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We report here a quick and inexpensive method 
for preparing standards of known fluorochrome 
content for calibration and quantitation of flow cy- 
tometry fluorescence signals. Erythrocyte ghosts 
prepared by  hypotonic lysis are Ued with solutions 
containing fluorescently labeled dextran. Standards 
prepared by this technique have a MITOW range of 
fluorescence and a linear response of fluorescence 
to fluorochrome content up to 2 x lo6 fluoro- 
chrome molecules/cell. The volume of ghost stan- 
dard particles is roughly 70 femtoliters (fl)/cell. The 

fluorescence of ghost standards is nearly identical 
to that of commercially available microbead stan- 
dards of similar fluorochrome content. Ghost stan- 
dards have stable fluorescence for at least 3 weeks at 
4OC. These standards can be made with any fluoro- 
chrome or combination of fluorochromes over a 
wide concentration range. 
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Quantitation of fluorescence measured by flow cytom- 
etry requires calibration of the fluorescence channel 
number with standards of known fluorochrome content 
(1,5). The standards define the relationship between the 
observed fluorescence level of the cell and the number of 
bound fluorochrome molecules per cell. Quantitation of 
the fluorescence signal is used in many applications, in- 
cluding determination of the number of fluorescent 
antibody molecules bound to a cell surface (6) and 
measurement of kinetic rate constants for binding of 
fluorescent ligands to cell surface receptors on living 
cells (4). 

We describe here the use of erythrocyte ghosts filled 
with solutions of fluorochrome-labeled dextran as quan- 
titative standards for flow cytometry. These preparations 
are easy and inexpensive to produce, and yield standard 
curves comparable to commercially available microbead 
standards. 

MATERIALS AND METHODS 
Production of Fluorescent Erythrocyte Ghosts 
We produced erythrocyte ghosts by a modification of 

the method of Steck and Kant ( 11). We centrifuged 5 ml 
of freshly drawn human blood for 5 min at 800g in a 
clinical centrifuge at 4°C. After decanting the superna- 
tant, we resuspended the pellet in 40 ml of phosphate 
buffered saline (PBS)-EDTA (150 mM NaCI, 7.5 mM 
NaP04,  pH 7.5, 1 mM EDTA) and centrifuged the suspen- 
sion for 5 min as described above. We carefully removed 
the supernatant and buffy coat and repeated this washing 

procedure 2 more times. We then lysed the purified 
erythrocytes by rapid dilution and mixing of the pellet in 
ice cold 5P75 (5 mM NaPO,, pH 7.5). We stored this 
suspension on ice for 10 min and then pelleted the eryth- 
rocyte membranes by centrifugation for 15 min at 
22,OOOg in a BeckmanJA-20 rotor at 4°C. We washed the 
ghosts 3 times in cold 5P75 followed by centrifugation as 
described above. After each spin we separated the loose 
ghost pellet from the small underlying pellet of unlysed 
cells. After the final pelleting we resuspended the puri- 
fied ghosts in 2 ml of 5P75 and stored them on ice until 
use, generally the same day. For samples used in storage 
life studies, we added NaN, to 0.02% and stored the sam- 
ples at 4°C. 

We prepared 100 mg/ml stock solutions of either rho- 
damine- or fluorescein-labeled dextran, molecular weight 
70,000, in 5P75 (Sigma Chemical Co., St. Louis, MO, or 
Molecular Probes, Eugene, OR). The standard solutions 
were made by dilution of a stock solution of fluoro- 
chrome-dextran, which was made from the dry reagent 
and buffer. We therefore know the concentrations by cal- 
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culation. The appropriate dilutions were made into 5P75 
to a volume of 900 p1, and 100 p1 of the purified ghosts 
was added. We incubated the ghost/fluorochrome sus- 
pension on ice for 30 min. We used the manufacturer’s 
specification for the ratio of moles fluorochrome/mole 
dextran in our calculations. 

