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Abstract
In response to the need for inexpensive high throughput assays for anti-cancer drug screening, a 1536-well microtiter plate
based assay utilizing the Alamar Blue fluorescent dye as a measure of cellular growth was validated in 10mL assay volume. Its
robustness was assessed in a screen against a library of 2000 known bioactives; with an overall Z0 value of 0.89 for assay
robustness, several known cytotoxic agents were identified including and not limited to anthracyclines, cardiac glycosides,
gamboges, and quinones. To further test the sensitivity of the assay, IC50 determinations were performed in both 384-well and
1536-well formats and the obtained results show a very good correlation between the two density formats. These findings
demonstrate that this newly developed assay is simple to set up, robust, highly sensitive and inexpensive. It could potentially
provide a rapid way to screen established and primary tumor cell lines against large chemical libraries.

Keywords: Assay, miniaturization, combinatorial chemistry, cytotoxicity, anthracyclines, screening, HTS, fluorescence,
resazurin, cell viability, NCEB1, cancer

Introduction

Cancer accounts for a significant portion of the

increase in non-communicable disease in the devel-

oping world. In 2000, an estimated 10 million new

cancers were diagnosed in new patients and 6 million

cancer deaths occurred worldwide. By 2020, the

number of new cancers will reach 15 million people,

and the number of deaths could potentially double to

as many as 12 million [1]. Oncological processes are

characterized by an uncontrolled increase in cellular

proliferation; hence, the availability of a suitable

in vitro cytotoxicity assay in the early discovery efforts

of screening large chemical libraries would provide an

important advantage in identifying novel agents.

These would then constitute the starting point for

further characterization and development as small

molecule therapeutics for intervention and control

of cancers as the latter remains an important public

health challenge. Thus, rapid assessment and identi-

fication of novel anti-cancer agents remain the major

bottleneck.

The selection of one assay type over another for

primary screening for cytotoxic agents can be

complicated due to the availability of several assay

types from various vendors that rely on a wide variety

of physiological mechanisms and endpoint measure-

ments. Their costs should also been taken into

consideration when screening large chemical libraries.

There are several cytotoxic assay types that are

commonly used by both academic researchers and

the pharmaceutical industry; these include and are not

limited to ATP quantification [2], XTT/MTT [3],

LDH release [4], and glutathione depletion [5].

However, the ideal assay type for in vitro cytotoxicity

profiling must be a simple, rapid, efficient, sensitive,
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safe and cost effective measure of cellular viability.

Obviously for chemical screening purposes, it should

not interfere with the chemicals to be tested. One such

assay type has already been established by Fields and

Lancaster in 1993 as a continuous assay for

monitoring both cell proliferation and cytotoxicity

[6]; it is based on a dye called resazurin and

commercially sold as Alamar Blue (AB) [7,8], a non-

fluorescent and blue dye which upon reduction to

resorufin becomes pink and highly fluorescent. It is

the most simple and rapid test, whereby 10% (v/v) of

the AB solution is added to the cell medium and

measured by fluorimetry. Greater sensitivity of as

many as 80 cells per test has been reported [8]. It has

been successfully used on different cell types for its

reliable cytotoxicity measurements including fibro-

blasts [9], immortalized and cancer cell lines [10–13],

tumor necrosis factor-hypersensitive cells [14], and

for its cell proliferation reliability on mouse and

human lymphocytes [15,16].

We have taken advantage of this widely utilized non-

radioactive reagent to develop the basis of our

miniaturized cytotoxicity screening platform. The AB

assay is based on the addition of the dye at a final

concentration of 10% (v/v) to seeded cells, and their

proliferation for a period of time in the continuous

presence of the dye. No washing steps are required for

this method, which makes it easily amenable to

miniaturization and automation. This agent is widely

used to measure cytotoxicity indirectly by prompt

fluorescence (excitation: 531 nm, emission: 595 nm)

[15]. AB fluorescence can be easily detected using

standard equipment such as a microtiter plate reader or

a CCD based imaging camera systems, and it is

comparable to 3H-thymidine incorporation in record-

ing proliferation rates [15,16].

