of sterilizable probes that are inserted into the bio-
reactor and will allow continuous monitoring. This is routinely used
for the determination of pH, dissolved oxygen and temperature. How-
ever, cell counting is typically performed by off-line measurements
where discrete samples are taken manually from the culture, stained
and then analyzed by a cell counter, a process that can take tens of
minutes. At-line involves the analysis of discrete samples from a cul-
ture that can be taken automatically and analyzed within minutes. The
development of liquid autosamplers has helped the advance of at-line
monitoring tools. In-line or at-line measurements of viable cell num-
bers provide real-time or near real-time analysis of the growth of cells
during a bioprocess and usually without the need for staining. This
has advantages that enable operators to monitor the progress of a
bioprocess and allow early detection and correction of any unwanted
deviations.

Changes in the optical density of cultures could be exploited as a
means of continuous on-line monitoring of cells. Turbidity sensors are
available to measure back scatter of light and have been used exten-
sively in microbial bioprocesses.’>'® There are examples of these
being applied to mammalian cell lines.)” However, they are generally
not well suited because of the presence of cell debris that can arise at
high densities leading to inaccurate readings.®

Significant advances have been made in the development of in-
line capacitance probes that use dielectric methods for monitoring
cells in a bioprocess. The dielectric methods are based on the inter-
actions between the cells and an electromagnetic field.'? This is the
basis of the biocapacitance probes that can be sterilized and placed
in situ within the culture. Live cells with intact membranes act as
electrical capacitors resulting in an increase in signal, that is propor-
tional to the number of viable cells. This technology has been rap-
idly accepted by the brewing industry and its value in
biopharmaceutical manufacture has been realized for many years.?°
A great deal of data can be acquired with such a system as the fre-
qguency of the applied alternating electric field is altered to obtain a
spectrum of response. However, the data has to be interpreted
carefully as the capacitance signal obtained is dependent upon mul-
tiple factors including total cell volume, membrane characteristics
and cytoplasmic conductivity.

Image analysis of a cell population provides complementary data
based on morphological characteristics as cells progress through a bio-
process. The analysis of digital images of individual cells by machine
learning enables the identification not only of viable cells but the
changing state and metabolism as cells become non-viable and enter a
death phase.?! Digital holographic microscopy provides detailed
3-dimensional images of cells that can be used to examine various
morphological changes of cells.2? An application of this approach to
cell bioprocessing was developed through the Ovizio Imaging System
(Brussels, Belgium). This system loops cells from a bioreactor into a

flow chamber from which are constructed digital holographic images.

The 3-D holograms are monitored through software that allows the
identification of cells by their morphological characteristics.2®

In the current study we investigated the applicability of an alter-
native optical system to monitor CHO cells during culture. This micro-
scopic imaging system provides a moderately high resolution of a
population of cells that enabled rapid identification of morphological
features that could distinguish viable from non-viable cells in samples
taken from a bioreactor. The measurements obtained from the system
were compared with traditional counting measurements. The advan-
tages of using this imaging system compared to trypan blue are:
(1) thousands of cells are analyzed in each sample; (2) more informa-
tion is gathered about each cell with over 35 individual parameters
measured and (3) no dye or stain is needed. Process analytical tech-
nology such as this would help greatly in the move away from off-line
measurements. Furthermore, we show how statistical methods could
be applied to the imaging data to provide information about the
health of the CHO cells over the duration of the bioreactor culture.

2 | METHODS

21 | Cell culture

CHO-EG2 cells which express a human-llama chimeric antibody (EG2)
against EGFR were kindly provided by Yves Durocher of the NRC,
Canada.?* The cells were cultured in BIOGRO-CHO serum free
medium (BioGro Technologies Inc., Winnipeg, Canada) supplemented
with 4 mM L-Glutamine, under standard cell culture conditions (5%
CO,, 95% humidity, 37°C and 120 rpm). Cells at low passage number
were scaled up to inoculate 1L stirred bench-top bioreactors
(Applikon Biotechnology, Delft, Netherlands) at a density of 3 x 10°
cells/mL (7.2 pH, 30% dO,, 37°C and 400 rpm). Each culture was
grown as a batch process over 7 days. Samples (5 mL) were taken
under aseptic conditions using a sampling valve and sterile syringes, at

defined time points.

