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¢ Abstract

A procedure is presented for calibrating the output of a multicolor flow cytometer in
units of antibodies bound per cell (ABC). The procedure involves two steps. First, each
of the fluorescence channels of the flow cytometer is calibrated using Ultra Rainbow
beads with assigned values of equivalent number of reference fluorophores (ERF). The
objective of this step is to establish a linear relation between the fluorescence signal in a
given fluorescence channel of multicolor flow cytometers and the value of ERF. The sec-
ond step involves a biological standard such as a lymphocyte with a known number of
antibody binding sites (e.g., CD4 binding sites). The biological standard is incubated
with antibodies labeled with one type of fluorophores for a particular fluorescence
channel and serves to translate the ERF scale to an ABC scale. A significant part of the
two-step calibration procedure involves the assignment of ERF values to the different
populations of Ultra Rainbow beads. The assignment of ERF values quantifies the rela-
tive amount of embedded fluorophore mixture in each bead population. It is crucial to
insure that the fluorescence signal in a given range of fluorescence emission wavelengths
is related linearly to the assigned values of ERF. The biological standard has to posses a
known number of binding sites for a given antibody. In addition, this antibody has to
be amenable to labeling with different types of fluorophores associated with various flu-
orescence channels. The present work suggests that all of the requirements for a success-
ful calibration of a multicolor flow cytometer in terms of ABC values can be fulfilled.
The calibration procedure is based on firm scientific foundations so that it is easy
to envision future improvements in accuracy and ease of implementation. Published
2007 Wiley-Liss, Inc.t

¢ Key terms
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IN a flow cytometer measurement, cells are carried by a flowing stream across
focused laser beams (1). Prior to aspiration of the cells into the sheath fluid stream of
the flow cytometer, the cells are incubated with a mixture of labeled antibodies speci-
fic to various receptors on the cell surface or intracellular protein antigens. Nuclear
antigens can also be detected and are often useful as proliferation markers. After the
incubation, the labeled antibodies are attached to specific receptors on the surface of
the cell or intracellular protein antigens. As the cells flow past the laser beams, the
fluorescence of fluorophores is detected in discreet fluorescence channels (FC) via
photomultipler tubes (PMT). Fluorescence signal detected in a specific fluorescence
channel is representative of the expression level of a given protein antigen. Because
immune cells work in a cooperative manner (2), disease diagnostics and immu-
notherapies are mostly carried out by monitoring expression of multiple cell recep-
tors, such as HIV-1 infection (3,4) and chronic lymphocytic leukemia (5,6). A CLSI
guideline (7) exists for fluorescence calibration and quantitation measurements, for
example, with a specific FC/PMT using flow cytometry. However, a method toward
quantitative fluorescence measurements with multicolor flow cytometry other
than day-to-day instrument quality control and assurance (QC/QA) (8,9) is not yet
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available at this time. The need for the method has been
addressed by FDA in its critical path report that solicits critical
path opportunities on the basis of the identified need for
innovations (10,11).

The objective of this work is to provide a calibration
scheme such that the detected fluorescence signal can be pre-
sented in terms of a number of antibodies bound per cell
(ABC) (7). A simplified discussion of the calibration scheme is
presented below to assist the understanding of the detailed
description that follows in the next section. The calibration
method does not assume any special conditions that are
unique to any one commercial cytometer. Therefore, the cali-
bration method is applicable to any commercial cytometer.
The calibration procedure starts with a measurement of the
response in each FC due to the set of Ultra Rainbow beads.
Ultra Rainbow beads are micron-sized particles that contain a
mixture of fluorophores such that the beads emit fluorescence
in every channel of the flow cytometer. The set of Ultra Rain-
bow beads consists of six different bead populations, each
with a different amount of the fluorophore mix. Ideally, the
proportion of the fluorophores in the mix is the same for each
bead population. Each population of the Ultra Rainbow beads
will have an assigned number (called equivalent reference
fluorophores, ERF) that represents the relative amount of the
fluorophore mix contained inside the bead. The response to
the Ultra Rainbow beads in a given FC will be represented by
histograms characterizing the fluorescence pulse heights from
the different populations of Rainbow beads. Figure 1a shows a
hypothetical calibration curve for a single FC obtained by
plotting the mean pulse height associated with each bead
population versus the assigned ERF value for that population.
The ideal result is a straight line as shown by the solid curve in
Figure la.

