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ABSTRACT
Fluorescence-based endpoint detection of microarrays with 10,000 or
more molecular targets is a most useful tool for high-throughput profiling of biomolecular interactions, including screening large molecular
libraries for novel protein ligands. However, endpoint fluorescence data
such as images of reacted microarrays contain little information on
kinetic rate constants, and the reliability of endpoint data as measures
of binding affinity depends on reaction conditions and postreaction
processing. We here report a simultaneous measurement of binding
curves of a protein probe with 10,000 molecular targets in a microarray
with an ellipsometry-based (label-free) optical scanner. The reaction
rate constants extracted from these curves (kon, koff, and ka = kon/ koff)
are used to characterize the probe-target interactions instead of the
endpoints. This work advances the microarray technology to a new
milestone, namely, from an endpoint assay to a kinetic constant assay
platform. The throughput of this binding curve assay platform is comparable to those at the National Institutes of Health Molecular Library
Screening Centers, making it a practical method in screening compound
libraries for novel ligands and for system-wide affinity profiling of
proteins, viruses, or whole cells against diverse molecular targets.

INTRODUCTION

B

iomolecular microarrays have emerged as a leading highthroughput technology for system-wide biology such as
genomics,1–3 proteomics,4–11 glycomics,12–18 and small
molecule drug discovery.19–26 By immobilizing thousands
or tens of thousands of molecular targets as distinct features on a
solid support and simultaneously exposing all the targets to a probe
solution of interest, chemical reactions of the probe with the targets
are assayed at the same time. In situ synthesis is used to produce
high-density peptide and oligonucleotide microarrays.27 For major-

ity of biomolecules including cDNA, proteins, carbohydrates, lipids,
and small molecule compounds, contact-printing techniques are
employed to fabricate target microarrays on chemically functionalized glass slides.28,29 Printed microarrays easily have 10,000 to
35,000 features (or spots) over an area of 8–20 cm2. The significance
of these large target microarrays to system-level biology is obvious
considering that the human genome has 25,000 protein-encoding
genes,30,31 the yeast proteome has 6,000 proteins,5,32 libraries of
recombinantly expressed immunoglobulins (IgG) are typically of the
order of 10,000 or smaller,33,34 and libraries of small molecule
compounds typically have 104–106 molecules.
So far, most microarrays are detected with fluorescence scanners,
wherein solution-phase probe molecules are modified with a fluorescent label or an affinity tag before incubation with the microarray.
After the incubation under specific conditions (e.g., probe concentration, incubation time, temperature, and secondary reaction of affinity
tags), the unbound probes are removed by washing before the ‘‘reacted’’ microarray is read with a fluorescence scanner. Such ‘‘endpoint’’
measurements do not provide information on reaction kinetic rate
constants (the true measure of binding affinity) and the results may
vary significantly when the target density on a microarray varies, a
common occurrence for printed microarrays. Furthermore, depending
upon the reaction rate constants, the reaction endpoints can vary as
incubation conditions change. For example, relative affinity assessment based on endpoint fluorescence intensity often assumes that
probe-target complexes increase linearly with time up to the end of
incubation and that the complexes survive postreaction washing.
Without the information on the association rate constants a priori, one
needs to confirm experimentally the linear regime before the endpoint
data can be so interpreted. In addition, without the information on
dissociation rate constants, one cannot properly assess those probetarget complexes that do not survive post-incubation washing. The
remedy to these drawbacks associated with endpoint assays is to observe binding reactions in real-time instead. In this case, one measures
binding curves of the probe to immobilized targets during association
and dissociation phases of reactions and extracts reaction rate constants from these curves as characterizing parameters of probe-target
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against mouse IgG; GT a-RB, polyclonal goat IgG against rabbit IgG; HM, human IgG; IB, iminobiotin; IgG, immunoglobulins; Mal, maltose; Metal, metallothionein; Meth,
Methamphetamine; Morph, morphine; MS, mouse IgG; OI-RD, oblique-incidence reflectivity difference; PB, phenobarbital; PB-BSA, phenobarbital-BSA; PBS, phosphate
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interactions. We will show as is expected that measurements of
binding kinetic constants are independent of target density variation
in a microarray. Furthermore from binding curves, one can assess
other issues such as avidity, heterogeneity, mass transport, and conformational changes that are difficult to address by endpoint assays.
Fluorescence-based methods are seldom used for real-time binding
curve measurements due to photobleaching suffered by many fluorescent tags and the potential effect of these tags on intrinsic association and dissociation rate constants.35 Label-free optical biosensing
methods, such as surface plasmon resonance reflectometry (SPR),36–42
reflection interference spectroscopy,43–45 dielectric wave guide reflectometry,46–49 and imaging ellipsometry,50–54 complement fluorescence-based detection by doing away with labeling and providing
both endpoint and kinetic measurements of binding reactions. However, these biosensors only detect a small number of reactions (no
more than a few hundred reactions) at a time and often require special
(and costly) sensor surfaces. As a result, they are not suitable for large
microarray detection with 10,000 or more immobilized targets.
In this report we demonstrate an ellipsometry-based optical sensor
platform capable of simultaneous measurement of binding curves of
a probe with 10,000 targets immobilized on a functionalized glass
slide. This development advances microarray technology from an
endpoint assay to a true binding affinity assay platform with a potential to assay over 50,000 targets in one day.
The summary of this detection platform is illustrated in Fig. 1. Molecular targets expressing specific epitopes are immobilized in form of a
microarray on an epoxy-functionalized glass slide using a contactprinting robot. The unprinted surface is blocked with macromolecules

