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Bioprocessing applications for cells and biologics have dramatically increased the number 
of samples needed to test for cell therapy and immunotherapy. The cell counting time is 
a major bottleneck for traditional counting methods, which can be eliminated by using a 
high-throughput, high-speed, and high-precision system. Here we characterize and demon-
strate the application of Cellaca™ MX high-throughput cell counter in bright field and flu-
orescence imaging modes. The system was subjected to multiple characterization experi-
ments utilizing microbeads, Jurkat and CHO-S cells. We investigated the bead/cell counting 
consistency and precision from a count-to-count, plate-to-plate, and instrument-to-instru-
ment level by assessing counting on multiple consumables and instruments. The precision 
results were acquired by directly comparing as many as 32 Cellaca™ MX instruments over an 
extended period of 1 year using stable bead reference samples, significantly strengthening 
confidence in the cell counting results. We further characterized the system under ISO Cell 
Counting Standard Part 2 guidance to determine the quality of the cell counting method. 
The system was also compared to the traditional hemocytometer and single-sample-based 
automatic cell counters. Finally, we demonstrate the use of Cellaca™ MX to measure a 4-log 
range of T cell concentrations. The Cellaca™ MX high-throughput cell counter can rapidly 
generate cell counts at 1 and 3 min per 24 counts in bright field and fluorescence, respec-
tively. Its use can significantly reduce cell counting time and effectively eliminate this bot-
tleneck for downstream assays.
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INTRODUCTION 
Preclinical and clinical research and develop-
ment for cell therapy and immunotherapy 
have increased significantly in the last two 
decades following the approval of several 
checkpoint inhibitors (e.g., CTLA-4, PD-1, 
and PD-L1) and chimeric antigen receptor 
(CAR) T cell therapy (e.g., Kymriah® and Yes-
carta®) by the U.S. Food and Drug Admin-
istration. The rapid growth of research and 
production of therapeutic cells and biologics 
have increased the need to investigate more 
antibody candidates, testing conditions, and 
patient samples [1,2].

Cell count and viability measurements are 
critical for research and development and the 
production of therapeutic cells and antibod-
ies. For example, a higher number of condi-
tions for media/feed optimization or other 
environmental variables are required for test-
ing effects on Chinese hamster ovary (CHO) 
cells to optimize the quality and quantity of 
therapeutic biologics production. Person-
alized medicine such as CAR T cell thera-
pies also require assessing an overwhelming 
number of patient samples. Finally, many 
cell-based assays with multiple conditions de-
signed for both cell and immunotherapies re-
quire precise cell counts to properly interpret 
the results [3–5].

Increased numbers of testing conditions 
and cell samples can cause bottlenecks when 
relying on traditional cell counting technol-
ogies and methods that limit throughput 
and precision. Although tedious and time 
consuming, the manual hemocytometer has 
been the cell counting gold standard for over 
a century. In recent years, it has been slowly 
replaced by affordable bench-top automated 
cell counters [6–8]. These image-based, sin-
gle-sample cell counters can require up to 
2 min/sample due to the need to manually 
change cell counting chambers for each run 
[9]. Fluidic/bright field (BF) image-based cell 
counters typically utilize an automatic carou-
sel that can hold multiple samples, but they 
can still require up to 2 min due to the fluid-
ics operation time [9–11].

Cell counting consistency and precision are 
also critical to ensure high-quality and repro-
ducible results. Multiple cell counting systems 
are used in research and development and 
during the manufacturing of therapeutic cell 
and antibody products. It is important that the 
same system models generate consistent and 
comparable results to ensure confidence in the 
cell counting methods [9,12]. 

Viability staining used in the cell counting 
process is another important factor to consid-
er. Trypan blue (TB) is commonly used in tra-
ditional cell counting methods, but has been 
shown to cause cell counting and viability vari-
ations [13]. Using TB with primary cells (e.g., 
mouse splenocytes, peripheral blood mononu-
clear cells) and apheresis samples that contain 
red blood cells, platelets, and debris can lead 
to high nonspecific counting [14]. TB can also 
rupture dead or dying primary cells, so there 
may be an under-counting of dead cells lead-
ing to overestimation of cell viability. Finally, 
TB can induce cytotoxicity when the sample 
is incubated for a prolonged period of time 
[15,16]. In contrast, fluorescence (FL)-based 
counting methods using dyes such as acridine 
orange (AO) and propidium iodide (PI) can 
specifically identify nucleated cells with min-
imal cytotoxic effects. The ability to utilize 
FL-based methods for cell count and viability 
measurements can eliminate the issues associ-
ated with TB.

There is an urgent need to increase through-
put, speed, precision, consistency, and versa-
tility of cell counting systems to meet grow-
ing cell counting demands. In this work, we 
demonstrate the use of the Cellaca™ MX 
high-throughput cell counter (Nexcelom Bio-
science, Lawrence, MA) to improve cell count-
ing efficiency and consistency necessary for the 
cell and immunotherapy workflow [17,18]. 
We characterized the cell counting consistency 
and precision via repeated measurements using 
BF and FL beads on multiple lots of manu-
factured instruments. We performed similar 
consistency and precision measurements with 
Jurkat and CHO-S cells to mimic cell therapy 
and bioprocessing experiments. The recent-
ly published standardization document “ISO 
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20391-2:2019 Biotechnology – Cell Count-
ing – Part 2: Experimental Design and Statis-
tical Analysis to Quantify Counting Method 
Performance” (ISO Cell Counting Standards 
Part 2) was used to confirm quality of the cell 
counting result from Cellaca™ MX [19–21]. 
The high-throughput cell counting method 
was compared to results obtained with a hemo-
cytometer and two different single-sample im-
age-based cell counters (Cellometer Auto2000 
and Vision, Nexcelom Bioscience).

