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Adaptive spinning-disk interferometry is capable of measuring surface profiles of a thin biolayer with
subnanometer longitudinal resolution. High-speed phase modulation in the signal beam arises from the
moving surface height profile on the spinning disk and is detected as a homodyne signal via dynamic
two-wave mixing. A photorefractive quantum-well device performs as an adaptive mixer that compen-
sates disk wobble and vibration while it phase-locks the signal and reference waves in the phase
quadrature condition (��2 relative phase between the signal and local oscillator). We performed biosens-
ing of immobilized monolayers of antibodies on the disk in both transmission and reflection detection
modes. Single- and dual-analyte adaptive spinning-disk immunoassays were demonstrated with good
specificity and without observable cross-reactivity. Reflection-mode detection enhances the biosensing
sensitivity to one-twentieth of a protein monolayer, creates a topographic map of the protein layer, and
can differentiate monolayers of different species by their effective optical thicknesses. © 2007 Optical
Society of America

OCIS codes: 170.3890, 160.5320, 120.3180.

1. Introduction

Optical interference can measure optical path changes
with longitudinal resolutions comparable to or better
than the most sensitive surface-scanning microscopic
techniques, such as atomic force microscope. However,
measuring optical path changes requires the inter-
ferometer to maintain the quadrature condition where
the relative phase between the probe and the local
oscillator is equal to ��2. In surface-scanning inter-
ference microscopy, the path length difference be-
tween the signal and reference beams must be
stabilized to the subnanometer level in order to
detect nanometer-size features (for example protein
molecules). We previously demonstrated several
free-space interferometric techniques with such ca-
pability. One technique is called self-referencing
spinning-disk interferometry [1], that sets the
quadrature condition using micro-structures on a
reflective surface. Another technique uses an adap-
tive interferometer to detect proteins on a transpar-

ent surface [2]. In this paper, we further report the
use of adaptive free-space interferometry to quan-
tify the optical thickness of nanometer-thin pat-
terns on both transparent and reflective surfaces.
The results demonstrate that adaptive interferom-
etry can provide both precise characterization of
thin layers and quantified detection of biomol-
ecules.

Adaptive optical interferometry [3–7] uses an adap-
tive beam mixer, for example photorefractive materi-
als, instead of a beamsplitter to generate interference
between a local oscillator and signal beam. By auto-
matically compensating time and spatial perturba-
tions in the input fields, a steady quadrature condition
can be maintained in an adaptive interferometer,
which enables pure phase-sensitive detection, such
as ultrasound detection [8–12]. Subpicometer surface
displacement sensitivity have been demonstrated
with homodyne detection in photorefractive materials
[9,13]. Such sensitivity is much smaller than the
roughness of an atomically flat surface and is sufficient
for biomolecule pattern recognition. If one detects the
interference signal on the local oscillator arm instead
of the usual signal arm, adaptive interferometric de-
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tection can also avoid intensity noise in the signal
beam.

To make stationary features on a sample “visible”
to adaptive interferometry, phase changes caused by
spatially-distributed surface features must be con-
verted to a temporal frequency higher than the com-
pensation rate of the adaptive mixer. In principle, one
could scan the detection beam to achieve such a high
frequency signal. However, it is easier and cheaper to
move the sample, and the speed and movement range
are much larger. Inspired by the compact disk (CD)
technology, a disk readout scheme is used in which
biomolecule patterns are immobilized on a disk plat-
form. By spinning the disk at high speed, static pat-
terns are converted to high-frequency signals, which
are away from 1�f noise and have a higher signal-
to-noise ratio than for static measurements. This
method gives the system the ability to detect multiple
analytes by specifically allocating different parts of
the disk surface to different analytes as a type of
molecular random-access addressing. Another ad-
vantage of the spinning-disk scheme is its high read-
out speed, which can cover the entire disk in tens of
minutes, as a CD player does. The same scheme also
has been used with self-referencing interference [1].
Because of their similarity to the optical CD, adaptive
and self-referencing spinning-disk interferometries
emerge as a new group of biosensing techniques re-
ferred as the BioCD.

2. Intensity-Free Homodyne Detection Using
Photorefractive Quantum Wells

Photorefractive quantum well (PROW) [14] devices
are used as the mixing element in adaptive spinning-
disk interferometry. These devices self-compensate
thermal and mechanical disturbances and maintain
the quadrature condition with a compensation rate
higher than a kHz [15]. Phase modulation in the
probe beam at frequencies higher than the com-
pensation rate of the PRQW device is read out by a
photodetector as intensity modulation caused by in-
terference between the transmission (zero-order) of
one beam and the first-order diffraction of the other
beam. The two-wave mixing signal after a PRQW
device is given by

�Pp,l � 2�Pp
0Pl

0 cos���t� � �P � ���� �
�

2� (1)

neglecting a common overall absorption of the beams
in the PRQW, where Pl

0 and Pp
0 are the probe and

local oscillator power before the PRQW, ��t� is the
phase modulation, and �P is the photorefractive
phase shift that represents the phase offset between
the intensity pattern and the optical index pattern
driven by the space-charge formation [15,16]. The
excitonic spectral phase ���� is defined by

d�

d�
� T2 (2)

where T2 is the excitonic free induction decay (FID)
time [16]. Because of the wavelength dependence of
����, the quadrature condition [17] is achieved by
selecting the operating frequency �q at which ����
� �P � 0 or �, and the homodyne signals depend
linearly on the phase modulation. Figure 1 shows the
wavelength dependence of two-wave mixing and ho-
modyne signals from a PRQW device measured with
a temperature-tunable diode laser (Mellos Griot). At
the quadrature frequency �q, the two-wave mixing
signal crosses zero and the homodyne signal reaches
its maximum value.