The next step is to analyze a biological standard through
the cytometer. Figure 1b shows the steps taken in the prepara-
tion of the biological standard. The upper part of Figure 1b
shows five containers with a population of standard cells
(dotted line) at the bottom of each container. In this case, the
biological standard will be cells with a known number of spe-
cific protein antigen, e.g., normal or lyophilized T lympho-
cytes with CD4 receptors (3,12). The biological standard is
incubated with antibodies for that specific protein antigen.
Prior to incubation, the antibodies are divided into several
lots, and each lot is labeled with one of the fluorophores that
will be detected in each FC. The symbols Y in the upper part
of Figure 1b denote the antibody and the subscripts denote
the label (FITC, PE, APC, etc.) corresponding to the FC. Fig-
ure 1b shows the case of five fluorescence channels; however,
the number of FC can vary with the application. After the
incubation, the cells stained with labeled antibodies are
washed, concentrated, and pooled. The single container at the
bottom of Figure 1b shows the final biological standard, which
consists of the pooled antibody-stained lymphocytes. Passing
the labeled biological standard through the flow cytometer
leads to a response in each of the FC. The dashed arrows in
Figure la show how the calibration line together with the
response from the biological standard in that FC leads to the
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Figure 1. (a) The solid circles represent a plot of the hypothetical
numbers of equivalent reference fluorophores (ERF) assigned to
the five populations of Ultra Rainbow beads as a function of the
mean pulse height associated with the five simulated peaks in
the fluorescence channel (FC). The solid line is a best linear fit to
the five points and constitutes a calibration of the FC. (b) A sche-
matic of the process used to produce a biological standard. Stand-
ard cells are incubated with the same antibody (Y) labeled with
different fluorophores (A—E). After incubation, the labeled cells
are washed, concentrated and pooled. The pooled cells constitute
the biological sample. The vertical dashed line in Figure 1a is
drawn from the mean pulse height of the response associated
with the biological standard. The point (x), where the dashed line
crosses the calibration line, defines the ERF value which corre-
sponds to the number of labeled antibodies on the biological
standard. This point (as well as the zero point defined by a nega-
tive population) sets the ABC (antibodies bound per cell) scale on
the right side of Figure 1a.

establishment of a scale for antibodies bound per cell (ABC)
(right hand axis in Fig. 1a). Subsequent to the calibration,
flow cytometer measurements on the analyte cells can be
reported in terms of ABC values.

In the following, we develop a methodology to imple-
ment quantitative measurements in all fluorescence channels
of a multicolor flow cytometer. The procedures are applicable
for a given assay performed on a specific instrument. The
methodology can be also applied to develop kits for quantita-
tive measurements with specific instruments. As an example,
the method will be described using a flow cytometer that has
405, 488, and 632 nm laser lines and incorporates appropriate
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dichroic mirrors and band pass filters to define the fluores-
cence channels.

EXPERIMENTAL DETAILS

Nile Red and allophycocyanin (APC) were obtained from
Molecular Probes/Invitrogen (Carlsbad, CA)' and used as
received. Coumarin 30 with a dye content of 99% was from
Sigma-Aldrich (St. Louis, MO). Ultra Rainbow beads includ-
ing a blank and five fluorescent populations, each embedded
with a different amount of fluorophores (3.5-3.9 um in diam-
eter) were purchased from Spherotech (Libertyville, IL).
Heparinized normal donor samples were obtained from NIH
Department of Transfusion Medicine. This sample source is
exemption approved by the Institutional Review Board (IRB).
Monoclonal antibodies, CD4-PE unimolar conjugate (clone
Leu-3a) (Catalog Number: 340586) and CD4-biotin conjugate
(Catalog Number: 3,47,321), and streptavidin-labeled allophy-
cocyanin (SA-APC) were obtained from BD Biosciences (San
Jose, CA).

The procedure for whole blood staining was described
previously (12). Briefly, the whole blood washed with 1X PBS
was stained with labeled antibodies for 30 min at room tem-
perature. For direct labeling with unimolar CD4-PE conjugate,
the cell suspensions were subsequently lysed with 1X FACS™
lysing solution (BD Biosciences). After washing twice with 1X
PBS, the obtained leukocytes were resuspended in 0.5 mL of
PBS. For indirect labeling with CD4-biotin conjugate, the cell
suspensions with excess labeling reagent were washed once
with PBS and then incubated with SA-APC for 20 min in the
dark at 4°C. After lysing with 1X FACS™ Lysing Solution, the
cell suspensions were further washed twice with PBS and
finally resuspended in 0.5 mL of PBS.

The flow cytometric measurements were carried out
using a FACSCanto equipped with 405, 488, and 632 nm lasers
(BD BioSciences, San Jose, CA). BD “FACSDiva” software and
clinical software were utilized in the multicolor cytometer for
data acquisition and analysis, respectively. For the measure-
ments, lymphocyte populations were gated by using 2D side
and forward scatter plots, and median channel numbers
obtained from fluorescence histograms were used for the
determination of ERF values. Back gating with CD3 versus
CD4 was also used to ensure the inclusion of the total T lym-
phocyte population. CD45 gating was not used.

