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high-throughput approaches for radiation biodosimetry has
been identified as a high priority.
Ionizing radiation induces chromosomal damage, which
can be tested through the utilization of cytogenetic assays.
The ‘‘gold standard’’ in radiation biodosimetry for individuals accidentally exposed to ionizing radiation is the
analysis of dicentric chromosomes (7). Although a very
powerful technique in radiation biological dosimetry, a
major drawback in dicentric chromosome analysis is that it
is very time consuming. Skilled cytogeneticists or technicians can analyze 200–500 metaphase cells per day (8–10)
or for triage purposes, 50 metaphases can be analyzed in
15–20 min using simplified scoring rules (11, 12) or a semiautomated approach (13). For large-scale radiation accidents
it is necessary to develop biodosimetry methods with higher
throughput and, potentially, full automation including
image analysis, to eliminate the subjectivity associated with
manual or semi-automated analysis of cytogenetic samples.
In the past 20 years, a variety of new and faster
biodosimetric assays have been developed (14–16), including the well-established cytokinesis-block micronucleus
(CBMN) assay (17). The CBMN assay enables the scoring
of micronuclei in cells that have undergone a single nuclear
division. Micronuclei are induced by ionizing radiation and
are acentric chromosome fragments and whole chromosomes that are unable to interact with the spindle fibers in
the nucleus. These micronuclei lag behind at anaphase, and
as a result are not included in the main daughter nuclei,
remaining in the cytoplasm as small circular entities.
Compared to the labor-intensive dicentric assay, the easy
and rapid scoring of micronuclei in the CBMN assay makes
this method very attractive for population triage in the case
of large-scale radiation accidents, as well as for large-scale
assessment of genetic damage in radiation workers
receiving a high dose of radiation (18). Obtaining
immediate results will be critical after a large-scale accident
because of the need to identify, at an early stage, those
individuals who will benefit from medical involvement and
those who will not. However, there still remains an unmet
need to speed up sample processing in the CBMN assay for
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Biodosimetry is an essential tool for providing timely
assessments of radiation exposure. For a large mass-casualty
event involving exposure to ionizing radiation, it is of utmost
importance to rapidly provide dose information for medical
treatment. The well-established cytokinesis-block micronucleus (CBMN) assay is a validated method for biodosimetry.
However, the need for an accelerated sample processing is
required for the CBMN assay to be a suitable population
triage tool. We report here on the development of a highthroughput and miniaturized version of the CMBN assay for
accelerated sample processing. Ó 2015 by Radiation Research Society

INTRODUCTION

The threat of radiation exposure due to a large-scale
radiological accident or detonation of small radiological
dispersal or improvised nuclear devices (IND) in a masscasualty setting is a serious public health concern (1, 2). In
addition to the aforementioned, natural disasters causing the
meltdown of nuclear reactors such as in the Fukushima
Daiichi Nuclear Power Plant catastrophe are also matters of
concern. In such cases, it may be imperative to screen tens
or hundreds of thousands of individuals for radiation
exposure, both to identify and prioritize individuals that
would benefit from medical treatment and to alleviate the
concerns of the ‘‘worried well’’ (3–5). The threat of largescale radiological incidents has led to a number of recent
developments in the fields of biological and physical
dosimetry (6). However, to triage potentially large numbers
of people exposed to ionizing radiation, the development of
1 Address for correspondence: Center for Radiological Research,
Department of Radiation Oncology, Columbia University Medical
Center, New York, NY 10032; e-mail: djb3@cumc.columbia.edu.
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FIG. 1. Panel A: 1.4 mL 2D-barcoded microtube. Panel B: 96-tube rack (8 3 12) containing 1.4 ml 2Dbarcoded microtubes with lid. Panel C: Bottom of 96-tube rack showing barcodes. Panel D: ‘‘Tip regulator’’ for
aspirating solutions from microtubes, generated by removing protrusions from underneath the Eppendorf tip
holder. Panel E: Tip-regulator placed on top of 96-tube rack. Panel F: 1,250 ll filter tips on electronic
multichannel pipet with tip-regulator (8 or 12 channel pipet can be used).