In adaptive spinning-disk interferometry, the probe
beam has intensity noise caused by diffraction from
the spatial variations in the disk, which is typically
much stronger than the phase noise in both the trans-
mission and the reflection mode. These phenomenona
can be explained by a simple model from dynamic scat-
tering [18]. The heterogeneous features in the disk
substrate, or microscopic roughness features on the
surface, scatter light in a manner similar to random
particles. The field after scattering can be written as

Ẽ � Ẽ0 � �
i�1

N

�Ẽi (3)

where Ẽ0 is the average field, �Ẽi is the field con-
tribution from the ith particle, and N is the total
number of particles illuminated in the beam. The
intensity noise is

�P � �Ẽ0 	 	�
i�1

N

�Ẽi
*

� �
i,j�1

N

�Ẽi 	 �Ẽj* � c.c.� (4)

and the phase noise is approximately


��
 ���
i�1

N

�Ẽi 	 �Ẽ0��1�. (5)

Because of the random distribution of particles, when
N is large (i.e., the domain size of heterogeneities (or

Fig. 1. Two-wave mixing and homodyne signals of a PRQW
device (BH51). The homodyne signal is measured with a 5-MHz

�� �
�

6 phase modulation. The intensity ratio � between the probe

and local oscillator beam is 4. Homodyne power is calibrated to be
�Pp

Pp
� 0.09

�

� � 1 ��, where � is the beam intensity ratio between

the local oscillator and the probe.
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roughness) is much smaller than the beam size) the
fluctuating terms average to

Ẽ0


Ẽ0

g	�

i�1

N

�Ẽi
→ �N
�E

�
i,j

N

�Ẽig�Ẽj* → N
�E
2 � �N
�E

2 (6)

where 
�E is the RMS deviation of the scattered field
amplitude from each scatterer. This leads to the lim-
iting expressions for intensity and phase noise

�P → N
�E
2


��
 → �N

�E

E0
. (7)

In these equations the intensity noise originates from
mixing of the scattered field with itself, while the
phase noise only affects the mixing of the scattered
field with a local oscillator. Because the scattered
field is the sum of a large number random scatterers,
noise from homodyne mixing measured on the local
oscillator is lower than the noise on the transmitted
intensity. In this discussion of adaptive interferome-
try, the two-wave mixing signal is designated as the
homodyne signal because the phase is locked between
the signal wave and the local oscillator. This termi-
nology is somewhat different than the terminology
typically used in dynamic light scattering [18].

Extracting small phase modulation in the presence
of large intensity modulation is difficult for conven-
tional interferometry because the probe and the local
oscillator are directly mixed and the intensity noise
on the probe beam dominates. However, the adaptive
interferometer has separate output ports for the
probe beam and local oscillator, which makes it pos-
sible to detect the molecular signal in the local oscil-
lator that is free of intensity modulation. Under the
condition of quadrature, the transmitted local oscil-
lator is influenced only by the molecular phase mod-
ulation and by the phase noise in the probe beam. The
transmitted local oscillator, after mixing with the
probe wave, is

Pl� � Pl
0 � 2����q�Pl

0�Pp
0 � �Pp�t�0
 sin���t�


� Pl
0 � 2����q�Pl

0Pp
0 ��t� � O���t��Pp�t�0
 (8)

neglecting a common overall absorption of the beams
in the PRQW, where �Pp�t�0 is the intensity noise in
the probe beam, ��t� is the phase modulation, and �
is the diffraction efficiency. Detection on the local
oscillator is sensitive to the phase modulation, but
free of intensity modulation to lowest order. By tun-
ing to the quadrature condition, homodyne signals
can remain linearly sensitive to the phase modula-
tion while intensity modulation is suppressed. An

adaptive interferometer that detects on the local os-
cillator under the quadrature condition is essentially
an AM-free detector similar to FM radio.

The optical thickness change ��nd� detected from a
thin layer can be either positive (dielectric, n � 1,
��nd� � �n � 1�d � 0) or negative (metal, n � 1,
��nd� � �n � 1�d � 0). Intensity-free phase sensitive
homodyne signals can tell not only the magnitude of
��nd�, but also the sign of the optical thickness change.
As Eq. 2 shows, when the wavelength changes, the
excitonic spectral phase [16] changes as

d�(�)
d�

�
d�(�)

d�

d�

d�
� �T2

2�c

�2 � 0. (9)

The two-wave mixing power varies with the excitonic
spectral phase as

�P(�) � cos��(�) � �P � ��2
. (10)

Figure 1 shows that, near the quadrature condition
used in the experiments, two-wave mixing flips from
positive to negative as wavelength increases, which
means that the quadrature wavelength satisfies

�(�q) � �P � �. (11)

At this quadrature, the homodyne signal from a
phase modulation ��t� is proportional to the cosine of
the total phase, given by

�P(t) � cos��(�q) � �P � ��2 � �(t)
 � �(t). (12)

Thus the homodyne signal is in phase with the
phase modulation, which means that higher (lower)
voltage corresponds to longer (shorter) travel in op-
tical thickness.

3. Optical System

The system diagram for adaptive spinning-disk inter-
ferometry is shown in Fig. 2. The system uses a tun-
able external cavity diode laser (EOSI 2010), with the
wavelength tuned to quadrature near 835 nm. The
system can perform both transmission detection of
patterns printed on glass disks or reflective detection
of patterns on a dielectric reflective disk. Diagrams of
two types of disk readers (BioCD Readers) are shown
in the bottom of Fig. 2. After mixing the probe beam
and the local oscillator in the PRQW device, homo-
dyne signals are read out by an amplified avalanche
photodiode (APD1, Hamamatsu C5460) centered on
the local oscillator beam and measured by either a
spectrum analyzer or an oscilloscope. To calibrate the
system, a 5 MHz resonant phase modulator (PM,
Newfocus 4001) is located in the probe beam before
the disk and the homodyne signal is measured with
known phase modulation amplitudes.

