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Background: A logical progression of the widely used
microtiter plate ELISA is toward a protein array format
that allows simultaneous detection of multiple analytes
at multiple array addresses within a single well. Here
we describe the construction and use of such a multiplex
ELISA to measure prostate-specific antigen (PSA), a1-
antichymotrypsin-bound PSA (PSA-ACT), and interleu-
kin-6 (IL-6).
Methods: We silanized glass plates and printed the
appropriate capture antibodies to allow for the construc-
tion of “sandwich” ELISA quantification assays. We
examined specificity of the assay for appropriate anti-
gen, assembled calibration curves, and obtained PSA
concentrations for 14 human serum samples. We com-
pared the serum PSA concentrations derived through
the use of our array with values obtained independently
using a standard ELISA method.
Results: R2 values generated by our microarray for the
PSA and PSA-ACT calibration curves were 0.989 and
0.979, respectively. Analyte concentrations used for the
construction of these curves were 0.31–20 mg of pro-
tein/L of diluent. IL-6 calibration curve concentrations
were 4.9–300 ng of IL-6/L of diluent. The R2 value for the
IL-6 calibration curve was 0.983. The 14 human serum
samples screened by this micro-ELISA technique for
PSA concentrations generated a regression equation
(linear) with a slope of 0.83 6 0.10 and intercept of
0.74 6 0.70 (R2 5 0.88).
Conclusions: Multiplexed ELISA arrays are a feasible
option for analyte quantification in complex biologic
samples.
© 2001 American Association for Clinical Chemistry

Protein quantification is an indispensable tool in clinical
and research laboratories. Classic ELISA is a useful tool
for this quantification, but problems arise when limited
sample is available and quantification of multiple anti-
gens is desired. The microarray is one tool that would
potentially fill this need for simultaneous multiparametric
analysis of a biologic sample. Microarrays are widely
used in genotyping and gene expression experiments
(1–3) and readily adaptable to protein work. Previous
work has explored the use of microarrays (4–10) and
time-resolved fluorometry for multianalyte immunoassay
(11–14), demonstrating the utility of these methods in
protein analysis. Here we demonstrate the utility of a
microarray platform that exhibits detection ranges similar
to classic ELISA and allows for multiple measures of
multiple targets within a single well. This platform is
based on a “sandwich” ELISA format and consists of
titration of capture antibody concentrations printed on a
glass surface, allowing for the detection of several discreet
antigens by enzyme-linked fluorescence. The capture-
antibody titration design is used to extend the detection
range of each array well by providing lower density probe
elements for quantification when saturation occurs at
higher density elements.

The protein targets selected for this work were as
follows: prostate-specific antigen (PSA),3 PSA bound by
a1-antichymotrypsin (PSA-ACT), and interleukin-6 (IL-6).
These proteins are recognized, particularly PSA, as serum
markers of prostate health and indicators of prostatic
cancer (15–18). Calibration curves were prepared with
purified proteins derived from human seminal fluid (PSA
and PSA-ACT) or human recombinant proteins (IL-6).

Our micro-ELISA format was capable of generating
calibration curves with high correlation coefficients
within reference values for physiologic serum concentra-
tions for the tested proteins (reference values similar to
those used on commercially available ELISA reagent sets).
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Human serum samples tested for PSA concentrations by
our micro-ELISA demonstrated the utility of this assay as
a potential diagnostic tool. These results indicate that this
micro-ELISA format is applicable for the quantitative
immunodetection of several antigens in parallel within a
single well.

Materials and Methods
glass plate preparation and array
manufacturing
Standard Genometrix 96-well glass plates were cleaned
and silanized according to procedures published previ-
ously (19 ). Arrays were printed on prepared plates with
the Genometrix capillary printer [discussed in Ref. (4 )].
For this work, an 8 3 8 print head was used; this print
head deposits microarray elements of ;250 pL in 250-mm
spots at 300 mm center-to-center spacing. The general
design of our micro-ELISA sandwich assay is illustrated
in Fig. 1. The layout of the 8 3 8 array of printed antibody,
one array per well in a standard 8 3 12 (96-well) micro-
titer format, is illustrated in Fig. 2. This 64-element array
contains a 5-element capture antibody dilution series
printed in duplicate for both forms of PSA and a 4-ele-
ment series printed in duplicate for IL-6. Print solutions
consisted of appropriate monoclonal capture antibodies
diluted in print buffer [0.1 mmol/L carbonate buffer (pH
9.5) and 50 mL/L glycerol], leading to print concentra-
tions of 5–500 mg/L (Fig. 2). The anti-total PSA and
PSA-ACT capture antibodies were purchased from Diag-
nostic Systems Laboratories (cat. no. A-160) and Fitzger-
ald Industries International (cat. no. 10-P22), respectively.
The anti-IL-6 capture antibody was purchased from
Pharmingen (cat. no. 26451E). The rabbit IgG markers (cat.

