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The RABIT (Rapid Automated Biodosimetry Tool) is a dedicated Robotic platform for the automation of cytogenetics-based bio-
dosimetry assays. The RABIT was developed to fulfill the critical requirement for triage following a mass radiological or nuclear
event. Starting from well-characterized and accepted assays we developed a custom robotic platform to automate them. We present
here a brief historical overview of the RABIT program at Columbia University from its inception in 2005 until the RABIiT was dis-
mantled at the end of 2015. The main focus of this paper is to demonstrate how the biological assays drove development of the custom
robotic systems and in turn new advances in commercial robotic platforms inspired small modifications in the assays to allow replacing
customized robotics with ‘off the shelf’ systems. Currently, a second-generation, RABIT 11, system at Columbia University, consisting
of a PerkinElmer cell::explorer, was programmed to perform the RABIT assays and is undergoing testing and optimization studies.

INTRODUCTION

In 2005, the US government identified the develop-
ment of improved methods for radiation biodosimetry
as a high priority need in an environment of heigh-
tened concern over possible nuclear or radiological
terrorist attacks". To fulfill this need, the Columbia
Center for High Throughput Minimally Invasive
Radiation Biodosimetry, funded by NIAID (National
Institute of Allergy and Infectious Diseases), began
the development of the Rapid Automated Biodosime-
try Tool (RABIT), as an end-to-end automated, ultra-
high throughyut robotically-based biodosimetry
workstation ",

Although different procedural steps involved in
cytogenetic bioassays (from chromosome prepara-
tions®, to scoring® and sample tracking"'”) had pre-
viously been automated, the RABIT is presumably
the first end-to-end system developed thus far where
the only human intervention with samples is at the
sample collection step"” and interpretation of the
reported results by a qualified medical professional.

This manuscript provides a historical overview of
the RABIT development and testing at Columbia
University, focusing on how the assays have driven

robotics development and vice versa. At the time of
the RABIT program inception, the Cytokinesis
Blocked Micronucleus (CBMN) assay, dicentric assay
and to a lesser degree gamma-H2AX assay were
already well characterized and accepted. We selected
to automate the CBMN and gamma-H2AX assays as
they required much of the same processing and
imaging steps. The dicentric assay was considered
much more complex both in terms of the sample
handling (e.g. preparing the chromosome spreads)
and in terms of the complex imaging required.

THE ORIGINAL ASSAYS

The RABIT was originally designed to automate two
well-known, biodosimetry assays (Figure 1): (a) the
gamma-H2AX assay'> '», which quantifies DNA
double-strand breaks by immunolabeling of phos-
phorylated histone H2AX and (b) the CBMN
assay'*'?, which measures persistent chromosomal
aberrations as post-mitotic micronuclei. As the
gamma-H2AX assay is rather rapid (requiring only
a few hours to provide a dose estimate, as compared
with 72h for the CBMN assay), it is the preferred
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assay. Unfortunately, its time of persistence is short,
with the signal fading over 24-48 h (whereas the
micronucleus assay has a half-life of about a year'®).
The RABIT was therefore designed to utilize both
of these bioassays depending on the time post-
irradiation the samples are received: gamma-H2AX
assay for samples received within 36 h of exposure
and the micronucleus assay for samples received after
a substantial delay (>2 days to months).

These two assays drove the development for an
automated platform with continued interactive
efforts between the biology team and the engineering
team as the assays were optimized to facilitate auto-
mation in multiwell plates and the robotics to per-
form the assays in an optimal manner.
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Figure 1. The original RABIT assays. (a) Gamma-H2AX

foci and DAPI counterstain in 4 Gy irradiated lymphocyte.

(b) Micronucleus in binucleate cell (also in 4 Gy irradiated

lymphocytes). (¢) The concept of operation, gamma-H2AX

analysis for all samples arriving within 36 h of irradiation,

followed by a quick switchover and CBMN analysis for all
subsequent samples.

AUTOMATION

RABIT development was divided into two phases
with a simpler phase 1 system initially developed for
lower throughput (~6000 samples per day)® and a
phase 2 system with improved performance and
throughput reaching 30 000 samples per day™.

Due to the extended nature of the assays, and the
parallelized nature of sample handling in the RABIT,
we define throughput as the number of samples enter-
ing/exiting the system at steady state. High through-
puts are achievable, despite the long processing times
because (a) 96 samples are processed per plate and (b)
multiple plates passing through the system at once.

The layout of the RABIT (Figure 2) consists of
several processing stations located around a central
Selectively Compliant Articulated Robot Arm
(SCARA).

