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a b s t r a c t
Immunoassays represent a core workhorse methodology for many applications ranging from clinical
diagnostics to environmental monitoring. In traditional formats such as the enzyme linked immunosorbent assay (ELISA), analytes are measured singly or in small sets. As more biomarkers are identiﬁed for
disease states, there is a need to develop methods that can measure multiple markers simultaneously.
Immunoafﬁnity arrays are one such chemistry that can achieve multi-marker screening. Most arrays are
performed in either competitive or non-competitive formats, where the former are used predominantly
for small molecules and the later for macromolecules. To date, ELISA and immunoafﬁnity array methods
have relied exclusively on one of these formats and not the other. Here an immunoafﬁnity array method
capable of performing simultaneous competitive and non-competitive analysis generated using micromosaic immunoassay techniques is introduced for the analysis of metabolites and proteins. In this report,
three markers of oxidative stress were used as a model system. The method described here demonstrates
the simultaneous analysis of 3-nitrotyrosine, by indirect competitive immunoassay while the enzymes
catalase and superoxide dismutase are analyzed by non-competitive sandwich immunoassay. The method
requires less than 1 L sample and 45 min for completion. Logistic curve ﬁts and LOD (limits of detection)
statistical analysis of the binding results are presented and show good agreement with published data
for these antibody–antigen systems.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Rapid, reliable identiﬁcation of trace markers from complex biological samples (serum, food, environment, etc.) at g–pg mL−1
levels is essential in food safety, medicine, environmental chemistry, fundamental biochemistry and molecular biology and
biosecurity. Direct detection of trace markers from complex samples is often over-whelmed by high concentration, confounding,
non-analyte proteins and metabolites. Bioanalytical selectivity and
sensitivity to this increasing list of targets requires improved analytical methods. Immunoassays represent a reliable, well-known
approach to address this problem and thus represent an important core workhorse technology [1]. They are among the most
speciﬁc of analytical techniques, provide low detection limits (on
the order of pg mL−1 ), and can be used for a wide range of substances [2]. Immunoassays demonstrate both high selectivity due
to antigen/antibody interactions and high sensitivity due to ﬂuorescent, chemiluminescent, or radioactive labels [3]. Traditional
immunoassays are, however, labor and time intensive due to mul-
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tiple wash and incubation steps, and can only detect a few proteins
or metabolites from any one sample in a single experiment. As a
result, new methods based on arrays of selective binding agents,
so-called immunoafﬁnity arrays, have been developed to increase
throughput [4].
Immunoafﬁnity arrays represent an important step forward in
high-throughput, multi-analyte screening of complex samples. In
their highest density formats, hundreds to thousands of antibodies are deposited on a surface using one of a variety of special
methods for spotting [5]. These arrays require specialized spotting instruments and array surfaces to ensure consistency of spot
size and integrity. Low density arrays can be generated using a
variety of simpliﬁed spotting methods on a wide range of surfaces. For example, Gale’s laboratory has developed a continuous
ﬂow microﬂuidic device that can deposit proteins on a surface
in a simple and reproducible manner [6–9]. Other methods have
used spotting as well and have been reviewed extensively [10].