triaging tens or hundreds of thousands of individuals who
are accidentally exposed to radiation.
We report here on the development of a high-throughput
and miniaturized version of the CMBN assay. Our approach
to the problem of accelerated sample processing was to
reduce the volume of human whole blood used to 50 ll,
which would then be cultured, treated with hypotonic
solution and fixed into individual 1.4 ml barcoded microtubes. These microtubes are conveniently organized into an
industry standard 8 3 12 microtiter plate format allowing for
simultaneous processing of 96 samples using common
laboratory equipment (Fig. 1). We then fully automated the
analysis of binucleates and micronuclei on slides using the
Metafer software. With this new format, processing of
hundreds or even thousands of samples can be accomplished by one individual within a day after culturing. This
study aimed to optimize, assess and validate the new assay
as a tool for population triage purposes after a mass-casualty
radiation event.
MATERIALS AND METHODS
Human Whole Blood (50 ll) CBMN Assay Protocol
Heparinized blood samples (3 ml) were collected from ten healthy
volunteers (6 females and 4 males) in the age range of 24–50 years
after informed consent was obtained. For each donor, 50 ll blood
samples were pipetted into 1.4 ml 2D-barcoded tubes and placed into a
96-tube rack (8 3 12) and the tubes were covered with the supplied top
(Thermo Fisher Scientific Inc., Waltham, MA). For each donor,
duplicate samples were prepared and analyzed. The covered tubes in
the racks were transported to a Gammacell 40 137Cesium irradiator
(Atomic Energy of Canada, Ltd., Mississauga, Canada) and exposed

to 1, 2, 3, 4 and 5 Gy gamma rays. After irradiation, 500 ll of PBMAXe karyotyping media (Life Technologies, Grand Island, NY)
was added to the 50 ll human whole blood samples and mixed three
times [or self-prepared in house media was used: RPMI 1640, 10%
fetal bovine serum, 2% phytohemagglutinin-M (PHA-M) and 2%
penicillin/streptomycin (all from Life Technologies)]. Two different
media types were utilized in this protocol to compare and determine
the efficacy of each in a large-scale radiological event.
Culturing tubes were placed into a 378C/5% CO2 incubator for 44 h.
After 44 h of incubation, cytochalasin-B (Sigma-Aldricht LLC, St.
Louis, MO) was added to cultures to block cytokinesis of proliferating
lymphocytes at a final concentration of 6 lg/ml and a final
concentration of 0.5% DMSO, and cells were gently mixed five
times to break up pellets. Samples were placed back into a 378C/5%
CO2 incubator for an additional 26 h. After 70 h, plate(s) containing
whole blood samples in 1.4 ml 2D-barcoded tubes were removed from
the incubator. The media above the settled cell pellet was aspirated
without disturbing the pellet using a multichannel electronic pipet
(Eppendorf or Thermo Scientific) and a ‘‘tip regulator’’ leaving
approximately 150 ll behind (Fig. 1). The tip-regulator was used for
all aspiration steps. A timer was set for 10 min. Room temperature
0.075 M KCl (850 ll) (Life Technologies) was added and the timer
was started after the first addition of KCl. While the timer was
running, a multichannel electronic pipet was set to 500 ll for gentle
mixing, samples were then gently mixed six times. After 10 min, 200
ll of ice-cold 4:1 fixative (methanol:acetic acid) was added and then
immediately gently mixed three times with the electronic pipet set at
500 ll. Using a centrifuge adaptable for spinning plates, samples were
centrifuged at 1,200 rpm for 3 min. Supernatant (850 ll) was removed
without disturbing the pellet using the multichannel electronic pipet. A
manual 300 ll multichannel pipet set at 200 ll was then used to mix
the hard dark pellet eight times. Ice-cold 4:1 fixative (850 ll) was
added and gently mixed three times using the multichannel electronic
pipet. Samples were then centrifuged at 1,200 rpm for 3 min. The
steps consisting of the removal of supernatant, addition of ice-cold
fixative and centrifugation were repeated two additional times or until
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Human Lymphocyte Isolation Protocol

