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Abstract The oblique-incidence reflectivity differ-
ence (OI-RD) scanning microscopy has the capability 
of simultaneously measuring binding curves of a pro-
tein probe with tens of thousands molecular targets 
in a microarray and yielding reaction rate constants. 
However, the quality of reaction rate constants is influ-
enced by the fluidic system. To improve the quality of 
reaction rate constant measurement over the entire mi-
croarray, we demonstrate a fluidic chamber that allows 
the fluid to flow from the bottom to the top uniformly 
across the microarray and thus provides more uniform 
and accurate measurements of reaction rate constants 
with simplified fluidic design.
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Kinetics measurement, Affinity constant

Introduction

Microarrays consist of 102-106 immobilized targets as 
distinct features on a solid support and allow the targets 

simultaneously exposed to a probe solution of interest 
so that binding reactions of the probe with all targets  
are assayed at the same time1. Microarrays have emerg-
ed as a leading high-throughput technology for system 
biology research such as genomics1,2 proteomics3,4, 
glycomics5,6, transcriptomics7,8, metabolomics9,10. The 
fluorescence-based detection of microarray is widely 
used for its superior sensitivity11. However, fluorescen-
ce labeling a protein probe inevitably changes innate 
properties of the protein12. In addition fluorescence- 
based methods provide only endpoint information on 
binding reactions instead of kinetics rate constants and 
information on the thermodynamics. Optical biosen-
sors, such as surface plasmon resonance (SPR)13,14, re-
flection interference spectroscopy15,16, dielectric wave 
guide reflectometry17, and imaging ellipsometry18,19, 
have been developed to complement the fluorescence- 
based detection by providing both endpoint image and  
kinetic measurements of binding reactions without 
extrinsic labels20,21. Oblique-incidence reflectivity dif-
ference (OI-RD) scanning microscopy is an ellipsome-
try-based optical biosensor which is capable of simul-
taneous measurement of binding curves of a probe 
with tens of thousands of targets immobilized on a 
functionalized glass surface22,23. When a solution or a 
buffer is introduced to the chamber to flow across the 
microarray, the fluid exchange around corners of the 
chamber is often insufficient and in turn causes inac-
curate measurements of binding kinetics constants in 
these locations22,23.

In this work, we present the development of a fluidic  
system which enables the liquid to flow from the bot-
tom to the top of the fluidic chamber against gravity. 
With such fluidic design, OI-RD has a number of ad-
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vantages: (1) uniform equilibrium dissociation con-
stants are achieved across the large microarray; (2) the 
fluidic system is cost effective by employing only one 
syringe pump and one liquid selection valve; (3) the 
time resolution of real-time binding curves can be im-
proved by spending less time moving the mechanical 
stage.

Oblique-incidence Reflectivity Difference Scanning 
Microscope

As a special form of ellipsometry capable of measur-
ing changes in an ultrathin film on the solid surface24,  
the OI-RD technique has been successfully applied 
to studies of a wide variety of materials and surface 
processes, including ion sputtering and thermal an-
nealing25, gas adsorption26, epitaxial growth27, electro-
chemical deposition28,29, and biosensing24,30-36. An 
arrangement of the scanning OI-RD microscope is 
shown in Figure 1. The laser is used as a monochro-
matic light source whose polarization state is modified  
and analyzed. A photo-elastic modulator (PEM) alters 
the polarization of the incident light beam at an an-
gular frequency of Ω = 2πfPEM

 (fPEM = 50 kHz). The 
phase shifter introduces a static phase difference be-
tween p-polarized and s-polarized components of the 
light beam for nulling ellipsometry. The laser beam is 
focused with an f-theta lens on the back surface of the 
glass slide containing a microarray of interest at inci-
dent angle θ = 36.6°. After reflection from the surface, 
the light beam passes the analyzer that mixes the two 
polarized components for polarization state analysis. 
The beam after the analyzer is detected with a photodi-
ode and the output of the photodiode is analyzed with 
two lock-in amplifiers that yield the first and second 

harmonics of modulation frequency in the detected 
signal. When the film thickness d is much less than the 
wavelength λ, the ratio of the first harmonic amplitude 
to the second harmonic amplitude is essentially equal 
to the differential phase change between the p- and 
s-polarized components ∆δ due to the change on the 
surface such as film thickness d,

               -4π εs
 cosθ         (εd-ε0)(εd-εs)  dΔδ≅ ------------------------------- ----------------------- --- (1)

          (ε0-εs)(cot2θ-εs/ε0)             εd            λ

εs, ε0, and εd are the optical dielectric constants of the 
ambient, the solid substrate, and the molecular layer, 
respectively. By following ∆δ in real time with the OI-
RD technique, kinetics of surface processes such as 
film growth or biomolecular binding reactions can be 
measured24.