The Delamarche and Ligler groups pioneered the development of
micromosaic immunoassays [11–18]. In micromosaic immunoassays, the surface is patterned using microﬂuidic channels to deliver
solutions to deﬁned locations on the surface. After patterning
in the initial direction with one set of channels, a second set
of channels is placed on the same surface in a perpendicular
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orientation to deliver sample. The resulting arrays are a series
of squares that align themselves in a mosaic pattern, giving the
technique its name. Initial work in this ﬁeld (and the majority of
immunoafﬁnity arrays) used non-competitive methods for detection of macromolecules. Our group recently reported the use of
micromosaic assays for competitive analysis to allow for detection
of metabolites [19]. What is lacking in this arena is the development
of methods that can simultaneously measure both metabolites
and proteins using simultaneous competitive and non-competitive
immunoassays on the same surface. In this report, the development
of a simultaneous competitive/non-competitive immunoassay for
the detection of metabolites and proteins is presented. For a model
system we detect three markers of oxidative stress.
The presence of molecular oxygen in the atmosphere presents a
double-edged sword for humans and other species. The superoxide
anion, O2− , and other reactive oxygen species (ROS) are essential for
cellular signaling [20] and the antimicrobial action of phagocytes
[21], but are harmful at higher levels. ROS have been observed to
cause oxidative damage to proteins [22], DNA [23], lipids [24], and
other biomolecules, and have also been associated with numerous
diseases including cancer [2], diabetes [25], atherosclerosis [26],
and play a role in aging [27]. When the anti-oxidant system is
overcome by oxidative processes, the organism is said to be under
oxidative stress during which oxidative damage can occur [28].
Antioxidants and products of oxidative stress have received much
attention due to the implication of oxidative damage in disease.
As analytical targets, these species can be used to assess antioxidant capacity or oxidative status in vitro [29]. However, due to
the complexity of the antioxidant system and because a universal marker for oxidative stress has not been identiﬁed, analysis
of multiple markers is preferred when assessing oxidative status [30–33]. Therefore, there is a need for bioanalytical methods
capable of parallel, high-throughput analysis of oxidative stress
biomarkers.
An analysis of three oxidative stress biomarkers using a micromosaic immunoassay is presented [16]. The micromosaic format
has been previously demonstrated for the analysis of cardiac
biomarkers (sandwich immunoassay) [34], cell surface receptors
[12], and most recently the thyroid hormone thyroxine (competitive immunoassay) [19]. However, no micromosaic method
has been developed for concerted analysis of both metabolites
and macromolecules. This development is important because it
will provide the ability to simultaneously measure both small
and large molecules from a single sample. Here, the small
molecule 3-nitrotyrosine (3NT) is examined by indirect competitive immunoassay, while bovine enzyme antioxidants catalase
(CAT) and superoxide dismutase (Cu,Zn SOD/SOD1) are analyzed
by sandwich (non-competitive) immunoassay. Each of the analytes has been proposed as a marker of oxidative status. By
adding a third patterning step to the micromosaic assay, it
is demonstrated for the ﬁrst time that competitive and sandwich immunoassays can be performed in parallel using the
micromosaic method. This work demonstrates that micromosaic
immunoassays can function as a rapid, high throughput method
for simultaneous competitive and non-competitive analysis of
biomarkers.