2.2 | Trypan blue cell measurements

Cell numbers and viability were determined using the Trypan blue
exclusion assay on a LUNA automated cell counter (Logos Biosystems,
South Korea). Briefly, 10 puL of sample was incubated with 10 pL try-
pan blue and duplicate samples were added to the chambers of a
LUNA cell counting chip before being analyzed on the automated

counter.

2.3 | Flow imaging microscopy

Flow imaging measurements were performed using the PharmaFlow
imaging system (JM Canty, Inc., Buffalo, New York). as shown in
Figure 1a. A 1 mL sample containing cells was presented via pipette

to the analyzer. A peristaltic pump was connected to this system to
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FIGURE 1 PharmaFlow imaging system. (a) Photograph of the PharmaFlow attached to 2 peristaltic pumps allowing sampling of a mammalian
cell culture from a bench-top bioreactor.?® (b) Schematic diagram showing the flow of cells between an LED light source and an objective lens.
The magnified images of the cells are captured and sent digitally to the dynamic imaging software (created with BioRender.com).

provide phosphate buffered saline (PBS) solution for automated dilu-
tion. The system utilizes an Al based platform coupled with PID con-
troller to auto adjust the pump dilution ratio to ensure cells are
dispersed and not overlapping or touching during measurement analy-
sis. The automatic dilution feature is not fixed a dilution, thus ensuring
the system is capable of measuring a wide range of cell densities up to
108/ml. The sample containing cells is diluted to within a range of the
optical imaging density required by the software for detecting

the number of cells within a frame of the flow cell. The liquid flow

allows a frame rate of 30-60 frames per second. Image capture is con-
stant at that frame rate which continues until more than 1000 cells
are captured, to allow a statistically significant sample per analysis.
The glass on the flow cell was siliconized to prevent cell attachment.
Greyscale intensity of each individual cell was measured from micro-
scopic images taken by an 8.9 Megapixel digital CCD camera at 12x
optical zoom delivering a field of view of 1315 um x 867 pm, illumi-
nated by an LED light source. As the sample flows through the flow
cell the individual cells pass an LED light source and camera fitted
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with an objective where images of individual cells are detected.
Figure 1b shows a schematic of the dynamic imaging system. Cell den-
sities were determined by the software from the number of cell
images within a calibrated frame of known volume within the flow
cell. Data was analyzed using the CantyVision imaging analysis (CVIA)
software, which captures and displays single-cell images and dynami-
cally converts the raw grayscale form to binary (black/white) formats,
while extracting values of a set of 39 morphological descriptors. The
morphological characteristics were used to assign cells as viable,
necrotic or apoptotic based upon a previously developed pretrained
model using a machine-learning approach in which the images of Chi-
nese Hamster Ovary (CHO) were related to measurements of stained

cell populations.?¢?”

24 | Apoptosis assay

Apoptosis was measured in offline bioreactor samples using the FITC
Annexin V Apoptosis Detection Kit (BD) following the manufacturer's
instructions. Briefly, samples at a concentration of 1 x 10° cells/mL
were washed and resuspended in a binding buffer containing Annexin
V and propidium iodide (Pl) and incubated at room temperature in the
dark for 15 min. Samples were analyzed using an Accuri C6 flow cyt-
ometer (Becton Dickinson, BD, New Jersey).

2.5 | Statistical analysis

Data analysis, calculation of mean and standard error and principal
component analysis (PCA) were performed using GraphPad Prism
software. Data was standardized (centred and scaled) and the compo-

nent selection method was parallel analysis.

3 | RESULTS

3.1 | PharmaFlow analysis

As described in the methods section, cell samples taken from the bio-
reactor were analyzed on the PharmaFlow imaging system. The digital
images were sent to the accompanying CantyVision software for anal-
ysis. A thresholding algorithm distinguished cells from the background
providing high contrast cell images. Thresholding is the process of
replacing pixels on the image of a specific intensity with either a zero
or one thereby converting the image to binary.

