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Abstract. An improved method has been developed to count
cells in situ based on the measurement of esterase activity with
carboxyfluorescein diacetate. This sensitive, semiautomated
microplate fluorometer assay was able to estimate viable cell
numbers over a range of 5 X 102 to 2.6 X 105 cells/well in a tumor
cell line. Sensitivity to 103 was demonstrated in two other cell
lines. Sub- and supranormal fluorescence events which can be
responsible for unreliable readings when using a fluorescence
assay for cell counting were quantified in a menadione (cytotoxic
agent)/U-87 MG (cell line) model. There was a close correlation
between the fluorometer method and Coulter counter method for
wo different tumor cell lines when this method was performed on
cells after sub- and supranormal fluorescence events had ceased.

A commonly used end-point for measuring the cytotoxic and
cytostatic effects of antineoplastic and toxic agents is the num-
ber of viable cells remaining after treatment (1). Standard
methods for determining absolute numbers of viable cells
include hemocytometer, Coulter counter, 3H-thymidine incor-
poration (2) and the MTT assay (3). Although these methods
can accurately count viable cells, they are all time consuming
(particularly when large numbers of samples are processed)
and lack sensitivity (4). Newer methods employing microplate
fluorometer-based assays which use fluorescein derived (5-9)
and other (4,5) fluorescent probes for viable cells have also
been described. Although these microplate fluorometer meth-
ods are less time consuming, none has been described with
sensitivity greater than 10 cells/well. In addition, the reliabili-
ty of fluorescein and other enzyme-dependent fluorescent
indicators of cell viability is questionable due to sub- and
supranormal fluorescence caused by sub-lethal doses of cyto-
toxic agents (10). We present here, a rapid, sensitive, in situ,
microplate fluorometer method for measuring the prolifera-
tion of normal and tumor human cell lines using a flucroscein
probe, carboxyfluoroscein diacetate (CFDA). Results obtained
with this method show that it is accurate at low cell densities
(103 cells/well) and compares well with Coulter counting. We
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also present possible solutions to sub- and supranormal flus-
rescence events using the cytotoxic agent menadione with
human glioblastoma cells as a model. Viable cell number is
estimated by measuring the esterase activity of viable cells.

Fluorescein-derived probes such as fluorescein diacetate
(FDA) and CFDA are nonpolar, non-fluorescing molecules.
They readily penetrate the cell membrane, where they are
intracellularly deacetylated by cellular esterases to yield the
polar fluorescent molecules fluorescein (F) and carboxyfluo-
rescein (CF), respectively (11,12). Intact cellular membranes
are relatively impervious to F and CF so they accumulate in
the viable cell (8). Although both FDA and CFDA are useful
fluorogenic markers of cel] viability (8,12-15), CFDA is pre-
ferred because it exhibits less extracellular leaching (9).

Under appropriate conditions, CFDA is loaded into the
cells, in situ, where it is converted to CF. After a stabilization
period, the fluorescence of the fluorogenic intracellular and
leached, extracellular CF is measured on a microplate fluo-
rometer.

Materials and Methods

Cell lines. Caov-3 (human ovarian adenocarcinoma), CCD-37Lu (human,
normal lung fibroblast), SK-MEL-28 (human malignant melanoma) and
U-87 MG (human glioblastomaastrocytoma) were acquired from American
Type Culture Collection (Rockville, MD). Stock cells were grown in 75 cm?
and 75 cm? polystyrene monolayer tissue culture flasks (Corning) containing
bicarbonate-buffered Dulbecco’s modified Eagle medium supplemented
with 10% (v/v) heat inactivated (56°C for 30 min) fetal calf serum (HyClone
Laboratories, Logan, UT), 2 mM glutamine, 100 IU/ml penicillin, 100 pg/ml
streptomycin, 110 plg/ml sodium pyruvate and 2.5 pg/ml Fungizone (experi-
mental growth medium (EGM)). Cells were incubated at 37°C in a humidi-
fied, 5% CO,/95% air atmosphere. Cell lines were routinely tested for my-
coplasma contamination using Mycotrim-TC (Irvine Scientific, Santa Ana
CA). Cell counting was performed with a model ZM Coulter counter (Coul-
ter Electronics, Hialeah, FL) or by Neubauer hemocytometer. The gain and
threshold settings on the Coulter counter were selected for each cell line by
matching the results to those of the hemocytometer.

