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We applied oblique-incidence reflectivity difference microscopes (a form of polarization-modulated nul-
ling ellipsometry) to detection of biomolecular microarrays without external labeling in a study of protein
reactions with surface-immobilized targets. We show that the optical reflectivity difference signals can be
quantitatively related to changes in surface mass density of molecular layers as a result of the reactions.
Our experimental results demonstrate the feasibility of using oblique-incidence reflectivity difference
microscopes for high-throughput proteomics research such as screening unlabeled protein probes against
libraries of surface-immobilized small molecules. © 2008 Optical Society of America

OCIS codes: 170.5810, 240.2130.

1. Introduction

Proteomic research aims at a system-wide under-
standing of abundance, regulation, and functionality
of proteins, through their interactions with other
“target” molecules. It involves examination of inter-
actions between a large number of protein–target
pairs under a wide range of conditions. Achieving
such a task requires high-throughput techniques
that enable assaying a large number of biochemical
reactions in parallel. An important class of such tech-
niques is the microarray technology, which provides
a platform for performing and detecting hundreds
to millions of distinct biomolecular reactions
simultaneously [1–3].
A biomolecular microarray consists of a two-

dimensional array of target spots that are immobi-
lized on a solid surface (such as a functionalized glass
slide). Each spot, 20 to 500 μm in diameter and one
molecular layer in thickness, consists of a distinct
type of molecules that can be DNA, RNA, protein,
or small organic molecules. In a high-throughput as-
say, a biomolecular microarray containing hundreds

to thousands of target spots reacts with a probe solu-
tion so that hundreds to thousands of reactions take
place simultaneously rather than one at a time. The
probe can be small organic molecules, glycans, DNA,
RNA, protein, or even cells. The primary advantages
of microarray-based assays are high throughput and
low target consumption.Amajor application of biomo-
lecular microarrays is gene expression profiling [3].
Here each spot on a microarray consists of a single-
stranded DNA fragment from a specific gene. The
fragment can be a 100 to1000 nucleotide long ampli-
fied complementaryDNA (cDNA) or a 25 to80 nucleo-
tide long synthetic oligonucleotide. One extracts RNA
molecules from a biological sample and converts the
molecules into fluorescently labeled complementary
DNA or RNA. The latter are then used as the probe
to reactwith surface-immobilized arrays ofDNA frag-
ments. Under suitable conditions, the fluorescence
yield fromareacted spot is proportional to theamount
of RNA transcripts of a gene in the biological sample.
In application to proteomics, biomolecular microar-
rays can be used for either protein expression profil-
ing or protein functionality analysis [1,2]. In a protein
expression profiling microarray, target spots are pro-
tein-binding molecules such as antibodies [4,5] or
small-molecule ligands [6]. When the microarray
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reacts with a solution of proteins with unknown con-
centrations under suitable conditions, the amount of
proteinmolecules captured by a surface-bound target
is proportional to the concentration of the protein in
the solution. Since the abundances ofmessengerRNA
(mRNA) and the corresponding protein do not neces-
sarily correlate [7], such direct protein profiling is of-
ten necessary. In protein functionality microarrays,
target spots can be distinct proteinmolecules (protein
microarray) or potential ligands to a specific protein
probe (ligand microarray). When a protein microar-
ray reacts with a molecular probe, one maps out
the affinity profile of the probe to a large number of
protein targets [8,9].Whena ligandmicroarray reacts
with a protein probe, one screens a larger number of
molecular targets for ligands of the protein probe.
Useful applications of protein functionality microar-
rays include early and late stages of drug screening
and toxicity assay, biomarker search, andmechanistic
studies of protein–molecule interactions.
Many technical challenges remain. These include

synthesis and purification of molecule probes and
targets, surface immobilization chemistry for micro-
array fabrication, and high-throughput detection of
reactions on proteinmicroarrays. For the latter, fluor-
escence-based detection is by far themostwidely used
because of inherent high sensitivity, large dynamic
range, and continuing improvement of fluorescent la-
beling agents in terms of photostability and spectral
selectivity. In fluorescence detection, one either di-
rectly labels probes with fluorescent agents or follows
the primary reaction involving unlabeled probes by a
secondary reaction. In the secondary reaction, one
uses a fluorescently labeled molecule that binds spe-
cifically to the primary probe or to an affinity ligand
extrinsically attached to the primary probe. Extrinsic
labeling agents change how a protein binds to other
molecules [1,2] by directly or indirectly altering phy-
sical and chemical properties of the protein [2,4,10],
including its conformation. The effect of labeling
agents on the binding affinity of a protein is often
not knownapriori. The cost and efficiency of the fluor-
escence labeling process can also be undesirable. It is
thus sensible to explore methods of label-free detec-
tion to complement fluorescence-based detection.
We recently developed oblique-incidence reflectiv-

ity difference (OI-RD) microscopes for label-free de-
tection of biomolecular microarrays. OI-RD is a
most sensitive, versatile form of optical ellipsometry
[11–14]. An OI-RDmicroscope detects a biomolecular
microarray by measuring the thickness and mass
density of target spots. A small change in thickness
or mass density in a molecular layer leads to changes
in reflectivity (i.e., the ratio of the reflected electric
field to the incident electric field). The OI-RD techni-
que has been applied to detection of a wide range of
ultrathin films and surface modifications, from
vapor-phase-deposited monolayers on solid sub-
strates in vacuum [15], to electrodeposited metal
films at liquid–solid interfaces [16], to hybridization
reactions of DNA oligomer probes with oligonucleo-

tide microarrays [17]. For microarray studies, the
OI-RD technique can be used to evaluate properties
of a microarray at each step of processing and to de-
termine kinetics as well as end points of reactions.
We should note that the OI-RD method can be ap-
plied to microarrays on all types of optically flat solid
supports. Compared to other label-free optical tech-
niques, a scanning OI-RD microscope is more easily
configured to detect biomolecular microarrays with
over 1000 features [10,17].

In the present paper, we report a series of end-
point measurements of surface immobilization of
protein targets and reactions of protein probes with
surface-bound targets using OI-RD microscopes. We
will show how the optical measurements can yield
quantitative information on thickness and mass
density of a surface-bound molecular layer.

