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Abstract: High-throughput screening (HTS) is increasingly being adopted in academic institutions,
where the decoupling of screening and drug development has led to unique challenges, as well as
novel uses of instrumentation, assay formulations, and software tools. Advances in technology have
made automated unattended screening in the 1,536-well plate format broadly accessible and have
further facilitated the exploration of new technologies and approaches to screening. A case in point
is our recently developed quantitative HTS (qHTS) paradigm, which tests each library compound at
multiple concentrations to construct concentration–response curves (CRCs) generating a
comprehensive data set for each assay. The practical implementation of qHTS for cell-based and
biochemical assays across libraries of �100,000 compounds (e.g., between 700,000 and 2,000,000
sample wells tested) requires maximal efficiency and miniaturization and the ability to easily
accommodate many different assay formats and screening protocols. Here, we describe the design
and utilization of a fully integrated and automated screening system for qHTS at the National
Institutes of Health’s Chemical Genomics Center. We report system productivity, reliability, and
flexibility, as well as modifications made to increase throughput, add additional capabilities, and
address limitations. The combination of this system and qHTS has led to the generation of over 6
million CRCs from �120 assays in the last 3 years and is a technology that can be widely
implemented to increase efficiency of screening and lead generation.

637

Introduction

IN RECENT YEARS, continuous advances in HTS tech-
nologies have combined with the increasingly chal-

lenging drug development environment1 to produce two
seismic shifts in the use of HTS. First, the current gen-
eration of screening instrumentation (liquid dispensers,

microplate readers, and control and analysis software),
having especially evolved during the past decade,2,3 is so
robust, user-friendly, and application-diverse that screen-
ing is being utilized to investigate entirely new areas of
biology and chemistry.4 Second, with large pharmaceu-
tical companies trying to manage the risk inherent in new
targets and fragmented markets, early stages of drug de-
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velopment previously performed solely in biopharma-
ceutical companies are being carried out increasingly in
academic institutions.5,6 HTS operations in the academic
sector within the United States have benefited from a ma-
jor investment by the National Institutes of Health (NIH)
Roadmap in screening and chemistry center infrastruc-
ture, a small molecule repository that performs central-
ized procurement, quality control, and storage/distribution
of the compound collection to the centers, and support for
assay development, diverse compound library synthesis,
and cheminformatics.7 The NIH Molecular Libraries
Screening Centers Network of 10 HTS facilities was es-
tablished in 2004 with the intramural NIH Chemical Ge-
nomics Center (NCGC) (www.ncgc.nih.gov); nine extra-
mural centers were added in 2005.7 The network
collaborates with individual academic investigators to de-
velop chemical probes of biology and starting points for
drug development; its scope, diversity, and policy of pub-
lic release of screening data are unique (see http://mli.
nih.gov).

The NCGC’s mission is complementary to that of the
biopharmaceutical sector: it produces chemical probes for
biology and target evaluation rather than drugs from val-
idated targets; it focuses on the chemical biology of novel
targets, rare or neglected diseases, and paradigms to in-
crease the efficiency of the probe development process
from assay development through screening, informatics,

and medicinal chemistry; and it publishes its results and
data with the explicit intention of enabling the chemical
biology and drug development research communities to
utilize it in their own research. This mission—particu-
larly the focus on the �90% of targets and diseases that
are currently “undrugged” (i.e., no chemical modulator
exists) and the need for screening data of sufficient qual-
ity to be of utility to the research community—dictated
the screening technologies and paradigms implemented
at the NCGC. The targets screened at the NCGC during
the last 3 years are indeed quite distinct from the con-
ventional “druggable genome” target classes that are the
focus of the majority of drug development activity in the
private sector (Fig. 1). Examples include rare genetic dis-
orders, such as Gaucher’s disease8 and �-thalassemia
(PubChem BioAssay identifier [AID] 910), unconven-
tional anti-infective targets such as anthrax toxin inter-
nalization (PubChem AID 912), pathway interrogations
such as CRE signaling (PubChem AID 903, 168), pro-
tein–protein interactions like the BRCA1:pBACH pro-
tein carboxy-terminus–phosphopeptide interaction (Pub-
Chem AID 892),9 epigenetic gene regulation (PubChem
AID 597),10 and various proteins of unknown function
(PubChem AID 605, 886, 893). The NCGC developed
its quantitative HTS (qHTS) technology to increase the
efficiency of the probe development process,7 as well as
to allow the population of a usable “chemical genomics”
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database given the well-known high false-positive and
false-negative rates of conventional single-concentration
screening.11 In this approach, compounds are screened in
seven or more concentrations across an approximately
four-log range of concentrations, mitigating these issues.
As the dilution series is present on different plates,12 the
loss of a single plate due to equipment problems rarely
requires the rescheduling and screening of library plates
because the remaining test concentrations, present on sep-
arate plates, are usually adequate to construct a reliable
concentration–response curve (CRC) and thus assign ac-
tivity. Conversely, inactive compounds are reliably as-
signed even in the presence of artifactual activity at a sin-
gle concentration. Lastly, complex biological responses
are readily apparent from the curve shape and are auto-
matically recorded. qHTS shifts the burden of reliable
chemical activity identification from labor-intensive
post-HTS confirmatory assays to automated primary HTS
and is therefore more efficient, but it requires more
screening throughput. Thus the NCGC’s screening infra-
structure needed to be both unprecedently high-through-
put and unusually flexible. These factors made the de-
sign of the NCGC’s principal screening system
particularly challenging.

In implementing a screening system, emphasis was
placed on minimizing three factors that limit efficiency
(i.e., productivity per unit cost and unit time): reagent
use, system reliability, and requirement for human oper-
ator involvement. Stated differently, emphasis was placed
on miniaturization and precision, reliability, and human-
independent operation. To address the first, we chose to
establish 1,536-well-based sample handling and testing
as our standard; other plate formats should be usable but
only in unusual circumstances.12 This, in turn, required
high precision in liquid (reagent and compound) dis-
pensing. We wished to eliminate the labor and reagent
use associated with just-in-time compound library prepa-

ration for each screen, obviate the need for duplicate
screening systems by utilizing a system with �5% down-
time (i.e., percentage of time system is unusable), and re-
duce the need for personnel by implementing an inte-
grated, walk-away platform.

The system we implemented has allowed us to achieve
all of these objectives. The technologies used in the sys-
tem were developed at the Genomics Institute of the No-
vartis Research Foundation (GNF) (La Jolla, CA) and
commercialized by Kalypsys, Inc. (San Diego, CA). Key
design features include random-access on-line compound
library storage carousels, extremely reliable plate han-
dling, an innovative lidding system, multifunctional
reagent dispensers employing solenoid valve technology,
aspirators, a 1,536-pin array for rapid compound trans-
fer, scheduling software, and fail-safe anthropomorphic
arms for plate transport and delidding. A forerunner of
this system has been described in a U.S. patent assigned
to Aurora Biosciences.2 Though screening systems based
on GNF/Kalypsys technologies have been utilized by
several biopharmaceutical companies,13–15 the system at
the NCGC was the first to be installed in a non-com-
mercial organization. Over the past three years the NCGC
has used this system to run a wide variety of as-
says8,9,16–23 (Fig. 1 and Table 1); this experience serves
as the basis for this report.

In the present review, we describe the integrated
NCGC screening system and our utilization of it to per-
form both routine and unusual assay and screening par-
adigms. Performance, reliability, and selection of pe-
ripheral units, including detectors, are described, as well
as system performance, reliability, and examples of spe-
cial assay situations. Generally applicable as well as 
system-specific lessons learned are detailed, including
reasons for system limitations and failures and modifi-
cations/improvements introduced and planned to address
them.
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TABLE 1. EXAMPLES OF ASSAY TARGET CATEGORIES AND DETECTION PLATFORMS SCREENED ON THE SYSTEM

Target type Examples Measurement type Detection signal Detector PubChem AIDs

Profiling Fluorescence, End-point, kinetic Fluorescence, absorbance, ViewLux 411, 587, 588,
aggregation, read luminescence 590, 591, 592,
luciferase 593, 594, 584,
inhibition 585

Biochemical Enzyme reactions, End-point, kinetic Fluorescence, absorbance, ViewLux 360, 448, 603,
protein–protein read, luminescence, fluorescence EnVision 605, 875, 892,
interactions, protein– multiwavelength polarization, time-resolved 893, 886, 879,
ligand interactions ratiometric FRET, FRET, Alphascreen 880, 887, 888

Cell-based Luciferase reporter End-point, Fluorescence, luminescence, ViewLux, 168, 357, 444,
gene, GFP induction, multireader, object enumeration/scoring EnVision, 445, 450, 451,
cell death multichannel Acumen 530, 540, 542,

543, 597, 662,
910, 912



System Description

Overview and main components

The NCGC robotic screening system is capable of stor-
ing compound collections, performing assay steps, and
measuring various assay outputs in a fully integrated
manner.24–28 It consists of peripheral units including as-
say and compound plate carousels, liquid dispensers,
plate centrifuge, and plate readers, all of which are ser-
viced by three high-precision Stäubli (Duncan, SC) ro-
botic arms to execute hands-free biochemical and cell-
based screening protocols (Fig. 2). The major system
components and their functions are described below.