In this work, we have miniaturized the AB assay to

10mL in 1536-well microtiter plates. We performed

pilot screens against a library of 2000 chemicals to

assess robustness and performance in identifying

cytotoxic agents using the 1536-well plate based assay.

We present here the results of this newly miniaturized

assay and report the identification of several cytotoxic

agents identified in both screening densities and

exhibiting potent anti-proliferative activity against the

well established MCL cell line NCEB1.

Materials and methods

Materials

The 384-well microtiter plates and 1536-well micro-

titer plates are both tissue culture treated and

purchased from Corning (Corning, NY). The Alamar

Blue reagent (AB) was obtained from Serotec Ltd

(Raleigh, NC). Staurosporine was purchased from LC

Laboratories (Woburn, MA).

Cytotoxicity assay in 384-well microtiter plates

The NCEB1 cell line was used as a model line for our

studies, and cultured as follows: the cells were

maintained in RPMI 1640 medium supplemented

with 10% fetal bovine serum, non-essential amino

acids, penicillin, streptomycin and were grown under

an atmosphere of 5% CO2-95% air at 378C. Cells

were seeded at different cell densities in 45mL medium

with 5mL of compound in 1% DMSO (v/v) and grown

for 36 to 48 h in 384-well microtiter plates. Next, 5mL

AB was added to the cells and incubated for another

24 h. The resulting fluorescence intensity was read on

the Victor3 V Multilabel Plate Reader (Perkin Elmer,

USA) or LEADseekere Multimodality Imaging

System (GE Healthcare, USA).

Cytotoxicity assay in 1536-well microtiter plates

The cells were seeded at different densities in 8mL

medium into 1536-well microtiter plates for 36 to 48 h

containing 1mL of compound in 1% DMSO (v/v),

then 1mL AB was added. They were further incubated

for another 24 h, and the fluorescence intensity was

read on the Victor3 V Multilabel Plate Reader or

LEADseekere Multimodality Imaging System.

Dose response studies

The signal inhibition induced by the compounds was

expressed as a percentage compared to high and low

controls located on the same plate, as defined as %

Inhibition ¼ (high control average 2 read value)/

(high control average 2 low control average) £ 100.

The dose response was assessed in duplicate and using

12 point doubling dilutions with 100mM compound

concentration as the upper limit. The dose response

curve for each set of data was fitted separately, and the

two obtained IC50 values were averaged. For

compounds having an IC50 below 1mM, the dose

response study was repeated using dilutions starting at

10mM compound concentration for more accurate

determination of the IC50 value.

Assessment of compound optical interference

Optical interference tests were performed by measur-

ing the fluorescence output of wells with cells grown in

the same assay conditions, pre- and post-addition of

the compounds. The compounds were tested at a

concentration of 10mM in 1% DMSO (v/v) in

duplicate. Practically, the NCEB1 cells were incu-

bated for 48 h after which, 5mL of AB was added and

allowed to incubate for an additional 24 h. The plates

were first read for total fluorescence intensity, and

then read again for a second time immediately after

addition of compounds; the addition will not have any

immediate effects on cellular growth thus providing

a window to assess optical interference, namely
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fluorescence quenching. Compound interference was

calculated by percent change in fluorescence intensity

(post-addition fluorescence/pre-addition fluores-

cence £ 100). Compounds inducing a variation of

fluorescence greater than 20% were flagged as

optically active compounds.

Statistical analysis

The Z0 factor was used to assess assay performance.

The Z0 factor constitutes a dimensionless parameter

that ranges from 1 (infinite separation) to , 0. It is

defined as: Z0 ¼ 1 2 (3sc þ þ 3sc2)/jmc þ 2 mc2j

where scþ , sc2, mcþ and mc2 are the standard

deviations (s) and averages (m) of the high (cþ ) and

low (c2) control [18].

