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Abstract

New high-throughput immunoassay methods for rapid point-of-care diagnostic applications
represent an unmet need and current focus of numerous innovative methods. We report a new
micromosaic competitive immunoassay developed for the analysis of the thyroid hormone thyroxine
(T4), inflammation biomarker C-reactive protein (CRP), and the oxidative damage marker 3-
nitrotyrosine (BSA-3NT) on asilicon nitride substrate. To demonstrate the versatility of the method,
both direct and indirect format competitive immunoassays were developed and could be applied
simultaneously for single samples. Signals from standard solutions were fit to a logistic equation,
allowing simultaneous detection of T4 (7.7-257.2 nM), CRP (0.3-4.2 ug/mL), and BSA-3NT (0.03—
22.3 pg/mL). Total assay time including sample introduction, washing, and fluorescence
measurement was less than 45 min. Dissociation constants for affinity pairs in the system have been
estimated using regression. This proof-of-concept experiment shows that both small and
macromolecular biomarkers can be quantified from a single sample using the method and suggests
that groups of clinically related analytes may be analyzed by competitive micromosaic immunoassay
techniques.

Following Yalow and Berson’s pioneering work in the late 1950s, immunoassay techniques
have become the primary tool for analysis of complex biological samples in clinical laboratory
settings.1 Antibodies are the essential reagent for immunoassay testing, providing high
selectivity, specificity, and affinity necessary to assay complex samples such as whole blood
or serum. Thousands of antibodies and other affinity reagents are available commercially for
a variety of analytes, ranging from large proteins to small molecules. Although many affinity
assays have been developed, heterogeneous immunoassay protocols have become increasingly
popular in both clinical and research labs. These procedures require one or more affinity capture
reagents to be bound to a solid phase to capture target analytes. This design proves
advantageous because excess or unreacted reagent and sample can be separated from the
desired immunocomplex by washing the surface following the capture reaction.2
Heterogeneous methods concentrate reagent on the surface thereby increasing the observed
signal. Solid-phase heterogeneous formats have been superseded by modern techniques such
as the enzyme-labeled immunosorbent assay (ELISA.) The micromosaic strategy has recently
been developed as a high-density heterogeneous immunoassay.3+4 In the micromosaic
pattering approach, micrometer-scale channels are fabricated in a polymer, normally poly-
(dimethylsiloxane) (PDMS), using soft lithography.5 Completed microfluidic networks
(UFNSs) are then formed when the network is reversibly sealed to a flat substrate such as a
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silicon wafer or PDMS. Solutions carrying reagent are introduced to the uFN through ports in
the polymer mold.4:6 During first-dimension patterning, a receptor molecule flows through
the network and binds to the substrate, either through passive adsorption, affinity interaction,
or covalent attachment.4 This creates a pattern of the receptor on the substrate that replicates
the pattern of the microfluidic channels. After removal of the first microfluidic channel,
remaining reactive sites on the substrate are passivated with a blocking agent to minimize
nonspecific adsorption. For second-dimension pattering, the reagents are delivered to the
substrate via channels perpendicular to the initial pattern of the immobilized capture molecules.
Binding between analytes in the sample and surface-bound affinity reagents is observed after
the removal of the second stamp, usually via fluorescence. Affinity interactions produce a
pattern of squares on the substrate; thus, the term “micromosaic” has been used to describe the
pattern. Micromosaic immunoassays offer an appealing alternative to traditional
immunoassays for several reasons. Required sample volumes are submicroliter, and the flow
of solution through the network is driven by capillary and hydrodynamic flow eliminating the
need for pressurized or electrokinetic pumps. Furthermore, the method allows for precise
localization of reagents onto the substrate at the micrometer scale, while the sample ports
provide an interface for control of microscopic phenomena. Last, such assays are rapid because
they take advantage of micrometer-scale diffusion distances.7-8 Micromosaics have been used
to measure DNA hybridization rates, detect cell surface receptors, detect cardiac markers, and
simultaneously analyze samples for different analyte classes including bacteria, viruses, and
proteins.>~12 To date, however, they have not been used for competitive immunoassays.