Assay and compound plate storage

In its present configuration, the system has a total ca-
pacity of 2,565 plates, with 1,458 positions dedicated to

compound storage and the remaining 1,107 positions ded-
icated to assay plate storage. Every storage point on the
system is random access, thus allowing complete access
to any individual plate at any given time. The total
amount of compound samples that can be stored on the
system is over 2.2 million, which represents approxi-
mately 300,000 compounds prepared as a seven-point
concentration series.12 There is also area on the system
to allow for the future expansion of compound storage
capacity, as needed (see Conclusions and Future Direc-
tions). Three 486-position plate incubators capable of
controlling temperature, humidity, and CO2 are present
on the system. These multiple incubators allow for a va-
riety of assay types to be run simultaneously, as each in-
cubator can be individually controlled.27,28

Each incubator is built as a rotating carousel contain-
ing 18 columns, each having 27 plate positions. To ac-
cess these positions, the gripper (discussed later) of the
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FIG. 2. (A) System components and (B) controls. I/O, input/output; DB, database; LIMS, Library Information Management
System.
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robotic arm pushes through VCR doors (designed in a
manner similar to the spring-actuated front doors that
have been in place in household videocassette
players/recorders for decades) that help maintain the en-
vironmental control of the incubator. Each VCR door
uses a simple spring-and-bearing mechanism to swing
open when pressed, at which point a drawbar is actuated
to hold the door down. Once a plate has been either de-
posited or retrieved, the drawbar is released, and the VCR
door closes. Each incubator is controlled by programs
running on the Adept Robotic Controller (Adept Robot-
ics, Livermore, CA), with digital input and output lines
used to set the carousel position for plate access and to
return various status signals back to the controller (Fig.
2B). Five 27-position fixed hotels at ambient tempera-
ture can be used for additional plate storage or as inter-
mediate locations during the course of a screen to mini-
mize plate movements and optimize scheduling (one is
shown in Fig. 2A).

Design and use of plates and lids

Because of the proprietary design of the dovetail joint
fit that needs to be accomplished when the gripper han-

dles the plates, the system can only be loaded with man-
ufacturer-certified microtiter plates, all of which are pro-
duced based on an extrusion mold originally developed
by GNF and Greiner Bio-One (Monroe, NC). These
plates also require a featureless top to accept the rubber
gasket-sealed plate lids (see below). Currently, these
plates are supplied by Greiner Bio-One, Corning (Corn-
ing, NY), and Aurora Biotechnologies (San Diego). All
common plate densities (384 and 1,536 well) and types
are accepted and have been utilized on the system, in-
cluding solid- and clear-bottom black and white assay
plates, sterilized and tissue culture-treated plates, and
polypropylene library storage plates. The plate’s orienta-
tion is crucial for recognizing the compound and control
locations; therefore, all plates handled by the Kalypsys
system are barcoded with unique pairs of numbers, odd
and immediate-increment even, on the two narrow sides,
respectively.

Two types of plate lids are utilized in the system for
covering compound library plates and assay plates (Fig.
3A) (described in detail by Mainquist et al.26). The as-
say lids differ from the compound lids primarily by an
array of pin holes on their tops, with the latter designed
for allowing air exchange while minimizing evaporation.
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FIG. 3. (Right panels) Plate (A) lid and (B) gripper. (Left panels) Highlighted from U.S. Patents 6,534,01426 and 6,592,324,25

respectively, are the plate lid and its flexible rubber seal and the plate gripper with its special groove designed for secure plate
grasping and transport.



The plate lids are machined out of a solid block of stain-
less steel and fitted with an autoclavable sealing rubber
gasket. The rubber gasket is installed into a machined
groove within the lid’s periphery, and its shape and size
are such that it can bend and partly spread over the plate
edge under the weight of the metal lid, thereby increas-
ing its plate contact area, ensuring isolation of the well
samples from the outside environment, and minimizing
the shared headspace over the wells. The lid weight of
approximately 1 pound, combined with the gasket’s fea-
tures, provides an efficient seal. As there is no adhesive
surface or locking mechanism involved, there is no limit
on the number of times a plate lid can be removed and
replaced.

Plate gripping and transportation

Plates are transported to different stations on the sys-
tem through the use of three industrial-grade six-axis
Stäubli robotic arms, hereinafter referred to as cells, which
have integrated grippers and barcode readers providing a
high degree of accuracy and precision to the plate han-
dling. The plate gripper (Fig. 3B) (described in detail by
Downs and Weselak25 and Downs et al.29) contains
grooves along the sides and back tabs to create a dovetail
joint that prevents plates from being dropped by the ro-
bot when gripping a plate along the ridge on the bottom
edges. The unique grooved pivot members (number 35 in
Fig. 3B) are attached in a semiflexible fashion, and in
combination with the two stop tabs (number 50 in Fig.
3B), the gripper can grasp the plate edges, thus aligning
itself in all three dimensions before securely gripping the
plate in preparation for movement. Since first becoming
operational in August 2005 until the present, no plate has
ever been dropped by this system. A barcode reader, con-
nected to each gripper, scans every plate immediately
prior to pickup, and the data are returned to the Adept Ro-
bot Controller. The plate gripper is connected to an air re-
lease wrist that will disengage in the event of a collision
and trigger an emergency stop of the system.

Each Robot Controller runs a real-time operating sys-
tem capable of executing multiple programs simultane-
ously. The Robot Controller communicates with the Dis-
patcher screening control software via Transmission
Control Protocol (TCP)/Internet Protocol (IP) (see Sys-
tem control and monitoring and Fig. 2B). Movement pro-
grams are downloaded to the controller from the Dis-
patcher PC via a file sharing protocol. Each Robot
Controller has multiple digital inputs and outputs to con-
trol various electrical components on the system, in ad-
dition to RS 232 ports to control external devices such
as the barcode reader on each robot gripper. Plate hand-
off and de-lidding stations are used to pass plates between
cells on the system. De-lidding stations are present at var-
ious points of the system for the removal of plate lids for

operations such as a liquid dispense, compound transfer,
or a plate reading on a detector.

Compound transfer

A Pin Transfer Station performs direct 1,536-com-
pound to 1,536-assay plate compound transfer, with each
slotted pin transferring approximately 23 nl of compound
from a source plate into a destination plate.30 Respec-
tively, each compound plate contains up to 1,408 com-
pound samples located in columns 5–48. Typically, as-
say-specific controls are placed in multiple wells within
the left four columns of the assay plate and sourced out
of a dedicated assay-specific control plate. The controls-
only plate is prepared in multiple copies (each plate has
enough material to transfer into approximately 250
plates) to sustain a full collection screen of currently over
1,000 plates. To wash the pins, there are three consecu-
tive solvent baths and a drying station incorporated into
the deck. The first, second, and third baths contain di-
methyl sulfoxide, 1:1 (vol/vol) isopropanol:water, and
methanol, respectively. The washing protocol combines
multiple dips, as well as soaking periods, into the baths,
the parameters of which can be modified by the user. Af-
ter the pins are soaked in each bath for a controlled pe-
riod of time they are finally moved into the drying sta-
tion for a prescribed time.

Liquid dispensers

Two solenoid “bottle valve” dispensers are used for
reagent addition and liquid removal via aspiration. Each
dispenser has two heads, each with eight tips capable of
a dispense volume range of 200 nl to 20 �l (coefficient
of variance [CV] �10%). One head dispenses vertically
onto the bottom of the well, and the other at an angle of
approximately 45° into the back wall of the well. Most
often the vertical-dispense head is used unless there is a
special circumstance, for example, if a reagent contains
detergent and bubble formation is a concern, or if frag-
ile cell layers could be disrupted by a 90° direct-dispense
of a reagent stream (see below for further discussion).
Additional variables that can be modified to accommo-
date different reagent types or specific needs include bot-
tle valve pressure, number of tips used (one, two, four,
or eight), predispense volume, and motion control (ser-
pentine or carriage-return schemes). Volume or gravi-
metric scaling can be a tedious process when multiple
tips are used in a protocol, but this ensures each tip dis-
penses the same volume into the wells. If an exception-
ally high degree of uniformity is sought (better than 10%)
or if time permits, a single-tip dispense can be used to
gain well-to-well dispense precision. The dispense time
is �1–3 min per plate, depending upon the specific pro-
tocol. Having two dispensers on the system is very use-
ful in splitting up the supply of the assay’s reagents to
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increase productivity of the screen by reducing resource
competition.

