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Monoclonal antibodies (mAbs) against human proteins are the primary protein capture reagents for basic research,
diagnosis, and molecular therapeutics. The 2 most important attributes of mAbs used in all of these applications are
their speciﬁcity and avidity. While speciﬁcity of a mAb raised against a human protein can be readily deﬁned based on
its binding proﬁle on a human proteome microarray, it has been a challenge to determine avidity values for mAbs in a
high-throughput and cost-effective fashion. To undertake this challenge, we employed the oblique-incidence
reﬂectivity difference (OIRD) platform to characterize mAbs in a protein microarray format. We ﬁrst systematically
determined the Kon and Koff values of 50 mAbs measured with the OIRD method and deduced the avidity values.
Second, we established a multiplexed approach that simultaneously measured avidity values of a mixture of 9 monospeciﬁc mAbs that do not cross-react to the antigens. Third, we demonstrated that avidity values of a group of mAbs
could be sequentially determined using a ﬂow-cell device. Finally, we implemented a sequential competition assay that
allowed us to bin multiple mAbs that recognize the same antigens. Our study demonstrated that OIRD offers a highthroughput and cost-effective platform for characterization of the binding kinetics of mAbs.

Introduction
Protein affinity reagents are fundamental tools of both basic
and applied biomedical research. They are used for a wide range
of applications, including measurement of protein expression levels, detection of protein-protein and protein-nucleic acid interactions, and detection of disease biomarkers.1 For obvious reasons,
renewable affinity reagents, such as monoclonal (mAb) and
recombinant antibodies, that each recognize a single protein epitope, are desirable for most applications.2,3
Specificity and avidity are the 2 most important attributes for
affinity reagents. Ideally, a renewable affinity reagent should be
of both high specificity and high affinity. However, previous
studies demonstrated that many commercially available mAbs
cross-react extensively with other cellular antigens, and some may

not even recognize their purported targets.4-7 To analyze the
specificity of antibodies generated against viral,8 microbial9,10
and mammalian proteins,11-14 a protein microarray-based
approach has been previously reported to determine potential
cross-reactivity. For example, protein microarrays, composed of
protein epitope signature tags (PrESTs), have been implemented
as part of the Human Protein Atlas projects, one of the several
ongoing large-scale efforts to systematically identify high-grade
antibodies against much of the human proteome.15-18 With
advances in proteome microarray technology, such as the E. coli,
yeast, and HuProtTM arrays, specificity of an antibody can now
be surveyed against the entirety or majority of an organism’s proteome.9,19-21 Mono-specificity of an antibody reagent is thus
established only when it recognizes a single antigen on a proteome microarray.9,21
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Measurement of a reagent’s affinity/avidity value, on the other
hand, is equally important. It is generally believed that high affinity antibodies are more biologically reactive than low affinity
antibodies, which is particularly important for antibody-based
therapeutics. Moreover, high affinity antibodies might be useful
for a variety of end uses, such as immunoprecipitation (IP),
immunohischemistry (IHC), immunocytochemistry (ICC), flow
cytometry, and chromatin immunoprecipitation (ChIP). Finally,
providing affinity values of commercial antibodies will enable a
new industrial standard in the antibody field and allow researchers to directly compare antibodies from different commercial
sources. However, a concern with high affinity antibodies (e.g.,
those with KD values in the low nanomolar range) has always
been the possibility of increased levels of potential cross-reactivity. Therefore, it is important to determine the affinity values for
mono-specific mAbs.
In the past, the quantitative aspects of antigen-antibody interactions have been studied with a variety of methods, such as enzymelinked immunosorbent assays (ELISA), isothermal titration calorimetry (ITC), and fluorescence anisotropy, which utilize either
thermodynamic or kinetic approaches.22 However, because these
assays require large amounts of the analytes and because they are
time-consuming and labor-intensive, they are not amenable to
high-throughput determination of affinity values.
To remedy this situation, we have employed an optical technique, termed oblique-incidence reflectivity difference (OIRD),
for quantitative measurement of antigen-antibody interactions.
Indeed, optical techniques of various types are emerging as an
important tool for monitoring the dynamics of biomolecule
interactions on a solid surface. For instance, imaging surface
plasmon resonance spectroscopy (SPR),23,24 imaging optical
ellipsometry (OE),25 and reflectometric interference spectroscopy (RIFS)26 are 3 label-free optical techniques that in essence
measure the same optical dielectric response of a thin film and
thereby detect changes of physical or chemical properties of the
thin film such as thickness and mass density during biochemical
reactions. Compared with the above 3 methods, the OIRD
technique is a more sensitive form of ellipsometry that measures
the difference in reflectivity between the s- and p-polarized
lights.27,28 It has a time resolution of 20 microseconds, a space
resolution (i.e., thickness) of 0.4 nanometer, and a detection
sensitivity of 14 fg of protein per spot. In addition, it also shares
other advantages of the SPR and OE methods, such as non-contacting, non-damage and label-free detection.29,30 Recently, the
OIRD technique has been applied to detect DNA hybridization, protein-protein, and protein-DNA interactions in a microarray format in a real-time fashion and these studies
demonstrated its potential as a high-throughput detection
method that can obtain association and dissociation rates of biomolecular interactions.30-32 However, no effort has been
reported to systematically determine the detection limit of
OIRD or to further transform it into a real high-throughput
platform via fully exploiting its potential in characterization of
binding kinetics. Therefore, we employed a large number of
mono-specific monoclonal antibodies that were raised against
human transcription factors, in order to demonstrate the
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development of OIRD as a fast and high-throughput platform
for characterization of antibody binding kinetics.