This study demonstrates the first competitive micromosaic immunoassays using thyroxine
(T4), C-reactive protein (CRP), and bovine serum albumin labeled 3-nitrotyrosine (BSA-3NT)
as model analytes. Surface-activated silicon nitride is employed as the substrate, a unique
material for heterogeneous immunoassays with direct applications to waveguide technology.
13 It is shown that both direct (surface-bound antibody) and indirect (surface-bound hapten)
competitive formats can be performed simultaneously. 14 Analyte binding curves allow
detection over the reference ranges for T4 (60-140 nM) and CRP (<10 pg/mL) and over
nanogram per milliliter concentrations of BSA-3NT. Finally, detection of all three analytes in
affinity-purified human serum is successfully demonstrated. This work attempts to introduce
multiplexed analysis of metabolites and proteins using the micromosaic platform as an
important step in bioassay development.15

MATERIALS AND METHODS

Chemicals and Materials

CRP (no. 30-AC05), CRP monoclonal antibody (mAb) (mouse 1gG1, M701289), and T4 mAb
(mouse 1gG,p, M94208) were purchased from Fitzgerald (Concord, MA). 3NT pAb (rabbit
1gG A-21285) was purchased from Invitrogen (Carlsbad, CA). N-(2-Aminoethyl)-3-
aminopropyl-trimethoxysilane (EDS) was obtained from Gelest (Morrisville, PA). Sulfo-
SMCQC, all dialysis materials, and BCA protein assay materials were purchased from Pierce
(Rockford, IL). Silicon nitride coated silicon wafers (500 A thickness) were received as a gift
from Thermo-Electron (Waltham, MA), and silicon wafers coated with 100 nm of thermal
oxide were purchased from University Wafer (South Boston, MA). SU8-2035 photoresist was
purchased from Microchem (Newton, MA). PDMS monomer and cross-linker (Sylgard 184)
were received from Dow Corning (Midland, MI) and used at the recommended 10:1 ratio.
Biopsy punches used for creating entrance and exit wells in the pFNs were purchased from
Technical Innovations (Brazoria, TX). Serum samples were affinity-purified in our laboratory
against antibody-coated particles. 18 Purified samples were spiked with analyte to the desired
concentrations. All other chemicals and reagents were obtained from Sigma (St. Louis, MO)
and used as received. Fluorescent measurements were made using a Photometrics HQ? CCD
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camera from Roper Scientific (Tuscon, AZ) and Metamorph software from Molecular Devices
(Sunnyvale, CA) on a Nikon Eclipse TE2000-U epifluorescence microscope assembly
(Melville, NY).

Fabrication of Microfluidic Networks

Photolithographic molds for uFNs were made according to previous reports.17:18 Masks were
designed using Adobe Illustrator and printed by Photoplot Store at 40 000 dpi (Colorado
Springs, CO.) It was observed that silicon wafers with a 100 nm layer of thermal oxide bonded
strongly to SU-8 photoresist, providing stability and reproducibility for features below 30 pum
in width. Each mold was designed as a negative relief for a network containing 12 separate
channels, each 20 pm wide with 40 pm spacing between channels. Profilometry was used to
measure actual channel cross-sectional dimensions, and these were found to be 26 um wide
and 16.1 um high. PDMS pFNs made from this mold were prepared for sample introduction
with a 1.65 mm diameter punch to create inlet and outlet ports. All LFNs were subjected to
sequential solvent extraction using toluene, ethyl acetate, and acetone for 2 h each with stirring.
Residual solvent was removed from the pFNs by overnight baking at 65 °C. Solvent
compatibility with PDMS has been established previously.1?