Ultra Rainbow Bead Fluorescence Spectra

Each rainbow bead contains a mix of several different
fluorophores embedded in the polymeric matrix of the bead.
Using the nomenclature provided by the manufacturer, bead 1
contains no fluorophores and serves as the “blank” or the neg-

!Certain  commercial equipment, instruments, and materials are
identified in this article to specify adequately the experimental
procedure. In no case does such identification imply recommendation
or endorsement by the National Institute of Standards and Technology,
nor does it imply that the materials or equipment are necessarily the
best available for the purpose. In addition, this work does not represent
the official position of the Food and Drug Administration.
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Figure 2. The fluorescence emission spectra from a suspension
of Ultra Rainbow bead 4 excited with three different laser lines.
The vertical bars give the location of the three laser lines, and the
spectrum to the right of each line shows the corresponding emis-
sion spectrum. The spectra are not normalized or corrected for de-
tector response.

ative control. Beads 2 through 6 contain increasing amounts
of the fluorophore mixture embedded in the bead matrix. Fig-
ure 2 shows the fluorescence spectra of rainbow bead 4 taken
with three different excitation laser lines, 405, 488, and 632 nm.
The location of each excitation line is shown by the vertical
bar, and the corresponding fluorescence spectrum is displayed
to the right of the bar. The termination of the fluorescence
emission spectrum at the higher wavelengths is due to the
spectrometer settings. The actual emission spectrum continues
beyond the termination wavelength. It is expected that for
each excitation wavelength, the fluorescence emission spec-
trum will originate from a different subset of the fluorophores
contained in the bead. The fluorescence spectra differed
slightly for each of the bead populations. Figure 3a shows the
emission spectra from beads 2 through bead 6 using 488 nm
excitation, and Figure 3b illustrates the difference in the spec-
tral shapes of the five bead populations through normalizing
their emission spectra. The largest difference in the spectra
occurs in the region around 600 nm. Figure 4 shows the nor-
malized bead emission spectra for 405-nm excitation. There is
a small difference between the spectrum of bead 2 and the
spectra from the rest of the beads. The excitation with 632 nm
resulted in similar spectra (not shown) for all bead popula-
tions. Ideally, all bead populations should display the same
normalized fluorescence spectrum. Only the relative magni-
tude should change between the different bead populations.

Methodology

A set of rainbow beads containing increasing amount of a
mix of fluorophores are used to calibrate the fluorescence sig-
nal linearity in each of the fluorescence channels (FC) of the
cytometer. To accomplish the calibration it is necessary to
assign numbers to each population of beads that will charac-
terize the relative fluorescence signal of each population of
rainbow beads in a given FC. The numbers assigned to each
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Figure 3. (a) The measured fluorescence signal (FS) from five
populations of Ultra Rainbow beads excited with 488-nm laser
line. In all cases, the signal from the blank bead population has
been subtracted. Each spectrum is labeled with a number 2
through 6, which denote the bead populations with increasing
dye content. As expected, the FS increases with increasing load-
ing of dye in the Ultra Rainbow beads. (b) The normalized fluores-
cence emission spectra from Rainbow beads 2—6. The excitation
wavelength was 488 nm, and the normalization was performed by
dividing all of the points in the measured spectrum (a) by the
maximum value in that spectrum. There is a substantial difference
in the spectral shape around 610 nm.

bead population will be specific to a given excitation laser. To
assign these numbers, we will compare the fluorescence signal
from the suspensions of beads and solutions of selected refer-
ence fluorophores. For the 405-nm excitation, Coumarin 30 in
acetonitrile will be used as a reference fluorophore. Nile red or
fluorescein will be used with the 488-nm excitation and allo-
phycocyanin with the 632-nm excitation.

Suppose that a comparison is made of fluorescence signal
from a suspension of a given population of rainbow beads and
the fluorescence signal from solution of reference fluoro-
phores. The fluorescence signal is a number obtained by sum-

ming the spectrometer response over a given wavelength
region. By varying the concentration of reference fluorophores
it will be possible to find a solution of reference fluorophores
whose fluorescence signal is the same as the fluorescence signal
from the bead suspension. The equality of fluorescence signals
leads to an equality of the respective products of solution and
instrument properties given by Eq. (1).

e, Nofo = erprNrfr (1)

The subscript b denotes beads and the subscript R
denotes the reference fluorophores. The symbol ¢ stands for
molar absorption coefficient, ¢ represents the quantum vyield,
and N stands for the number density. It is implied in Eq. (1)
that an integration of the spectrum over some wavelength
range has been performed, and the parameters f, and fz give
the fraction of the total emission spectrum that is included in
the integration over the selected wavelength region (It is also
implied in Eq. (1) that all measured spectra have been cor-
rected for the relative spectral response of the instrument). In
the discussion below, it will be assumed that a full integration
of the spectrum from reference fluorophores is performed
(fr = 1). This is a practical assumption since the spectrum of
the reference fluorophores extends over a reasonably small
region of wavelengths (e.g., see Fig. 5) and the integration of
the spectrum over this region is a consistent portion of the
total spectrum. In the case of bead spectrum, Figure 2 suggests
that it may be difficult to estimate a total spectrum for the
beads and a practical alternative is to introduce a measure of
the fraction of the bead spectrum given by f,. A further
assumption will be made that the same fraction of the spectral
region will be sampled for the different bead populations.