Results
Kinetics measurement of mAbs in a multi-channel flow cell
The basic layout of the OIRD system is sketched in Figure 1A
and 1C. A 632.8 nm wavelength p-polarized He-Ne laser beam
passes through a photo-elastic modulator (PEM), which modulates
the probe beam to oscillate between p- and s-polarization at a constant frequency V at 50 KHz, followed by passing a phase shifter
that introduces a variable phase between p- and s-polarization.
Then, the beam is focused on the glass surface at a 60 incident
angle (uinc). After a polarization analyzer, the reflected beam is
detected by a silicon photodiode. Finally, the first harmonic I (V)
and second harmonic I (2V) of the AC components after photodiode are simultaneously monitored by 2 digital lock-in amplifiers
(see Methods).30 The difference caused by changes in reflectivity
between the s- and p-polarized lights, namely the OIRD signal, is
“Dp¡Ds,” composed of both real and imaginary components.
Because the imaginary component, which is proportional to the
first I (V), is more sensitive on the epoxy slide, the imaginary part
of OIRD signal is determined as “Im{Dp¡Ds},” which is dependent on the incident angle (uinc) and the dielectric constants of the
ambient (e.g., liquid layer covering the antigen arrays), spotted
antigens, and substrate of the microarray (i.e., glass).33
To enable simultaneous monitoring of binding kinetics of mAbs
at different concentrations, we created a multi-chamber flow-cell for
the OIRD device (Fig. 1B). In this design, a rubber pad with 4 rectangular holes was mounted onto a glass slide to generate 4 chambers
that each contained an identical sub-array of immobilized antigens
(see Methods). A cover glass with 8 holes, half connected to the inlets
and the other half to the outlets, was then placed on top of the pad.
The whole assembly was then placed and tightened in the stainless
steel manifold with 4 inlet and 4 outlet tubings attached to the 8
holes on the cover glass (Fig. 1B). After the inlet tubings are connected to a buffer tank, the buffer can be pumped into the flow-cells
at a desired rate controlled by a dispensing peristaltic pump and the
waste collected through the outlets to the waste tank.
We next tested whether this flow-cell design can be used to
simultaneously measure the binding kinetics at different concentrations of 2 different mAbs, both raised against ZFYVE20, an
endosomal membrane protein that regulates protein trafficking.
As described above, purified ZFYVE20 proteins were printed in
quadruplicate on a glass slide to form 4 sub-arrays. After blocking
the antigen slides with 1% BSA in TBS buffer, a mono-specific
mAb 1E2 raised against ZFYVE20, was pumped into the flowcells at 3 different concentrations (i.e., 2.5, 5.0, and 10.0 mg/
mL). After the binding signals reach saturation as judged by the
OIRD sensorgram in real-time, wash buffers were pumped into
the flow-cells while the OIRD device continued to record the signals. As illustrated in Figure 1D, both on- and off-curves could
be readily obtained and extracted from original data for 1E2 at 3
different initial concentrations. Using a computer simulation
algorithm as reported previously,30 the Kon / Koff values were
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Figure 1. Multi-chamber ﬂow cell design for OIRD device. (A) Design of the ﬂow cell reaction chamber for the OIRD device. (B) Top: a custom-made
scaffold is made of stainless steel with 4 inlets and outlets attached. Bottom: A rubber pad (orange color) with 4 rectangular holes was mounted onto a
glass slide to generate 4 chambers that each contained an identical sub-array of immobilized antigens. (C) A picture of the OIRD device. (D) Fitted OIRD
sensorgrams obtained at 3 concentrations of anti-ZFYVE20 mAbs using the ﬂow cell device.

