Differential phase-contrast BioCD biosensor
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Common-path differential phase-contrast interferometry measures the spatial gradient of surface dipole
density on a bio-optical compact disk (BioCD) and is sensitive to small changes in dipole density following
molecular binding of target molecules out of solution. The recognition molecules are antibody IgG proteins
that are deposited in periodic patterns on the BioCD using soft lithography or photolithography on the
silanized silica surfaces of dielectric mirrors. Spatial carrier-wave sideband demodulation extracts the
slowly varying protein envelope that modulates the protein carrier frequency. The experimental inter-
ferometric profilometry has surface height sensitivity down to 20 pm averaged over a lateral scale of
70 um with a corresponding scaling mass sensitivity limit of 1.5 pg/mm. Under the conditions of an IgG
immunoassay with background changes caused during incubation, the scaling mass sensitivity is ap-
proximately 7 pg/mm. A saturated reverse immunoassay performed with IgG at 100 ng/ml showed false
positive and false negative rates of 0.2%. © 2007 Optical Society of America

OCIS codes: 260.3160, 170.1470.

1. Introduction to Spinning-Disk Interferometry

In the past decade, solid-support protein microarray
platforms have been developed as sensitive and mul-
tiplexed tools for the study of systematic interactions
among proteins [1]. Many readout systems have been
used to detect information from microarrays, includ-
ing waveguides [2], optical fibers [3], surface plasmon
resonance (SPR) [4], porous silicon [5], and ellip-
sometry [6], among others. Many of these ap-
proaches are label-free [7], including interferometric
detection [8-10]. Interferometry working at the
quadrature condition (/2 difference between the ref-
erence and the probe beam) has high sensitivity to
small changes in optical phase shift caused by the
presence or absence of biomolecules, which is propor-
tional to bound mass.

The key to stable interferometry is the ability to
lock the phase difference between the reference and
the signal beam at quadrature, unaffected by me-
chanical vibration or thermal drift. Common-path in-
terferometry [11-14] is an established approach that
accomplishes this phase-locking with an optical con-
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figuration in which the signal and reference waves
share a common path from the target to the detector.
There are many ways to establish common-path in-
terferometry that fall roughly into two categories:
wavefront splitting and amplitude splitting configu-
rations. Within the amplitude-splitting category are
in-line approaches that use partial reflections at di-
electric interfaces [15,16]. Within the wavefront split-
ting category are diffractive systems [17,18], including
differential phase contrast techniques [19,20] that we
apply to the current class of phase-contrast bio-optical
compact disk (BioCD).

We introduced the BioCD as a sensitive and scal-
able immunoassay platform that uses high-speed in-
terferometric detection of biomolecules immobilized
on a rapidly spinning disk [21]. The BioCD has two
key attributes that separate this technology from
other optical or interferometric biosensor technolo-
gies. The first is the intrinsic scalability of surface-
normal interferometric detection with the capacity
for hundreds or thousands of assays per disk because
the footprint per measurement can be as small as a
square micrometer. The second is the high-speed la-
ser scanning that sets the detection frequency far
off low-frequency 1/f noise with a 50 dB noise-floor
suppression compared to static detection, allowing



repeatable surface height measurements down to
20 pm. These two simple attributes provide the po-
tential for high-speed label-free multianalyte assays
with future applications in diagnostics, prognostics,
and drug discovery.

There are several classes of BioCD distinguished
by the way that stable quadrature interference is
achieved. The microdiffraction (MD-class) BioCD was
introduced first [22], which uses fabricated micro-
structures to lock the relative phase difference at
/2. In this original class, 1024 gold spokes that have
a height of \/8 are fabricated on a reflecting surface,
and biomolecules are immobilized either on the gold
spokes or on the land. The signal and the reference
waves are both generated locally from a single optical
mode (wavefront splitting), with the phase difference
set and locked by the microstructure height, making
it insensitive to mechanical motion or vibration of the
apparatus. Immobilized biomolecules on the spokes
or on the land change the relative phase between the
two partial waves, and this phase is converted to
intensity modulation through the quadrature inter-
ference condition.

A second class of BioCD, called the adaptive-optical
class [23], uses self-adaptive nonlinear optical mixing
in a photorefractive quantum well to adaptively lock
the phase between the signal and the reference beam
[24]. Patterned protein structures modulate the opti-
cal phase of the probe beam, which is sent through a
photorefractive quantum well (PRQW) device that
adaptively combines it with a local oscillator beam
using two-wave mixing [25]. Two-wave mixing self-
compensates mechanical disturbances to maintain
the quadrature condition with a compensation rate
higher than 10 kHz. Phase modulation caused by the
protein structure has frequencies higher than the
compensation rate and is read out by a photodetector
as amplitude modulation.

These first BioCD configurations (microdiffraction
and adaptive optical) traded off complexity between
the near field and the far field. In the microdiffraction
BioCD, the disk structure was relatively complicated,
with gold microstructures that needed specified sizes
with tight tolerances. This was offset by relatively
simple far-field detection that required only an aper-
tured detector. The adaptive optical BioCD had the
opposite tradeoff, with a very simple near-field struc-
ture on the disk, requiring no microfabrication other
than protein patterning, but with a sophisticated
adaptive mixer in the far field. Both of these BioCD
configurations required complicated structures either
in the near or in the far field.