relative intensity

420 440 480 480

wavelength, nm

Figure 4. The normalized fluorescence emission spectra from
Rainbow beads 2—6. The excitation wavelength was 405 nm, and
the normalization was performed by dividing all of the points in
the measured spectrum by the maximum value in that spectrum. A
small difference is present between the spectral shape of bead 2
and the rest of the beads in the range of wavelengths 420—440 nm.
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Figure 5. The emission spectrum from a solution of Coumarin 30
in acetonitrile (ACN). The excitation was a 405-nm laser line. The
horizontal lines show the two wavelength ranges defining the two
fluorescence channels, FC450 and FC510. During the assignment
of the number of equivalent reference fluorophores to the Ultra
Rainbow beads, the entire Coumarin spectrum was integrated.
The emission spectra from the beads were integrated over the
indicated channel range of wavelengths.

Equation 1 provides an equivalence relation between the num-
ber of beads in the suspension and the number of reference
fluorophores in the solution. For specified solution conditions
(e.g., pH and solvent), the values of ¢ and ¢ are fixed for the
reference solution and the bead suspension. However, the frac-
tion of the total spectrum, f;, that is included in the bead fluo-
rescence signal is a property of the instrument and may be dif-
ferent for different instruments. Equation 1 suggests that
depending on the value of f, the concentration of reference
fluorophores that is needed to give an equal fluorescence sig-
nal (FS) has to be adjusted up or down. To obtain an instru-
ment-independent quantity, we define a value of “equivalent
reference fluorophores” (ERF;), which is assigned to each
bead population by Eq. (2).

6.022 X 102 C,

ERE, =
b 1000 Nofo

(2)

ng (mol/L) is the molar concentration of fluorophores in
the reference solution which gives the same fluorescence signal
as a suspension of beads with a number concentration Nj,
(1/mL). The numerical factor in Eq. (2) is equal to Avogadro
number divided by the conversion factor 1,000 mL/L. The fac-
tor 1/f; takes into account the fact that only a fraction of the
bead emission spectrum was used in acquiring the fluores-
cence signal. Equation 2 defines ERF, for a given excitation
wavelength.

Equation 2 can be used with all of the different popula-
tions of Ultra Rainbow beads to assign a number of equivalent
reference fluorophores to each population of beads. It is
assumed that the molecular absorbance coefficient and quan-
tum yield is the same for all bead populations. Therefore the
number of equivalent reference fluorophores, ERF, assigned to
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the bead populations using Eq. (2), should reflect the number
of fluorophores embedded in the different bead populations.
However, this is strictly true only if all of the bead populations
are characterized by the same fluorescence emission spectrum.
If the spectrum for the beads changes from a bead population
to another then Eq. (2) suggests the following relation between
the number of equivalent reference fluorophores assigned to
each bead population and the corresponding equivalent refer-
ence fluorophore concentration.

ERFy» _ fis Ceq
ERFy3  fo CB2

(3)

The integers in the subscripts refer to different bead
populations, where we have chosen 3 and 2 just to be specific.
Equation 3 implies that in the case where the spectrum of the
different bead populations is the same, the ratio of the f;, coef-
ficients drops out, and the ratio of ERF values is equal to the
ratio of corresponding concentrations of reference fluoro-
phores. Thus, the relative ERF values will be proportionate to
the relative concentration of the reference fluorophore and the
accurate measurement of the reference fluorophore concentra-
tions will provide a linear relationship between the assigned
ERF values. In other words, in the case where the fluorescence
emission spectra of the different bead populations are the
same, the value of the instrumental factor, f,, does not play a
role in preserving the linearity of the assigned ERF values. We
will make a simplification and assign ERF values to the beads
using Eq. (4) which is the same as Eq. (2) except that the fac-
tor f;, has been set to 1.

6.022 X 102 Co

ERF, =
1000 Np

(4)

This procedure is consistent with the ultimate role of the
ERF values, which is to establish a linear relation between the
FS of different bead populations and the ERF values. ERF
values are not meant to provide an interpretation of the abso-
lute FS of the different bead populations. If the fluorescence
spectra of different bead populations are different, then filters
associated with different fluorescence channels will yield
slightly different relative fluorescence signals. This will intro-
duce a small, instrument-dependent, nonlinearity in the cali-
bration that uses ERF values based on Eq. (4).