determined for each concentration of the added 1E2. By taking
the Kon / Koff ratio at each concentration, the deduced average KD
value of 1E2 was determined as 28.0 nM. When the same procedure was applied to another mono-specific mAb 1C3 against
ZFYVE20, its avidity values was determined to be 34.9 nM
(Fig. S1). Therefore, the multi-flow-cell design allowed rapid
measurement of KD values.
To establish the OIRD method as a high-throughput platform for avidity measurement of mAbs, we decided to determine
avidity values of 50 mono-specific mAbs raised against 19 different human antigens. Similar to the design described above, each
purified antigen at 0.25 mg/mL was spotted in duplicate on an
epoxy-grafted glass surface using a microarrayer to form 4 subantigen microarrays on a single glass slide. After mounting the
flow cells, the antigen microarrays were blocked and a particular
mAb was pumped into the flow cells at 3 different concentrations
to obtain the Kon and Koff curves on the OIRD device. The KD
value of a given mAb was then calculated by taking the average of
the Koff / Kon ratios determined at different mAb concentrations.
Table 1 summarizes all of the obtained Koff and Kon values with
the deduced KD for the 50 mAbs. While the Koff values showed a
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wide dynamic range of > 5E C 06, the Kon values also varied
>50,000-fold (Table 1). More importantly, the deduced KD
values also showed a 9-log dynamic range, from 2.92 mM
(i.e., R359.1.1E4 against DBX2) to 3.80 fM (i.e.,
R451.1.4B4 against BATF), indicating that the sensitivity
and dynamic range of the OIRD platform are at least comparable to the existing technologies, such as SPR. Because the
entire procedure of measuring the kinetics of 50 mAb took
less than 3 hrs to accomplish, and because the consumption
of purified antigens was reduced to minimum, we conclude
that the OIRD platform offers a fast and economic method
for measuring affinity/avidity values of mAbs.
Multiplexed avidity measurement with the OIRD
To further improve the throughput of the OIRD platform, we
tested whether binding events for multiple mono-specific mAbs
could be monitored simultaneously, given that there was no
cross-reactivity among these mAbs (Fig. 2A). We selected 9
mono-specific mAbs raised against 9 different antigens that
showed highly specific interactions with the corresponding antigens without any detectable cross-reactivity as determined on our
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Table 1. Summary of binding kinetics of 50 mAbs
Hybridoma Id Antigen Ave. Kon(1/s) Ave. Koff(1/Ms)
R28.1.1A10
R159.1.4A11
R247.3.1A3
R16.1.2H10
R5.1.4C8
R5.2.1B7
R160.1.1C8
R160.2.1C11
R16.1.2H10
R21.1.1E9
R159.4.4B5
R5.1.4C8
R5.2.1B7
R160.1.1C8
R157.1.3D4
R157.1.3H3
R157.1.3H1
R270.2.1D3
R270.2.1E7
R270.2.1F10
R270.2.2B2
R160.2.1C11
R154.1.3E10
R154.1.4A4
R147.1.2D9
R159.4.4B5
R148.2.1E2
R148.2.2E3
R148.2.1C3
R148.2.2B9
R159.4.1B8
R147.1.2D9
R567.1.1D6
R567.1.1C7
R567.1.1E5
R567.1.1B6
R567.1.2A7
R567.1.2D3
R567.1.1C5
R567.1.2A1
R451.1.1C10
R451.1.4G2
R451.2.2E8
R451.2.1E10
R451.1.4B4
R451.2.1H7
536.2.1D9
R359.1.1E4
R435.1.1A11
R329.1.4D10

HES1
HES1
HES1
STAT2
TGIF1
FOXO3
L3MBTL4
TSC22D4
STAT2
ARID3A
ZNF18
TGIF1
FOXO3
L3MBTL4
NRF1
NRF1
NRF1
ZNF639
ZNF639
ZNF639
ZNF639
TSC22D4
TSC22D4
TSC22D4
COPS3
ZNF18
ZFYVE20
ZFYVE20
ZFYVE20
ZFYVE20
PIKFYVE
COPS3
CXXC1
CXXC1
CXXC1
CXXC1
CXXC1
CXXC1
CXXC1
CXXC1
BATF
BATF
BATF
BATF
BATF
BATF
CEBPE
DBX2
DVL3
BSX

415000
4430
30500
499000
555000
362000
29000
378000
499000
209000
641000
555000
362000
29000
39900
15100
33400
10400
29600
4070
19600
21400
45600
43600
85300
486000
308000
261000
127000
871000
31500
85300
57400
72700
382000
62800
118000
47900
444000
25600
85000000
82300
98000
23500
163000
62600
2350
1500
135000
411000

0.00371
0.00149
0.00157
0.00199
0.00288
0.0031
0.00545
0.00389
0.00199
0.00519
0.00357
0.00288
0.0031
0.00545
0.00157
1.4E-08
3.65E-09
1.09E-08
0.000189
0.000785
1.48E-08
0.0011
0.000929
0.000339
8.2E-09
0.00224
0.00528
0.00554
0.00356
0.00268
0.00296
8.2E-09
1.09E-09
0.00637
0.00139
0.00511
0.00387
0.00208
2.51E-08
0.00237
0.00236
2.74E-08
0.00412
1.21E-08
2.42E-09
0.00419
4.49E-08
0.00438
0.0028
0.006