Fig. 1. Summary of a scanning ellipsometry-based detection of
endpoints and real-time association–dissociation curves of protein
probes with surface-immobilized targets in form of a large microarray on an epoxy-functionalized glass slide. The changes in
thickness d and coverage H or surface mass density C of the target
layer as a result of binding reaction cause extra changes in magnitude (Dr = r - r0) and phase (Dd = d - d0) of an incident light beam
(E0) upon reflection from the target-covered surface. r0 and d0 are
magnitude and phase changes due to reflection from the ‘‘bare’’
glass surface in the absence of the target-probe layer. The present
ellipsometry-based detection platform measures Dr and Dd in realtime from all immobilized targets.

that do not express the epitopes. By incubating the microarray in a
solution of protein probes that specifically recognize the epitopes, the
probes become captured by the immobilized targets, causing the
thickness d or coverage H or generally the surface mass density C (gm/
cm2) of the immobilized target layer to change. The endpoint and/or
real-time evolution of such a change lead to extra changes in magnitude
and phase of an incident monochromatic light beam upon reflection
from the glass surface. We directly measure the extra magnitude change
Dr and extra phase change Dd as fluorescenceless measures of the
protein-target binding reactions.

METHODS AND MATERIALS
Oblique-Incidence Reflectivity Difference Scanning
Microscope
Our optical sensor platform for large microarray detection is a
scanning optical microscope based on polarization-modulated
oblique-incidence reflectivity difference (OI-RD).26,55–57 It does not
require specially structured substrates such as gold films or dielectric
waveguides for detection, and has a large ‘‘field of view’’ (presently
*10 cm2). It is thus fully compatible with large microarrays printed
on inexpensively functionalized glass slides. Compared to imaging
ellipsometers based on polarizer-compensator-sample-analyzer
schemes,50–54 the OI-RD scanning microscope is inherently more
sensitive to surface-bound changes (e.g., thickness and mass density)
by more than one order of magnitude.58
The arrangement of our scanning OI-RD microscope used in
this work is briefly described here (Fig. 2). A scan lens focuses a
polarization-modulated He-Ne laser beam (k = 633 nm) to a 30-mmdiameter spot on the back surface of a glass slide printed with a target
microarray. The incidence angle is h = 36.6 in the glass slide. The back
surface is in contact with an aqueous solution in a fluidic chamber.
Images of the microarray are obtained by raster scanning the beam
across the back surface at a step size of 20 mm with a combination of a
galvanometer mirror and the scan lens along the y-axis and by moving
the microarray fluidic assembly relative to the beam along the x-axis
with a linear stage. Image ‘‘contrast’’ is based upon the polarization
change of the laser beam upon reflection from the back surface,50,52
described by the ratio of reflection coefficients for p- and s-polarized
components of the beam, rp/rs = tanw$exp(id). An OI-RD scanning
microscope directly measures the polarization change. When solutionphase probes bind to immobilized targets on the glass surface, the
surface mass density (mass per unit area) of the target layer C changes
and in turn alters rp/rs. When the target, the probe, and the glass slide
are transparent at the optical wavelength k, the change in C primarily
alters the phase d (see Supplementary Data for detailed description of
Dd measurement; Supplementary Data are available online at
www.liebertonline.com/adt) as follows,55,59,60
Dd @
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es, e0, and ed are the optical dielectric constants of the glass slide, the
aqueous solution, and the probe-target layer, respectively. q = 1.35 g/
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subset of pixels on the microarray surface as follows. We select one