For detection of binding reactions of a molecular 
probe with a microarray of immobilized targets under 
an aqueous condition, we built a flow cell as shown 
in Figure 2. A PEEK cap with a 0.5 mm deep fluidic 
chamber has an inlet at the bottom and an outlet on the 
top. A glass slide bearing large microarray is placed 
on the PEEK cap with an o-ring. A clamp fastens the 
PEEK cap and glass slide together to seal the fluidic 
chamber. In addition to the flow cell, the fluidic system  
consists of a syringe pump and a ten-way selection 
valve as shown in Figure 3. The inlet of the fluidic 
chamber connects to the central port of ten-way selec-
tion valve. The outlet of fluidic chamber connects to 
the syringe pump. When a liquid is pushed from the 
bottom to the top of a fluidic chamber, the liquid expe-
riences the following forces: the upward force caused 
by the pressure difference, the gravity, the frictional 
force within the liquid and between the liquid and the 

Figure 1. Optical layout of the scanning OI-RD microscope. Imaging of microarray is achieved by two-dimensional scanning 
which is composed of raster scanning of the focus beam across the microarray with a galvanometer along the y-axis (vertical direc-
tion) and moving of microarray fluidic assembly along the x-axis (horizontal direction) with a translation stage.
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surfaces of the chamber. Though the friction tends to 
create an uneven flow across the wide width of a flat 
chamber when the liquid is evenly pushed upward, the 
downward gravity compensates for such a propensity. 
As a result of such a compensation, the liquid moves 
upward uniformly across the wide width of the cham-

ber and thus across the entire whole microarray.
In previous fluidic system there are two syringe 

pumps. One pump is used to withdraw probe solution 
from liquid reservoirs and push into fluidic chamber 
and the other pump is used to withdraw 1 × PBS buffer 
from buffer reservoir and push into fluidic chamber. 
There is also one 10-way selection valve for up to 10 
different probes selection and one injection valve for 
buffer or probe connection with fluidic chamber selec-
tion22,23. Compared to previous design of fluidic cham-
ber and fluidic system, the current fluidic chamber and 
fluidic system has the advantage of: (1) moving the 
liquid uniformly across the entire microarray by re-
moving the problem of insufficient liquid flow around 
the corner; (2) avoiding air bubble formation around 
corners; (3) selection of up to 10 probe solutions with 
simplified fluidic system consists of one syringe pump 
and one liquid selection valve.

Results and Analysis

Figure 4 shows the OI-RD image of the microarray 
in 1 × PBS after excess printed material was washed 

Figure 2. The 3D schematic diagram of flow cell which con-
sists of a clamp, a glass slide, a PEEK cap with 0.5 mm deep 
fluidic chamber and an o-ring. The fluidic chamber has an inlet 
at the bottom and an outlet on the top.
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Figure 3. Schematic diagram of fluidic system. The inlet of 
the fluidic chamber connects to the central port of ten-way se-
lection valve. The outlet connects to the syringe pump.
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Figure 4. OI-RD image of a microarray consists of 5,022 
BBSA. The spot diameter is 100-150 μm and the spot spacing 
is 250 μm. The microarray covers an area of 1.6 cm × 2.0 cm. 
The image was acquired after the microarray is washed with 
1 × PBS.
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off. The image area is 1.6 cm × 2.0 cm. To get accurate 
equilibrium dissociation constants, on three fresh biotin  
bovine serum albumin (BBSA) microarrays we per-
formed three binding assays at respective anti-biotin 
IgG concentrations of 31.2 nM, 62.5 nM and 125 nM in 
1 × PBS on three days. We then combined three bind-
ing curves of spots with the same microarray coordi-
nates out of three microarrays together as one binding 
set. Figure 5 shows 100 binding sets, out of 5,022 sim-
ultaneously acquired sets. Association and dissociation 
rate constants were obtained by globally analyzing the 
binding curve sets using one-to-one Langmuir reaction  

model. In this model one solution-phase probe is as-
sumed to bind to one surface-immobilized target at a 
rate proportional to the probe concentration C, konC. 
Then the captured probes can dissociate from probe- 
target complexes at a rate of koff, independent of C. 
When the probe solution is introduced to the microar-
ray at t = 0 and then replaced with 1 × PBS at a later 
time t = t0, the number of captured probes per unit tar-
get area is

                     konCN(t) = N0
 --------------- (1-e-(konC + koff)t)  t<t0 (2)

                konC +koff

Figure 5. 100 out of 5,022 binding curve sets of anti-biotin IgG binding to BBSA microarray. After a 10 min baseline measure-
ment, the association reaction was measured for 20 min and the dissociation reaction was measured for 40 min. Three curves (red 
curve = 31.2 nM, green curve = 62.5 nM, black curve = 125 nM) are acquired separately from three fresh microarrays.
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                    konCN(t) = N0
 --------------- (1-e-(konC + koff)t0)e-koff(t-t0)  t>t0 (3)

                konC +koff

N0 is the maximum number of probes that can be cap-
tured per unit target area. It depends on many factors 
such as target density, geometric shapes and orienta-
tions of targets and probes so that N0 is different for 
each curve. The OI-RD signal ∆δ is proportional to 
N(t) so that we extracted rate constants kon and koff by 
fitting binding curve sets to Equations (2) and (3) with 
these two constants as global parameters and N0 as a 
local parameter that varies from curve to curve. We 
computed the equilibrium dissociation constants KD =  
koff

 / kon from the fitting parameters kon and koff for all 
5,022 reactions.