The characterization, evaluation, and com-
parison results showed a significant improve-
ment in speed, reducing counting time to ap-
proximately 4 and 8 min (10 and 20 s/sample) 
for 24 cell samples in BF and FL, respectively. 
The Cellaca™ MX showed high cell counting 
consistency and precision, as well as high cell 
counting quality comparable to the Celigo® 
Image Cytometer (Nexcelom Bioscience). The 
precision results were acquired by evaluating 
a large set of Cellaca™ MX instruments over 
a time-frame of 1 year, which significantly 
strengthens the confidence in the cell count-
ing results.  The system also measured cell 
concentrations that were comparable to three 
methodologies (hemocytometer, Cellometer® 
Auto2000 and Cellometer® Vision), which 
may provide an initial protocol for users of sin-
gle-sample image-based cell counters to com-
pare and migrate to a high-throughput system. 
Finally, primary T cell counting in fluorescence 
achieved linear results over a 4-log concentra-
tion range. These results demonstrate the ca-
pability of the Cellaca™ MX high-throughput 
cell counter to potentially improve upon the 
efficiency, consistency, and versatility of sin-
gle-sample cell counters. Specifically in the 
cell and gene therapy sector, researchers work-
ing with multiple mouse samples, collecting 
PBMCs from many patients, or optimizing 
conditions for adeno-associated virus (AAV) 
production can benefit from eliminating the 
bottleneck of cell counting time. This plat-
form is a valuable tool for BF- and FL-based 
cell counting assays that are highly applicable 
in the research and development workflow, 
as well as cell and immunotherapy product 
manufacturing.

METHODOLOGY
Cell culture & sample preparation

Jurkat cells (ATCC, Manassas, VA) were cul-
tured in RPMI 1640 (Gibco, Gaithersburg, 
MD) supplemented with 10% fetal bovine 
serum (Access Biologicals, Vista, CA) and 1% 
penicillin-streptomycin (Gibco) in T-75 cul-
ture flasks at 37°C under 5% CO2. CHO-S 
cells (Gibco) were cultured in CD CHO me-
dium supplemented with 1% GlutaMAX-1 
(Gibco) and HT Supplement in T-75 cul-
ture flasks at 37°C under 8% CO2. Prior to 
measuring cell concentration and viability 
using a Cellometer® Spectrum, the Jurkat and 
CHO-S cells were collected directly from the 
flasks and stained 1:1 with 20 µL of AO/PI 
mixture (ViaStain™ AO/PI Staining Solution 
– CS2-0106-5 mL, Nexcelom Bioscience).

Cellometer® Auto2000 cell counter

The Cellometer® Auto2000 described previ-
ously utilizes one BF and two FL channels to 
quantitatively measure the concentration and 
viability of a target cell sample [22]. The exci-
tation (EX)/emission (EM) filter sets to detect 
AO/PI fluorescence for counting are 470/535 
nm and 540/605 nm for the green and red 
channels, respectively. Target cell samples 
were stained 1:1 with AO/PI, pipetted (20 
μL) into a Nexcelom disposable counting 
chamber (CHT4-SD100), and then inserted 
into the system to be imaged at four locations 
and analyzed using the default counting pa-
rameters. Image acquisition and analysis were 
typically < 2 min/sample.

Cellometer® Vision & Spectrum cell 
analyzers

The Cellometer® Vision and Spectrum were 
described in previous publications [23–28]; 
both platforms are equipped with one BF 
and two FL channels to quantitatively mea-
sure target cell sample concentration and via-
bility. The interchangeable EX/EM filter sets 
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to detect AO/PI fluorescence were 475/534 
nm and 527/655 nm for the green and red 
channels, respectively. Target cell samples 
were prepared as described in the Cellometer® 
Auto2000. Image acquisition and analysis 
were typically <2 min/sample.

Celigo® Image Cytometer

The Celigo® Image Cytometer for perform-
ing high-throughput cell-based assays in 
standard microtiter plates was previously de-
scribed [29–33]; it has one BF and four FL 
imaging channels in blue (EX: 377/50 nm, 
EM: 470/22 nm), green (EX: 483/32 nm, 
EM: 536/40 nm), red (EX: 531/40 nm, EM: 
629/53 nm), and far red (EX: 628/40 nm, 
EM: 688/31 nm).

The Celigo® software application “Expres-
sion: Target 1 + 2” was used to directly count 
AO-stained Jurkat and CHO-S cells in the 
Cellaca™ plate with a 12 x 2 Cellaca™ plate 
profile. The instrument was set up to acquire 
images in Target 1 (BF) and Target 2 (Green) 
with the AO exposure time for set to 4,000 
μs. Hardware-based autofocus was used to fo-
cus in the BF channel, and focus offsets were 
applied for the Green (+26 μm) channel. 

The preset ANALYZE parameters were 
optimized to automatically count cells but 
disregard debris and nonspecific particles. For 
AO-stained Jurkat cells and CHO-S cells, the 
ANALYZE parameters for the green channel 
are shown in Supplementary Table 1. The AN-
ALYZE parameters for the BF channel are 
also shown in Supplementary Table 1. The BF 
channel was used for visualization and not 
analyzed. The counting results were exported 
into an EXCEL (Microsoft Corp., Redmond, 
WA) template to directly calculate the respec-
tive cell concentrations. 

Cellaca™ MX high-throughput cell 
counter

The Cellaca™ MX FL5 high-throughput cell 
counter utilizes one BF, four EX (365, 470, 

527, and 620 nm), and five EM (452, 534, 
605, 655, and 692 nm) filter combinations. 
The optical system uses an epi-fluorescence 
setup with an imaging resolution at ap-
proximately 1.27  µm2/pixel. Target cell 
samples were stained 1:1 with either TB, 
AO, or AO/PI directly in the mixing wells 
on the Cellaca™ plates. Next, 50 μL of the 
stained cell samples were transferred into 
the loading wells on the Cellaca™ plates in 
either a 3 x 8 (CHM24-B100-020) or 12 x 
2 (CHM24-A100-020) format with a to-
tal of 24 sample chambers. The plate was 
then inserted into the high-throughput cell 
counting system for image acquisition and 
analysis. The default cell counting analysis 
algorithms were selected for TB, AO, or 
AO/PI to count cells and measure viabil-
ity. The system can image and analyze 24 
samples in BF and FL at 1 and 3 min, re-
spectively, without autofocusing. With aut-
ofocus the corresponding times were 4 and 
8 min. The results were compared to those 
obtained with the Cellometer® Auto2000, 
Vision, and Celigo® Image Cytometer.