no. 31-RGG0; Fitzgerald) printed at a concentration of 150
mg/L in positions A1-A8, H-7, and H-8 are useful for the
orientation and identification of probes within the array.
The serum samples used for platform validation were
purchased from US Biological, and PSA concentrations
were acquired from US Biological with the use of a
standard clinical PSA ELISA reagent set (Bayer).

micro-elisa assay
After overnight storage at 4 °C (postprinting), the arrayed
wells of each glass plate were first rinsed multiple times,
then blocked on a shaker plate for 1 h at room tempera-
ture in Blocker Casein (cat. no. 37528ZZ; Pierce Chemical
Co.). Blocker Casein was aspirated from the wells, and 25
mL of appropriate antigen solutions [diluted in phos-
phate-buffered saline–100 mL/L fetal bovine serum] or
serum samples were added to each of the test wells. PSA
and PSA-ACT (cat. nos. 30-AP16 and 30-AP13, respec-
tively) were from Fitzgerald Industries, and recombinant
human IL-6 (cat. no. 26456E) was from Pharmingen. The
array plate was placed in a humidity chamber and incu-
bated at 37 °C for 2 h. After sample incubation, the plate
was washed multiple times with Blocker Casein. Detec-
tion antibodies (25 mL/well) were applied next; these
were rabbit anti-PSA and rabbit anti-IL-6 polyclonal anti-
bodies, both purchased from Fitzgerald Industries (cat.
nos. 20-PR50 and 20IR-09, respectively). The samples
were incubated again at 37 °C in a humidity chamber for
1.5 h. After washing, an alkaline phosphatase-linked goat
anti-rabbit secondary antibody (25 mL/well; cat. no.
31342ZZ; Pierce) was applied to probe for the detection
antibodies. After incubation with the anti-rabbit antibody
in saturating humidity for 1 h at room temperature, the

Fig. 1. Micro-ELISA general design.
Arrays (64-element) are printed into each of the 96
wells on a glass array plate. Illustrated is a single
element within an array. The capture antibody (Cap-
ture MAB) is linked to the surface, enabling the
antibody to secure free antigen. The detection anti-
body recognizes captured antigen, and the alkaline
phosphatase-linked anti-detector antibody (AP-
linked anti-Detector AB) recognizes bound detection
antibodies. Finally, a precipitating alkaline phospha-
tase substrate is used to generate a fluorescent
signal. AB, antibody; MAB, monoclonal AB.
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plates were rinsed and the Elf®-97 (cat. no. E-6604; Mo-
lecular Probes) reagent was used to detect antigen bind-
ing according to the manufacturer’s instructions.

The completed assay plate was imaged with the use of
a custom-built charge-coupled device (excitation source,
345 nm; emission filter, 550 nm) camera (4 ), controlled by
custom software (Genometrix). Varying exposure time
allows for the imaging of subject proteins generating
signals of differing intensities. The saved images were
analyzed with the use of custom spot densitometry soft-
ware (Genometrix). This software automatically subtracts
background from the utilized densitometry values. Spot
densitometry values were used to construct densitometry
vs capture antibody concentration graphs for each indi-
vidual well (antigen concentration) of the calibration
curve. The linear regression equations derived from each
of these graphs were used to generate values correspond-
ing to the densitometry value of the second highest
capture antibody concentration (PSA antibodies, 250
mg/L; IL-6 antibody, 25 mg/L), a process that was
repeated for each well (see example below). The second
highest capture antibody concentration was chosen be-
cause it resides closest to the midpoint of the printed
capture antibody concentrations. This procedure was fol-
lowed for the densitometry data derived from each of the
duplicate capture elements from each well, and the mean
values obtained were calculated. As an example, in Fig.
4A, the two linear regression equations derived for the
two data sets plotted are shown. For these data, the x
value of 250 mg/L would be substituted into each of the
regression equations, and the mean of the y values ob-
tained would be calculated to yield the linear regression

value used on the calibration curve graph at this particu-
lar antigen concentration. This process was repeated for
each substrate at each concentration in each of the cali-
bration curves, and for the determination of PSA concen-
trations in the tested serum samples. This process allows
for increased accuracy in the quantification of analytes by
the use of a maximal number of arrayed spots to generate
the final plotted points on the calibration curves.