Chemical libraries

The library used for the pilot screen was purchased

from MicroSource (MicroSource Discovery Systems,

USA). The library contains 2000 biologically active

and structurally diverse compounds from known

drugs, experimental bioactives, and pure natural

products. The library includes a reference collection

of 160 synthetic and natural toxic substances

(inhibitors of DNA/RNA synthesis, protein synthesis,

cellular respiration, and membrane integrity), a

collection of 80 compounds representing classical

and experimental pesticides, herbicides, and endo-

crine disruptors, a unique collection of 720 natural

products and their derivatives. The collection includes

simple and complex oxygen heterocycles, alkaloids,

sequiterpenes, diterpenes, pentercyclic triterpenes,

sterols, and many other diverse representatives.

Liquid dispensing systems

Two different liquid dispensing devices were used in

this study. Compounds were plated at a volume of

1mL or 5mL using a custom designed 384 head on a

TPS-384 Total Pipetting Solution (Apricot Designs,

USA). The addition of both cell suspensions and the

AB reagent were performed using a FlexDrop IV

(Perkin Elmer, USA).

Automation system & screening data management

The assays were performed on a fully automated linear

track robotic platform (CRS F3 Robot System,

Thermo CRS, Canada) using several integrated

peripherals for plate handling, cell incubators, liquid

dispensing, and fluorescence detection. Screening

data files from the Victor3 V Multilabel Plate Reader

or LEADseekere Multimodality Imaging System

were loaded into the HTS Core Screening Data

Management System, a custom built suite of modules

for compound registration, plating, data management,

and powered by ChemAxon Cheminformatic tools

(ChemAxon, Hungary). Data was analyzed for

compounds exhibiting 50% inhibition or greater,

and the summary of the identified positives was

exported as structure data files (SDF) for further

analysis and reporting.

Results

Establishing cell growth conditions in 384-well microtiter

plates

We have used the established MCL cell line, NCEB1,

as a model cell line for our studies [17]. In order to

determine the optimal cell density per well in a 384-

well microtiter plate, cells were diluted at various

densities and seeded using a FlexDrop liquid dispenser

into plates to achieve a range from 250 to 3000 cells per

well in a 45mL volume of medium. Next, 5mL of the

AB solution was added to the cells and the lidded plates

were placed into the incubator located on the robotic

platform. The robot performed a time course reading

of the fluorescence generated by the AB reagent over

72 h using the Victor3 V plate reader (Figure 1a).

We observed that the best signal output started to

emerge after an incubation period of 24 h, where

linearity of growth with time seems to have been

achieved with cell densities in the range of 500 to 3000

cells. Interestingly, the no cell control wells showed

very little change in the AB fluorescence over the 72 h

time course, potentially due to slow reduction of the

dye in the RPMI based cell culture medium. This result

further validates the ease of use and stability of the AB

reagent (Figure 1a). We conclude that AB is non-toxic,

stable in culture medium and allows continuous

monitoring of cell growth for periods up to 72 h.

Using a density of 3000 cells per well in 384-well

microtiter plates, the effects of the compound carrier

DMSO on the cells and the AB dye were investigated.

DMSO could either interfere with the AB signal

output or induce cytotoxicity. Cells were seeded to

wells containing increasing concentrations of DMSO

ranging from 0 to 10% (v/v). We have also included a

no cell control to assess any effects of DMSO on

spontaneous reduction of the AB reagent. Upon

addition of the AB reagent, plates were immediately

read at time zero and then over a 48 h time course

using the Victor3 V plate reader (Figure 1b). We found

that the NCEB1 cells seem to tolerate DMSO up to a

1% (v/v) final concentration and well within range of

what we typically use for screening. DMSO concen-

trations of 5% and 10% (v/v) caused substantial

reduction in cellular growth (Figure 1b). In addition,

DMSO does not quench nor causes spontaneous

reduction of AB as observed through the inclusion of

the no cells controls. We conclude that the NCEB1

cells can tolerate up to 1% DMSO (v/v) and that the

AB reagent is not sensitive to quenching or reduction

HTS for anti-cancer drugs 933
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Figure 1. (a) Growth curve of NCEB1 cell line with various cell densities as assessed by the AB reagent over a time course of 72 h after AB

addition. Cells were seeded into 384-well microtiter plates. An average of 48 wells was used for each data point. (b) Effect of DMSO on the

growth of NCEB1 cell line as assessed by the AB reagent over a time course of 48 h. Cells were seeded into 384-well microtiter plates. An

average of 96 wells was used for each data point. (c) Assessment of assay performance and robustness. Cells were seeded into 384-well

microtiter plates and incubated for 36 h prior to addition of the AB reagent. High control wells contained 1% DMSO (v/v). Low control wells

contained 25mM staurosporine in 1% DMSO (v/v).
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by the compound carrier DMSO; furthermore, the

AB reagent was stable for the duration of the assay.

