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Abstract To ensure cell-based assays are performed

properly, both cell concentration and viability have to

be determined so that the data can be normalized to

generate meaningful and comparable results. Cell-

based assays performed in immuno-oncology, toxi-

cology, or bioprocessing research often require mea-

suring of multiple samples and conditions, thus the

current automated cell counter that uses single

disposable counting slides is not practical for high-

throughput screening assays. In the recent years, a

plate-based image cytometry system has been devel-

oped for high-throughput biomolecular screening

assays. In this work, we demonstrate a high-through-

put AO/PI-based cell concentration and viability

method using the Celigo image cytometer. First, we

validate the method by comparing directly to Cel-

lometer automated cell counter. Next, cell concentra-

tion dynamic range, viability dynamic range, and

consistency are determined. The high-throughput AO/

PI method described here allows for 96-well to

384-well plate samples to be analyzed in less than

7 min, which greatly reduces the time required for the

single sample-based automated cell counter. In

addition, this method can improve the efficiency for

high-throughput screening assays, where multiple cell

counts and viability measurements are needed prior to

performing assays such as flow cytometry, ELISA, or

simply plating cells for cell culture.
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Introduction

Cell concentration and viability are two simple yet

important parameters to measure when working with

cell-based research such as immuno-oncology, toxi-

cology, and bioprocessing (Ongena et al. 2010; Chan

et al. 2011a, b; 2012b). Assays from standard cell

culture, plating cells for ELISA, to preparing cells for

flow cytometric analysis, all require accurate mea-

surements of cell concentration and viability in order

to generate meaningful and comparable results (Chan

et al. 2013). Traditionally, cell concentration and

viability have been measured by manual counting

trypan blue-stained cell sample on a hemacytometer.

However, this method is time-consuming and has high

operator-dependent variation.

In the recent years, numerous fluorescent image-

based automated cell counters have emerged in the

market for simple cell concentration and viability

measurement such as Countess II (ThermoFisher
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Scientific) (Han et al. 2015; Roma et al. 2015), LUNA

(Logos Biosystems) (Duong et al. 2012; Kang et al.

2012), and Cellometer (Nexcelom Bioscience) (Ran-

guelova et al. 2013; Jain et al. 2015). In general, these

image cytometry instruments utilize disposable count-

ing chambers filled with fluorescently stained cells for

single sample counting. Although the automated cell

counters have increased efficiency for cell-based

assays, single use disposable counting chambers

remain time-consuming for counting multiple samples

simultaneously. Specifically, Cellometer has been

used with acridine orange (AO) and propidium iodide

(PI) fluorescence detection for direct cell counting and

viability measurement (Chan et al. 2012a, 2014),

where the system has been validated through compar-

ison to flow cytometry in many publications (Kuksin

et al. 2016). Sample preparation, image acquisition,

and analysis takes approximately 1.5 min to obtain

results, and therefore the total required time to image

and obtain results significantly increases to more than

2 h for 96 samples. Since many of the assays described

previously often times require multiple samples and

conditions for performing an experiment, the single

use automated cell counters are not practical for higher

throughput biomolecular screening assays.

Recently, a plate-based image cytometry system,

Celigo, has been developed for high-throughput cell-

based assays (Nabzdyk et al. 2011; Vinci et al. 2012).

The optics of the Celigo system are designed using the

F-Theta lens and large uniform bright-field illumina-

tion to generate uniform whole well bright-field and

fluorescent images for analysis. In addition, the system

also utilizes galvanometer mirrors that can rapidly

capture multiple images across the plate with minimal

stage movement.