Each dispenser has a unique aspiration head with 32
thin-walled stainless-steel tubes to enable column-wise liq-
uid removal out of a 1,536-well plate. Optimizing aspira-
tion involves adjusting several factors: vacuum flow level,
aspiration-tip well depth, and dwell time. The vacuum flow
level for the aspiration head is controlled by manually ad-
justing a needle valve, and dwell time and aspiration well
depth are software-controlled. This provides precise con-
trol over the volume of liquid removed from each well (CV
�10%). The combination of high-precision positioning
(within 0.1 mm) and the high speed of the aspirator head
and plate stage allow the liquid to be removed from the
entire 1,536-well plate within only 90 s. This aspiration
head has been used for cell washes and/or fixing.15,16

Detectors

The system currently integrates three different types of
detectors, enabling a wide variety of assay formats. The
EnVision™ and ViewLux™ detectors (PerkinElmer,
Waltham, MA) together cover almost the entire spectrum
of fluorescence, absorbance, and luminescence measure-
ment techniques used in HTS. The ViewLux is a multi-
modal charge-coupled device (CCD)-based imager capa-
ble of ultrafast detection of luminescence, fluorescence
intensity, absorbance, time-resolved fluorescence reso-
nance energy transfer (FRET), and fluorescence polariza-
tion signals. Read times are very short, sometimes lasting
a total of 30 s (including plate transport into and out of the
reader), which makes this instrument convenient for HTS.
The EnVision multilabel photomultiplier tube (PMT)-
based plate reader is highly customizable and capable of
detecting many wavelength regions, but unlike the
ViewLux, the EnVision can be used for measuring Al-
phaScreen® assay outputs, increasingly utilized in
HTS,31–39 and allows bottom plate reading, a requirement
for cell-based �-lactamase reporter assays, which is not
straightforwardly accommodated by the ViewLux once in-
tegrated onto a screening platform. The third detector, the
Acumen® Explorer (TTP LabTech, Royston, UK), is a
PMT-based microplate cytometer that uses laser line scan-
ning to image and enumerate fluorescent characteristics
from individual cells,40 complementing the aggregate-type
(e.g., total well signal) outputs of the other two detectors.

System control and monitoring

The system is instructed to run a screen via two files:
Method and Assay. The Method File contains all proto-
col steps of the assay, such as dispensers utilized, dis-
pense protocols, incubations, plate centrifugation, and de-
tector reads. Methods are created using an application
developed by the vendor to control each step of the as-
say, stored as a Method File. The Assay File is a “.csv”

file that lists the barcodes of all assay plates for the screen,
in addition to all library plates of compounds to be pin-
transferred to an assay plate. During the screen, those as-
say plates are run in the precise order specified. Assays
are controlled and monitored using vendor-supplied soft-
ware called the Dispatcher.

Screens are started from the Dispatcher by loading the
Method File describing the process and the Assay File
listing the plates designated for the screen. Multiple as-
says can be conducted simultaneously, limited by the
shared resources required for each assay scheduled (see
Examples of screening strategies). Data files generated
from the detectors are saved locally to the Dispatcher PC.
We have developed an application to control the Dis-
patcher as well as adding more functionality, primarily
dealing with generated data and trace files (discussed
later). Errors that occur while the system is running are
displayed on the monitor, and staff can be paged via an
automatic dialing system. Internal software allows for er-
ror messages to be reported via e-mail, using the Outlook
Scheduler account so that there is a record of any run-
time errors.

Backup power supply

Power requirements for robotic rooms are derived from
a complex mixture of computers and motors that create
an adverse combination of sensitive electronics with
noise-producing devices. The NCGC system requires a
100-kVA uninterrupted power supply (UPS) (480 V at
100 A, three-phase) and we have installed two of these
at our site. It is expected that the robotic system will op-
erate at 30–40% power utilization, but the 100 kVA will
ensure full support. The system has to be on a backup
generator as the UPS will only act in a “ride-through”
capacity with a typical 5–15-min runtime being suffi-
cient. In addition, the large robotic arms can produce siz-
able but short-lived (�100 ms) in-rush currents at sys-
tem power-up; therefore, the UPS should be able to
handle start-up in-rush currents of several times the sys-
tem’s rated capacity or be equipped so that the UPS can
be put into “bypass” mode for system start-up. Addi-
tionally, we ensured that all other utilities required by the
Kalypsys system have separate back-up support (e.g.,
compressed air, vacuum, CO2, and N2). Further, most
power outlets inside the robotics lab are on UPS to en-
sure that peripheral instruments and the computers that
control them are covered.

System Utilization for qHTS

Assay technologies and detector selection

The automated screening system at NCGC is particu-
larly flexible with respect to integration of peripheral de-
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tectors. However, once the instruments have been soft-
ware-integrated and physically bolted to the robot plat-
form, they cannot be removed or exchanged freely. Thus,
a careful selection of plate readers is necessary to maxi-
mally utilize the limited floor space while being capable
of addressing the numerous and changing needs for sig-
nal detection. Our selection of the ViewLux as the main
reader was driven primarily by the fact that it is the fastest
such detector available and has been established as an in-
dustry standard during the past 6 years. The EnVision
fills an important niche in enabling AlphaScreen assays,
the easy selection of bottom versus top read, the wider
choice of detection wavelengths, and simultaneous two-
channel detection, while also serving as a backup to the
ViewLux. Together, these two readers account for ap-
proximately three-quarters of the data generated on the
system.

For bridging the gap between the plate readers men-
tioned above where the entire well signal is quantified
(i.e., population averaged) and the high level of image
complexity and resolution collected by CCD-based wide-
field and confocal-based high-content screening systems,
we have pioneered the application of laser scanning cy-
tometry to automated robotic systems using the Acumen
Explorer and the next-generation three-laser eX3 (TTP
LabTech). The eX3 is equipped with three lasers (405,
488, and 633 nm) and four PMTs, allowing for multi-
parametric population distribution analysis of fluores-
cence events on a cell-by-cell basis (the whole well area
is measured) with 1,536-well plate read times as low as
7 min. Scan speed and data acquisition are effected by
the x and y resolution. Because only one section of the
plate is read at a time, as opposed to the ViewLux where
the entire plate is imaged at once, scan times are typi-
cally 10 min per plate. This microplate cytometer can
monitor up to four fluorescent signals from single objects
using one laser for excitation; however, if all three lasers
are used theoretically 12 different signals could be col-
lected from a single well. We have found the Acumen
and eX3 to be useful in the measurement of fluorescent
protein expression, cell shape, or simple cellular redis-
tribution events such as cytoplasmic-to-nuclear translo-
cation.16 Examples of the utilization of this unique mi-
croplate cytometer are provided in later sections.

Optimization to robotic screen

Initially the screening scientist completes assay minia-
turization and optimization using stand-alone equipment
similar or identical to the stations on the robotic platform.
Two assay validations are typically performed; the first
using stand-alone equipment (“off-line”) and the second
using the integrated robotic system (“on-line”). Both val-
idations are a qHTS of the Library of Pharmacologically
Active Compounds (LOPAC)1280 collection of annotated

bioactives at seven or eight fivefold dilutions typically
beginning at �40 �M. Once the off-line validation has
been completed successfully a robotic validation is
scheduled.

Use of the LOPAC or a similar collection for valida-
tion offers several advantages: known modulators of the
assay target or pathway present in the library can deter-
mine the biological validity of the assay, compounds of
higher potency and efficacy can be identified for use as
assay controls, and the assay’s sensitivity can be assessed
by the number and potency of actives identified. While
many assays are not significantly modulated by LOPAC
library members, often sufficient perturbation of an as-
say response is observed at the high compound concen-
trations tested in the qHTS to aid in the evaluation of the
process’s precision (see below). After successful off-line
validation, the project team biologist consults with the
HTS Operations Core to discuss the assay protocol for
implementation of a triplicate LOPAC validation on the
robotic screening system. The on-line validation tests the
assay protocol that will be used for the full screen and
will determine the appropriate configuration of the robot
to ensure high throughput. The triplicate LOPAC qHTS
allows assessment of assay repeatability by comparing
the potencies of actives from each LOPAC run as well
as measure of assay performance (such as signal:back-
ground [S:B] ratio and Z� of control wells and 50% in-
hibitory concentration and minimum significant ratio
[MSR] of control titrations41) across the entire qHTS val-
idation (Fig. 4). Successful validation requires sufficient
and stable S:B ratio, CV, and Z� over the entire run. Fur-
thermore, for triplicate LOPAC validations, the potencies
of actives must correlate well between each of the runs
(i.e., fall within the 95% confidence interval on correla-
tion plots). If the on-line validation fails, assay conditions
are modified, and the validation is repeated.