Assignment of ERF Values to the Ultra Rainbow Beads

The values of ERF were assigned for three excitations
using three different reference fluorophores. In the following,
to keep track of which reference fluorophore is used, we
replace the letter R in ERF with the letter specifying the refer-
ence fluorophore used in the assignment. If Coumarin 30 is
the reference fluorophore then ERF is changed to ECFE. For flu-
orescein ERF becomes EFFE, and for Nile Red and alophycocya-
nin ERF become ENRF and EAF respectively. Table 1 gives the
definitions of the fluorescence channels (column 2) with the
associated excitation wavelength (column 1) and the range of
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Table 1. Definition of fluorescence channels

FLUORESCENCE WAVELENGTH

EXCITATION CHANNEL NAME RANGE (nm)
405 nm FC450 425-475
FC510 486-535
488 nm FC530 515-545
FC585 564-606
FC660 630-690
FC760 730-800
632 nm FC660R 650-670
FC760R 730-800

wavelengths defined by filters and detected by cytometer
(column 3).

Excitation with 405 nm. The fluorescence channels asso-
ciated with the 405-nm excitation are FC 450 and FC 510. The
wavelength regions defining the detected spectral range are
from 425 to 475 nm for FC 450, and from 486 to 535 nm for
FC 510, respectively. Figure 4 suggests that for FC450 there is a
small change in the emission spectrum of bead 2 relative to
the other beads. The change in spectral shape is negligible for
FC510 (data not shown). The reference fluorophore is Cou-
marin 30 dissolved in acetonitrile (ACN). The stock solution
of Coumarin 30 was prepared by combining gravimetrically
determined masses of Coumarin 30 and ACN. Using a molec-
ular mass of 347.41 g/mol for Coumarin 30 and a density of
0.77588 g/mL for ACN, the concentration of the stock solution
was found to be 90.85 X 10~° mol/L. Serial dilutions of the
stock solution were used to calibrate the response of the
fluorimeter. In all cases the fluorescence signal (FS) was deter-
mined by integrating the entire spectrum of Coumarin 30 as
shown in Figure 5. The horizontal lines in Figure 5 show the
spectral regions defining FC450 and FC510. Figure 6a shows
the calibration of the fluorimeter obtained using the serial
dilutions of the Coumarin 30 stock solution. The slope
(0.9711) is close to 1 indicating a linear relationship. The fluo-
rescence signal associated with the five fluorescent bead popu-
lations was obtained by integrating the measured spectrum
(with contribution from blank beads subtracted) in the
defined channel range. The fluorescence signal was then used
to determine the equivalent concentration of Coumarin 30
fluorophores according to the calibration curve in Figure 6a.
The equivalent concentration and the measured bead concen-
tration by Multisizer 3 (13) were used in Eq. (4) to obtain the
number of equivalent Coumarin 30 fluorophores (ECF,s0 and
ECFsyq) for each bead population. The results are shown in
Table 2, columns 2 and 3. Figure 6b shows the correlation
between ECF values obtained for FC450 (ECF,s,) and FC510
(ECFs10). The slope of 1.021 indicates a linear relationship,
while the intercept of —0.482 gives a proportionality constant
of about 0.33 which is related to the ratio of the fraction of
entire fluorescence spectrum sampled by each fluorescence
channel. The linear relationship between the two sets of ERF
values suggests that in practice only one set of ERF values may
be sufficient to characterize the linear scale in both channels.

Excitation with 488 nm. The procedure described for the
405-nm excitation was repeated for 488-nm excitation with
fluorescein SRM 1932 and Nile Red as the reference solutions.
Four fluorescence channels are defined for the 488-nm excita-
tion: FC530, FC585, FC660, and FC760. The spectra shown in
Figure 3b suggest that the ERF values for FC585 may be influ-
enced by the difference in the spectra between the bead popu-
lations. However, the largest differences are outside the range
of wavelengths defining the channel and may not be critical.
For FC660 and FC760, the bead spectra are similar (data not
shown). The emission spectrum of fluorescein is strong below
580 nm and was used to assign EFF values for FC530 and
FC585. Nile Red, excited by 488 nm, has a stronger emission
spectrum above 580 nm, and it was used to assign ENRF
values to channels FC660 and FC760. Columns 4 and 5 in
Table 2 give the assigned EFF values for the Rainbow beads for
each of the defined FC. The two sets of EFF values correlated

(a)

-15

80 4 Coumarin 30
log(C) = -15.243 + 0.9711 log(FS)

-8.0 4

log(C)

8.5 4

-10.0 o

-10.5

-11.0

45 50 55 B0 6.5 7.0 T5 BO
log(FS)

65

6.0 1

504

log(ECFsq)

45 4

404 log{ECF5qg) =-0.482 + 1.021 log(ECF 450)

3 5 T T T
40 45 5.0 5.5 60 6.5 70

10G(ECF o)

Figure 6. (a) The solid circles show the calibration of the fluorom-
eter using serial dilutions of the stock solution of Coumarin 30 in
ACN. The slope of the linear curve fitted to the points is 0.9711
suggesting good linearity. (b) The solid circles show the correla-
tion of the Ultra Rainbow bead values of ECF (equivalent couma-
rin fluorophores) for each of the two fluorescence channels. The
slope of the best straight line fit suggests a linear relation of the
assignments for the two channels.
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Table 2. Assigned values of equivalent reference fluorophores