2. Experimental Procedures

A. Oblique-Incidence Optical Reflectivity from a
Microarray Spot on a Solid Support

Atypical setup fordetectingOI-RDfromamicroarray-
covered solid surface is sketched in Fig. 1. Let rp0 ¼
jrp0jexpðiΦp0Þ and rs0 ¼ jrs0jexpðiΦs0Þ be the reflectiv-
ity of the bare substrate for p- and s-polarized compo-
nents of a monochromatic light at wavelength λ. Let
rp ¼ jrpjexpðiΦpÞ and rs ¼ jrsjexpðiΦsÞ be the reflec-
tivity of the substrate when it is covered with a thin
layer of molecules. The fractional change in reflectiv-
ity due to the molecular layer is defined as Δp ¼
ðrp − rp0Þ=rp0 and Δs ¼ ðrs − rs0Þ=rs0. We define obli-
que-incidence reflectivity difference (OI-RD) as
Δp −Δs. The real part of the OI-RD signal,
RefΔp −Δsg ≈ ðjrpj−jrp0jÞ=jrp0j−ðjrsj−jrs0jÞ=jrs0j, is
simply the differential magnitude change. The ima-
ginary part, ImfΔp −Δsg ≈ ðΦp −Φp0Þ − ðΦs −Φs0Þ,
is the differential phase change. Since the thickness
d of a biomolecular microarray is much less than
the optical wavelength λ, Zhu and coworkers [13,18]
have shown that

Δp −Δs ≅ −i

�
4πεsðtan θincÞ2 cos θinc

ε1=20 ðεs − ε0Þðεs=ε0 − ðtan θincÞ2Þ

�

×
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εd

�
d
λ

�
: ð1Þ

Here θinc is the angle of incidence. ε0; εd, and εs are the
optical dielectric constants of the ambient, the mole-
cular layer, and the substrate, respectively. When
these optical constants are real at λ, only Im fΔp −

Δsg remains in Eq. (1):

ImfΔp −Δsg ≅

"
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For unlabeled biomolecules immobilized at the in-
terface between a glass slide and an aqueous solution,
the ambient, the solid support, and the biomolecular
layer are transparent in the visible and near-infrared
wavelengths so that ε0; εd, and εs are real. As a result
the choice of wavelength in this wavelength range
does not affect the signal significantly as is clear from
Eqs. (1) and (2). We choose He–Ne lasers normally for
high intensity stability, high spectral stability, and
low cost over other gas or solid-state lasers at other
wavelengths. If the biomolecular layer under study
happens to have an absorption band in the visible
or near-infrared range, it may be advantageous to
choose a monochromatic light source with a wave-
length close to the band so that Δp −Δs is enhanced
since εd becomes large near the absorption band. On
the other hand, if the absorption band is photobleach-
able, one often needs to choose light sources at wave-
lengths not absorbed by the band.
The sensitivity of the OI-RD signal Δp −Δs to d

and εd can be optimized by choosing the incidence an-
gle close to the Brewster angle θB ¼ tan−1

ffiffiffiffiffiffiffiffiffiffiffi
εs=ε0

p
[19]. As pointed out by Zhu, the OI-RD signal given
by Eqs. (1) and (2) is directly proportional to the an-
gular shift of the surface plasmon resonance at the
interface between gold and an ambient (ε0) when a
molecular layer with thickness d and optical con-
stant εd is added to the interface, ΔθSPR ≅

ð3πd=λÞððεd − ε0Þ=εdÞ [20].
In our present study, we interrogate biomolecular

microarrays on a functionalized glass surface in air
so that ε0 ¼ 1 and εs ¼ 2:28. For quantitative analy-
sis of OI-RD data using Eq. (2), we need to know op-
tical dielectric constants of surface-immobilized
molecular targets and protein probes. For serum al-
bumin, immunoglobulin, and streptavidin proteins
studied in this paper, we adopt εd ¼ 2:51. This value
is representative of globular proteins in general
[21–25]. In Appendix A, we give the rationale behind
this choice of optical dielectric constants. When the
surface coverage Θ of molecular targets on a solid
support is less than a full monolayer, there are
two possible scenarios. The first is that target mole-
cules uniformly spread over the surface. In this case,
εd increases continuously from 1 to 2.51 (the value for
bulk-phase protein) when Θ increases from zero to
unity. The second scenario is that target molecules
aggregate into patches of monolayer-thick film. As
a result, εd remains a constant of 2.51, while Θ in-
creases from 0 to 1, and Eq. (2) is reduced to

ImfΔp −Δsg ≅
αðεd;bulk − εsÞðεd;bulk − ε0ÞΘ

εd;bulk

�
d
λ

�
; ð3Þ

α≡

�
−4πεsðtan θincÞ2 cos θinc

ε1=20 ðεs − ε0Þðεs=ε0 − ðtan θincÞ2Þ

�
: ð3aÞ

This second scenario is what we observed in our
present experiment.

B. Oblique-Incidence Reflectivity Difference Microscopes

As shown in Fig. 1, a p-polarized He–Ne laser beam
with λ ¼ 632nm passes through a photoelastic modu-
lator.Themodulatorcausestheoutputbeamtochange
between being p-polarized and being s-polarized at a
frequency Ω ¼ 50kHz. The polarization-modulated
beam passes through a phase shifter that introduces
an adjustable phase difference Φps between the p-
and s-polarized components.Thebeamis then focused
onto the microarray-covered solid surface at an angle
θinc. The reflected beam passes through a polarizing
analyzerwith the transmission axis set at 45° relative
to p-polarization. The intensity of the transmitted
beam IRðtÞ is detected with a photodiode detector.
IRðtÞ consists of various harmonics of modulation
frequency Ω . We detect the first harmonic IðΩÞ with
a lock-in amplifier. As explicitly shown by Thomas
and coworkers [15],

IðΩÞ ≅ ImaxðΩÞ sinðΦp0 −Φs0 þΦPS þ ImfΔp −ΔsgÞ:
ð4Þ

ImaxðΩÞ is measured by adjustingΦPS with the phase
shifter until IðΩÞ reaches the maximum. To measure
ImfΔp −Δsg fromamicroarray spot, thephaseshifter
is initially adjusted such that IðΩÞ from the bare glass
substrate is set to zero. By moving a microarray-
covered region under the same optics, IðΩÞ changes
from zero to ImaxðΩÞImfΔp −Δsg. ImfΔp −Δsg is
deducted from IðΩÞ=ImaxðΩÞ.