The 1,536-well plate format offers a wealth of possi-
bilities for inclusion of information-rich controls, above
and beyond those typically utilized in 96- and 384-well
plates. In lower plate densities, such as the 96-well plate,
the eight or 16 wells allocated to low and high normal-
ization controls are frequently insufficient to provide use-
ful statistics during large-scale screening. By compari-
son, one column of eight wells in a 96-well plate is
equivalent to four columns totaling 128 wells in a 1,536-
well plate (16 96-well source plates can populate one
1,536-well final plate).12 This 16-fold increase in avail-
able wells makes it possible to add information content
to each assay plate by further partitioning the control area.
The 128 available wells can be apportioned between the
most commonly used control pairs (basal/stimulated,
with or without enzyme, and free/bound tracer), various
levels of control stimulus (10%, 50%, or 90% effective
concentration), calibration curves of an appropriate flu-
orophore to better assess for example enzymatic product
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formation, or a titration series of a control antagonist or
agonist. Control titrations, while not required for signal
normalization, are useful for measuring “the pulse” of the
assay. For example, the stability of assay reagents and
sensitivity to a control compound can be monitored by
the MSR of the control titration for each assay plate
throughout the screen progression.9,20,41

As the time required for running an on-line validation
is much less than that required to complete a full-library
screen, numerous on-line validations can be run quickly
within a given period, thus creating a queue of ready-to-
go full-library screens and minimizing idle time of the
screening systems. Assays that pass the on-line valida-
tion are presented internally for review and approval for
screening of the entire collection.

Prescreen checklist

The standard operating procedure developed at the
NCGC is guided by a “checklist” containing steps that

must be completed by both the biologist and the HTS
Operations group prior to initiation of a screen. The bi-
ologist ensures that all of the required plates and reagents
to run the screen are present and available and that the
on-line detection instrumentation needed for the screen
has the necessary protocols and optics configured. Mem-
bers of the HTS Operations group make certain that the
selected screening system is in proper working order,
with a specific checklist for every piece of instrumenta-
tion and any specific chemical library modifications.
Once both the biologist and the HTS Operations group
are satisfied with the prescreen preparations, the actual
screen can start.

Screen data processing

The LabHTTI software (discussed later; see Controller
hardware and software enhancements) is integrated with
the plate database used by the Dispatcher software, so the
complete inventory of the compound library can be
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FIG. 4. Examples of validation data. (A) Plate activity heatmaps of an eight-concentration LOPAC screen repeated three times.
Concentrations are shown from lowest to highest. Each plate contains an intra-plate control titration. (B) Activity of validation
run shows samples identified as inhibitors (blue), activators (red), or inactives (gray); control titration (green) presents as near-
overlapping curves indicating excellent assay stability and reproducibility (control 50% inhibitory concentration � 2 �M, con-
trol MSR � 1.9). (C) An example of three different compounds showing excellent triplicate CRC reproducibility: samples A(1)
(�), A(2) (�), A(3) (�), B(1) (�), B(2) (�), B(3) (�), C(1) (�), C(2) (	), and C(3) (
).



tracked by the NCGC Laboratory Information Manage-
ment System. During a screen, instrument data files are
streamed into a central server, and key assay parameters
are made available to the staff to judge daily performance
of ongoing screens. After the screen, raw data are loaded
in our system, and the plate log is processed to link as-
say plates with compound plates. A predefined analysis
template is used in conjunction with a flexible built-in
formula engine to create calculated data layers that syn-
thesize readouts together (for example, computing ratios
of two optical channels) to yield a single activity. This is
particularly useful for multichannel data as it allows dif-
ferent phenotypes or readouts to be combined dynami-
cally to create summarized values for each well. Next,
the layers undergo automated correction of systematic er-
rors that arise during screening. Insertion of vehicle-only
control plates uniformly throughout the course of a screen
allows systematic artifacts such as signal drift and dis-
pense variability to be corrected. Once data layers have
been corrected, plate-well-based data are converted to
sample-oriented titration–response data. ActivityBase is
used for the compound and plate registrations, while an
in-house database and software tools are used for com-
pound concentration mappings and building sample titra-
tion relationships. Automated fitting and characterization
of titration curves are performed using an algorithm de-
veloped in-house (http://ncgc.nih.gov/pub/openhts/).

Examples of screening strategies

Time course-based screens. The high speed of plate
measurement afforded by the ViewLux has made it pos-
sible to acquire time interval or “kinetic” data for a num-

ber of screens. In the past, semiautomated screening has
involved processing assay plates in batches, typically
loaded into readers by plate stackers, limiting data col-
lection to primarily end-point measurements. For fully
automated screening systems, collection of time course
data is conceptually possible but is performed infre-
quently because of slow plate reader speeds and the com-
plexity of processing multiple time points. With our sys-
tem, we utilize time course assay data collection
whenever possible for several reasons. First, time course
measurements of reaction progress are inherently more
robust and provide a more accurate quantification of the
reaction rate. Second, computation of reaction rate based
on signal change results in markedly improved S:B ra-
tios and thus enables screening of traditionally difficult
systems such as chromogenic assays associated with
small increase in absorbance42 and well-to-well volume
and meniscus variation, or assays involving weak natural
fluorophores like NAD(P)H (Fig. 5).20 Third, for a num-
ber of fluorogenic assays operating in the blue-shifted re-
gion of the ultraviolet–visible spectrum, collecting ki-
netic data minimizes the interfering effect of compound
autofluorescence.20,21

While the benefits of time course reads may be intu-
itively obvious, the practical implementation of kinetic-
read assays requires a balance between the total time for
multiple reads of each plate and the need to maintain high
throughput. Currently, pintool transfer (of both com-
pound and control plates) or single-tip dispenses are the
slowest steps on our system, taking between 2.5 and 3.5
min, including arm movements. For kinetic assays for on-
line screening, we restrict plate residence time inside the
ViewLux to 5 min or less, including plate entry and exit.

Michael et al.646

10�10
0

50

10�9

Compound Concentration (M)

A

S
ig

na
l (

R
F

U
)

10�410�8 10�7 10�6 10�5

40

30

20

10 Kinetic

Endpoint

10�10
0

50

10�9

Compound Concentration (M)

B

S
ig

na
l N

or
m

al
iz

ed
 to

 L
ow

es
t

10�410�8 10�7 10�6 10�5

40

30

20

10

Kinetic

Endpoint

FIG. 5. Implementation of kinetic assay (�). In enzyme assays associated with minimal or noisy signal changes (due to dim
fluorophore or otherwise unfavorable assay chemistry or enzymology), the end-point method (�) may simply preclude the use
of these assays in HTS (concentration–response plot using raw signals in [A]). The boost in S:B afforded by performing kinetic
measurement and computing the activity using the change in signal (concentration–response plot using normalized signals in [B])
transforms many of these weak signal systems into screenable assays. RFU, relative fluorescent units.



This requirement leads to two screening strategies. En-
zyme assays associated with a relatively fast signal
change are run as one continuous time course measure-
ment, for example, by acquiring eight data points every
30 s.20 Slower reactions are handled in a discontinuous
manner by measuring the signal immediately after reac-
tion initiation, incubating the assay plate at a designated
location (assay incubator or auxiliary hotel; see Assay
and compound plate storage), and returning the plate to
the reader for collection of the second data point. In the
slower assay case, only two data points are typically col-
lected per reaction, but these are sufficient to calculate a
signal change (PubChem AID 893).

Time course data, especially combined with concen-
tration–response screening, have allowed us to rapidly
and reliably distinguish enzyme inhibitors from false-
positives or mixed-effect compounds acting as assay sig-
nal attenuators. We have developed data storage and pro-
cessing algorithms that allow the combined analysis and
viewing of both activity, as calculated from the slope or
difference of the signal change and the starting datum
value (y-intercept) associated with each compound, at
each concentration. In this manner, compounds that ex-
hibit high fluorescence or absorbance are identified by
the anomalous shift of the assay progress curves.

The contentious screen: multiple timed dispense and
read steps. In certain screening assays, only end-point data
collection is possible because of the requisite addition of
detection reagent added at the end of a reaction. The com-
bination of multiple reagent dispenses, such as substrate

and stop/developing solution, the timing of these steps,
and the collection of several separate reads per plate can
create an unusually high level of contention for the ro-
botic arm that services both the dispensers and readers.