In this paper, we introduce a third class of BioCD,
the phase-contrast class, which dispenses with com-
plex structures altogether, having simple disk fabri-
cation in the near field and simple far-field detection.
It is based on differential phase contrast profilometry
[20,26—-28], but with sensitivity to phase shifts
caused by biomolecules immobilized on the surface.
Because the protein surface profile is designable, we
can select what patterns to make and detect. In par-
ticular, periodic patterns are amenable to sideband

demodulation detection in which the periodicity pro-
vides a spatial carrier frequency (converted to tem-
poral carrier frequency by rotating the disk), and the
protein envelope function contains the information on
the local height changes caused by specific binding of
the analyte after an immunoassay. We describe the
optical configuration of the disk and the role played
by the condition of phase quadrature in the sensitive
detection of protein profiles and derive analytical
expressions with numerical simulations of the prin-
ciples of operation. In Section 3 we give the experi-
mental details of the optical configuration and the
fabrication of the disks, followed in Section 4 by
theoretical and numerical aspects of laser light
scattering on spinning disks. Data and analysis are
presented in Section 5 characterizing the metrologi-
cal capabilities of the technique. The performance of
a binary immunoassay is presented in Section 6 with
a discussion of the detection limits of the phase-
contrast system.

2. Phase Contrast Detection of Spatially Varying
Protein on Spinning Disks

To achieve maximum interferometric sensitivity an
interferometer must operate at or near the condition
of phase quadrature at which the signal and the ref-
erence waves have a relative m/2 phase difference.
Under this condition, the detected intensity is lin-
early proportional to small phase modulation on
the signal wave with maximum phase-to-intensity
conversion efficiency. Differential phase contrast de-
tection of protein patterned on a flat surface has a
well-defined condition of quadrature defined by the
path differences of a wave diffracted by a spatial
variation in the overlying protein. This geometric
condition is shown in Fig. 1, where a focused Gauss-
ian beam of radius w, is incident on a reflecting flat
surface (in this case a dielectric quarter-wave stack)
with the optical axis (OA) incident on the discontin-
uous edge of an overlying protein layer. The spatial
variation in the protein diffracts the wave into the far
field. A ray originating from the protein side and a
ray from the land side (the free surface is referred to
as the “land”) acquire a phase difference of 7/2 in the
far field at the quadrature angle 64, given by

Wy Sin GQ = i)\/4,

N
GQ = isin_1(4w0>. (1)

There are two quadrature angles symmetric across
the optic axis. The intensity change caused by the
phase shift induced by the presence of the protein
layer is equal but opposite at the opposite quadrature
angles. Because the intensity shifts have equal mag-
nitude, but opposite signs, a split photodetector with
an inversion circuit is used to integrate the total in-
tensity over each half of the response. If all the light
were captured by a single-element photodetector, the
opposite quadratures would cancel, and no protein
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Fig. 1. Edge diffraction showing one quadrature angle for a bio-
layer on a high-reflectance dielectric stack with an antinode field
condition at the top surface. The focused beam is Gaussian with a
radius w,. When the optic axis is at the edge of the biolayer, the
quadrature angle is defined by a relative path difference to the far
field of a quarter wavelength. There are two symmetric quadrature
angles. Only one is shown.

would be visible. Similarly, if there are no variations
in the protein density or thickness within the focused
beam, no protein signal is detected. The protein de-
tection by diffraction and the use of a split detector is
therefore a differential measurement that detects
spatial changes in protein density rather than the
protein directly. The theoretical details of this differ-
ential detection are described in Section 3.

It is interesting to compare and contrast the detec-
tion of spatially patterned proteins on a flat surface
with the conventional description of differential phase
contrast as a surface metrology. The sensitivity of dif-
ferential phase contrast detection is typically de-
scribed as a slope sensitivity. This is because a slope
on a reflecting surface simply deflects the Gaussian
beam in the far field. The split detector in this case is
described as a position-sensitive detector (PSD) and
measures the deflection of the beam. Slope detection
and protein detection are similar in the sense that
both can be described by a Fraunhofer diffraction
integral. However, a discontinuous protein step has
no intrinsic length scale or slope, other than the
length scale set by the radius of the probe beam.
Furthermore, the far-field diffraction of a protein step
is not strictly a Gaussian. Therefore, although the
phase quadrature detection of protein shares much in
common with slope detection, it differs in the details.
Only when the protein profile changes slowly relative
to the beam radius are the two descriptions the same.

The substrate under the biolayer plays a double
role. First, it presents a flat and high-reflectance sup-
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Fig. 2. Quarter-wave substrate dielectric mirror centered at a
633 nm wavelength that maximizes the biolayer phase shift by
placing an electric field antinode at the stack surface.

port surface. The high reflectance provides for highly
efficient photon detection, and the flatness sets the
ultimate sensitivity for protein detection. The second
role of the substrate is to provide the appropriate
phase that maximizes the phase shift caused by the
biolayer. The biolayer contributes a phase shift that
is proportional to the magnitude of the local field at
the layer. If the dielectric stack has an electric-field
node at the surface, then the biolayer is “invisible”
because there is no field to polarize the molecular
dipoles. For a maximum phase change, it is necessary
to construct a substrate with a field antinode at the
surface. On a high-reflectance quarter-wave dielec-
tric stack, this is commonly achieved by capping the
stack with a low-index quarter-wave layer.

The substrate structure used in the calculations
and experiments in this paper are shown in Fig. 2.
The dielectric coating has ten repeat units of
Ta,0;/Si0, designed to have maximum reflection at
635 nm wavelength. The thickness for each dielectric
layer is \/4, which is 77.0 nm for Ta,O; and 106.6 nm
for Si0,. On top of the dielectric stack is a 106.6 nm
thick A /4 layer of SiO,, which makes the electric field
at the surface a maximum. The dielectric stack rests
on a 1.1 mm thick 100 mm diameter Schott Borofloat
Pyrex glass substrate with a 15 mm diameter hole in
the middle to fit the spinner.