In this work, we demonstrate a high-throughput

AO/PI-based cell concentration and viability method

using the Celigo image cytometer. AO is a membrane

permeable nuclear dye that stains both live and dead

cells green, while PI is a membrane impermeable

nuclear dye that stains dead cells red. When dead cells

contained both AO and PI, fluorescence resonance

energy transfer (FRET) occurred, where AO emission

was absorbed by PI molecules, thus only live cells

fluoresced green. First, we validated the method by

comparing directly to Cellometer automated cell

counter. Next, cell concentration and viability

dynamic range were determined. Finally, concentra-

tion and viability consistency were determined. The

high-throughput AO/PI method described here allows

96–384 samples to be analyzed in less than 7 min,

which greatly reduces the total time required for

imaging and analysis of a large number of samples. In

addition, this method can improve the efficiency for

high-throughput screening assays, where multiple cell

counts and viability measurements are needed prior to

performing the assay.

Materials and methods

Celigo image cytometer instrumentation

and software

The Celigo image cytometer (Nexcelom Bioscience,

Lawrence, MA, USA) has been used in various cell-

based assays in previous publications (Feng et al. 2011;

Vinci et al. 2012), which utilized a transmission and

epifluorescence optical setup for one bright-field (BF)

and three fluorescent (FL) imaging channels (blue,

green, red, and far red) to perform plate-based image

cytometric analysis. Both BF and FL imaging channels

utilize high power light-emitting diode (LED) for

illumination and excitation. Each FL imaging channel

used a specific fluorescent filter set for the correspond-

ing colors: blue (EX 377/50 nm, EM470/22 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 green and red channels are used to

detect AO and PI, respectively. The exposure times for

AO and PI are 7000 and 5000 ls, respectively.
The combined optics and digital imaging allowed

variable imaging resolutions from 1 to 8 lm2/pixel.

The proprietary optics setup can capture highly

uniform image of the entire well on a standard

microplate. In addition, the F-Theta lens and Galvano-

metric mirrors allowed rapid image capturing process,

where 96 whole well images can be captured in less

than 4 min for bright-field imaging. The motion stage

would move to the center of each well, and rapidly

capture 16 images using the Galvanometric mirrors.

This process allowed minimum movement of the plate

holder stage, thus reducing the time required to scan the

entire plate and reducing the perturbation of the

samples. Cells that are seeded in standard microplates

(6, 12, 24, 48, 96, 384, and 1536-well) can be auto-

focused using the Celigo software. Two focus mech-

anisms can be applied: Image-Based Auto-Focus
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(IBAF) uses a software algorithm to step upward and

downward in the Z-axis to determine the best focus for

each well. Hardware-Based Auto-Focus (HBAF) mea-

sures the distance between two beams indicating the

thickness of the bottom plastic film, and the measured

distanced is applied to each well to focus. In this work,

Greiner 96-well microplates were used due to their

consistency and flatness across the well and plate.

The Celigo software consisted of five major

sections: START, SCAN, ANALYZE, GATE, and

RESULTS. The START section allows users to select

the type of microplates to use in the experiment, as

well as entering the general information about the

experiment. The SCAN section allows users to setup

imaging and scanning parameters for the microplate,

such as imaging channels and areas to scan on the

plate. The ANALYZE section allows the users to setup

image analysis parameters to count the cells of interest

in the plate. The GATE section allows users to graph

histogram and scatter plot of data analyzed from the

captured images, and perform flow-like gating pro-

cess. Finally, the RESULTS section allows the users to

view counting results, export data to excel, as well as

whole-well stitched images.

Cellometer image cytometer instrumentation

and disposable counting chamber

The Cellometer Vision instrumentation (Nexcelom

Bioscinece) has been described previously (Chan et al.

2012a, 2013, 2014). The system utilizes a transmission

and epifluorescence optical setup for one BF and two

FL channels to perform image-based cytometric

analysis. BF imaging uses a broadband white LED

and fluorescence imaging used two different

monochromatic LEDs (470 and 527 nm) as the

excitation light sources. Each monochromatic excita-

tion is paired with a specific excitation (nm)/emission

(nm) filter set, VB-535-402 (EX 475/40 nm, EM

535/40 nm) and VB-660-502 (EX 540/30 nm, EM

660/40 nm) for the detection of acridine orange (AO)

and propidium iodide (PI). The exposure times for AO

and PI are 300 and 4000 ms, respectively.