5386 APPLIED OPTICS � Vol. 46, No. 22 � 1 August 2007



The spatially periodic patterns of biomolecules
immobilized on a spinning disk impart a periodic
phase modulation on the probe laser beam. Detect-
ing biomolecules as a spinning phase pattern has
two advantages. First, biomolecules are detected
by measuring signals at a high frequency, which
avoids 1�f noise and allows narrowband detection
based on repetitive sampling. Second, the phase sig-
nal measured by the system is the optical thickness
difference between the molecular spoke pattern and a
reference surface. In an assay application, the molec-
ular spoke can be a recognition molecule like an an-
tibody that recognizes and binds a specific molecule
in a sample. The reference surface can carry an inert
molecule or an antibody that is specific to a different
target protein. Nonspecific antibody-protein binding
(or cross-reactivity) will be common to both surfaces
and is therefore canceled out, representing a form of
molecular common-mode rejection.

The phase modulation scheme of adaptive spinning-
disk interferometry is shown in Fig. 3. The disk is a
4�-diameter glass disk with biomolecules printed in a
1024-wedged-spoke pattern, in which the spoke width
increases linearly with radius to maintain a 50�50
duty cycle. The probe beam has a focal size of 30-�m
full-width half-maximum. The spinning disk acts as a
phase modulator with a modulation depth that is lin-
ear in the optical thickness relief of the biomolecule
pattern. Detection is performed on a circular track
(illustrated as the black ring in Fig. 3) with radii that
are selected by moving the spinner with a computer-
controlled linear stage. In experiments, neighboring
tracks are often grouped into a single band, covering

typically a several-mm annular width on the disk. Two
indexing methods are used to track spoke patterns.
Transmission disks have 1-mm-wide gold-patterned
synchronization bands on the outer rim providing 1st
to 16th harmonics of the rotation frequency, plus a
gold 1024-element band as a carrier-frequency mon-
itor; a secondary laser beam is focused through one of
these patterned gold bands as a synchronization sig-
nal. When reading reflective disks, an improved disk
spinner (Lincoln Lasers) that has built-in digital in-
dexing removes the need for the tracking bands.

4. System Calibration

A series of calibration experiments were carried out
to demonstrate that adaptive spinning-disk inter-
ferometry is capable of scanning nanometer-thick
patterns to determine their optical thickness relative
to air with high precision despite the presence of
intensity modulation and noise. These calibration re-
sults validate the latter biomolecule detection appli-
cation.

A. Calibration Standard Disk

To calibrate the system, two methods were used: (1) a
calibration disk for daily system testing; and (2) an
electro-optic phase modulator in the system to cali-
brate the response of the homodyne signal to a known
phase modulation in situ.

The calibration disk is 0.5-mm thick fused silica
with marks milled by a 1 min ion beam milling (es-
timated15-nm deep by Ion Beam Milling, Inc.), which
is used for phase modulation in transmission when
the disk spins. The disk has numerous synchroniza-
tion tracks in the outer radii. In the inner radii there
is a 1024-spoke pattern that is divided into several
circular bands. There is one blank band for the study
of system noise floors, and two bands fully covered
with the 1024-element pattern. In addition, there are
10 bands in which spoke patterns are turned on and
off around the track with modulation frequencies of
1 per track to 16 per track to form a low-frequency

Fig. 2. Diagram of the adaptive spinning-disk interferometry sys-
tem. The electro-optic phase modulator (PM) provides calibration,
while the disk and APD1 provide protein detection on the spinning
disk. Intensities of the probe beam are monitored by APD2. Trans-
mitting BioCDs are read by a focused probe beam and a collimating
lens after the disk (Lower left). Reflective BioCDs are read by the
probe beam through a polarized beamsplitter (PBS), a 1�4� wave
plate and the focusing lens (Lower right). The reflected probe beam
is collimated by the same lens and sent to the PRQW device by the
polarized beam splitter.

Fig. 3. Adaptive spinning-disk and probe geometry converts a
periodic pattern of printed protein on a spinning disk into a high-
frequency phase modulation. The disk is printed with 1024 protein
spokes with widths increasing with radius to maintain a 50�50
duty cycle. At a radius of 30 mm the spoke width is 90 microns. The
printed protein spoke heights are approximately 3 nm thick.
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spatial modulation envelope that multiplies the high-
frequency carrier frequency.

The calibration disk is used to verify the frequency
response of the PRQW device. PRQW devices self-
compensate low-frequency phase modulation, and
have a high-pass frequency response for adaptive ho-
modyne detection. Previous studies [15] showed that
the compensation rate of a typical PRQW device is
70 kHz with a similar laser intensity ��3 mW�cm2�.
Compensation rates vary between devices made from
different fabrication batches. Homodyne signal spec-
tra from the 1024-element track on the calibration
disk were taken at spinning speeds from 20 to 70
rotations per second. The first, second, and third har-
monic peaks of the homodyne signals, which extend
from 20 kHz to 215 kHz, have the same amplitude
regardless of the spinning speed, which proves that
the compensation rate of the PRQW device used in
the system is below 20 kHz. Thus, homodyne signals
from the calibration disk can be compared against the
homodyne signal generated by the phase modulator
to measure the milling depth. Figure 4 shows the
homodyne spectrum from a track fully covered with
the 1024-element pattern and compared to the spec-
trum from the phase modulator, both taken with a
spectrum analyzer set at a 3-kHz bandwidth. The
phase modulator is driven by a 5 MHz AC voltage
with Vpp equal to 40 mV, which is equivalent to a
peak-to-peak phase modulation with ��pp � 2.1
	 10�2 rad, or a peak-to-peak optical thickness
change �nd � 2.8 nm at 835 nm. By comparing these
two homodyne signals, the milled marks are mea-
sured to be ��nd� � �n � 1��d � 5.8 nm in optical
thickness, or �d � 12 nm in physical thickness (close
to the estimated thickness of 15 nm from the ion
milling).

