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Biotinylated fluorescent microspheres have been developed as a reagent for studying antigens and receptors
expressed at the cell surface. Labeling of antigen or receptor was accomplished by crosslinking biotinylated
microspheres through streptavidin to corresponding biotinylated antibodies or ligands. Detection of labeled
cells by flow microfluorimetry provided an extremely sensitive means for the analysis and potential
manipulation of heterogeneous cell populations. The data indicate that cells bearing fewer than 200 surface
antigen-antibody complexes per cell are readily detectable by this approach. Crosslinked to a selected
biotinylated peptide immunogen, biotinylated fluorescent microspheres also allowed the labeling and
detection of hybridoma cells bearing antigen-specific surface immunoglobulin.

Introduction

The use of fluorescent immunoreagents in com-
bination with flow microfluorimetry to identify,
quantify and isolate cells according to their surface
antigens and receptors permits the monitoring and
manipulation of heterogeneous cell populations at
the single-cell level. Hence, flow microfluorimetry
[1,2] has been extremely useful in studies of cell
differentiation [3,4], plasma membrane receptors
[5-7], and genes coding for antigens expressed at
the cell surface, including their chromosomal map-
ping and cloning by expression [8—10]. Due to the
limited fluorescence of conventional soluble im-
munoreagents, however, cells bearing very low
densities of antigen or receptor of interest typically
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escape detection. While it has been estimated by
extrapolation that flow microfluorimeters possess-
ing newly developed optics and lasers of high
power are capable of detecting cells bearing as few
as 1500 fluorescein molecules [11], significantly
greater intensities of cell-associated fluorescence
are required for conventional microfluorimetry.
Previous studies have demonstrated that the detec-
tion of rare cells within heterogeneous populations
may be facilitated by attaching appropriate im-
munoreagents to highly fluorescent latex micro-
spheres [12,13]. In order to detect rare cells which,
in addition, bear antigens or receptors at exceed-
ingly low densities we now have developed bio-
tinylated fluorescent microspheres as a means for
selectively labeling cell surfaces. We have found
that biotinylated microspheres used in combina-
tion with streptavidin and biotinylated antibodies
permit the labeling of cells bearing fewer than 200
antigen-bound IgG molecules, thus extending the
sensitivity of flow microfluorimetric detection of
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low-density cell-surface antigens by one to two
orders of magnitude.

Materials and Methods

Albumin-conjugated erythrocytes. Bovine serum
albumin was attached to surface sulfhydryl groups
of sheep erythrocytes using N-succinimidyl-3-
(pyridyldithio)propionate (SPDP) [14]. Albumin
(10 mg/ml in 0.1 M NaCl/0.07 M Na,HPO, -
7H,0,/0.03 M NaH,PO, - H,O (pH 7.5)) was in-
cubated with SPDP (6.5 mg/ml) for 30 min at
23°C and the thiolated product was isolated by
dialysis at 4°C against phosphate-buffered saline
(2.7 mM KC1/0.9 mM CaCl,/0.5 mM MgCl, -
6H,0,/137 mM NaCl/1.4 mM KH,PO,/8.1 mM
Na,HPO, (pH 7.4)). Erythrocytes (1.25 ml of a
2% suspension) were incubated with dithiothreitol
at 35 mM in phosphate-buffered saline for 1 h at
23°C. 200 pl washed, packed cells were then sus-
pended in 0.2 ml phosphate-buffered saline and
incubated overnight with 0.2 ml thiolated al-
bumin. The resulting albumin-conjugated
erythrocytes were stored for no longer than 1 week
in phosphate-buffered saline at 4°C, and were
washed prior to use.