We encountered such a “busy screen” with an end-
point assay for DNA polymerase holoenzyme in which
the double-stranded DNA product was detected by
PicoGreen® (Invitrogen, Carlsbad, CA) staining (Pub-
Chem AID 603). In order to produce a more informative
data set, we measured fluorescence after compound ad-
dition (to record fluorescent library members) and after
the end of the enzymatic reaction but before PicoGreen
addition (to identify profluorescent DNA intercalators).
The convergence of two timed reagent dispenses (sub-
strate dispense following a 15-min incubation of com-
pounds with the enzyme and PicoGreen addition taking
place after 35-min enzyme reaction) and three coupled
plate reads (first before substrate addition, a second read
before, and the last read after PicoGreen addition) re-
quired a high degree of optimization in order to maintain
the throughput of the screen. This was achieved by the
careful calibration and utilization of all 16 available tips
across both heads of one of the liquid dispensers to de-
liver the substrate and stop solutions at the highest speed
possible. Additionally, device dependencies were con-
figured such that highest priority was given to the stop
solution dispense precisely 35 min after the substrate was
delivered to ensure constant reaction time for all mi-
crotiter plates. As is evident in Fig. 6, the screen of over
400 plates proceeded successfully, with the timing and
plate sequence maintained throughout the operation.
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Interleaved screens. On limited occasions, two screens
sharing the same overall protocol but utilizing different
reagents have been processed concurrently in an inter-
leaved fashion so that each compound library plate is
tested against the two assays in rapid succession. A re-
cent screen involved a probe displacement fluorescence
polarization assay for inhibitors of a protein–phospho-
peptide interaction. To assess the effect of library com-
pound fluorescence on the assay performance, we
screened the library against separate fluorescein- and rho-
damine-based fluorescence polarization assays with each
compound being tested in the two assays at immediately
adjacent time points (PubChem AID 875 and 892).9 This
requirement presented a challenge because the robotic
software did not contain a function allowing explicit pro-
tocol-to-protocol dependencies. That is, the operator
could not specify to the robot to process every compound
plate pairwise against the fluorescein and immediately af-
terward against the rhodamine assay protocol. Further
complications arose because the two assay protocols uti-
lized shared resources, such as the pintool transfer sta-
tion, the ViewLux reader, and the robotic arms, and as
such could not be run in parallel.

To circumvent this software limitation, we interleaved
the two screens by adding a preincubation time to the
second assay in order to shift its starting point enough to
allow uninterrupted passage of alternating-assay plates
through the system. The preincubation time was deter-
mined by the pintool-mediated compound transfer, the
rate-limiting step utilizing a shared device. While this
spacing resolved the contention problem with the first
shared resource, additional steps were taken to ensure that
contention for the shared robotic arm and the ViewLux
reader at the end of the assay protocol would not lead to
“throwing off” the interleaving and accumulation of “lag-
ging-assay” plates. We thus implemented a “zero pad”
by appending a series of extra plates to the end of each
screen. Those assay plates received dimethyl sulfoxide in
place of library compounds and served as ending se-
quences to both screens to absorb any lagging plates that
appeared because of occasional shifts in the interleaving
pattern. This approach is based on the zero padding ap-
plied in digital signal processing where a string of zeros
is added to the end of a time domain signal sequence to
increase the resolution of the frequency domain sampling.

Role of dispense head angle. As stated earlier, the in-
tegrated nanoliter dispensers offer a selection of vertical-
and angled-tip arrays. The rational choice for dispensing
reagents into wells containing sensitive cell monolayers
or suspensions is the angled head due to its ability to send
the incoming reagent stream in a manner that is least dis-
ruptive to the cells. A mismatch of experimental condi-
tions therefore occurs when prescreen assay development
and validations are performed on different dispenser

types. Traditionally, our off-line assay validation proto-
cols often rely heavily on the BioRAPTR™ Flying
Reagent Dispenser™ (FRD™; Aurora Discovery,
presently Beckman Coulter, Fullerton, CA) to deliver low
volumes of reagents. Reagents are dispensed at a 90° an-
gle directly above the well surface, at a velocity meant
to induce mixing of well components and prevent air bub-
bles from forming. While this delivery mechanism is
ideal for many assays that require thorough mixing upon
reagent addition, some assays may benefit from less vig-
orous mixing of reagents within the well. An example of
one such assay is a �-lactamase reporter gene assay where
suspension cell lines were employed. The assay used 
Jurkat cells expressing the M1 receptor with a nuclear
factor of activated T-cells–�-lactamase reporter
(GeneBLAzer™, Invitrogen, Carlsbad, CA), and we used
the next-generation Acumen, the eX3 laser-scanning mi-
croplate cytometer, as the detector. One of the main ad-
vantages of using the eX3 for fluorescent cell-based as-
says is that it allows the user to define fluorescent cell
populations within a well, while disregarding background
fluorescence and autofluorescence of objects in the well
other than cells (e.g., lint contamination). We observed
that delivery of reagents (assay buffer or loading dye) at
a 90° angle directly above wells with cells in suspension
caused cells to move to the outside of the wells and clump
together (Fig. 7, top right panel). This occurred even with
delivery of as little as 1 �l of reagent. Upon reading the
plate using the eX3, we found that only about 20% of the
750 cells per well seeded were counted as individual cells
and thus included in the data analysis. The majority of
the cells were clumped together and could not be distin-
guished as part of the cell population.

In an effort to include a greater percentage of the cells
plated in the data analyzed, the Kalypsys angled-head dis-
penser (Fig. 7, left panel) was employed to deliver the
reagents at a 45° angle. In this case, the reagents are dis-
pensed such that the volume contacts the side of the well.
We found that addition of reagent to the wells in this
manner helped to prevent cells clumping at the well pe-
rimeter and allowed the cells to remain dispersed across
the well (Fig. 7, bottom right panel). Therefore, a sig-
nificantly greater percentage of cells plated were counted
as part of the cell population—approximately 70% of the
750 cells per well.

Asymmetric concentration–response screens. The on-
line storage of our entire collection in the form of inter-
plate dilution series and the random-access option with
respect to compound plates have allowed us to not only
realize concentration–response screening, but to also uti-
lize the library in new ways to maximize the information
output from a screen while minimizing its cost. An ex-
ample is the customization of the titration curve based on
the underlying biology/biochemistry of the assay. En-
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zyme assays, where the target is often employed at low
nanomolar concentration, typically allow the detection of
a broad range of compound potencies, from tens of mi-
cromolar to low nanomolar. The same logic applies to
cell-based assays where, depending on the exact biology
and detection format, compound potencies in the low
nanomolar range are often observable. In those cases, per-
forming a qHTS on all available concentration points is
highly relevant and necessary to enable a high-confidence
structure–activity relationship analysis. Conversely, low-
affinity binding assays where target and labeled li-
gand/tracer are present at high concentration (e.g., �100
nM) do not require testing of the library at the lowest
concentrations but rather call for a highly customized
concentration–response testing, ideally shifting the titra-
tion to higher compound concentrations.

The random-access feature of the present screening
system makes the realization of the above scenario as
simple as selecting a series of barcodes out of an inven-
tory list. We recently performed a qHTS of a weak bind-
ing interaction involving a complex between fluores-
cently labeled 2 �M ligand and protein used at 11 �M

(PubChem AID 605). Since no compound activity was
expected below the single-digit micromolar level, we
omitted three of the low-concentration library plates and
instead introduced a new, twofold higher top concentra-
tion point by performing a double pin-transfer of com-
pound solution.12 By selectively biasing the concentra-
tions tested, we conserved protein reagent and generated
appropriately right-shifted titration data set to allow bet-
ter curve fitting through the compound responses.