Preparation of Labeled Proteins and Protein Conjugates

Prior to use, all proteins were purified by dialysis against PBS (150 mM NaCl, 50 mM
NayHPO,4 pH 7.4) at 4 °C for 8 h using a Pierce Slide-a-Lyzer kit with a 3.5 kDa molecular
weight cutoff. BSA-T4 and BSA-3NT conjugates were prepared according to the literature;
however, the haptens were solubilized using DMSO and 50 mM phosphate pH 8.5 prior to
conjugation due to low solubility at lower pH values.20 It was found that conjugates could also
be synthesized effectively according to the Pierce instructions for EDC-based coupling as an
alternative method. Conjugates were dialyzed against PBS and water at room temperature (22
+ 1°C) extensively to remove unreacted hapten and EDC, which could interfere with assay
performance. T4-mAb, 3NT-pAb as well as CRP were labeled with the amine-reactive
fluorophore fluorescein isothiocyanate (FITC) according to the established procedure (Sigma).
FITC conjugates were purified using Pall Omega Nanosep 3 kDa centrifuge filters. Final
concentrations of all stock protein solutions were determined by bicinchoninic acid assay
(BCA).21

Micromosaic Immunoassays on Silicon Nitride Substrates

All silicon nitride substrates were modified with a thiol-reactive maleimide group to facilitate
covalent surface immobilization of affinity reagents as previously reported.2? Briefly,
substrates were first silanized using EDS which functionalized the surface with a primary
amine. Derivatization of the amine with the heterobifunctional cross-linker Sulfo-SMCC
produced a maleimide-modified substrate capable of reaction with protein sulfhydryls. Protein
attached in such a manner was expected to present the sample with a population of
heterogeneously oriented receptors. BSA conjugates were found to adsorb to modified and
unmodified substrates; however, functional levels of mAb-CRP bound only to modified
substrates. IFNs were rendered hydrophilic by exposure to air plasma (18 W) for 30 s (first-
dimension patterning) or 40 s (second-dimension patterning) at 25 Torr. Hydrophilic uFNs
were sealed to 2 cm x 2 ¢cm silicon nitride substrates using very light pressure. Sample ports
were filled with <1 pL of solution, which could subsequently be observed with the naked eye
traversing the length of the channel under capillary action. First-dimension patterning was
allowed to proceed for 10 min, at which time the uFN was removed under a constant flow of
PBS containing 0.05% Tween 20 (PBS-T) to prevent further surface patterning. Substrates
were rinsed copiously with PBS-T solution and water. Remaining reactive sites on the surface
were blocked with a solution of 5% BSA and 1 mM 8-anilino-1-naphthalene sulfonic acid
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(ANS) in PBS for 5 min. The concentration of BSA in the blocking solution required for a
complete surface passivation in 5 min time was determined empirically. The same rinse
procedure followed the blocking step, and substrates were then dried under a stream of nitrogen.
Orthogonal second-dimension patterning followed the same parameters as the first, with uFN
removal after 20 min. Patterning beyond 20 min did not produce a change in signal, indicating
binding under saturating conditions. Substrates were given a final wash, then dried under
nitrogen, before fluorescence measurements were made. A schematic of the overall procedure
for an indirect competitive T4 assay is show in Figure 1. Total assay time including the
fluorescence measurement was approximately 45 min.

RESULTS AND DISCUSSION

Specificity of Fluorescent Tracers for Surface-Bound Capture Reagents

Immunoassays derive much of their usefulness from the high specificity of antibodies for
antigens or haptens in complex samples. However, cross-reactivity between antibodies and
other nontarget serum metabolites, solutes, or proteins is a concern in every immunoassay. It
is therefore important to assess reagent cross-reactivity before a multianalyte immunoassay
can be performed. An experiment was designed to examine cross-reactivity between the two
competitive immunoassay formats and three fluorescent reagents. For first-dimension
patterning, BSA-T4 (0.24 mg/mL), CRP mAb (0.025 mg/mL), and BSA-3NT (0.14 mg/mL)
were patterned in triplicate in one direction across a silicon nitride substrate. Channels
containing 2 mg/mL BSA in PBS were used as a negative control between channels containing
conjugates and antibody. After washing and blocking, four dilutions each of FITC-T4-mAb,
FITC-CRP, and FITC-3NT-pAb were patterned perpendicular to and over the surface-bound
receptors. A representative fluorescent image of this micromosaic is shown in Figure 2. Labeled
ligands in this system clearly bind only to their intended targets on the substrate, as indicated
by each fluorescent signal at mosaics where there is a matched affinity pair. Nonspecific
binding at BSA-blocked locations outside of the mosaic was also below a detectable level and
did not interfere with the experiment at the protein concentrations employed. This result
demonstrates that all three corresponding analytes can be assayed simultaneously using the
micromosaic approach, without interference due to reagent cross-reactivity.

