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In this work, we describe a fully automated cytokinesis-
block micronucleus (CBMN) assay with a significantly
shortened time to result, motivated by the need for rapid
high-throughput biodosimetric estimation of radiation doses
from small-volume human blood samples. The Rapid
Automated Biodosimetry Tool (RABiT-II) currently consists
of two commercial automated systems: a PerkinElmer
cell::explorer Workstation and a GE Healthcare IN Cell
Analyzer 2000 Imager. Blood samples (30 ll) from eight
healthy volunteers were gamma-ray irradiated ex vivo with 0
(control), 0.5, 1.5, 2.5, 3.5 or 4.5 Gy and processed with full
automation in 96-well plates on the RABiT-II system. The
total cell culture time was 54 h and total assay time was 3
days. DAPI-stained fixed samples were imaged on an IN Cell
Analyzer 2000 with fully-automated image analysis using the
GE Healthcare IN Cell Developer Toolbox version 1.9. A
CBMN dose-response calibration curve was established, after
which the capability of the system to predict known doses was
assessed. Various radiation doses for irradiated samples from
two donors were estimated within 20% of the true dose (60.5
Gy below 2 Gy) in 97% of the samples, with the doses in some
5 Gy irradiated samples being underestimated by up to 25%.
In summary, the findings from this work demonstrate that
the accelerated CBMN assay can be automated in a high-
throughput format, using commercial biotech robotic sys-
tems, in 96-well plates, providing a rapid and reliable
bioassay for radiation exposure. � 2019 by Radiation Research Society

INTRODUCTION

The cytokinesis-block micronucleus (CBMN) assay,
based on the measurement of micronuclei (MN) level in
binucleated (BN) cells, was suggested by Fenech and
Morley (1) and is recommended by the International Atomic
Energy Agency (IAEA) as one of the cytogenetic methods

for radiation biodosimetry (2). In a mass casualty radiation
event situation, tens, or even hundreds of thousands of
people may be exposed. In such cases, automated and high-
throughput tools and approaches are necessary to estimate
radiation doses to individual victims (3, 4).

Different technologies have been designed and developed
for at least partial automation of the cytogenetic sample
preparation steps (5–7). However, such robotic systems
have all been low-throughput because they were designed
around 15-ml tubes and preparation of samples on
individual microscope slides. As an alternative to these
approaches, the Rapid Automated Biodosimetry Tool
(RABiT) was originally developed as a fully-automated
high-throughput system for radiation biodosimetry assays
making use of the standard 96-well microplate ANSI/SLAS
format (8–10) and custom-built robotics. With the recent
spread of commercial high-throughput robotic systems in
biotechnology and pharmaceutical industries that automate
many of the routine laboratory procedures, we have
previously reported the use of the standard ANSI/SLAS
multi-well format as the next-generation platforms for all
the steps of cytogenetic biodosimetry assays (11). Specif-
ically we developed the RABiT-II approach to biodosim-
etry, where standard cytogenetic assays are implemented on
commercial automated high-throughput screening platforms
in a 96-well plate format (12).

The main drawback of the CBMN assay, in its classical
implementation, is the long amount of time required to
culture cells to division, 68–72 h (2, 13). This culture time is
much longer than the 46–52 h required, for example, in the
dicentric chromosome assay (2, 14). This extra day in time-
to-answer represents a significant issue in the medical
management of radiation injury. A shorter culture time
would enhance the utility of the CBMN assay for the rapid
assessment of ionizing radiation exposure after large-scale
radiological events.

In classical CBMN protocols it is generally assumed that
culture times less than 60 h would result in unacceptably
low frequencies of BN cells in peripheral human blood
lymphocytes (15). However, it was recently shown, with the
use of imaging flow cytometry technology, that a radiation
dose-response curve can be obtained after reducing the
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culture time to 48 h, and that dose reconstructions could be
achieved using manually prepared blood samples of 200
and 2,000 ll with an accuracy of within 60.5 Gy (16, 17).