Use of laser cytometry. Incorporation of the Acumen
Explorer (and later eX3) on our system provides access
to assays requiring high content or population distribu-
tion analysis. When deciding on a high content screen-
ing system for the robotic platform we considered sev-
eral factors. The reader must support data acquisition
from typical 1,536-well plates. The system should pro-
vide rapid throughput to support screening of approxi-
mately 200,000 samples per day, and data file sizes and
analysis time should be minimized. The Acumen Ex-
plorer and eX3 come equipped with an F-theta scan lens
that has a depth of focus sufficiently large (25–30 �m)
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FIG. 7. Use of the Kalypsys angled-head dispenser. (Left panel) The array of eight tip dispensers for the straight head (1) and
the angled head (2). (Right panels) Images from the whole-well scan of a 1,536-well plate obtained on the Acumen Explorer
using GeneBLAzer M1 receptor/nuclear factor of activated T-cells–�-lactamase expressed in Jurkat cells, a cell line grown in
suspension. Reagents were dispensed with either (top panel) a straight head or (bottom panel) the angled head. Cells were plated
at a density of 750 cells per well. Cell clumps are shown in dark gray, while individual cells included in the cell population are
light blue or green depending on the level of �-lactamase expression. (Top panel) Reagent addition to wells at 90° by the Bio-
RAPTR FRD causes suspension cells to move to the sides of the well and clump together. High content data analysis that relies
on defining individual cells thus becomes difficult, as fewer individual cells are counted. (Bottom panel) Addition of reagents
with the Kalypsys angled-head dispenser does not cause significant movement of suspension cells within the well, as reagent is
dispensed at an angle at which fluid hits the side of the well and runs down to the bottom. Cells, therefore, remain dispersed
throughout the well volume and show significantly less clumping, providing a significantly higher number of individual cells to
be analyzed and counted.



to compensate for variations in the flatness of plastic mi-
crotiter plates that allows for rapid data acquisition times
as on-the-fly focusing is not required. The x resolution
can be set at predetermined intervals, and the y resolu-
tion is set by the user; we have found that a 1- � 8-�m
resolution is sufficient for most assays40 (Fig. 8). At this
resolution, 200 whole well scans per min can be achieved
that gives a plate throughput of approximately six plates
per hour or 200,000 samples per day. The amount of im-
age data saved can also be determined by the user. In one
mode, a 1- � 8-�m whole well scan of a 1,536-well plate
generates a 50 Mb file as the scanned images are saved.
However, the desired end-point measurements can be se-
lected so that only the relevant data are saved in a file
size �200 kB per plate. This eliminates both the need to
store large image files and subsequent imaging process-
ing time.

The Acumen Explorer and eX3 are ideally suited for
fluorescent protein-based assays, and the majority of as-
says performed on this instrument (10% of the total as-
says) used either green fluorescent protein (GFP) or
GFP/red fluorescent protein (RFP) reporter systems. We
have measured both GFP- and RFP-expressing cell lines,
including dual reporter systems where both GFP and RFP
are expressed in the same cell line to provide a ratio-
metric assay signal. In this case, one reporter serves to
monitor cell numbers and nonspecific effects on the re-
porter system, while the other reporter provides a target-
specific signal. Such a ratiometric assay was performed
on the Acumen where the specific signal occurred in ap-
proximately 50% of the cells under the assay conditions.
The optimized protocol used a 5-�l assay volume and a
30-h incubation time, and the robotic screen against ap-
proximately 1 million wells showed a Z-factor of 0.66
with an average S:B ratio of 2.2. We have also utilized
the washing feature of the Kalypsys dispenser to fix and
stain adherent cells for the purpose of Acumen-based de-
tection. For example, we have assayed nuclear translo-
cation of the glucocorticoid receptor in U2OS cells us-
ing an optimized 1,536-well plate washing protocol
followed by staining of nuclei with propidium iodide
(Fig. 8).16

System Device Reliability

Overview

During the three years of operation, the system has
been used in over 200 screens ranging from small-size
validations of 10–30 plates to full-collection screens uti-
lizing over 1,300 plates (Table 2). The reliability and re-
producibility of our qHTS processes are indicated by the
excellent correlation of 50% active concentration (AC50)
data derived for a pyruvate kinase–luciferase-coupled

biochemical assay performed in September 2005 and
again in March 2007 (Fig. 9). Separate copies of the li-
brary were obtained, diluted, and stored on the robotic
system in each screen. Both the 2005 and 2007 qHTS
runs were performed with fresh copies of the library (less
than 2 weeks after plating). The AC50 values derived from
3,260 active samples exhibited excellent reproducibility
across the entire potency range (MSR � 1.24).41

The system and its components have proven to be un-
usually reliable, allowing the high degree of productiv-
ity described. In the last full year of operation, for ex-
ample, the system was down only 11 days, 6 of those for
scheduled maintenance. At the same time, no highly com-
plex automated system can operate without failure, par-
ticularly when used in different modes and run every
week for up to 7 full days of uninterrupted screening.
Even the most well-designed systems can fail for un-
foreseen reasons, often as the result of a combination or
series of otherwise inconsequential or minor errors, re-
ferred to as “system fracture.”43 During the 36 months
of system utilization, the primary mode of failure and
system downtime has been integration or failure of plate
readers rather than the robotics themselves. These have
included, e.g., Acumen Explorer software freezes and
motherboard burnout, ViewLux camera and shutter fail-
ures, and EnVision first-row signal biases when in Al-
phaScreen mode. In contrast, the robotic components,
such as grippers, controllers, plate latching mechanisms,
and power supplies, have run largely failure-free during
this period. The reliability of the robotic arms on the
NCGC system can be attributed to their evolution during
over a decade of use in automobile assembly factories,
where reliability is a paramount consideration. However,
combining such robust automation with the relatively del-
icate processes and systems required for biological ap-
plication creates unique challenges. We describe here
three non–user-attributable failures that illustrate this
principle and the unanticipated screening system design
issues they raise.

Premature failure of VCR doors

The requirement of keeping microtiter plates in envi-
ronmentally controlled conditions during HTS requires
the integration of large incubators with microplate
carousels in a manner that provides easy access. We have
found that the most common form of mechanical failure
of the system occurs when one of the VCR doors of such
plate incubators becomes jammed and causes a crash
when a robotic arm tries to deposit or retrieve a plate
from the stuck VCR door. This happens when the springs
in the VCR mechanism become stiff enough so that even
when the pressing force is removed, the door remains in
the downward position after the drawbar is released.
Therefore, the stuck open door acts as a mechanical bar-
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rier preventing the door beneath it from opening, and this
leads to a major crash when attempting to access the po-
sition below the jammed VCR door. Such crashes can be
very damaging to the gripper, and on two occasions the
gripper was sent back to the manufacturer for repair and
recalibration.

Currently, these VCR doors are viewed as the me-
chanical liability for the system, as there is no method to
prevent this error aside from manually exercising every
VCR door before each screen takes place to test for ease
of retractability. Therefore we check to determine if a
door appears difficult to open, and if so the springs as-
sociated with it are replaced, although we have found that
even recently replaced springs can jam. Lowering of the
incubator temperature and humidity can cause the VCR
door springs to stiffen, so when this process is performed,
we exercise the doors before the screen is run.

Lack of device timeout

A type of system failure that can be very costly is one
not recognized by the controlling software as an error and
an operator is not notified. This can happen when there
is a communication failure between the automation Dis-
patcher and the Bridge, an application that acts as an in-
terface between the Dispatcher and vendor-provided soft-
ware for a particular peripheral device, most commonly
a plate reader. For example, the software used to control

the Acumen Explorer provided by the manufacturer acts
as a COM server, allowing external software applications
to control the instrument remotely. During a screen, when
a plate is to be read, the Dispatcher sends a message to
the Bridge application requesting that the read take place.
The Bridge application then sends the appropriate com-
mands to the Acumen Explorer software to initiate the
read. Any errors that may occur during the course of a
plate read are immediately reported to the Acumen soft-
ware, which passes the error message to the Bridge ap-
plication. The Bridge then sends the error message to the
Dispatcher, which has the capability of automatically
paging the operator and stops the screen from running
until the error is acknowledged. If the plate is read with-
out errors, the Acumen software sends a message to the
Bridge application that the read is complete, with this
message being relayed from the Bridge to the Dispatcher.
Of note is that all of these messages and responses are
event-driven, meaning no action is taken by any of the
software applications used unless a message has been re-
ceived. Although an event-driven software architecture
has many advantages, the lack of any sort of timeout
warning can lead to problems in the event that a message
is not received for any reason as was the case in the fail-
ure described below.

A failure that resulted from lack of timeout between
the Dispatcher and Bridge software applications illus-
trates this issue. Halfway through an automated overnight
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FIG. 8. Effect of cytometer scan resolution on CRC determination. A 1,536-well plate assay for glucocorticoid receptor nu-
clear translocation was performed by fixing U2OS cells and staining nuclei with propidium iodide. The amount of GFP signal
within the nucleus was then measured on the Acumen laser cytometer. Representative images of untreated U2OS cells stained
for nuclei (left panels) (red is the propidium iodide channel) or cells (middle panels) (green is the GFP channel; red is the pro-
pidium iodide channel) are shown with CRC data (right panels) obtained when scanned at either (A) 1 � 0.5 �m or (B) 1 � 8
�m resolution.



T
A

B
L

E
2.