FIG. 2. Panel A: General scheme for 50 ll human whole blood
micronucleus assay protocol. Panel B: Specific steps for hypotonic
treatment and fixation for 50 ll human whole blood micronucleus
assay protocol.
samples were clear (Fig. 2B). After the last fixative wash, supernatant
was removed leaving 50 ll of sample without disturbing the pellet.
The temperature of the room where slides were to be made was
confirmed to be between 65–708F. A single channel manual pipet was
used to resuspend the pellet 10 times and to aliquot 25 ll of sample
onto the bottom third of the slide where it was allowed to evaporate for
15–30 s. The remaining 25 ll of the sample was added to the top third
of the same slide. Complete evaporation of all slides was allowed for
at least 10 min before staining. Finally, 25 ll of Vectashieldt media
containing DAPI (4 0 ,6-diamidino-2-phenylindole) (Vector Laboratories, Burlingame, CA) was added onto the slides and a coverslip was
placed on top of each slide. Slides were placed in the dark for 10 min
to allow the stain to spread evenly throughout the sample, then stored
at 48C until analysis.

Heparinized blood samples (3 ml) were collected from five healthy
volunteers (3 females and 2 males) in the age range of 24–50 years
after informed consent was obtained. For each donor, 500 ll blood
samples were pipetted into 15 ml conical tubes. For each donor,
duplicate samples were prepared and analyzed. The tubes were
irradiated with gamma rays (2, 4, 5 and 6 Gy) using a Gammacell 40
137
Cesium irradiator (Atomic Energy of Canada Ltd.). After irradiation, 1.5 ml of prewarmed RPMI 1640 media (Life Technologies) was
added to the 500 ll human whole blood samples and mixed
thoroughly. The blood sample was carefully layered on top of 2 ml
of pre-aliquoted Histopaquet-1077 (Sigma-Aldrich). Once layered,
samples were centrifuged at 1,220 rpm for 45 min at ambient
temperature. Complete media (5 ml, RPMI 1640), 10% fetal bovine
serum, 2% PHA-M and 2% penicillin/streptomycin (all of which were
acquired from Life Technologies) was added into 6-well plates
(Corning Inc., Corning, NY). Once centrifugation was completed, the
white ring of lymphocytes was aspirated and transferred into culture
media in the 6-well plates and the plates were swirled for good mixing.
The 6-well plates that contained isolated lymphocytes were placed into
a 378C/5% CO2 incubator for 44 h. After 44 h of incubation,
cytochalasin-B (Sigma-Aldrich) was added at a final concentration of
6 lg/ml and a final concentration of 0.5% DMSO to cultures, and the
plates were swirled to mix. At 70 h, samples were removed from the
incubator and the contents of each well were transferred into properly
labeled 15 ml conical tubes. The wells were washed with 3 ml of
phosphate buffered saline (PBS; Life Technologies) and then added to
the correct 15 ml conical tubes. The conical tubes were then filled to
10 ml with PBS. The samples were then centrifuged for 10 min at
1,000 rpm. Once centrifugation was completed, the supernatant was
aspirated leaving ;1 ml. Plastic transfer pipets were used to gently
push air into the solution to break the pellet; this ‘‘air bubbling’’
technique was performed 40–50 times. Hypotonic solution (1 ml of
0.075 M KCl; Life Technologies) was added to all samples, then a
timer was started which was set for 10 min. The cell suspension was
air bubbled in KCl three to four times with a transfer pipet and then the
volume was brought up in each sample to 8 ml using KCl. After 10
min, 2 ml of ice-cold 3:1 (methanol:acetic acid) fixative was added,
then the tubes were capped and inverted two times to mix. The
samples were then centrifuged for 10 min at 1,000 rpm. After
centrifugation, the supernatant was aspirated with a transfer pipet
leaving 2 ml of sample. Transfer pipets were used to air bubble the
samples 30 times. Then 2 ml of ice-cold fixative was added and air
bubbled twice to mix. The final volume in the conical tube was
brought up to 12 ml using ice-cold fixative, and the tubes were then
capped and inverted twice to mix. The samples were allowed to
incubate at room temperature for 10 min, centrifuged at 1,000 rpm for
10 min at ambient temperature. After centrifugation, the supernatant
was aspirated leaving 1 ml of sample, then 5 ml of ice-cold fixative
was added. The samples were kept in the refrigerator overnight to
ensure the cells were completely fixed. On the next day, the samples
were centrifuged at 1,000 rpm for 10 min at room temperature. The
supernatant was removed by uncapping and inverting the tube for 3 s
and the tube was placed back upright. The caps were placed back onto
each tube, which was then allowed to sit undisturbed for 10 min,
enabling the liquid to settle down. The pellet was resuspended by air
bubbling 10 times with a glass Pasteur pipet equipped with a 1 ml
dropper bulb. A micropipet was used to aspirate 25 ll of cell
suspension and dropped onto the center of the glass slide and swirled.
All slides prepared were allowed to air dry completely, which took
about 10 min in a room at 65–708F. Once dried, 25 ll of Vectashield
media containing DAPI (4 0 ,6-diamidino-2-phenylindole) (Vector
Laboratories) was added onto each slide and a coverslip was placed
on top of the sample. The slides were placed in the dark for 10 min to
allow the stain to spread throughout the sample, then stored at 48C
until analysis.
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TABLE 1
Classifier Settings Used in Automated Image Analysis of Micronuclei in Human Lymphocytes
Object
Nuclei