pixel from each target spot as the signal channel and two pixels from
the unprinted region on two sides of the target as the reference
channels. Each reference channel is shared by two neighboring signal
channels. The signal and reference pixels along vertical and horizontal lines form a rectangular readout grid. For a 9,216 (64 · 144)spot microarray, the readout grid has 9,216 target channels and 9,360
reference channels. We scan these channels in every 20–70 s. The
optical signal Dd from a signal channel minus the averaged optical
signal from the two neighboring reference channels yields the
background-corrected signal for the target. This procedure compensates for instrumental drift, ambient refractive index changes,
and flow-induced signal transients. The time series of the backgroundcorrected signal from a target collected during the course of a reaction form a binding curve of the probe against the target.

Microarray Targets and Probes

Fig. 2. (a) Optical layout of the scanning OI-RD microscope. A
functionalized glass slide with a microarray printed on the bottom
surface is installed in a fluidic chamber assembly. An illumination
laser beam is raster swept across the microarray with a scan mirror
assembly for y-scan; a linear translation stage moves the fluidic
chamber assembly with respect to the illumination optics in the
orthogonal direction for x-scan. (b) The fluidic chamber assembly
showing the 2 cm · 4 cm accessible area of the glass slide. (c) Side
view of the microscope illustrating the y-scan. OI-RD, oblique-incidence reflectivity difference.
cm3 is the volume mass density of globular proteins.61 With typical
values of es = 2.31, e0 = 1.77, and ed = 2.03, a probe-target layer with
C = 1 ng/mm2 yields Dd = - 2.3 · 10 - 3. The current limit of our OI-RD
microscope is jDdj & 2 · 10 - 5, corresponding to a surface mass
density of protein probes in the order of *10 pg/mm2. It is not yet as
sensitive as surface-plasmon-resonance or waveguide-based sensors
since we have not yet utilized the resonance-like enhancement factor
1/(cot2 h - es/e0) in Equation (1). However, the high throughput and
low operation cost of the OI-RD scanning microscope for compound
screening are the major merits when compared to these other labelfree detection methodologies.
For simultaneous measurement of binding curves of a probe to
thousands of immobilized targets, we perform repeated scans of a
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Targets. Bovine serum albumin (BSA), human IgG (HM), mouse IgG
(MS), rabbit IgG (RB), and polyclonal goat IgG against human/
mouse/RB (GT anti-HM, GT anti-MS, and GT anti-RB) were
purchased from Jackson ImmunoResearch Laboratories. Methamphetamine-BSA, tetrahydrocannabinol-BSA, and morphine-BSA
conjugates were purchased from Biodesign International. Theophylline-BSA, phenobarbital-BSA (PB-BSA), and digoxin-BSA
were purchased from Fitzgerald Industries International, Inc.
Metallothionein (Metal) and biotin-N-hydroxysuccinimidyl ester
(NHS-biotin ester) were purchased from Sigma-Aldrich.
We prepared biotin-BSA (B-BSA) conjugates by reacting NHSbiotin ester with a BSA solution in 0.1 M NaHCO3. The loading of
biotin was controlled by the molar ratio of the NHS-biotin ester to
BSA that ranged from 5 · , 10 · , 20 · , up to 40 · . Excess free biotin
was removed by dialysis. We prepared iminobiotin-BSA conjugates
similarly. We made 2,4-dinitrophenol-BSA conjugates with a previously described method.25 We also made glucose-BSA and maltose-BSA by reductive amination at pH 8.0.62
Probes. Monoclonal mouse anti-biotin IgG was purchased from
Jackson ImmunoResearch. Monoclonal mouse anti-methamphetamine, anti-tetrahydrocannabinol, anti-phenobarbital, and antitheophylline IgG were purchased from Biodesign. Monoclonal
mouse anti-morphine IgG was purchased from Fitzgerald Industries. Polyclonal goat anti-2,4-dinitrophenol was purchased
from Sigma-Aldrich. Concanavalin A was purchased from Vector
Laboratories.

