Biochemistry (Moscow), Vol. 64, No. 10, 1999, pp. 1138-1145. Translated from Biokhimiya, Vol. 64, No. 10, 1999, pp. 1348-1356.
Original Russian Text Copyright © 1999 by Nikulina, Kizim, Massino, Segal, Smirnova, Avilov, Saprygin, Smotrov, Kolyadkiexa, Dmi
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Abstract—Using a panel of monoclonal antibodies against human myoglobin (Mb), we have shown that the sensitivity of
antigen-capture ELISA can be significantly increased by simultaneous immobilization of two cooperating capture mono-
clonal antibodies on a solid phase. This method (“triple-site ELISA”) uses three monoclonal antibodies to different epi-
topes of the same antigen (two capture/one tracer) unlike the traditional double-site assay using one capture and one trac-
er monoclonal antibody. We developed double- and triple-site ELISA for Mb by varying the capture and tracer mono-
clonal antibodies. Triple-site assays showed 4-6-fold increase in sensitivity compared to the double-site assays. A model for
this effect is suggested; according to the model, in triple-site ELISA, high-affinity cyclic configurations can be formed by
an antigen, two capture monoclonal antibodies, and the surface of the solid phase.
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Standard solid-phase ELISA with monoclonal anti-
bodies involves the formation of a complex between
antibody adsorbed on a solid phase (capture antibody),
antigen, and antibody to another epitope of the antigen
conjugated with an enzyme (tracer antibody). Thus, a
sandwich is formed: solid phase—capture antibody-anti-
gen—tracer antibody. In the reaction catalyzed by the
sandwich, the activity of the antibody-conjugated
enzyme is proportional to the antigen concentration in
the incubation medium. The standard sandwich method
is also called double-site because capture and tracer anti-
bodies bind to different epitopes of the antigen. The
affinities of capture and tracer antibodies is the main
factor determining the sensitivity of the sandwich
method. The sensitivity and resolution of competition
analysis in solution (single-phase system) can be signifi-
cantly enhanced using two monoclonal antibodies to dif-
ferent epitopes of the antigen [1]. We have studied the
influence of adsorption on a solid phase of two mono-
clonal antibodies to different epitopes of myoglobin
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(with tracer antibody to a third epitope) on sensitivity
and resolution of the sandwich method. This modifica-
tion of the sandwich method is called the triple-site
method. It significantly increases sensitivity and resolu-
tion versus double-site analysis. Models explaining this
phenomenon are discussed.

MATERIALS AND METHODS

1. Purification of human myoglobin. Myoglobin was
purified from heart as described previously [2]. The pro-
tocol includes ammonium sulfate fractionation and
Sephadex G-75 gel-filtration. High performance liquid
chromatography is used as the last purification stage.
The purified myoglobin migrated as a single band in
SDS electrophoresis in 15% polyacrylamide gel in the
system of Laemmli [3].

2. Protein assay. Myoglobin concentration was
assayed by the Lowry method using bovine serum albu-
min as the standard. The standard was prepared assum-

ing A" = 7.6 for a 1% albumin solution [4]. The con-
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centration of purified myoglobin solution and purified
antibodies was determined by optical methods. For 1%
myoglobin solution, 4™ = 17.2 [4] and 45" = 132
[4]. The three methods of myoglobin concentration
assay (Lowry and optical density at 280 and 220 nm)
gave similar results, the deviation not exceeding 10%. To
assay the concentration of purified antibodies, A5 = =
14 was used for 1% solution [4].

3. Hybridoma preparation. Hybridomas were pre-
pared by the method of Milstein and Cuello [5] with cer-
tain modifications as described previously [6, 7].

4. Assay of anti-myoglobin antibodies. Anti-myoglo-
bin antibodies were determined by solid-phase ELISA.
Wells of ELISA plates were saturated with myoglobin
overnight at room temperature (5 pg/ml in 0.05 M car-
bonate buffer, pH 9.5; 100 ul/well). After 4-5 washes
with distilled water, the plates were incubated for 1 h at
37°C with culture supernatants diluted 100-1000-fold
and with horseradish peroxidase conjugated anti-myo-
globin antibody (1:3000 dilution); 100 pl of both com-
ponents were added per well. Culture supernatants and
the conjugate were diluted in 0.025 M sodium phos-
phate buffer (pH 7.4) containing 0.15 M NaCl (PBS),
0.2% BSA, and 0.05% Tween-20 (ELISA buffer). Color
was generated by the reaction with o-phenylenediamine
(1 mg/ml in 0.1 M citrate-phosphate buffer, pH 5, con-
taining 0.03% H,0,) at room temperature for 30 min.
The reaction was terminated by addition of 50 ul of 0.5 M
H,SO,, and absorption at 472 nm was determined using
a Titertek Multiscan MC microplate scanner.