3. Laser Light Scattering on a Spinning Disk

In the theoretical derivation of phase-contrast quadra-
ture detection of thin biolayers, we start with an ide-
alized perfectly reflecting planar surface carrying a
protein layer of thickness A(x). No explicit boundary
conditions are assumed for the surface other than
the reflected phase. Consider the normalized two-
dimensional intensity distribution of an incident
Gaussian beam,



I(p) = —(e"™),

2
2’1TwO

where p? = x* + y* with corresponding dimensionless
electric field

e*p2/4w02’ (2)

g(p)=8(x, y)= \%wo

and two-dimensional Fourier transform
G(k,, ky) = 2\2mwe ", (3)

The two-dimensional diffraction problem is consid-
ered in the Fraunhofer regime. The modulated near
field is

E(x, y) =g(x, y)exp(idbih(x — vt, y))
~g(x, y)[1+idh(x—uvt, y)], 4)

where the surface topology, including the motion of
the disk, is contained in the real-valued height func-
tion h(x — vt, y), and the constant ¢, carries the phase
information related to the refractive index of the sur-
face material. This equation is valid for small phase
and amplitude modulation.

The far field is

E(k,, k) =G(k,, k) +idFT[g(x, y)h(x —vt, y)]
=G(k,, k) +idH(k, 1), (5)

where FT stands for Fourier transform and the trans-
formed function is

H(k, t)=FT[g(y, x)h(y, x — vt)]. (6)

For a nodal boundary condition ¢; = 0 to lowest
order, meaning that a biofilm on a nodal surface
causes no phase shift and is hence invisible. For an
ideal antinodal surface (the case considered in this
paper), it takes on a maximum value. These two lim-
iting cases are

0 nodal

b= 4'“’(”172 -1)

antinodal,

with general substrates having values between these
extremes.
The intensity at the detection (Fourier) plane is

I(ky, ky; t) = |G(ky k) +idyH(k, t)|2
~ |G(k,, k,)|2+iG(k,, k)[dH(E, t)
_ d)l*H*(k, t)]
= |G(ky, ky)|2+ 2G(k,, k,)Im(d.H(E, t)).
(7

The detected photocurrent is obtained by integrating
Eq. (7) over the Fourier-plane response function R(%)
that can be controlled by appropriate apertures or
split detectors. The normalized photocurrent is

%

iq(t) = f R(k., k)I(k,, k,; t)d’k.

Restricting the problem to the one-dimensional
case, the differential phase-contrast signal in the
x-direction is obtained using a split detector. The pho-
tocurrent for a differenced-split detector is

3

ia(t) = f I(k,, tydk, — f I(k,, t)dk,

— 0

=4 j G(k)Im(b,F(k,, 1)), 0k,  (8)

0

where R(k,) is now a step function at &, = 0, and the
subscript “odd” refers to only the odd functions of
Im(p,F(%, t)) because G(k) is already an even function
of k. The detector current is proportional to the quan-
tity

1 g2 _[dh(x) 1 d°h(x)
T2 P g(0)2 {dx "6 +} ©

which also illustrates the contribution from higher-
order derivatives. In the simplest case, for slowly
varying h(x) relative to g(x), and higher-order terms
neglected, this gives

1 I(x)

. dh(x —vt)
=54 10)% @

& | o

which is proportional to the first derivative of the
surface height convolved with the normalized beam
intensity. Because of the convolution, any surface
protein density fluctuation with a length scale
smaller than the incident beam waist is averaged
over.

The change in the far-field intensity caused by pro-
tein on the surface is given by the second term in Eq.
(7) and is displayed in Fig. 3. The far-field pattern is
asymmetric across the optic axis regardless of the
position of the protein edge relative to the optic axis
in the near field. The second curve in Fig. 3 is the
diffraction pattern when the protein edge is one
beam radius away from the optic axis. The higher-
spatial frequency oscillations are proportional to
the offset, and the overall amplitude is smaller, but
the pattern is still asymmetric and is detected by
integrating and differencing over the split photode-
tector, as in Eq. (8).
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Fig. 3. Calculated far-field diffracted intensity changes from a
6 nm biolayer with n, = 1.4 on a dielectric stack for two different
locations of the optic axis relative to the protein edge at x = 0 and
at x = wy.

A. Wide Protein Ridges

A protein ridge and its differential response are sim-
ulated in Fig. 4. The refractive index for the protein is
assumed to be n, = 1.4 with a height of 4, = 6 nm.
The phase shift upon reflection from the antinodal
surface is taken to be Ap = 4m(n,” — 1)ho/\ = 0.11.
The full width of the laser spot is 2w, = 24 pm.
Because the response is differential, a gradual slope
on the edge of the printed protein reduces the mag-
nitude of the phase-contrast signal. This is illustrated
in the figure by increasing the slope width of the
protein ridge from 1 to 50 pm for a 128 pm wide
ridge. The simulated protein profile is composed of
two Fermi functions,

h(x, t) = hof[ (x — (2, — vt))/W]f[(x — (xz — vE))/w],
(11)

where f(x) is the Fermi function, the width is set by
the slope-width parameter w, and the width of the
protein spoke is x; — xz. The total protein remains
constant under all profiles. The resulting differential
phase-contrast image along the scan direction is
shown in Fig. 4(b). The positive peak is from the
leading edge, and the negative peak is from the trail-
ing edge of the protein ridge. Forn, = 1.4 and a 6 nm
height, the maximum modulation for the sharp
edge profile is 5.7% and decreases with increasing
slope width. The half-response point occurs when
the slope width in the Fermi function is w = w,. The
response is given by the convolution of the Gaussian
with the exponential edge of the Fermi function