Shown here are the results of the accelerated (shortened
cell culturing time) CBMN assay using only 30-ll blood
samples, implemented on the automated RABiT II system.

MATERIALS AND METHODS

Blood Sample Collection and Irradiation

Blood samples (3.5–4 ml) were collected into heparinized
vacutainer tubes (BD Biosciences, Franklin Lakes, NJ) from 10
healthy volunteers (7 females and 3 males, 31–39 years old) after
informed consent was given (IRB protocol no. AAAF2671). Aliquots
of human blood (30 ll) were pipetted into 1-ml 2D-barcoded tubes
(Matrix Storage Tubes; Thermo Fisher Scientifice Inc., Waltham,
MA), placed into an ANSI/SLAS microplate format-compatible 96-
tube rack (8 3 12) and covered with the supplied top (Thermo Fisher
Scientific). The covered tubes in the racks were transported to a
Gammacellt 40 137cesium irradiator (Atomic Energy of Canada Ltd.,
Mississauga, Canada). Ninety-six tubes with blood samples from
donors 1–8 were used to generate a calibration curve. The tubes were
gamma-ray irradiated with 0 (control), 0.5, 1.5, 2.5, 3.5 or 4.5 Gy at a
dose rate of 0.70 Gy/min. Ninety-six tubes with blood samples from
donors 9 and 10 were used to test the dose prediction capabilities of
the accelerated, automated assay. These tubes were gamma-ray
irradiated with 0 (control), 1.0, 2.0, 3.0, 4.0 or 5.0 Gy at the same
dose rate. After irradiation, 200 ll of PB-MAXe karyotyping media
(Thermo Fisher Scientific) was added to each 30-ll whole blood
sample.

Automated Sample Processing

Our implementation of the fully-automated RABiT II system is
based on a cell::explorer Workstation (PerkinElmert Inc., Waltham,
MA) with integrated automated humidified incubator STX500
(LiCONiC US Inc., Woburn, MA) and automated imager IN Cell
Analyzer 2000 (GE Healthcare, Chicago, IL) (12). Incubation was
performed in situ in the same tubes in which the blood samples were
irradiated. The rack of tubes containing blood and PB-MAX
karyotyping media was placed into the automated incubator STX500
at 378C under 5% CO2 atmosphere. After 24 h of incubation,
cytochalasin-B (Sigma-Aldricht LLC, St. Louis, MO) was added to
the cultures to block cytokinesis of proliferating lymphocytes at a final
concentration of 6 lg/ml and cells were cultured for an additional 30 h
(total incubation time: 54 h).

After completion of cell culturing, all the samples were transferred
for fixation into standard height 96-well 450-ll volume microplates
(Corningt Inc., Corning, NY). The cells were treated with 0.075 M
potassium chloride and fixed with freshly prepared 3:1 methanol:-
acetic acid. All reagents for fixation and staining were at room
temperature.

Finally for imaging, each fixed cell sample was transferred to two
corresponding wells of two standard height glass-bottom 96-square-
well plates (630-ll well volume; Brooks Automation, Chelmsford,
MA) preloaded with 300 ll of 10:1 methanol:acetic acid, centrifuged,
aspirated and allowed to dry for 10 min before staining. Phosphate
buffered saline (200 ll) containing 1.5 lg/ml DAPI (40,6-diamidino-2-
phenylindole; Thermo Fisher Scientific) was added for staining of
nuclei and micronuclei.

Automated Imaging and Data Analysis

Glass-bottom microplates with fixed and stained samples were
scanned using the IN Cell Analyzer 2000 as described elsewhere (12).