Stock solutions. 5'-(and 6')-carboxyfluorescein diacetate (CFDA) (Molecu-
lar Probes, Eugene, OR) for the fluorometric assay was prepared as a 5.0
mM stock solution in dimethylsulphoxide (DMSO) and stored desiccated at
-20°C. Sterile phosphate-buffercd saline (PBS) was prepared at pH 7.1.
Menadione (Sigma, St. Louis, MO) working solution (1 mg/m! [w/v] in
EGM} was prepared on the day of supplementation.
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Fluoromerric linearity assay. Immediately following trypsinisation, cells were
centrifuged, resuspended in EGM, counted and recentrifuged. The super-
natant was removed and cells were resuspended in EGM at varying concen-
trations (n = 8 for each concentration) to yield cell numbers/well as described
in the Results section. 125 pl of seeding medium with cells in suspension
were placed into each well of 96-well tissue culture plates (Falcon). Seeding
medium consisted of EGM without fetal calf serum. It was designed to be a
holding medium (HM) in which an extended lag phase could be demon-
strated. 125 ul of HM were also placed in another set of wells which served
as blanks for the fluorometer. All celis were allowed to attach during incu-
bation (4-6 hours) at 37°C in a humidified, 5% CO,/95% air atmosphere.

Staining and fluorescence determination. Medium was removed by micropipet-
tor and 80 pl of freshly diluted CFDA (25uM in PBS) were added as a stain
to each well. After a 30 min incubation at room temperature the fluores-
cence of each well (average 3 readings/well) was determined in arbitrary
units using an automatic microplate fluorometer (Cambridge Technology-
Mode! 7620, Watertown, MA) equipped with 485 nm excitation and 530 nm
emission bandpass filters.

Fluorometric inhibition assay. Plates were prepared as above, except that
cells were seeded at a constant rate of 3,000 cells/well in EGM and incubat-
ed for 24 hr, after which EGM was removed and replaced with EGM sup-
plemented with varying concentrations of menadione (n = 8 for each con-

. centration, blank and control). Afier 3 or 6 days of incubation, supplement-
ed medium was removed and cells were washed with 125 ul of PBS which
was subsequently removed by aspiration. CFDA staining and fluorescence
determination were performed as above.

Coulter counter inhibition assay. Duplicate plates were prepared as in the flu-
orometric inhibition assay. At the end of the growth period, supplemented
medium was removed and cells were detached with 50 ul of a solution con-
taining 0.2% trypsin (wAv) and 0.2 g1 EDTA (ethylene diamine tetraacetic
acid). Cells were aspirated from wells and wells were washed twice with
EGM containing FCS. Cell aspirate and EGM from seven wells were
pooled and diluted with Isoton prior to counting with the Coulter counter.
Three counts per sample were averaged. The eighth well for each concen-
tration and control was used for trypan blue exclusion. In that well, medium
was removed and cells were detached as above. 100 pl of trypan blue 0. 1%
(wiv) were added to each well and allowed to stand for 5 min. Live cells
were determined as a percentage of 200 cells excluding dye.

Supranormal fluorescence assay. Plates were prepared as in the fluorometric
inhibition assay through the beginning of the growth period. U-87 MG cells
were used. Two concentrations of menadione, 1 and 10 ug/ml, were used.
Plates were incubated as in the fluorometric linearity assay. At variable
intervals over a 7-day period, fluorescence was determined using the stain-
ing and fluorescence methods above (n = 8 for each menadione concentra-
tion, control, and blank).

Statistical methods. Regression coefficients, linear least square fit for stan-
dard curves, and Student t-test were calculated using analysis tools of Excel
4.0 for Windows software (Microsoft, Redmond, WA).