The ghosts were resealed by addition of 110 pl of 10 x 
PBS-EDTA (1.5 M NaCl, 75 mM NaPO,, 10 mM EDTA, pH 
8.0) and incubation at 37°C for 45 min. We centrifuged 
the sealed fluorescent ghosts for 5 min at 10,OOOg in an 
Eppendorf Model 541 5 microfuge at room temperature. 
After aspirating off the supernatant, we resuspended the 
ghosts in 1 ml PBS-EDTA and centrifuged as above. We 
repeated this wash step 3 times. After the last wash, we 
suspended the fluorescent ghosts in 3 ml PBS-EDTA with 
0.02% NaN,. We stored the fluorescent ghosts at 4°C 
until use. We calculated the number of molecules of flu- 
orochrome per erythrocyte ghost by assuming a volume 
of 70 femtoliters (fl) for an average erythrocyte ghost as 
determined by calibration of ghost standards against 
stock solutions of fluorochrome-labeled dextran (see be- 
low). 

Flow Cytometry 

We measured the fluorescence of ghost standards us- 
ing a FACStarf flow cytometer (Becton Dickinson Im- 
munocytometry Division, San Jose, CA). The light source 
for excitation was an Innova 70 argon ion laser (Coher- 
ent, Palo Alto, CA) regulated to 50 mW in the TEMOO 
mode monitored by the flow cytometer. We periodically 
checked the laser power output and stability with an 
external thermocouple power meter (Coherent). The 
transit time for a 7 pm diameter particle through the 20 
pm laser beam was adjusted to about 27 p s  to assure 
consistent excitation energy with minimal quenching. 
The emission flash was collected and focused on a Ha- 
mamatsu R1477 side window photomultiplier tube by a 
high numerical aperture (NA) objective lens. We ex- 
cluded scattered light from the fluorescence channel 
with a multilayered bandpass filter in the emission light 
path. For fluorescein measurements, we used 488 nm 
excitation with a 530DF30 multilayered bandwidth filter. 
For rhodamine measurements, we used 514 nm excita- 
tion with a 6OOLFA long pass filter. 

To test the accuracy of the log amplified signal, micro- 
bead standards were allowed to form doublets and their 
fluorescence was measured on the flow cytometer. The 
log amplified signals of the 1 X and 2 X pairs are consis- 
tent. The data suggest that we have a constant transfer 
function throughout the entire range of the amplifier. 
Pulse heights from the amplifier were digitized and dis- 
played as a histogram. The population fluorescence 
means were calculated using the LYSYS 2 cytometry data 
collection and analysis software (Becton Dickinson Im- 
munocytometry Division). For shelf life testing, the flow 
Lytometer was set up using the same calibration settings 
each time. The calibration was checked using commer- 
cial microbead standards. 

Veritication of Fluorochrome Content and 
Volume Determination 

We verified the fluorochrome content of ghost stan- 
dards by comparing the fluorescence of standard suspen- 
sions with the fluorescence of several fluorochrome-dex- 
tran solutions of known concentrations, and adjusting for 
the number of ghosts per unit volume. We performed 
fluorescence measurements in a Perkin-Elmer model 
650-10s fluorescence spectrophotometer (Perkin- 
Elmer, Norwalk, CT) using the same cuvette for all mea- 
surements made with this instrument. 

Since this calibration requires knowledge of the con- 
centration of ghosts in the suspension, we counted the 
number of ghosts per milliliter in the ghost suspensions 
with a Coulter counter model ZF (Coulter Electronics, 
Hialeah, FL). We performed Coulter counter measure- 
ments on lysed ghosts that were not resealed as a control. 
Ruptured ghosts scatter light differently from filled 
ghosts and can be discriminated (and eliminated from 
consideration) on that basis, both in Coulter counter 
measurements and in flow cytometry experiments. 

Comparison to Microbead Standards 
We compared the fluorescence of ghost standards to 

that of quantitative fluorescent microbeads (Quantum Se- 
ries, Flow Cytometry Standards Corporation, Research 
Triangle Park, NC) as measured by flow cytometry (see 
above). 

RESULTS 
Erythrocyte ghost standards yield narrow, repeatable 

fluorescence profiles by flow cytometry (Fig. 1A). The 
standard deviation of the fluorescence in our experi- 
ments ranges from 22% to 30% of the mean fluores- 
cence. The median fluorescence and mean fluorescence 
of a given standard preparation typically differ by less 
than 3%. 