To assess performance and signal window, NCEB1

cells were seeded into six 384-well microtiter plates at

a density of 3000 cells per well in the presence of 1%

DMSO (v/v) for high control or 25mM staurosporine

in 1% DMSO (v/v) for low control wells. The NCEB1

cells were incubated for 36 h, after which 5mL of AB

solution was added and readings were taken every 6 h

for a total of 36 h using the Victor3 V plate reader

(Figure 1c). Our measurements indicated that the AB

signal started to emerge after 6 h of incubation time.

Within 12 h and up to 36 h, the AB reagent had a

signal to background (S/B) separation of at least 6 fold.

The Z0 values ranged from 0.67 after 12 h to 0.72 after

36 h indicating the tightness of data, good dynamic

separation and S/B ratio. The Z0 factor has been widely

used by the screening industry as a very useful way of

assessing the statistical performance of an assay [18].

Z0 is an elegant combination of signal window and

variability, the main parameters used in the evaluation

of assay quality and performance. Z0 factor is a

dimensionless parameter that ranges from 1 (infinite

separation) to , 0. High and low control populations

start to overlap when Z0 converges towards zero (lower

panel). Z0 values of 0.4 and above are acceptable and

tend to correlate well with assay performance; these

represent at least an S/B ratio of 3 and a coefficient of

variation (CV) of 10% [19].

To assess assay sensitivity for the identification of

cytotoxic agents, we investigated the action of known

agents on the growth of the NCEB1 cell line.

Doxorubicin is a chemotherapeutic agent currently

used in the clinic for the treatment of MCL either as

standard therapy or in combination with other anti-

metabolites [20]. Indanocine and taxol belong to a

known class of anti-mitotic agents acting specifically

on either tubulin polymerization or de-polymerization,

respectively and have been reported to have anti-tumor

activity [21]. Forskolin, a natural product isolated

from the herb Coleus forskohlii, increases intracellular

levels of cAMP resulting in apoptosis [22]. Cyclohex-

imide, a natural product isolated from the bacterium

Streptomyces griseus, is protein synthesis inhibitor with

significant toxicity. Staurosporine is a natural product

originally isolated in 1977 from the bacterium

Streptomyces staurosporeus [23]. One biological activity

of staurosporine is the inhibition of protein kinases

resulting in anti-tumor effects through induction of

apoptosis in these cancer cells. All drugs were tested at

a final concentration of 10mM in 1% DMSO (v/v).

Cells were seeded into the 384-well microtiter plates

containing drugs and incubated for 36 h, after which

5mL of the AB solution was added. The AB signal was

measured every six h for 36 h using the Victor3 V plate

reader on the robotic platform (Figure 2). We found

that cycloheximide, doxorubicin and staurosporine

showed the most drastic inhibitory effects on cellular

growth. These observations further validate our assay

strategy in identifying novel cytotoxic agents against

well established tumor cell lines. Forskolin, indanocine

and taxol, on the other hand, had little or no effects on

the NCEB1 cells; and further validating the assay

sensitivity in picking up modulators specific for

inhibiting NCEB1 cellular growth. We typically score

as positive any compound exhibiting an inhibitory

activity of .50%. By tabulating the data from Figure 2

at a 24 h incubation period; cycloheximide, doxor-

ubicin and staurosporine would have been picked up as

hits during screening with percent inhibitions of 52%,

75% and 85%, respectively.