Results
An image of 16 wells is shown in Fig. 3A, which demon-
strates the selectivity of the antibodies for the appropriate
antigen (A1–B3), which is used to assemble the 7-point
calibration curve for the three proteins of interest (C1–
D3). Wells B4 and D4 were both negative controls (no
recombinant protein added). As expected, in well A1
(PSA only), signal was detected only at the total PSA
capture probes. In A2 (PSA-ACT), signal was detectable at
both the total PSA and specific ACT-bound PSA capture
probes, and in A3 (IL-6), detectable signal emanated
solely from the IL-6 probes. Additionally, for each of the
combinations of these substrates only those probes spe-
cific for the added antigen yielded a detectable signal
(A4–B3). Wells C1–D3 were used to construct antigen
titration calibration curves (Figs. 4, B–D). For each dupli-
cate set of capture antibodies at each antigen concentra-
tion, a graph of spot densitometry value vs capture
(printed) antibody concentration was plotted. An example
of one of these graphs is shown in Fig. 4A. As would be
expected, because these values were obtained from dupli-
cate capture antibody sets in a single well, the graphed
lines were nearly identical. The linear regression equa-

Fig. 2. Array layout.
An 8 3 8 element array is shown. For each probe (1–16), the appropriate print solution is listed. The marker solution contains rabbit IgG at a concentration of 150
mg/L. The buffer elements are the 100 mmol/L carbonate buffer (pH 9.5) and 50 mL/L glycerol print buffer.
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tions derived from each of these graphs were then used to
derive the points for the linear regression value vs antigen
concentration graph (calibration curves) shown in Fig. 4,
B–D. Microarray-derived calibration curves for PSA-ACT,
PSA, and IL-6, are shown in Fig. 4, B, C, and D, respec-
tively. For the total PSA calibration curve, the highest
concentration is omitted so upper limits match on both
PSA forms (PSA total concentration is the sum of PSA and
PSA-ACT, so the titration curve for detectable antigen
actually covers the detection range, 0.625–40 mg/L, for the
total PSA antibody). The correlation coefficients of these
calibration curves were comparable to those attained with
the use of the standard ELISA over equivalent analyte
ranges. The values obtained by the Genometrix micro-
ELISA for serum PSA are illustrated in Fig. 5, which
demonstrates concentrations (x axis) vs those reported to
us by US Biological (y axis). A correlation coefficient of
0.88 was obtained in this comparison.

Discussion
This multiplex micro-ELISA system allows for savings of
materials and time in the construction of calibration
curves and the analysis of samples compared with tradi-
tional ELISA, advantages that are attributable to the fact
that the calibration curves can be run simultaneously (all
analytes in a single well), instead of single or replicate
wells for each concentration of each antigen or sample.
In addition to time and sample savings (only 25 mL of

sample is needed), the use of capture antibodies is de-
creased in this system as well. As an example, 40 mL of the
IL-6 capture antibody would be necessary to prepare one
96-well microtiter plate for the standard ELISA according
to the manufacturer’s recommended dilutions. Perform-
ing protein quantification by our micro-ELISA system
with the use of array construction by capillary printer (4 )
makes it possible to print more than one hundred 96-well
arrays with this same 40 mL of capture antibody.

The information available from each well is greater in
this microarray configuration compared with a standard
ELISA. In a standard ELISA, the values used to determine
analyte concentration are three sample absorbance values
(if the test is performed in triplicate) with one value per
assay well. For the micro-ELISA, the number of data
points used to determine analyte concentrations are no
less than 4 (for the lowest IL-6 concentrations), up to a
maximum of 10 capture-element densitometry values,
and these data are obtained with the use of a single well.
The use of a capture antibody dilution series allows for a
greater working range in the micro-ELISA format as well.
As the antigen concentration increases, lower capture
antibody concentration probes are detectable, and as the
higher detection probe concentrations become saturated,
the lower probe concentrations can be used for quantifi-
cation. This factor virtually eliminates the necessity to
titrate samples and repeat an assay as in a standard
ELISA. This is especially valuable when limited sample