Optimization of Competitive Imnmunoassays

All competitive immunoassays rely on the premise that a labeled or immobilized reagent can
compete with sample analyte for the same binding site on an antibody. Dose—response curves
produced in this manner show an inverse relationship between signal and analyte concentration.
23 These sigmoidal curves have a variable slope, the steeper part of the curve being the most
useful for quantitation. One advantage of competitive immunoassays is that dose—response
curves can be adjusted so that signal response is most sensitive over the concentration range
of interest, often defined by the reference range.23 The position of the curve in relation to
analyte concentration is determined by several factors, most notably the ratio of labeled reagent
to analyte. This parameter was easily manipulated for competitive micromosaic immunoassays
used in this study. Determination of the appropriate labeled reagent or “tracer” concentration
was accomplished empirically. Analyte standards spanning the appropriate reference range
were spiked with different concentrations of tracer, and the resulting signals evaluated for dose—
response sensitivity. Finally, solutions containing all three standards were spiked with tracer
at concentrations of 23.3 pg/mL FITC-mAb T4, 7.3 pg/mL FITC-CRP, and 17.8 pg/mL
FITC—pAb 3NT. Solutions also contained 0.2 mM ANS, a molecule used to displace T4 from
binding with serum proteins.24 It should be noted that the original intent of this study was to
assay the unconjugated 3NT amino acid as a marker for oxidative damage.2> However, after
labeling pAb-3NT with FITC, the specific antibody used in these experiments did not respond
to the free amino acid in solution. FITC—pAb 3NT did respond competitively to the BSA-3NT
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conjugate in solution, and thus for the purpose of these experiments the conjugate was used as
an analyte. This phenomenon has been previously reported in other immunoassays for 3NT.26

Competitive Immunoassay for T4, CRP, and BSA-3NT

Standard buffer solutions (PBS, 45 mg/mL human serum albumin) containing each of the three
analytes were prepared and spiked with the appropriate amounts of tracer and ANS. Affinity-
purified human serum spiked with known values of each analyte was prepared similarly to
evaluate assay applicability with true biological samples. First-dimension affinity reagent
patterning was undertaken as in Figure 2, followed by second-dimension patterning of the 11
standard solutions of known concentrations and one serum sample (Figure 3). Relative
fluorescent signals for each standard solution mosaic were plotted against their respective
analyte concentrations, shown in Figure 4. Error bars represent signal variation between each
of the three mosaic squares for each standard. Each curve was fit to a four-parameter logistic
model equation:

”(%)b (1)

where Y is the fluorescent signal, a is the signal response in the absence of analyte, d is the
response at infinite analyte concentration (nonspecific binding of tracer), c is the concentration
of analyte which gives asignal Y = (a + d)/2, T is the analyte concentration, and b is the absolute
value of the slope of the curve when expressed in a log-logit format.23 Curves were fit using
the nonlinear curve fit function in OriginPro 7 (logistic, 100 iterations). Correlation coefficients
were 0.961, 0.991, and 0.982 for T4, CRP, and BSA-T4, respectively. The logistic equation
curve fits were used to determine the detection limits (LOD) at both extremes of each curve.
LOD at the low-concentration/high-signal end of the curve was calculated as the concentration
that produced signal 2 standard deviations of the zero-analyte signal below the zero-analyte
signal. At the opposite end of the curve, LOD was calculated as the concentration which
produced a signal 3 times that of the nonspecific binding (parameter d in the logistic equation.)
These results are listed in Table 1. Although the assay for CRP does not cover the entire clinical
range of interest, 0—100 pg/mL, it is noted that dilution of samples above the upper LOD may
allow for quantification on this curve.19 Currently the assay not optimized for detection at the
lower reference limit of CRP (0.1 pg/mL) necessary for coronary heart disease prognosis.1°
All errors were calculated as a single standard deviation of the three mosaic signals for each
standard solution and analyte.