Assay miniaturization to higher density format

in 1536-well microtiter plates

Having established conditions in 384-well microtiter

plates and shown sensitivity to identifying cytotoxic

agents, we engaged on a further miniaturization of the

assay to a final volume of 10mL in 1536-well

microtiter plate format. In order to determine the

optimal cell density per well, cells were diluted at

various densities and seeded using a FlexDrop liquid

dispenser into plates to achieve a range from 10 to 600

cells per well in 8mL medium. The NCEB1 cells were

seeded into 1536-well microtiter plates pre-plated

with half of the wells containing 1% DMSO (v/v) for

high control and the other containing 25 mM

staurosporine in 1% DMSO (v/v) for low control

wells. Cells were incubated for 48 h prior to the

addition of 1mL of the AB reagent and further

incubated for another 24 h period before reading the

AB fluorescence on the Victor3 V plate reader

(Figure 3). We found that at cell densities of below

300 cells per well, there does not seem to be a good

Figure 2. Effects of known cytotoxic agents on the growth of the

NCEB1 cell line as assessed by the AB reagent over a time course of

36 h. Cells were seeded into 384-well microtiter plates and

incubated for 36 h prior to the addition of the AB reagent.

Negative control wells contained no cells. Positive control wells

contained 1% DMSO (v/v). All drugs were screened at a 10mM final

concentration in 1% DMSO (v/v). An average of 48 wells was used

for each data point.
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separation between the high and low control wells, and

calculated Z0 values were below the acceptable range

of 0.4. However, Z0 values of 0.56 and 0.73 and good

S/B ratio of 6.7 and 8.6 were obtained for cell densities

of 300 and 600, respectively (Figure 3). Based on

these results, cytotoxicity assays can be developed for

use in 1536-well microtiter plate format in a total assay

volume of 10mL.

To further evaluate assay robustness and perform-

ance, we used two control 1536-well microtiter plates

with one plate filled with 1% DMSO (v/v) for high

control and the other plate containing 25mM

staurosporine in 1% DMSO (v/v) for low control

wells. The analysis of the control well data provides us

with: (1) the S/B ratio as an indication of good

dynamic separation, (2) a measure for the CV, and (3)

a calculated Z0 value. NCEB1 cells were seeded at 500

cells per well into the 1536-well microtiter plates and

incubated for a period of 48 h, after which the AB dye

was added. The NCEB1 cells were incubated for

another 24 h before taking the final fluorescence

reading. We chose to measure the AB signal for the

high density 1536-well microtiter plate using the

LEADseekere Multimodality Imaging System in

order to increase efficiency and lower data read

acquisition times. With this imaging system, we

lowered acquisition time to less than one minute as

compared to 10 min measuring time with the Victor3

V plate reader. Under these assay conditions, we

observed a S/B ratio of 15 and both high and low

controls exhibit a tight set of data with CVs in the

range of 3% to 7%, respectively. The calculated Z0

value of 0.89 was indicative of robust assay conditions

which enabled us to easily identify active compounds

with 50% or more inhibitory activity on the cellular

growth of NCEB1 cells. Heat map analysis of wells

showed very little variability between wells in both

control plates and the absence of patterns shows no

systematic errors especially edge effects (Figure 4).

Screening for cytotoxic agents using the 1536-well assay

The developed assay was used in a high throughput

pilot screen of a library of 2000 compounds. The

collection is composed of known and FDA approved

drugs from MicroSource Discovery Systems. The

library was plated in two 1536-well microtiter plates

with columns 25 to 28 left empty for addition of high

and low control wells, which allowed monitoring of

assay performance during the automated screening

run. The pilot screen was carried out exactly the same

way the full scale HTS will be performed (e.g. same

robotic platform and imagers). The pilot screen was

performed on two separate days against the same set of

compounds in order to assess day to day variability.

The compound screening concentration was 10mM in

1% DMSO (v/v). Figure 5 shows an example of a

1536-well microtiter plate imaged using the LEAD-

seekere imaging system and showing no edge

effects for screening in 10mL total assay volume.