Al _ 21T(np2 - 1) ho _ ds ho
T 1+ w/we2 N dh 1+ (w/we)? (12)

This function is linear in the protein height 4 and is
plotted in Fig. 5, showing the knee when w = w,. For
a sharp protein edge with n, = 1.4, the conversion
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Fig. 4. Simulated protein profile in (a) and the calculated phase-
contrast response to the spinning disk in (b). The beam radius is
12 pm and the protein spoke width is 128 pm. The curves show the
effect of increasing slope widths from 1 to 50 pwm.

from protein height to modulation is

dsS,.,., 2m(n?-1
d}fg = (‘;\ )=0.95%/nm

(13)

under the conditions of nearly 100% reflectance and
with an electric-field antinode at the disk surface.
Other substrates and field conditions have different
conversion factors.

B. Sinusoidal Protein Profile

A second special case of interest is when the protein
takes on a sinusoidal profile given by

ho

h(x, t)= B sin(ko(x — vt)), (14)

where A, is the full protein height. The far field, from
Eq. (5), is
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Fig. 5. (a) Theoretical phase-contrast response to a protein ridge
expressed as relative intensity modulation as a function of the
protein slope width. The knee occurs when the protein width is
comparable to the beam radius. (b) Theoretical phase-contrast re-
sponse to a sinusoidal protein profile expressed as relative inten-
sity modulation as a function of spatial frequency. The response
has a maximum at wk, = 1.

E(k)=G(k) +1i % o1 FT[g(x)sin(ko(x — vt))].  (15)

The expression for the Fourier transform is obtained
in analytical form as

H = FT[g(x)sin(ko(x — vt))]
- % 8(0)[exp(ikovt — we(k + ko)?)
v

— exp(—ikot — wy’(k — ko)?)], (16)

to give the far field

h
E(k)=G(k) + 4;120 g(O)[exp(ikovt - wOQ(k + ko)2)
\
- exp(_ikovt - w02(k - ko)z)], (17)
with the far-field intensity given by

I(k) = |E(R)|?
= |G(k)|? + d1heg(0)sin(kout)e o ¢
X sinh(2w,kk,). (18)

This intensity is detected by the split detector func-
tion, producing the relative modulation

ALt ’
T() = 2d1h sin(kot) j e D ginh (2w kk,)dk

0

w dS

= § E hOkaO(l - erf(woko - 1))Sin(kovt),

19)

which increases linearly with spatial frequency %, at
low values relative to 1/w, because of the sensitivty of
phase contrast to slope, and rolls off at high spatial
frequency when the corrugation no longer can be re-
solved by the focal spot size. The magnitude of the
intensity modulation as a function of %, is shown
in Fig. 5(b). The maximum sensitivity occurs at
wok, = 1 with an amplitude (half peak-to-peak) of
A/ | oy = frr2(np2 — 1)/2\(h,). As an example, for
n, = 1.4, = 635 nm, and /&, = 6 nm for wek, = 1, the
amplitude is AI/I = 4.5%, and the conversion from
protein height to modulation is

dSg, 3 '172(71p2 — 1)
dh 2\

=0.75%/nm, (20)

under the conditions of nearly 100% reflectance and a
field antinode at the surface.

4. Disk Patterning and Optical Detection

Phase-contrast detection detects the gradient of pro-
tein density. Therefore, optimal detection efficiency
requires the protein to have a spatial frequency ap-
proximately equal to the inverse focal spot width.
Patterning of protein is performed by several differ-
ent methods, including photolithography, a gel-stamp
printing method, and protein spotting. The surface
immobilization chemistries are either covalent or
physical adsorption.

Photolithography follows a standard protocol for pho-
toresist patterning. A disk is coated with AZ 1518
photoresist and spun at 3000 rpm for 50 s to form a
uniform layer of photoresist about 20 pum thick. It is
soft-baked at 90 °C for 15 min to remove organic
solvents in the photoresist. The disk is cooled in the
air to room temperature and exposed by near-UV
light through a patterned photomask in a Canon PLA

20 August 2007 / Vol. 46, No. 24 / APPLIED OPTICS 6201



501 F mask aligner. The exposed disk is developed in
1:1 AZ Developer and washed in DI Water for 30 s.

We use two types of surface chemistries for photo-
lithographic patterning of proteins. The first is a
polysuccinamide (PSI) polymer coating conjugated
with biotin. After photolithography the disk is cov-
ered by 10 mL of 10 pwg/mL avidin in pH 8.5 10 mM
HEPES buffer with 160 mM NaCl. Biotin on the ex-
posed surface binds the avidin. The photoresist is
then removed by acetone, and the disk covered again
with 10 mL of biotinylated antibody solution at a con-
centration of 10 wg/mL in pH 7.4 10 mM phosphate
buffered saline (PBS). The antibodies bind covalently
to the patterned avidin.

A different surface chemistry for photolithography
uses a (3-animopropyl)triethoxysilane (APTES) coat-
ing that is conjugated with poly(ethylene glycol) dig-
lycidyl ether. For this coating, after photolithography
the disk is covered by 10 mL of 1% sodium borohy-
dride in DI water for 24 h at room temperature, de-
activating the exposed surface. The photoresist is
removed by acetone, and a protein solution (antibody
or IgG) at 10 wg/mL in PBS buffer is applied to the
disk. The surface previously covered by photoresist
remains active and covalently binds the protein,
while the previously exposed surface is passivated.