Micronuclei

Parameter of classifier

Current study

Object threshold (%)
Minimum area (lm2)
Maximum area (lm2)
Maximum relative concavity depth
Maximum aspect ratio
Maximum distance (lm)
Maximum area asymmetry (%)
Region of interest radius
Maximum object area in region of interest (lm2)
Image processing operations
Object threshold (%)
Minimum area (lm2)
Maximum area (lm2)
Maximum relative concavity depth
Maximum aspect ratio
Maximum distance
Image processing operations

15
80
1,000
0.16
1.37
25
90
40
45
Sharpen (3,4), median V(3), median H(3), average (3,2)
6
1
50
0.7
1.72
60
Median V(3), median H(3), average (3,1), sharpen (5,5) SBHistoMax

Automated Scoring by Metafer
Entire slides were scanned at 103 magnification with Metafer 4
software (MetaSystems, Altlussheim, Germany) consisting of a
microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) and
motorized stage capable of scanning eight slides unattended. The
Metafer classifier (Table 1) was run on the Metafer MSearch platform
version 3.5 software. Images were captured using a high-resolution,
monochrome megapixel charge coupled device (CCD) camera. Details
concerning slide-scanning principles, stage movements, focusing and
image acquisition can be found in earlier publications (19–22).

RESULTS

shown in Fig. 2A and B. Automated dose-response curves
were generated for each media type examined. Metafer was
used to analyze entire slides and scored a variable number
of binucleated cells for each dose, which is related to the
fact that the number of dividing cells decreases with
increasing radiation dose. A dose-related increase of
binucleate cells with micronuclei ratio (Mn/BN) was
observed for both media types investigated (Fig. 3). Both
curves were fitted with a linear quadratic equation Y ¼ ax2 þ
bx þ c. The data obtained showed a good correlation
between PB-MAX karyotyping and traditional self-prepared
in house culturing media at every dose tested.