KD(M)
3.83§0.29E-09
9.75§7.02E-08
5.82§2.05E-08
1.04§0.57E-08
3.72§4.09E-09
7.78§0.27E-09
5.42§2.00E-08
1.48§0.70E-08
1.04§0.57E-08
1.11§0.63E-08
4.12§1.17E-09
3.72§4.09E-09
7.78§0.27E-09
5.42§2.00E-08
5.17§1.40E-09
9.4§2.50E-12
<1.0E-13
2.9§0.30E-12
6.63§4.12E-09
3.12§2.92E-08
5.60§4.20E-13
1.48§0.70E-08
3.27§3.14E-08
4.62§3.51E-09
5.5§4.90E-13
4.12§1.17E-09
4.20§2.46E-08
3.08§1.01 E-09
3.49§0.45E-08
1.98§0.51E-08
1.02§0.76E-07
5.50§4.90E-13
<1.0E-13
9.58§5.64E-08
6.96§5.01E-09
8.19§5.05E-08
3.27§3.03E-08
7.27§6.38E-08
3.93§1.30E-13
3.54§3.00E-07
2.77§1.85E-07
4.36§2.05E-13
4.21§0.90E-08
3.43§2.00E-13
3.80§3.78E-15
1.90§0.84E-07
1.90§1.00E-11
2.92§2.70E-06
1.54§1.03E-08
4.04§3.02E-07

HuProtTM arrays in a mAb-binding assay (data not shown).21
The 9 antigens were printed in duplicate to form the antigen
microarrays (Fig. 2B); the 9 mAbs were mixed at 3 different concentrations of 6, 3, and 1.5 mg/mL. After blocking, mixtures of
the 9 mAbs were pumped into the flow cells while the binding
kinetics were measured in real-time. As expected, each of the 9
mAbs showed different shapes in the OIRD sensorgrams
(Fig. 2B; Fig. S2A, S2B) and the deduced KD values covered a
wide range (Table S1), indicating the success of the assay.
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Sequential avidity measurement with the OIRD
Because our ultimate goal is to achieve fully automated measurement of antibody avidity, non-interrupted sequential measurement of antigen-antibody binding kinetics is highly
desirable. In addition, it is particularly useful when multiple
monoclonal antibodies against the same antigen are to be characterized. To test its feasibility on the OIRD system, a protein
microarray composed of 3 antigens, TSC22D4, ZNF18, and
NRF1, and a negative control protein BSA, was formed to test
whether the KD values of their corresponding mAbs could be
determined sequentially. After blocking the microarrays, a 2-D
OIRD image was obtained (Image (1); Fig. 3A). Next, binding
buffer containing 15 mg/mL of anti-TSC22D4 mAb was
pumped into the flow cell, while the real-time OIRD signals
were being recorded until the very end of all the binding events.
After the on-curve reached saturation, wash buffer was pumped
in until the off-curve was stabilized, at which point the second 2D OIRD image was obtained (Image (2); Fig. 3A). Without
regenerating the surface, an anti-ZNF18 mAb at the same concentration was pumped into the flow cell, and the entire measuring process was repeated, resulting in Image (3) (Fig. 3A).
Finally, the same procedure was repeated for anti-NRF1 (Image
(4); Fig. 3A). Because OIRD measures the binding events by taking differences in the OIRD signals, the binding results of antiTSC22D4 mAb could be visualized by subtracting Image (1)
from Image (2) (lower left panel; Fig. 3A). Likewise, specific
binding of anti-ZNF18 and anti-NRF1 mAbs was measured by
subtracting Image (2) from (3), and Image (3) from (4), respectively (Lower middle and right panels; Fig. 3A). To ensure reproducibility, the same binding assays were performed at 2 lower
concentrations (Fig. 3B). Only the expected antigen spots were
detected in each sequential binding event, with no detectable signals observed on BSA spots or empty areas (Low panels;
Fig. 3A), indicating the success of the design and little to no
interference between different mAbs.
More importantly, real-time kinetics for all 3 mAb could be readily obtained during the entire binding and washing steps (Fig. 3B).
When the on- and off-curves of each mAb measured at 3 different
concentrations were plotted together, they all showed similar trend
and concentration-dependent changes in the shapes of the curves.
The small error ranges of the average values of the calculated KD for
each mAb indicated high reproducibility of the measurement.
Epitope binning using a competition assay
When multiple mAbs recognize the same antigen, determining their preference for the same or different epitopes on the target molecule becomes a crucial factor in their evaluation.
Separating these mAbs into groups (bins) with a common preference for the same epitope helps researchers further characterize
the specificity of the clones and their ability to block target activity, which can have far reaching effects on the mAbs’ efficacy and
pharmacokinetics. Once the sequential monitoring of binding
kinetics was established, we next tested whether the OIRD platform could be used to bin multiple mAbs raised against the same
antigen. In a proof-of-principle assay, we fabricated a protein
microarray by spotting 2 individual antigens, i.e., HES1 and
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Figure 2. Multiplexed avidity measurement of mono-speciﬁc MAbs. (A) Design of the multiplexed avidity measurement. Nine different antigens were
spotted to form the protein microarray. After blocking, 9 of their corresponding mono-speciﬁc mAbs were mixed at 3 different concentrations and
pumped into the reaction chamber to obtain their individual binding kinetics. (B) OIRD image of spotted 9 antigens. (C) OIRD sensorgrams of 9 antigenantibody interactions obtained simultaneously in a single reaction chamber.