Fluorometric inhibition assay: Inhibition of cell proliferation (% inhibition)
was evaluated as:
1 - [(Fluorescence of supplemented cells - mean fluorescence of blank) /
(fluorescence of unsupplemented control cells - mean fluorescence of
blank)} X 100%.

Counter inhibition assay: Inhibition of cell proliferation (% inhibition) was
evaluated as: 1 - [(Cell count of supplemented cells X percent excluding try-
pan blue) / (cell count of unsupplemented controls X percent excluding try-
pan blue)} X 100%.

Supranormal fluorescence assay: Fluorescence relative 1o control was evalu-
ated as: [(Fluorescent of supplemented cells - fluorescence of blank) / (fluo-
rescence of unsupplemented control cells - fluorescence of blank) X 100%.
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Figure 1. Least squares lines for 3 cell lines. Fluorescence is linear over the
assay range. Each point is the mean of 8 samples.

Results

Fluorometric linearity assay. The linearity of the microplate flu-
orometer method for the estimation of viable cell numbers
was determined first on one normal (CCD-37Lu) and two
tumor celi lines (U-87 MG and SK-MEL-28) using HM for
seeding (4-6 hr incubation). Figure 1 shows the linearity of the
cell count vs. fluorescence units between 1 X 10? and 3.9 X 104
cells/well. The correlation coefficients for all three standard
curves are R =0.95 when the least squares lines are forced
through zero. Serial dilutions of U-87 MG cells (relatively
small cells) showed linearity between 500 and 256,000 cells per
well (Figure 2).

Critical to the assay is the ability to remove all FCS-contain-
ing medium due to the inherent esterase activity of the FCS.
Multiple seeding media and washing conditions were tested to
determine which yielded the best results. Initial attachment
with EGM as a seed medium (4 hr) and subsequent changing
medium to HM (4 hr) yielded results slightly better than HM
alone, but the small increase in accuracy did not warrant the
extra handling (data not shown). Direct CFDA staining of a
suspension of detached cells in PBS yielded a correlation coef-
ficient of R >.99. However, the fluorescence determined by
the microplate reader was over 2 fold greater than attached
cells (data not shown). This effect was probably due to the
increased surface area of the suspended cells and rendered
this method ineffective for development of a standard curve.

Comparison of fluorometric and Coulter counter inhibition
assays-3 day incubation. Initial comparisons (duplicate plates)
between the fluorometric and cell counter inhibition assays of
U-87 MG cells are given in Figure 3. It shows dose response
inhibition (percent) of cells by the cytotoxic agent, menadione,
compared to controls. Menadione (vitamin K,), a quinone,
exhibits cytotoxic activity by inducing intracellular lipid perox-
idation (16). Others have reported that a quinone (adri-
amycin) and other, chemically unrelated cytotoxic agents, at
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Figure 2. Least squares line for serially diluted U-87 MG c.ells. Fluorescence
is linear over the assay range. Each point is the mean of 8 samples.
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Figure 3. Comparison of results from fluorometer method with Coulter
method. Duplicate plates of U-87 MG cells exposed to varying conconcentra-
tion of menadione for 3 days. Each point for fluorometer method is mean of
8 samples. Counter points are the average of a pool of 7 samples.

sub-lethal dosages, could induce supranormal CF fluorescence
in CFDA stained cells for a short time after exposure (10).
Although Massaro used a flow cytometer, the possibility of
supranormal fluorescence would question the reliability of any
fluorescent assay of cytotoxic or cytostatic agents using CFDA.
Three days after exposure to menadione, we found supranor-
mal cellular fluorescence of U-87 MG cells exposed to less
than 11 pg/ml of menadione as evidenced by the spuriously
low inhibition (Figure 3).

Supranormal fluorescence assay. In an effort to increase the relia-
bility of this fluorometric assay, we studied the time dependence
of supranormal CF fluorescence. Figure 4 shows the time vari-
ation of relative CF fluorescence of U-87 MG cells exposed to
1 and 10 pg/ml of menadione compared to duplicate controls.
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Figure 4. CF fluorescence of U-87 MG cells exposed to 1 and 10 ugiml of
menadione over time relative to control wells. Each point is the mean of 8
samples relative to 8 control samples. *P<0.05 betveen the mean of 1 ug/ml
and control groups.