Ideally, blood samples (30 ul) are collected in the
field by finger stick into heparinized, barcoded capil-
lary tubes and placed into the holders containing
separation medium and sealing material'”. The
blood-filled capillaries are shipped in these capillary
holders (32 capillaries each) which, upon delivery to
the RABIT, are placed onto the input stage. The
SCARA robot then loads the four centrifuge buckets
(containing 3 holders each, for a total of 384 capil-
laries) into a centrifuge, which separates the white
buffy coat (lymphocyte band) from the red blood
cells. The SCARA robot then transfers the buckets
to the harvesting station. At this point 7 min have
elapsed.

At the harvesting station, isolated lymphocytes
are transferred from the capillaries to four filter-
bottom 96-well plates. In the phase 1 implementa-
tion, the harvesting module used the SCARA robot
to move each capillary between the different process-
ing steps, requiring ~11s to sequentially process
each capillary (18 min per plate). This also had the
effect of tying up the SCARA robot, restricting its
ability to load and unload the centrifuge and to
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Figure 2. (a) Layout of the phase 1 RABIT (©2008 IEEE. Reprinted, with permission, from ). (b) Photo of the
phase 2 RABIT.
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transfer multiwell plates between the harvest station,
liquid handling system and incubator.

Following harvesting, each plate, containing 96
samples, is transferred to a liquid handling system,
which can dispense reagents into the plate or drain
reagents through the filter bottoms. This system, in
conjunction with a robotic incubator, was pro-
grammed to perform the gamma-H2AX"? and
CBMN assays. It should be noted that for both the
3-h gamma-H2AX assay and the 72-h CBMN assay,
the liquid handling system is idle for most of the pro-
cessing time, allowing multiple plates to run in parallel.

Following the assay, the filter bottoms, containing
fluorescently-labeled cells, are rapidly removed from
the multiwell plates, using a custom robot® to facili-
tate imaging with high NA/short working distance
lenses, in a dedicated imaging system, developed
to support the RABIT. This novel automated im-
aging system made use of multiple simultaneous
light paths, one step automated focusing and light
steering'” to accelerate grabbing multiple adjacent
fields of view. Image analysis software was written to
allow both on- and oft-line analysis for all assays.

In 2009, the phase 1 system prototype was finalized
and tested, with a throughput of up to 6000 samples
per day, using the gamma-H2AX assay, which is the
more complex of the two (in terms of the number
of assay steps). After a successful test, development
shifted gears to upgrading the system to a higher
throughput of 30 000 samples per day. Following an
in-depth analysis of the bottlenecks in the system, it
was determined that the cell harvest station was the
main limitation on throughput, since samples are
handled individually rather than in parallel.

The tasks performed in this workstation are the
following: (a) read the barcode on the capillary (and
associate it with the barcode on a multiwell plate
and the well number), (b) locate the lymphocyte
band, (¢) cut the capillary below the lymphocyte
band (using a UV laser), (d) discard the red blood
cells and (e) dispense the lymphocytes into the plate
and discard the capillary.

In phase 2, the harvest station was parallelized®
to process four capillaries at once, using dedicated
robotics, with a 5-fold reduction in the processing
time of 2.2's per capillary (8.8 s for four capillaries),
freeing up the SCARA robot for other tasks.

An additional change required for the RABIT to
achieve high throughput was to increase the incubator
capacity, allowing storage of more samples during the
culturing step of the micronucleus assay and this could
not be accomplished due to financial constraints.

THE SECOND FUNDING CYCLE (2010-2015)

In 2010, the Center was funded for an additional
5 years. At this point developments transitioned to
optimization of the existing system'”" ', developing

novel bioassays could be performed on the RABIT
and testing the existing assays under complex radi-
ation exposure scenarios®® . The gamma-H2AX
and CBMN RABIT assays were transitioned to
BARDA funding for further development and rigor-
ous validation in preparation for licensing by the
Food and Drug Administration.

New cytogenetic assays

In this cycle, two additional assays, based on partial
chromosome painting, were developed for incorpor-
ation into the RABIT: the Dicentric assay®®
(Figure 3a), which is the gold standard for radiation
biodosimetry. Here, dicentric chromosomes are rap-
idly identified and scored by hybridizing to a centro-
meric PNA probe and identifying chromosomes with
two (dicentric) vs one centromeric (monocentric)
spot. This greatly facilitates the scoring, replacing
complex morphometric analysis with spot counting.