Figure 3. Assay miniaturization in 1536-well microtiter plate. Cells were seeded into 1536-well microtiter plates and incubated for 36 h prior

to the addition of the AB reagent and further incubated for 24 h prior to reading the AB fluorescence. High control wells contained 1% DMSO

(v/v). Low control wells contained 25mM staurosporine in 1% DMSO (v/v).
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This validation step allows us to obtain field data on

assay performance such as: 1) an estimate of the initial

hit rate, 2) an overall assessment of compound optical

interference, and 3) an evaluation of assay reprodu-

cibility. A scatter plot of the two data sets examines the

correlation between percent inhibitions for each

compound and allows us to evaluate the number of

outliers which hit on one day but not on the other

(Figure 6). From the scatter plot, there seems to be a

good overall correlation between compounds screened

in duplicate as depicted by the pattern of points and

the slope from the lower left to upper right. For the

Figure 4. Control experiment to evaluate assay robustness and performance in 1536-well microtiter format. Top panel shows heat

map analysis of the high and low control plate. Bottom panel shows AB signal and distribution of high and low control points. High control

wells contained 1% DMSO (v/v). Low control wells contained 25mM staurosporine in 1% DMSO (v/v).

Figure 5. Sample images of 384-well microtiter plate and 1536-well microtiter plate as imaged by the LEADseekere Multimodality Imaging

System.
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data sets from Day 1 and Day 2, 7 and 5 positives

compounds were identified as outliers, respectively.

The Z0 value for each plate was calculated and

translates into an overall Z0 factor of 0.8, indicative of

the excellent robustness of the assay during fully

automated screening.

The sensitivity of the 1536-well assay was further

demonstrated by its ability to identify known cytotoxic

compounds such as protein synthesis inhibitors and

mitochondria poisons in the commercial libraries. The

evaluation of our assay conditions described above

suggested that we have developed a robust and reliable

assay to screen for cytotoxic agents that would impede

cellular growth. We have identified a total of 71

compounds scoring at least 50% inhibition and yielding

an initial hit rate of 3.55% against this library of known

bioactive compounds. Of these 71 positives, 55

positives scored at least 70% inhibition or greater on

both days of the screen. We selected 36 compounds

from our positive list for dose response studies using

doubling dilutions starting from 100mM compound

concentration in 1% DMSO (v/v). To further test the

robustness of the assay, we performed IC50 determi-

nations in both 384-well microtiter and 1536-well

microtiter formats following the same conditions for

drug and incubation with modifications only to

volumes to account for changes in assay format. With

this assay, we were able to detect IC50 values ranging

from nanomolar to micromolar in both formats further

demonstrating its sensitivity to identify anti-prolifera-

tive agents (Table I). Dose response curves are shown

for three selected hits: SKI-209966 (Digoxin),

SKI-218245 (Cytochalasin A), and SKI-209907

Table I. Comparison of IC50 values in both 384-well microtiter plate and 1536-well microtiter plate. NCEB1 cells were seeded into 384-well

microtiter plates and 1536-well microtiter plates and incubated with drugs for 48 h prior to addition of AB reagent. Cells were then incubated

for another 24 h with AB reagent before readings were taken. High control wells contained 1% DMSO (v/v). Low control wells contained

25mM staurosporine in 1% DMSO (v/v).

IC50(mm)

SKI ID Structure Compound name 384-Well 1536-Well

218440 Dihydrocelastryl diacetate 2.7 2.1

210404 Phenylmercuric acetate 2.8 2.2

209330 Aklavine hydrochloride 2.9 3.6

209418 Dihydrogambogic acid 3.8 2.3

Figure 6. Scatter plot of 2000 compound validation of the NCEB1

cell line. Scatter plot shows percent inhibition of duplicate values for

each compound.
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Table I – continued

IC50(mm)

SKI ID Structure Compound name 384-Well 1536-Well

218424 Pristimerin 3.8 2.8

210192 Oxyphenbutazone 4.0 2.0

210975 Cetrimonium Bromide 4.7 4.6

209302 Strophanthidinic acid lactone acetate 5.0 4.9

211301 Tomatine 5.0 4.2

209623 Acetyl isogambogic acid 5.4 4.2

218258 Pristimerol 5.6 4.2

210324 Thimerosal 6.6 4.3

HTS for anti-cancer drugs 939
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Table I – continued

