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Competition between proteins and other macromolecules for adsorption sites
on plastic was studied with the enzyme-linked immunosorbent assay (ELISA) to
determine effects of the use of antigenic mixtures or extracts of organisms on

assays of antibodies and antigens by ELISA. A comparison of a number of
different polystyrene microplates with bovine albumin and human immunoglob-
ulin G (IgG) as antigens showed two major classes of plates: those which adsorbed
albumin poorly and those which adsorbed albumin well. IgG adsorbed well on all
plates, but plates which adsorbed albumin best also gave significant background
levels of nonspecific binding of conjugate. When mixtures of IgG and bovine
serum albumin were used as coating antigens, significant competition was

observed; the component present at 1% or less in the mixture was essentially
undetectable unless excessive amounts of conjugate were used. The important
factor was the ratio of competitor to antigen, not the absolute amount. Other
proteins (ovalbumin, rabbit albumin, human albumin, and gelatin) were equally
effective competitors for adsorption sites on plastic. Nonionic detergents (Tween
20, and Triton X-100) were strong competitors even at 10:1 competitor-to-antigen
ratios. In antigen capture assays, normal serum components blocked attachment
of antigen-specific IgG, but this competition could be lessened to a degree by the
use of strongly binding polystyrene plates. In indirect ELISA for measurement of
serum antibody, the use of antigenic mixtures gave significantly lower antibody
titers when the desired antigen was less than 1% of the total protein coated.
Therefore, the use of mixed or crude antigens in ELISA presents significant
problems concerning the sensitivity and specificity of tests.

The enzyme-linked immunosorbent assay
(ELISA) (9) is a major tool for detecting antigens
and antibodies in a wide variety of diseases (20,
21). Although the method was initially devised
for measurement of antibodies to individual pro-
teins, a large number of assays for individual
disease agents have been devised using partially
purified or even unpurified antigens. Such as-
says are not uniformly successful, and when
they are it is not possible to define the reacting
antigen(s). If we were to wait until suitably
purified antigens were available, a number of
currently useful assays would not be available
for serodiagnosis. It has been recognized that
components of antigenic mixtures (i.e., an ex-
tract of a microorganism) likely compete with
each other for the limited sites on plastic sur-
faces (4, 5, 13, 16). Thus, studies to determine
the nature of competition are necessary to define
conditions under which ELISAs can best be
performed with partially purified or unpurified
antigens.

Proteins apparently attach to plastic surfaces
by hydrophobic interactions (12, 19), and the

protein adsorbed may form a monomolecular
film (5, 12). At small concentrations of pure
proteins, the amount bound to the plastic is
proportional to the concentration of the protein
in solution, and at saturation a constant amount
of protein is bound regardless of concentration
(5). In the linear range, the amount of protein
bound may be as great as 80% for bovine
immunoglobulin M (IgM) or 10 to 20% for bo-
vine albumin and lactalbumin (5). When adsorp-
tion with mixtures of proteins is attempted, the
bound proteins are not adsorbed in proportions
similar to those of the solution (13). The type of
plastic employed also affects adsorption rates
(13).
The present study was an investigation of the

competition among proteins and other molecules
for adsorption sites on plastic surfaces with a
variety of commercially available microplates
and ELISA procedures commonly used for sero-
diagnosis (20). The purpose was to determine
the ratios of competitor to antigen in mixtures
which might cause minor components to be
represented in such small quantities on the plas-
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FIG. 1. Comparison of the adsorption of BSA (A), human IgG (B), and ovalbumin (C) to two types of
polystyrene plates. Optical densities observed with type A plates (0) and type B plates (0) are shown in each
panel. Concentrations of antigens used for coating are shown on the x-axis. Direct ELISA was performed with
appropriate monospecific peroxidase-conjugated antisera at the following dilutions: anti-BSA, 1:32,000; anti-
IgG, 1:100,000; and anti-ovalbumin, 1:32,000. Plate types are defined in Table 1.

tic surface as to be indetectable by ELISA. An
ancillary goal was to determine the conditions
under which simultaneous assay of antibodies to
different antigens might be possible by using
antigenic mixtures.

MATERIALS AND METHODS

Antigens and competitors. The antigens used for
most experiments, unless otherwise specified, were
from Sigma Chemical Co., St. Louis, Mo., and includ-
ed bovine serum albumin (BSA), human IgG, and
chicken ovalbumin. Antigens were assumed to be
anhydrous, and the tables and figures refer to specific
weights of each antigen per ml. Protein values as
determined by the Lowry method for 1 mg (dry/
weight) of each antigen were 1.0 mg for BSA, 1.4 mg
for human IgG, and 1.1 mg for ovalbumin when bovine
albumin was used to standardize the test. All lots of
human IgG gave protein values in excess of 100% of
dry weight with this standard. For comparison and
reference purposes, BSA was also obtained from
Calbiochem, LaJolla, Calif., and two different lots of
ovalbumin were obtained from Worthington Diagnos-
tics, Freehold, N.J. The following materials were
obtained from Sigma: human albumin, rabbit albumin,
rabbit IgG, gum ghatti, Tween 20, and cetrimide
(hexadecyltrimethylammonium bromide). Lysozyme,
Triton X-100, and Zwittergent (N-dodecyl-N,N-di-
methyl-3-ammonio-1-propanesulfonate) were obtained
from Calbiochem. Tryptone and gelatin were obtained
from Difco Laboratories, Detroit, Mich., sodium do-
decyl sulfate from BioRad Laboratories, Richmond,
Calif., sodium deoxycholate from Gallard Schles-
singer, Carle Place, N.Y., and types 4 and 14 pneumo-
coccal polysaccharides from Eli Lilly & Co., Indianap-
olis, Ind. Normal goat serum was obtained from
GIBCO Laboratories, Grand Island, N.Y.