2. Methods
2.1. Chemicals and materials
Unless otherwise noted, all chemicals were purchased from
Sigma (St. Louis, MO). Anti-bovine SOD (Cu, Zn) (rabbit pAb IgG,
S8060-11), anti-bovine catalase (rabbit pAb IgG, C2096-06), and
anti-3-nitrotyrosine (mouse mAb IgG1, N2700-09) were purchased

from United States Biological (Swampscott, MA). Catalase from
bovine liver (C9322), bovine superoxide dismutase (S7571), and
3-nitro-L-tyrosine (N7389) were purchased from Sigma. Fluorescent measurements were made using a Photometrics HQ2 CCD
camera from Roper Scientiﬁc (Tuscon, AZ) and MetaMorph 7.1.7
software from Molecular Devices (Sunnyvale, CA) using a Nikon
Eclipse TE2000-U epiﬂuorescence microscope (Melville, NY). Poly
(dimethylsiloxane) (PDMS, Sylgard 184) was obtained from Dow
Corning (Midland, MI) and used at a 10:1 ratio of monomer to
crosslinker. SU8-2035 photoresist was purchased from Microchem
(Newton, MA). AlexaFluor® 488 Monoclonal Antibody Labeling Kit
(A20181) was purchased from Invitrogen (Carlsbad, CA). Slide-ALyzer MINI Dialysis Units were purchased from Pierce (Rockford, IL).
Silicon nitride wafers with a proprietary coating were received as
a gift from Biostar (Boulder, CO). [35] 1.5 mm biopsy punches were
obtained from Robbins Instruments (Chatham, NJ). All chemicals
were used as received.
2.2. Protein labeling and conjugation
Prior to use, all antibodies were puriﬁed by dialysis for 2 h
against 1L of 25 mM phosphate, 150 mM NaCl pH 7.4 (PBS). Capture antibodies (pAb SOD, pAb CAT) were diluted to the speciﬁed
concentrations using deionized water. Detection antibodies for
both competitive (mAb 3NT) and sandwich assays (pAb SOD, pAb
CAT) were prepared at 1 mg mL−1 in 100 L of the above mentioned buffer and labeled with AlexaFluor® 488 (AF) using the
AlexaFluor® 488 Monoclonal Antibody Labeling Kit. Labeled antibodies were puriﬁed according to the directions included with
the kit and were stored at 4 ◦ C until use. 3NT was conjugated
to bovine serum albumin (BSA) using carbodiimide chemistry as
described in the literature. [36] The hapten was solublized for conjugation in a 1:1 mixture of dimethylsulfoxide and 50 mM sodium
phosphate, pH 8.5. The BSA-3NT conjugate was dialyzed against
PBS to remove unreacted hapten and EDC carbodiimide, stored
at 0 ◦ C prior to use in immunoassays and diluted with deionized water (Millipore, 18 ) to the ﬁnal concentration prior to
use.
2.3. Microﬂuidic network fabrication and substrate preparation
Microﬂuidic networks (FNs) made from the polymer poly(dimethylsiloxane) (PDMS) were used to pattern capture reagents
and deliver analytes and afﬁnity probes to the substrate. Negative relief molds for each network of channels were made using
photolithography according to the literature [37,38]. Photolithography masks were designed in Adobe Illustrator and printed at
40,640 DPI by Fineline Imaging, Inc (Colorado Springs, CO). First
and second dimension channels were designed with a 40 m
width and 20 m spacing between channels. Actual channel dimensions were found to be 25 m with a spacing of 35 m and a
height of 20 m using proﬁlometry. Third dimension FNs were
designed with single entry and exit ports and a 1.5 mm channel containing a central 3.0 mm diameter “bubble cell” design
for patterning over the entire afﬁnity mosaic. PDMS networks
made using these molds were punched with a 1.5 mm biopsy
punch to create wells for sample introduction. T-poly coated silicon nitride wafers (SiNx) were rinsed in Millipore water and
dried under a stream of nitrogen prior to use. Wafers were
scored and cut into pieces approximately 1.5 cm × 1.5 cm for each
assay.
2.4. Micromosaic immunoassays
All assays were performed using three patterning steps or
“dimensions.” FNs were made hydrophilic before each patterning
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step by oxidation in an air plasma cleaner for 50 s at 18 W. A volume of 0.9 L of reagent was introduced to each well at each step.
First dimension patterning was used to sensitize the substrate with
patterns of receptor proteins. The BSA conjugate of 3NT (BSA-3NT,
0.35 mg mL−1 ) along with pAb SOD (0.66 mg mL−1 ) and pAb CAT
(0.30 mg mL−1 ) in deionized water were patterned in triplicate for
a 10 min incubation. Because the sensitizing agents were passively
adsorbed, random orientation of the protein on the substrate was
expected. FNs were removed under PBS containing 0.05% Tween
20 (PBS-T), then rinsed copiously with PBS-T and water. Remaining reactive adsorption sites were passivated by a 5 min incubation
with 0.5 mL 45 mg mL−1 BSA in PBS covering the entire substrate.
This was followed by repeating the above rinse procedure. Solutions containing all three analytes and competitive assay tracer AF
mAb 3NT (25 g mL−1 ) in 45 mg mL−1 human serum albumin (HSA)
were patterned orthogonal to the ﬁrst dimension pattern for 15 min
and rinsed. A schematic of the steps required for immunoassay is
described in the literature, and the steps required for sandwich
immunoassay are depicted in Fig. 1 [19]. Finally, detection reagents
for the two sandwich assays (AF pAb SOD, 50 g mL−1 and AF
pAb CAT, 50 g mL−1 ) in 45 mg mL−1 BSA/PBS were patterned for
2.5 min using the “bubble cell” FN that covered the entire mosaic
area. Epiﬂuorescence measurement parameters were a 4 × 4 binning, 10× objective, unmodiﬁed gain, and an exposure time of 1.5 s.
Fluorescence measurements were taken directly from the image;
no image processing or smoothing was applied. The average signal from each mosaic was recorded. Total assay time from the ﬁrst
patterning step to the ﬂuorescence measurement was less than
45 min.