An OI-RD image is acquired by either a dual-axis
mechanical scan or a combination of mechanical scan
along the x axis and electronic scan along the y axis. In
an “end-point” measurement, an OI-RD image is ac-
quired before and after the microarray is reacted. A
nonzero change in the image is a quantitative mea-
sure of the reaction. In a dual-axis mechanical scan-
ning microscope, the laser beam is focused to a 5 μm

Fig. 1. Sketch of a scanning OI-RDmicroscope for microarray de-
tection. The microarray-bearing glass slide is mounted on a trans-
lation stage that can move along the x and y directions. PEM,
photoelastic modulator for polarization modulation; PS, variable
phase shifter; L1, focusing lens for illumination; L2, imaging lens
for detection; A, polarization analyzer; PD, single-element or mul-
tielement photodiode detector.
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diameter spot on the glass substrate surface. The re-
flected beam is detected with a single-element photo-
diode detector. The microarray-covered glass slide is
mounted ona translation stage thatmoves along the x
and y axes in a raster pattern. The microarrays in
Subsections 3.A and 3.B are scanned with a dual-axis
mechanical scanning microscope with θinc ¼ 45°. The
microarray in Subsection 3.C is scanned with a simi-
lar microscope but at θinc ¼ 59°. In an OI-RD micro-
scope with a combination of mechanical x scan and
electronic y scan, the illuminating laser beam is fo-
cused to a 16 μm × 2:4mm line segment along the y
axis on the glass substrate surface at incidence angle
θinc ¼ 70°. Passing through a microscope objective,
the reflectedbeamfromthe line segment formsamag-
nified image on a 152-element linear photodiode ar-
ray detector. The y scan along the 2:4mm line on
the glass surface is achieved by electronically “cher-
ry-picking” the photocurrent outputs from 152 photo-
diode elements. The OI-RD image of a biomolecular
microarray can be obtained at a much higher frame
rate with such a hybrid scanning OI-RD microscope,
as we only need to mechanically move the sample
stage along one direction. In Subsection 3.D we de-
monstrate the high-throughput performance of such
a hybrid scanning OI-RD microscope. The computer-
assisted scan control, image acquisition, and image
processing are done with a custom software
programmed in LabVIEW (National Instruments,
Austin, Texas, USA).
Without special surface treatments to increase the

number of immobilized targets per unit area, for ex-
ample, by using porous polymer scaffolds or to in-
crease the effective substrate optical constant εs
from that of a glass by coating the glass slide with
high optical constant materials, our OI-RD system
has a dynamic range of 102 or better, varying from
one microscope to another. The limitation on the dy-
namic range arises from uncompensated angular
drift of the laser beam (i.e., pointing stability) and
uncompensated temperature drift in our current mi-
croscope configurations. We are in the process of ad-
dressing these factors by introducing temperature
control and beam-pointing stability control.

C. Fabrication of Antigen Microarrays

Printing:Our first protein microarray consists of four
protein targets:mouse IgG,human IgG, rabbit IgG (as
antigen targets), and bovine serum albumin (BSA) as
the control (all purchased from Jackson Immuno-
Research Laboratories, West Grove, Pennsylvania,
USA). The purity of the three IgG molecules (termed
by the manufacturer as “ChromPure IgG”) was speci-
fied based on immunoelectrophoresis. For theChrom-
Pure rabbit IgG that we purchased and used in the
present study, at a concentration of 20mg=mL of
the rabbit IgG, the pattern of precipitation against
goat anti-rabbit whole serum is the same as the pat-
tern of precipitation against goat anti-rabbit IgG (Fc
fragment specific). For the ChromPure human IgG
that we purchased and used in the present study,

at a concentration of 20mg=mL of the human IgG,
the pattern of precipitation against goat anti-human
whole serum is the same as that against goat anti-
human IgG (Fc fragment specific). And no precipita-
tion line was detected against goat anti-human IgM
(Fc 5 μ fragment specific) or against goat anti-human
IgA (α chain specific). For the ChromPure mouse IgG
that we purchased and used in the present study, at a
concentration of 20mg=mL of themouse IgG, the pat-
tern of precipitation against goat anti-mouse whole
serum is the same as that against goat anti-mouse
IgG (Fc fragment specific). And no precipitation line
was detected against goat anti-mouse IgM (μ chain
specific) or against goat anti-mouse IgA (α chain spe-
cific). Themolecularmass for a typical IgG is 150kDa
(1Da ðdaltonÞ ¼ 1=12 of the mass of isotope 12C), and
is 66kDa for BSA [21]. Before printing with a robot
arrayer, human IgG, mouse IgG, rabbit IgG, and
BSA are dissolved in a solution of 1 × PBS (phosphate
buffer saline, pH 7.4) and 40% (v/v) glycerol [8]. We
make a set of solutions for each targetwith concentra-
tions decreasing successively by a factor of 0.75 from
31 μM down to 0:5 μM (1 μM ¼ 10−6moles=liter). The
solutions are printed in a sequence from the most di-
lute to themost concentrated tominimize carryover of
materials. Microarrays of the four protein targets are
printed with a GMS 417 pin-and-ring contact-
printing robot arrayer (Genetic Microsystems) [3].
During printing, the ring is preloaded with a target
solution from a 96-well plate via a capillary action.
To print one spot, we deposit a droplet of the target
solution to a150 μmdiameter area onanepoxy-coated
glass slide (CELAssociates, Pearland, Texas,USA) by
making the loaded pin gently contact the
surface three times. The volume of the droplet is re-
producible and is in the range of 0:4 to0:8nL
(1nL ¼ 10−9 liters). IgG and BSA bind covalently to
epoxy groups on the functionalized glass surface
through primary amines from the exposed Lysine
(or Arginine, Glutamine, or Asparagine) residues on
the protein surface [26]. The cohesive energy of a pri-
mary amine with an epoxy (i.e., the enthalpy for pri-
mary amine–epoxy reaction) is between 100
and120kJ=mol or 24 and 29kcal=mol. Because more
than one primary amine is available on the surface of
a protein such as BSA or IgG, there are many ways
that BSA or IgG can bind to an epoxy-functionalized
glass. Therefore depending on the condition under
which BSA or IgG are introduced to the glass surface,
the packing densities and in turn surface mass den-
sities of these two nonspherical protein molecules
canbedifferentwithout forming an overlayer. Thedif-
ference is made possible by BSA or IgG molecules as-
suming different molecular orientations with similar
binding energies.