Antibodies. Peroxidase-conjugated antibodies were
obtained from Cappel Laboratories, West Chester,
Pa., as the IgG fraction and included goat anti-human
albumin, goat anti-rabbit IgG (heavy and light chain
specific), goat anti-human IgG (heavy chain specific),
rabbit anti-bovine serum albumin, rabbit anti-human

IgG (heavy chain specific), and rabbit anti-chicken
ovalbumin. As first antibody for indirect ELISA,
rabbit anti-human IgG was obtained from Dako (dis-
tributed by Accurate Chemical and Scientific Co.,
Hicksville, N.Y.). Affinity-purified antigen-specific
goat anti-rabbit IgG (heavy and light chain specific)
was obtained from Zymed Laboratories, South San
Francisco, Calif.
ELISA procedure. The suppliers of the ELISA

plates used are listed in Table 1. The coating buffer
(carbonate-bicarbonate, pH 9.6), phosphate-buffered
saline with 0.05% Tween 20 (PBS-Tween), and o-
phenylenediamine substrate solution were prepared
exactly as described by Voller et al. (20). The volume
used per well in each microtiter plate for all additions
was 200 p,1. with a calculated area of 155 mm2 of plastic
surface in the test. Antigens were diluted in coating
buffer and allowed to attach to plastic surfaces over-
night (16 to 18 h) at 4°C. Plates were washed three
times with PBS-Tween. For the direct assay, conjugat-
ed antisera were diluted as indicated and added to
wells. After 2 h of incubation at 37°C, plates were
washed three times with PBS-Tween. Substrate was
added, and the plates were incubated in the dark at
room temperature (-25°C) for 0.5 h. Sulfuric acid (8
N, 25 p.l) was added, and optical densities were
determined with a Titertek Multiskan filter photometer
(Flow Laboratories, Inglewood, Calif.) at 492 nm. The
bank contained substrate and acid. For the indirect
test, washed antigen-coated plates were treated with
dilutions of rabbit antiserum in PBS-Tween and incu-
bated for 2 h at 37°C. Plates were washed and devel-
oped with peroxidase-labeled goat anti-rabbit IgG
(heavy and light chain specific). The remainder of the
assay was as for the direct test.

Assays for competition during adsorption. To deter-
mine competition among various proteins during ad-
sorption, specific concentrations of antigens were
mixed with increasing concentrations of a competitor
protein in glass test tubes to yield the concentrations
stated, using coating buffer as diluent (glass tubes were
used because attachment of proteins to glass is mini-
mal [6]). The remaining procedures were as described
above for either the direct or indirect ELISA.

Antigen capture (sandwich) assay. Affinity-purified
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TABLE 1. Comparative attachment of BSA and human IgG to various microtitration plates
Plate Absorbance (492 nm)

Plate Name Lot or BSAb BSA Human Human Nonspecific
type Vendor' control no. control[ IgGd IgG bindingecontrol"
A Immulon I Dynatech CR-124 0.34 0.08 0.80 0.06 0.10
B Immulon II Dynatech CR-123 1.61 0.10 0.83 0.08 0.10
C MicroElisa Substrate plates Dynatech 29-11-77 0.58 0.09 0.66 0.09 0.13
D M 129A Substrate plates Dynatech 32680 0.22 0.03 0.72 0.04 0.06
E M 129A Substrate plates Dynatech 71080 0.52 0.12 0.59 0.10 0.13
F M 129A Substrate plates Dynatech Unknown 0.77 0.09 0.64 0.10 0.11
G Nunc Immunoplate I Vangard Not given 1.69 0.13 0.73 0.12 0.58
H Nunc Immunoplate II Vangard Not given 1.71 0.12 0.75 0.11 0.73
I Linbro Titertek Flow 7623001 0.98 0.07 0.82 0.07 0.07
J Linbro Titertek Flow 76203001 0.74 0.08 0.74 0.10 0.13
K Serocluster EIA plate 3590 Costar 1284 1.84 0.19 0.80 0.10 0.53

a Addresses: Dynatech Laboratories, Inc., Alexandria, Va.; Vangard International, Neptune, N.J.; Flow
Laboratories, Inc., McLean, Va.; Costar, Cambridge, Mass.

b BSA at 1 F±g/ml for coating; detecting antibody, 1:32,000.
Coating antigen omitted, plate incubated with coating buffer, detecting antibody same as with coating

antigen.
d Human IgG at 1 ,ug/ml for coating; detecting antibody, 1:320,000.
No antigen attached; detecting antibody, 1:10,000 goat anti-human IgG (same lot as the controls).

antigen-specific goat anti-human IgG (1 jig/ml) was
mixed with various dilutions of normal goat serum in
coating buffer and permitted to attach to plates. Plates
were washed with PBS-Tween three times. Human
IgG (10 ,ug/ml) was added to plates, and the plates
were incubated for 2 h at 37°C. Plates were again
washed with PBS-Tween three times, and the captured
IgG was detected with peroxidase-conjugated goat
anti-human IgG.

Replication. Assays were conducted in triplicate or
in duplicate for very large experiments. All experi-
ments were conducted several times, and the results
shown in tables and figures are from single experi-
ments but are representative of our general experi-
ence.

RESULTS
Differences in adsorption characteristics of var-

ious plastic plates. BSA, ovalbumin, and human
IgG were chosen as antigens for the studies
because they are readily available in purified
form, and a number of manufacturers produce
directly conjugated antisera. No cross-reactions
were found between these antigens and the
commercially available monospecific conjugated
antisera within the range of dilutions of conju-
gate used in this study. Furthermore, BSA and
IgG differ significantly in isoelectric point, mo-
lecular weight, and binding ability to plastics (5).
The antigen titration curves for BSA and human
IgG were compared on the type A and B plates
by using direct ELISA. BSA adsorbed relatively
poorly to type A plates in contrast to type B
plates (Fig. 1A). Even at a higher antibody
concentration (1:3,200), the optical density on
type A plates did not exceed 1.0, whereas less
antibody (1:10,000) gave an optical density of 2