Comparison between Media Types

The CBMN assay, as well as other cytogenetic assays,
requires culturing cells to divide. In some of the recently
published manuals by the International Atomic Energy
Agency (IAEA), emphasis was placed on the choice of
culturing media, its components (serum, mitogens and
antibiotics) and its testing and optimization before setting up
the complete culturing media (7, 23). Traditionally,
cytogenetic studies use a combination of RPMI solution, a
mitogen, antibiotic and serum as part of its growth media.
However, this self-prepared in house media is not qualitycontrolled tested and there is a question of reproducibility
among new batches of media made. Recently, complete
cGMP manufacturer-compliant, quality-control-tested cytogenetic media have been made commercially available. In
particular, PB-MAX karyotyping media is a commercially
made pre-prepared growth media for in vitro diagnostic use
that contains proprietary concentrations of growth factors
and antibiotics in an RPMI base.
Experiments were conducted to compare the self-prepared
in house media preparation (RPMI 1640, 10% fetal bovine
serum, 2% phytohemagglutinin-M and 2% penicillin/
streptomycin) against the PB-MAX karyotyping media.
Comparisons of media types followed the general protocol

FIG. 3. Automated dose-response curve comparing commercial
media (PB-MAX karyotyping media) and self-prepared in house
media formulation (RPMI 1640, 15% FBS, 2% PHA and 2%
penicillin/streptomycin) for the 50 ll human whole blood CBMN
assay. Data shown for both curves represent average values obtained
from 10 healthy donors. Error bars are 6 standard error of mean
(SEM).
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TABLE 2A
Average Number of Detected Binucleated Cells (BN), Micronuclei (Mn) and the Calculated Number of Micronuclei per
Binucleated Cell (Mn/BN) when Comparing PB-MAX Karyotyping and Self-Prepared In House Media in the 50 ll
Human Whole Blood CBMN Assay in 1.4 ml 2D-Barcoded Tubes
PB-MAX karyotyping media
Dose (Gy)
0
1
2
3
4
5

BN

Mn

1,468
1,182
1,102
761
641
515

95
129
179
211
260
273

Self-prepared media formulation

Mn/BN

BN

Mn

6
6
6
6
6
6

1,743
1,645
1,258
982
703
550

104
170
210
254
260
278

0.065
0.11
0.16
0.28
0.41
0.53

0.008
0.01
0.01
0.02
0.02
0.03

Currently, the IAEA considers a minimum of 200
binucleated cells as appropriate to be scored in the CBMN
assay for triage purposes (7, 24). Although 50 ll of human
whole blood was used, the number of analyzed cells per
dose point meets the standard set by the IAEA. The average
number of binucleates analyzed per slide ranged between
500 to 1,500 and was dose dependent. Unirradiated samples
(0 Gy) for both media types exhibited over 1,000
binucleated cells scored and most interestingly greater than
500 binucleated cells scored at 5 Gy (Table 2A). The results
indicate that the commercially available formulation is
comparable to self-prepared in house media and is therefore
very attractive for use in a high-throughput CBMN assay in
the case of large-scale radiological event for population
triage, since it minimizes human error in supplement
additions and there is minimal lot variability.
The main variability in the assay may be due to individual
radiosensitivity and to the variation in cell cycle duration
among individuals. This variability in radiosensitivity,
expressed as micronuclei frequencies in peripheral lymphocytes, is widely described in the literature. This effect,
reflecting a variation in chromosomal instability, is
associated with the interindividual variation in cellular
defense systems, mainly the DNA repair capacity, deputed
to protect the genome integrity (25). These remarkable
interindividual differences can lead to variations in baseline
levels, as well as radiation-induced micronuclei frequency.
One possible drawback with automated analysis concerns