UV-cured bead reference plates

Stable and robust reference samples for 
evaluating counting performance were pre-
pared using microbeads and UV-curing 
polymer. Three types of microbeads were 
used: a non-fluorescent 5.0-μm poly latex 
microbead product (SPI Supplies, West 
Chester, PA), and a mixture of 70% green 
(Dragon Green, 7.5-μm) and 30% red flu-
orescent (Envy Green, 10-μm) microbeads 
from Bangs Laboratories Inc. (Fishers, IN). 
Microbead suspensions were left to evapo-
rate inside conical tubes. After the microbe-
ads were dried, approximately 2–3 mL of 
viscous UV-curable polymer solution was 
added to the conical tubes that were con-
ical tubes that were then wrapped in black 
fabric for light protection and rotated for 
up to 3 weeks on a rotisserie-style tube ro-
tator (RKVS, Laurel, MD) to resuspend 
the beads. Small metal weights were added 
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to the tubes to remove beads stuck to the 
sides. After resuspension, the concentration 
of the beads was diluted by adding more 
UV-curable polymer. The final bead solu-
tions were pipetted into the loading wells 
of the Cellaca™ plates and allowed to flow 
into the counting chambers via capillary 
action. The filled plates were then illumi-
nated with high-intensity UV light for 30 s 
to cure the optically clear polymer and lock 
the beads into place. The finished plates 
were stored in the dark to prevent potential 
photo-damage to the beads.

UV-cured bead counting 
consistency & precision in BF

Four UV-cured reference plates (Cellaca™ 
plates 12 x 2) were prepared with non-fluo-
rescent beads at two concentrations (5 x 106 
beads/mL and 1  x 106 beads/mL, 2 plates 
each). The BF UV-cured reference plates 
were analyzed on 32 Cellaca™ MX instru-
ments manufactured over 10 months. In a 
separate experiment, one of the plates was 
analyzed 20 times in succession on a single 
instrument to obtain the analysis-to-analy-
sis and scan-to-scan variation for this assay.

CHO cell counting consistency & 
precision in BF 

A 600-μL aliquot of CHO-S cells was 
collected and mixed in a microtube with 
600 μL of 0.2% TB solution (STEM-
CELL Technologies, Vancouver, Cana-
da). The resulting 1.2 mL of TB-stained 
cell sample was used to fill 20 Cellaca™ 
plate counting chambers, divided evenly 
between 2 Cellaca™ plates at 50 μL/well. 
Both plates were immediately imaged and 
analyzed on 5 Cellaca™ MX instruments 
in rapid succession, for a total of 100 mea-
surements. All instruments used identi-
cal counting parameters as defined in the 
default Cellaca™ assay for “CHO Trypan 
Blue Viability.”

UV-cured bead counting 
consistency & precision in FL

Pilot experiments revealed that the green 
fluorescent beads were significantly bright-
er than red, thus green beads were used in 
the remainder of this study. Two UV-cured 
reference plates (Cellaca plates 12 x 2) were 
prepared with a 6-point dilution series of the 
fluorescent bead mixture with four replicates 
for each dilution. It is important to note that 
the viscosity of the UV curable polymer solu-
tion prevented precise dilution ratios. The 
highest and lowest concentrations of green 
beads were ~5 x 106 beads/mL and 1.5 x 105 
beads/mL, respectively. The two reference 
plates were measured in 13 Cellaca™ MX 
instruments manufactured over 6 months. 
In a later experiment, one of the plates was 
analyzed 20 times on a single instrument for 
investigation of the analysis-to-analysis and 
scan-to-scan precision.

Jurkat cell counting consistency & 
precision in FL

A 600-μL aliquot of Jurkat cells was collect-
ed and mixed 1:1 with the AO/PI solution. 
The resulting 1.2 mL of AO/PI-stained cell 
sample was used to fill 20 Cellaca™ plate 
counting chambers, divided evenly between 
2 Cellaca™ plates at 50 μL/well. Both plates 
were immediately imaged and analyzed on 
the same five Cellaca™ MX instruments used 
for the CHO experiment. The instruments 
were used in FL mode using the built-in 
AO/PI viability assay with default counting 
parameters.

To calculate cell counting precision, the 
same experiment was performed nine addi-
tional times on different days, with two to 
four instruments included in each experi-
ment. Including those used in the 5-instru-
ment experiment, 15 unique instruments 
were employed in the study. The Jurkat 
cell concentration ranged from 5  x  105 to 
2.75  x  106 cells/mL, with viability ranging 
from 25% to 100%. 
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Bead & cell counting consistency & 
precision calculations

Counting assay precision from count to 
count in each experiment was calculat-
ed for each plate/instrument combination 
separately, and the resulting coefficients of 
variation (CVs) were pooled following the 
equation:

where nk is the number of measurements of 
the kth experiment, and CVk is their CV. 
Counting assay precision from plate to plate 
was calculated by averaging all measurements 
for each plate and calculating the CV for the 
resulting plate averages (n = 2/experiment). 
The results for the 10 experiments were then 
pooled in the same way. Counting assay pre-
cision from instrument to instrument was 
similarly calculated. System-wide cell count-
ing precision was defined as the CV for the 
entire collection of data for each cell sample, 
including all wells, plates, and instruments. 
The resulting CVs for the 10 experiments 
were then pooled as before. We did not cor-
rect for the dependence of variation on cell 
concentration; rather, all CVs were weighted 
equally in our pooling, regardless of concen-
tration.  Counting assay precision from scan 
to scan was calculated by pooling the CVs of 
24 wells (BF) and 6 concentration groups of 
4 wells (FL), with each well scanned 20 times 
on the same instrument. The precision for 
analysis to analysis was performed by reana-
lyzing the same images 20 times and calculat-
ing the pooled CV.