5. Purification of monoclonal antibodies. Antibodies
were purified by two protocols. To purify antibodies by
ion-exchange chromatography, 5-10 ml of ascitic fluid
were centrifuged (2000g, 20 min, 0°C) and the super-
natant was diluted 5-fold with PBS; antibodies were pre-
cipitated with ammonium sulfate (0.4 g/ml). The anti-
bodies were pelleted by centrifugation (2000g, 20 min,
0°C) and dissolved in 0.025 M Tris-HCI buffer, pH 9.
The solution was dialyzed against the same buffer
overnight and loaded onto a DEAE-Sepharose 4B col-
umn (2 x 20 cm) equilibrated with 0.025 M Tris-HCI
buffer (pH 9). The column was eluted with a 0-0.4 M
NaCl gradient in the same buffer; the gradient volume
was 240 ml. Peak fractions were pooled and anti-myo-
globin activity was determined as described in section 4.

Affinity purification of anti-myoglobin antibodies
was described in detail previously [8].

6. Conjugation of monoclonal antibodies with horse-
radish peroxidase and determination of efficiency of the
conjugates. Antibodies (8 mg/ml in 0.05 M sodium car-
bonate buffer, pH 9.5) were conjugated with 4 mg of
horseradish peroxidase (R, = 3.3) by the periodate
method [9]. The conjugate was stored in PBS at —70°C.

To determine relative efficiency of the anti-myoglo-
bin antibody conjugates with horseradish peroxidase, a
series of dilutions of the conjugate were prepared from
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1:10% to 3:10°. Anti-myoglobin activity of the diluted
conjugates was determined as described in section 4. The
conjugates of all anti-myoglobin antibodies were com-
pared (table). The conjugates significantly differed (by
over 10-fold) in color reaction at high dilution (3:10°).
The conjugate of 14D6 antibody was the most efficient
(color developed at dilution exceeding 3:10°); conjugates
of other antibodies developed color at dilution lower by
10-15-fold. Thus, the 14D6 antibody was used as tracer
in this study.

8. Selection of pairs of monoclonal antibodies form-
ing a sandwich with myoglobin (grouping test). Wells of
ELISA plates were saturated with antibodies overnight
at room temperature (10 pg/ml in 0.05 M carbonate
buffer, pH 9.5; 100 pl/well). The plates were washed 4-5
times with distilled water and 50 pl of myoglobin solu-
tion was added per well (200 ng/ml) followed by 50 ul of
anti-myoglobin antibody conjugate with horseradish
peroxidase (dilution from 1:500 to 1:5000; both solu-
tions were prepared in ELISA buffer). Plates were incu-
bated for 2.5 h at 37°C, and peroxidase activity was
determined as described above. Detection of peroxidase
activity indicates that immobilized (capture) and
labeled antibodies bind to different epitopes of myoglo-
bin and form a sandwich: immobilized antibody-myo-
globin-labeled antibody. Lack of peroxidase activity
indicates that capture and tracer antibodies bind to the
same epitope of myoglobin (or adjacent epitopes) and a
sandwich is not formed.

9. Sandwich assay of myoglobin. Antibodies were
dissolved in 0.05 M carbonate buffer (pH 9.5). Wells of
ELISA plates were saturated with antibody of the same
clone (10 pg/ml) or with the mixture of antibodies of two
clones (5 pg/ml of antibody of each clone) overnight at
room temperature (100 pl solution per well). Plates were
washed 4-5 times under a stream of distilled water.
Incubation medium (final volume 100 pl) contained 25 pl
of myoglobin standard (0, 2.5, 5, 10, ..., 320 ng/ml) and
75 ul of anti-myoglobin antibody conjugated with horse-
radish peroxidase at a working dilution. Plates were
incubated for 2.5-3 h at 37°C and, after a series of wash-
es, reacted with o-phenylenediamine as described in sec-
tion 4.