Microarray Fabrication and Reaction
Microarrays of 9,216 (64 · 144) or 10,880 (68 · 160) targets were
printed on epoxy-functionalized glass slides (ArrayIt Corporation)
using an OmniGrid 100 contact-printing robot (Digilab). Each
microarray covers a 2 cm · 4 cm area. A printed microarray without
further processing was installed in a fluidic chamber assembly (Fig.
2) and imaged with the OI-RD scanner before exposed to a buffer
solution. The large optical signals from printed materials including
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the buffer salts were used (i) to align the
microarray axes to the scan axes and (ii) to
generate a rectangular readout grid for real-time
binding curve measurement and image analysis
(see Supplementary Data for details). It takes
18 min to acquire an OI-RD image of an 8-cm2
area with a pixel size (scan step size) of
20 mm · 20 mm. The microarray was then washed
in situ by passing several milliliters of
1 · phosphate buffered saline (PBS) buffer
through the fluidic chamber and imaged again
for a record of the target density. Next, the
washed microarray was exposed to a solution of
7.6 mM BSA (0.5 mg/mL) in 1 · PBS for 30 min to
quench unreacted epoxide groups to prevent
nonspecific binding of subsequent probes to the
unprinted surface. After BSA blocking, the microarray was kept in 1 · PBS and ready for
binding reactions.
All binding reactions were performed at
ambient temperature (nominally 25C). For
each reaction, we first passed 1 · PBS buffer
through the fluidic chamber at 0.01 mL/min for
30 min to acquire the baseline. Next, the buffer
was quickly replaced with a probe solution at
5 mL/min for 12 s. The flow rate of the solution
was then reduced to 0.01 mL/min to allow the
probe to react with the microarray at a constant
concentration for 30–60 min (association phase Fig. 3. OI-RD image of a biotinylated BSA microarray (64 · 144 spots) acquired after the
of the reaction). Afterward, the probe solution microarray is washed with 1 · PBS buffer. The image pixel size is 20 mm and the centerwas quickly replaced with 1 · PBS buffer at to-center spacing of the spots is 250 mm. The inset is a magnified view that displays the
5 mL/min for 12 s. The flow rate of the buffer discrete readout points (red crosses) used during real-time experiments. PBS, phosphate buffered saline.
was subsequently reduced to 0.01 mL/min to
allow the captured probe to dissociate from the
microarray for 60 or 90 min (dissociation phase
RESULTS AND ANALYSIS
of the reaction). We acquired OI-RD images of the microarray beBinding Curves of a Protein Probe to a Microarray
fore and after the reaction. During the reaction, we repeatedly
with 9,216 Identical Targets
scanned the readout grid every 20–70 s to acquire binding curves
To demonstrate simultaneous detection of *10,000 binding
from all targets. We note that if the association and/or dissociation
curves with the OI-RD scanning microscope, we performed the
for some of the reactions take minutes or less to finish, the assoreaction of mouse anti-biotin IgG with a microarray with 9216
ciation–dissociation curves of these reactions (much fewer than
identical B-BSA targets. The targets were printed from a B-BSA
10,000) can be revisited on a separate but same microarray in a
solution at 1.6 mM in 1 · PBS. Figure 3 shows the OI-RD image of
‘‘cherry-picking’’ mode with a time step as short as a few seconds,
the microarray in 1 · PBS after excess printed material was walimited only by how quick the buffer is replaced by the probe soshed off. The surface mass density of the target layer averaged
lutions and vise versa.