In Figure 6, the equilibrium dissociation constant KD 
of mouse anti-biotin IgG reaction with 5,022 targets is 
displayed in the same layout as the target microarray. 
The equilibrium dissociation constants of 5,022 bind-
ing reactions have a mean of 1.6 nM, which is close to 
values done by other research groups22,37,38. The uni-
form equilibrium dissociation constants distribution 
across the whole microarray indicates that insufficient 
liquid flow around the corners has been solved with 
present fluidic chamber design. In addition, the stan-
dard deviation of 5,022 equilibrium dissociation con-
stants is 0.7 nM, indicating that the dot-to-dot devia-
tion, assay-to-assay deviation and day-to-day deviation 
are small which validates OI-RD system for accurate 
high-throughput equilibrium dissociation constant 
measurement.

Discussion and Conclusion

Biomolecular interaction plays important roles in bio-
logical systems and the study of reaction rate constants 
is able to provide information on binding specificity, 
binding mechanisms, structure-activity relationships, 
and in turn pathway mapping. Microarrays compatible 
OI-RD scanning microscopes enables highly parallel 
studies of reaction rate constants and catches those 
reactions with high dissociation rates that are easily 
missed in endpoint assays. To improve fluid transport 
for accurate reaction rate constant measurement, we 
demonstrated a flow cell that houses a large microar-
ray with the liquid flowing from the bottom to the top 
and enables a uniform fluid flow and in turn uniform 
equilibrium dissociation constants over the entire mi-
croarray. The use of one syringe pump, one ten-way 
liquid selection valve offers a simple fluidic connection 
for easy and cost effective control.

In addition, the vertical fluid chamber configuration 

also enables us to increase image and real-time acqui-
sition speed. Two dimensional scanning is adapted to 
acquire an image or binding curves for the microarray. 
The laser beam scans vertically with a fast galvanom-
eter along y-axis which takes 0.1 ms for each move-
ment. The fluidic assembly moves horizontally along 
x-axis with a slow encoded mechanical stage which 
takes 200 ms for each movement. By making the long 
side of a rectangular microarray along y-axis, the scan 
time for image and binding curves is reduced with less 
time spent on mechanical stage movement.

Materials and Methods

A microarray of 62 × 81 = 5,022 biotin bovine serum 
albumin (BBSA, Sigma-Aldrich) was printed at a con-
centration of 7.6 μM in 1 × phosphate buffered saline 

(PBS, Sigma-Aldrich) on epoxy-functionalized glass 
slides (CapitalBio Corporation). The spot diameter is 
100-150 μm and the spot spacing is 250 μm. The mi-
croarray covers an area of 1.6 cm × 2.0 cm. The printed 
microarray was washed in situ with 1 × PBS buffer to 
remove unbound target materials and was incubated in 

Figure 6. Experimental equilibrium dissociation constants KD 
of mouse anti-biotin IgG probe binding to 5,022 BBSA targets, 
displayed in the same layout as the target microarray (Figure 4).
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a solution of 7.6 μM bovine serum albumin (BSA, 0.5 

mg/mL) for 30 min to cover the unprinted surface. For 
parallel detection of 5,022 binding reactions, we used 
mouse anti-biotin IgG (Jackson ImmunoResearch) 
as the probe of interest and measured a baseline with 
microarray in 1 × PBS buffer for 10 min. We then re-
placed the buffer with an anti-biotin solution at 5 mL/
min in 18 sec. The flow rate of the solution was then 
reduced to 0.05 mL/min for 20 min (association phase 
of the reaction). Finally we replaced the anti-biotin 
solution with 1 × PBS buffer at 5 mL/min in 18 sec and 
then reduced the flow rate of the buffer to 0.05 mL/
min for 40 min (dissociation phase of the reaction). We 
acquired OI-RD images of the microarray before and 
after the reaction for endpoint analysis.

For microarray detection, we use an f-theta lens to 
focus the incident laser beam into a spot of a diameter 
of 20 μm on the back surface of the glass slide. Im-
aging of microarray is achieved by two-dimensional 
scanning which is composed of raster scanning of the 
focus beam across the microarray with a galvanometer 
along the y-axis (vertical direction) and moving of mi-
croarray fluidic assembly along the x-axis (horizontal 
direction) with a translation stage. The step sizes along 
two directions are both 20 μm. The scan range of an 
f-theta lens along y-axis is 2.0 cm.

To simultaneously measure binding curves of a probe 
to the immobilized targets, we perform repeated scans 
of a subset of pixels on the microarray surface. We 
select one pixel from each target spot as the signal 
channel and two pixels on the unprinted region as the 
reference channels, which lie in between two target 
spots along vertical direction. Each reference channel 
is shared by two neighboring signal channels. The op-
tical signal ∆δ from a signal channel minus the aver-
aged optical signal from the two neighboring reference 
channels yields the background-corrected signal for 
the target.
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