The PharmaFlow system provides the opportunity to examine
these morphological differences in more detail as an image is gener-
ated for every cell analyzed. Representative images are shown in
Figure 2. Figures 2a and 2b show examples of cells classified as viable
or necrotic by the system at two different timepoints (24 h and
120 h). Both methods used for measuring viability in this study clas-
sify the cells shown in Figure 2a as viable, despite the clear differ-

ences in morphology and health of the two cell populations at the two

time points can be observed. This observation is expected due to the
overall declining health of the cell population in the bioreactor at
120 hrs. The images of cells classified as necrotic (or non-viable) in
Figure 2b are less clear, probably due to cell lysis as the membranes
become damaged or broken. Figure 2c shows the breakdown of classi-
fied cells on each day of the bioreactor run by the CantyVision soft-
ware. As expected, the proportion of cells considered necrotic
increases over time as the proportion of viable cells decreases. The
inset table in Figure 2c lists the number of cells analyzed at each time-

point from cell suspension samples (1 mL) taken from the bioreactor.

3.2 | Comparison with trypan blue measurements
In order to evaluate the capability of the PharmaFlow to accurately
measure cell density and viability measurements of CHO-EG2 cells
grown in a bench-top bioreactor (1 L) were taken and compared to
traditional trypan blue assessment. Total cell density (TCD), viable cell
density (VCD) and percentage viability were measured as described
above using the trypan blue dye exclusion method and the automated
cell counter (Luna), at regular intervals, over a 6-day bioreactor cul-
ture. The same information was calculated by the PharmaFlow imag-
ing system software. Figure 3 shows the measurements from three
independent bioreactor runs for total (A) and viable (B) cell density
and percentage cell viability (C), comparing the measurements from
the imaging software (black) to trypan blue measurements (pink).
There is no notable difference between the viable cell density (VCD)
measured with either method. For total cell density (TCD) the two
curves are closely matched up to 96 h; after this timepoint there is a
divergence in the measurements with the PharmaFlow detecting
a lower total cell density. A similar divergence is apparent when mea-
suring percentage viability.

Simple linear regression analysis was carried out to compare the
measurements for PharmaFlow and trypan blue. Figure 4 shows
the scatterplot of PharmaFlow measurements as a function of trypan
blue measurements. For each of these analyses, 51 measurements
were included. For TCD the cell densities measured ranged from 2.8
x 10° to 4.2 x 10° cells/mL and the R? was 0.94 (Figure 4a). For
VCD the cell densities measured ranged from 2.7 x 10° to 3.9 x 10°
cells/mL and the R? was 0.95 (Figure 4b). The percentage viability
measurements ranged from 35% to 100% and the R? was 0.93
(Figure 4c). These analyses indicate that the PharmaFlow measure-
ments correlated quantitatively with trypan blue for cell density and

viability.

3.3 | Apoptosis estimation

The PharmaFlow classification system provides an estimation of the
percentage of cell population that is apoptotic at the point of analysis.
We compared this information with offline measurements of respec-
tive bioreactor samples using flow cytometry to identify Annexin-

labeled cells to quantify apoptosis. These cells were positive to
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FIGURE 2 Classification of cells by imaging software. Images shown are examples of cells classified as (a) viable and (b) necrotic analyzed on
Day 1 and Day 5 of bioreactor culture. (c) Proportional analysis of the number of cells classified as viable/necrotic over six days. Inset table shows

the number of cells analyzed at each timepoint.

Annexin V that indicates an early stage of apoptosis but negative
to propidium iodide (PI) that indicates an intact cell membrane.
Figure 5a shows the percentage apoptotic cells alongside percentages
of non-viable/ necrotic (Pl positive) and viable as determined by the

two methods. In Figure 5b it can be seen that estimations of the

percentage of apoptotic cells by the PharmaFlow correlate with
Annexin measurements despite higher values with the Annexin V
label. However, over three bioreactor runs a higher standard error
was observed with the Annexin measurements compared to those by

the PharmaFlow.
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3.4 | Principal component analysis

A large amount of data was generated by the imaging system with a
range of 1760-9415 cells analyzed per sample and measurements of
39 variables gathered by the software for each cell analyzed. To bet-
ter visualize this data, PCA was performed in GraphPad. For each
timepoint in a bioreactor run, 36 of the variables were included for
PCA. These variables were key morphological features obtained from
the cell images that included cellular circularity, convexity, perimeter
and hydraulic radius. The software calculated two principal compo-
nents (PC1 and PC2) that contributed most highly to the variance
from all the data analyzed at each time point and these were plotted
against each other. The resulting scatter plots are shown in Figure 6
with viable and necrotic cells colored in green and red respectively.
Over the 6-day bioreactor run the increasing number of necrotic cells

Trypan blue (% viability)

FIGURE 4  Scatterplots of PharmaFlow measurements as a
function of Trypan blue measurements. (a) total cell density, (b) viable
cell density and (c) viability; n = 51 for each graph and R? value is
displayed.

can be seen. The data points from the cell population move towards
the right of the plot as time progresses and may be indicative of the
decreasing health of the cell population over time.