or greater on type B plates (not shown). As a
consequence, the amount of BSA required for
detection appeared to be about 10- to 30-fold
higher on type A plates than on type B plates.
Three different lots of BSA gave similar results
(not shown). In contrast, IgG attached well to
both type A and B plates (Fig. 1B). The adsorp-
tion of ovalbumin differed from that of both IgG
and BSA in that the optical density did not peak
but continued to increase as ovalbumin was
increased (Fig. 1C). Two additional lots of oval-
bumin gave similar results. The adsorption char-
acteristics of 11 commercially available plates
were compared, using BSA and IgG for compar-
ison (1 ,ug/ml). Two classes of plates were obvi-
ous (Table 1): those which adsorbed BSA well
(types B, G, H, and K) and those which ad-
sorbed BSA poorly (types A and D), with some
plates giving intermediate adsorption (types C,
E, F, I, and J). Adsorption of IgG was similar on
all plates. To detect nonspecific attachment of
the labeled antibody, a 32-fold excess of anti-
body was tested (Table 1, last column); plates G,
H, and K gave high background levels. Plate
type B was the only plate which gave both high
BSA attachment and a low background. Non-
specific binding of conjugates on plate types H
and K was reduced progressively by increasing
the amount of Tween 20 in the diluent from the
standard 0.05% to 1.6%. This reduced the opti-
cal density from 0.7 to about 0.25 for both plates
(Table 2). Increased detergent did not interfere
with detection of antigen by antibody (not
shown). Since nonspecific binding of type A and
B plates was already low, no effects were seen
with increased detergent.
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TABLE 2. Effect of increases in Tween 20
concentration on nonspecific adsorption of conjugate

by microtitration plates'
% Tween Absorbance (492 nm) with plate type:
20 with
PBS A B H K

0.05 0.10 0.10 0.75 0.66
0.16 0.10 0.12 0.49 0.33
0.5 0.11 0.11 0.38 0.26
1.6 0.10 0.11 0.29 0.23
5.0 0.11 0.10 0.24 0.21

a Plate designations are defined in Table 1. Goat
anti-human IgG conjugate was used at 1:10,000 dilu-
tion to detect nonspecific attachment on plates pre-
treated and washed with the indicated concentrations
of Tween 20.

Competition between molecules for attachment
sites on plastic. To determine the adsorption
characteristics of mixtures of proteins, given
amounts of a protein were mixed with increasing
concentrations of a competitor protein, polysac-
charide, or detergent. The mixture was then
coated onto plastic, and the protein attached
was detected with a directly labeled monospecif-
ic antibody (Fig. 2A). Competition between pro-
teins for adsorption sites was readily demon-
strated: a concentration of 10 ,ug of BSA per ml
reduced the optical density of 1 ,ug of IgG per ml
by about half (Fig. 2A), and a 100:1 ratio de-
creased the optical density from 1.3 to 0.2. The
important finding was that the amount of inhibi-
tion was a function of the ratio of the proteins,
not the absolute amount. In each case, a 100:1
ratio of BSA reduced the optical density for IgG
by 90% to a value near background. The results
were similar on types A, B, and C plates in a
number of trials. Furthermore, the same propor-
tionalities between competitor and antigen were
found in experiments using less efficient condi-
tions (e.g., a 0.5-h incubation period for conju-
gate attachment). Tween 20 was an even more
effective competitor, requiring only a 10:1 ratio
of detergent to IgG to reduce optical density
values to low levels. Again, the competition was
a function of the ratio ofTween 20 to the protein
being attached (Fig. 2B). The same proportional-
ities held on type H plates for Tween 20. Various
proteins, polysaccharides, and detergents were
tested for competition with IgG (Table 3). Most
tested proteins reduced optical densities to near-
ly background levels on type A plates when
employed at 100:1 competitor-to-antigen ratios.
Lesser but parallel inhibition was observed on
type B plates. Tryptone was an ineffective com-
petitor. Polysaccharides gave only limited com-
petition, but a 500:1 ratio of pneumococcal poly-
saccharide type 14 (positive charge at pH 8.6
[11]) was a significant competitor on type A
plates. Type 4 pneumococcal polysaccharide

(negative charge at pH 8.6 [11]) was an ineffec-
tive competitor. Both nonionic detergents
(Tween 20 and Triton X-100) were strong com-
petitors, whereas charged detergents were less
effective. Cetrimide (positively charged) and so-
dium dodecyl sulfate (negatively charged) were
the least effective competitors, requiring a
1,000:1 ratio to inhibit adsorption of IgG. Sodi-
um deoxycholate (negatively charged) and Zwit-
tergent (both positive and negative charges)
were intermediate competitors.

Effect of concentration of conjugate on appar-
ent competition. Since detection of attached pro-
tein in ELISA is dependent upon the amount of
conjugate used to measure the protein, it was
possible that the apparent competition observed
was an artifact of insufficient detecting antibody.
Mixtures of BSA and IgG (ratios of 10,000:1
through 1:10,000) were adsorbed to plates. The
attachment of each species was measured at
several concentrations of each monospecific
antibody. IgG was detected at BSA:IgG ratios of
10:1 but not at 100:1 on type A plates (Fig. 3). A
threefold increase in the amount of detecting
antibody increased the optical density at the 10:1
ratio, but IgG was not detectable at a 100:1 ratio
even with 30-fold antibody increase. Similar
proportionalities were observed when BSA was
detected in the presence of increasing amounts
of IgG (Fig. 3); BSA was detected marginally
when 100-fold IgG was present. Increasing the
amount of conjugate gave better detection of
IgG on type B plates (Fig. 4), whereas IgG was
detectable at 100:1 but not 1,000:1 BSA-to-IgG
ratios when the two higher antibody levels were
used for detection. Similarly, BSA was detect-
able at 1:100 ratios of BSA to IgG. Accordingly,
the ability to detect a given antigen was depen-
dent upon the ratio of competitor to antigen, the
type of plate used, and the amount of conjugate
used to detect the antigen.