To compare the sensitivity of the triple-site and
double-site sandwich methods, the methods were used
for testing of myoglobin in serum. Plates were saturated
with individual antibodies or with the mixture of 13G6
and 18H2 antibodies as described above but the final
saturation volume was 200 pl. The incubation mixture
(final volume 200 pl) included 25 pl of myoglobin stan-
dard diluted with myoglobin-free serum [8] and 175 pul of
antibody 14D6 conjugated with horseradish peroxidase
(final dilution in the incubation medium 1:10,000).
Color was developed by addition of 200 upl of o-
phenylenediamine solution per well; reaction was termi-
nated by addition of 25 pl of 1.5 M H,SO, per well.
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RESULTS

Fusion of splenocytes of immune mice with
X63Ag8.653 myeloma resulted in a number of hybrido-
mas; anti-myoglobin activity of produced antibodies
was determined in the culture supernatants. Five clones
were selected for the study because their anti-myoglo-
bin activity was detected by solid phase ELISA (see
section 4 of “Materials and Methods™”) when the cul-
ture supernatants were diluted 100-1000-fold.
Antibodies of these clones (after two reclonings) were
purified from ascitic fluid by ion-exchange and affinity
chromatography. Antibodies of each clone were conju-
gated with horseradish peroxidase. The sandwich-
forming clones were selected as described in section §
of “Materials and Methods”. Antibodies of the sand-
wich-forming clones can simultaneously bind to the
myoglobin molecule without interfering with each
other. The data of the table indicate that the selected
antibodies bind to three different epitopes of myoglo-
bin. Antibodies 18H2, 19B5, and 20C10 bind to the
same epitope (or adjacent epitopes); antibodies 13G6
and 14D6 bind to two other epitopes. Epitopes are des-
ignated by Roman numbers in the table. Calibration
curves were constructed (as described in section 9 of
“Materials and Methods™) with all pairs of antibodies
which were efficient in the sandwich test (single stage
incubation). For example, two calibration curves were
constructed with the pair of antibodies 18H2 and
13G6: capture antibody adsorbed on the well 18H2,
tracer antibody 13G6; and capture antibody 13G6,
tracer antibody 18H2. All variants of calibration
curves were constructed in a similar way. The data
indicated that antibody 14D6 is the most efficient. The
conjugate of this antibody with horseradish peroxidase
was used in the sandwich method at a final dilution
1:10000, whereas conjugates of other antibodies were
efficient at significantly lower dilution (1:500-1:2000).

NIKULINA et al.

Calibration curves with labeled antibody 14D6 are
shown in Fig. 1. The best characteristic (slope) of the
calibration curve was found with capture antibody
13G6; the slope of the calibration curve was slightly
less with capture antibody 18H?2.

Next, the influence of the mixture of two capture
antibodies to different epitopes of myoglobin on sensi-
tivity and resolution of the method was investigated.
This method is called triple-site ELISA because three
antibodies (two capture and one tracer) raised against
different epitopes of the antigen are used. The panel of
antibodies enables three variants of the mixture of two
capture antibodies to different epitopes: 13G6 + 18H2,
13G6 + 19BS, and 13G6 + 20C10 if tracer antibody
14D6 is used. Calibration curves constructed for plates
saturated with antibody of each clone (double-site
analysis) were compared versus their mixture (triple-site
method). Antibodies were used at similar saturating
concentrations; for individual antibodies the concentra-
tion was 10 pg/ml and when the mixture of two anti-
bodies was used for saturation, each of them was added
at 5 pg/ml. The data of Fig. 2 indicate that when a mix-
ture of two antibodies is adsorbed on the solid phase,
the slope of the calibration curve is enhanced versus the
double-site variants of the analysis, i.e., when one cap-
ture antibody is used. Enhanced calibration curve slope
is found in the case of the mixture of antibodies 13G6 +
20C10 (Fig. 2c), but the effect is more pronounced when
the mixture of antibodies 13G6 + 18H2 is used (Fig.
2a). For example, at 80 ng/ml myoglobin and the mix-
ture 13G6 + 18H2 as capture antibodies, the color
developed corresponds to optical density 1. Under the
same conditions, capture antibody 13G6 gives optical
density 0.57 and capture antibody 18H2 gives optical
density 0.4. In Fig. 2, calibration curves drawn with
dotted lines (double-site analysis) should be compared
to the calibration curves drawn with solid lines (triple-
site method). However, the mixture of capture antibod-