The AO/PI-stained target cell samples are pipetted

into the Nexcelom disposable counting chamber,

which holds precisely 20 ll of samples. An automated

stage moves the counting chamber linearly to 4

locations for BF and FL imaging and analysis, upon

imaging the target cells are identified and counted by

the software to calculate concentration and viability.

The system has a concentration dynamic range of

1 9 105 – 7 9 107 cells/ml, which correlates to

*10–10,000 counted cells.

Jurkat cell preparation and AO/PI staining protocol

The Jurkat cell line (TIB-152, ATCC, Manassa, VA,

USA) were cultured in RPMI 1640 mediumwith 10 %

FBS, and 1 % pen/strep and maintained at 37 �C and

5 % CO2. All reagents used were purchased from

Thermo Scientific (Waltham, MA, USA).

The Jurkat cells are stained with AO and PI to

determine live cell concentration and viability. For

Cellometer, the AO/PI staining solution (Nexcelom

Bioscience, Lawrence, MA) was mixed 1:1 with the

Jurkat sample (20 ll:20 ll), immediately pipetted into

the disposable counting chamber, and then analyzed in

the Cellometer. For Celigo, the AO/PI staining

solution was diluted 109 in PBS and 180 ll was

pipetted into each well on a 96-well microplate

(Greiner 655090). Next, 20 ll of Jurkat cells were

added to each well with AO/PI. The 96-well micro-

plate was centrifuged and immediately scanned and

analyzed in the Celigo.

Validation of the Celigo high-throughput

concentration and viability detection method

In order to validate the Celigo high-throughput

concentration and viability detection method, two

Jurkat cell cultures were collected at high and low

concentrations. Jurkat cells at different concentrations

were stained with AO/PI following the Cellometer and

Celigo staining protocol described above for compar-

ison. Live cell concentrations of 20 Jurkat samples in

disposable counting chambers or 96-well plate were

analyzed on Cellometer and Celigo, respectively. The

live cell concentration and viability results were

immediately generated and displayed from the com-

pleted Cellometer counts. Celigo cell counts per well

were exported to excel, where cell concentrations were

calculated by dividing the total number of counted

cells by 0.02 ml (volume of cells pipetted per well),

cell viability was calculated by dividing live cell count

(AO count) by total cell count (AO ? PI count). A 2

t test was also calculated in excel to determine the

p value and statistically compare Celigo and Cellome-

ter results.
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Consistency of the Celigo concentration

and viability detection method

In order to demonstrate the consistency of the Celigo

high-throughput method, a 96-well plate of Jurkat

cells stained with AO/PI was scanned and analyzed

using Celigo. The live and dead cell count data were

exported to an excel template for direct concentration

and viability calculation. The average, standard devi-

ation, and coefficient of variation of cell count,

concentration, and viability were also calculated in

excel.

Fig. 1 Bright-field and

fluorescent images captured

on Celigo image cytometer.

The bright-field images

showed outlines of Jurkat

cells in the wells. The AO

(pseudo-color green) and PI

(pseudo-color red)

fluorescent images showed

more cells in the high

concentration samples for

both AO and PI positive

Jurkat cells. The combined

image showed that there was

minimum optical cross-talk

between the AO and PI

fluorescence. (Color

figure online)
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Fig. 2 Comparison of