Comparison of Cellaca™ MX to 
hemocytometer in BF 

Three 15-mL conical tubes were each filled 
with ~10 mL of non-fluorescent 5-μm poly 
latex beads in water at a concentration of ~2 
x 106 beads/mL. The bead concentration in 
each tube was measured by a trained operator 

using a standard hemocytometer and a light 
microscope. Forty manual counts were per-
formed for each tube, each consisting of four 
squares on the hemocytometer. Next, each 
tube was used to fill all 24 wells in 6 Cellaca™ 
plates (total of 144 Cellaca™ counting cham-
bers) and counted on the Cellaca™ MX using 
the BF concentration assay, with the contrast 
parameter increased to 0.6.

In addition, 3 samples of high viability 
CHO cells were collected from culture at 
~2  x  106 cells/mL and 0.5  x  106 cells/mL. 
The CHO cell samples were stained 1:1 with 
TB at 50 µL in the mixing wells on the Cel-
laca™ plates, and subsequently loaded into 
24 loading wells. Up to 4 samples were man-
ually counted using the hemocytometer.

Comparison of Cellaca™ MX to 
Cellometer® Vision & Cellometer® 
Auto2000 in FL

Jurkat cells were prepared in three coni-
cal tubes at approximate concentrations of 
6 x 105, 1.2 x 106, and 1.9 x 106 cells/mL in 
a volume of 4–7 mL/tube and gently rotated 
using a tube rotator. The initial cell concen-
trations were measured by staining cells with 
AO/PI and directly counting in Cellometer® 
Auto2000. The Jurkat cell suspensions were 
analyzed sequentially, with all measurements 
for one tube completed before proceeding 
to the next concentration. For each series of 
measurements, the conical tube was gently 
inverted five times, and a 15-μL cell sample 
was immediately aliquoted and mixed 1:1 
with AO/PI. After staining, 20 μL was load-
ed into one of the two counting chambers in 
a Nexcelom cell counting slide. The stain-
ing and loading procedures were repeated to 
prepare 12 chambers on 6 slides. Jurkat cells 
from the same tube were then used to fill 12 
counting chambers on a Cellaca™ plate by 
mixing 50 μL of cells with 50 μL of AO/PI in 
the mixing well, and then transferring 50 μL 
of stained cells into the loading well.

The prepared slides were imaged and an-
alyzed using two Cellometer® Auto2000 
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and two Cellometer® Vision instruments. 
The prepared plates were imaged and ana-
lyzed using two Cellaca™ MX instruments. 
Green and red FL channels were used for 
all instruments with identical exposure and 
cell counting settings on both instruments of 
each type.

ISO Cell Counting Standards Part 2 

The ISO Cell Counting Standards Part 2 pro-
tocol was used to compare the cell counting 
performances of the Cellaca™ MX and Celi-
go® Image Cytometer. The Bland-Altman 
comparative method was also used to assess 
statistical bias between the two cell counting 
methods [34–37].

After sample preparation, Jurkat and 
CHO-S cells were collected into two separate 
15-mL conical tubes and adjusted to ~5 x 106 
cells/mL to produce the stock concentration 
for use in the ISO Cell Counting Standards 
Part 2. Next, cell samples with different di-
lution fractions (DF: 1.0, 0.9, 0.7, 0.5, 0.3, 
0.1) were produced independently from the 
stock cell samples (n = 3 per DF), and then 
stained 1:1 with AO (ViaStain™ AO Staining 
Solution – CS1-0108-5mL, Nexcelom Bio-
science) in microtubes. The stained cell sam-
ple from the first microtube of each DF sam-
ple was pipetted into the first Cellaca™ plate 
(n = 4 per plate). Once prepared, the first 
plate was immediately imaged and analyzed 
using the Cellaca™ MX and Celigo® Image 
Cytometer. The second and third Cellaca™ 
plates were prepared, imaged, and analyzed 
following the same procedure. A total of 12 
observations were conducted per DF sample 
in these 3 plates. For AO-stained Jurkat cells, 
the Cellaca™ MX analysis parameters for the 
green channel were set to: “Min Diameter 
= 3,” “Max Diameter = 25,” “Roundness = 
0.1,” and “Intensity Threshold = 15.” For 
AO-stained CHO-S cells, the ANALYZE 
parameters for the green channel were set to: 
“Min Diameter = 2,” “Max Diameter = 40,” 
“Roundness = 0,” and “Intensity Threshold 
= 20.” The cell counting and concentration 

results were analyzed using an in-house devel-
oped software program to calculate the coef-
ficient of determination (R2), pooled CV for 
each DF sample, and proportionality index 
(PI) as indicated in the ISO Cell Counting 
Standards Part 2. The results were directly 
compared using the Bland-Altman compar-
ative analysis method to determine the bias, 
limits of agreement (LoAs), and bias confi-
dence interval (CI).

Bland-Altman statistical analysis

Cell counting methods were compared us-
ing mean-difference or Bland-Altman plots 
[34,35]. Because the variance of replicate cell 
counting measurements is typically propor-
tional to the mean concentration, we adopt-
ed the use of percent differences rather than 
absolute differences for the vertical axis of 
the plot [37]. The bias of one measurement 
method relative to the other is calculated by 
averaging the percent differences across all 
concentrations. The LoAs are calculated to 
contain approximately 95% of the percent 
differences, using the sample standard devi-
ation as an approximation for the population 
standard deviation. Dividing the LoA by the 
square root of the number of samples produc-
es an approximate 95% CI on the bias. If the 
value of zero fell within the bounds of this CI, 
the bias was deemed insignificant.