3

3. Results
3.1. Cross reactivity analysis
Prior to quantiﬁcation of analyte in the multi-analyte
immunoassay, a patterning experiment was carried out to determine possible cross-reactivity between tracer/detection antibodies
and surface receptors/captured antigens. This was particularly
important given the nature of the simultaneous competitive/noncompetitive assays to be done in these experiments. Since no other
reports have used this approach, we felt it important to consider this
question in detail. Following sensitization, the competitive assay
tracer (25 g mL−1 AF pAb 3NT) and each antigen (10 ng mL−1 SOD,
125 ng mL−1 CAT) were patterned independently in triplicate, and
the third dimension pattern followed this step as described above.
A ﬂuorescent image of this mosaic is shown in Fig. 2. Cross reactivity may be assessed by examining the ﬂuorescent signal across
each row. For example, signal from the middle three rows, in which
AF mAb 3NT was patterned, shows that binding of the tracer to
afﬁnity mismatch coordinates (immobilized pAb CAT, pAb SOD)
is below the sensitivity of the camera. In the bottom set of rows,
pAb CAT captures only CAT, while the pAb CAT columns show only
pAb CAT captures CAT. Speciﬁcity of detection antibodies for SOD
and CAT were veriﬁed in a similar experiment utilizing only one
detection antibody in the third patterning step in the presence of
both captured targets. The results of this experiment show low cross
reactivity for the prescribed antibodies and antigens, and therefore
demonstrate that these three analytes can be measured simultaneously in the micromosaic format. This is an important ﬁnding

Fig. 1. Schematic of surface patterning for a sandwich immunoassay. (A) Substrate is sensitized with the appropriate capture antibody. (B) PDMS channels is removed, leaving
the patterned substrate. (C) Unpatterned sites on the substrate are blocked from non-speciﬁc binding with BSA. (D) Antigen containing sample is patterned perpendicular to
the ﬁrst dimension pattern. (E) PDMS is removed, leaving captured antigen. (F) Fluorescently labeled detection antibody is patterned over all captured antigens. (G) PDMS is
removed, and ﬂuorescence image of the substrate is acquired.
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Fig. 2. Micromosaic demonstrating tracer speciﬁcity for patterned and captured
proteins for each of the three analytical targets CAT, 3NT and SOD.

because it shows the ability to go forward with the simultaneous
assay using the multistep patterning and labeling process.
3.2. Multiplexed immunoassay for CAT, 3NT, and SOD
After considering the cross-reactivity of the array, demonstration of the assay for all three analytes in a single sample was
performed. Dilutions of CAT, 3NT, and SOD were prepared in
45 mg mL−1 HSA dissolved in phosphate buffered saline. While this
is not a biological sample, it does represent a complex system containing physiologically relevant levels of albumin as thus serves as a
good model system during experimental development. Prior to the
multiplexed assay, each analyte was assayed individually to determine a working concentration range estimate. The appropriate titer
of AF mAb 3NT was also determined experimentally [19]. These
values were used to create dilutions containing the appropriate
amount of each analyte. The ﬂuorescent image of the three-analyte
assay is shown in Fig. 3 with the corresponding concentrations of
each analyte used in the second dimension pattern listed below.
In the case of 3NT, the competitive effect is observed as signal
decreases with increasing analyte concentration. In the cases of SOD
and CAT, signal increases with increasing analyte concentration as
expected until capture antibodies are saturated.
Dose-response curves for each assay were ﬁt to the fourparameter logistic equation:
Y=

a−d
1 + (T/c)

b

+d

Fig. 3. Micromosaic immunoassay for simultaneous detection of CAT, 3NT, and SOD.
Solutions patterned in the ﬁrst and second dimension are indicated. The entire
mosaic was patterned in the third dimension with 50 g mL−1 AF pAb CAT and
50 g mL−1 AF pAb SOD detection antibodies.