Effect of competition by normal serum compo-
nents on coating plates for antigen capture assays.
Plates are ordinarily coated for antigen capture
assays with high dilutions of powerful antisera
or by using the IgG fraction of sera (15). In the
first case, normal serum components could be
competitors, and in the second case nonspecific
IgG could compete with the specific IgG for
sites. Affinity-purified antigen-specific goat anti-
rabbit IgG (1 ,ug/ml was used; the minimal
amount required for effective capture was 0.1 to
0.3 jig/ml) was mixed with dilutions of normal
goat serum and coated to determine competition
from normal serum components. The antigen
captured was rabbit IgG (10 ,ug/ml), which was
detected by several dilutions of goat anti-rabbit
IgG (Fig. 5A). On type A plates, dilutions up to
and including 1:10,000 normal goat serum in the
coating mixture gave significant inhibition of

J. CLIN. MICROBIOL.
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FIG. 2. BSA (A) and Tween 20 (B) as competitors for adsorption sites with human IgG on type B plates. The
concentrations of IgG as coating antigen were 1 (0), 10 (0), and 100 jig/ml (A). The amount of competitor is
shown on the x-axis. Direct ELISA was performed with peroxidase-conjugated goat anti-human IgG antiserum
at a 1:100,000 dilution.

capture of IgG when 1:32,000 conjugate was
used for detection. Even at 1:1,000 conjugate,
1:3,200 normal goat serum prevented effective
capture. The results were similar on type C
plates (not shown). Capture was more effective
on type B plates; at 1:32,000 conjugate, inhibi-
tion by normal goat serum was 10-fold less than
on type A plates (Fig. 5B). Since the goat serum
contained 85 mg of protein per ml of normal goat
serum, a 1:3,200 dilution contained 27 ,ug of
competitors per ml for adsorption sites with the
1 ,ug of antigen-specific IgG used for capture, a
27:1 ratio. Therefore, antigen capture assays
were vulnerable to competition effects from nor-
mal serum components; competitor-to-capture
antibody ratios were similar to those determined
for competitor-to-coating antigen ratios (Table
3). At higher conjugate concentration, competi-
tion by normal goat serum appeared less, but
nonspecific binding on type B plates (but not
types A or C) increased greatly. This nonspecific
binding was related to the normal goat serum,
since omission of the capture antibody did not
reduce the optical density at high concentrations
of normal goat serum. When plates were coated
with 1:100 normal goat serum and tested with
conjugated goat antiserum (1:1,000) to human
albumin or human IgG (irrelevant antibodies),
optical densities were between 0.6 and 1.4,
whereas control plates without goat serum but
blocked with detergent gave optical densities
between 0.05 and 0.15 (Table 4). On type C
plates (binding similar to type A plates), pre-
treatment with normal goat serum gave optical
densities ranging from 0.14 to 0.34 compared

with untreated plate values of 0.06 to 0.09.
Coating with 1:100 normal rabbit serum gave
similar results when tested with conjugated rab-
bit antiserum (1:1,000) to BSA or human IgG;
coated type B plates showed significantly higher
optical densities than uncoated type B plates or
coated type C plates. As expected, reducing the
conjugate level progressively lowered nonspe-
cific binding. These results indicate that the
nonspecific binding of labeled immunoglobulins
to homologous normal serum is likely a protein-
protein interaction and not an antigen-antibody
reaction, since one would have expected an
antigen-antibody reaction to have occurred on
type C plates as well.

Effect of antigen competition on the indirect
ELISA. In the indirect ELISA, the antigen is
attached to the plastic and an unlabeled antibody
is applied, and this antibody is detected by a
conjugated anti-globulin antibody. Possibly the
results of competition between coating antigens
in indirect ELISA could be different from direct
ELISA or antigen capture assays. Furthermore,
the sensitivity of an indirect ELISA for mea-
surement of antibody can be enhanced by in-
creases in conjugate within limits. Type B plates
were coated with human IgG (1 ,ug/ml) in the
presence of increasing amounts of BSA as com-
petitor, and IgG antibody was assayed at various
dilutions (Fig. 6A). The sensitivity of the test for
detection of antibody to human IgG was de-
creased modestly by BSA competitor at ratios of
up to 10:1, but at 100:1 the sensitivity of the test
was decreased at least 10-fold, and the slope was
also lessened. The IgG antibody titers obtained
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TABLE 3. Inhibition of the attachment of human IgG to type A and type B plates by proteins,
polysaccharides, and detergents"

Absorbance (492 nm)

Competitor Run Plate type A competitor concn Plate type B competitor concn

no. ( ,g/ml) (,g/mI)
0 10 100 1.000 Control t) 10 100 1,000 Control

Proteins
Bovine serum albumin 5 1.03 0.29 0.10 0.07 0.09 1.22 0.86 0.42 0.13 0.15
Human albumin 7 1.33 0.46 0.17 0.10 0.10 1.14 0.92 0.49 0.17 0.10
Rabbit albumin 5 0.95 0.35 0.12 0.06 0.10 1.12 0.96 0.68 0.27 0.10
Chick ovalbumin 7 1.37 1.07 0.75 0.25 0.11 1.27 1.11 0.90 0.40 0.10
Rabbit IgG 6 0.68 0.48 0.28 0.13 0.11 0.71 0.60 0.43 0.22 0.14
Gelatin 3 1.08 0.18 0.10 0.06 0.08 1.31 0.30 0.14 0.11 0.11
Lysozyme 5 0.99 0.38 0.24 0.15 0.07 0.99 0.63 0.47 0.28 0.09
Tryptone 7 1.34 1.16 0.95 0.44 0.10 1.40 1.21 1.18 1.09 0.10

Polysaccharides
Streptococcus pneumoniae type 14 1 0.69 0.43 0.31 0.16h 0.09h 0.91 0.73 0.56 0.51b 0.09b
Streptococcus pneumoniae type 4 7 1.20 1.14 1.08 0.83 0.10 1.38 1.33 1.15 1.08 0.10
Gum ghatti 7 1.18 0.87 0.78 0.59 0.10 1.38 1.09 0.92 0.71 0.11