The arrangement of printed spots is shown in
Fig. 2(a). The center-to-center separation between
spots is 250 μm. The spot diameter is roughly
150 μm. For each concentration of a target, three
spots are printed at different locations. The glass
slides with printed microarrays are stored in a slide
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box. The printed spots are completely dried after a
few days. The chemical reactivity of the printed
microarrays shows no appreciable change after
3 months.
Washing: Before reaction, a microarray-covered

glass slide is washed with 1 × PBS solution to remove
excess unbound protein and buffer salt precipitates.
The washed slide is spun dry in a high-speed micro-
array centrifuge (TeleChem ArrayIt, Sunnyvale,
California, USA). After the unbound protein and buf-
fer salt are washed off in such a way, the target spots
arenominally of onemolecular layer in thickness. The
washed slide is scanned with a dual-axis mechanical
scanningOI-RDmicroscope before further treatment.
Blocking: After washing, the remaining epoxy

groups on the glass slide surface, particularly in
the unprinted region, are blocked with BSA to pre-
vent probe molecules from nonspecific binding to
the glass during subsequent probe–target reactions.
We place a 16 μM solution of BSA in 1 × PBS between
a cover glass and the glass slide and let the BSA
solution react with the epoxy groups in the glass slide
for 150 minutes. Afterward, the cover glass is re-
moved and the slide is washed and spun dry again.
BSA-blocked slides are scanned with the same
OI-RD microscope before reaction.
Reaction: Unlabeled and Cy3-labeled polyclonal

goat IgG antibodies against Fc fragments of human

IgG, mouse IgG, and rabbit IgG, are used as protein
probes. The goat antibodies were purchased from
Jackson ImmunoResearch Laboratories (West Grove,
Pennsylvania, USA). They were affinity-purified by
the manufacturer so that, for example, the polyclonal
goat anti-human antibodies only bind to human IgG
in a human serumandnot to other proteins present in
the same serum.However, such a purification process
does not exclude the cross reactivity of, for example,
goat anti-rabbit antibodies withmouse IgG or human
IgG. The probe solution is prepared in 1 × PBS to a
concentration of 0:7 μM (or 0:1mg=mL).

We place the probe solution between a cover glass
and the microarray-covered glass slide and allow the
reaction to occur at room temperature for 120 min-
utes. Afterward, the cover glass is removed and
the reacted slide is washed and dried as in the wash-
ing step. The reacted glass slide is then scanned with
the same OI-RD microscope for changes in OI-RD
images. If a Cy3-labeled probe is used, the slide is
scanned first with a GMS 418 fluorescence microar-
ray scanner (Genetic Microsystems) before the
OI-RD scan to avoid photobleaching.

D. Fabrication of Biotin–Bovine Serum Albumin Conjugate
Microarrays with Control Targets

Our second protein microarray consists of human
IgG, biotin–BSA conjugates (prepared as described

Fig. 2. ImfΔp −Δsg images of a target protein microarray. Dilution series of unlabeled human IgG (HM), mouse IgG (MS), rabbit IgG
(RB), and bovine serum albumin (BSA) are printed in triplicate. The dashed lines separate the replicates. The optical signals are also
converted to the surface mass densities of the targets Γtarget. (a) ImfΔp −Δsg image of the microarray after washing to remove excess
unbound protein and buffer precipitates, with the optical signal zeroed on the unprinted part of the surface; (b) ImfΔp −Δsg image of the
microarray after the BSA-blocking treatment, with the optical signal zeroed on the originally unprinted but now BSA-blocked part of the
surface; (c) the differential image, proportional to Γblocking BSAΘtarget, obtained by subtracting (b) from (a). The intensity or, equivalently,
target coverage variation within each spot, is due to the variation in wetting property of a functionalized glass slide across the spot in
combination with the rapid drying process right after printing.
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in [6]), and BSA. By conjugating small molecules
such as biotin to bovine serum albumin (BSA)
through flexible linker molecules, the small mole-
cules can be consistently immobilized (through pri-
mary amines on the BSA surface) on a solid
support and subsequently studied for reaction with
proteins of interest. Each of the three targets in
4:6 μM solution (in 1 × PBS with 5% (v/v) glycerol)
is printed in triplicate on an epoxy-functionalized
glass slide. After printing, the microarray is washed
as described in Subsection 2.C and then blocked with
a 12 μM BSA solution in 1 × PBS for 80 minutes. The
blocked glass slide is scanned with the dual-axis me-
chanical scanning OI-RD microscope. It is then re-
acted with a 0:1mg=mL solution of unlabeled
streptavidin (Sigma-Aldrich, St. Louis, Missouri,
USA) for 150 minutes. The reacted slide is washed
and dried before being scanned with the same OI-
RD microscope.

E. Fabrication of an 800-Spot Bovine Serum Albumin
Microarray for High Throughput Scan

Our third proteinmicroarray is amicroarraywith 800
BSAspots for testing the throughput performance of a
hybrid scanning OI-RD microscope with a combina-
tion of an electronic scan along the y axis and a
mechanical scan along the x axis. We print the 800-
spot BSA microarray on an epoxy-functionalized
glass slide at a concentration of 4:5 μM in a 1×
PBS, 40% (v/v) glycerol solution. The slide is stored
in a slide box for 24 hours and then washed and dried
using the same method as described in Subsection
2.C. The BSA microarray is scanned with the hybrid
scanning OI-RD microscope.

3. Results and Discussion

A. Surface Immobilization of Protein Targets: Oblique-
Incidence Reflectivity Difference Images of a Protein
Microarray After Washing and Blocking

In Fig. 2(a) we show an ImfΔp −Δsg image of a four-
target protein microarray (see Subsection 2.C) after
washing. One may regard an OI-RD image as equiva-
lent to a resonance-angle-shift image in surface plas-
mon resonance detection since they arise from the
same properties of a surface-bound molecular layer.
For all four protein targets (human IgG (HM), mouse
IgG (MS), rabbit IgG (RB), and BSA), the optical sig-
nals increase with printing concentration from
0:5 μM up to 31 μM. In Fig. 3, we plot the spatially
averaged ImfΔp −Δsg as a function of printing con-
centration. ImfΔp −Δsg maintains the sign in the
entire range of printing concentration. Since the cov-
erage of the immobilized protein molecules reaches a
“full” monolayer, this means that the molecule tar-
gets aggregate into monolayer-thick patches so that
the optical response is described by Eq. (3) instead of
Eq. (2). Otherwise the protein molecule optical con-
stant εd would change continuously from 1 to 2.51,
and at some intermediate printing concentration,
εd would be equal to that of the glass substrate