or competitive assay tracer) during ﬂow across the substrate. This
phenomenon has been documented previously during a micromosaic immunoassay for C-Reactive protein [40]. The direction of ﬂow
in Fig. 3 was from the bottom of the image to the top. The depletion effect is most pronounced for CAT although it also contributes
to the variability for 3NT. A ﬂuorescence intensity proﬁle linescan
for the 100 ng mL−1 CAT mosaic in Fig. 3 is shown in Fig. 5 along
with an indication of the direction of ﬂow. This ﬁgure shows that
depletion of CAT occurs not only between mosaics, but within them
as well. SOD is least affected by error, having the lowest absolute
signal deviation of all three analytes. These results suggest that
depletion in micromosaic immunoassays are an analyte-dependent
phenomenon. SOD (32 kDa) is much smaller than both rabbit IgG
(150 kDa) and CAT (250 kDa), and will have a higher Stokes-Einstein
diffusion coefﬁcient, making the SOD assay less susceptible to
depletion effects inherent to the mass transfer-limited conditions

(1)

where Y is the ﬂuorescent signal (F/Fmax where Fmax is the highest
signal observed for each analyte set), a is the response in absence of
analyte, d is the response due to non-speciﬁc adsorption of tracer, c
is the concentration of analyte that produces a signal Y = (a + d)/2, T
is the analyte concentration, and b is the absolute value of the slope
of the curve in a log–logit format [39]. Curves were ﬁt using OriginPro 7’s non-linear curve ﬁtting tool for a four-parameter logistic
equation using 300 iterations. Correlation coefﬁcients were 0.999,
0.996, and 0.999 and reduced 2 values were 1 × 10−4 , 2 × 10−5 , and
4 × 10−5 for CAT, 3NT and SOD, respectively.
Dose-response curves are shown in Fig. 4. Error bars represent
a single standard deviation for each set of three mosaic squares
that correspond to one concentration of analyte. Error may be partially attributed to depletion of captured reagent (target protein

Fig. 4. Dose-response curves for CAT, 3NT, and SOD obtained from ﬂuorescent signals in Fig. 3.
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competitive immunoassays [16,19]. In this work, the merging of
the two micromosaic techniques is examined for the combined
simultaneous competitive and sandwich immunoassay of a small
molecule metabolite and two enzyme biomarkers for oxidative
stress. The micromosaic method is shown to detect each analyte with low cross reactivity in a HSA/PBS matrix containing the
other two analytes. Detection limits for catalase and superoxide
dismutase were 35 ± 4.8 ng mL−1 and 1.7 ± 0.14 ng mL−1 , while for
3-nitrotyrosine the detection limit was 8 ± 1.4 M. The immunoassay required less than 1 L of sample, needed minimal user
optimization, and could be completed within 45 min.
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in these experiments. Possible solutions to the depletion effect
include analyzing a sample in three channels during second dimension patterning as opposed to using three sensitized channels in the
ﬁrst step, or increasing the spacing between channels during the
sensitizing step.
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method for calculating detection limit estimates based on the standard deviation of mean response at zero-dose has been developed
[42]. The expected response at the detection limit (Ymin ) can be
expressed as:
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1/2
(2)
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and nmin are the number of replicates performed at zero dose and
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as the average standard deviation from all data points assayed,
except for the case of CAT where high-dose standard deviations
were much larger than those found closer to zero dose; only the
deviations from the lowest four responses were averaged. CAT also
differs in that the signal at zero dose was below the camera sensitivity, so Y = 5 ng mL−1 was used in place of Y0 . After determining the
response at the minimum detectable dose and substituting into the
logistic curve ﬁts (including error to those curve ﬁts), the detection
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