Application of high-throughput T 
cell counting

The T cell culture used in this experiment was 
a kind gift from a current collaborator. Cells 
were collected from eight T-25 culture flasks 
and pooled together in a 50-mL conical tube 
at a total volume of 40 mL. The cells were 
then centrifuged at 1200 RPM for 10 min 
and resuspended in 1.5 mL of RPMI media 
to a concentration of approximately 3.5 x 107 
cells/mL. Fifteen dilutions were generated in 
microtubes by performing 1:2 serial dilutions 
with RPMI media. These serial dilutions 
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translated down to a 1:16,384 DF of the 
original sample. An equal volume of AO/PI 
(500 μL) was added to each dilution to gen-
erate a 1:1 staining of the cell samples (500 
μL) in the Cellaca™ plate mixing wells (12 
x 2 format). Four replicates of 50 μL of the 
stained cell samples were directly transferred 
into loading wells for each dilution for a to-
tal of 60 counting chambers on 3 Cellaca™ 
plates. Prior to performing any dilutions, 
sample transfers, or sub-sampling to gener-
ate replicates, each tube was gently vortexed 
to minimize cell settling and ensure uniform 
distribution. Each plate was inserted into the 
Cellaca™ MX high-throughput cell counter 
for image acquisition and analysis using the 
built-in AO/PI viability assay with default 
counting parameters.

RESULTS & DISCUSSION
Variation & precision considerations 
in cell counting methods

In accordance with the ISO Cell Counting 
Standards guidelines, evaluating a cell count-
ing method is specific to the entire process 
including cell type, cell suspension, mixing, 
aliquoting, sample preparation, reagents, 
consumables, instruments, algorithms, pa-
rameters, and every step from the original 
cell culture flask or sample tube to the final 
data on the screen. A change at any point may 
lead to significant performance differences, 
and the new process may be considered as a 
unique cell counting method to be separate-
ly evaluated. It is therefore important to de-
fine the intended purpose and scope of a cell 
counting method evaluation. For example, 
if the purpose is to determine the expected 
precision, then the evaluation experiments 
should include all variation sources expect-
ed for the cell counting method (e.g., mul-
tiple operators, instruments, days, reagent 
lots, etc.). In this context, our results should 
only be viewed as examples of cell counting 
method evaluations rather than strict meth-
od performance predictions. We considered 

precision on several levels including count-to-
count, plate-to-plate, instrument-to-instru-
ment, and system-wide, which will be briefly 
described for each level of precision. 

Cell counting typically involves analyz-
ing a sample of the suspension from a much 
larger volume; the inherent variability in 
the number of cells captured in each ana-
lyzed volume is a source of random variation 
among replicate counts. For a typical cell 
counting process, sampling variation usually 
leads to higher CVs among replicate counts 
for lower-concentration cell suspensions. This 
random error, also known as Poisson noise or 
shot noise, is included in the count-to-count 
precision. Other sources of variation can oc-
cur with slight variations in counting cham-
ber dimensions leading to variations in ana-
lyzed sample volume. The cell counting assay 
precision for count-to-count or intra-plate 
precision can be described as the amount of 
variation that a user can expect for the same 
cell sample counted on a single instrument 
with a single plate.

Slight cell counting chamber differences 
can also exist between the Cellaca™ plates, 
which is an additional source of variation for 
experiments involving multiple plates. The 
cell counting assay precision for plate-to-
plate or inter-plate precision is estimated by 
averaging all other experimental variables to 
determine plate consistency. Similarly, mea-
suring the same sample on two different in-
struments can yield slightly different average 
results. The cell counting assay precision for 
instrument-to-instrument is the variation ex-
pected when a single cell sample is measured 
on multiple instruments.

The various error sources do not add lin-
early; rather, they partially cancel each other, 
leading to an overall CV that is smaller than 
the sum. System-wide cell counting precision 
is the expected variation when repeated mea-
surements are made of a cell sample using 
a random chamber in a random plate on a 
random instrument, which is determined by 
including all sources of variation. The sys-
tem-wide precision gives an indication of the 
confidence a user can have that a cell counting 
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result is close to the ‘true’ value, although ac-
curacy cannot be defined due to the lack of 
a true live cell reference standard [20,21,38].

One major strength of the work presented 
here is the high number of Cellaca™ MX in-
struments evaluated over an extended period 
of time, showing not only high repeatability, 
but high intermediate precision as described 
in the ICH Q2 (R1) guidance document 
[39]. It is also important to point out that 
the precision level required for cell counting 

is based on the ‘fit-for-purpose’ principle de-
scribed in the ISO Cell Counting Standard 
Part 1, which is dependent on the intended 
purpose of the cell counting results.

Cell counting variation & precision 
characterization in BF

The BF cell analysis capabilities of the Cellaca™ 
MX were characterized by counting UV-cured 

 f FIGURE 1
Experimental design and results comparing 32 Cellaca MX instruments for BF counting of 5-μm microbeads. 

(a) Experiment design workflow diagram: (1) Two concentrations of microbeads are suspended in a UV-curable transparent polymer. Each 
concentration was loaded into all 48 counting chambers of 2 CellacaTM Plates.  The plates were then exposed to UV light to lock the beads into 
place. (2) The plates were then imaged on 32 Cellaca™ MX instruments, and the beads in each chamber were counted. (b) Comparison of the bead 
concentration measured for one plate of each concentration by the 32 Cellaca™ MX instruments (n = 24 each). Error bars are 1 SD.
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beads and TB-stained CHO cells on multi-
ple instruments. It is important to note that 
a small sample of instruments may happen to 
be much more or less consistent than the gen-
eral instrument population. We therefore in-
cluded as many instruments as possible to best 
characterize the cell counting assay precision 
on an instrument-to-instrument level. Such 
experiments can be difficult due to sample 
instability; cell suspensions can degrade over 
the course of a long experiment, and even mi-
crobead solutions may evaporate from count-
ing chambers. To overcome these problems, 
we created stable reference plates consisting 
of microbeads locked in optically transparent 
UV-curable polymers. We performed bead 
counting using 32 Cellaca™ MX instruments 
manufactured over 10 months. The counting 
results are presented in Figure 1 and summa-
rized in Table 1 showing a count-to-count CV 
of 4.2%, a plate-to-plate CV of 1.6%, an in-
strument-to-instrument CV of 3.6%, and 
an overall system-wide precision of 5.7% at 
4.9 x 106 beads/mL.