E
X

A
M

P
L

E
S

O
F

S
C

R
E

E
N

IN
G

A
S

S
A

Y
S

A
N

D
P

E
R

F
O

R
M

A
N

C
E

D
et

ec
ti

on
15

36
-W

el
l

T
ot

al
A

ss
ay

 n
am

e
(n

um
be

r 
of

 d
at

a
A

ss
ay

 t
ar

ge
t

pl
at

es
T

ot
al

 w
el

ls
C

R
C

s
A

ve
ra

ge
R

at
e-

sc
re

en
in

g
In

de
x

(P
ub

C
he

m
 A

ID
)

la
ye

rs
)

ty
pe

D
et

ec
to

r
sc

re
en

ed
sc

re
en

ed
ge

ne
ra

te
d

Z
�

li
m

it
in

g 
st

ep
ti

m
e 

(h
)

1
P

rx
2 

(4
48

)
F

lu
or

es
ce

nc
e:

B
io

ch
em

ic
al

:
V

ie
w

L
ux

45
3

67
1,

23
2

71
,0

28
0.

76
D

is
pe

ns
e

75
ki

ne
ti

c 
w

ho
le

m
ul

ti
pl

e 
pr

ot
ei

n
an

d 
re

ad
w

el
l 

(1
6)

li
nk

ed
2

B
R

C
A

1–
G

re
en

 (
87

5)
F

lu
or

es
ce

nc
e

B
io

ch
em

ic
al

:
V

ie
w

L
ux

94
3

1,
44

3,
84

0
15

1,
10

4
0.

87
C

om
po

un
d

54
B

R
C

A
1–

R
ed

 (
89

2)
po

la
ri

za
ti

on
 (

3)
pr

ot
ei

n–
pr

ot
ei

n
tr

an
sf

er
in

te
ra

ct
io

n
3

L
uc

if
er

as
e 

(4
11

)
L

uc
if

er
as

e 
(1

)
B

io
ch

em
ic

al
:

V
ie

w
L

ux
45

0
66

5,
62

4
72

,3
65

0.
92

C
om

po
un

d
24

ot
he

r 
en

zy
m

e
tr

an
sf

er
4

I�
B

	
(4

45
)

L
uc

if
er

as
e–

du
al

C
el

l-
ba

se
d

V
ie

w
L

ux
74

8
1,

92
6,

34
4

11
8,

04
9

0.
52

P
la

te
 r

ea
d

62
(2

)
si

gn
al

in
g

5
C

R
E

 (
66

2)
�

-L
ac

ta
m

as
e 

(2
)

C
el

l-
ba

se
d

E
nV

is
io

n
49

2
75

5,
71

2
74

,0
00

0.
60

P
la

te
 r

ea
d

15
0

si
gn

al
in

g
6

A
m

pC



de
te

rg
en

t 
(5

84
)

A
bs

or
ba

nc
e:

B
io

ch
em

ic
al

:
V

ie
w

L
ux

87
0

1,
33

6,
32

0
14

1,
12

6
0.

80
D

is
pe

ns
e

11
6

ki
ne

ti
c 

(1
2)

ot
he

r 
en

zy
m

e
an

d 
re

ad
A

m
pC

�
de

te
rg

en
t 

(5
85

)
li

nk
ed

7
In

os
it

ol
 m

on
os

ph
at

as
e

H
T

R
F

 (
2)

C
el

l-
ba

se
d

V
ie

w
L

ux
88

3
2,

16
5,

76
0

12
3,

82
4

0.
61

C
om

po
un

d
54

(9
01

)
si

gn
al

in
g

tr
an

sf
er

8
�

-T
ha

la
ss

em
ia

 (
92

5)
F

lu
or

es
ce

nc
e:

C
el

l-
ba

se
d

A
cu

m
en

49
7

76
3,

39
2

11
4,

48
4

0.
73

P
la

te
 r

ea
d

14
2

pr
ot

ei
n 

la
se

r 
sc

an
sp

li
ci

ng
im

ag
in

g 
(9

)
9

G
lu

co
ce

re
br

os
id

as
e 

(3
60

)
F

lu
or

es
ce

nc
e:

B
io

ch
em

ic
al

:
V

ie
w

L
ux

36
5

61
1,

31
8

59
,8

15
0.

67
P

la
te

 r
ea

d
37

si
ng

le
 r

ea
d

ot
he

r 
en

zy
m

e
w

ho
le

 w
el

l 
(1

)
10

H
ea

t 
sh

oc
k 

pr
ot

ei
n 

90
 (

59
5)

A
lp

ha
S

cr
ee

n 
(1

)
B

io
ch

em
ic

al
:

E
nV

is
io

n
47

7
73

2,
67

2
71

,9
74

0.
65

P
la

te
 R

ea
d

83
pr

ot
ei

n–
pr

ot
ei

n
in

te
ra

ct
io

n

H
T

R
F

®
, 

ho
m

og
en

eo
us

 t
im

e-
re

so
lv

ed
 f

lu
or

es
ce

nc
e 

(C
is

bi
o 

In
te

rn
at

io
na

l, 
B

ag
no

ls
/C

èz
e,

 F
ra

nc
e)

.



screen, the Acumen Explorer cytometer software experi-
enced a hard crash during a plate read and terminated
abruptly without sending any message back to the Bridge.
The Bridge application remained in a permanent waiting
mode, expecting a response from the cytometer applica-
tion that would never come. Because this failure was not
recognized as an error, the Dispatcher continued to exe-
cute the other assay protocol steps for all subsequent
plates in the screen normally without notifying the oper-
ator of any errors. As this assay used cultured cells with
a short time window for response measurement, subse-
quent plates that had received all necessary reagents ex-
pired because the failure occurred late in the evening with
no call from the system that an error had transpired.
Therefore, the problem was not discovered until the op-
erator arrived early the next morning. Several hundred
plates containing cells and detection reagent were lost be-
cause of this failure, which stresses the need for timeout
warnings in the event of unforeseen software failures. We
also note that all the microplate reader peripherals un-
derwent an extensive site acceptance testing without fail-
ure; however, given the thinner margin for error when
processing hundreds of thousands of samples per day, it
would be prudent to force microplate reading failures dur-
ing the site acceptance testing to diagnose and prevent
these types of errors.

Detector failures

The most common type of system failures have been
the result of errors with the integrated detectors, which

as mentioned above can be attributed to the detectors’ in-
tegration with optimized automation resulting in a high
degree of use.

The most heavily used detector to date has been the
ViewLux, with more than 100,000 plate reads generated
over a 30-month period. Several failures were directly
due to core components failing after extended usage, such
as stepper motors burning out and causing mechanical
failures, or various parts such as the light sources, opti-
cal components, or the CCD camera itself failing over
time. These breakdowns were relatively easy to diagnose
because of the immediate error reporting from the reader.

One malfunction difficult to diagnose and correct oc-
curred when the ViewLux computer intermittently re-
booted without warning and then failed to boot properly,
instead only displaying a message that the temperature
of the mother board was too high. Given the reported er-
ror message, troubleshooting of the cooling components
of the motherboard was attempted first, with both the heat
sink and fans being determined to work properly. Further
investigation revealed that the manufacturer of the com-
puter had a known problem with capacitors on the moth-
erboard leaking, leading to intermittent and then eventual
total failure unless the motherboard was replaced. This
illustrates the complexity involved with peripheral device
integration as the components of the plate reader were
not at fault but the computer system that controlled the
plate reader failed, leading to a failure of the entire sys-
tem.

The Acumen Explorer cytometer40 was a first-time in-
tegration on the Kalypsys system at the time of our sys-
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FIG. 9. Reproducibility of the qHTS process on the Kalypsys robotic system. (Left panel) 3D-scatter plot with CRC fits shown
for samples assayed in the pyruvate kinase-luciferase coupled assay. CRCs are annotated by curve fit quality as described in
Inglese et al.11 (Right panel) Bland-Altman plot comparing the pAC50 values from a pyruvate kinase–luciferase-coupled bio-
chemical assay performed in September 2005 and again in March 2007. Separate copies of the chemical library were obtained,
titrated, and stored on the robotic system in each screen. Both the 2005 and 2007 qHTS runs were performed with freshly titrated
copies of the library (less than 2 weeks). The pAC50 values derived from the high-quality CRCs from each dataset are plotted
(MSR � 1.24, n � 3,260 samples).41 The 95% limits of agreement are shown as dotted lines.



tem construction. The examples given below serve to il-
lustrate the factors that need to be considered when in-
tegrating any new reader into an automated process. The
primary source of cytometer failures has been mechani-
cal associated with the anvil, an electromechanical com-
ponent that holds the microtiter plate within the instru-
ment. The anvil rests underneath the plate and is a hollow
square tube whose function is to press against the bot-
tom of the plate to assist in the xy positioning of each
well relative to the laser beam. The plate is lifted off of
the in/out carrier when the anvil is raised, and then the
carrier is moved out of the way so that the plate can be
realigned once the region of interest being scanned is
complete and the plate is to be moved to the next region.
The anvil is controlled by a DC motor, which can either
raise or lower it. The height at which the anvil can be
raised is fixed, and during installation shims are added at
the base of it to adjust the height it can raise according
to the plate types being used.