IC50(mm)

SKI ID Structure Compound name 384-Well 1536-Well

210622 Peruvoside 0.1 0.1

210432 Ouabain 0.2 0.1

209981 Pyrithione zinc 0.4 0.4

209966 Digoxin 0.8 0.6

209298 Cymarin 1.0 0.6

210042 Gentian violet 1.2 1.2

218346 Oleandrin 1.3 1.2

210614 Puromycin hydrochloride 1.5 1.3

D. Shum et al.940
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Table I – continued

IC50(mm)

SKI ID Structure Compound name 384-Well 1536-Well

211052 Mitoxanthrone hydrochlohide 1.5 1.9

218427 Dimethyl gambogate 1.7 1.5

209297 Digoxigenin 1.8 1.8

210193 Oxyquinoline 2.0 1.8

218300 Rutilantinone 6.7 6.7

209965 Digitoxin 6.7 5.1

211104 Benialkonium chloride 7.7 7.3

211166 Homidium bromide 8.0 7.0

209537 3,4-Dimethoxydalbergione 8.3 5.9

HTS for anti-cancer drugs 941
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(Clomiphene Citrate) (Figure 7a and b). We also found

that the IC50 values obtained in both assay formats

show a very good correlation with an R2 of .996

(Figure 7c). Based on these findings, miniaturization of

the assay from 384-well microtiter plate to 1536-well

microtiter plate did not distort the obtained signal and

clearly reinforces that our assay is practical for use in

high throughput screening applications.

Discussion

The aim of this study was to investigate the feasibility

of miniaturizing the AB assay into 10mL volume and

with the use of the minimum number of cells in higher

density formats, namely the 1536-well microtiter

format. We assessed the miniaturized assay robust-

ness, amenability to automation, proneness to false

Table I – continued

IC50(mm)

SKI ID Structure Compound name 384-Well 1536-Well

218245 Cytochalasin A 8.5 5.8

209735 Propachlor 8.5 5.8

211332 Rhodomyrtoxin B 9.4 8.4

211032 Methylbenzethonium chloride 10.6 8.9

209881 Chlorhexidine 11.1 9.0

209907 Clomiphene citrate 24.5 19.8

211495 Amoxepine 72.7 63.1

D. Shum et al.942
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positives and sensitivity in identifying cytotoxic agents

when used in high throughput screening.

We first set out to establish cell growth conditions in

384-well microtiter format; we found that the

compound carrier DMSO was tolerated by the cell

line NCEB1 up to 1% (v/v). We also found that the AB

dye is stable in cell culture media over a time course of

72 h (Figure 1a) and resistant to DMSO, a highly

oxidative agent, up to concentrations of 10% (v/v)

(Figure 1b). We opted for an optimal cell density of

3000 cells per well for this assay in 384-well microtiter

format. Assay development kinetics revealed that the

minimum time required for the dye to be taken up by

cells and to yield a robust (Z0 ¼ 0.67) fluorescence

output signal after reduction by the mitochondria was

12 h (Figure 1c). Doxorubicin (DNA alkylating agent

and currently being used in the clinic [20]),

cycloheximide (protein synthesis inhibitor), and

staurosporine (pan-active kinase inhibitor) were

identified as inhibitors of cellular growth for NCEB1

whereas the anti-mitotic agents indanocine and taxol

only partially affected growth at 10mM screening

concentration (Figure 2). Forskolin, an adenylate

cyclase activator, did not have any effect on the growth

of NCEB1, suggesting that cAMP signaling in this

lineage is more anti-apoptotic [21,24].

Having established robust and sensitive assay

conditions in the 384-well microtiter plate, we

progressed to miniaturize the assay into 10ml in

1536-well microtiter plate. Assay development over a

cell density range from 10 to 600 cells per well showed

that the minimum number of cells required to achieve

acceptable Z0 values was 300 cells with the NCEB1

cell line (Figure 3). Below 300 cells per well, poor S/B

ratios were observed with calculated Z0 values below

0.15. This finding is somehow surprising as O’Brien

and coworkers reported that they can detect as fewer

as 80 HepG2 cells per well using the same assay [8].