Detergents
Tween 20 3 1.07 0.12 0.10 0.10 0.10 1.13 0.36 0.12 0.12 0.11
Triton X-100 3 0.84 0.08 0.08 0.08 0.10 1.11 0.52 0.13 0.12 0.11
Sodium deoxycholate 2 1.13 0.42 0.11 0.09 0.07 1.42 1.19 0.86 0.27 0.11
Sodium dodecyl sulfate 2 1.19 1.15 0.63 0.09 0.06 1.39 1.38 1.21 0.12 0.10
Cetrimide 4 0.95 0.62 0.77 0.46 0.10 1.08 0.89 0.43 0.16 0.11
Zwittergent 4 0.93 0.67 0.05 0.05 0.05 1.10 0.95 0.12 0.08 0.07

a Human IgG (1 ,ug/ml) was mixed with various concentrations of competitors and permitted to attach to type
A and B plates. Human IgG was detected by 1:32,000 conjugated goat anti-human IgG. Comparisons may be
made between plates and concentrations of a given competitor because these sets were in a single run. But,
because of run-to-run variation in optical density, caution should be used in comparing runs. The control was
competitor by itself tested at maximum concentration as coating antigen against conjugate.

b Competitor concentration, 500 p.g/ml.

in the presence of competitor closely resembled
those seen when IgG antibody was titrated
against decreasing amounts of coating IgG (Fig.
6B); for example, the curve for the IgG antibody
at the 100:1 BSA-to-IgG coating mixture resem-
bled that obtained on plates coated with 0.01 pg
of IgG per ml. When threefold more conjugate
was used for detection of IgG antibody, appar-
ent serum titers were increased about sixfold,
but as BSA competitor increased in the coating
mixture, titers of IgG antibody decreased (data
not shown) in a manner similar to that shown in
Fig. 6A. Thus, the presence of competitors in
coating mixtures had the same effects in indirect
ELISA as they have in the direct test, namely,
the sensitivity of the indirect test was reduced at
100:1 ratios of competitor to antigen, and anti-
bodies could not be detected at 1,000:1 ratios.

Utilization of deliberate mixtures for simulta-
neous assay of antibodies to multiple antigens.
When extracts of microorganisms are tested as
ELISA antigens, the antigen titration is com-
monly carried out with several human sera or a
pool of human sera to determine the optimum
antigen concentration. To provide a model for

such experiments and to further determine
whether deliberate mixtures could be prepared
which would permit simultaneous detection of
antibodies to several different antigens, we pre-
pared mixtures of BSA, human IgG, and ovalbu-
min. Dilutions of these mixtures were then per-
mitted to attach to type B plates and titrated
with directly labeled monospecific antisera.
When a mixture of equal parts of each antigen
was prepared, it was found possible to assay all
three antibodies simultaneously, provided that
the total antigen level was above 1 to 10 pLg/ml
and assuming that the optical density for each
antigen would be similar (Fig. 7A). However,
since the BSA assay was the most sensitive
(required the least antigen [Fig. 1A]), a test
which was mostly specific to BSA would result
if the antigen titration were adjusted to optimum
with BSA antiserum, whereas titration with anti-
body to ovalbumin (the least sensitive test [Fig.
1C]) would result in a test specific to all three
antigens. If the antigenic mixture were biased to
favor ovalbumin by making a mixture of 89%
ovalbumin, 10% human IgG, and 1% BSA, all
antibodies were detected when the optimum

J. CLIN. MICROBIOL.
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FIG. 3. Effects of various conjugate dilutions on
detection of competition between BSA and human IgG
on type A plates. Solid lines indicate optical densities
obtained with peroxidase-conjugated BSA antibody at
three dilutions: 1:1,000 (0), 1:10,000 (C), and 1:32,000
(A). Dashed lines indicate optical densities obtained
with peroxidase-conjugated goat antibody to human
IgG at three dilutions: 1:3,200 (0), 1:32,000 (*), and
1:100,000 (A). Wells were coated with mixtures of
antigens in the amounts indicated on the x-axis (final
concentrations). The lines for detection of BSA are
superimposed at 1:1,000 and 1:10,000 dilutions of
antibody. Direct ELISA.

antigen level was determined with any of mono-
specific sera (Fig. 7B). On the other hand,
biasing the test in favor of the most sensitive
antigen (BSA) by making a mixture of 1% oval-
bumin, 10% human IgG, and 89% BSA resulted
in a test which at best could measure only BSA
and IgG (Fig. 7C). In each case, parallel titra-
tions of the antigens individually gave titration
curves similar to those for the individual compo-
nents in the mixture (not shown). It is important
to note that when human sera are used to
standardize mixtures of antigens, one would
never know how many antibodies to different
antigens were present, and thus it would be
impossible to know how many different antigen-
ic specificities the test could measure.

DISCUSSION
It is generally known that various brands and

lots of polystyrene plates differ in adsorption
properties for antigens (3, 4, 10, 15). Indeed, a
common procedure when adopting ELISA to
measurement of antigens or antibodies in a new
system is to test several different types of plates
in the hope that one may give better results than
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FIG. 4. Effects of various conjugate dilutions on
detection of competition between BSA and human IgG
on type B plates. Solid lines indicate optical densities
obtained with BSA antibody at two dilutions: 1:10,000
(O) and 1:32,000 (A). Dashed lines indicate optical
densities obtained with peroxidase-conjugated anti-
body to human IgG at three dilutions: 1:3,200 (0),
1:32,000 (*), and 1:100,000 (A). Wells were coated
with mixtures of antigens in the amounts indicated on
the x-axis (final concentrations). Direct ELISA.