NRF1, as well as a mixture of HES1 and NRF1. When an antiHES1 mAb was first pumped into the flow cell, 2 on-curves
could be immediately observed on the HES1 and HES1/NRF1
spots, but no binding signals could be detected on the NRF1
spot (left panel; Fig. 4A), as expected. The relatively weaker
OIRD signals on the HES1/NRF1 spot might reflect different
surface occupancy by the HES1. Next, after an anti-NRF1 mAb
was pumped into the flow cell, we observed an additional
increase in the OIRD signals on the HES1/NRF1 spot, as well as
the expected increase on the NRF1 spot, indicating a secondary
binding event happened on the HES1/NRF1 mixture spot. In
contrast, no further increase was observed on the HES1 spot. As
expected, a secondary increase in the OIRD signals at the HES1/
NRF1 spot was again observed when the order of application of
the same 2 mAbs against HES1 and NRF1 was reversed, suggesting this design is likely to work for binning the epitopes (right
panel; Fig. 4A).
To establish the epitope binning approach in a real case scenario, we collected 5 and 3 mAbs raised against HES1 and
HMGB1, respectively, to perform a pairwise comparison of their
binding ability to their antigens. For example, when anti-HES1
mAbs 1A3 and 4A11 were sequentially pumped into the reaction
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chamber, 4A11 showed a further increase in the OIRD signals,
suggesting that 4A11 either recognized a different epitope on
HES1 or possessed a stronger avidity than 1A3 such that it could
compete off 1A3 (upper leftmost panel; Fig. 4B). This ambiguity
was resolved by reversing the order of the 2 mAbs in the OIRD
measurement. The observation that 1A3 could not further
increase the OIRD signals after 4A11 was first pumped into the
reaction chamber confirmed that both mAbs recognized the same
epitope with quite different affinities (lower leftmost panel,
Fig. 4B). Indeed, additional pairwise OIRD measurement demonstrated that 4 mAbs 1B11, 4A11, 1A3, and 2C1 all recognized
the same epitope of HES1 and have relative affinities in the order
of 1B11>4A11>1A3>2C1 (Fig. 4B).
On the other hand, when anti-HES1 mAb 2E8 was tested
with 1B11, a secondary increase in OIRD signals were observed
regardless of the order in which they were applied, indicating
that they recognized different epitopes on HES1 (two leftmost
panels, Fig. 4C). This conclusion was further supported by the
similar observations when 2E8 was tested in pair with 4A11,
1A3, and 2C1 (Fig. 4C). In a parallel assay, we concluded that
mAbs 3B10 and 3A7 recognized different epitopes compared
with 6E1 on HMGB1 (Fig. S3).
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Figure 3. Sequential measurement of mAb avidity values. (A) 2-D images of the OIRD binding assay. After protein microarray composed of 3 antigens,
TSC22D4, ZNF18, and NRF1, and a negative control protein BSA, was formed and blocked with BSA, a 2-D OIRD Image (1) was obtained. Next, after
15 mg/mL of anti-TSC22D4 mAb was pumped into the reaction chamber and reached saturation, wash buffer was pumped in until the off-curve was stabilized, at which point the second 2-D OIRD Image (2) was obtained. Without regenerating the surface, anti-ZNF18 at the same concentration was
pumped into the reaction chamber, and the entire measuring process was repeated, resulting in Image (3). Finally, the same procedure was repeated for
anti-NRF1 to generate Image (4). Because OIRD measures the binding events by taking differences in the OIRD signals, the binding results of antiTSC22D4 mAb could be visualized by subtracting Image (1) from Image (2) (lower left panel). By the same token, the binding results of anti-ZNF18 and
anti-NRF1 mAbs were obtained by subtracting Image (2) from (3) (Lower mid panel), and Image (3) from (4) (Lower right panel), respectively. (B) Realtime kinetics for all 3 mAb were also obtained during the entire binding and washing steps. When the on- and off-curves of each mAb measured at 3 different concentrations were plotted together, they all showed similar trend and concentration-dependent changes in the shapes of the curves. The
calculated KD for each mAb are also shown.