εs ¼ 2:28, causing ImfΔp −Δsg in Eq. (2) to change
the sign. We can rewrite Eq. (3) in terms of surface
mass density of the targets given by Γtarget ≡

Θtargetdtargetρtarget (in units of g=cm2) [21,23,25],

ImfΔp −Δsg ≅
αðεtaget − εsÞðεtarget − ε0Þ

εtarget

�Γtarget

ρtargetλ

�
:

ð5Þ

Using εtarget ¼ 2:51 and ρtarget ¼ 1:35 g=cm3 (see Ap-
pendix A), we solve Eq. (5) for Γtarget,

Γtarget ¼ ð4:98 × 10−5 g=cm2ÞjImfΔp −Δsgj: ð6Þ

Surface mass densities of the targets obtained from
Eq. (6) are labeled on the right side of Fig. (3). Γtarget
does not level off at the value for a full monolayer of
targets in side-on geometry (2:5 × 10−7 g=cm2). In-
stead it approaches the value consistent with a full
monolayer of targets in end-on geometry (see Appen-
dix B). We should point out that if the glass surface

Fig. 3. Averaged ImfΔp −Δsg from the printed targets on the
washed microarray versus printing concentrations. The corre-
sponding surface mass density Γtarget is shown on the right side.
Each point is the mean of the three replicates. The error bars show
the standard deviations of the signals from the replicates (due to
the microarray printing process). The curves are guides for the
eyes. The insets illustrate the proposed evolution of the target
(IgG and BSA) coverage and orientation, inferred from the surface
mass densities.
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remains in contact with the target solution at all
times during the optical measurement, Γtarget for
the IgG and BSA molecules at a concentration as
high as 160 μM does level off to values corresponding
to a full side-on monolayer [26–29]. When a microar-
ray is printed in air and rapidly dries up, the protein
concentration and the buffer salt concentration with-
in the printed spot increase far beyond the original
concentrations. Apparently under this condition
the printed BSA and IgG reach higher packing den-
sities than that for a side-on monolayer without
forming an overlayer (the latter should have been
washed away during the washing step).
By blocking the protein microarray with a solution

of BSA in the subsequent step, we can see more
clearly that the surface is already fully covered with
the protein targets in terms of footprint at printing
concentrations as low as 4 μM, and therefore at high-
er concentrations only the average thickness dtarget of
the target protein layer increases. Figure 2(b) shows
the ImfΔp −Δsg image of the microarray after the
unreacted epoxy groups on the glass surface have
fully reacted with BSA. At this point the surface is
fully covered with either the protein targets or
BSA. With the microscope used in this study the
blocking treatment is done with the glass slide taken
out of the microscope. When the blocked glass slide is
put back into the sample holder for subsequent scan,
we zero IðΩÞ on the originally unprinted but subse-
quently BSA-blocked part of the surface. As a result,
relative to the BSA-blocked surface, ImfΔp −Δsg de-
creases at the originally printed spots. This is ex-
pected as ImfΔp −Δsg from the unprinted region
increases due to uptake of a full side-on BSA mono-
layer, while the uptake of BSA on the printed spots is
less or none at all. The optical signal from in Fig. 2(b)
is given by

ImfΔp −Δsg

≅ α

2
64

ðεtarget−εsÞðεtarget−ε0Þ
εtarget

�
dtargetΘtarget

λ

�
−

ðεblocking BSA−εsÞðεblocking BSA−ε0Þ
εblocking BSA

�
dblocking BSAΘtarget

λ

�
3
75;
ð7Þ

where dblocking BSA is the monolayer thickness of the
blocking BSA. By subtracting Fig. 2(b) from Fig. 2(a),
the difference (as shown in Fig. 2(c)) is given by

δImfΔp −Δsg ≅
αðεblocking BSA − εsÞðεblocking BSA − ε0Þ

εblocking BSA

×
�Γblocking BSA

ρblocking BSAλ

�
Θtarget; ð8Þ

where Γblocking BSA ¼ dblockingBSAρblockingBSA is the sur-
face mass density of one monolayer blocking BSA. As
in Eq. (6), we can rearrange Eq. (8) to solve for

Γblocking BSAΘtarget,

Γblocking BSAΘtarget ¼ ð5 × 10−5 g=cm2ÞjδImfΔp −Δsgj:
ð9Þ

In Fig. 4, we show the spatially averaged
Γblocking BSAΘtarget in the printed spots versus printing
concentrations. Most interestingly, Γblocking BSAΘtarget

reaches a saturation value of 2:0 × 10−7 g=cm2 near
4 μM. Since Γblocking BSA ¼ 2 × 10−7 g=cm2 remains un-
changed in the entire range of printing concentrations
(corresponding to a full monolayer of BSA in side-on
geometry), this shows that at print concentrations as
low as 4 μM, the coverage (footprint) of the printed
protein targets had reached a full monolayer so that
Θtarget ¼ 1 before blocking.When the printing concen-
tration increases further from 4 μM to 31 μM, Θtarget
remains unchanged. Since the surface mass density
for a target is given by Γtarget ≡Θtargetdtargetρtarget,
the continuing increase in surface mass density (as
displayed in Fig. 3) must result from increasing
dtarget. Therefore we propose that at printing concen-
trations beyond 4 μM, more protein molecules are ac-
commodated within the constraint of one full
monolayer by an increasing number of the protein

Fig. 4. Surface mass density Γblocking BSA of the BSA-blocking
layer multiplied by the target coverageΘtarget versus printing con-
centration, obtained from Fig. 2(c). Each point is the average of the
three replicate spots. The error bars show the standard deviations.
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molecules taking on the end-on geometry, as
illustrated by insets in Fig. 3.