Biotinylated anti-albumin IgG. Antibodies to
bovine serum albumin were purified from sera of
rabbits previously immunized with albumin in the
form of haptenic carrier [15]. Purification of anti-
bodies was accomplished by (NH,),SO, precipi-
tation (50% saturated solution), DEAE-cellulose
chromatography [16], and affinity chromatogra-
phy on immobilized bovine serum albumin (Affi-
Gel-10, Bio-Rad) using 4 M guanidine-HC1/ 50
mM Tris-HCl (pH 7.0) as elution buffer. Biotin
was covalently attached to anti-albumin IgG using
N-hydroxysuccinimidobiotin (NHS-biotin) [17]
with IgG and NHS-biotin at final concentrations
of 1.6-107° M and 8.3-107° M, respectively. As
determined using an enzyme-linked assay [18] bio-
tinylated anti-albumin IgG retained essentially all
of its antigen binding activity, and was precipi-
tated specifically (82%) by avidin [19].

Measurements of biotinylated anti-albumin IgG-
albumin complexes or erythrocytes using '*’I-labeled
protein A. Albumin-conjugated erythrocytes were
incubated at 5-107 cells/ml with specified dilu-
tions of biotinylated anti-albumin IgG in phos-

phate-buffered saline/1% normal rabbit serum,
for 12 h at 4°C. Following three washes in 10 ml
phosphate-buffered saline/0.5% gelatin, 5-10’
erythrocytes were incubated for 1 h at 23°C in a
total volume of 0.5 ml phosphate-buffered saline
with '*I-labeled protein A (1.19 pCi/pg) (New
England Nuclear) at increasing concentrations.
The number of molecules of '*I-labeled protein A
specifically bound per cell was determined and
served as an estimate of the cell-surface density of
anti-albumin IgG-albumin complexes.

Synthesis of biotinylated fluorescent micro-
spheres. Biotinylated fluorescent microspheres were
prepared by reacting 0.15 ml of washed, sonicated
amino-microspheres (Covalent Technologies, green
FX spheres, 1 pm diameter) in 0.75 mil of 0.1 M
NaCl/0.07 M Na,HPO,-7H,0,/0.03 M NaH,
PO, - H,O (pH 7.5), with NHS-biotin (0.3 mg in
0.75 ml 25% dimethylformamide in water) for 1 h
at 23°C. Washed biotinylated microspheres were
stored at 4°C in 1 ml of phosphate-buffered
saline/10 mM NaN;, and were sonicated prior to
use.

Biotinylated fluorescent microsphere labeling of
albumin-conjugated erythrocytes. Biotinylated fluo-
rescent microsphere labeling of albumin-con-
Jjugated erythrocytes was accomplished by first
incubating cells (5-107 cells/ml) with specified
dilutions of biotinylated anti-albumin IgG for 12 h
at 4°C. Cells then were washed three times in 10
ml phosphate-buffered saline/1% normal rabbit
serum, incubated at 5-107 cells/ml with strep-
tavidin (5 pg/ml) for 2 h at 23°C, and washed
again. Approx. 5-10° of these cells were admixed
with 1-10% biotinylated fluorescent microspheres
in 96-well tissue culture plates (Costar No. 3596)
(total volume, 0.3 ml phosphate-buffered saline/
1% normal rabbit serum), sedimented at 250 X g
for 10 min at 4°C, and incubated at 4°C for an
additional 30 min. Microspheres and cells were
transferred with 0.3 ml phosphate-buffered saline /
1% normal rabbit serum to 15 ml conical tubes,
underlayed with 1.5 ml of Percoll at 41% in phos-
phate-buffered saline, and centrifuged at 350 X g
for 10 min at 4°C. Microspheres at the Percoll
interface were removed. Pelleted cells were resus-
pended in 0.5 ml phosphate buffered saline/1%
normal rabbit serum, and were analyzed by flow
microfluorimetry (Ortho Cytofluorograph 50 H,



150 comptuer; 5.13 fluorescence gain, linear scale;
20000 cells per analysis). Forward-angle light-
scatter was adjusted to allow for discrimination
between labeled erythrocytes and unbound micro-
spheres on the basis of size (2.0 gain, linear scale).