another. In our study, we found that adsorption
of IgG was quite similar on all types of plates
tested and that any of the plates could be used
for a satisfactory assay of IgG. However, ad-
sorption of BSA varied to the extent that certain
plates were ineffective for measurement of its
antibody by direct or indirect ELISA. Our ex-
periments did not distinguish between decreased
binding and increased detachment from the plas-
tic during washing steps, but either effect would
be deleterious to ELISAs. Although Cantarero
et al. (5) found little leakage from the polysty-
rene they used, Engvall et al. (8) as well as
Lehntonen and Viljanen (14) found significant
leakage from plastic during washing steps. The
differences we found between plastics in this
study could explain this discrepancy. Plates
which adsorbed BSA well also were more satis-
factory for coating with mixed antigens (Fig. 4)
and for antigen capture assays (Fig. 5). Howev-
er, a price was paid for this increased binding
power in that conjugate bound to these high-
binding plates and yielded a higher background
at increased conjugate levels, an effect enhanced
by pretreatment with normal homologous serum
(Table 4). Binding by conjugate to detergent-
satisfied plates could be lessened by increasing
the amount of Tween 20 in the diluent (Table 2).
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FIG. 5. Competition by normal serum components in antigen capture assay. Capture antibody, 1 ,ug of

affinity-purified antigen-specific goat anti-rabbit IgG per ml. Antigen captured, 10 ,ug of rabbit IgG per ml. The
dilutions of normal goat serum used for competition for adsorption sites are shown on the x-axis. (A) Type A
plate and (B) type B plate. Two concentrations of goat anti-rabbit IgG conjugate were used: 1:1,000 (0) and
1:32,000 (0). The normal goat serum contained 85 mg of protein per ml.

Overall, three types of plates were found with
gradations in between: (i) those which bound
BSA poorly and had low background binding of
conjugate; (ii) those which bound BSA well and
gave moderate to low backgrounds (plate type
B, Table 1); and (iii) plates which bound BSA
well and gave high backgrounds with conjugate
only. To us, it appeared that we were observing
an increase in affinity of the plastic for proteins,
which culminated in increased nonspecific bind-
ing. However, any of the plates could be used
for assay of IgG because the amount of conju-
gate required for a useful assay was less than the
amount which caused significant nonspecific
binding. It would appear that for antigens which
bind well, plates of the (i) category would work

best because large amounts of conjugate could
be used if required. For antigens of unknown
binding power, we suggest testing representa-
tives of each of the above three classes of plates,
since a much better assay will result if binding
can be optimized with minimal background. In a
comparative manner, it is possible to distinguish
between the three classes of plates by using
readily available commercial reagents. Plates
which bind BSA poorly can be detected by the
inability to obtain an optical density much over
1.0 in direct ELISA when plates are coated with
BSA, whereas the strongly binding plates will
give an optical density of 2.0 at 0.1 to 1.0 ,ug of
coating BSA per ml at reasonable conjugate
dilutions (-1:10,000). Plates which show a high

TABLE 4. Differences in nonspecific attachment of conjugates to various types of platesa
Conjugate Absorbance (492 nm)

Coating Plate type B Plate type C
Source Specificity serum

lOOOb 3,200 10,000 1,000 3,200 10,000
Goat Human albumin Goat 1.42 0.64 0.38 0.34 0.20 0.20
Goat Human albumin None 0.15 0.16 0.13 0.09 0.08 0.06
Goat Human IgG Goat 0.61 0.38 0.24 0.14 0.14 0.12
Goat Human IgG None 0.10 0.10 0.09 0.06 0.07 0.08
Rabbit BSA Rabbit 0.59 0.29 0.22 0.22 0.14 0.12
Rabbit BSA None 0.15 0.13 0.11 0.13 0.11 0.07
Rabbit Human IgG Rabbit 0.93 0.49 0.34 0.30 0.18 0.16
Rabbit Human IgG None 0.22 0.17 0.13 0.13 0.12 0.10

a Normal serum was diluted 1:100 in coating buffer and permitted to attach. After attachment, plates were
washed and conjugate was added, and the plates were washed again and developed for color. Since the conjugate
was homologous to the coating serum in each case, no antigen-antibody reactions should have occurred.

b These values are the reciprocals of the dilutions of the conjugate.
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FIG. 6. Effects of competition between BSA and human IgG on antibody detection by indirect ELISA on
type B plates. (A) IgG (1 pug/ml) was coated onto plastic in the presence of the following quantities of BSA
competitor: none (0), 1 (0), 10 (O), 100 (A), and 1,000 (O) j±g/ml. Dilutions of rabbit anti-human IgG were added
as indicated on the x-axis. The rabbit IgG was detected with 1:100,000 goat anti-rabbit conjugate. (B) The control
shows the effect of coating with various amounts of IgG as antigen on the apparent antibody titer without
competitor present. Five concentrations of coating antigen were used: none (O), 0.001 (0), 0.01 (0), 0.1 (K), and
1 ,ug/ml (A). The same conjugate dilution was used as that in (A).

background can be detected by adding an excess
of conjugate (-10-fold) to wells satisfied with
detergent; optical densities of 0.5 or greater may
be expected.
The finding that significant competition for

adsorption sites exists in the ELISA is not a new
concept (5, 6, 10, 13, 16-18). Cantarero et al. (5),
using radioactively labeled proteins, showed
that the amount of protein bound was dependent
upon the concentration of the protein until satu-
ration of the plastic surface occurred, at which
point a constant amount of protein was bound
regardless of the amount of protein in the solu-
tion. Our findings flow directly from this princi-
ple in that it is the ratio of one antigen to another
which is critical in determining whether ade-
quate antigenic coating can be obtained in the
ELISA. In general, minority components could
be detected with difficulty at a 100:1 ratio of
competitor to the minority component and could
not be detected at all at a 1,000:1 ratio. The
effects of competitors were further modified by
the type of plastic surface, type of competitor
(some were inactive), amount of conjugate, and
the sensitivity of the assay for a given antigen.
No doubt other variables such as pH and ionic
strength (not tested in this study) may have
additional effects on competition. Protein-pro-
tein interactions may be involved both in solu-
tion and as competitors for adsorption sites as
shown by Lee et al. (13). In our case, even