EXCITATION
405 nm 488 nm 632 nm
BEAD NUMBER FC450 FC510 FC530 FC660 FC760 FC660R FC760R
2 221X 10"  9.88X10° 6.09x10° 813X 10° 553 X 10° - 3.10 X 10> 4.65 X 10°
3 278 X 10°  1.04 X 10°  5.06 X 10*  7.01 X 10* 621 X 10* 870 X 10>  1.74 X 10*  2.56 X 10*
4 454 X 10°  1.80 X 10° 116 X 10°  1.65x 10> 171 X 10° 375 x 10*  3.55 X 10* 573 X 10*
5 139 X 10°  6.46 X 10° 246 X 10° 372X 10° 614 X 10°  1.66 X 10°  9.99 X 10*  1.75 X 10°
6 331 X 10°  1.62 X 10° 523 X 10° 8.64 X 10° 178 X 10° 6.71 X 10° 1.89 X 10°  3.87 X 10°

Using repeated measurements of selected cases, the uncertainties are estimated to be about 20% of the values in the table.

linearly, EFFsgs = 0.88 EFFs;,. Following the procedure
described above we assigned values of equivalent Nile Red
fluorophores to the beads. Columns 6 and 7 in Table 2 show
the resulting values of ENRF in FC 660 and FC 760 for the five
bead populations. Nile Red could also be used to assign ENRF
values to FC580 though Nile Red emits less in this channel
than fluorescein. The second column of Table 3 gives the
ENRF values for FC585 while the third column of Table 3
reproduces the values of equivalent fluorescein fluorophores
given in the 5th column of Table 2. As expected the magni-
tudes of the values of ENRF and EFF are different for the
FC585. However, the two sets of assigned values correlate line-
arly. The linear relation between FC530 and FC585 and
between ENRF and EFF values for FC585 suggests that, just as
in the case of 405-nm excitation, a single set of ERF values
may be sufficient for all of the channels associated with 488-
nm excitation. This requires that the reference fluorophore
chosen has to emit strongly in only one channel associated
with the 488-nm excitation wavelength.

Excitation with 632 nm. Finally the assignment of ERF values
was carried out for the 632-nm excitation using allophycocya-
nin (APC) as the reference fluorophore. There are two fluores-
cence channels defined for the 632-nm excitation: FC660R
and FC760R. APC was obtained from Invitrogen. Three sam-
ples of APC were hydrolyzed for 22 h at 110°C in 6 N HCl
containing liquefied phenol (4 g/L). The hydrolyzed samples
were analyzed on a Hitachi 66000 amino acid analyzer. APC is
known to consist of 3 o chains and 3 f§ chains (14,15). The
expected numbers of amino acid residues were obtained from
the known sequence of « and f chains of APC. Only those
amino acids that were considered to be well recovered were

Table 3. Equivalent Nile Red and fluorescein
fluorophores for FC 585

BEAD NUMBER ENRFsgs EFFsgs
2 1.36 X 10* 8.13 X 10°
3 1.19 X 10° 7.01 X 10*
4 3.37 X 10° 1.65 X 10°
5 9.34 X 10° 3.72 X 10°
6 2.14 X 10° 8.64 X 10°

The uncertainties are about 20% of the values in the table.
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used to calculate the concentration (aspartic acid, glutamic
acid, glycine, alanine, leucine, lysine, and arginine). The aver-
age concentration of the three APC samples was (33.4 & 2.7)
X 107° mol/L. The stock solution of APC was diluted serially
and the diluted solutions were used to calibrate the fluori-
meter. Following the procedure described above we obtained
EAF values for the five bead populations shown in Columns 8
and 9 in Table 2.

Correlation between ERF assignments of fluorescence chan-
nels. Figure 7 shows the linear correlation between EFFssq
(solid circles), EAF;¢, (open circles), and ECF,5o. The three
sets of ERF values were obtained using three different excita-
tion wavelengths. The slopes of the two straight lines (solid
and dashed curves) are 0.88 suggesting some non linearity in
the dependence. There is also some deviation of the measured
points from a linear fit. Since the slopes of the two correlation
curves are very similar and the discrepancies are relatively
small, it may be possible to have a common assignment of
ERF values to all FC using one excitation wavelength. Such a
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Figure 7. The open circles show the correlation between the
values of EAF (equivalent allophycoerythrin fluorophores per
bead) and the values of ECF450 (equivalent coumarin fluorophores
per bead). The solid circles show the correlation between EFFg3q
(equivalent fluorescein fluorophores per bead) and the values of
ECF,50 (equivalent coumarin fluorophores per bead). The slope of
0.88 suggests a nonlinear correlation. However, the nearly linear
correlations suggest that it may be possible to assign a single
value of ERF (equivalent reference fluorophores) for all excitation
wavelengths and all fluorescence channels.
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Figure 8. The calibration standard curve of the assigned values of
EFF (FC530, @ and FC585, ®) and ENRF (FC660, A and FC760, A)
(a) and of ECF (FC450, [] and FC510, O) and EAF (FC660R, A and
FC760R, V) (b), respectively, as a function of the corresponding
mean channel value from each bead population, ensuring a linear
response of the detector of each fluorescence channel.

procedure would be very attractive since it would save material
and time. However, as shown by the discrepancies in Figure 7,
the validity of this procedure requires further investigation in
order to estimate the errors. An alternate path to enhance the
accuracy of the calibration is to develop a non linear calibra-
tion model. The biological standard will change the scale of
the entire calibration curve irrespective of whether it is linear
or non linear.

