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Streptavidin-Polyvinylamine Conjugates Labeled
with a Europium Chelate: Applications in
Immunoassay, Immunohistochemistry, and

Microarrays

ANDREAS SCORILAS,'” ANDERS BjarTELL,®> Hans Lirja,® CHRISTINA MOLLER,® and
ELEFTHERIOS P. DiaMANDIS'?"

Background: The favorable properties of lanthanide
chelates compared with conventional fluorescent probes
have attracted considerable interest. A Eu®* chelator,
4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-2,9-
dicarboxylic acid (BCPDA), has been synthesized previ-
ously.

Methods: We here describe immunoassay, immunohis-
tochemistry, and microarray applications of a new
streptavidin-based universal polyvinylamine (PVA) de-
tection reagent that is multiply labeled with the eu-
ropium chelate of BCPDA. Solid-phase time-resolved
immunofluorometric assays for biotinylated mouse IgG
and prostate-specific antigen (PSA) were developed
using the new conjugate as a detection reagent. The new
conjugate was also used for the immunohistochemical
localization of PSA expression in paraffin-embedded
prostatic tissues. A model microarray with spotted bio-
tinylated antibody as target was also performed.
Results: Approximately 50-100 BCPDA moieties were
covalently bound to PVA, which was then linked to
streptavidin via biotin interaction. The macromolecular
complex successfully recognized and bound biotinyl-
ated detection reagents, e.g., antibodies. The new re-
agent enabled measurement of solid phase-immobilized
biotinylated mouse IgG with a detection limit of ~1
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pg/assay and demonstrated excellent linearity. In an
ELISA-type sandwich PSA assay that included two PSA
monoclonal antibodies using the new conjugate as de-
tection reagent, we detected 0.001 pg/L PSA (~100 fg or
~3 amol/assay). Serum samples analyzed for PSA by
this method and a commercial assay gave highly corre-
lated results. The new reagent enabled excellent immu-
nohistochemical localization of PSA expression in pros-
tate tissues. Using the new reagent in a model
microarray experiment with biotinylated mouse IgG as
target, we demonstrated excellent spatial resolution of 5-
to 10-nL microspots.

Conclusions: The new detection reagent may find im-
portant applications in biotechnology.

© 2000 American Association for Clinical Chemistry

Time-resolved fluoroimmunoassays using Eu’* and other
lanthanide chelates as fluorescent labels have been re-
ported frequently (1-13). A Eu®" chelator, 4,7-bis(chloro-
sulfophenyl)-1,10-phenanthroline-2,9-dicarboxylic ~ acid
(BCPDA),* has already been described (14). This chelator
forms stable fluorescent complexes with Eu®*". BCPDA
contains two chlorosulfophenyl groups and reacts co-
valently with proteins and other macromolecules via
amino groups to form soluble conjugates in aqueous
solutions. Another Eu®>" chelator, 4,4"-bis (1”,1",1",2",2" 3" 3"-
heptafluoro-4",6"-hexanedion-6"-yl) chlorosulfo-o-terphe-
nyl, was reported recently (7).

Fluorescent europium chelates exhibit large Stokes
shifts (~290 nm) with no overlap between the excitation
and emission spectra. These chelates have a very narrow

#Nonstandard abbreviations: BCPDA, 4,7-bis(chlorosulfophenyl)-1,10-
phenanthroline-2,9-dicarboxylic-acid; SA, streptavidin; PVA, polyvinylamine;
and PSA, prostate-specific antigen.
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Fig. 1. BCPDA structure (A) and schematic representation of the macromolecular nature of the new reagent (B).
This figure has no quantitative meaning. B, biotin; SA, streptavidin. (B), the solid ball and stick represents BCPDA. The curved lines represent PVA. Each PVA molecule

carries ~50-100 BCPDA-Eu®* complexes and ~5-10 biotin molecules.

(10-nm bandwidth) emission spectrum at 615 nm that
differs from the fluorescence spectrum of serum native. In
addition, their long fluorescence lifetimes (600-1000 us)
allow use of microsecond time-resolved fluorescence
measurements, which further reduces the observed back-
ground signals (1-6, 15).

In principle, the sensitivity of fluorometric analysis
could be improved by attaching many fluorescent groups
to the labeled reagents. This approach does not always
work because the increased tagging soon produces con-
centration quenching, which first reduces the quantum
efficiency and then the total emission (15, 16).