though BSA bound poorly to type A plates, it
was an effective competitor for IgG (Fig. 3),
suggesting an interaction between the proteins in

solution. Similarly, the strong binding of conju-
gate to high-binding plates coated with homolo-
gous serum suggests a protein-protein interac-
tion. Overall, all proteins were competitors; the
least effective was lysozyme, a result which
might be expected because binding capacity of
proteins to plastic has an apparent inverse rela-
tionship to molecular weight (5). The protein
hydrolysate, tryptone, also gave little competi-
tion. Two pneumococcal polysaccharides of op-
posite charge were selected for testing; only the
positively charged one was a competitor. Gum
ghatti, a heterogeneous collection of polysac-
charides, also failed to compete. The fact that
nonionic detergents are more effective competi-
tors compared with ionic detergents was de-
scribed in 1966 by Van Oss and Singer, using
radiolabeled proteins for attachment to polysty-
rene (19). They also showed that competition
between proteins and nonionic detergents is a
function of the ratios of protein to detergent
competitor as is shown in our study. A 10:1
nonionic detergent-to-protein ratio effectively
prevented binding of IgG or BSA, and this was
the lowest competitor-to-antigen ratio found in
the study, indicating that the widely practiced
use of nonionic detergents to prevent secondary
interactions is certainly correct. However, our
data suggest that nonionic detergent concentra-
tions greater than the 0.05% commonly used
may be necessary to lessen background on poly-
styrene plates with strong binding capacity (Ta-
ble 2). The finding that strongly charged deter-
gents are poor competitors has an important
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FIG. 7. Antigen titrations of mixtures of ovalbumin (ChOA), human IgG, and BSA by direct ELISA on type
B plates. (A) An equal mixture of three antigens. (B) A mixture of 89%o ovalbumin, 10% IgG, and 1% BSA. (C) A
mixture of 1% ovalbumin, 10% IgG, and 89% BSA. Antigenic mixtures were coated at the indicated
concentrations, and individual antigens were detected with monospecific peroxidase-conjugated antisera to
ovalbumin at 1:32,000 (O), IgG at 1:100,000 (0), and BSA at 1:32,000 (0).

practical use in that organisms and tissues can

be solubilized with such detergents and directly
coated onto plastic, provided that the material is
diluted sufficiently to limit competition and pro-

vided that background levels do not increase
(Table 3). Nonionic detergents would be much
less suitable for this purpose.

Although ELISA is highly useful in clinical
immunology for detection of antibodies by indi-
rect ELISA, few purified antigens are available
for coating plates. Instead most assays are per-

formed with extracts of the organism or agent in
question. Since such extracts must contain
many antigens, only some of these antigens will
be represented in large enough proportions to
coat the plastic effectively. Furthermore, the
particular collection of antibody specificities in
sera used to standardize the assay will control
whether the test measures one or several anti-
bodies (Fig. 7). This problem has been well
recognized (17, 18), but our studies are the first
to provide a specific quantitative approach.
Strandberg-Pedersen et al. (17) showed that the
specificity and sensitivity of ELISA for diagno-
sis of syphilis was greatly improved when a

purified flagellum extract was used rather than
sonicated Reiter treponemes. They suggested
that the inferior reactivity of the sonicate could
be accounted for by competition between anti-
gens for the limited adsorption sites. Although
the use of purified antigens is ideal, partial
purification of the crude extracts may reduce
amounts of competitors and thus permit coating
of important antigens. Ballad et al. (1) obtained
an improved ELISA for Alveococcus (Echino-
coccus) sp. by using a large-molecular-weight
fraction obtained by gel filtration for coating
plates. In devising tests for viruses by using
antigens grown in cell culture (or even using cell

culture supernatants), it is important to consider
the large amounts of serum competitors present.
At 1% concentration of calf serum in the medi-
um, potential competitors would be 700 to 900
jig/ml per ml, an amount which would cause
significant competition at lower dilutions. Small-
molecular-weight serum components could be
readily removed from viral preparations by cen-
trifugation or gel filtration. A similar approach
involving partial purification might be useful for
many extracts. Purification of IgG from sera is a
well-known tactic for antigen capture assays
(15). Even so, our data suggest that the specific
IgG molecules must represent at least 1% of the
total IgG for capture to be effective, suggesting a
need for affinity purification of IgG from weak
antisera. When an antigenic extract is suspected
of containing competing substances (i.e., ade-
quate coating of polystyrene cannot be ob-
tained), competition can be detected by mixing
dilutions of the extract with a constant amount
of a defined antigen such as IgG (our experi-
ments indicate a concentration of 1 ,ug/ml for
human IgG). After coating plates, the IgG is
detected directly by a labeled anti-IgG (as in Fig.
2A). Concentrations of the extract which cause
significant inhibition of attachment of IgG likely
are not useful in ELISAs.
Comparison of antibody titers in indirect

ELISA among sera (i.e., acute and convalescent
serum samples from a patient) is difficult when
the antibody slope is shallow (i.e., optical densi-
ty decreases slowly with decreasing antibody
concentration [4, 7]). Our results show that
shallow slopes may be generated by inadequate
coating of plates either because of competition
between components in antigenic mixtures (Fig.
6A) or because too little pure antigen has been
used (Fig. 6B). Quite likely other factors are
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involved as well, such as the affinity of antibody
and the heterogeneity of antigenic determinants
(4). However, when mixed antigens are em-
ployed, we believe that competition between
antigens for adsorption sites should be suspect-
ed.