Selection of pairs of monoclonal antibodies forming a sandwich with myoglobin in solid-phase ELISA

Capture antibody
Tracer antibody
13G6 () 14D6 (11) 18H2 (I11) 19B5 (I1I) 20C10 (I11)
13G6 (1) — + + + +
14D6 (11) + — + + +
18H2 (I11) + + — — —
19B5 (II1) + + — — —
20C10 (I11) + + — — —

Note: ELISA plates were saturated with antibodies and incubated with myoglobin in the presence of antibodies conjugated with horseradish
peroxidase. The plus sign corresponds to the presence of peroxidase activity; the minus sign corresponds to the absence of peroxidase
activity. Other conditions are described in section 8 of “Materials and Methods”.
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Fig. 1. Standard calibration curves of solid-phase ELISA of
myoglobin constructed by saturation of ELISA plates with
various antibodies. Capture antibody: /) 13G6 antibody; 2)
18H2 antibody; 3) 20C10 antibody; 4) 19B5 antibody; anti-
body 14D6 was used as the tracer.

ies 13G6 + 19B5 did not enhance resolution and sensi-
tivity of the method versus the variant when only 13G6
antibody was used as capture (curves / and 2 coincide;
see Fig. 2b).

The effect of mixture of two different antibodies
with similar epitope specificity adsorbed on the solid
phase on the sensitivity of the sandwich method was
tested. The hybridoma panel enables analysis of three
combinations of the mixture of two capture antibodies
to the same or adjacent epitopes of myoglobin: 18H2 +
19B5, 18H2 + 20C10, and 19B5 + 20C10 if the 14D6
antibody is used as the tracer. The data of Fig. 3 (a, b, ¢)
indicate that in all cases the combination of different
antibodies to the same epitope does not enhance the
slope of the calibration curves (calibration curves with
the mixture of capture antibodies are drawn with solid
lines and the curves with individual capture antibodies
are drawn with dotted lines).

We analyzed another variant of the triple-site sand-
wich method in which one antibody was used for cap-
ture and the tracer was composed of a mixture of two
conjugates of antibodies with peroxidase (conjugated
antibodies to different epitopes of myoglobin).
Antibody 14D6 was adsorbed on the ELISA plate wells
and the mixtures of conjugated antibodies (13G6 +
18H2 and 13G6 + 19B5) were used as tracer. Calibration
curves constructed with individual labeled antibodies
(double-site analysis) were compared to the curves cor-
responding to the mixture of two labeled antibodies to
different epitopes (triple-site method). Labeled antibod-
ies were used at the same effective concentrations. For
example, conjugated antibody 13G6 was used at final
dilution 1:1000 in the double-site variant and the conju-
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Fig. 2. Standard calibration curves of solid-phase sandwich
ELISA of myoglobin using ELISA plates saturated with indi-
vidual antibodies (dotted lines) and the mixtures of two anti-
bodies to different epitopes of the antigen molecule (solid
lines). Capture antibody: a) mixture of antibodies 13G6 +
18H2 (7); antibody 13G6 (2); antibody 18H2 (3); b) mixture
of antibodies 13G6 + 19B5 (/); antibody 13G6 (2); antibody
19B5 (3); ¢) mixture of antibodies 13G6 + 20C10 (/); anti-
body 13G6 (2); antibody 20C10 (3). ELISA plates were satu-
rated with individual antibodies (10 pg/ml) or with the mix-
ture of two antibodies (each at 5 pg/ml). The labeled antibody
was 14D6.