In this report, we describe preliminary immunoassay,
immunohistochemistry, and microarray applications of a
new streptavidin (SA)-based universal detection reagent
labeled with the chelate of Eu®™ with BCPDA via the
macromolecular carrier polyvinylamine (PVA). Our aim
was to develop a reagent that, through multiple labeling,
would provide signal amplification while allowing mea-
surement of fluorescence directly from the solid phase.

Materials and Methods

PREPARATION OF THE MACROMOLECULAR COMPLEX

The detailed preparation of this reagent has been de-
scribed elsewhere (17). Briefly, we biotinylated PVA and
then labeled it with BCPDA to produce the complex,
(biotin),-PVA-(BCPDA),, where x is ~5-10 and y is
~50-100 (17). We then mixed the purified complex with
a carefully controlled amount of SA and Eu®* to form the
complex (SA)Z—(biotin)x-PVA—(BCPDA—Eu3+)y, The opti-
mal amounts of the two reagents can be found by careful
titration with different ratios and then testing the result-
ing reagent with a model solid-phase immunoassay using
biotinylated mouse IgG immobilized in microtiter wells.
This reagent is stable at 4 °C for at least 1 year. The
molecular weight of this complex was determined by gel

filtration chromatography, as described below. The SA
content of the optimal reagent concentrate (X10) is 100
mg/L.

SOLID PHASE-DETECTION OF IMMOBILIZED
BIOTINYLATED MOUSE IgG

Microtiter plates were coated overnight with 500 ng of
sheep anti-mouse IgG in 100 nL of 0.05 mol/L Tris (pH
7.80) per well. After washing the plates, we added 100 uL
of biotinylated mouse IgG, diluted in 60 g/L bovine
serum albumin, and incubated the plates for 2 h at room
temperature with shaking. The amount of biotinylated
mouse IgG varied from 0.5 pg/well to 50 000 pg/well.
After washing the plates, we added 100 uL of the SA

KDa 670 158 44 17 1.35
02 T T I T
Macromolecular
complex
g
=]
e)
IS
o
®
3
g 0.1 BSA
£
St
: '
172}
©
<

0 10 20 30 40 50 60
Time, min

Fig. 2. Assessment of the molecular mass of the macromolecular
complex by gel filtration HPLC.

The elution times of the molecular mass calibrators are shown at the top. The
complex elutes at the void volume of the column, indicating molecular mass
=10° Da. BSA, bovine serum albumin, a component of the mixture.
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Fig. 3. Calibration curve for quantifying immobilized biotinylated mouse
1gG.

The background signal obtained with the zero calibrator (no IgG added) was ~80
arbitrary fluorescence units, subtracted from all measurements.

conjugate, diluted 10-fold (diluent, 60 g/L bovine serum
albumin solution in 0.1 mol/L Tris buffer, pH 7.80; ~1 ug
of SA per well). After incubation for 25 min, the plates
were washed and dried in a forced air microplate dryer,
and the solid-phase fluorescence was measured with a
CyberFluor 615 Time-Resolved Fluorometer (MDS Nor-
dion).

GEL FILTRATION CHROMATOGRAPHY

The molecular mass of the macromolecular complex was
assessed by gel filtration chromatography on a 600 X 7.5
mm Bio-Sil SEC-250 column (Bio-Rad Laboratories). The
column was calibrated with a calibration solution from
Bio-Rad. The mobile phase was 0.1 mol/L sodium phos-
phate, 0.1 mol/L sodium sulfate (pH 6.50), and the flow
rate was 0.5 mL/min; absorbance was monitored at 280
nm for the protein calibrators and at 325 nm for the
macromolecular complex (absorbance maximum of
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Fig. 4. Calibration curve for the PSA immunoassay with the new
conjugate as detection reagent.

Background signal was ~100 arbitrary units, subtracted from all measurements.
For details regarding this assay, see Ref. (18).
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Fig. 5. Correlation between the time-resolved fluorometric immunoas-
say for PSA, using the newly developed reagent (TR-FIA) and the Roche
Elecsys automated PSA immunoassay, for 40 serum samples.

Samples were diluted, as necessary, to bring them within the measuring range
of the newly developed assay (0.001-10 ug/L).

BCPDA) (14 ). The exclusion limit for this column is ~10°
Da.