However, our observations were made from 768 data

points; 10ml volume in 1536-well microtiter plate

whereas theirs were made from only 8 data points

recorded from a 200ml volume in 96-well plate and

using a Fluoroskan Ascent plate reader for detection

(LabSystems International). We conclude that the

minimum required cells in a 1536-well microtiter

format to achieve good assay robustness is 300 cells

per well in a volume of 10ml. The optimal cell density

may well vary from cell line to cell line.

Using a cell density of 500 cells per well, the assay

was fully automated on the robotic platform and

validated in a pilot screen against a collection of 2000

compounds. An overall Z0 value of 0.89 was obtained

for the control plates; one for high and one for low

control plates. A Z0 value of 0.8 was obtained from the

control wells in the pilot screen. These results

reinforce the robustness and amenability to auto-

mation of this newly miniaturized assay. We identified

a total of 71 compounds with inhibitory effects in the

Figure 7. (a) IC50 curves of each compound in 384-well

microplate format: Digoxin, 0.8mM; Cytochalasin A, 8.5mM;

and Clomiphene Citrate, 24.5mM. (b) IC50 curves of each

compound in 1536-well microplate format: Digoxin, 0.6mM;

Cytochalasin A, 5.8mM; and Clomiphene Citrate, 19.8mM. (c)

Correlation plot of IC50 values in 384-well microtiter plate versus

1536-well microtiter plate. NCEB1 cells were incubated with

compounds for 48 h and then incubated with AB reagent for

another 24 h. High control wells contained 1% DMSO (v/v).

Low control wells contained 25mM staurosporine in 1% DMSO

(v/v). IC50 values are an average of two independently fitted dose

response curves for each data set.
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AB assay of greater than 50%. Within this set, 55

positive compounds had at least 70% inhibition

further demonstrating the assays ability to find potent

active compounds. To test the sensitivity and the

performance of the assay, we selected 36 compounds

for dose response studies in 384-well microtiter format

and 1536-well microtiter format. The calculated IC50

values ranged from 100 nM to 73mM (Table I) with all

36 compounds reproducing with good correlation

between formats. In Figure 7a and b, IC50 curves of

SKI-209966 (Digoxin), SKI-218245 (Cytochalasin

A) and SKI-209907 (Clomiphene Citrate) are shown

for both 384-well microtiter and 1536-well microtiter

formats. A correlation plot of the 384-well microtiter

data against the 1536-well microtiter data shows the

tightness of our IC50 data with a R2 of .996

(Figure 7c). This indicated that as we moved towards

a miniaturized format, our assay maintained sensi-

tivity and robustness with little or no signal distortion.

For this assay, we recognized that the AB

fluorescent signal may be susceptible to optically

active compounds. However, these compounds can be

easily filtered out by subjecting the positives to a

compound optical interference test. In our pilot set,

SKI-210511 (Brucine) was identified to spon-

taneously quench the AB signal by 30% and flagged

in our analysis.

We conclude that the AB reagent is simple, highly

sensitive and robust for use in our miniaturized

NCEB1 assay. We have demonstrated that our

miniaturized assay is: (1) amenable to automation,

(2) able to identify compounds with inhibition activity

and (3) determine IC50 with little or no distortion. In

addition, the use of the LEADseekere Multimodality

Imaging System greatly reduces reading time and

prevents assay lag time that is generally associated with

higher density formats. The rationale behind this

miniaturization is also relevant to growing large

number of cells for screening. If we use 300 cells per

data point, to screen a 100,000 compound library we

would need 50 million cells in comparison to 550

million cells if we were to perform it in the 384-well

microtiter plate formats. Furthermore, the cost of the

AB reagent would be $206 compared to $1030,

respectively. This methodology would allow us to

screen several of these well established leukemic and

lymphoma cell lines at a relatively cheaper cost and in

record times as we can fully automate the assays on the

robotic platform.
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