Biotinylated fluorescent microsphere labeling of
Y5B12 hybridoma cells. Labeling of Y5B12 cells at
surface immunoglobulin was accomplished using
preassembled biotinylated microsphere-streptavi-
din-biotinylated peptide immunogen complexes.
Biotinylated fluorescent microspheres (0.25 ml)
were incubated for 1 h at 37°C with streptavidin
(0.01 ml, 1 mg/ml in phosphate-buffered saline/
1% bovine serum albumin), washed, resuspended,
and sonicated in phosphate-buffered saline/1%
bovine serum albumin. Biotinylated peptide then
was added (0.05 ml, 0.5 mg/ml) and was in-
cubated with microspheres for 1 h at 37°C. The
resulting peptide-coated microspheres were washed
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and sonicated prior to use. Biotinylated peptide
was prepared by incubating peptide (0.25 ml, 1
mg,/ ml) with NHS-biotin (0.25 ml, 1 mg/ml) for
2 h at 30°C in 0.1 M sodium carbonate-bi-
carbonate/12.5% dimethylformamide (pH 10.0)
and isolating the biotinylated product by chro-
matography on Sephadex G-15. Flow microfluo-
rimetry and the incubation of cells with micro-
spheres were performed as described above.

Results and Discussion

In testing biotinylated fluorescent microspheres
and in assessing their sensitivity, we selected a
model system in which bovine serum albumin
covalently bound to sheep erythrocytes using
SPDP [14] served as a targeted surface antigen.
Labeling of surface antigen with microspheres was
accomplished in two steps. First, albumin-con-
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Fig. 1. Labeling of albumin-conjugated erythrocytes with anti-albumin IgG and biotinylated fluorescent microspheres. Following
sequential incubations with biotinylated anti-BSA IgG (1:50 dilution), streptavidin and biotinylated microspheres, greater than 90%
of albumin-conjugated erythrocytes were fluorescently labeled as measured by flow microfluorimetry (panels A and B). As assessed by
the co-incubation of cells with biotinylated fluorescent microspheres and excess (+)-biotin (0.05 mg/ml) (panels C and D),

nonspecific binding of microspheres to cells was less than 1% of total.
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jugated erythrocytes were incubated with
affinity-purified biotinylated antibodies to al-
bumin. Biotinylated fluorescent microspheres then
were crosslinked through streptavidin to biotiny-
lated antibody-albumin complexes at the cell
surface. In initial experiments using antibody at a
dilution of 1:50 (2.5-10% M IgG), greater than
90% of these cells were labeled, with 10% bearing
greater than five microspheres per cell (Fig. 1,
panels A and B). As assessed by the co-incubation
of cells either with biotinylated microspheres and
(+)-biotin (0.1 mg/ml) (Fig. 1, panels C and D)
or with biotinylated anti-albumin IgG and bovine
serum albumin (0.1 mg/ml) (not shown), non-
specific binding of biotinylated fluorescent micro-
spheres to cells was less than 1% of total.

By the following means, use of the albumin-
conjugated erythrocyte model antigen system pro-
vided an estimate of the lower limit of the density
of cell-surface antigen detectable by biotinylated
fluorescent microsphere labeling. Erythrocytes
bearing albumin were first incubated with speci-
fied decreasing concentrations of biotinylated
anti-albumin IgG. The average number of anti-
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Fig. 2. Binding of '*°I-labeled protein A to IgG-albumin com-
plexes on erythrocytes. Erythrocytes bearing albumin were
incubated with biotinylated anti-albumin IgG at a dilution of
1:100, washed, and incubated with increasing concentrations
of '2[-labeled protein A. The mean number of molecules of
1251.]abeled protein A specifically bound per erythrocyte (ap-
prox. 200) served as a direct estimate of the mean density of
IgG-albumin complexes formed using this dilution of antibody.
At all concentrations, nonspecific binding of '**I-labeled pro-
tein A was less than 5% of total as determined following the
co-incubation of erythrocytes with antibody and excess bovine
serum albumin (0.1 mg/ml).
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Fig. 3. Biotinylated fluorescent microsphere labeling of
erythrocytes bearing low densities of biotinylated anti-albumin
IgG-albumin complexes. Dilutions of biotinylated anti-al-
bumin IgG used in albumin-conjugated erythrocyte labeling
were panel A, 1:100; B, 1:500; D, 1:100; E, 1:100. The
molar concentrations of antibody corresponding to these dilu-
tions are 1:100, 1.25-107% M; 1:500, 2.5-10™° M; 1:1500,
8.3-107'° M. Controls for nonspecific binding were panel D,
cells incubated with biotinylated anti-albumin IgG in the pres-
ence of excess albumin (0.1 mg/ml); panel E, cells incubated
with biotinylated fluorescent microspheres in the presence of
excess (+)-biotin (0.05 mg/ml).