One of the most common BF cell count-
ing applications used in bioprocessing and 
cell line development is the TB exclusion as-
say for CHO and HEK293 cells. It is used to 
assess target cell viability based on cell mem-
brane permeability, where live cells appear as 
objects with bright centers and dead cells are 
dark and diffuse. We investigated TB assay 
precision using the Cellaca™ MX by measur-
ing the same TB-stained CHO-S cell sample 
on five instruments. The counting and pre-
cision results for live cell concentration and 

viability are shown in Figure 2 and Table 2. 
The count-to-count CV results were 5.5%, 
5.7%, and 0.9% for total cell concentration, 
live cell concentration, and viability, respec-
tively. The plate-to-plate CV results calcu-
lated from two plates were 3.4%, 3.2%, and 
0.3% for total cell concentration, live cell 
concentration, and viability, respectively. The 
instrument-to-instrument CV results were 
1.7%, 2.0%, and 0.7% for total cell concen-
tration, live cell concentration, and viability, 
respectively. Overall system-wide precision 
values across the 20 chambers, 2 plates, and 
5 instruments were 7.0%, 7.3%, and 1.3% 
for total cell concentration, live cell concen-
tration, and viability, respectively. 

Cell counting variation & precision 
characterization in FL

A similar procedure was used to characterize 
Cellaca™ MX performance for FL applica-
tions. Stable fluorescent bead reference plates 
were created in six concentrations ranging 
from 1.5 x 105 to 5 x 106 beads/mL and mea-
sured in 13 Cellaca™ MX instruments over a 
period of 6 months. The cell counting and 
precision results are presented in Figure 3 and 
Table 3. The count-to-count, plate-to-plate, 
instrument-to-instrument, and system-wide 
precision results were calculated for each bead 
concentration. The concentration series pro-
vided an example of increasing CVs for lower 
numbers of counted objects, which is an effect 
of random counting variation as described in 

  f TABLE 1
Bead counting consistency and precision characterization results for BF applications.  

Precision level Beads total conc. (CV)
4.9 x 106 beads/mL 1.1 x 106 beads/mL

Analysis-to-analysis 0.0% 0.0%
Scan-to-scan 1.0% 0.5%
*Count-to-count 4.2% 5.6%
Plate-to-plate 1.6% 3.3%
Instrument-to-instrument 3.6% 4.9%
*System-wide 5.7% 7.6%

*The count-to-count and system-wide variation include random error and sample preparation error.
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previous sections. It only affects the count-
to-count precision and subsequently the sys-
tem-wide precision.

To further characterize the FL mode on 
the Cellaca™ MX, the concentration and 
viability of a sample of Jurkat cells stained 
with AO/PI were measured on the same five 
Cellaca™ MX instruments used for the CHO 
TB experiment. The live cell concentration 

and viability results are plotted in Figure 4, 
and the precision results are shown in Table 
4. 

The AO/PI assay has demonstrated high-
er cell counting quality for primary cell 
samples (containing RBC residues, plate-
lets, and debris) compared to the TB assay 
[8,13,14,29]. Critcally, Mascotti et al. (2000) 
showed that incubating cells with TB for an 

 f FIGURE 2
Experimental design and results comparing five Cellaca™ MX instruments for TB counting of CHO cells. 

(a) Experimental design workflow diagram: (1) Equal volumes (600 μL) of 0.2% TB solution and CHO cell suspension were prepared and (2) mixed 
thoroughly by pipetting up and down. (3) Two Cellaca™ plates were loaded with the mixture (10 counting chambers each). (4) Both plates were 
imaged on five Cellaca™ MX instruments, and the cells in each chamber were counted. (b) Live cell concentration results for the five instruments. 
All 20 counts from each instrument are summarized, with error bars of 1 SD. (c) Viability measurement results from the five instruments. Error 
bars represent 1 SD.

  f TABLE 2
CHO cell counting and viability precision characterization results in BF.

Precision level CHO total conc. (CV) CHO live conc. (CV) CHO viability (CV)
*Count-to-count 5.5% 5.7% 0.9%
Plate-to-plate 3.4% 3.2% 0.3%
Instrument-to-instrument 1.7% 2.0% 0.7%
*System-wide 7.0% 7.3% 1.3%

*The count-to-count and system-wide variation include random error and sample preparation error.
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 f FIGURE 3
Experimental design and results comparing 13 Cellaca™ MX instruments for FL-based counting of 7.5-μm microbeads.

(a) Experimental design workflow diagram. (1) Microbeads were suspended in a UV-curable transparent polymer in a serial dilution of 6 
concentrations. Each concentration was loaded into 8 Cellaca™ counting chambers, 4 in each of 2 plates. (2) After the polymer was cured, 
the plates were imaged on 13 Cellaca™ MX instruments in FL mode, and the beads counted. (b) Combined data for both plates (8 counts/
concentration) for all 13 instruments. Error bars are 1 SD. 

  f TABLE 3
Bead counting consistency and precision characterization results for FL applications.  

Precision level Measured precision (CV) by concentration (beads/mL)
5.0 x 106 2.7 x 106 1.4 x 106 0.7 x 106 0.4 x 106 0.2 x 106

Analysis-to-analysis 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Scan-to-scan 0.28% 0.36% 0.42% 0.47% 0.75% 0.8%
*Count-to-count 3.1% 3.6% 2.3% 4.3% 4.9% 8.3%
Plate-to-plate 0.8% 1.8% 0.3% 0.1% 0.3% 4.2%
Instrument-to-instrument 1.7% 1.0% 0.8% 0.7% 0.7% 1.7%
*System-wide precision 3.2% 3.5% 2.2% 3.8% 4.3% 7.8%

*The count-to-count and system-wide variation include random error and sample preparation error.
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extended period of time can be detrimental 
to the cells and lower viability, while AO/PI 
assay did not. Since Cellaca™ MX can rap-
idly measure cell concentration and viabili-
ty for 24 samples in less than 4 and 8 min, 
respectively, both the TB and AO/PI assays 
and AO/PI assay will not be affected by the 
counting time.