1141



1142 NIKULINA et al.

1.67 a18H2 7

= 19B5 1/
e 18H2 + 19B5
/A

1.2 1
c
S .
° 0.8 1 L*
S .*° 3
(%2}
Qo
< 044
0 T T |
0 80 160 240 320
Myoglobin, ng/ml
b
161 at8H2 1
m 20C10 /
®18H2 +20C10 / 2
S -"
g g
o
(%]
Q
<
0 r T r '
0 80 160 240 320
Myoglobin, ng/mi
c
1.67 w1985
420C10
® 19B5 + 20C10
1.2 1
c 1 a
S 081 s
s <7
@ -
Q
< 0.4

0 80 160 240 320

Myoglobin, ng/ml

Fig. 3. Standard calibration curves of solid-phase sandwich
ELISA of myoglobin using ELISA plates saturated with indi-
vidual antibodies (dotted lines) and the mixtures of two anti-
bodies to the same epitope of the antigen molecule (solid lines).
Capture antibody: a) antibody 18H2 (/); mixture of antibodies
18H2 + 19BS (2); antibody 19B5 (3); b) antibody 18H2 (/);
mixture of antibodies 18H2 + 20C10 (2); antibody 20C10 (3);
c) antibody 20C10 (/); antibody 19B5 (2); mixture of antibod-
ies 19B5 + 20C10 (3). ELISA plates were saturated with indi-
vidual antibodies (10 pg/ml) or with the mixture of two anti-
bodies (each at 5 pg/ml). The labeled antibody was 14D6.

gate of 18H2 antibody was used at dilution 1:500; the
mixture included 13G6 at final dilution 1:2000 and 18H2
at final dilution 1:1000. The data of Fig. 4 indicate that
the triple-site method using the mixture of two labeled
antibodies to different epitopes is not superior to the
double-site variant using individual labeled antibodies.
The calibration curves constructed using the mixture of
labeled antibodies are drawn with the solid lines, and the
curves constructed using individual labeled antibodies
are drawn with the dotted lines.

To evaluate the sensitivity of the triple-site
method as compared to the double-site method, the
assays were used to determine myoglobin in serum (see
section 9 of “Materials and Methods”). Calibration
curve standards were diluted with myoglobin-free
serum [8]; each standard was run in six parallels and
the final volume of the incubation mixture was 200 pl.
The variant analyzed included adsorption of the mix-
ture of antibodies 13G6 + 18H2 on the solid phase and
detection with 14D6 antibody. The minimal signifi-
cantly determined myoglobin concentration (mean
absorption for zero standard + 3 standard deviations)
in the triple-site variant was 6 ng/ml. When antibody
13G6 was used as capture, the sensitivity of analysis
was 27 ng/ml. If antibody 18H2 was used as capture,
the sensitivity was even lower (40 ng/ml). Thus, in case
of the triple-site analysis, the sensitivity was increased
by 4.5-fold versus the best variant of the double-site
analysis.

DISCUSSION

Immunization with myoglobin (M, ~ 18,600) results
in the generation of antibodies to five or six regions of
the protein (epitopes) [10, 11]. Up to four antibody mol-
ecules can bind to the myoglobin molecule in solution
[10]. Thus, myoglobin is a suitable model for the study
of the sandwich method variant when more than two
antibody molecules are bound to the antigen.

In the sandwich method of myoglobin assay,
adsorption of two antibodies to different epitopes on a
solid phase and use of an antibody to the third epitope
(triple-site sandwich) significantly enhances the sensi-
tivity. When the mixture of antibodies 13G6 + 18H2 is
adsorbed on a solid phase (labeled antibody 14D6),
the sensitivity is enhanced 4.5-fold versus the variant
of the method when antibody 13G6 alone is used as
capture (from 27 to 6 ng/ml). This enhancement is even
more pronounced in the triple-site method when anti-
body 18H2 is used as capture. The sensitivity is
enhanced by 6.5-fold (from 40 to 6 ng/ml). Interes-
tingly, none of the variants including adsorption of the
mixture of two different antibodies against the same
epitope enhanced the slope of the calibration curve

(Fig. 3).
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Fig. 4. Standard calibration curves of solid-phase sandwich ELISA of myoglobin constructed using individual labeled antibodies (dot-
ted lines) and the mixtures of two antibodies to different epitopes of the antigen molecule (solid lines). Tracer antibody: a) antibody 13G6
(1); mixture of antibodies 13G6 + 18H2 (2); antibody 18H2 (3); b) antibody 19BS5 (7); mixture of antibodies 13G6 + 19BS5 (2); antibody

13G6 (3). The ELISA plates were saturated with 14D6 antibody.