‰
Fig. 4. (a) 288 out of 9,216 simultaneously acquired OI-RD measurements of anti-biotin IgG (33 nM) binding to biotinylated-BSA microarrays. After a 30-min baseline measurement, the association reaction was monitored for 60 min (probe solution flowed starting at
t = 0 min) and the dissociation reaction was monitored for 90 min (buffer solution flowed starting at t = 60 min). (b) Anti-biotin IgG binding
curve sets (33 nM, 100 nM, and 300 nM) were acquired separately with fresh microarrays. For global curve fitting analysis of the data,
binding curves from corresponding spot locations in each dataset are collected together as shown here (red curves = 33 nM, green
curves = 100 nM, blue curves = 300 nM).
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N (t) = N0 

kon C
(1 - e - (kon C + koff )t0 )e - koff (t - t0 )
kon C + koff
(2b)

for t > t0. N0 is the maximum number of probes
that can be captured per unit target area. It depends on factors such as the target density,
geometric shapes and orientations of targets and
probes. The surface mass density C in Equation
(1) is proportional to N(t) and as a result
Dd(t) = c · N(t). c is a function of optical parameters displayed in Equation (1), and the volume
mass density and molecular weight of the probe.
We extract reaction rate constants kon and koff by
fitting binding curve sets to Equations (2a) and
(2b) simultaneously. Generally, N0 varies from
spot to spot in a microarray and from microarray
Fig. 5. Experimental equilibrium association constants Ka of mouse IgG (MS) anti-biotin to microarray due to variation in wetting propprobe binding to 9216 B-BSA targets, displayed in the same layout as the target mi- erties across a functionalized glass surface and in
croarray (Fig. 3). The equilibrium association constant at each microarray address is the liquid delivery of contact printing. As a redetermined by Ka = kon/koff, where kon and koff are the global fitting parameters deter- sult, we treat N0 as a fitting parameter that may
mined from the corresponding binding curve set (Fig. 4). IgG, immunoglobulins.
vary from curve to curve within a set while
treating kon and koff as common (global) parameters to all three curves of the set.63–65 Details are described in
over the spot is 3.0 – 0.5 ng/mm2, corresponding to a full monoSupplementary Data.
layer of B-BSA (a side-on oriented BSA monolayer has a surface
We computed the equilibrium association constants Ka = kon/koff
mass density56 of *2 ng/mm2). The variation within a spot is
from the fitting parameters kon and koff for all 9,216 reactions. In
– 1.3 ng/mm2. Figure 4a displays 288 of 9,216 simultaneously
Figure 5, we display Ka of mouse anti-biotin IgG reaction with 9216
acquired binding curves at the MS concentration of C = 33 nM in
B-BSA targets in the same layout as the target microarray (Fig. 3).
1 · PBS. Each curve records the change in OI-RD signal and in
This is the first equilibrium association constant map obtained from
turn, through Equation (1), the change in surface mass density of
simultaneous measurement of 9216 binding curves on a microarray
the probe-target layer. The average surface mass density of capplatform. Except for the upper-right corner of the microarray where
tured IgG molecules at saturation is 5 ng/mm2, so that on average
the binding curves showed little dissociation (due to the insufficient
every two immobilized B-BSA molecules captured one IgG molbuffer flow from left to right during the dissociation phase), the
ecule. This is the first report where binding curves were recorded
equilibrium association constants have a mean of 0.43 nM - 1 and a
for *10,000 features in a microarray in a single measurement. By
standard error of – 0.13 nM - 1, or Kd = 1/Ka = 2.3 nM – 0.7 nM. Since
repeating the binding curve measurement at the MS concentrathe targets are of the same material, the standard error represents the
tions of C = 100 nM and 300 nM in two separate measurements, we
uncertainty if a single B-BSA spot in a microarray is used to measure
obtained 9,216 sets of binding curves, each set corresponding to
the equilibrium association constant to the probe. Given the inherent
the probe reaction with a distinct target at three probe concenvariations in contact-printed microarrays as described previously,
trations. Figure 4b displays 288 of 9,216 binding curve sets.
the precision of this high-throughput kinetic constant assay is reThe 9,216 binding curve sets were analyzed to yield the reaction
markably satisfactory. The slight decrease in Ka in Figure 5 from left
kinetic rate constants using the Langmuir reaction model. In this model
to right is presumably the result of the depletion effect. The result can
solution-phase probes are assumed to bind to surface-immobilized
be used to quantify the depletion effect along the length of the sample
targets at a rate proportional to the probe concentration C, konC. The
chamber.
captured probes can dissociate from probe-target complexes at a rate
koff, independent of C. When the probe solution is introduced to the
microarray at t = 0 and then replaced with 1 · PBS at a later time t = t0,
Binding Curves of Multiple Probes to a 10,880-spot
the number of captured probes per unit target area is
Microarray with Different Targets Printed Over a Range
N (t) = N0 
for t < t0 and