Ghost standards have a linear response of fluorescence 
to molecules of fluorochrome over a range of 100,000 to 
2 million fluorescein isothiocyanate (FITC) molecules 
per cell (Fig. 2A) or 100,000 to 2 million rhodamine 
molecules/cell (Fig. 2C). Above 2 million fluorochrome 
molecules/cell the fluorochromes undergo intermolecu- 
lar quenching which renders the response nonlinear al- 
though still usable (Fig. 2B,D). We did not measure 
ghosts containing less than 100,000 molecules per cell. 

We directly verified the amount of fluorochrome per 
ghost by measuring the fluorescence of a suspension of 
known fluorescein-ghost concentration and comparing it 
to the fluorescence of standard solutions of fluorescein- 
labeled dextran. By this method we determined the vol- 
ume of fluorochrome solution in each ghost to be 65 fl. 

The fluorescein ghost standards have nearly equivalent 
fluorescence to commercially available standards of sim- 
ilar fluorescein content (Fig. 3). Fluorescein ghost stan- 
dards and microbead standards of similar fluorescein con- 
tent have very similar fluorescence distributions (Fig. 1). 

Storage at 4°C in PBS with 0.02% sodium azide has no 



16 

50-  

40- 

30- 
- 

20- 

10 - 

DOBERSTEIN E T  AL. 

- A  

0-UL qrr= w y L -  k I  k 
I I '1 

''1 B Fluorescence 

Fluorescence 

FIG. 1. Histograms of fluorescence level of standards as measured by flow cytometry. A: Ghost standards 
filled with fluorescein-labeled dextran. B: Commercial quantitative microbead standards (FCSC Quantumr" 
microbeads, Flow Cytometry Standards Corporation) of similar equivalent fluorochrome content. 

effect on the fluorescence of erythrocyte ghosts contain- 
ing up to 10" fluorescein molecules/cell for at least 3 
weeks (Fig. 4). Fixation with 3% paraformaldehyde elim- 
inates ghost fluorescence completely within 24 h (data 
not shown). Some high concentration standards (> lo7 
fluorescein moleculeskell) increase in fluorescence by 
as much as 2-fold over 2-3 weeks. 

DISCUSSION 
Plastic microbeads were first used as standards for 

quantitative flow cytometry by Sklar et al. (10) and have 
now received wide acceptance (1,5). Most commercially 
available quantitative standards consist of acrylic micro- 
beads with fluorochrome molecules dispersed through- 
out the plastic or attached to the surface. Beads with large 
numbers of fluorochrome molecules are larger in size, 
implying that the matrix has some defined capacity for 

attachment or inclusion of fluorochrome. The micro- 
beads are typically calibrated to standard solutions of 
fluorochrome by the manufacturer to yield the number of 
equivalent soluble fluorescent molecules. Plastic micro- 
beads were also used as standards by Oonishi and Uye- 
saka (8). These workers covalently linked FITC to the 
surface of plastic microspheres. The amount of FITC 
bound to the microspheres was quantitated by solubiliz- 
ing the spheres, measuring the fluorescence of the result- 
ing solution in a fluorimeter, and comparing that fluores- 
cence to standard fluorochrome solutions. Quantitative 
microbead standards typically deviate from nominal flu- 
orescence by as much as 15-22% (4). 

Two other particulate standards have been described. 
Fixed calf thymocyte nuclei labeled with fluorescein (2) 
were used for quantitation of flow cytometry fluores- 
cence and gave excellent results in an international study 
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FIG. 2. Plots of mean fluorescence vs. number of fluorochrome molecules for ghost standards filled with 
fluorochrome-labeled dexuan as measured by flow cytometry. A: FITC-labeled dextran, linear range. B: FITC- 
labeled dextran, total range. C: Rhodamine-labeled dextran, linear range. D: Rhodamine-labeled dextran, total 
range. 