Mn/BN
0.061
0.103
0.16
0.26
0.37
0.50

6
6
6
6
6
6

0.004
0.006
0.01
0.02
0.02
0.03

the background level of Mn/BN for unirradiated samples (0
Gy). While our fully automated analysis for background
level of Mn/BN is similar to some laboratories (26), it is
higher compared to others (19). Several reasons could factor
into a higher background level, one of which is a different
protocol used to process the samples through the hypotonic
and fixative steps, which has been reported in other studies
(27). In addition, laboratories routinely culture a minimum
of 0.5 ml of whole blood but only a portion of the sample is
spotted on a slide. However, in our protocol an entire
sample is placed on a slide without swirling, which may
lead to more false-positives due to a larger density of
binucleated cells in one area. Another reason is the use of
different classifier settings on Metafer to analyze binucleates and micronuclei. If the 50 ll human whole blood
assay protocol conducted in 1.4 ml microtubes is to be
adopted for use as a population triage tool in the case of a
large-scale radiological event, all laboratories involved must
agree on how the samples will be processed, what
automated analysis system will be used and what the
algorithm and classifier settings will be to achieve
consistent background results. Furthermore, micronuclei
induction is not radiation specific, and due to various
confounders may lead to a variable background frequency
of micronuclei in unirradiated blood samples (26, 28–30).
Although higher background levels of Mn/BN have been
observed for automatic scoring compared to visual scoring,

TABLE 2B
Average Number of Detected Binucleated Cells (BN), Micronuclei (Mn) and the Calculated Number of Micronuclei per
Binucleated Cell (Mn/BN) when Comparing the 50 ll Human Whole Blood CBMN Protocol in 1.4 ml 2D Barcoded
Tubes Versus the 500 ll Isolated Human Lymphocyte CBMN Protocol
High-throughput human whole blood CBMN protocol in 1.4 ml tubes Conventional isolated human lymphocyte CBMN protocol
(50 ll)
Dose (Gy)
0
2
4
5
6

BN

Mn

1,130
849
524
418
329

98
176
222
229
207

Note. The same donors were used in both methods.

(500 ll)
Mn/BN

BN

Mn

6
6
6
6
6

1,516
1,085
701
526
375

104
170
210
254
260

0.08
0.21
0.42
0.55
0.63

0.01
0.01
0.02
0.03
0.04

Mn/BN
0.07
0.18
0.43
0.50
0.67

6
6
6
6
6

0.01
0.02
0.03
0.03
0.03
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the two methods. From a data standpoint, the 50 ll human
whole blood protocol is comparable to the traditional
lymphocyte isolation approach for the CBMN assay.
DISCUSSION AND CONCLUSION

FIG. 4. Automated dose-response curve comparing a 500 ll
isolated human lymphocyte CBMN protocol with the 50 ll human
whole blood CBMN assay. Data shown for both curves represent
average values obtained from 5 healthy donors. Error bars are 6
standard error of mean (SEM).

it has been reported statistically that both are tightly
correlated between the two scoring techniques (22).
Human Whole Blood (50 ll) Assay vs. Lymphocyte Isolation
Protocol

To demonstrate the robustness of the 50 ll human whole
blood assay, ex vivo dose-response curves were generated
and a side-by-side comparison between the manually
isolated lymphocyte and 50 ll whole blood protocol was
performed. Although the entire 50 ll whole blood sample
and a portion of the 500 ll manually isolated lymphocyte
samples were dropped onto individual slides, both methods
investigated resulted in similar dose-response curves being
generated (Fig. 4). The average range of binucleates
analyzed for the 50 ll whole blood assay was 300–1,100
and for the isolated lymphocyte method was 300–1,500,
respectively. The number of binucleates observed was dose
dependent. As expected, the percentage level of micronuclei
increased with dose and the percentage level of binucleates
decreased with dose, due to irradiation and cell death,
respectively. Table 2B shows the frequency of micronuclei
and binucleated cells in peripheral human lymphocytes at
increasing doses of gamma rays, from 0, 2, 4, 5 and 6 Gy.
Interestingly, both the 50 ll human whole blood and
isolated lymphocyte protocols yielded similar Mn/BN ratios
and number of micronuclei and binucleated cells detected.
In Table 2B, the data reported represent the average number
of binucleates and micronuclei observed for each whole
slide scanned and analyzed for each individual donor at 0, 2,
4, 5 and 6 Gy. All doses examined met the standard, set by
the IAEA, of a minimum of 200 binucleates to be scored for
triage purposes. Micronuclei frequencies were obtained
with our classifier settings on Metafer, and image analyses
are strictly dose dependent with very little variation between