body-albumin complexes formed per cell then was
measured directly using '*I-labeled protein A of
known specific radioactivity and Fe-region bind-
ing activity (Fig. 2). Assuming monovalency of
IgG for protein A, incubation with antibody at a
dilution of 1:100 yielded cells bearing approx.
200 1gG-albumin complexes. Densities of I1gG-al-
bumin complexes resulting from the incubation of
cells with antibody at dilutions of 1: 500 or 1:1500
were too low for detection by the '*I-labeled
protein A binding assay. Therefore, these densities
were estimated both by extrapolation, and by a
more conservative bimodal model (see below).
When labeled using streptavidin and biotinylated
fluorescent microspheres, those populations of al-
bumin-conjugated erythrocytes incubated with
biotinylated albumin antibodies at dilutions of
1:100, 1:500, and 1:1500 were shown by flow
microfluorimetry to contain labeled cells at fre-
quencies of 51.7%, 23.2% and 7%, respectively
(Fig. 3, panels A-C). Binding of antibody and of
biotinylated microspheres to cells was specific: the
co-incubation of excess albumin with antibody
and cells (Fig. 3, panel D), or of excess (+)-biotin
with microspheres and cells (Fig. 3E), reduced
cell-associated fluorescence to background levels.
From these data, two estimates of the density of
surface antigens detectable with biotinylated fluo-
rescent microspheres can be made according to
two alternative assumptions. These estimates are
necessary, since the direct measurement of IgG-al-
bumin complexes using '**I-labeled protein A was
not feasible at densities below 200 IgG molecules
per cell. In the first instance, it is assumed that the
mean density of IgG-albumin complexes occurring
on erythrocytes decreases proportionally with the
dilution of antibody employed. Incubation of cells
with biotinylated anti-albumin IgG at a dilution of
1:100 resulted in approximately 200 IgG-albumin
complexes per cell (Fig. 2). Accordingly, incuba-
tions with antibody at dilutions of 1:500 and
1:1500 are predicted to yield cells possessing mean
densities of 40 and 13 IgG-albumin complexes per
cell, respectively. Flow microfluorimetry using bio-
tinylated fluorescent microspheres detected some
of the cells incubated with antibody at each of
these dilutions (Fig. 3). However, it is possible that
in each cell population, those cells labeled with
microspheres possessed above-average densities of
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immune complexes. A second estimate of the
sensitivity of biotinylated fluorescent microspheres
which accounts for this possibility can be made
through an alternative assumption. As stated, the
mean density of IgG-albumin complexes on cells
incubated with antibody at a dilution of 1:100
was measured directly at 200 per cell. Approx.
51% of these cells were labeled by biotinylated
microspheres. By the most conservative interpreta-
tion in which only fluorescent cells are assumed to
bear biotinylated anti-albumin IgG-albumin com-
plexes and nonfluorescent cells are assumed to
bear no biotinylated anti-albumin IgG-albumin
complexes, the maximal mean density of IgG-al-
bumin complexes for the fluorescent subpopula-
tion is calculated at 200/0.517, 1.e., 387 per cell.
Therefore it is estimated that 100% of those cells
bearing an average of 387 complexes per cell were
detected. Lack of additional information concern-
ing the distribution of the density of IgG-albumin
complexes among cells precludes the assignment
of a more precise limit for the sensitivity of bio-
tinylated fluorescent microspheres in cell surface
antigen detection. However, the above analyses of
available data indicate that cells bearing approx.
200 antigen molecules, and perhaps less, are
detected by this technique.