Although photolithography produces well-defined
patterns, which is ideal for phase-contrast detection,
we also used soft lithography based on gel stamping,
which is low cost and convenient, shown in Fig. 6(b).
A polyacrylamide gel is made in a 10 mL mixture
(consisting of 4 mL 30% 37.5:1 acrylamide/bis acryl-
amide, 2.5 mL 1.5 M Tris/HCI Buffer at pH 8.8, 3.3
mL of DI water and 200 pLL 10% ammonium persul-
fate). Protein is dissolved in this mixture at a concen-
tration of 10 wg/mL, and 20 pL of TEMED is added
to the mixture after degassing to catalyze the poly-
merization. The mixture is immediately poured into a
mold that was previously fabricated out of 50 pm
thick SU8 photoresist. After 30 min, the polymeriza-
tion of acrylamide is complete, and the gel is lifted

PhotO{fsist (a)  Polyacrylamide gel (b)

stamp with protein

l x|
Substrate
1. Spin-coat photoresist.

Photoresist Active surface su8 Substrate

l : : ] mold 5 Stamp the gel
against the substrate.

2. Expose and develop photoresist.
Protein solution

v

\ | PDMS
Spacer

|

3. Remove the gel stamp

3. Soak in protein solution.
1. Cast a poly-

acrylamide gel
stamp containing
protein.

Immobilized protein

4. Remove photoresist.

Fig. 6. Schematics of the patterning of protein. (a) Photolithog-
raphy. Photoresist is patterned on the substrate surface, which is
exposed to protein solution to immobilize protein. (b) Gel stamping.
A patterned polyacrylamide gel with protein is made and pressed
against a functionalized substrate.
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Fig. 7. (Color online) Optical configuration and layout for differ-
ential phase-contrast detection of protein patterns on the spinning
disk. Far-field intensity modulation is antisymmetric. A split pho-
todetector with relative inversion converts the asymmetry into a
signal that is proportional to the protein height. Photodetector has
four quadrants that can be combined as the sum, left-right differ-
ence, or up-down difference.

carefully from the mold. The gel retains the pattern of
the mold, and a surface-functionalized disk is pressed
against the gel stamp for 30 min. Protein diffuses out
of the gel at the contact interface and is captured onto
the surface of the disk. Gel printing can be used with
multiple surface chemistries, but usually it is used
with physical adsorption through silanization of the
silica surface. The silanization follows a standard
protocol in which the disk is soaked in 10 mM chlo-
rodimethyloctadecylsilane in toluene for 18 h. Protein
is adsorbed by hydrophobic interaction by the methyl
end group of the coating.

The optical detection system for the phase-contrast
BioCD is shown in Fig. 7. A 635 nm diode laser beam
is focused by a 5 cm focal-length objective lens to a
20 pm diameter spot on a disk that is mounted on a
stable spinner (Lincoln Laser, Inc.) and is spun at
80 Hz. The reflected and diffracted light is collected by
the same objective lens and directed to a quadrant
photodetector by a beam splitter. Two lenses that have
a focal length of 1.8 cm and 5 cm, respectively, trans-
form the beam to the detector placed at the Fourier
plane of the system. The quadrant detector has three
output channels: the total intensity, the difference be-
tween left and right, and the difference between top
and bottom. One of the difference channels gives the
phase contrast signal, while the other serves as a di-
agnosis of system alignment and disk wobble. The to-
tal intensity channel provides amplitude information
related to Rayleigh and other scattering losses, which
are small compared to the phase-contrast signal pro-
duced by the protein pattern.

The disk is scanned in successive tracks of increas-
ing radius. The signal from the quadrant detector is
collected by an oscilloscope that is triggered by a
synchronization signal from the spinner controller
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Fig. 8. (Color online) (a) Time trace of the differential phase-
contrast channel in response to four protein ridges passing through
the focused laser spot. The leading edge causes a negative signal
while the trailing edge causes a positive signal. (b) Integrated
differential signal expressed in terms of protein height. Irregular-
ities are not noise, but are repeatable, and hence real, structures
related to the protein printing.

that corresponds to a set orientation of the disk. The
acquired time trace for a pattern of biotinylated an-
tirabbit attached to avidin by photolithography is
shown in Fig. 8(a). The differential signal produced
by stepping up and down the protein spokes is clearly
seen in the phase channel, while the amplitude chan-
nel remains almost flat, indicating little scattering
loss. The surface protein profile is obtained by inte-
grating the signal from the phase-contrast channel
and removing low-frequency drift, as shown in Fig.
8(b). The conversion from detector voltage output to
height is made using the theoretical conversion factor
from Eq. (13). The protein profile in Fig. 8(b) is the
true protein profile convolved with the point-spread
function of the laser beam. The beam radius for these
data was approximately 20 wm, and the protein ridge
width was 120 pm. The irregularities in the protein

profiles are not noise, but are repeatable upon re-
peated scans. They are real structures associated
with the protein patterning process.