Jurkat cell concentration and

viability measurement for

high and low concentration

samples between

Cellometer and Celigo

image cytometers. a High

and b low Jurkat cell

concentration results

showing comparable

measurement between the

two systems. It is important

to note that the error bars for

Celigo are much lower than

those for Cellometer due to

the fact that Celigo analyzes

a larger number of cell

samples. c Viability

comparison also showed

comparable results and

smaller error for Celigo. The

calculated p values was

greater than 0.05 for all the

comparison results

indicating that they are

statistically the same. (Color

figure online)
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Linearity of the Celigo concentration and viability

detection method

In order to measure the linearity of the Celigo high-

throughput method, both concentration and viability

series of Jurkat cells were measured on Celigo. For

concentration linearity, a flask of Jurkat cell culture

was collected and the concentration was measured on

the Cellometer. Next, the cell sample was centrifuged

and resuspended in PBS to produce an initial working

concentration of 3.6 9 106 cells/ml. The concentrated

cell sample was serially diluted by 29 to generate 12

different concentrations of Jurkat cells from 4 9 106

to 2 9 103 cells/ml. After preparing the different cell

concentration samples, 180 ll of 109 diluted AO/PI

staining solution was pipetted into each well on a

96-well microplate, and 20 ll of Jurkat cells at each
concentration was transferred into column 1–12. The

microplate was immediately analyzed using the

Celigo.

For viability linearity, Jurkat cell sample was

prepared at a concentration of 5 9 105 cells/ml in

10 ml. Half of the cells was heat-killed by boiling for

15 min and then mixed with the healthy sample to

artificially generate Jurkat cell sample at 0, 25, 50, 75,

and 100 % viability. After preparing the different cell

viability samples, 180 ll of 109 diluted AO/PI

staining solution was pipetted into each well on a

96-well microplate, and 20 ll of Jurkat cells at each
viability was transferred into column 1–6. The

microplate was immediately analyzed using the

Celigo.

Table 1 Comparison of

numerical results between

Cellometer and Celigo

image cytometers

Cellometer Celigo p value

AVE STD AVE STD

High

Live 1.06E?06 8.44E?04 1.03E?06 5.09E?05 0.09

Dead 5.11E?05 4.74E?04 1.07E?04 7.60E?03 0.84

Viability 67.5 % 1.6 % 66.9 % 0.4 % 0.11

Low

Live 3.81E?05 4.48E?04 3.99E?05 2.05E?04 0.12

Dead 5.65E?04 1.32E?04 5.44E?04 7.12E?03 0.55

Viability 87.1 % 2.8 % 88.0 % 1.2 % 0.17

Fig. 3 An example of

whole plate total cell

counting results directly

obtained from the Celigo

software. The results are

exported directly to excel

and the data are analyzed

according to the assay

requirement
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Fig. 4 Bright-field and

fluorescent images of AO

stained Jurkat cells at

different concentrations.

Serial dilutions of Jurkat

cells were stained with AO

to generate concentration

linearity plot. The images

showed decreasing cell

numbers as the

concentration decreased. In

addition, the purple outline

of the Jurkat cells indicated

that these cells were counted

by the software. Even at

very low concentration

when only a few cells were

present, the Celigo software

was able to count each AO

or PI positive cell. (Color

figure online)
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Results and discussion

Cellometer and Celigo concentration and viability

comparison results

The bright-field and fluorescent images captured using

Celigo are shown in Fig. 1. In order to validate the

Celigo high-throughput cell counting and viability

method, high and low concentrations of Jurkat cells

were measured on Cellometer and Celigo using AO/PI.

The concentration and viability comparison results are

graphed in Fig. 2. The high and low concentration

comparison showed comparable results between Cel-

lometer and Celigo. The numerical results are shown in

Table 1, where p values for concentration and viability

of each sample are greater than 0.05, which indicates

that they are statistically the same. Importantly, the

results generated using Celigo showed lower standard

deviation in comparison to Cellometer due to the fact

that the entiremicroplatewas analyzed at the same time,

using the same cell parameters, thus improving the

statistical significance of each cell count. In addition, the

image capture and analysis times for Cellometer and

Celigo were approximately 60 and 3 min for 20 Jurkat

samples, respectively, validating that Celigo greatly

increased the throughput for cell counting.