B. Sensitivity and Noise

Noise from a spinning disk is caused by disk hetero-
geneity. In the case of transmission, the heterogene-
ity is a combination of surface roughness and density
variation in the glass. In the case of reflection it is
primarily from surface roughness. The noise spec-

trum of spinning-disk interferometry as a function of
temporal frequency corresponds directly to the spa-
tial frequency distribution of the heterogeneity or
roughness. The spectrum of an intensity-free homo-
dyne signal from a blank track (no milling marks) of
the transmission calibration disk is shown in Fig. 5 as
a function of spatial frequency, which is calculated
from the temporal frequency by taking

fspatial �
ft

2�Rfspin
(13)

where R is the radius of the track. Compared with the
laser noise spectrum, the spectrum of the blank track
is dominated by a homodyne signal from the trans-
mitted phase noise of the spinning glass disk. The
spatial distribution of the phase noise is consistent
with a white noise spectrum filtered by a low pass
filter (the spatial Fourier transform of the Gaussian
beam). Unlike stochastic laser noise, the phase noise
associated with spatial structure is repeatable on suc-
cessive acquisitions, and thus cannot be decreased by
averaging.

The signal-to-noise ratio (SNR) of the system is
defined by

S
N �

��PL��2

NL
2 � NP

2 � 	 �d
NEOT
2

(14)

where NL and NP are noise amplitudes contributed by
the local oscillator and by the phase noise from the
disk, respectively. The sensitivity of the system is
determined by its noise equivalent optical thickness
(NEOT), which is given by

NEOT � �d 	
VHomo

Vnoise
(15)

where VHomo is the homodyne voltage from a phase
modulation equal to �d in optical thickness, and Vnoise
is the noise voltage. The blank-track spectrum was

Fig. 4. Homodyne spectra of the full track on the glass calibration
disk (solid line) and the phase modulator with ��pp � 2.1
	 10�2 rad (dashed line). The left y-axis is amplitude, and the right
y-axis is equivalent phase modulation. The glass milling marks
generate phase modulations ��pp � 4.4 	 10�2 rad (5.8 nm at � �
835 nm). The noise level of the calibration track is equivalent to
��pp-rms � 3 	 10�3 rad (0.4 nm at � � 835 nm).

Fig. 5. Homodyne signal from the blank track showing phase
noise. Spectra were taken with a spectrum analyzer at a radius
equal to 29 mm. The disk was spun at 50 Hz with 3-kHz acquisition
bandwidth, which is equivalent to 0.3 mm�1 in spatial frequency.
Left Y-axis is the voltage, and right Y-axis is the noise equivalent
optical thickness (NEOT) calibrated by the phase modulator.
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taken at the radius R � 28 mm with a 0.3 mm�1

spatial bandwidth (corresponding to a 3 kHz band-
width on the spectrum analyzer) and calibrated with
the phase modulator signal (Fig. 5, right y-axis).
The temporal carrier frequency for the 1024-spoke
pattern at the spin frequency fs � 50 Hz is ft
� 51.2 KHz, and the spatial frequency is fsp �
5.8 mm�1. At this spatial frequency of 5.8 mm�1 the
NEOT of a spinning glass disk in transmission is
0.4 nm, and the NEOT of the laser noise is 0.1 nm
under equal probe beam and local oscillator intensi-
ties with a detected 3 �W optical power and a
0.3 mm�1 spatial bandwidth.

In practice, the sensitivity is also affected by the
mechanical stability of the spinner and the flatness of
the disk. Uneven disk surfaces and disk wobble dur-
ing spinning could cause a high-frequency Doppler
shift in the probe beam, and subsequently fringe
wash-out in the PRQW device. For example, to cause
a 20 kHz Doppler shift, the optical path needs to drift
at a speed of 1.7 mm�s. Such drift is unlikely to hap-
pen in the transmission mode, since path length
drifts come from uneven disk thickness (typically
�25 �m across the whole disk), which can only pro-
duce a 0.1 mm�s drift in the worst case. However, in
the reflective mode, disk wobble could cause big drifts
if the spinner lacks stability. Thus, a high-precision
spinner (Lincoln Laser) was used in the reflected
mode so that the interference fringes remain visible
through a video camera even when the disk is spin-
ning. In both transmission and reflection modes, the
calibration signal from the EO modulator dropped
less than 1 dB in amplitude when the disk was spin-
ning. This provides strong evidence that the system
compensates most of the optical path drift. To take
this 1 dB decrease into account, all phase calibration
signals were taken with the disk spinning.