Cell counting quality 
characterization using ISO Cell 
Counting Standard Part 2

Accuracy is one of the critical parameters de-
scribed in the ICH Q2 (R1) guidance docu-
ment [39–41]. While precision describes how 
well a measurement method agrees with itself, 
accuracy quantifies how well it agrees with a 
known reference standard. Accuracy is diffi-
cult to define for cell counting due to the lack 
of stable live cell reference standards. Cells in 
a sample are constantly changing and are al-
ways sub-sampled from a larger volume, and 
both of these factors introduce uncertainties 
during counting. Other biological questions 
also challenge the meaning of cell counting 
accuracy such as:

1. What is a live cell?; 

2. What cells are dividing, dying, or dead?; 
and 

3. How would someone define cell life and 
death considering attributes such as 
compromised membranes, enzymatic 
activity, and initiation of apoptosis? 

Instead of determining the accuracy of 
a cell counting method, the guidance from 
ISO 20391-2 can be employed to compare 
the proportionality of multiple cell count-
ing methods using a dilution series design. 
While the ‘actual’ live cell concentration of 
a sample may not be known, a reasonable 
assumption is that doubling the sample vol-
ume by appropriate dilution should reduce 
the live cell concentration by half. The qual-
ity of a cell counting method can thus be 

linked to its ability to produce a number 
that is inversely proportional to the dilu-
tion of the sample. It is therefore helpful to 
follow guidance documents to evaluate the 
quality of the cell counting method for the 
intended purposes of the downstream assays. 
For a valid comparison between methods 
using such an evaluation, the two methods 
should be assessed, the two methods should 
be assessed simultaneously using the same 
cell samples. 

The ISO Cell Counting Standards meth-
od characterization includes three main 
quality indicators: R2, CV, and PI, as im-
plemented by the National Institute of 
Standards and Technology [20]. Although 
various metrics can be used as a proportion-
ality index, we calculated the PI using the 
smoothed scaled absolute value of residuals 
[20]. It should be noted that this metric is 
not normalized to the number of DFs or 
biological replicates in the experimental de-
sign, and its value should not be compared 
across experiments.

Characterizing proportionality is import-
ant in assessing the quality of a cell counting 
method. On the other hand, it is equally im-
portant to characterize how the two results 
of two methods agree with each other. For 
this purpose, we performed Bland-Altman 
comparative analyses to visualize differenc-
es between two methods across a range of 
measurement values. Bland-Altman plots 
(mean-difference plots) show differences be-
tween results from two methods with respect 
to their average values. Because variance in 
cell counting is proportional to cell sam-
ple concentration, we utilized the percent 
difference rather than absolute difference 
to obtain roughly the same variance across 
the concentration range. Bland-Altman 
analysis returns a value for the bias between 
two methods with its accompanying CI, 
as well as the LoAs, showing the range of 
differences that can be expected for a single 
measurement.

In this experiment, ISO Cell Count-
ing Standard Part 2 guidance was followed 
to characterize and compare cell counting 
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quality between the Cellaca™ MX and Celi-
go® for CHO and Jurkat cells stained with 
AO. Both instruments were used to measure 
samples from the same Cellaca™ plates for 
direct comparison. The results are presented 
in Figure 5.

The CHO cell concentration measure-
ment ranged from 5  x 105 to 6  x 106 cells/

mL. The Cellaca™ MX results showed val-
ues of 2.7–7.0% for CV, 0.998 for R2, and 
0.44 for PI. The results from Celigo® were 
2.7–6.4% for CV, 0.996 for R2, and 0.35 for 
PI. The Bland-Altman comparison gave a bias 
of -5.1% ± 0.9% (95% CI) between the two 
methods (Celigo® counting higher), and the 
LoAs spanned -12.5% to 2.3%.

 f FIGURE 4
Experimental design and results comparing 5 Cellaca™ MX instruments for FL-based counting of Jurkat cells. 

(a) Experimental design workflow diagram: (1) Equal volumes (600 μL) of AO/PI dye mixture and Jurkat cell suspension were prepared and (2) 
mixed thoroughly by pipetting up and down. (3) Two Cellaca™ plates were loaded with the resulting mixture (10 counting chambers each). (4) 
Both plates were imaged on 5 Cellaca™ MX instruments, and the cells in each chamber were counted. (b) Live cell concentration results for the 5 
instruments. All 20 counts from each instrument are summarized, with error bars of 1 SD. (c) Viability measurement results from the 5 instruments. 
Error bars represent 1 SD.

  f TABLE 4
Jurkat cell counting and viability precision characterization results in FL.

Precision level Jurkat total conc. (CV) Jurkat live conc. (CV) Jurkat viability (CV)
*Count-to-count 5.8% 5.9% 3.8%
Plate-to-plate 1.7% 1.7% 0.9%
Instrument-to-instrument 3.4% 2.2% 1.8%
*System-wide 7.0% 6.6% 4.4%

*The count-to-count and system-wide variation include random error and sample preparation error.
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For Jurkat cells, the Cellaca™ MX results 
showed values of 2.2–7.5% for CV, 0.997 for 
R2, and 0.44 for PI. The Celigo® produced 
1.8–7.6% for CV, 0.997 for R2, and 0.42 for 
PI. Bland-Altman analysis returned a bias of 
1.5% ± 0.6% between the two methods (Cel-
laca™ MX counting higher), with a LoA range 
of -3.9% to 6.9%.

For cell counting methods evaluated us-
ing the same experimental design, a lower 
PI is considered more optimal or propor-
tional. The Celigo® generated slightly more 
proportional results than the Cellaca™ MX, 
even though the two PI values are not statis-
tically different. The R2 and CV values were 
comparable for both instruments across the 

 f FIGURE 5
Evaluation of cell counting methods using ISO guidelines and comparisons with two cell counting methods using Bland-Alt-
man analysis. 