TIFF images were acquired through a 203 lens with CCD camera
(2,048 3 2,048 pixel resolution) using 350/50 nm excitation and 455/
58 nm emission at an exposure time of 300 ms. Full well image
acquisition produced 81 images per each 60-mm2 well. The IN Cell
Analyzer 2000 allows hardware autofocusing using a laser module,
which identifies changes in refractive index to locate the solid-liquid
interface of the glass-bottom microplate. In addition to the laser
module, software autofocusing was used with computer algorithms to
automatically find the Z-axis position with the sharpest focus for each
acquired image.

Images acquired by the IN Cell Analyzer 2000 system were
analyzed using the Developer Toolbox 1.9 software (GE Healthcare).
Round objects of .0.5 lm2 were identified as nuclei using the nuclear
segmentation module. The data for these identified nuclei objects were
exported from Developer Toolbox 1.9 into Microsoftt Excelt 2010
for further data analysis. First, binucleated cells were identified with
the following criteria: two nuclei with area greater than 70 lm2,
similar object characteristics and with the distance between them less
than three times their average radius. A micronucleus was scored if the
distance from its center to the midpoint between the centers of two
nuclei in the associated BN cell was less than 15 lm, and also if the
area of the micronucleus was less than one third of the average area of
the two nuclei in the associated BN cell. SigmaPlote version 12.0 for
Windows (Systatt Software Inc., San Jose, CA) was used for curve
fitting.

RESULTS

The typical image of human blood sample processed by

RABiT-II for the accelerated CBMN assay with 54 h of cell

incubation is shown in Fig. 1. To generate the calibration

curve, yields of MN in BN cells for eight donors were

obtained for 96 human blood samples irradiated ex vivo with

FIG. 1. Image of an accelerated (54 h of cell culturing) CBMN
assay sample with DAPI-stained nuclei of human lymphocytes. Image
was captured by IN Cell Analyzer 2000 using 203 objective lens with
laser and software autofocusing. Binucleated cells are highlighted with
white circles.

RABiT-II: ACCELERATED MICRONUCLEUS ASSAY 233



doses in the range 0–4.5 Gy. The data are shown in Table 1

and Fig. 2. The average number of binucleated cells varies

with a maximum of 3,462 BN cells for control samples and

minimum of 938 BN cells for samples irradiated with the

highest dose of 4.5 Gy.

The calibration curve (Fig. 3) was fitted using data on MN

yields in all samples from eight healthy volunteers with the

linear-quadratic equation, Y¼ aD2 þ bD þ c, where Y is the

frequency of micronuclei per BN cell and D is the radiation

dose. The coefficient of determination for the regression

was R2 ¼ 0.994, and the resulting coefficients of the

calibration curve were: a ¼ 0.0039 6 0.0021 Gy–2, b ¼
0.0457 6 0.0081 Gy–1 and c ¼ 0.0143 6 0.0038.

In the dose-prediction study, 30-ll aliquots of human

blood from two healthy volunteers were dispensed into 96

microtubes and gamma-ray irradiated with 0, 1, 2, 3, 4 or 5

Gy. The samples were processed as before with the

accelerated RABiT-II CBMN protocol, and radiation doses

were estimated based on the calibration curve from the first

experiment (Fig. 3).

Following the standard guidelines for triage dosimetry

(18–20), acceptable dose estimation ranges were defined as:

within 0.5 Gy for doses up to 2 Gy; or within 20% for

higher doses. The data on actual doses compared to

estimated doses are shown in Table 2. The radiation doses,

including those for sham-irradiated samples, were estimated

acceptably in 97% of the samples; doses in the remaining

samples were underestimated by between 20 and 25%.

DISCUSSION

In this work, we have shown that the results of the CBMN

assay can be obtained almost one day earlier, using a

shortened cell culturing time (54 h) instead of the traditional

68–72 h, and by automation of all steps of the assay in the

96-well plate format, while preserving the capacity of the

method to estimate radiation doses. Two 96-well imaging

glass-bottom plates were used for 96 fixed cell samples to

increase the total surface per sample, because the bottom of

a well in a 96-well imaging plate has only 60 mm2, which is

30 times less than the surface of a standard microscope
slide.