C. Optical Thickness Measurement of Thin Gold Layers

The advantage of intensity-free detection on the local
oscillator is the ability to measure the optical thick-
ness of thin layers despite the presence of reflection
or absorption that cause large intensity modulations.
The performance was first tested with thin gold lay-
ers. Figure 6 plots the transmission and homodyne
traces by spinning a 15-nm thick gold spoke pattern
(thinner than an extinction depth) evaporated on a
glass disk. The pattern was made by lithography and
thermal evaporation at a deposition rate of 1–2 Å�s.
In the transmission trace, the minimum of the mod-
ulation corresponds to the gold spokes, which is less
transparent than the glass substrate. At the same
time, the phase-sensitive homodyne signal from the
gold spokes also gives a lower value, which means
that the gold spokes causes a negative phase shift
��nd� � 0. With the phase modulator as the calibra-
tion, the optical thickness of the 15-nm gold layer was
measured to be nd � d � |�nd| � 15 � 8 � 7 nm,
with a refractive index of n � 0.5. The dielectric
constant of a nonannealed gold film was reported to
be � � �31 � 5.1i at 835 nm (extracted from data

plots in Ref. 19), which gives a refractive index n
� real���� � 0.5 that matches our results. This dem-
onstrates the versatility and robustness of intensity-
free detection.

5. Adaptive Optical BioCD

The surface profile sensitivity that is achieved with
spinning-disk adaptive interferometry opens many
avenues for surface metrology applications. In our
first application of this technique [2], we investigated
the detection of printed antibody patterns on glass
disks. In this section, we expand on that work and
then extend it to higher sensitivities by operating in
reflection on a dielectric stack designed to have a field
antinode at the surface and hence optimized field-
molecule interaction.

A. Biomolecule Pattern Printing

Printing a biomolecular pattern on the BioCD is the
first step to biosensing. The process consists of two
steps: surface activation and biomolecule patterning.
Two surface chemistries were used for surface acti-
vation. One is grafting of chlorodimethyloctadecylsi-
lane [20] onto the silica surface, which creates an
adhesive coating that attaches biomolecules by phys-
ical adsorption. This procedure is simple but can
suffer from molecule wash-off during experiments
due to the unstable nature of physical adsorption. A
more stable approach is a biotin-avidin-based system,
in which the silica surface is covalently coated with
a biotin-labeled polysuccinimide (PSI) coating [21].
Avidin, a protein that binds to biotin with high affin-
ity, serves as the link between the disk coating and
the biotin-labeled biomolecules that are to be immo-
bilized. Three alternating printing methods were
used in our biomolecule patterning: microfluidic net-
work printing [22], photolithography, and a soft “ink”
gel stamp method [23].

Both the microfluidic network printing and the
“ink” gel method start with a master wafer that has
a 25-�m-thick SU-8 photoresist in the 1024-spoke
pattern. In the microfluidic method, a polydimethyl-
siloxane (PDMS) stamp is molded against the master

Fig. 6. Single-shot oscilloscope traces of intensity and phase sig-
nals from a spinning 15-nm thick gold spoke pattern. Acquisitions
were triggered by an opaque edge on the disk. The intensity mod-
ulation and homodyne signals from phase modulations were in-
phase. The gold spokes were spun at 5000 rpm (�80 Hz). The beam
intensity ratio � was equal to 1. Homodyne signal was calibrated
to be �VP � 0.27�� by the phase modulator. The corresponding
optical thickness change ��nd� was 8 nm.
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wafer. After curing, the stamp is removed from the
master, treated for 3 � 5 min with oxygen plasma,
and then sealed with the disk to form micro-channels.
To print, 100 �g�ml protein solution is added through
a central reservoir and initially fills the channels by
capillary force. Incubations last 30 min, during which
time the disk is spun at 200 rpm, and the solution
flows by centrifugal force. After the incubation, chan-
nels are flushed with buffer solution by spinning at
400 rpm.

The gel-stamp method is a modification of the reg-
ular micro contact printing method [23], which uses a
polydimethylsiloxane (PDMS) stamp. We opted for a
soft, wet gel stamp because PDMS stamps produce
uneven printing over our large disks (100 mm diam-
eter). A 12% acrylamide gel solution containing 50
�g�ml of protein (antibody or antigen) is poured into
a gel-casting chamber containing the master wafer.
After curing, the chamber is opened, and the gel
stamp is removed from the master wafer. With the
stamp facing up, a disk is carefully laid onto the
stamp and let to stand for 15 min At the end, the disk
is washed with an excess of water to remove extra
proteins.

The photolithography method only works with
the PSI chemistry which can withstand the harsh
lithography procedure. First, standard photolithog-
raphy is performed on PSI-coated disks. Photoresist-
patterned disks are incubated in avidin solution for
10 min, cleaned with water, and the photoresist is
stripped off by acetone. The photolithography method
gives the best accuracy and resolution. However, the
microfluidic and “ink” gel approaches produced rela-
tively uniform patterns at low cost with ease and
were used in most of our experiments.

B. Optical Thickness and Refractive Index of a Protein
Monolayer

The homodyne spectrum of a circular track of a FITC
fluorescein-labeled BSA (Sigma Aldrich) pattern is
shown in Fig. 7(a). The BSA was printed by gel
stamping on a glass disk activated with the physical
adsorption coating. The inset in Fig. 7(a) is the fluo-
rescence photo of the BSA pattern. The optical thick-
ness change from the protein pattern ��nd� was
measured to be 0.6 nm calibrated by the electro-optic
modulator. To verify the properties of the printed
protein, atomic force microscopy was used to scan the
surface relief of the pattern. Fig. 7(b) shows a 10
	 10 �m scan of the edge of a BSA-FITC spoke, which
shows that the BSA region was 2.5 nm higher on
average than the land level, while both had a rough-
ness of 0.5 nm. These results show that a relatively
uniform monolayer coverage of BSA-FITC was
printed with a thickness of d � 2.5 � 0.7 nm. The
optical thickness change ��nd� � �n � 1�d �
0.6 nm for BSA-FITC is used to estimate the refrac-
tive index of the BSA monolayer layer to be n �
1.2 � 0.1.