IMMUNOASSAY FOR PROSTATE-SPECIFIC ANTIGEN

The general principles of this assay have been described
previously (18). Briefly, the assay uses two monoclonal
antibodies, one of which is coated on a microtiter plate,
whereas the other one is biotinylated. Sample volume is
100 uL. After sandwich formation in the first step [capture
antibody, prostate-specific antigen (PSA)-biotinylated an-
tibody], the complex is reacted with SA-alkaline phospha-
tase conjugate. Enzyme activity is then measured by
time-resolved fluorometry as described (18). The detec-
tion limit of this assay is 0.001 ug/L, and the measuring
range extends to 10 ug/L, but the dose-response curve is
not linear at 1-10 ug/L (18). Here, we detected the final
immunocomplex, comprising the capture antibody, PSA,
and biotinylated detection antibody, with our SA-based
macromolecular complex. The final measurement was
performed on the dry solid phase as described previously
(16,17).

IMMUNOHISTOCHEMISTRY

Paraffin-embedded prostatic tissue sections (5 pum in
thickness) were deparaffinized and rehydrated. A 5%
universal tissue conditioner (Biomeda) was applied at
room temperature for 10 min to block any nonspecific
binding. At 37 °C, sections were incubated with biotinyl-
ated monoclonal mouse anti-human PSA antibody (~2
mg/L; coded 8301; Diagnostic Systems Laboratories) for
1 h. The section was then stained with (SA),-(biotin),-
PVA—(BCPDA)Y-Eu3+ for another 25 min. After each step,
each section was wash briefly with a 0.5 mL/L Tween 20
solution. Finally, the slides were dried with a stream of
cold air and the resulting fluorescence was observed with
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Fig. 6. Immunohistochemical localization of PSA in paraffin-embedded
prostatic tissue using the new conjugate as a detection system and a
biotinylated monoclonal anti-PSA antibody.

Time-resolved fluorescence images were produced using an epi-fluorescence
microscope equipped for TRFI (Signifer 1432 Microlmager; Perkin-Elmer Life
Sciences; Wallac Oy). The specimens were focused in bright-field mode with a
halogen light source, and images were obtained with a X 10 objective during 30 s
with repeated cycles of excitation by a xenon flash lamp. Images were captured
using the camera software PixCel, Ver. 2.7 (Perkin-EImer) and pseudocolored.
Two- (A) and three-dimensional (B) pictures were created in Image Pro, Ver.4.0
(Media Cybernetics). The PSA immunoreactivity is seen only in the epithelial
cells; the stroma is negative.

a time-resolved fluorescence microscope (Signifer 1432;
Microlmager).

MICROARRAY ANALYSIS

Spots of biotinylated mouse IgG (5 nL) were immobilized
on a glass slide coated with a proprietary membrane of
high protein capacity (Fast™ slides, cat. no. 10484182;
Schleicher & Schuell). The microspots were stained with
the SA-based reagent, washed, dried, and examined with
the time-resolved fluorescence microscope.

Results
We describe the synthesis and model applications of a
conjugate of SA indirectly labeled with the europium
chelate of BCPDA through PVA polymer. The BCPDA
structure and a schematic depiction of the novel conjugate
are shown in Fig. 1. The labeling reaction of BCPDA with
PVA involves covalent bond formation between the
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—S0,Cl group of BCPDA and —NH, groups of PVA,
producing —SO,—NH groups on the labeled PVA. The
complex, (SA)Z-(biotin)X-PVA—(BCPDA)y-Eu“, where x is
~5-10 and y is ~50-100 (17 ), successfully recognizes and
binds other biotinylated antibodies and is very stable at
4°C (at least 1 year). When we assessed the molecular
mass of the macromolecular complex by HPLC (Fig. 2),
we found that it elutes at the void volume, suggesting a
molecular mass =10° Da. This is consistent with cross-
linking of at least eight PVA-(BCPDA), complexes. This
cross-linking is facilitated by SA, through its multiple
binding sites (19).

In Fig. 3, we show the sensitivity and linearity of
measuring solid phase-immobilized biotinylated mouse
IgG. At 10 pg/assay (~0.7 fmol), the signal-to-back-
ground ratio of fluorescence is ~10-fold. The detection
limit is ~ 1 pg/assay and linearity is excellent.