4 | DISCUSSION

There are clear drivers in the biopharmaceutical industry to establish

intensive and continuous bioprocesses that require reliable monitoring
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and control of critical process parameters.!’ While some of these
parameters such as temperature, agitation, pH and dissolved oxygen
(DO) have been routinely controlled to defined ranges of set-points
by PID controllers, others have relied upon manual sampling and off-
line analysis. In the past nutrient concentrations and viable cell density
have been critical measurements that have relied upon such off-line
analysis. In situ sensors are ideal in that they remove the need for
sampling which reduces the risk of contamination of cultures.?® There
are inherent problems associated with offline analysis caused by time
delays that prevent immediate bioprocess intervention and remediation.
In this study we focused on the measurement of viable cell den-
sity. In the past this has been determined conventionally by manual
cell sampling followed by counting using a hemocytometer or by an
automated cell imager using trypan blue as a dye to identify cell viabil-
ity. The trypan blue exclusion method is an off-line analysis to enu-
merate viable cells based on the membrane integrity of cells to
exclude the high molecular weight dye. This method has been used
for well over a century for the determination of the viability of a cell
population.®?’ Although this method is thought of as the “gold stan-
dard” for small scale mammalian cell cultures, it has several problems
when applied to large-scale controlled bioreactor processes. Firstly,
the process is inherently off-line, meaning that samples are taken
manually, and the viability assessed by an optical counter or by micro-
scopic counting. Secondly, membrane damage as detected by the try-

pan blue method is a late-stage event during the loss of cell viability.

Metabolic changes associated with the gradual loss of cell viability
occur much earlier than membrane damage. There are distinct advan-
tages of being able to determine these early stages of the loss of via-
bility in a bioprocess. Through early detection, it may be possible to
replenish nutrients to extend the life-span of the culture or to choose
an earlier termination of the culture to prevent the accumulation of
host cell proteins that are extruded from cells once membranes are
damaged.®° Early loss of viability typically through the on-set of apo-
ptosis may be detected by metabolic, electrochemical and morpholog-
ical changes that are observed following the maximum cell density in
a mammalian cell culture 3132

In this article, we investigated a label-free imaging system for ana-
lyzing mammalian cells in a bioprocess. The CHO-EG2 cells were cho-
sen as representative of antibody-producing CHO cells that are used
extensively in large-scale production bioprocesses.®3** The cells were
grown up to a maximum cell density in a controlled bench-top biore-
actor. The identification of viable cells was based on detailed morpho-
logical information in the imaging system and used to determine
values for viable cell density (VCD) and % viability. We compared the
results obtained from the imaging system to the conventional method
of trypan blue dye exclusion for cell analysis. Viable cell density was
found to be directly comparable by the two methods of analysis. Total
cell density and percentage viability measurements were well corre-
lated for up to 96 h of culture by the two methods. After this time-
point there was a slight but notable divergence between the analysis
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FIGURE 6 Scatter plots from principal component analysis (PCA) of a single bioreactor run over a 6-day period. Green represents viable cells;

red represents necrotic cells; and all other cells are shown in gray.

methods. The divergence of viable cell density measurements after a
growth phase in culture has been observed in previous studies when
comparing trypan blue exclusion with other methods and attributed
to an over-estimation when using membrane damage as a criterion for
loss of cell viability.*

During the later stages of a culture, towards the end of exponen-
tial phase growth, the cell population is heterogeneous with sub-
populations of cells that can be classified in various ways by staining
such as viable/non-apoptotic, early apoptotic, mid-apoptotic or
necrotic.> These stains are indicators of the various stages that cells
go through from viable to non-viable. The changes during the loss of
viability of cells are also associated with morphological changes that
can be visualized microscopically. Most notably apoptosis is associ-
ated with blebbing of the surface and a shrinkage of cells. Autophagy
can be recognized by the presence of large vacuoles, the autophago-
somes. The digital imaging enabled by the PharmaFlow system
records the morphological changes in multiples of individual cells by
recording up to 39 measurable parameters for each cell. An estimation
of the apoptotic cells by the PharmaFlow was found to be repeatable
over bioreactor runs, however the actual percentage of apoptosis was
slightly underestimated compared to offline measurements using the
Annexin assay. Non-viable (or necrotic) cells are generally recognized
as being trypan blue positive which means that the blue stain passes
into the intracellular milieu through a damaged membrane. These cells
are well recognized by the PharmaFlow system by the changed mor-
phology. Thus a strong positive correlation was shown for viability

measurements by the trypan blue and PharmaFlow methods.