The time traces acquired at different radii are com-
bined into a two-dimensional (2D) data array and
plotted as a 2D differential surface topology, as
shown in Fig. 9. In this two-dimensional visualiza-
tion, structured protein can be easily distinguished
from surface defects such as dust or salt deposits.
Figure 9(a) shows a 2D topology of a disk that was
gel printed with bovine serum albumin (BSA) in a
pattern consisting of radial ridges that has an angu-
lar spatial frequency of 1024 /2%. Figure 9(b) shows
photolithographically patterned avidin on a disk
coated with PSI biotin. The photolithographic disk
was patterned with a checkerboard pattern of radial
spokes. The pattern is divided into 32 1 mm wide
bands radially, and each band is divided into 16 an-
gular segments. Half of the segments are patterned
with 64 radial spokes that have an angular spatial
frequency of 1024 /2w. Following each patterned seg-
ment is a blank segment serving as a reference sur-
face, which is the bare PSI coating. The radial
scanning pitch (Ar) separating tracks is 20 um. The
leading edge of the protein spokes is bright and the
trailing edge dark, corresponding to the stepup and
stepdown of the laser beam from the printed protein.
The measured protein height is between 1 and 2 nm
for both cases, suggesting submonolayer surface pro-
tein coverage.

The two orthogonal output channels from the quad-
rant photodetector provide a means to obtain the iso-
tropic modulus of the differential surface topology. The
up-down channel can be added in quadrature with the
left-right channel. This is shown in Fig. 9(c) for two
irregular protein spots printed onto a dielectric disk.
The A-channel is left-right, and the B-channel is up-
down. These two orthogonal images are added in
quadrature, and the third image shows relatively uni-
form rings around the protein spots, as well as small
rings around the dust or defect spots in the data. The
modulus image is unbiased with respect to the spin
direction. For assays, we rely on radial spoke patterns,
so only one of the two channels needs to be acquired.

The phase-contrast detection system is calibrated
against the adaptive-optical class detection system
[23]. The adaptive-optical system directly measures
optical phase shifts and is calibrated by a 5 MHz
electro-optic phase modulator that produces a known
phase modulation. A photolithography-patterned
antinodal (for 835 nm wavelength) dielectric disk
printed with avidin was scanned in both systems
with the same laser wavelength at 835 nm, and the
scanning results were compared. A region of the disk
where the protein printing was most uniform was
chosen for the comparison. When scanned by the
adaptive optical detection system, an average phase
difference of 0.069 rad between the land and the avi-
din spokes was observed. This corresponds to an av-
erage protein height of 3.6 nm for an avidin refractive
index of n, = 1.4. In phase-contrast scanning, a 47 pf
capacitor serves as a high-pass filter to remove the
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Fig. 9. Examples of phase-contrast detection of protein patterns.
Pattern in (a) is gel-printed protein spokes on a silanized surface.
Pattern in (b) is part of a checkerboard disk patterned by photoli-
thography on APTES surface. (c) An example of adding the two
phase-contrast channels in quadrature to extract the modulus dif-
ferential topology of protein on a disk. The A-channel is the left—
right detector channel, and the B-channel is the up—down detector
channel. The combined channel shows uniform edge detection
around the printed protein spots.
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slow drift caused by disk wobble, which reduced the
detected signal by a factor of 2.9. The phase-contrast
scan showed an average intensity modulation of 0.8%
by a single edge, which converts to 2.32% without
the high-pass filter. The resulting experimentally-
calibrated sensitivity is dS/dh = 2.32%/3.6 nm =
0.64%/nm, compared with the theoretical value of
0.95%/nm from Eq. (13) that assumes that the pro-
tein edge is perfectly sharp. However, the comparison
cannot be direct because phase-contrast scanning de-
tects the derivative of the optical phase shift, while
the adaptive-optical class that detects the optical
phase shift directly. The discrepancy can be resolved
if the protein edge is not sharp, but increases over a
length of about 10 pm, which is below the spatial
resolution of the probe spot. Therefore, within the
ability of the laser scanning to resolve spatial varia-
tions, the theoretical and the experimental values are
in close agreement.

5. Sideband Demodulation

One of the advantages of immobilizing protein with a
high spatial-frequency pattern is the use of Fourier
analysis to distinguish periodic protein signals from
background noise. Figure 10 shows the power spec-
trum acquired by a spectrum analyzer of a disk pho-
tolithographically patterned with 1024 periodic radial
spokes of avidin-captured biotinylated antirabbit IgG.
The resolution bandwidth is 3 kHz. The system is op-
erating well above the laser and electronic noise of
the system, and well beyond 1/f noise. The spectral
power density of the protein signal is —40 dB, corre-
sponding to 1% intensity change caused by the pro-
tein spokes, which is 25 dB above the noise floor of
the disk roughness.

The BioCD can be segmented into numerous equiv-
alent areas or “wells” for multiple assay applications.
An example of the power spectrum averaged over a
segment covering an area of 90 mm?, or about 1/64th
of the disk, is shown in Fig. 10(b) for biotinylated
antibodies bound to printed avidin spokes. The power
signal-to-noise ratio for this “well” is 400:1 with a
baseline roughness of 100 pm. The equivalent protein
height and surface roughness are calculated using
the signal power and the conversion factor of Eq. (13).

The spatially patterned protein structure produces
a signal at a carrier frequency with a modulation
envelope that is proportional to the local height of the
printed protein structure. This is similar to radio
reception in which the signal is carried by the enve-
lope of a high-frequency carrier wave. We use side-
band demodulation to remove the carrier frequency
and reveal only the local envelope of the protein car-
rier. A 2D differential topology [shown in Fig. 11(a)]
is transformed into the Fourier domain, and the po-
sition of the first Fourier component of the patterned
structure is identified. The Fourier component to-
gether with its neighboring region is shifted to zero
frequency and transformed back into the space do-
main. This demodulation process serves as a band-
pass filter, which picks up only signals that have
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Fig. 10. (a) Comparison of the power spectra of printed protein

ridges, bare functionalized disk, and system noise at 3 kHz band-
width. Surface roughness contributes 30 dB of noise when the
disk spins. Protein signal is 25 dB above the spinning-disk noise
floor. High-frequency detection on the spinning disk suppresses
the noise floor by 50 dB relative to 1/f noise at dec. (b) Power
spectrum of 1024 avidin/biotin spokes printed photolithographi-
cally. Disk was spinning at 80 Hz, high-pass filtered, and aver-
aged over a disk segment covering 1/64th of the disk surface with
a 3 kHz bandwidth. The power signal-to-baseline is 400:1. The
baseline height of 100 pm measures the mean-squared surface
roughness of the disk.