Spiked serum samples gave readings for T4 (49 + 1.4 nM) and CRP (5.0 + 0.7 pg/mL) that
were within error of the intended standard concentrations (50 nM T4, 5 ug/mL CRP). BSA-
3NT was spiked into the serum at 0.8 pg/mL but produced a signal reading 2.3 £ 0.47 pg/mL.
As with CRP, a more accurate result might be obtained through dilution of the sample to a
concentration producing a signal on the more sensitive portion of the dose—response curve.
The difference between measured and spiked levels of BSA-3NT may be the result of
systematic error and/or nonspecific cross-reactivity of the antibody with another sample
component. In Figure 3, signal from the BSA-3NT mosaics appear to decrease descending
vertically. This effect could be due to depletion of the antibody/immunocomplex in solution
as it binds to the mosaic, combined with a slower diffusion rate. The problems associated with
this particular assay, including the low reactivity with free 3NT, could be addressed by
examining assay performance using different antibodies.
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Calculation of Affinity Constants

If a Langmuir-type adsorption model is assumed (concentration of analyte >> immobilized
affinity reagent), data from Figure 2 and Figure 3 can be used to estimate the dissociation
constants (Kp) between each affinity pair in the system. Similar calculations have been used
for SPR-based competitive immunoassays.?” These calculations are straightforward because
they do not require quantification of the surface affinity reagent. Although a linear regression
approach is operationally simple, error measurements are distorted; therefore, calculated
constants should be used as estimates only. It is important to mention that the notation used
below assumes a direct format such as that used here for CRP, although the same calculations
were used for indirect format assays such as those performed for T4 and BSA-3NT.

The amount of receptor—ligand immunocomplex [RL] can be expressed as

[RI[L]
D(L) (2)

[RL]=

where [R] denotes the concentration of free surface binding sites and [L] the ligand, with
Kp(v) as the dissociation constant. A mass balance for the surface receptor can be written as

[R;I=[RL]+[R] ©)

where [Rt] is the total concentration of binding sites on the surface over a given area.
Combining and rearranging the two equations gives

[RL] [RJ[LI/K,,

[R;]  [RL]+[R] )

The relationship of this ratio with the fluorescent signal can be written as

AF [RL]

AFomax  [R;] (5)

where AF is the fluorescent signal at a given [L] (and thus [RL]) and AFgmax is the signal when
the surface receptor binding sites are saturated with labeled ligand. After rearrangement, this
becomes

(L)
AF AFomax J \[L] AFomax (6)

A plot of 1/[L] versus 1/AF allows the calculation of Kp) and AFgmax from the slope and
intercept. The dilutions of fluorescent reagent and the signals taken from Figure 1 were used
to produce the plots in Figure 5 using eq 6. The Kp) between the ligand and surface receptor
was calculated for each pair in the three-analyte system.

During a competitive immunoassay, the labeled reagent is held at a fixed concentration while
the analyte concentration varies. Under these conditions, concentration and affinity constants
determine fractional binding of each competitor to the antibody. When an analyte [A] competes
with labeled ligand [L] a new equilibrium expression may be written as
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where [A] is the analyte concentration, [RA] the receptor—analyte immunocomplex, and
Kp(a) the dissociation constant for [RA]. A mass balance for the three-component system can
be written for the surface receptor as

[R;]=[RLI+[R]+[RA] ®)

Combining egs 2, 3, 5, and 8,we can write

AF [RL]  [RI[L]/Ky,,
AFomax  [R;] [RL]+[R]+[RA] )

Finally, by substituting eq 7 and rearranging, we can write

L: KD(L) ([A])+ 1+KD(L>/[L]
AF \K, . AFoma[L] AFomax (10)

D(A)

A plot of [A] versus 1/AF produces a slope from which Kp(a) can be calculated, as Kp),
AFomax, and [L] (now constant) are known (data not shown). Dissociation constants calculated
as described are presented in Table 2. Values found for these dissociation constants are typical
for antibody-antigen/hapten interactions.23 This result shows that neither labeling with
fluorophore nor surface immobilization significantly detracted from reagent performance.
Furthermore, these results show that the competitive format is entirely compatible with the
micromosaic immunoassay technique.