Consistency results of the Celigo high-throughput

detection method

In this experiment, we characterized the Celigo high-

throughput cell counting method by determining the

consistency of the whole plate measurement, as well

as concentration and viability linearity range. The

whole plate cell count and viability results are shown

in Fig. 3, which were directly obtained from the

Celigo software. These results were exported to excel

to calculate the coefficient of variation (CV) of live

cell count and viability. The average live cell count

was 9565 ± 237 and the CV is 2.5 %. The average

viability is 96.1 ± 0.4 % and the CV is 0.4 %. The

results showed highly consistent data from the whole

plate of cell counting, which can further improve

statistical analysis of multi-sample experiments.

Dynamic range and linearity results of the Celigo

high-throughput detection method

The bright-field and fluorescent images of AO stained

Jurkat cells are shown in Fig. 4. The images showed

decreasing cell number as concentration decreased.

The linearity range graph for cell concentration is

shown in Fig. 5. The results showed that the maximum

concentration was 4.25 9 106 cells/ml, while mini-

mum concentration was 3.23 9 103 cells/ml. How-

ever, since the Celigo images and analyzes the entire

well, a single cell may be imaged and detected. In

comparison to the theoretical values, the R2 value of

0.9937 indicates that they are highly linearly corre-

lated. The bright-field and combined AO/PI fluores-

cent images of Jurkat cells at different viability

percentages are shown in Fig. 6. The images showed

decreasing AO positive cells and increasing PI

Fig. 5 The concentration

linearity graph shows a R2

value of 0.9937, which

indicates high correlation

between the calculated

theoretical values and

experimental results
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positive cells as the viability decreased. It is important

to note that in this experiment, we pipetted 20 ll into
each well, however, when the volume of cells pipetted

in was decreased by 2 or 4 times, then the upper

concentration can increase correspondingly to

8.50 9 106 or 1.70 9 107 cells/ml.

Fig. 6 Bright-field and

combined images of AO/PI

stained Jurkat cells at

different viability

percentages. Different

viability percentages were

generated by mixing live

and heat-killed Jurkat cells

to create a viability linearity

plot. The images show

decreasing AO positive cells

and increasing PI positive

cells as the viability

decreased. In addition, the

purple and blue outlines of

the live and dead Jurkat

cells, respectively, indicated

that these cells were counted

by the software. (Color

figure online)
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The linearity range graph for cell viability is shown

in Fig. 7. The results showed strong correlation

between experimental and theoretical viability values,

generating a R2 value of 0.9977. It is also important to

note that the high-throughput AO/PI method can

measure viability percentages from 0 to 100 %. The

Celigo image cytometer can generate accurate and

consistent cell concentration and viability measure-

ments by increasing the number of cells counted per

sample, which increases the dynamic range of the

system.

Conclusion

In conclusion, we have demonstrated a plate-based

high-throughput cell count and AO/PI viability detec-

tion method using the Celigo image cytometer. The

method was validated against the Cellometer auto-

mated cell counter, which utilizes single use dispos-

able counting chambers. Currently, Cellometer has

been validated against manual counting as well as flow

cytometry. Therefore, by comparing Celigo to Cel-

lometer, the comparison showed highly accurate

results (Chan et al. 2011a, 2014; Kuksin et al. 2016).

In addition, Celigo image cytometer has been utilized

in several publications for direct cell counting and

cytotoxicity measurement, thus confirming the use of

the system for viability detection (Hansen et al. 2015;

Mazor et al. 2016; Riedl et al. 2016). The method was

further characterized by determining the consistency

and dynamic range for cell concentration and viability

measurement, which showed highly consistent results

and improved dynamic range. The ability to analyze

samples in a plate format reduced the assay time

significantly from 60 to 3 min for 20 samples, which

greatly increased throughput. The proposed method

can be used for assays involving cytotoxicity mea-

surement for cancer research, simple cell counting for

ELISA plating, for flow cytometry assays, or quality

assurance for bioprocessing samples. These types of

assays often require multiple samples, which can fully

utilize the advantages of the Celigo image cytometry

method.
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