B. Oblique-Incidence Reflectivity Difference Detection of
Protein–Protein Reaction: Antibody–Antigen Capture

The BSA-blocked microarray subsequently reacts
with a mixture of two probe solutions (see Subsec-
tion 2.C for procedure): unlabeled goat polyclonal
IgG antibody against the Fc fragment of mouse IgG
(MS) and Cy3-labeled goat polyclonal IgG antibody
against the Fc fragment of human IgG (HM). The
available goat IgG probe molecules in the solution
mixture far exceed in number the surface-immobi-
lized targets. Figure 5(a) shows the ImfΔp −Δsg im-
ageof themicroarrayafter the reactionbynulling IðΩÞ
on theBSA-blocked surface. Figure 5(b) shows the dif-
ference, δImfΔp −Δsg, taken by subtracting Fig. 2(b)
fromFig. 5(a). The surfacemass densityΓgoat IgG of the
captured goat antibodies is computed from δImfΔp −

Δsg as follows:

Γgoat IgG ¼ ð5 × 10−5 g=cm2ÞjδImfΔp −Δsgj: ð10Þ

Clearly the goat IgGhave reacted specificallywith the
respective targets (MS and HM). The fluorescence
scan of the microarray as shown in Fig. 5(c) confirms
the reaction of the Cy3-labeled goat anti-human IgG
with the human IgG targets.
In Fig. 6 we display Cy3-fluorescence yields and

surface mass densities of the captured goat IgG anti-
bodies versus target printing concentration. The

fluorescence yields from the human IgG targets show
that the binding sites on human IgG targets accessi-
ble toCy3-labeled goat IgG reach saturationwhen the
printing concentration is above 6 μM. The fluores-
cence yields from rabbit IgG targets are not zero
but a factor of 10 down in intensity, due to cross reac-
tivity with the Cy3-labeled goat IgG against human
IgG.The fluorescence yield from theBSA-blocked sur-
face is∼100 timesweaker in intensity, indicating that
the efficiency of the BSA blocking ismore than 99% in
terms of covering the unprinted glass surface. From
theOI-RD image andEq. (10), we can see that the sur-
face mass density Γgoat IgG of the captured goat anti-
human IgG from the human IgG targets also reaches
saturation at the printing concentration of 6 μM, in
agreement with the fluorescence yield measurement.
The saturation value of Γgoat IgG is 1:5 × 10−7 g=cm2,
∼60% of a full side-on monolayer of goat IgG.

After reaction of unlabeled goat anti-mouse IgG
with the same microarray, jδImfΔp −Δsgj from the
mouse IgG targets versus printing concentration be-
haves similarly up to ∼9 μM. However, at higher con-
centrations, jδImfΔp −Δsgj from the mouse IgG
targets decreases. At this point we do not understand
this unusual behavior. We should note that the rabbit
IgG targets and printed BSA control spots also exhi-
bit unexpected reduction after the reaction.

As another example of the OI-RD detection of anti-
body–antigen capture reactions, we have performed
two back-to-back reactions on a separate antigen
microarray with only unlabeled probes: the first

Fig. 5. ImfΔp −Δsg and fluorescence images of a four-target microarray after reaction with unlabeled goat antibody against the mouse
IgG (MS) and Cy3-labeled goat antibody against the human IgG (HM). (a) ImfΔp −Δsg image of the microarray with the optical signal
zeroed on the originally unprinted but subsequently BSA-blocked part of the surface; (b) the differential image, δImfΔp −Δsg, obtained by
subtracting Fig. 2(b) from Fig. 5(a) (the corresponding surface mass density of the captured goat antibody probes computed from δImfΔp −

Δsg is also shown); (c) the Cy3-fluorescence image of the microarray.
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reaction is with the goat anti-rabbit IgG, and the sec-
ond reaction is with the goat anti-mouse IgG. The mi-
croarray consists of four targets printed in a dilution
series with concentrations from 0 up to 7 μM.The four
targets are human IgG, mouse IgG, rabbit IgG, and
BSA. In Fig. 7(a) we show the surface mass density
of the captured goat anti-rabbit IgG after the first re-
action. In Fig. 7(b) we show the surface mass density
of the captured goat anti-mouse IgG after the second
reaction. Up to 7 μM, the results in Fig. 7 are qualita-
tively the same as the results shown in Figure 5(b).
The two back-to-back reactions are highly specific.
Theaverage surfacemassdensity of the capturedgoat
antibodies versus printing concentration is plotted in
Fig. 8. The maximum Γgoat IgG captured by their re-
spective antigen targets is close to 2:5 × 10−7 g=cm2,
roughly a full side-on goat IgG monolayer.

C. Oblique-Incidence Reflectivity Difference Detection of
Protein Binding to Small Molecule Microarray: Streptavidin
Reaction with Surface-Immobilized Biotin–Bovine Serum
Albumin Complexes

To use the microarray platform in the search for
small-molecule ligands to proteins, one useful strat-
egy is to conjugate a small molecule candidate to a
macromolecular carrier [6] such as BSA (through a
flexible linker to keep the chemical property of the
small molecule as intact as possible). The small-

molecule–BSA conjugates can then be immobilized
on a functionalized glass surface through the pri-
mary amines on the surface of BSA and form a small-
molecule microarray. By reacting the microarray
with a protein of interest, one can screen a large
number of small molecules for ligands.

To test this strategywemeasured thereactionofun-
labeled streptavidin with a microarray consisting of
biotin–BSA conjugates as ligand targets, human
IgG, and unmodified BSA as control targets. All tar-
gets are printed at concentration of 4:55 μM.Each bio-
tin–BSA conjugate has on average three biotin
molecules attached to aBSAmolecule. Afterwashing,
the OI-RD image shows that each printed spot con-
sists of a monolayer of targets in side-on geometry.
In Fig. 9(a), we display the ImfΔp −Δsg image taken
after BSA blocking but before the microarray reacts
with streptavidin. Figure 9(b) shows the ImfΔp −

Δsg image after the reaction with unlabeled strepta-
vidin. Figure 9(c) shows the difference δImfΔp −Δsg
taken by subtracting Fig. 9(a) from Fig. 9(b). The
streptavidin only reacts with the biotin–BSA targets
as expected. We have converted the optical signal
δImfΔp −Δsg to the surface mass density of the cap-
tured streptavidin Γstreptavidin using the following
equation:

δImfΔp −Δsg ≅
αðεstreptavidin − εsÞðεstreptavidin − ε0Þ

εstreptavidin

×
�Γstreptavidin

ρstreptavidinλ

�
: ð11Þ

With εstreptavidin ¼ 2:51, and ρstreptavidin ¼ 1:35gm=cm3

(see Appendix A), Eq. (11) is further simplified to

Γstreptavidin ¼ ð1 × 10−5 g=cm2ÞjδImfΔp −Δsgj: ð12Þ

From the result shown in Fig. 9(c), we find
Γstreptavidin ¼ 1:4 × 10−7 g=cm2 on the biotin–BSA
targets. Ifwe treat streptavidin as amore or less sphe-
ricalmoleculewithadiameter of5nm[30,31], amono-
layer of densely packed streptavidin in square
packing geometry has a surface number density of 4 ×
1012 molecules=cm2 and thus a surface mass density
of 4 × 10−7 g=cm2. Our experimentally observed
Γstreptavidin ¼ 1:4 × 10−7 g=cm2 implies that the num-
ber of captured streptavidin is roughly one streptavi-
din per biotin—BSA conjugate. The latter has a
surface number density of 1:8 × 1012 molecules=cm2.
Knowing that a tetrameric streptavidin molecule is
smaller thana biotin–BSAconjugate, our observation
of one streptavidin per biotin–BSA conjugate means
that either each biotin–BSA conjugate has one biotin
target physically accessible to streptavidin or each
tetrameric streptavidin molecule is anchored down
bymultiple biotins (enabledby the linkermolecule be-
tween a biotin and its BSA carrier).

Fig. 6. (a) Change in ImfΔp −Δsg and the corresponding surface
mass density of the captured goat antibody probes ΓgoatIgG versus
target printing concentration (from Fig. 5(b)) after the reactions
with unlabeled goat anti-mouse IgG and Cy3-labeled goat anti-
human IgG; (b) the Cy3-fluorescence yield after the same reaction
(from Fig. 5(c)).
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D. High-Speed Oblique-Incidence Reflectivity Difference
Detection of Large Protein Microarrays

High throughput detection of biomolecular reactions
requires more than just the microarray format. Tar-
get and probe preparation, microarray fabrication,
and subsequent reactions with the microarray and
their detection all need to be done efficiently [3,9].
In our first scanning OI-RD microscope, one “point”
(a few microns in diameter) on a sample surface is il-
luminated at a time, and the reflection is imaged onto
a single detector for analysis. An OI-RD image of the
microarray is obtained by mechanically moving the
sample alongboth xand yaxesalong the surfaceplane
(see Fig. 1). In this dual-axis mechanical scanning
mode, most of the scan time is spent on moving the
sample holder instead of data acquisition. For an
800-spot microarray with a spot diameter of 120 μm
and a center-to-center spot separation of 300 μm, it
takes 120 minutes to acquire an OI-RD image with
a pixel size of 15 μm× 15 μm and a data averaging
time of 2ms per pixel. Out of the 120 minutes, just
10 minutes are spent on data averaging, while the re-
maining 110minutes are spent onmoving the sample.
To increase the throughput of our OI-RD detection,

we further developed a hybrid scanningOI-RDmicro-
scope equipped with a 152-element photodiode linear
detector array. With a cylindrical lens, we focus the
illumination laser beam into a 2:4mm line segment

along the y axis on a sample surface and image the
illuminated line segment onto a 152-element photo-
diode detector. Each photodiode detects the reflected
light from a 15 μmsegment of the illuminated line. By
electronically “cherry-picking” photodiode elements
for signal analysis,weachieve the y scanwithoutmov-
ing the sample holder along the y direction. This mul-
tidetector, hybrid scanning strategy improves the
image acquisition rate dramatically.

In Fig. 10, we display an OI-RD image of an 800-
spot BSA microarray acquired with the hybrid scan-
ning microscope at a surface pixel size of 15 μm×
15 μm. Using the data averaging time of 2ms per
pixel, the image acquisition takes less than 15 min-
utes, a factor of 10 reduction in scan time when com-
pared to the acquisition time of the dual-axis
mechanical scanning OI-RD microscope. Out of 15
minutes, 10 minutes are spent on signal averaging,
while only 5 minutes are spent on moving the sample
holder along the x axis and on software execution of
data acquisition and storage.

The hybrid scanning microscope also enables real-
time measurements of reaction kinetics on a micro-
array. With a field of view of 2:4mmwe can detect 10
microarray spots separated by 250 μm without any
mechanical scanning. By electronically switching
among 10 photodiode elements, we can follow 10
biochemical reactions simultaneously with a time
resolution of 20ms.

Fig. 7. (a) The differential ImfΔp −Δsg image of a four-target microarray after a reaction with the unlabeled goat antibodies against the
rabbit IgG, obtained by subtracting the ImfΔp −Δsg image taken after the BSA-blocking step from the image taken after the reaction.
(b) The differential ImfΔp −Δsg image of the same four-target microarray after the subsequent reaction with the unlabeled goat anti-
bodies against the mouse IgG (obtained by subtracting the ImfΔp −Δsg image taken after the first reaction from the image taken after the
second reaction).
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4. Concluding Remarks

Biomolecular microarrays are powerful enabling
platforms in proteomic research. We demonstrated
that oblique-incidence reflectivity difference (OI-
RD) microscopes are effective optical tools for high-
throughput, label-free microarray detection. By
detecting the optical dielectric response instead of
the fluorescent yield from a surface-bound molecular
layer, an OI-RD microscope enables one to track the
microarray through all steps of processing including
reactions. Using known protein–molecule reactions
(antibody–antigen and streptavidin–biotin) as exam-
ples, we showed the effectiveness of scanning OI-RD
microscopes in end-point detection of protein–
protein and protein–small-molecule reactions in mi-
croarray format. Furthermore, we can quantitatively
relate the optical reflectivity difference signals,
ImfΔp −Δsg, to the surface mass density of the
protein layer before and after reactions.

Our current OI-RD microscopes are capable of de-
tecting end points of a 1000-spot microarray in ∼15
minutes. In addition to end-point measurements (as
reported in this study), scanning OI-RD microscopes
are also capable of monitoring in real time the
kinetics of hundreds or even thousands of distinct
reactions on a microarray [32].

Appendix A: Optical Dielectric Constants and Volume
Mass Densities of Proteins

To analyze optical reflectivity difference signals in an
end-point study, we need to know optical dielectric
constants of dry proteins in a printed microarray
εd. In the present study we assume that εd is the
same as the optical constant of the bulk-phase

Fig. 8. (a) Surface mass density ΓgoatIgG of the captured goat anti-
body probes against the rabbit IgG versus target printing concen-
tration, after the first reaction (from Fig. 7(a)). (b) Surface mass
density ΓgoatIgG of the captured goat antibody probes against the
mouse IgG versus target printing concentration, after the second
reaction (from Fig. 7(b)).