spatial frequencies close to the periodic protein pat-
tern. In the figure, the lower and upper cutoff angular
spatial frequencies are 2mw/600 and 2w/400, respec-
tively, with the carrier at an angular frequency of
27/1024. The demodulated data are shown in Fig.
11(b). The bright regions are avidin, and the dark
regions are blank biotin-conjugated PSI. The demod-
ulation removes the high-frequency component of the
carrier wave together with systematic errors caused
by timing jitter and repositioning accuracy. This en-
ables accurate differencing of data before and after
incubation of a sample containing target molecules.
The precision of the optical system is tested by
scanning a disk region consecutively, either with or
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Fig. 11. Example of frequency sideband demodulation. The car-
rier frequency neighborhood is isolated in the frequency domain
and transformed to dc and inverse transformed. Data on the top
are the raw data. Data on the bottom represent the protein enve-
lope function. The filter bandpass is approximately 70 pm.

without dismounting the disk, and calculating the
differences between scans. When the disk is dis-
mounted, the two data sets are registered by a mark
on the outer rim of the disk. The histograms in Fig. 12
show the differences with and without dismounting.
The demodulation process significantly reduces the
error between scans by removing the high-frequency
carrier wave of the signal. Under assay-like condi-
tions (with demodulation and with a dismount to
perform incubation), the repeatibility of the consecu-
tive scans is 90 pm. In the best-case scenario (with
demodulation and no dismount), the repeatability of
consecutive scans is 20 pm. Note that the baseline in
the power spectrum in Fig. 10(b) is at 100 pm com-
pared to 20 pm from the data in Fig. 12. These two
measurements measure different things. The base-
line of the power spectrum measures the mean-
squared surface roughness. This surface roughness is
not “noise” because it is physically repeatable and
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grades it. The practical limit for an assay is curve (d) with a width
of 90 pm.

measurable for each successive rotation of the disk. It
is the variance of the surface roughness measure-
ments that equals 20 pm.

6. Scaling Surface Mass Sensitivity

To compare the performance of the PC-class BioCD
(obtained as 20 pm surface height resolution in Fig.
12) to the sensitivity of other sensing techniques,
such as surface plasmon resonance that is expressed
as mass per area, the minimum detectable height per
pixel needs to be scaled to take into account averag-
ing of the signal over area. The scaling of the mass
sensitivity is performed by assuming that the scan-
ning error follows an uncorrelated random distribu-
tion so that by averaging over an area that is N times
larger the standard error of the measurement of the
surface dipole density is reduced by |N. The equiva-
lent scaled minimum measurable surface height
when averaged over a scale L is given by

[ 2
\‘wmeas wmeas

Ah’L = Ahmeas\“ A = Ahmeas L >

(2D

where A is the total measurement area, the scale L
= JA, and w,.,’ is the effective measurement area
associated with a single data point. The minimum
detectable mass associated with this protein height is

A777'L = AthnA = AhmeaspmwmeasL' (22)

Because of the scale-dependence on L in Eq. (22),
there is no intrinsic surface mass density for detec-
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tion. This means that the smallest surface mass den-
sity that can be measured depends on the area over
which the data are averaged. On the other hand,
there is an intrinsic property associated with the de-
tection sensitivity, which is obtained by dividing the
mass in Eq. (22) by the linear scale over which the
data are averaged. This leads to an intrinsic scaling
mass sensitivity given by

AmL
S= ~ pmAhmeaswmea57 (23)
A

which has the units of mass per length. From this
sensitivity, the scale-dependent minimum detectable
surface mass density is given by

Omin = (24)

in units of grams per area, and the scale-dependent
minimum captured mass that can be detected from
that assay is given by

Am,=S|A, (25)

in units of grams.

Under the conditions of Fig. 12 leading to A .
= 20 pm, the demodulation procedure acts as an ef-
fective low-pass filter. The data rate is 1 Msamp/s for
1 s per data point. At a radius of » = 30 mm, and an
80 Hz spin frequency, the tangential velocity is
15 m/s. The length swept out at this velocity in 1 s
is 15 pm. In the sideband demodulation procedure,
the bandwidth was chosen to be 60 kHz centered on
a carrier frequency of 80 kHz generated by 1024
spokes of 100 pm width. This gives an integrated
length of 80 X 100 pm/60 = 133 pwm. In the radial
direction, the bandwidth was half the radial fre-
quency. With a radial pitch of 20 pm, this yields an
integrated length of 40 pm. Therefore, the effective
measurement area is Wpe.. = 40 pm X 133 um
= 5.3 X 10 mm? and wyes = 73 um. The corre-
sponding mass in this effective measurement area is
120 fg. Therefore, the scaling surface mass density is
S = (1 pg/pm®)(20 pm)(73 pum) = 1.5 pg/mm, and
the minimum detectable surface mass density at a
scale of 1 mm is o, = 1.5 pg/mm?.