C. Immunoassay on an AO-BioCD

To demonstrate the AO-BioCD as a biosensor, we
implemented an immunoassay in which printed an-
tigen binds specific antibodies out of solution, called a
reverse immunoassay. The molecular recognition is
detected as an optical thickness change in the protein
pattern after the reaction. Single and two-analyte
assay experiments were performed in transmission
with protein immobilized by the physical adsorption
protocol described earlier. In each experiment, about
150 tracks of the protein pattern were acquired at
radii separated by a radial pitch of 0.1 mm. Tracks
were grouped into bands, on which sample incuba-
tions were carried out in multiple steps on selected
bands. Antigens and antibodies used in experiments
were obtained from Sigma Aldrich and diluted to 200
�g�ml in phosphate buffer (10 mM PH 7.4). Incuba-
tions lasted for 15 � 30 min, followed by a gentle
wash with 0.05% Tween 20 and then distilled water
that was blown dry. Disk optical thicknesses were
re-measured after each step on the dried disk.

Figure 8 is a graphical display of the signal spectra
taken during a single analyte (Fig. 8(a)) and a two-
analyte (Fig. 8(b)) experiment. Each frame in the
figure is a 2D map of tracks, with radii as the Y-axis
and frequency as the X-axis. The vertical bright
stripe in each frame is the carrier frequency centered
at 51.2 kHz. The brightness of the carrier frequency
is related to the contrast of the spoke pattern. As
proteins are added to the spokes and the spokes get
higher (gain mass) relative to the land level, the
brightness increases. As proteins are added to the

Fig. 7. Optical thickness of a protein monolayer. Redrawn from
Ref. 2. (a) Homodyne spectrum of BSA-FITC printed by gel stamp-
ing. The left Y-axis is the amplitude and the right Y-axis is the
equivalent optical thinness change calibrated by the phase modu-
lator. The optical thickness of the protein pattern was measured to
be 0.6 nm corresponding to a physical thickness of 2.5 nm. Insert:
fluorescence photo of the pattern. (b) BSA spoke edge profile
scanned by atomic force microscope: profile of a BSA edge on glass
region (left) and 3D map (right).
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land between the spokes, the signal at the carrier
frequency decreases. The different annular bands
(denoted on the right of the frames) are exposed to
reagents in sequences depending on the 1-analyte or
2-analyte protocols.

The single-analyte experiment had four steps
(frames from left to right). The whole disk area was
divided into 4 bands (A � D). First, mouse IgG anti-
gen was printed in a 1024-spoke pattern on the disk
by the microfluidic method. Spectra from the mouse
IgG pattern have uniform peaks at the pattern car-
rier frequency, indicating a uniform print (frame 1).
Then the entire disk was incubated with 200 �g�ml
BSA as the blocking agent. The signal at the carrier
frequency in frame 2 decreased because the blocking
agent filled in the land and decreased the pattern
contrast. In the third step, band B was incubated

with a nonspecific antibody, antirabbit IgG antibody.
After the nonspecific incubation of band B, signals in
frame 3 from band B showed no difference compared
to the rest of the three bands. This demonstrates that
either there was no binding of the nontarget analyte,
or the nontarget analyte binds equally to the land
and the protein spoke. Finally, bands B and C were
incubated with the specific antibody, antimouse IgG.
After the specific incubation of bands B and C, in
frame 4, signals from both B and C showed approxi-
mately equal increases at the carrier frequency. This
result demonstrates that the printed antigen is suc-
cessfully recognized by the target antibody in solu-
tion, and also shows that the prior exposure to
nonspecific reagents did not affect the specific molec-
ular recognition.

The two-analyte assay experiment had two targets,
targeting mouse IgG to antimouse IgG and rabbit IgG
to antirabbit IgG. The two reactions served as the
nonspecific reference for each other. The disk was
divided into five annular bands. First, mouse IgG was
printed on the disk by the microfluidic method.
Frame 1 shows uniform signals from the printed
mouse IgG patterns. In the second step, rabbit IgG
antigen at 200 �g�ml was used as the free-surface
saturating reagent (instead of the BSA used in the
1-analyte protocol). Signals in frame 2 dropped to
near the noise level as the land filled in, indicating
that the rabbit IgG layer on free surfaces has an
optical thickness similar to that of mouse IgG. Note
that the entire disk is flat after this last step, but the
surface has two functionalized surfaces in alternat-
ing spoke patterns: one mouse antigen and the other
rabbit antigen.

In the third step, both bands B and C were incu-
bated with antirabbit IgG antibody. Signal peaks re-
emerged on these same bands B and C because the
specific binding to rabbit IgG increased the rabbit
spokes relative to the mouse spokes in these bands.
Finally, both bands C and D were incubated with
antimouse IgG. Spectra in frame 4 exhibit two oppo-
site effects. In band D, that was incubated to antibody
for the first time, the signal increased because of
positive binding by antimouse IgG to the mouse an-
tigen spokes. But in band C that had been exposed in
the previous incubation step, and had already given a
positive reading to antirabbit IgG, the second incu-
bation decreases the previously positive signal. This
signal cancellation is because the adjacent rabbit and
the mouse antigen spokes had both increased in
height. In this case, a double positive cancels, which
demonstrates that the system detects the phase dif-
ference between the pattern and its surrounding
land. It also indicates that mouse IgG and rabbit IgG
have equally high affinity and specificity in binding to
their counterparts.