Fig. 3. Specificity of the assay (A) and magnified view of well C2 (B).
(A), charge-coupled device image of 16 reaction wells illustrating the specificity of the assay (A1–B4), as well as the calibration curve (C1–D4). Each well was incubated
with 25 mL of antigen at the following concentrations: 10 mg/L PSA for well A1; 10 mg/L PSA-ACT for A2; 300 ng/L IL-6 for A3; 5 mg/L PSA and 150 ng/L IL-6 for A4;
5 mg/L PSA-ACT and 150 ng/L IL-6 for B1; 5 mg/L PSA and 5 mg/L PSA-ACT for B2; 3.33 mg/L PSA, 3.33 mg/L PSA-ACT, and 100 ng/L IL-6 for B3; blank for B4; 20
mg/L PSA, 20 mg/L PSA-ACT, and 300 ng/L IL-6 for C1; 10 mg/L PSA, 10 mg/L PSA-ACT, and 150 ng/L IL-6 for C2; 5 mg/L PSA, 5 mg/L PSA-ACT, and 75 ng/L IL-6
for C3; 2.5 mg/L PSA, 2.5 mg/L PSA-ACT, and 37.5 ng/L IL-6 for C4; 1.25 mg/L PSA, 1.25 mg/L PSA-ACT, and 18.75 ng/L IL-6 for D1; 0.625 mg/L PSA, 0.625 mg/L
PSA-ACT, and 9.375 ng/L IL-6 for D2; 0.3125 mg/L PSA, 0.3125 mg/L PSA-ACT, and 4.6875 ng/L IL-6 for D3; and blank for D4.
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volumes are available. Additionally, this array design is
not constrained by the need to analyze proteins present
within the sample at approximately equal concentrations.
In the experiments reported here, there is an ;500-fold
difference in protein concentrations from the highest
(PSA, 20 mg/L) to the lowest (IL-6, 4 ng/L); other work
we have completed has demonstrated a range of

;500 000-fold (2 mg/L–4 ng/L) within a single well (data
not shown).

The micro-ELISA is expandable to the standard array
size (16 3 16 elements) typically used for production
(Genometrix), a feature that would allow for the determi-
nation of 20–30 individual proteins within a single array.
Polyclonal antibodies were used as detector antibodies in

Fig. 4. Representative densitometry vs capture probe concentration graph (A) and calibration curves derived by the micro-ELISA for PSA-ACT (B),
PSA (C), and IL-6 protein calibrators in phosphate-buffered saline (D).
(A), regression equations are shown for the duplicate measures within a single well. As outlined in Materials and Methods, the second highest capture antibody
concentration (in this case 250 mg/L) is substituted into these regression equations (as the x value), and the y values generated by each equation are then averaged
and plotted against the antigen concentration to generate the calibration curves. Equation for solid line: y 5 2372 1 5.3851x (R2 5 0.993); equation for dashed line:
y 5 2118.78 1 4.4135x (R2 5 0.933). (B), equation for line: y 5 796.58 3 x0.81663 (R2 5 0.979). (C), equation for line: y 5 158.77 3 x1.6838 (R2 5 0.989). (D),
equation for line: y 5 10.691 3 x0.9465 (R2 5 0.983).
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this array, and no cross-reactivity was detected. There-
fore, it could be hypothesized that larger arrays made
entirely of monoclonal antibodies should have no prob-
lem with cross-reactivity as well (possibly polyclonal
detector antibodies will not encounter problems at greater
densities either, so long as monoclonal capture antibodies
are used exclusively).

Another advantage of this ELISA platform is the fact
that the loss of a single data point (probe value) does not
negate the value of a test well. This is attributable to
redundancy (capture antibodies printed in duplicate) and
the use of several capture antibody concentrations. The
use of regression equations formed from the titration of
capture antibody has a balancing effect on occasional
outlying data points without over- or underemphasizing
their impact on the total set as well.

Unfortunately, the detection limit (the derived value of
the signal from elements in the blank well plotted on the
appropriate calibration curve) for each of these ELISA
pairs could not be computed. When corrected for back-
ground, the various capture elements within the blank
well gave a densitometry value of 0, yielding an infinitely
low hypothetical detection limit. Additional assays per-
formed with this array design and others in development
have demonstrated a mean sensitivity of ;5 ng/L for
various analytes (different detection and imaging tech-
niques were used, allowing for sensitivity measurements;
data not shown).

The comparison of results (micro-ELISA vs standard
ELISA) in human serum samples serves to demonstrate

the applicability of this technology. Additional validation
work is planned for internal comparison on larger anti-
body arrays, but we thought that for this initial report,
ELISA results supplied from an external source would be
appropriate.

The format of this assay is the standard 96-well glass
plate array used for all array work at Genometrix. This
format is easily automated (genotyping and gene expres-
sion work done by Genometrix on this platform is already
automated), allowing for a further increase in knowledge
gained per unit of time and resources spent. This microar-
ray format has the potential to make an impact on
proteomics work, affecting researchers in all biomedical
fields.
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