Serodiagnosis is complicated by the fact that
many agents may cause a given disease; search-
ing for antibody responses one at a time is most
expensive. A screening method using multiple
antigens in a single test would be useful. For
example, pneumococcal infections may be
caused by any of the some 80 serotypes. Bernts-
son et al. (2) used a mixture of polysaccharides
of six prevalent serotypes for coating plates for
detection of antibody responses. We show that
assays can be devised for multiple antigens
provided that monospecific antiserum to each
antigen is available for standardization of the
antigenic mixture (Fig. 7). Each antigen would
have to represent at least 1% of the antigenic
mixture, limiting the number of antigens detect-
able to about 10 because not all antigens give
equal coating. On the other hand, the use of
extracts of organisms and tissues in ELISA or
other immunoassays for detection of monoclo-
nal antibodies has distinct limitations, since
even under optimum conditions only a few of the
many different antigenic specificities could be
detected. Hence, antibodies to minor compo-
nents or components which coat poorly will be
missed.

ACKNOWLEDGMENTS
This study was supported in part by U.S. Public Health

Service grants DE 02600 from the National Institute of Dental
Research and AI-06720 from the National Institute of Allergy
and Infectious Diseases.
We thank Margaret Thouless and Kirk Chen for helpful

discussion and criticism.

LITERATURE CITED

1. Ballad, N. E., E. S. Leikina, A. M. Egorov, E. M. Gavri-
lova, and V. I. Zorikhina. 1981. Effecktivnost razlichnykh
modifikatsii immunofermentnogo metoda c ochishchen-
nymi antigenami al'veokokka v diagnostike al'veokok-
koza cheloveka. 1. Soobschenie I. Mikrometod v probir-
kakh. Med. Parazitol. Parazit. Bolezni 51:66-70.

2. Berntsson, E., K.-A. Broholm, and B. KaUser. 1978.
Serological diagnosis of pneumococcal disease with en-
zyme-linked immunosorbent assay (ELISA). Scand. J.
Infect. Dis. 10:177-181.

3. Bullock, S. L., and K. W. Walls. 1977. Evaluation of some
of the parameters of the enzyme-linked immunospecific
assay. J. Infect. Dis. 136:S279-S285.

4. Butler, J. E. 1981. The amplified ELISA: principles of and
applications for the comparative quantitation of class and
subclass antibodies and the distribution of antibodies and
antigens in biochemical separates. Methods Enzymol.
73B:482-523.

5. Cantarero, L. A., J. E. Butler, and J. W. Osborne. 1980.
The adsorptive characteristics of proteins for polystyrene
and their significance in solid-phase immunoassays. Anal.
Biochem. 105:375-382.

6. Catt, K. J., G. W. Treager, H. G. Burger, and C.
Skermer. 1970. Antibody-coated tube method for radio-
immunoassay of human growth hormone. Clin. Chim.
Acta 27:267-279.

7. Cremer, N. E., C. K. Cossen, C. V. Hanson, and G. R.
Shell. 1982. Evaluation and reporting of enzyme immuno-
assay determinations of antibody to herpes simplex virus
in sera and cerebrospinal fluid. J. Clin. Microbiol. 15:815-
823.

8. Engvall, E., K. Jonsson, and P. Perlman. 1971. Enzyme-
linked immunosorbent assay. II. Quantitative assay of
protein antigen, immunoglobulin G, by means of enzyme-
labelled antigen and antibody-coated tubes. Biochim.
Biophys. Acta 251:427-434.

9. Engvall, E., and P. Perlman. 1972. Enzyme-linked im-
munosorbent assay, ELISA. III. Quantitation of specific
antibodies by enzyme-labeled anti-immunoglobulin in
antigen-coated tubes. 1972. J. Immunol. 109:129-135.

10. Herrman, J. E. 1981. Quantitation of antibodies immobi-
lized on plastics. Methods Enzymol. 73B:239-244.

11. Kenny, G. E., B. B. Wentworth, R. P. Beasley, and H. M.
Foy. 1972. Correlation of circulating capsular polysaccha-
ride with bacteremia in pneumococcal pnuemonia. Infect.
Immun. 6:431-437.

12. Kochwa, S., M. Brownell, R. E. Rosenfield, and L. R.
Wasserman. 1967. Adsorption of proteins by polystyrene
particles. I. Molecular unfolding and acquired immunoge-
nicity of IgG. J. Immunol. 99:981-986.

13. Lee, R. G., C. Adamson, and S. W. Kim. 1974. Competi-
tive adsorption of plasma proteins onto polymer surfaces.
Thromb. Res. 4:485-490.

14. Lehtonen, O.-P., and M. K. ViUanen. 1980. Antigen at-
tachment in ELISA. J. Immunol. Methods 34:61-70.

15. Parsons, G. H. 1981. Antibody-coated plastic tubes in
radioimmunoassay. Methods Enzymol. 73B:224-239.

16. Pesce, A. J., D. J. Ford, M. Gaizutis, and V. E. Pollack.
1977. Binding of protein to polystyrene in solid-phase
immunoassays. Biochim. Biophys. Acta 492:399-407.

17. Strandberg-Pedersen, N., C. Sand-Petersen, M. Vejtorp,
and N. H. Axelsen. 1982. Serodiagnosis of syphilis by an
enzyme-linked immunosorbent assay for IgG antibodies
against the Reiter treponeme flagellum. Scand. J. Immu-
nol. 15:341-348.

18. Tolo, K., K. Schenck, and P. Brandtzaeg. 1981. Enzyme-
linked immunosorbent assay for human IgG, IgA, and
IgM antibodies from anaerobic cultures of seven oral
bacteria. J. Immunol. Methods 45:27-40.

19. Van Oss, C. J., and J. M. Singer. 1966. The binding of
immune globulins and other proteins by polystyrene latex
particles. Res. J. Reticuloendothel. Soc. 3:29-40.

20. Voller, A., D. E. Bidwell, and A. Bartlett. 1979. The
enzyme linked immunosorbent assay, p. 7-124. Dynatech
Europe, Borough House, Guernsey, England.

21. Yolken, R. H. 1982. Enzyme immunoassays for detection
of infectious antigens in body fluids: current limitations
and future prospects. Rev. Infect. Dis. 4:35-68.

VOL. 17, 1983