The results of the 2-analyte procedure from Fig.
8(b) are shown quantitatively in Fig. 9 that traces the
effects of each step. The average protein signal is
plotted as a function of disk radius for the three suc-
cessive steps. The vertical arrows on the graphs show
how each step either increases or decreases the sig-

Fig. 8. Immunoassays on the AO BioCD. Homodyne spectra were
taken on tracks with 0.1-mm radius steps. Amplitudes (�V) of
spectra are plotted in a 2D gray scale map with the x-axis repre-
senting frequency (with the protein center-frequency at 51.2 kHz
with a 3 kHz detection bandwidth) and the y-axis representing the
radius. The incubations used 200 �g�ml of analyte in buffer solu-
tion with incubation times of 20 min. (a) Single-analyte exper-
iment to detect Mouse IgG and Anti Mouse binding. Frame 1:
Microfluidic-printed pattern of mouse IgG. Frame 2: after BSA
incubation. Frame 3: Band B was incubated with nonspecific an-
tibody Anti-Rabbit IgG. Frame 4: after both bands B and C were
exposed to specific antibody antimouse IgG. Bands A and D were
reference bands that were not incubated. (b) Two-analyte experi-
ment to detect mouse IgG anti-Mouse IgG binding and rabbit IgG
antirabbit IgG binding. Frame 1: printed mouse IgG. Frame 2:
after global incubation with rabbit IgG. Frame 3: Bands B and C
were exposed to antirabbit IgG. Frame 4: Bands C and D were
exposed to antimouse IgG. Bands A and E were reference bands.
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nal. In Fig. 9(a), the disk printed with mouse IgG
(closed circles) is backfilled with rabbit IgG (open
circles), and there is a nearly uniform decrease in
signal across all bands. In Fig. 9(b), the backfilled
disk (open circles) is incubated with antirabbit anti-
body on bands B and C, and the signal increases in
these bands only (closed circle). In Fig. 9(c), the pre-
viously incubated disk (closed circles) is incubated
again, but now in bands C and D with antimouse
antibody (open circle). In band C, that shared both
specific incubations, the signal drops, but the signal
increases in band D. Both of these effects, the one

positive and the other negative, are the result of pos-
itive binding to the antimouse antibody.

These two assays, the 1-analyte and the 2-analyte,
demonstrate several important principles of immu-
noassays. First, there is little or no binding that oc-
curs between nontarget antigen-antibody pairs. Second,
prior exposure to a nonspecific target does not desen-
sitize the functionalized surface. Third, the BioCD is
a platform that can be used for multiple analytes with
tag-free direct optical detection. And finally, the tech-
nique is phase sensitive, in that two positive bindings
on adjacent spokes cancels the amplitude at the car-
rier frequency.

D. Reflective AO BioCD: Adaptive Spinning-Disk
Topology

Adaptive spinning-disk interferometry can work both
in transmission and reflection. The reflection mode
has an advantage over the transmission mode be-
cause a reflective surface can have an antinodal field
condition with an enhanced optical surface field. Un-
like a transmitting surface, which allows the protein
layer to be polarized by a traveling field, an antinodal
reflective surface places the protein layer at the field
maximum of a standing wave. This leads to an in-
crease that is larger than a factor of two for the phase
change from the protein layers because of stronger
field-dipole interaction. The theoretical phase change
of a bioloayer of thickness d and refractive index n on
a perfectly reflecting antinodal surface �r � �1� is

��anti�node �
4�d

�
�n2 � 1� compared with ��trans �

2�d
�

�n � 1� for transmission.

The homodyne signal from protein printed on a
dielectric stack with an antinode surface boundary
condition is shown in Fig. 10. The protein signal is
from FITC conjugated BSA in a 1024-spoke pattern
printed with a gel stamp. The structure of the 98%
reflective dielectric coating at 835 nm is a sandwich of
20 layers of quarter-wave silicon dioxide (146.7 nm
SiO2) and tantalum oxide (93.5 nm Ta2O5) with a
quarter-wave silicon dioxide layer as the cap layer.

Fig. 10. Homodyne signal spectrum from gel-printed BSA-FITC
pattern immobilized on a dielectric antinode reflective disk. The
disk was spun at 80 Hz. The left Y-axis is the homodyne signal
measure by a spectrum analyzer with 3-kHz bandwidth. The right
Y-axis is the calibrated optical thickness change ��nd� in log scale.
The carrier peak has ��nd� � 6.0 nm, and the second harmonic
peak has ��nd� � 1.7 nm. The noise-equivalent optical thickness
(NEOT) is 0.3 nm for a detected power of 3 �W.

Fig. 9. Quantitative results of the 2-analyte experiment showing
the change in the protein signal as a function of disk radius for the
three successive steps in the procedure. In step 1, the disk printed
with mouse IgG is backfilled with rabbit IgG. In Step 2, the back-
filled disk is incubated with antirabbit antibody on bands B and C.
In Step 3, the disk is incubated in bands C and D with antimouse
antibody.
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The noise of a reflective disk comes from a combina-
tion of the surface roughness and inhomogeneity
within the first several layers. In this case the NEOT
is approximately 0.3 nm after protein printing, which
is comparable to the noise in the transmission case.
Although the noise levels are about the same, the
signal from BSA-FITC is enhanced from 0.6 nm to
6.0 nm. The second harmonic of the carrier fre-
quency, which had not been detectable in the trans-
mission mode, is evident in the reflection power
spectrum. The irregular peak shape of the second
harmonic also suggests that with such high signal-
to-noise ratio, pattern distortion in the gel stamp
becomes detectable.

With the NEOT equal to 1�20 of a protein mono-
layer, specific protein patterns now can be resolved.
Fig. 11 is a sample of a homodyne time-domain signal
taken from an avidin pattern printed by lithography
on the PSI-coated reflective disk. The avidin layer on
the antinode reflective surface causes a 10-nm optical
path change. A topographic image of the protein pat-
tern was constructed by scanning at different radii.