Finally, to confirm the OIRD generated functional epitope
binning results, we employed the traditional antigen-capture sandwich ELISA and tested one pair of anti-HES1 mAbs and one pair
of anti-HMGB1 mAbs, each predicted by OIRD to bind distinct
epitopes on their targets. To do so, a capture mAb (e.g., 1B11 at
10 mg/mL) was first immobilized to an ELISA plate and blocked.
A dilution series of antigen HES1 was added and incubated, and,
after a wash step, biotinylated detection mAb (e.g., 2E8) at 2 mg/
mL was added to the plate, incubated, washed, and binding signals
detected by addition of streptavidin:HRP plus ABTS/H2O2 (see
Methods). When average ELISA signals were plotted against input
antigen concentration, a dose-dependent binding curve could be
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readily obtained and the signals reached saturation at higher antigen concentrations (Fig. 4D). Taken together, these results demonstrated that OIRD offers an effective method to rapidly bin
mAbs on the basis of their epitope recognition behavior.

Discussion
In this study, we established the OIRD platform as a highthroughput method that offers a reliable methodology to determine the avidity values of mAbs. Using a multi-flow-cell design,
we demonstrated that multiplexed measurements of binding
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Figure 4. Epitope binning using a competition assay. (A) A proof-of-principle assay.
A protein microarray was fabricated by
spotting 2 individual antigens, i.e., HES1
and NRF1, as well as a mixture of HES1
and NRF1. Left panel: An anti-HES1 mAb
was ﬁrst applied to the reaction chamber
(as indicated by the left blue vertical line)
and when OIRD signals reach saturation
on HES1 and HES1/NRF1 spots, an antiNRF1 mAb was pumped into the reaction
chamber (as indicated by the right blue
vertical line). Right panel: A similar assay
was performed by reversing the application of the 2 mAbs. (B) Epitope binning of
mAbs against HES1. Five mAbs raised
against HES1 were selected to perform a
pairwise comparison of their binding ability to their antigens. Because no additional increase of the OIRD signals was
observed when the order of application
of each mAb pair was reversed, they all
recognized the same epitope on HES1
with different avidity in the order of
1B11>4A11>1A3>2C1. (C) Anti-HES1
mAb 2E8 was found to recognize a different epitope by 1B11. When anti-HES1
mAb 2E8 was tested with 1B11, a secondary increase in OIRD signals were
observed regardless of the order in which
they were applied, indicating that they
recognized different epitopes on HES1
(Two leftmost panels). This conclusion
was further supported by the similar
observations when 2E8 was tested in pair
with 4A11, 1A3, and 2C1. (D) ELISA validation of the epitope binning results
obtained by OIRD. Using the traditional
antigen-capture sandwich ELISA, one pair
of anti-HES1 mAbs and one pair of antiHMGB1 mAbs were tested. Shown are
average ELISA signals plotted against
input antigen concentration, a dosedependent binding curve could be readily
obtained and the signals reached saturation at higher antigen concentrations.

kinetics for mono-specific mAbs could
be readily carried out at different mAb
concentrations simultaneously. By
implementing a sequential competition
assay, we were able to bin multiple
mAbs that recognize the same antigens.
In our opinion, the OIRD platform will have a tremendous
impact on both the research and clinical communities. To this
end, quality of a given commercial antibody is very difficult to
evaluate on the basis of the information provided by the manufacturers. The dilemma that a researcher always faces is how to
choose a “good” antibody from many others available from different commercial sources.34 Because of a lack of quantitative standards, a researcher usually ends up randomly testing all available
commercial antibodies of interest until one of them works for the
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desired experiment, resulting in a huge waste of efforts and resources. Therefore, the availability of affinity/avidity values in the form
of Kon, Koff, and KD for most, if not all, of the commercially available antibodies will establish a new industrial standard in the antibody field that will allow researchers to directly compare
antibodies from different commercial sources before purchasing
them. Furthermore, measuring the affinity/avidity values of many
commercial antibodies may provide us a useful proxy to determine
whether a mAb of a high affinity/avidity (e.g., <1 nM) can be
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used to predict its end use, such as IP, ICC, IHC or ChIP. However, because of the high-cost and labor-intensive nature of avidity
measurement using the existing technologies, it has been highly
prohibitive to determine affinity/avidity values for hundreds to
thousands of commercial antibodies.
We believe that, with further optimization and automation,
the described protein microarray-based OIRD platform will offer
a low-cost, high-throughput method to measure affinity/avidity
values of tens of thousands of commercial antibodies. Based on
our data, the OIRD can determine avidity values in the fM range
(Table 1). At its current stage, the cost of using the OIRD platform is already many-fold cheaper than the traditional methods.
As fabrication of an antigen array requires minute amounts of
purified proteins (e.g., << 1 ng), the estimated cost per antigen
array, assuming 20 antigens per array, is <$15. For each mAb,
on the other hand, <50 mg of purified mAb is needed to determine its on- and off-curves at 3 different concentrations, yielding
a total reagent cost of <$30 per antigen-antibody pair, far less
than any other type of affinity/avidity measurement approach.
With the current setup, 3 parallel measurements (i.e., 3 concentrations of mAbs) of antigen-antibody binding kinetics can be
accomplished in 2000 sec (i.e., 33 min) and, therefore, 12 runs
can be readily carried out per 8 hr working day. As we demonstrated above, the binding kinetics of 9 mAbs can be determined
simultaneously and therefore, avidity values of a total of 108 (D
9 £ 12) mAbs can be measured in a single day. This throughput
can be easily improved by a factor of 9 via tripling the number of
multiplexed antigen-mAb pairs and tripling the number of runs
per day through automation. Obviously, improving the throughput will further reduce the cost. Furthermore, we believe that this
OIRD platform can be readily adapted to evaluate the binding
specificity of other types of protein avidity reagents, including
recombinant antibodies and aptamers, because it is an ellipsometry-based, label-free method.