At the lethal dose of 10 pg/ml, refative fluorescence was sup-
pressed within 4 hr and continued downward for 71 hr when it
remained stable. The sub-lethal dose (1 pg/ml) exhibited fluo-
rescence similar to control values for 48 hr. Fluorescence
decreased at 54 hr, followed by supranormal fluorescence at
76 and 96 hr. A stabilization of fluorescence values was seen
from 119 to 168 hours.

Comparison of fluorometric and Coulter counter inhibition
assays, 6-day incubation. Given this information, we repeated
the comparison of cell counter and flaorometer viability deter-
minations for U-87 MG cells, using an end point (144 hr-6
days) when the CF fluorescence was relatively stable. In con-
trast to the disparity between the two methods shown in Figure
3, Figure 5 shows good agreement between the dose response
curves. Figure 6 shows similar agreement for a different cell
line (Caov-3) after a 144 hr exposure to menadione.

Discussion

We have deseribed a rapid, sensitive, and reliable method for
in situ estimation of viable cell number using CFDA and a
microplate fluorometer. One advantage of this assay is its abil-
ity to estimate cell densities as low as 10° cells/well in 2 cell
lines and 500 celis/well in another. Secondly, the assay allows
for in situ estimation of viable cells, reducing the amount of
steps in which the cells must be manipulated. In itself, this in
situ approach allows fewer chances for error and increases reli-
ability and reproducibility. This method is much safer than
using radioactive tracers. By being rapid and efficient it can
also expand the ability of a laboratory to screen cytotoxic agents
many fold. :

We have also presented a technique to ensure reliable results
when using this and other fluorescence assays to assess cell
proliferation after exposure to cytotoxic agents. Cytotoxic
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Figure 5. Comparison of results from fluorometer method with Coulter
counter method. Duplicate plates of U-87 MG cells exposed to varying con-
centration of menadione for 6 days. Each point for fluorometer method is
the mean of 8 samples. Counter points are the average of a pool of 7 sam-
ples.

agents have been shown in the past to induce sub- and supra-
normal fluorescence which could lead to spurious results in a
fluorescent assay. Supranormal CF fluorescence is attributed
to a retardation of CF efflux (10). The cause of subnormal flu-
orescence in CFDA stained cells is not known, but decreased
esterase activity is probable. By assessing, and then avoiding,
the sub- and supranormal fluorescence for our particular com-
bination of cell line (U-87 MG) and toxic agent (menadione),
we have demonstrated good agreement between this method
and standard cell counting methods. We expect that this
approach will work as well for other cell lines and other toxic
agents.

One disadvantage of the assay is the inability to use it for
suspension cultures. Without the addition of specialized cen-
trifugation equipment and microtiter centrifuge plates, wash-
ing of cells in suspension presents a problem. Well contents
would have to be removed from microplate wells, centrifuged
and resuspended prior to being placed back in a microplate
for evaluation.

For absolute counts of cells, standard curves can be estab-
lished using this method as long as strict attention is paid to the
following conditions: time of incubation, volume of CFDA/PBS
stain solution, and concentration of CFDA. Even small vari-
ations in any of these conditions may greatly vary the fluores-
cence reported.

For measurement of cytotoxic events, this method can be
coupled with an exclusionary dye (trypan blue or propidium
iodide) method. As long as diligence is used in reproduction
of the method and assessment of supranormal and subnormal
fluorescence are addressed in a given cell and toxic agent
model, the results of the assay are in good agreement with
standard cell counting methods.

This method for counting viable cells is faster and safer than
other methods. It atllows for the rapid quantification of inhibito-
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Figure 6. Comparison of results from fluorometer method with Coulter
counter method. Duplicate plates of Caov-3 cells exposed to valying concen-
tration of menadione for 3 days. Each point for fluorometer method is the
mean of 8 samples. Counter points are the average of a pool of 7 samples.

ry effects of chemical agents on normal and tumor cells and
should be valuable for screening potential antineoplastic
agents.
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