Fig. 12 shows the topographic image of the avidin
spokes on a part of the disk, in which 16 avidin spokes
extend 30-mm. A segmented map of ��nd� from avi-
din spokes on the whole disk is shown in Fig. 13. The
area is divided into 30 radial bands, and each band is

Fig. 12. Topographic map of the avidin-spoke pattern fabricated
by photolithography on a PSI coating on a reflective disk. The map
covers an area of approximately 1�64 of the disk. The spoke widths
are 100 microns. The average protein height was 7 nm.

Fig. 14. Histograms of the average segment heights for the 960
segments of Fig. 13. (a) Left-side segment height from avidin from
egg white, (b) right-side segment height from FITC-conjugated
avidin.

Fig. 11. Homodyne signal trace example of spinning avidin
spokes on a reflective disk. Signals are acquired with 32 averages
and triggered with the 80-Hz spin-tracking signal from the spin-
ner. Homodyne voltage (left y-axis) is converted into optical path
length �nd� (right y-axis) using the phase modulator calibration.

Fig. 13. Whole-disk map of the demodulated protein signal. Half
of the disk has regular avidin from egg white (left), and the other
half (right) has FITC-conjugated avidin. Average heights of the 960
segments are 10.8 nm on the left and 7.3 nm on the right.
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divided into 32 angular segments for a total of 960
individual segments with an average area of 2.4
	 2.5 mm2. The equivalent spatial bandwidth of the
spectrum analyzer is 0.3 mm�1, which is about the
inverse of the linear size of each segment. In each
segment, the protein signal is analyzed by taking the
Fourier transform of oscilloscope traces from that re-
gion.

The optical thickness change ��nd� is obtained by
calibrating the Fourier power of the signal with the
electro-optic phase modulator signal. One half of the
disk was printed with spokes of avidin-FITC (Sigma
Aldrich) and the other half was printed with regular
avidin from egg white (Sigma Aldrich). The map in
Fig. 13 shows that the two kinds of avidin spokes had
different optical thicknesses. Histograms of the seg-
ment heights for the two halves of the disk are shown
in Fig. 14. Unconjugated avidin spokes had ��nd�
equal to 10.8 nm, which was higher than ��nd� from
the conjugated avidin-FITC (7.3 nm). The standard
deviations of the two distributions are 1.1 and 1.5 nm
respectively. The reason for this difference of height
is not known. However, we speculate that the avidin
conjugated with FITC was less efficient at binding
with the biotin on the disk surface.

6. Conclusion

In this paper, we have demonstrated that adaptive
free-space interferometry is capable of detecting and
quantifying thin-layer patterns with subnanometer
sensitivity. The detection was carried out in CD-like
surface-normal scans, and molecular layers were de-
tected by their optical thicknesses. We studied the
cases of transmission through transparent glass
disks, and reflection from dielectric stacks with an
electric field antinode condition on the surface. The
noise-equivalent optical thickness (NEOT) for each
case was 0.4 nm and 0.3 nm, respectively, at a detec-
tion bandwidth of 3 kHz and 3 �W detected power.

An important feature of our adaptive-optical
spinning-disk interferometry system is the detection
of phase modulation on the local oscillator. This beam
is free of strong intensity effects that arise when the
signal beam is transmitted through the spinning
disk. As one extreme demonstration of this intensity-
free phase detection, we evaporated 15-nm thick
spokes of gold (approximately half the extinction
depth) on a glass disk. The transmitted signal beam
exhibited large intensity modulation because of the
high reflectance from the gold surface. However, the
local oscillator was free of the intensity modulation,
instead exhibiting an intensity modulation propor-
tional to the optical path length of the gold layer. This
allowed the estimation of the real part of the gold
refractive index to be nr � 0.5, which agrees with
published values. This result, together with the in-
ternal calibration provided by the EO modulator,
demonstrates the sensitive surface metrology that is
possible with this adaptive system.

Based on this surface metrology sensitivity, we im-
plemented immunoassays on the AO-BioCD to detect

the molecular recognition and binding of proteins out
of solution. The biosensor was demonstrated at a con-
centration of 200 �g�ml, which is well above the sat-
urated range of the chemical kinetics, but illustrates
the full dynamic range of the technique. The recog-
nition antigen layer had an effective optical thickness
of approximately 0.6 nm on a transmitting surface.
The effective optical thickness was enhanced to 6 nm
by the antinodal reflective disk, whereas the noise
level remained in the subnanometer range. Within
the focal area of the 30 � diameter laser spot, this
represents a saturated mass detection of approxi-
mately 4 pg or 25 femto-moles per focal spot. For an
NEOT of 0.3 nm, the corresponding detection limit is
0.2 pg or 1 femto-moles per focal spot.

The enhanced performance of an antinodal disk,
that increases the field-dipole interaction by placing
the molecular layer at a field maximum in the re-
flected standing wave, was verified and calibrated
internally by the EO modulator. The effective optical
thickness is increased by a factor of 2�n � 1� � 4.8
relative to the glass disk by this condition. Using this
substrate, we detected a systematic shift of approxi-
mately 3.5 nm out of 10 nm in the biolayer thick-
nesses between FITC-conjugated and unconjugated
avidin binding to a biotinylated surface. This relative
measurement of the binding of two different types of
avidin shows the sensitive capabilities of adaptive
optical spinning-disk interferometry. The system
cannot only detect biomolecules, but also can map out
the distribution of different molecules across large
areas in real-time with subnanometer accuracy.
Therefore, the adaptive interferometric BioCD could
be a powerful sensing technique for diagnostics as
well as a new topography tool for surface science.

This work was supported by NSF grant ECS-
0200424, and by research sponsored by QuadraSpec,
Inc. through the Purdue Research Foundation.
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