kon C 
1 - e - (kon C + koff )t
kon C + koff

of Concentrations
(2a)

We applied this binding kinetic constant assay to a 10,880-spot
microarray with a diversity of 24 target types, each printed in concentrations ranging from 0.5 mM to 16 mM so that the target density
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the target density, and its value of 2.7 nM - 1 compares well with the
changes intentionally by a factor of 20. Figure 6 shows the OI-RD
image of such a microarray in 1 · PBS after excess printed materials
affinity constant of *20 nM - 1 for monoclonal mouse anti-drug IgG
were washed off. The microarray consists of 16 identical subarrays,
molecules available from Fitzgerald Industries International, Inc.
with the 24 targets in each subarray laid out as shown in the inset of
(www.fitzgerald-fii.com/Products?pId9&sId = 21). This validates the
Figure 6. Each target was printed in quadruplicate and at six printing
notion that reaction rate constants obtained from global fitting
concentrations, changing two-fold from 16 mM
to 0.5 mM. The targets include (i) B-BSA with different amounts of conjugated biotin, (ii) carbohydrate-BSA conjugates (glucose and maltose),
(iii) drug-BSA conjugates, and (iv) whole IgG
molecules. Border columns and rows were printed with BSA at 1.6 mM as controls. The real-time
readout grid consisted of a total of 10,240 target
channels (some BSA rows were skipped) and
10,880 reference channels, and was raster scanned every 22 s to obtain 10,240 binding curves.
The microarray was reacted sequentially
with multiple protein probes. They were, in order
of reaction, anti-phenobarbital IgG, concanavalin A (lectin), anti-theophylline IgG, anti-biotin
IgG, anti-tetrahydrocannabinol IgG, antimorphine IgG, anti-dinitrophenol IgG, and antimethamphetamine IgG. The reaction sequence
was repeated on separate fresh microarrays to
obtain binding curve sets for four probe concentrations of 300 nM, 100 nM, 33 nM, and
11 nM. The binding curve measurement consisted of a 30-min baseline in 1 · PBS, a 30-min
association phase in a probe solution, and a 60min dissociation phase in 1 · PBS under the
same flow conditions as described previously.
In Figure 7, we show the Ka map of anti-biotin
IgG reactions with 10,880 targets. In Figure 8, we
show the Ka map of anti-phenobarbital IgG reactions with the same 10,880 targets. Zooming in
on one subarray, we note that except for targets
printed at the highest concentration of 16 mM
(see Sun et al.,25 who reported that at high
printing concentrations and thus high immobilized target densities, the association rate of
a solution-phase protein probe to the surfacebound targets deviates considerably from the
rate obtained at lower printing concentrations,
partly due to stereo-hindrance effect), Ka = 0.53 Fig. 6. OI-RD image of a ligand microarray (68 · 160 spots) acquired after washing the
nM - 1 of anti-biotin IgG to immobilized B-BSA is microarray with 1 · PBS buffer, but before further reaction of the microarray. The image
pixel size is 20 mm and the center-to-center spacing of the spots is 250 mm vertically and
essentially the same even when both the target 225 mm horizontally. The red lines in the top panel show the outlines of 16 identical
density and the amount of captured IgG mole- subarrays and the inset shows the detailed spot layout of each. Each target type was
cules vary by a factor of 10–20. The magnitude is printed in quadruplicate in six different printing concentrations ranging from 16 mM (left)
very close to the bulk value of 0.59 nM - 1 re- to 0.5 mM (right). BSA borders and unprinted spots are also included as controls. B-BSA,
ported by Jung et al.66 and is 2.5 · the value biotin-BSA; Dig, digoxin; DNP, 2,4-dinitrophenol; Glc, glucose; GT a-HM, polyclonal goat
IgG against human IgG; GT a-MS, polyclonal goat IgG against MS; GT a-RB, polyclonal
reported by Adamczyk et al. in an SPR mea- goat IgG against rabbit IgG; HM, human IgG; IB, iminobiotin; Mal, maltose; Metal,
surement.67 The Ka of anti-phenobarbital IgG to metallothionein; Meth, Methamphetamine; Morph, morphine; PB, phenobarbital; RB,
immobilized PB-BSA is similarly independent of rabbit IgG; THC, tetrahydrocannabinol; THP, theophylline.
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affinity. Similar findings for the other protein
probes are described in Supplementary Data.