Materials and Methods
HuProtTM array construction
The cloning of human ORFs and protein purification was
described previously.21 »17,000 individually purified human
proteins in full-length were printed, together with antigens in the
form of protein domains, on Full Moon slides (Full Moon BioSystems, USA) with NanoPrint LM210 system (ArrayIT, USA).
Generation of hybridomas
N-terminal, Hisx6-tagged antigen proteins in the form of protein domains were expressed in and purified from E. coli (provided
by Stephen Anderson, Rutgers University). 25 mg of each antigen
in 25 mL 1X PBS was emulsified with an equal volume of Titermax adjuvant, and the mixture was introduced into one rear footpad of 6 to 8 weeks old BALB/c mice. Popliteal lymph nodes
were harvested 14–16 d later and teased into single-cell suspensions. These immune cells were fused to Sp2/0-Ag14 myeloma
cells with 50% PEG under standard conditions.21 Fusion reactions
were plated into 60 mm Petri dishes containing DMEM, HAT,
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HFCS, FBS and 1% methyl cellulose and incubated at 37 C
under 5% CO2 atmosphere. Colonies were visualized with an
inverted-stage dissecting microscope, harvested with microcapillary
pipettes and transferred into 96-well plates containing DMEM/
HAT for expansion. Supernatants of cell culture from individual
wells were tested by ELISA for the presence of IgG, and antibodypositive wells were expanded into T-25 flasks to generate IgG-containing medium for subsequent antibody characterizations.
Identification of mono-specific mAbs using HuProtTM
arrays
Diluted hybridoma supernatants (with antibodies at an average final concentration of 1.5 mg/mL in 1xPBS) were screened
for antigen binding activity using a mini-array slide that contained 14 sub-arrays of the antigens used for the immunization
separated with a multi-chamber gasket. To do so, each subarray
of the mini-array slide was first blocked for 2 hr with 2% BSA in
1xPBS at RT and then incubated with a different mAb, plus rabbit anti-Hisx6 antibody, for 1 hr at RT, followed by 3 £ 15 min
washes in 1xTBST. The binding signals were visualized by incubating the mini-array with Cy5-labeled goat anti-mouse (diluted
1:800) and Cy3-labeled goat anti-rabbit (diluted 1:1000) (Invitrogen, USA) antibodies for 1 hr at RT. After the mini-array was
subjected to 3£15 min washes in 1xTBST and a brief rinse in
ddH2O, it was spun dry and scanned using a GenePix 4000B
scanner (Molecular Devices, USA). Scanned images were analyzed using GenePix software, and proteins known to bind nonspecifically to mouse IgG were excluded from further analysis.
Signal intensities were calculated as median foreground minus
median background signals in the Cy5 channel (i.e., bound mAb
signals), and in the Cy3 channel (i.e., spotted antigen signals).
MAbs that recognized their expected targets on the mini-arrays
were tested individually on the HuProtTM arrays to determine their
binding profiles against 17,000 human proteins. Hybridoma supernatants (with antibodies at an average final concentration of 1.5 mg/
ml in 1xPBS) were individually incubated on a separate HuProtTM
array for 1 hr at RT along with rabbit anti-GST antibodies. The
arrays were washed 3 £ 15 min in 1xTBST, incubated with Cy5labeled goat anti-mouse and Cy3-labeled goat anti-rabbit (Invitrogen, USA) in blocking buffer for 1 hr at RT, was washed 3 £ 15
minutes in 1xTBST, rinsed once in ddH20, spun dry and scanned
using a GenePix 4000B scanner (Molecular Devices, USA). Scanned
images were analyzed using GenePix software. Signal intensity was
then calculated as median foreground minus median background
signals in the Cy5 channel (i.e., bound mAb signals), and the Cy3
channel (i.e., GST signals). To determine specificity, the mean and
standard deviation of the signal intensity across all spots on the
HuProtTM arrays was calculated. We then ranked the Cy5 signal
intensity for any pair of spots, which we define as A, where An D
(In¡x)/s. Here, In is the signal intensity (i.e., median foreground
minus median background signals) for any given spot pair n on array
I, x is the mean signal intensity for all spots on the array I, and s is the
standard deviation of signal intensity of array I. We next quantitatively evaluated the specificity of any individual mAb identified as
potentially specific by means of this analysis. To do this, we calculated a value for specificity which we define as S, where S D A1-A2.
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Here, A1 represents the spot pair on the array that shows the highest
value of A, and A2 represents the spot pair with the second highest
value of A. A mAb was considered as mono-specific when the S value
was equal to or greater than 3.
Antigen production
All of the antigens used in this study were provided by Dr. Steven Anderson’s group at Rutgers University as part of the NIH
Protein Capture Reagents Initiative funded by the NIH Common
Fund (https://commonfund.nih.gov/proteincapture/index). All of
the antigens were purified as His6 fusions from bacteria.
Antibody purification
Antibody from tissue culture supernatant was purified using
Protein G-Sepharose (13 mL bead volume/mL of supernatant)
by rotating at 4 C for 1 hr. Beads were washed 3 times with cold
50 mM sodium phosphate buffer at pH 7.0, and antibody was
eluted with 2.0 mL 100 mM glycine at pH 2.5. Eluted material
was immediately neutralized by addition of 300 mL 1 M Tris at
pH 9.0 and dialyzed overnight at 4 C against PBS buffer.
Antigen-mAb pairs and antigen microarray fabrication
Information about the 19 human antigens and 50 monoclonal
antibodies employed in this study can be found in Table 1. BSA
was chosen as a negative control for antigen protein microarray
fabrication. These antigens and BSA were diluted to a final concentration of 0.25 mg/mL in 1xPBS with 30% glycerol before
printing. For the proof-of-principle experiment for epitope binning, 0.25 mg/mL HES1, NRF1, and a mixture of equal amount
of 0.25 mg/mL HSE1 and 0.25 mg/mL NRF1 were diluted in
1xPBS and 30% glycerol, and then printed on epoxy slides
(ArrayIt, USA) with VersArray ChipWriterTM Pro systems (BioRad, USA). After being cured at 4 C for 10 h, the printed microarrays were installed in the flow-cell and scanned by OIRD.