Figure 3. Chromosome-based assays developed for the

RABIT: (a) Dicentrics and (b) mBAND. Detected chromo-

somes in (a) are circled. Arrows denote the centromeres in

dicentric chromosomes. The inset in (b) shows the individ-

ual images for the six dyes used to determine the band
structure in the indicated chromosome.
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The mBAND (multicolor band) assay®* 29
(Figure 3b). Here intra-arm and inter-arm chromo-
somal rearrangements, specific to densely ionizing
radiations (e.g. neutrons), are scored by ‘barcoding’
the entire chromosome length using partial paints,
scoring deviations from the normal pattern of bands.

Both of these assays require much higher reso-
lution imaging than the gamma-H2AX and CBMN
assays. The imaging system was therefore equipped
with a high NA 60x oil immersion lens and a high
sensitivity, high-resolution scientific CMOS cam-
era®. The multiple optics paths were eliminated
as it was deemed unfeasible to expand this feature
to support six fluorochromes®”. The filter-bottom
plates were also eliminated at this stage as they are
incompatible with chromosome processing and im-
aging due to their 1 um pore size and surface rough-
ness. We therefore developed these assays entirely
in glass-bottom plates. Rather than filtering liquid
through the plate to wash the cells, we now sediment
the cells and aspirate the supernatant.

An assay for quantifying DNA repair kinetics
was also developed (under NIEHS funding) by
modifying the gamma-H2AX RABIT assay. In the
modified assay, an irradiated sample is split and
analyzed at multiple time points post irradiation,
generating a curve as seen in Figure 4. A model fit
provides parameters that can potentially be used to
predict an individual’s susceptibility to late sequelae.

(28, 29)

RABIT II - LOOKING FORWARD BEYOND
2015

When this program started in 2005, commercial
robotically-based platforms for high content and cel-
lular screening were rare, which motivated us to
build the RABIT prototype, specifically tailored for
cell-based bioassays. In the subsequent years, high
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Figure 4. Repair kinetics assay. Gamma-H2AX yields are
measured at various times following a 4-Gy irradiation.

throughput/high content screening (HTS/HCS) has
become a widely-used technique in both academia
and industry®® and has evolved as sets of standar-
dized tools and techniques, covering the palette of
tools in the RABIiT. HTS systems generally include®":
robotic plate-handling systems, liquid handling sys-
tems, an automated microscope and control software.
Similar to the RABIT, plates are moved through the
system by robotic handling. They are filled via the
liquid handling systems, and evaluated, often after a
period of incubation. Control software choreographs
the entire process, ensuring accuracy within the pro-
cess and repeatability between processes. Assay auto-
mation has become modular, creating systems that
can be easily expanded and modified, typically costing
under $1 M. The greatest advances have not been the
introduction of more complex robotics but rather sim-
plification and increased reliability©?.

In the pharmaceutical industry, HTS systems are
widely used to rapidly screen large libraries of drug
candidates for biochemical activity, on a specific pro-
tein or cellular target, whereas in academia, the same
systems are used to investigate more fundamental bio-
logical targets®”. In the past, such screening was a
slow, manual process that relied on human labor to
perform the screening and human observation to
measure results. Automation has allowed biomedical
researchers to greatly increase the number of evalua-
tions that they can perform in parallel while maintain-
ing high levels of quality. The quality of HTS data is
very high and often better controlled than data gener-
ated by lower-throughput biological tests®®.

There are many advantages in transitioning the
RABIT platform from a custom designed and home-
built prototype to a commercial ‘off the shelf’ sys-
tem®?. The major advantage is that of deployment.
An estimate of the number of systems in university,
industry and clinical testing laboratories in the New
York City metropolitan area was 20, with 400 sys-
tems nationwide.

A second major advantage is that of reliability.
A commercial system with such wide deployment
capabilities undergoes a more rigorous quality con-
trol during development, manufacture and most
importantly maintenance, than a university-built sys-
tem. Due to the fact that these systems are in con-
tinuous operation, they also have a broad base of
trained users and maintenance personnel ensuring
operation in time of crisis.

Our future goals are to transition the RABIT assay
protocols for operation on commercial systems, elimin-
ating the ‘customized’ robotics in favor of more stand-
ard systems, eliminating, for example, the lymiphocyte
harvest, in favor of whole blood processing'®. The
gamma-H2AX, Dicentric and CBMN assays have
been implemented on the PerkinElmer cell::explorer
HTS platform, and are undergoing optimization and
validation studies.
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In December 2015, the Columbia University

RABIT system was decommissioned.
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