CONCLUSIONS

Previous research involving micromosaic immunoassays has utilized as many as eight
independent microchannels in each dimension allowing for simultaneous detection of protein
biomarkers. 3:10 This work demonstrates the first implementation of a 12-channel approach
for analysis of both proteins and metabolites by competitive immunoassay. Because small
molecules such as T4 are epitope-limited for antibody capture, the sandwich immunoassay
format was inappropriate and competitive strategies were used. Therefore, an indirect format
competitive assay has been developed to demonstrate small-molecule analysis. Addition of a
direct format competitive assay for CRP indicates that the micromosaic platform can host both
competitive assay formats and can be used for protein analysis as well. Complementary analysis
of BSA-3NT suggests that this technology can address the demand for multianalyte analysis,
particularly for clinically grouped biomarkers. Linear regression was used as a straight-forward
method to estimate affinity constants; however, a more accurate result could also be obtained
through nonlinear regression analysis.
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Figure 1.

Schematic of patterning steps for T4 immunoassay. (I) BSA-T4 is patterned through a
microfluidic network (UFN) on the substrate. (11) The substrate is washed, leaving the patterned
feature. (111) Remaining reactive sites are blocked from nonspecific adsorption using BSA.
(V) A sample containing FITC-labeled monoclonal antibody for T4 is patterned perpendicular
to the first feature using a second UFN. (V) Affinity interactions are observed in a mosaic
pattern on the substrate using fluorescence imaging.
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Figure 2.

Specificity assessment of the three surface receptor/fluorescent ligand pairs. Receptors were

immobilized to the substrate during first-dimension patterning. Dilutions of fluorescent ligands
patterned orthogonally to the first dimension demonstrate the affinity and specificity properties
of the system. Cross-reactivity and nonspecific binding were below the fluorescent detection
limit employed here.
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Figure 3.

Fluorescent image of the competitive immunoassay for T4, CRP, and BSA-3NT. Solutions
containing each analyte were prepared with a fluorescent tracer for each analyte at a constant,
empirically determined concentration. Decreasing signal with increasing analyte concentration
demonstrates the competitive effect for each analyte. An affinity-purified serum sample was
prepared at known concentrations of each analyte, which is analyzed in the far left column.
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Dose-response curves for each analyte. Each fluorescent intensity plot was constructed from
fluorescence data taken from the image in Figure 3 as described in the text.
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Figure 5.

Plots of 1/AF vs 1/[L] for each antibody-antigen system shown in Figure 2. The slope and
intercept for each curve can be used to estimate the dissociation constants (Kp) between a tracer
and its surface receptor.
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Table 1
Detection Limits and Serum Response for the Analytes T4, CRP, and BSA-3NT

T4 (nM) CRP (ug/mL) BSA-3NT (ug/mL)
LODs 7.7-257.2 0.3-4.2 0.03-22.4
serum value 49+1.4nM 5.0+0.7 2.3+0.47
actual value 50 5 0.8

Anal Chem. Author manuscript; available in PMC 2010 March 2.

Page 14



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Murphy et al.

Table 2
Estimated Kp Values for Each Affinity Pair Assayed

affinity pair

BSA-T4 (substrate) and FITC-mAb-T4
T4 and FITC-mADb-T4

mADb-CRP (substrate) and FITC-CRP
mADb-CRP (substrate) and CRP

BSA-3NT (substrate) and FITC-pAb-3NT
BSA-3NT (solution) and FITC-pAb-3NT

est Kp (M)
6.4x 1077
1.0x 1078
8.1x 10710
1.6 x 10710
1.0x 1078
16x107°
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