CHO cells were stained with AO, and 12 replicates were prepared in Cellaca plates for each of 6 DFs. (a) The plated cells were counted using both 
the Cellaca™ MX and Celigo® imaging cytometer, and the R2, PI, and CVs were calculated for each method. (b) Bland-Altman plot demonstrating a 
small bias between the two cell counting methods using the concentration data. (c) The R2, PI, and CVs calculated for Jurkat cells. (d) Bland-Altman 
plot comparing the two cell counting methods using Jurkat cells. 
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experiments. There was a small but statisti-
cally significant bias between the two meth-
ods, indicated by the value of zero falling 
outside the 95% CI. Interestingly, the Cel-
laca™ MX tended to count slightly higher 
than the Celigo® for lower concentrations.

Direct comparison to other cell 
counting methods

Characterizing the proportionality of a cell 
counting method is a rigorous way of address-
ing the lack of live-cell reference standards, 
but comparison to an independent meth-
od is often used in practice. Here we com-
pare counts obtained with the Cellaca™ MX 
to those from the manual hemocytometer 

method, the Cellometer® Auto2000, and the 
Cellometer® Vision.

Bright field beads and CHO cells were 
used to compare Cellaca™ MX and hemocy-
tometer. Three independent samples of 5 μm-
beads were analyzed, each with 40 counts for 
the manual counting method and 144 counts 
(6 plates) for the Cellaca™ MX method. The 
values for the Cellaca™ MX were ~1.2% low-
er, ~2.35% lower, and ~0.71% higher than 
the manual counts for the three samples. The 
CVs for the Cellaca™ MX were 3.7%, 3.6%, 
and 3.9%, whereas the hemocytometer CVs 
were 4.5%, 4.3%, and 4.3% (Figure 6A). It 
is important to note that we selected beads 
for comparison to hemocytometer to ensure 
stability of samples over the long period of 
manual counting. 

 f FIGURE 6
Comparison of the Cellaca™ MX to other cell counting methods. 

(a) Comparison of 144 Cellaca™ MX counts to 40 manual counts for each of three 5-μm bead suspensions. (b) Comparison results for CHO cell 
counting between Cellaca™ MX and hemocytometer for 3 samples. (c) Live cell concentration measurements from two Cellaca™ MX instruments, 
two Cellometer™ Vision instruments, and two Cellometer™ Auto2000 instruments for Jurkat suspensions prepared in three concentrations. (d) 
Viability data for the same comparison shown in panel B. Viability was determined by AO/PI staining and dual-fluorescence imaging by all six 
instruments.
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The CHO cell samples were measured on 
both Cellaca™ MX (n = 24) and hemocytom-
eter (n = 4), which generated comparable cell 
counting results. The values for the Cellaca™ 
MX were ~5.3% higher, ~0.5% higher, and 
~12.1% lower than the manual counts for the 
2 high and 1 low concentration samples. The 
concentration CVs for Cellaca™ MX were 
4.2%, 6.4%, and 15.7%, whereas the hemo-
cytometer CVs were 5.8%, 6.8%, and 23.2% 
(Figure 6B).

Concentration and viability measure-
ments were compared for two Cellaca™ 
MX, Cellometer® Vision, and Cellometer® 
Auto2000 instruments using AO/PI-stained 
Jurkat cells in three concentrations. All six 
instruments produced reasonably consistent 
results with CVs ranging from 1.4 to 8.0% 
for cell concentration and viability (Figure 
6C & D). The live cell concentrations and via-
bility results showed comparable results and 
CVs for each sample and instrument (Sup-
plementary Table 2).

LoD & LoQ characterization using T 
cell dilution series

A standard serial dilution experiment can 
quickly characterize the linear range of a cell 
counting method with multiple DFs. The 
dilution series may reach sufficiently low 
concentrations to determine the method’s 
limit of detection (LoD) and limit of quan-
tification (LoQ). Because the results are spe-
cific to a particular method, each cell type, 
assay, or instrument should be investigated 
separately.

We performed serial dilution of T cells 
stained with AO/PI and counted them on 
the Cellaca™ MX. The 15-point dilution se-
ries in Figure 7 includes concentrations from 
2.3 x 103 to 2.8 x 107 cells/mL, far beyond 
the manufacturer-specified range. At the low 
end, only ~10 cells were counted in each 
image, indicating the lower concentration 
limit for single-image counts on the instru-
ment for this assay. The determined LoQ 
and LoD concentrations were approximately 

5.5 x 104 cells/mL and 2.3 x 103 cells/mL, 
respectively.

CONCLUSION
Reducing the cell counting bottleneck 
is critical to streamlining preclinical and 
clinical research and cell and biologics bi-
oprocessing. This work demonstrated the 
characterization and application of the 
Cellaca™ MX high-throughput cell count-
er. The system can directly count cells in 
BF and FL in as little as 1 and 3 min, re-
spectively. Cell counting performance was 
characterized for BF and FL applications 
using beads and CHO-S and Jurkat cells. 
We investigated and quantified precision 
within the Cellaca™ MX platform, includ-
ing count-to-count, plate-to-plate, and 
instrument-to-instrument precision show-
ing overall variation <8% for BF and FL. 
The results demonstrated high-quality cell 
counting evaluated through a dilution 

 f FIGURE 7
Live cell concentration for a 15-point 2X dilution series of 
T cells stained with AO/PI and imaged using dual-fluores-
cence mode on the Cellaca™ MX. 

The dilution series extended well beyond the instrument’s 
manufacturer-suggested concentration range, but good linearity 
extended down to the point of only ~10 cells visible in each counting 
chamber.
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High-throughput Automated Cell Counter
Cellaca™MX

Count 24 samples in less than 3 minutes

www.nexcelom.com | 978.327.5340 | info@nexcelom.com

• Small sample volume – only 25 µl of cell sample required

• Analyze complex samples – designed for cell lines as well as 
complex and messy samples including whole blood, peripheral 
blood, T cells, and bone marrow

• Autofocus – fast autofocus prior to analysis

• Cell based assays – apoptosis, protein expression (including GFP and 
RFP), and reactive oxygen species (ROS)

• Automation ready – robotic integration ability with optional API

• 21 CFR Part 11 ready – optional add-on that includes audit trail, 
user access control, and digital signature
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