As shown in Fig. 4, we could detect ~0.001 pg/L PSA
(100 fg/assay; equivalent to 3 X 107'® moles of PSA).
Measurements were linear at PSA concentrations of
0.001-1 ug/L, and the measuring range was useful to 10
pg/L. Imprecision (CV) was <10% at 0.005-10 ug/L PSA
and was 20% at 0.001 ug/L PSA. When we compared this
assay with assays using either enzymatically amplified
time-resolved fluorometry (9) or enzymatically triggered
chemiluminescence with dioxetane substrates (20, 21)
(same antibodies, assay conjugation, and conditions), we
obtained comparable signal-to-noise ratios and detection
limits, but linearity was superior with the present method
at PSA concentrations of 1-10 ug/L. When we analyzed
40 serum samples from males by this method, the results
were in excellent agreement with those obtained with a
commercially available PSA immunoassay (Elecsys;
Roche Diagnostics, Indianapolis; Fig. 5).

Fig. 7. Model microarray experiment using biotinylated antibody spots
(~5 nL) as targets.

The same amount of biotinylated antibody (~ 250 pg/spot) was immobilized 24
times. Photographs were generated as described in the legend for Fig. 6.
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We used the new reagent for the detection of PSA in
prostate tissues by immunohistochemistry. The results are
shown in Fig. 6. PSA is present in epithelial cells and the
lumen; the stroma is negative.

In Fig. 7, we show multiple microspots (~5 nL each) of
a 50 upg/L solution of biotinylated mouse IgG (~250
pg/spot). In this microarray experiment, we demon-
strated the excellent spatial resolution of this technique.
Microspotting of the same reagent at different dilutions
indicated achievable detection limits of ~0.25-2.5 pg/
spot.

Discussion

The numerous advantages of the fluorescent lanthanide
chelates over conventional fluorescent probes have been
summarized elsewhere (1-6, 15). Lanthanide chelates can
provide 100- to 1000-fold better sensitivities comparison
with conventional fluorophores because of efficient back-
ground fluorescence rejection. Background rejection is
achieved through the large Stokes shifts and the narrow
emission bands of fluorescent lanthanide chelates as well
as application of time-resolved fluorometric measure-
ments (1,2,15).

Fluorescent lanthanide chelates are free of quenching
when multiple labeling is used (16). We have taken
advantage of this principle to devise macromolecular
complexes, multiply labeled with lanthanide chelates, for
time-resolved immunofluorometric analysis. Although
we were able to achieve ng/L detection limits in model
immunological assays (16), the major disadvantages with
the previously described macromolecular complexes were
their difficult preparation, their relative instabilities, and
their very large molecular masses (bovine thyroglobulin
was used as a carrier in these applications). The new
complexes described here have the advantage of an
approximately threefold higher sensitivity and inexpen-
sive and easy preparation by means of a simple reagent-
mixing step. The preformed complexes are stable over
time and are suitable for immunological assays using
biotinylated antibodies as auxiliary reagents. We antici-
pate that the same complexes may have applications in
nucleic acid hybridization assays, but we did not test
these assays.

We previously described highly sensitive detection
technologies based on enzymatically amplified time-re-
solved fluorescence using terbium chelates as labels (9).
Furthermore, enzymatically triggered chemiluminescence
is among the most sensitive detection techniques (20, 21).
When we compared our new reagents with these compet-
ing technologies in the same immunological assay for
PSA, we found that all three methods have similar detec-
tion limits (~3 amol/assay).

Recently, other investigators succeeded in developing
Eu®" fluorescent chelators that, like BCPDA, are suitable
for solid-phase time-resolved immunofluorometry (7, 22—
24). Others have devised successful homogeneous time-
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resolved fluorometric immunoassays suitable for clinical
applications (25, 26).

The major advantage with the newly developed re-
agent is the ability to measure fluorescence directly from
the solid phase. We describe here successful model im-
munoassay, immunohistochemical, and microarray appli-
cations. Others have also used time-resolved fluorometric
analysis for immunohistochemistry of PSA with different
Eu®" chelates (11). We anticipate that this new reagent
may be used in diverse biotechnology applications and
especially in protein microarray and high-throughput
screening assays.

This work was supported by grants to E.P. Diamandis
from MDS Proteomics and from the Natural Sciences and
Engineering Research Council of Canada. We thank Brian
McNeil and Paolo Fortina for help in spotting microar-
rays, and Kelvin So, Elise Nilsson, and Ulla Folt for
skillful technical assistance.
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