Fig. 9. (a) ImfΔp −Δsg image of a three-target proteinmicroarray (i.e., human IgG (HM), biotinylated BSA (biotin–BSA), and unmodified
BSA) after BSA blocking treatment. All the targets are printed at the same concentration of 4:55 μM. (b) ImfΔp −Δsg image of the three-
target protein microarray after reaction with streptavidin. (c) The differential image, δImfΔp −Δsg, obtained by subtracting (a) from (b).
The surface mass density of the captured streptavidin is computed from δImfΔp −Δsg using Eq. (12).

20 June 2008 / Vol. 47, No. 18 / APPLIED OPTICS 3285



proteins ε. ε is related to the refractive index n of
bulk-phase proteins by ε ¼ n2. One method of finding
ε is to measure refractive indices of protein solutions
versus the concentration [24] and extrapolate the re-
sult to the bulk-phase (solid-phase) concentration.
The optical dielectric constant of a single-component
molecular liquid or molecular solid is given by the
Clausius–Mossotti relation (in the standard interna-
tional system of units),

ε − 1
εþ 2

¼ γmolNb

3
; ðA1Þ

whereNb is the number of molecules per unit volume
(in units of m−3). It is proportional to the bulk-phase
mass density ρ of molecules (in commonly used units
of g=cm3). γmol is the polarizability of the molecule (in
units of m3) at the optical wavelength λ. When pro-

tein molecules dissolve in a buffer solution at a mass
concentration c < ρ, the polarizabilities of the dis-
solved proteins and the buffer are additive. From
Eq. (A1), we expect

n2
solutionðcÞ − 1

n2
solutionðcÞ þ 2

¼
�
c
ρ

�
n2

− 1

n2 þ 2
þ
�
1 −

c
ρ

�
n2
buffer − 1

n2
buffer þ 2

;

ðA2Þ
where n2

buffer ¼ εbuffer is the optical constant of the
buffer solution without the protein, and n2

solutionðcÞ ¼
εsolutionðcÞ is the optical constant of the buffer with the
dissolved protein at concentration c. Since the optical
constant of the bulk-phase protein is not much larger
than that of the buffer, Eq. (A2) can be approximated
by

nsolutionðcÞ ≅ nbuffer þ ðn − nbufferÞ
�
c
ρ

�
: ðA3Þ

In fact, as long as ε − εbuffer < 0:8, Eq. (A3) agrees
with Eq. (A2) within 1% over the entire range of pro-
tein concentration (i.e., 0 < c < ρ). Equation (A3)
shows that n ¼ nsolutionðρÞ. Since one cannot have a
protein solution with the concentration c equal to
the bulk-phase value ρ, we can obtain nsolutionðρÞ by
extrapolation. Values of refractive indices of protein
solution versus concentration c or dnsolution=dc ¼ ðn −

nbufferÞ=ρ and values of specific volumes 1=ρhave been
measured and tabulated for a large number of pro-
teins [21]. Measurements are carried out in an buffer
withnbuffer ¼ 1:332. To findnsolutionðρÞ ≅ n and in turn
ε ¼ n2, we extrapolate the results of these measure-
ments by substituting ρ into Eq. (A3).

For bovine serum albumin (BSA), dnsolution=
dc ¼ 0:185 cm3=g, and ρ ¼ 1:36 g=cm3, we find ε ¼
2:51. For human IgG, dnsolution=dc ¼ 0:189 cm3=g
and ρ ¼ 1:35 g=cm3, we arrive at ε ¼ 2:52. These
values are representative of globular proteins [21–
25]. For the purpose of this report we use ρ ¼
1:35 g=cm3 and ε ¼ 2:51 for BSA, biotinylated BSA,
immunoglobulin G (IgG), and streptavidin.

We are mindful that the bulk-phase refractive in-
dex of a protein obtained through measurements of
refractive indices of protein solutions is an approxi-
mation to the refractive index for dry proteins immo-
bilized on a solid support. This is because the
molecular polarizability γmol;dry of a dry protein
molecule is likely to be different from that of a pro-
tein in solution γmol;wet due to the solvation effect and
potential conformational changes. For surface-
immobilized protein molecules inside an aqueous
fluid cell, this approximation should work better.

Appendix B: Surface Mass Densities of Proteins
Determined from Geometric Sizes of the Molecules

Physical methods such as analytical ultracentri-
fugation, dielectric dispersion, and transient
birefringence have been used to measure the hydro-
dynamic size of proteins, modeled as ellipsoids

Fig. 10. ImfΔp −Δsg image of a 800-spot BSA microarray ac-
quired with a hybrid scanning OI-RD microscope. The image area
is 6:5mm× 12mm, and the pixel size is 15 μm× 15 μm. Averaging
for 2ms at each pixel, the image takes 15 minutes to acquire.
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[33–36]. For BSA the ellipsoid has axis lengths
4:0nm × 4:0nm × 14:0nm [36] and for human IgG
4:4nm × 4:4nm × 23:5nm [34] (which we will take
as the representative for IgG from other species).
The uncertainty for each length is about 0:5nm.
Though structures of these proteins determined from
the crystallography data [37–39] show that shapes of
these proteins deviate significantly from ellipsoids,
estimates of surface mass densities based upon ellip-
soidal models have been shown in reasonable agree-
ment with the observations of adsorbed protein
monolayers in a variety of experiments [23,27–29].
Given the ellipsoidal shape, the surface mass den-

sity of a “side-on” monolayer of BSA molecules (with
the long axis parallel to the substrate surface) packed
in a rectangular lattice is 1:9 × 10−7 g=cm2 (1:8×
1012 molecules=cm2). For IgG molecules, a “side-on”
monolayer packed in rectangular lattice has a surface
mass density of 2:5 × 10−7 g=cm2 (1:0 × 1012

molecules=cm2). For an “end-on” monolayer of BSA
molecules (with the long axis perpendicular to the
substrate surface) packed in square lattice, the
surface mass density is 6:8 × 10−7 g=cm2 (6:3×
1012 molecules=cm2). For IgG molecules, an end-on
layer packed in square lattice has a surfacemass den-
sity of 13 × 10−7 g=cm2 (5:3 × 1012 molecules=cm2).
These values are expected to be accurate only to with-
in 30% [25,28] due to uncertainty in actual shape and
packing arrangement of the protein molecules.
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