Many optical methods developed for measuring cell growth are
reliant on colorimetric or fluorometric staining. However many groups
have focused recently on developing label-free optical methods. On-
line optical sensors have been used for a number of applications of
bacterial and yeast cultures.>*3” Optical methods have also been
applied to mammalian cells in bioreactors®® and in smaller scale flask
cultures.®*° Optical methods that are developed for imaging cells
have to overcome a number of obstacles such as the inherent hetero-
geneity of cell populations and the enhanced light penetration that
might be necessary to obtain reasonable levels of image resolution.*!
Nevertheless some sophisticated optical methods for cell imaging
have been reported in the literature, many of which describe cell anal-
ysis by 3D models such as in cancer research*?>*® or tissue engineer-
ing.***> Other imaging techniques being used for analysis of cells
include holographic methods,*® microfluidics*” and even smart-
phones.*® A limitation of using some of the more sophisticated analyt-
ical techniques for bioprocessing is that real-time processing may not
be possible.*?

Real time analysis is a requirement for rapidly acquired data of
the state of the cell population at-line or in-line of the bioreactor. This
enables tight monitoring and control of a bioprocess as required in
commercial biomanufacturing. In one recent article an imaging system
applied to a mammalian cell CHO culture was described in which an
imaging probe was installed in the bioreactor and immersed in the cul-
ture liquid.?® In this system images of cells were acquired through a
continuous fluid flow over the face of the probe. Although this is an

attractive system for acquiring real time data it is dependent upon the
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internal liquid flow based on the agitator as well as the geometry and
structure of the bioreactor.

Using the imaging system (PharmaFlow) we describe for a mam-
malian cell culture, samples are taken directly from the bioreactor at
time intervals either manually or automatically and added without
modification into the flow chamber of the imaging system. Although
we collected samples manually in our study the PharmaFlow can be
connected directly to a bioreactor autosampler such as SegFlow™ for
automatic sample delivery.2® In our study real-time information on cell
viability and density was collected alongside more detailed data that
could be analyzed later. The cells were numerated and classified
according to morphological characteristics based on digital imaging
without staining. An advantage of using an imaging system of this
type is the potential for its use as an online measurement system in
which samples are removed automatically at pre-determined time
intervals from the bioreactor and introduced into the flow chamber
using a pump. As these samples are diluted and not returned to the
bioreactor the monitoring can be termed at-line or more precisely an
on-line ex-situ measurements.** An advantage of the dilution system
is that it enables high densities of cells to be analyzed without the
potential problems of overlapping or aggregated cells. The fluid flow
associated with dilution as well as the siliconization of the internal
surface of the flow cell minimizes cell aggregation or surface interac-
tion. We have shown reliable analysis up to 15 x 10° cells/ml and
technical specifications reporting maximum concentrations possible of
up to 100 x 10° cells/ml.2° The system has potential to be useful as
an online process analytical technology tool in large-scale biopro-
cesses. Measurements of cell density and viability are consistent and
correlate well with current conventional methods. Furthermore, the
system provides much more detailed data that can be used to classify
sub-populations particularly during the decline phase of a bioprocess.

Multivariate data analysis (MVDA) can be applied to large data
sets to enable “deep learning”. Such analysis of cell populations may
provide a real-time understanding of the dynamics of sub-populations
and the possibility of intervention when there are signs of decreasing
cell health. MVDA techniques such as PCA have been applied previ-
ously to bioprocessing systems.°>>2 In the present study we used
PCA to determine if more information about the overall health of the
cells could be extracted. The analysis showed that the data points for
the classification categories of viable and necrotic formed distinct
groupings that shifted over the 6-day bioreactor culture. In our next
article we will provide further analysis of these sub-population groups

of cells.
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