Several additional features of the biotinylated
fluorescent microsphere assay for cell surface
molecules merit discussion. The high sensitivity of
these microspheres is attributable, in part, to their
high capacity for the attachment of biotinylated
reagents. Studies using '*I-labeled streptavidin
and [*H]biotin (not shown) indicated that approx.
10* molecules of a selected biotinylated probe can
be specifically crosslinked to each microsphere.
This high probe density maximizes the probability
of a sphere binding to a low-density cell surface
molecule. The biotinylated probe may correspond
to any of a variety of biotinylated reagents includ-
ing primary or secondary antibodies, protein A, or
receptor ligands. For example, immunogen cova-
lently coupled to fluorescent microspheres prewvi-
ously has been demonstrated to provide sufficient
sensitivity for the detection of hybridoma surface
immunoglobulins not detectable using soluble flu-
orescent immunogen and flow microfluorimetry
[13]. Using biotinylated fluorescent microspheres
in combination with biotinylated immunogen, we
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Fig. 4. Labeling of surface immunoglobulin of Y5B12 hy-
bridoma cells using biotinylated peptide immunogen cross-
linked to biotinylated fluorescent microspheres. Panel A: flow
microfluorimetric analysis of Y5SB12 cells labeled with pre-as-
sembled biotinylated peptide immunogen-streptavidin-biotiny-
lated microspheres. Panel B: labeling of Y5B12 cells in the
presence of excess underivitized peptide (0.01 mg/ml). Auto-
fluorescence due to unlabeled cells was gated.

have labeled surface immunoglobulin of the cell
line Y5B12 (Fig. 4). Y5B12 cells are hybridomas
derived from a fusion between P3X-63Ag8653
murine myeloma cells and splenocytes isolated
from CB6F, mouse immunized with a synthetic
peptide [15] corresponding to the putative 26 amino
acids of the amino-terminus of the mammalian
glycoprotein hormone, erythropoietin. These cells
have been shown to secrete IgG, antibodies to
peptide (unpublished data). In the present analy-
sis, fluorescent microspheres were preassembled as
biotinylated microsphere-streptavidin-biotinylated
peptide complexes prior to incubation with cells
(see Materials and Methods). In flow microfluo-

rimetry, 34% of Y5B12 cells bound peptide-con-
jugated microspheres, with 23% binding two or
more microspheres per cell (Fig. 4A). Levels of
nonspecific binding were low, with fewer than 5%
of either irrelevant cells (e.g., P3X-63Ag8653 cells,
not shown) or Y5B12 cells binding single micro-
spheres in the presence of underivitized peptide
(Fig. 4B). Y5B12 cells labeled using biotinylated
peptide and fluorescein-labeled streptavidin could
not be detected by flow microfluorimetry.

In flow microfluorimetric analyses, the binding
of each microsphere to cells increased the intensity
of cell-associated fluorescence by discrete intervals
(Figs. 1, 3 and 4). Consequently, labeling with
biotinylated fluorescent microspheres should im-
prove the resolution and isolation of subpopula-
tions of cells possessing relatively small differences
in antigen or receptor densities. When labeled with
conventional soluble fluorescent reagents, such
subpopulations typically display only minor dif-
ferences within a continuous spectrum of fluores-
cence intensities [8-10]. While avidin-conjugated
fluorescent microspheres have been prepared pre-
viously by a more complex method [20], neither
the effects of inherent multiple chemical modifi-
cations of avidin on its affinity and specificity for
biotin binding nor the limits of sensitivity of these
acetylated-avidin microspheres in detecting cell
surface antigens have been assessed. In contrast,
biotinylated fluorescent microspheres are synthe-
sized through a single reaction between fluorescent
aminomicrospheres and N-hydroxysuccinimido-
biotin, and are coupled directly to unmodified
streptavidin. Given their flexible design and dem-
onstrated sensitivity in detecting cell-surface mole-
cules, biotinylated fluorescent microspheres and
their derivatives should find wide application in
research and clinical laboratories. The generalized
approach towards attaching active biotinylated re-
agents to polymeric microspheres also should be of
value in the further development of microspheres
used in cell separation [21] and in drug delivery
systems [22].
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