Micronuclei stem from chromosome breaks or when
entire chromosomes fail to engage with the mitotic spindle
fibers and lag behind when cells divide. In 1985, Fenech
established the CBMN assay in human peripheral blood
lymphocytes (17). The assay has several advantages, such
as speed and ease of analysis, no requirement for metaphase
cells and reliable identification of cells that have completed
only one nuclear division (31, 32). The CBMN assay is now
a well-established cytogenetic dosimetry method. In an
emergency situation, radiation dose estimates should be
provided as soon as possible with sufficient accuracy to
support clinical decision-making. In the current study we
developed a high-throughput and miniaturized version of
the CMBN assay, which allows for a single individual to
process thousands of blood samples from the end of
culturing to the point of image analysis. This new
methodology is coupled with an automated image analysis
approach using MetaSystems software to allow for rapid
and objective analysis of slides.
We established a protocol for the CBMN assay using 1.4
ml 2D-barcoded tubes in a 96 microtiter format, which
allows for sufficient throughput needed in population triage.
The actual throughput of this assay is made possible by
culturing, harvesting and fixing lymphocytes in microtubes.
In the case of population triage due to a radiological
accident, blood collection would be performed by fingerstick using a standard lancet and samples transferred into
individually barcoded microtubes using heparinized capillaries having a set volume (50 ll) (33). Use of barcoded
tubes allows for identification of individuals.
Throughput was our primary reason to use a small volume
of human whole blood and to convert to the use of
microtubes in this new miniaturized version of the CBMN
assay. However, to develop a method for minimizing human
error, we compared commercially available tested cytogenetic media to in house ‘‘self-prepared’’ media where a
technician/scientist would individually add supplements to
make a complete media formulation. The results demonstrate that a ‘‘ready-to-use’’ complete media, i.e., PB-MAX
karyotyping media, produces results that are satisfactory,
reproducible and comparable to our in house self-prepared
media counterpart. Another advantage of using the
commercially available pre-made media is that it has
undergone strict quality control testing by the vendor,
which ensures reliable and reproducible results. This is of
significant importance when performing biological dosimetry on a large population. One vital strategy to accelerate
sample processing in the CBMN method and increase
throughput was the use of 50 ll human whole blood. During
the inception of the CBMN assay, larger volumes of whole
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blood were originally used to isolate lymphocytes before
culturing. Also, there is the need for additional measures,
such as the use of lymphocyte separation media and the
transfer to culturing apparatus. In addition, many laboratories today culture using larger volumes of human whole
blood (0.5–1 ml), which is not conducive for highthroughput sample processing for population triage in a
large-scale radiological event. Setting up cultures is
simplified when small volumes of whole blood are used,
requiring only the addition of ‘‘ready-to-use’’ complete
media to microtubes containing the blood and placement of
the tube racks into an incubator. The use of small volumes
also allows for accelerated processing of a significantly
larger number of samples.
Higher throughput of the CBMN assay was achieved with
the modifications to the hypotonic/fixative steps. According
to standard CBMN assay procedures, lymphocytes must be
treated with hypotonic solution and then fixed. These steps
involve separate washes with potassium chloride and
fixative by centrifugation. Using traditional methods, 5–10
ml blood cultures are transferred into 15 ml conical tubes
and 15–30 min centrifugation times are used (33). With the
use of microtubes in a 96 microtiter format, centrifugation
times we narrowed down to a few minutes, thus saving a
significant amount of time from the end of culturing to
when slides are prepared. An individual can process 96
samples during the hypotonic treatment and fixation step in
40–45 min. We estimate that a single individual can process
at least 1,500–1,700 samples in a 12 h shift, which amounts
to sixteen to eighteen 96 microtiter formatted racks
containing microtubes. Whereas, the traditional method of
using 5–10 ml blood cultures would take an individual 12 h
to process 96 samples. One can envision if the assay is
adopted by cytogenetic biodosimetry laboratories, such as
the World Health Organization’s BioDoseNet network (34),
the ability to process samples would be drastically improved
compared to our current standards if a mass-casualty
radiological event occurred.
Automated scoring of binucleates using sophisticated
image analysis systems is another promising strategy to
increase throughput of the CBMN assay for achieving a
rapid and reliable dose assessment for triage purposes in
large-scale nuclear or radiological incidents. Several
automated systems are available on the market and have
been tested (35–38). In our study, we coupled our highthroughput miniaturized assay with the MetaSystems
scoring system. A MetaSystems 103 objective scanner
can analyze an entire slide in 13 min using our classifier
settings. This is significantly faster than the manual scoring
of 200 binucleated cells, which takes around 15 min (35).
Although, automated scoring is the bottleneck in the process
for population triage, it generates reasonable, reliable and
objective dose curves in addition to being more expeditious
than human scorers. Although still relatively new, the
findings from automated analysis clearly show potential
advantages in large-scale studies (27, 28, 39). Future