After repeated instrument use, the plastic shims com-
pressed under the force of the anvil and made it impos-
sible to completely separate the plate from its carrier.
Thus, when the carrier moved out of the way during scan-
ning, it rotated the plate. This rotation changed the scan
region, and in many cases only partial wells were
scanned, leading to inconsistent data, which dramatically
affected the assay performance without triggering an ac-
tual error. This failure, which occurred on both the sys-
tem-integrated and standalone readers, can be attributed
to a design weakness and was very difficult to diagnose.
Ultimately, at our suggestion, the manufacturer changed
the shim material from plastic to metal.

A serious cytometer failure involved the motion con-
trol of the anvil. The DC motor used to control the anvil
positioning is driven by a motion control board within
the instrument. The board drives the DC motor to the re-
quested position until it triggers a limit switch which cuts
current to the motor, at which point movement is stopped.
In one instance, the motion control board never received
the limit switch response from the motor, and the motor
continued to draw current in an attempt to move past its
mechanical limit. As a result, components on the motion
control board eventually overheated, further causing sev-
eral on-board integrated circuit chips to melt. This caused
the entire instrument to fail and could have led to com-
bustion of the reader if the problem had not been de-
tected. The reasons for this failure could not be deter-
mined but prompted the manufacturer to develop a safety
circuit to prevent failure in the event a limit switch sig-
nal is never sent.

When choosing microplate readers for an automated
system two considerations are important. First, it is pru-
dent, when possible, to procure from a single vendor to
reduce the number of sources of peripheral devices that
can aid diagnosis of system failures. Second, one should

choose microplate readers that have been tested on such
systems whenever possible. However, as in our case with
the cytometer, one is often required to become the “early-
adopter” of a new technology, and in this case there will
be inherent risks, and troubleshooting must be accepted
as part of this choice. Increased system monitoring should
be employed during the first year of use for new mi-
croplate readers.

System Modifications and Enhancements

Based on our experience, a variety of modifications
were made over the last 3 years that enhance the func-
tionality of the system and provide directions for further
technology development.

Controller hardware and software enhancements

Automatic data file redirecting. The Dispatcher soft-
ware can only store data files to one location as speci-
fied by the user when creating a method file. This loca-
tion remains constant regardless of the number of screens
running, which can make it difficult to process trace files
for multiple screens. To address this deficiency, we have
modified the High Throughput Target Identification
(HTTI) software component of the robot controller. The
modified application, dubbed LabHTTI, was developed
using LabView to control the Dispatcher Application
(Fig. 10). All GNF/Kalypsys screening systems come
with an ActiveX control that provides a limited set of
control and status reporting of the Dispatcher through an
automation server. Once the LabHTTI Application has
been launched within the Dispatcher environment, the
“Connect” button is pressed to create a reference to the
Dispatcher automation server ActiveX object, which will
be used to control and monitor the properties, methods,
and events associated with the object. Next, all of the
events associated with the object are registered, which al-
lows the LabHTTI Application to capture these events as
they are generated by the Dispatcher. Finally, the “Con-
nect” method of the ActiveX object is invoked to estab-
lish a connection between the LabHTTI Application and
the Dispatcher automation server.

With the connection established, LabHTTI controls the
Dispatcher, in addition to capturing events sent from Dis-
patcher and processing these events as necessary. Within
this environment, Assay and Method Files are loaded in
order to execute a screen as described above (see System
control and monitoring). A key new feature developed
within LabHTTI is the Report Destination listbox of file
paths entered by the user that will act as the destination
for all output plate read files generated during the course
of the assay. We utilized the “PlateReadComplete” event
generated by the Dispatcher at the end of a plate read to
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make a copy of or move the file to one or more locations
as specified in the “Report Destination” field. Thus, if
multiple reads are collected from the same assay plate,
LabHTTI can create multiple subdirectories automati-
cally based on the assay logic. Importantly, because of
the continuous nature of the file copying/redirecting, on-
the-fly data analysis can be performed for screen quality
control purposes. Analogously, we have developed a
Trace Destination listbox to assist with the analysis of
log files generated by multiple screens that are run si-
multaneously.

Pintool protocol improvements. The pintool wash cy-
cle is a major component of the compound transfer pro-
cess, and as a result this step in HTS has frequently been
rate limiting. The initially established pin transfer proto-
col (not including plate movement) was 1 min 40 s per
plate, of which 1 min 15 s was spent on pin washing and
drying. Over time and through experimentation we have
optimized the washing cycle to take a significantly
shorter time while continuing to effectively clean the
pins. The optimized version of this protocol was obtained

after adjusting dwell time in the baths and drying station
and number of immersions in the baths. The full cycle
time of one pin transfer, wash, and dry process was re-
duced by 31 s, which has led to an increase of the screen-
ing speed by up to 50% in the cases of assays where the
pin transfer steps was rate determining.

System monitoring via webcams. In order to improve
the way errors and crashes are investigated, we installed
three web-enabled video cameras to monitor the sys-
tem. Each camera acts as a Web Server, allowing com-
plete control from an external location. These cameras
are programmed by the operator to view specific loca-
tions. At the start of any assay, LabHTTI connects to
these cameras to point each one to specific cell loca-
tions. Each camera can store a buffer of images for up
to 30 s. In the event of an error, a message is sent to
retrieve those buffered images and to then store them
to a network location using FTP. These images are then
combined to create a video that a user can watch to in-
vestigate the exact motions and steps directly leading
to the error.
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FIG. 10. Enhancement of the Dispatcher by the LabHTTI Application. LabHTTI communicates with the Dispatcher automa-
tion server via an ActiveX component. The assay objects are defined as the mother plates and their associated daughter plates,
with “N” representing a single object. Multiple assay objects can be running in parallel as needed, with the Dispatcher handling
the scheduling aspects. LabHTTI connects to the Dispatcher and then launches an assay. As the Dispatcher performs various
functions, LabHTTI captures all events generated by the Dispatcher and handles them as required.



Further reader and system upgrades

The most frequent modification performed on a screen-
ing system is the upgrade or complete changeover of a
plate reader as optical detection technologies continue to
evolve. Thus far, we have exchanged the Analyst® GT
reader (Molecular Devices, Sunnyvale, CA), initially in-
tegrated on the system, with an EnVision unit in order to
address our growing utilization of the AlphaScreen assay
technology. Additionally, the Acumen Explorer has been
upgraded from a single- to three-laser light source eX3
model to permit further cell assay multiplexing.

With the expansion of our compound collection and the
introduction of sophisticated multistep and multireader as-
says, the need for increased system capacity has become
evident. Therefore, we added second EnVision and eX3
readers that will allow incorporation of various pre- and
post-reads into screening protocols, provide an overall in-
crease in throughput, and introduce a level of redundancy
should a reader fail during a screen. Further, a major sys-
tem upgrade associated with replacement of the two RX-
90 arms with RX-120 units and the attachment of addi-
tional compound storage carousels, plate de-lidding and
handoff stations, and an additional pintool and dispenser
will increase the system storage and plate handling ca-
pacity while further improving the efficiency of screening.

Conclusions and Future Directions

The NCGC screening system has provided a uniquely
robust, reliable, and comprehensive solution to the de-
manding screening requirements of academic HTS. Its
unique approach to on-line compound plate storage and
rapid access enabled the rapid operationalization of the
qHTS concept and thus led to the generation and public
dissemination of an unprecedented volume and quality of
small molecule bioactivity data over the last 3 years. Sev-
eral lessons may drawn from this experience. First, a prop-
erly designed, fabricated, and operated integrated screen-
ing system allows extremely efficient screening, which then
allows new paradigms to be considered that can drive im-
provements in efficiency in subsequent informatics and
medicinal chemistry steps of the drug development process.
Second, the potential of powerful and sophisticated screen-
ing systems such as this is only realized with highly skilled,
experienced, and creative operation scientists; technology
is necessary but not sufficient. Third, such a screening sys-
tem should not be viewed as static; rather, tracking of per-
formance metrics and causes of failures should guide con-
tinual modifications, driving evolution of the system to
address shifting weak points and thus allowing continual
improvement in efficiency, throughput, and flexibility. In-
novations such as these promise in the short term to im-
prove chemical probe and lead generation productivity and
in the long term to transform HTS from a specialized and

narrowly directed search for small numbers of statistical
actives to a commonly performed enumerator of biological
activity profiles of large chemical libraries. This transfor-
mation will allow enumeration of generalizable relation-
ships between chemical and biological space and ultimately
drive truly “rational” drug development based on under-
standing of chemical genomic principles.
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