binding events. After the Im{Dp¡Ds} signals reached saturation,
1xPBST was pumped into the flow-cell at a flow rate of 200 mL/
min and the off-curves were recorded simultaneously. At the end
of the off-curve measurement, a final OIRD 2D image was
obtained. After data of the on- and off-curves were extracted
from LabVIEW into OriginPro 9.0 (OriginLab, USA), we used
simulated curves to fit the on- and off-curves to calculate the Kon
and Koff values, respectively.35,36 The KD value was then deduced
by taking the Koff / Kon ratio.
ELISA analysis
100 mg of each protein G-purified antibody was labeled with
biotin using EZ-Link Sulfo-NHS-LC-Biotinylation Kit (ThermoScientific, USA) and passed through a desalting column to
remove unbound biotin. Unlabeled mAbs (1B11 and 6E1) were
used to coat flat-bottom polystyrene 96-well plates at 10 mg/mL
in carbonate buffer at pH 8.5 for overnight at 4 C. Wells were
blocked with Tris-buffered saline/3% BSA (TBS/BSA) for one
hour at RT. Wells were washed 3 times with TBS/0.05%
Tween20 (TBS/T-20). HES1 and HMGB1 protein domains
were diluted into TBS/BSA, added to the corresponding antibody-coated wells, and incubation continued for 1 hr at RT.
Wells were washed 3 times with TBS/T-20. Biotinylated mAbs
(2E8* and 3B10*) were diluted to 2 mg/mL in TBS/BSA and
added to the wells containing their antigen and mAb pair partner, and incubated for 1 hr at RT. Wells were washed 3 times
with TBS/T-20. All wells were incubated with 0.1 mg/mL streptavidin:horseradish peroxidase (Sigma Aldrich, USA) diluted
into TBS/BSA for 30 min at RT. Wells were washed 3 times
with TBS/T-20. All wells received ABTS/hydrogen peroxide
detection reagent (KPL Laboratories, USA) and optical density
was measured at 405 nm with a Multiskan Ascent plate reader.
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