advancements in the development of faster image analysis
software will benefit the scope of higher throughput sample
processing in the case of large population analysis.
To truly make the assay high throughput, full automation
of the cytogenetic dose assessment method would be
needed. Currently, to track the demanding throughput
required for screening in drug discovery, pharmaceutical
and biotechnology companies are applying automation and
robotic technologies such as liquid handling systems. They
are being used for multiple sample preparations to increase
the number of molecules that can be biologically assayed
(40–42). The RABiT is an example of an advanced
throughput system developed at Columbia University
Medical Center for the purpose of biological dosimetry
applications (2, 5, 43, 44). To make our method described
here even more higher in throughput, the next generation of
our assay format would be to fully automate the method
using robotics.
Acquiring immediate results will be crucial after a largescale radiological incident because of the need to detect, at
an early stage, those individuals who will benefit from
medical involvement and those who will not. The studies
reported here indicate the development of a high-throughput
and miniaturized version of the CMBN assay, which has the
capability of rapid sample processing for critical data
retrieval. The new method allows for the culturing,
hypotonic and fixation treatments of blood samples in a
singular tube, which is an advancement in throughput of
sample processing when using the CBMN assay. The results
from this 50 ll human whole blood assay are comparable to
traditional methods that typically use larger volumes of
blood. Furthermore, this new formatted CBMN assay will
fast track the identification and prioritization of individuals
who would benefit from immediate medical treatment. Once
highly exposed individuals have been identified, they may
receive treatment for acute radiation syndrome, which
causes damage to vital organs such as bone marrow and
the gastrointestinal tract (45). Exposed individuals may
benefit from the use of new pharmacological countermeasures such as PHD inhibitors as a treatment for
accidental exposure to ionizing radiation (46).
In this work, the high-throughput method preparation of
CBMN assay samples from 50 ll of whole blood volume
was developed by miniaturizing and using an ANSI/SLAS
microplate format. The developed method allows for a
single individual to process thousands of blood samples
from the end of culturing to the point of image analysis. The
developed protocol can be used in a traditional laboratory
setting for multiple sample investigation in radiological
biodosimetry where either self-prepared in house or
commercially available media can be used. Additionally,
the method is versatile enough to use in biodosimetry
laboratories for other cytogenetic assays with a few
modifications. In conclusion, our new high-throughput
and miniaturized CBMN method will expedite sample

HIGH-THROUGHPUT SAMPLE PROCESSING

processing to treatment regimen in the case of a large-scale
radiation event.
14.
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