To explain the enhancement of the sensitivity in
the triple-site sandwich method, an effect demonstrat-
ed in 1981-1983 should be considered. It was shown
that if an antigen and the mixture of two antibodies to
different epitopes of the antigen are present in solution,
stable cyclic complexes are formed similar to those
shown in Fig. 5a. The complex includes two antigen
and two antibody molecules (reviewed in [1]). The
cyclic complex is characterized by significantly higher
stability than the simple antigen—antibody complex
because to destroy the cycle simultanecous dissociation
of two bonds between the antigen and antibody is
required. The mixture of two monoclonal antibodies to
different epitopes sometimes increased the sensitivity
of competitive radioimmune assay by over an order of
magnitude [1, 12]. It was shown that cycles can be
formed when antibody to the same epitope of the anti-
gen are bound to a solid phase and antibody to anoth-
er epitope is soluble [13]. One can suggest that in the
double-site variant of the sandwich method employing
a pair of monoclonal antibodies to different epitopes,
cycles shown in Fig. 5b, IT and III, can be formed along
with sandwiches shown in Fig. 5b, I. The cyclic com-
plexes include one or two molecules of adsorbed anti-
body, two antigen molecules, and a molecule of conju-
gated antibody. Even if a relatively small fraction of
the molecules forms the cyclic complexes in the sand-
wich, this would significantly improve the characteris-
tics of the analysis. Adsorption of the mixture of two
monoclonal antibodies to different epitopes of myoglo-
bin on a solid phase can form not only the cyclic com-
plexes characteristic for the double-site variant of the
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analysis, but also the complexes shown in Fig. 5c. In
these complexes, some of the myoglobin molecules
simultaneously binds to two antibodies adsorbed on
the solid phase forming the cycle: antibody 1-myoglo-
bin—antibody 2 that is linked to the solid phase (out-
lined by dotted line in Fig. 5c, I). This cycle is charac-
terized by higher stability than the standard sandwich
between the adsorbed antibody and antigen because
dissociation of two antibody—antigen bonds is required
for myoglobin dissociation from the adsorbed anti-
body. This cycle is rather stable and its presence can
explain the enhanced sensitivity of the method when
two antibodies to different epitopes are adsorbed on a
solid phase. Moreover, apart from the complex with
labeled antibody formed in the double-site variant of
analysis (Fig. 5b, II and III), complexes shown in Fig.
5c¢ (IT and IITI) can be formed in the triple-site sandwich.
This can also enhance the sensitivity of the analysis.
Three variants of the triple-site method were ana-
lyzed (same tracer antibody and three combinations of
mixtures of two capture antibodies). In two cases, when
the mixtures of antibodies 13G6 + 18H2 and 13G6 +
20C10 were used as capture, the sensitivity of the analy-
sis was improved. In a single case (with mixture of anti-
bodies 13G6 + 19B5), the slope of the calibration curve
was not improved. It should be noted that sometimes
when a mixture of two monoclonal antibodies to differ-
ent epitopes of an antigen was used in competitive analy-
sis in solution, the sensitivity was not enhanced. Thus,
cyclic complexes as shown in Fig. 5a are not always
formed [14]. A similar effect was observed when the mix-
ture of antibodies 13G6 + 19B5 is adsorbed on the sur-
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Fig. 5. Complexes of adsorbed antibodies, antigen, and labeled antibody which can be formed in solid-phase ELISA. a) Cyclic complexes
formed in solution by two antigen molecules and two molecules of antibodies against different epitopes of the antigen; b) complexes that
can be formed by adsorbed antibodies, antigen, and labeled antibodies in the double-site variant of the sandwich method; ¢) complexes
that can be formed by adsorbed antibodies, antigen, and labeled antibodies in the triple-site variant of the sandwich method.

face of ELISA plates. These antibodies bind to different The development of sandwich methods for assay of
epitopes of myoglobin, but the slope of the calibration  proteins usually requires a panel of monoclonal anti-
curve was not enhanced. Apparently, the epitopes of the  bodies to different epitopes. Adsorption on a solid phase
myoglobin molecule that bind to these antibodies inter-  of the mixture of antibodies to two different epitopes
fere with simultaneous interaction of the antibodies and use of tracer antibody to another epitope can
adsorbed on the solid phase. enhance the sensitivity of the method.
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