Cytometer Linearity Calibration

Subsequent to the assignment of ECF, EFF, ENRE, and
EAF values, the bead populations were mixed and passed
through a cytometer to yield a calibration curve for each fluo-
rescence channel of the multicolor cytometer. When the mix-
ture is passed through a cytometer, (after the compensation is
performed) each fluorescence channel that is associated with a
specific excitation exhibits peaks associated with the different
populations of rainbow beads. Figures 8a and 8b show the
calibration standard curve of the assigned values of EFF and
ENRF and of ECF and EAF, respectively, as a function of the
corresponding mean channel value of the peak, giving a linear

relation between the equivalent reference fluorophores (ERF)
in the bead and the resulting FS. The slope of the calibration
curves falls in the range between 0.9 and 1.1. The cytometer
fluorescence signal is obtained by either finding the peak of
the fluorescence pulse or by estimating the area under the flu-
orescence pulse. Pulse peak measurement is only an accurate
measure of fluorescence if the particles are significantly smaller
than the size of the laser beam. On the other hand, peak area
method is more resilient to the size variation of the particles.
For a given set of measurements on a given cytometer, the
same fluorescence signal characterization should be used for
the calibration and the measurement. In that case, there will
be no problems associated with the different methods of
extracting the fluorescence signal.

Cytometer Biological Signal Calibration

The final step is to convert the fluorescence signal in each
channel into a number of labeled antibodies bound on the cell
surface (ABC). This is achieved by using a biological standard
such as normal blood lymphocytes or lyophilized lymphocytes
which have a known number of CD4 surface antigens (3,16—
19). The standard cells are reacted with CD4 antibodies with
different fluorescent labels yielding populations of lympho-
cytes with different labels. These lymphocytes are mixed and
analyzed by the cytometer. The resulting FS in each fluores-
cence channel converts the linearity calibration scale into the
antibodies bound per cell scale for that particular fluorescence
channel (see the discussion of Fig. 1a). This procedure allows
conversion of the standard calibration curve in ERF scale to
ABC scale.

Figure 9 gives two examples of the calibration scale con-
version from ERF to ABC value. A light scatter dot plot (for-
ward scattering channel vs. side scattering channel) is routi-
nely used to gate the total lymphocyte populations in normal
whole blood samples (magenta circle in the top figure). In the
multicolor cytometer, this gating allows displaying single pa-
rameter histograms for multiple fluorescence channels of
interest, for instance, PE channel (FC585, middle panel in
Fig. 9) and APC channel (FC660R, bottom panel in Fig. 9). The
left axis in each of the two lower panels shows the ERF scale of
the calibration curves generated using Ultra Rainbow beads.
Using the FS associated with a known value of 48,000 receptors
for normal CD4" T cells (the value was also confirmed by per-
forming QuantiBRITE PE calibration), the calibration curves in
ERF scale are converted to the standard calibration curve in
ABC scale (right axis). Finally, patient blood samples, stained
with labeled antibodies for various protein antigens, are passed
through the cytometer. The labels on the antibodies are chosen
to be visible in specific FC of the cytometer. It is important to
ascertain that these antibodies give similar fluorescence signals
as the labels on CD4 antibodies which served as the biological
standards. Using the calibrated cytometer, the ABC values for
these protein antigens can be directly obtained. These ABC
values are useful for immunophenotyping of various cell recep-
tors and are of direct biological interest. Furthermore the results
are independent of instrument setting, and hence, make interla-
boratory data comparison feasible. Some preliminary steps
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Figure 9. Top panel: A light scatter (forward scattering channel vs.
side scattering channel) dot plot showing the gating of the total
lymphocytes from a normal blood donor (magenta). Middle and
bottom panels show single parameter histograms for the same
blood donor stained directly with unimolar CD4-PE conjugate
(middle) or indirectly with CD4-biotin conjugate and then SA-APC
(bottom). With a known ABC value of 48,000 for normal CD4" T
cells, the linearity calibration curves in ERF scale (left scale in mid-
dle and bottom panels) generated using Ultra Rainbow beads for
PE channel (FC585) and APC channel (FC660R) are converted to
the standard calibration curve in ABC scale (right scale in middle
and bottom panels). The EAFggor value for CD4 staining is very
close to EFFsgs value obtained with unimolar CD4-PE, suggesting
there is one APC per CD4 antibody in this case.
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have been undertaken by BD toward quantitative multicolor
flow cytometry, and are discussed below.