All steps of the accelerated CBMN assay with 54-h cell
culturing were automated using the cell::explorer robot and
IN Cell Analyzer 2000 and applying the RABiT-II approach
(12). Since we did not use any functionality unique to this
system, we expect that the same assay can be easily
translated to other equivalent robotic platforms. The time
that is necessary for automated preparation of 96 samples
using RABiT-II after cell culturing was approximately 1 h,
which is considerably less than the 2.5 h necessary for
harvesting of 24 samples manually (7).

The time of automated imaging using the IN Cell
Analyzer was approximately 6 h for one 96-well plate.
This speed per sample is comparable with that reported for
the Metafer Slide Scanning System, which is used in some
radiation biodosimetry laboratories (19–21). Thus, consid-

TABLE 1
Yields of Binucleated (BN) Cells and Associated

Micronuclei (MN) in 30 ll Blood Samples Detected
Using the Accelerated RABiT-II CBMN Assaya

Dose
(Gy)

Mean no. of
BN cells in each sample

Mean no. of
MN associated with
BN cells in sample

Control 3,462 57.3
0.5 2,659 86.3
1.5 2,195 198.6
2.5 1,504 238.7
3.5 1,328 313.7
4.5 938 267.6

a Average from eight donors with two replicates for each donor and
dose after processing of 96 samples.

FIG. 2. The yield of micronuclei as a function of radiation dose for
eight healthy volunteers. These data were used to generate the
calibration curve.

FIG. 3. Fitted linear-quadratic radiation dose-response calibration
curve with 95% confidence bands for accelerated RABiT-II CBMN
assay in human lymphocytes for pooled data from eight donors.
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ering the time for culturing, fixing, imaging and data
analysis, the results for 96 samples of the accelerated
micronucleus assay can be obtained at the end of the third
day after the start of cell culturing. Throughput can in
principle be increased by running up to four plates per day
in parallel. For comparison, the earliest report time was 4
days after sample arrival in the laboratory intercomparison
work (19).

In contrast to conventional CBMN assay samples with
different forms of multinucleated cells (two, three, four
nuclei), it was found that practically all multinucleated cells
in the accelerated CBMN samples were in their binucleated
form (Fig. 1). This allows increasing of the number of cells
per well due to the smaller footprint of BN cells compared
to other forms of multinucleated cells. The mean yield of
BN cells for the accelerated RABiT-II micronucleus assay
using 30-ll blood samples (Table 1) is higher than 500 BN
cells for all radiation doses used exceeding the minimum
requirements of 200 BN cells for the traditional CBMN
assay in triage mode scoring according to the IAEA (2).

Results of dose estimates based on the accelerated
automated CBMN assay showed that only 3 of the 96
samples (3%) were underestimated. Moreover, these three
samples were irradiated with 5.0 Gy, while all samples that
were exposed up to 4.0 Gy were estimated correctly using
the conventional uncertainty intervals described above. For
comparison, in the work of Depuydt et al. (20), the success
rate using a traditional CBMN assay was considerably
lower: less than 90% for low-dose irradiation (,2.5 Gy)
and less than 75% for high-dose irradiation (.2.5 Gy). The
slightly higher number of dose estimates falling into the
60.5 Gy interval, when employing an automatic instead
of manual fixation procedure combined with semi-automat-
ed scoring on microscope slides, was found in other studies

(7). Better accuracy of dose estimates using the automated
accelerated CBMN assay could be explained by the
automated sample preparation in which all samples in a
multi-well plate are processed simultaneously and repeat-
edly between runs.

In summary, the results of this work demonstrate that the
accelerated CBMN assay can be automated in a high-
throughput format by using commercial biotech robotic
systems designed for running assays in standardized multi-
well plates. This approach can be used for emergency triage
radiation biodosimetry with precision comparable to a
standardized CBMN assay based on analysis of samples
prepared on microscopic slides.
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