(12). The use of glutaraldehyde-fixed chicken erythro- 
cytes as standards was described by Uvai et al. (6). The 
glutaraldehyde in these intact cells becomes fluorescent 
after 48 h fixation. Uvai et al. (6) calibrated this prepa- 
ration by comparison to fluorescent dye solutions using 
steady-state fluorimeter methods. This technique is inex- 
pensive but inaccurate since only a single standard point 
is used for calibration. 

Ledbetter et al. (7) used fluorescein standard solutions 
to calibrate flow cytometers. Since almost all commer- 
cially available flow cytometers require a pulsed signal 
from a particle passing though the laser beam to trigger 
data collection, the use of (pulseless) solution standards 
is inconvenient. 

Erythrocyte ghosts loaded with fluorescent dextran 
have several advantages over currently available micro- 
bead standards. First, the cost of production of ghost stan- 
dards is very low. Laboratory quantities cost less than 
$50.00 per gram to produce, and the manufacturing tech- 
nique is simple and rapid. Second, the size of the stan- 
dards is the same throughout the range of fluorescence. 
Third, the method is applicable to any soluble fluoro- 

chrome or combination of soluble fluorochromes that 
can be conjugated to a macromolecule, including pro- 
teins. Fourth, the number of fluorochrome molecules is 
explicitly known and is not determined by comparison to 
other standards. Fifth, for quantitation of antibody bind- 
ing, the ghosts may be filled with the labeled antibody 
and used directly for self-standardization. This avoids the 
problem of controlling for quenching of the fluoro- 
chrome fluorescence by the antibody to which it is con- 
jugated. Sixth, the fluorochrome is contained in a volume 
and in an ionic environment similar to that of the cells 
being tested by flow cytometry. 

The distribution of fluorescence for a preparation of 
ghost standards is narrow, with a standard deviation of 
fluorescence of less than 30% of the mean fluorescence 
(Fig. 1 ). By comparison, in our hands commercial micro- 
bead standards typically have a standard deviation of 
about 25% of the mean fluorescence. 

Erythrocyte ghost standards have a linear response of 
fluorescence to fluorochrome content up to 2 x lo6 
moleculeslghost (Fig. 2). Above this limit, quenching of 
the fluorochrome leads to deviations from linearity. The 



18 DOBERSTEIN ET AL. 

o.oE40 2.5E+05 5.OE+05 7.5E45 1.OE+06 

Fluoresceln Equlvalent MoleculeslPanlcle 

FIG. 3. Plot of mean fluorescence vs. number of fluorescein molecules 
per particle for ghost standards and quantitative microbead standards as 
measured by flow cytometry. ( A )  Ghost standards; (0 )  FCSC Quan- 
tum'' microbeads. 
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FIG. 4. Plot of mean fluorcsccnce of ghost standards v5 time in storage 
at 4°C as measured by flow cytometry. (0) 6 2 X lo5 FITC molecules/ 
ghost; (0) 3.1 X lo5 FlTC moleculedghost; (m) 1.55 X lo5 FITC 
moleculedghost 

magnitude of these deviations is consistent with measure- 
ments of fluorescence quenching of similar fluoro- 
chrome solutions in small vesicles (3,9). 

We indirectly measured the volume of erythrocyte 
ghost standards by measuring the steady-state fluores- 
cence of a suspension of ghost standards and comparing 

this to stock fluorochrome-dextran solutions. We find 
that the volume measured by this technique is 65 €1. It is 
possible, however, that the fluorochrome molecules in- 
side the ghosts are quenched, which would lead to an 
underestimate of the volume (3). 

Ghost standards containing up to 10' FITC molecules/ 
ghost are stable for at least 3 months when stored at 4°C 
in PBS containing sodium azide (Fig. 4). Some prepara- 
tions containing highly concentrated fluorescein-dextran 
solutions (> 10' molecules/cell) appear to increase in 
fluorescence after 2-3 weeks of storage. The increase is 
as much as 2-fold, with no apparent change in the light 
scattering profile of the sample. Standard preparations 
with FITC content in the range of that normally used in 
flow cytometry (i.e., <lo6 molecules/cell) are quite sta- 
ble, and higher concentrations are accurate if used within 
1 week of manufacture. 
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