BD’s Cytometer Setup and Tracking Beads

BD Biosciences recently introduced a system for Cytome-
ter Setup and Tracking (CS & T) that includes a set of three
multifluorophore beads. The beads are stained at levels that
are dim, moderate and brightly fluorescent in at least 18 dif-
ferent fluorescent colors commonly used for immunofluores-
cence. Among instrument characteristics that are measured
with CS & T on BD’s digital flow cytometers are linearity,
detection efficiency (Q) and optical background (B) (20). Lin-
earity is measured as deviation from strict proportionality
using the ratio of median fluorescence of the bright bead to
moderate bead. PMT voltages are varied to vary the median
channel. Q and B are measured essentially by the increased CV
of the moderate bead (for Q) and dim bead (for B) corrected
for factors unrelated to photoelectron statistics. The intrinsic
fluorescence CV’s of the beads are measured during manufac-
ture and are used as necessary to correct CV’s measured by the
flow cytometer in order to determine the CV contribution due
to the instrument. The bright bead also provides an alignment
check at an intensity level where photoelectron statistics are
not a significant contribution to the total CV. CS & T also
measures the background electronics noise and recommends
optimal PMT voltages for each detector channel.

Q and B are conventionally expressed in terms of MESE,
but MESF standards do not exist for most fluorochromes. It
was also desirable to have some type of fluorescence intensity
unit assigned to the bright bead so that lot-to-lot variations
can assigned quantitatively. Since standards for most fluoro-
chromes do not exist, BD established an arbitrary fluorescence
intensity unit, the Arbitrary BD unit (ABD). ABD units are
assigned in many different fluorescence spectral ranges and for
UV, violet, blue and red lasers. ABD units are assigned only to
the bright bead in the set since slightly different spectral
responses of PMTs and optical filters among instruments
of the same design cause some variation in the ratio of the
moderate and dim bead fluorescence to the bright bead
fluorescence.

With the CS & T approach, fluorescence scales are cali-
brated in ABD units using the bright bead, and Q and B are
calculated from this calibrated scale. To indicate that Q and B
are not measured in MESF units, the CS & T notation uses Qr
and Br since Q and B are relative to ABD units.

While ABD units are considered arbitrary, they do have a
practical association with antibodies bound per cell (ABC).
The ABD assignments (with the exception of the PE channel)
were made by comparing the bright CS & T bead fluorescence
to CD4 staining of normal human blood lymphocytes with
appropriate fluorochrome conjugates. Staining was done with
commercial BD antibody conjugates if available. In some cases
custom conjugates were used. Cells were fixed prior to analy-
sis, which causes a reduction in CD4 binding, and the number
of CD4 antibodies bound per cell was estimated to be 40,000
(18). CS & T beads were analyzed under the same conditions
as the CD4 cells, and the fluorescence scale in ABD units was
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defined by assigning the median ABD of CD4 lymphocytes to
be 40,000. ABD units of the CS & T beads were derived from
this scale. For the PE channel, CS & T beads were compared to
Quantibrite beads, and ABD units for the PE channel are PE
molecules. The cross comparison of CS & T beads was
performed on a relatively small number of blood samples and
small number of instruments (FACSCanto and LSR II). So the
ABD units should be considered only approximately corre-
lated to antibodies bound per cell (ABC), not a calibration.

CONCLUSION

The objective of this work was to provide a calibration
scheme such that the detected fluorescence signals in various
fluorescence channels of a multicolor flow cytometer could be
presented in terms of a number of antibodies bound per cell
(ABC).

A set of Ultra Rainbow beads containing increasing
amount of a mix of fluorophores were used to calibrate the
fluorescence signal linearity in each of the fluorescence chan-
nels (FC) of the cytometer. Each population of beads was
assigned a number of effective reference fluorophores (ERF)
that characterizes the relative fluorescence signal of each popu-
lation of rainbow beads in a given FC. The values of ERF were
assigned using different reference fluorophores appropriate for
the different excitation wavelengths. It may be possible to have
a common assignment of ERF values to all FC using one exci-
tation wavelength. Such a procedure would be very attractive
since it would save material and time. However, the validity of
this procedure requires further investigation.

Normal blood lymphocytes or lyophilized lymphocytes,
which have a known number of CD4 surface antigens, where
used as biological standards to convert the ERF scale in each
FC to a scale of antibodies bound per cell (ABC). These ABC
values are useful for immunophenotyping of various cell
receptors and intracellular proteins and are of direct biological
interest. This work suggests that the proposed calibration pro-
cedure for multicolor flow cytometers is feasible. This calibra-
tion procedure is based on firm scientific foundations so that
it is easy to envisage future improvements in accuracy and
ease of implementation. Indeed, a first step has been taken by
BD toward quantitative flow cytometry. We hope this work
serves as an initial impetus for developing a widely accepted
method for this objective.
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