DISCUSSION AND CONCLUSION
Microarray-based binding assays have so far
been successfully applied to parallel studies of
multiple biomolecular interactions,10,17,68 particularly to screening molecular libraries for protein
ligands of interest.5,11,18,23,24 This platform will
profit enormously from real-time binding curve
detection capability that directly yields reaction
rate constants (intrinsic characteristics of biomolecular interactions) with essentially the same
throughput. Since extraction of kinetic rate constants from binding curve sets is insensitive to the
immobilization target density, binding curve assays solve the problem of target density variation
that often plagues microarray-based endpoint asFig. 7. Experimental equilibrium association constants Ka of MS anti-biotin probe says. As a bonus, OI-RD images of a target microbinding to 10,880 targets, displayed in the same layout as the target microarray
(Fig. 6). The white lines show the outlines of the 16 identical subarrays and the 4 · 6 array acquired before and after BSA blocking in
fact provide a label-free measure of the target
blocks of spots printed with different concentrations of a particular target type.
density.56 Furthermore, binding curve assays detect
those probe-target reactions with high dissociation
rates that are easily missed in endpoint assays as a
result of post-incubation washing. Though not
elaborated here, real-time binding curves reveal
other concurrent or sequential processes such as
dissociation or conformational change of targets
and the presence of multiple configurations of
probe-target complexes (due to multiple binding
pockets on a probe or multiple binding site presentation of the immobilized target) that are essentially beyond the reach of endpoint assays.
As to whether the present binding constant assay platform has the suitable throughput for largescale molecular library screening, we observe that
with one OI-RD scanning microscope, we can obtain binding curves of one protein probe to 50,000
targets (immobilized as 4 microarrays) at one
concentration in one day. With three such OI-RD
scanning microscopes, we can obtain 50,000 sets of
binding curves at three probe concentrations to
Fig. 8. Experimental equilibrium association constants Ka of MS anti-phenobarbital yield Ka of the probe to the 50,000 targets in a day.
probe binding to 10,880 targets, displayed in the same layout as the target microarray This means that we should be able to measure the
(Fig. 6). The white lines show the outlines of the 16 identical subarrays and the 4 · 6 equilibrium association constants of a single probe
blocks of spots printed with different concentrations of a particular target type.
to 250,000 molecular targets in one week. This
promises a new era for massive parallel characterization of biomolecular interactions.
binding curves are not and should not subject to ubiquitous target
We recently immobilized 8,000 drug-like small molecules (from
density variation in a contact-printed microarray and is independent
NCI/DTP) on isocyanate-functionalized glass slide surfaces and
of which pixel within a printed spot is used for binding curve meascreened these compounds for ligands of vascular endothelial growth
surement. It confirms that our present microarray-based kinetic
factor (VEGF) with inhibitory effect against VEGF-KDR binding reconstant assay is a robust platform for characterizing protein-ligand
action using this microscope. The result demonstrated that the
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method described in this article would work equally well for druglike compounds as surface immobilized targets.
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