The scaling surface mass sensitivity is derived
from an experimental quantity (Ahe.s = 20 pm) ob-
tained under ideal experimental conditions without
dismounting the disk. Under the conditions of an
assay, the disk is dismounted during the incubation
and placed in solution, sometimes for many hours.
This causes background changes in the protein spots
and in the land surrounding the spots. Under these
assay conditions, the minimum detectable surface
height increases about fivefold to 90 pm, which in-
creases the scaling mass sensitivity to approximately
7 pg/mm?®. This mm-scale sensitivity is comparable
to typical values determined by SPR [4]. This sensi-



tivity is gained without the need for resonance and
hence is more robust and easy to manufacture than
other interferometric approaches or resonance ap-
proaches that rely on resonance to provide high sen-
sitivity.

7. lgG Reverse Immunoassay

To demonstrate the potential of using phase-contrast
BioCDs as a platform for an immunoassay, we per-
formed reverse assays to test the performance of the
system using two different immobilization methods.
A reverse assay immobilizes the antigen on the disk,
which captures antibodies out of solution. We per-
formed two different assays. In the first assay, the
protein was patterned using gel printing, and the
solution containing the analyte was applied across
broad sectors separated by hydrophobic barriers. In
the second assay, the protein was patterned using
photolithography, and the solution containing the
analyte was applied in spots.

In the first assay, the disk was gel-printed with
Fluorescein- (FITC-) BSA in a 1024-radial-spoke pat-
tern. The widths of the spokes increased with radius
and were approximately 100200 um wide to main-
tain a 50% duty cycle at different radii. After the gel
printing, the disk was divided into four quadrants by
polydimethylsiloxane (PDMS) hydrophobic barriers.
The four quadrants were backfilled separately with
solutions of: 1) Mouse IgG, 2) FITC-BSA, 3) Horse
IgG, and 4) 10 mM PBS buffer at pH 7.4, respectively.
The proteins in the solutions bind to the active sur-
faces between the printed BSA spokes, and form a
periodic spoke pattern alternating between BSA and
the specific IgG antigens. The protein solutions for
this second printing step had a concentration of
10 pg/mL in PBS buffer. After the printing the disk
was washed in DI water for 2 min. Next came the
incubation of the disk with sample containing ana-
lyte. The disk was incubated in two separate bands
with solution containing antibody molecules. The in-
ner band was incubated with antimouse IgG, and the
outer band was incubated with antihorse IgG, both at
a concentration of 10 pg/mL in PBS buffer. A central
band remained blank to separate the two incubation
bands. The disk was incubated for 30 min and then
washed in DI water for 2 min.

In the second assay, the disk was patterned photo-
lithographically beginning with a surface functional-
ized by APTES followed by photoresist that was
patterned by photolithography. After the photoresist
was exposed and developed, the exposed surface was
passivated by sodium borohydride, as described pre-
viously, and the photoresist was removed. This pro-
cess established a spatially repeating pattern of
activated surface chemistry alternating with passi-
vated surface. Onto this active patterned surface,
200 pL drops of 10 ng/mL of Mouse IgG and Horse
IgG were spotted separately and stood for 30 min
before washing. The resulting spot size was approx-
imately 10 mm. The protein attaches covalently to
the active surface, but not to the passivated surface.
This produced a periodic protein pattern of IgG alter-
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Fig. 13. Histogram of protein height change for two assays
each performed at 10 pg/ml analyte concentration in PBS using
two immobilization techniques: gel print and photolithography.
Specific assay is horse-antihorse. Negative control was mouse-
antihorse.

nating with land. The printed disk was then incu-
bated for 30 min using 200 p.L drops of antihorse or
antimouse IgG spotted around the disk at increasing
concentrations from 100 ng/mL to 10 pg/mL in PBS.

The protein height change is obtained by a direct
subtraction of the measured surface height before
and after incubation by the solutions containing an-
tibodies. Histograms of the height change are shown
in Fig. 13 for the photolithographic assay and for the
gel-print assay, both at analyte concentrations of
10 pg/ml in PBS. There are two distributions for each
assay: a cross-reactivity assay in which horse antibody
is presented to printed mouse antigen as the negative
control, and a specific assay in which horse antibody in
solution is presented to printed horse antigen. The
distribution for the gel-printed assay is noticeably
broader than that of the photolithographically-printed
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Fig. 14. Histogram of the disk height change in response to a
100 ng/ml assay compared against a negative control with PBS
solution and a cross-reactivity control with horse incubated against
mouse antigen.
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assay because of a lower print homogeneity. The two
distributions are clearly separated between the con-
trols and the specific assays.

These assays are saturated because typical equi-
librium constants for immunoassays are in the range
of 1-10 ng/ml, which are well below the concentra-
tions used here. The saturated character of these
assays is further borne out in the height change his-
tograms shown in Fig. 14 for the 100 ng/ml assay
that was performed on the photolithographically
printed disk. In this figure, an additional negative
control (disk incubated with PBS solution with no
protein) is shown compared with the 100 ng/ml
antihorse-on-horse assay. At 100 ng/ml, the overlap
between the positive and the negative assays is only
0.2%, corresponding to 0.2% false positives and false
negatives.

8. Discussion

Laser scanning on a spinning biochip has several
advantages that make this readout method a sensi-
tive optical biosensor. The most important advantage
is the 50 dB suppression of the noise floor by operat-
ing at a high detection frequency far from 1/f noise. A
second practical advantage is the ability to repeat-
edly measure the same spot many times on succes-
sive cycles to perform signal averaging. The high
speed of the disk makes the read time practical de-
spite the large areas covered. With a focal spot diam-
eter of 20 pm and a pitch of 20 pm, and using eight
averages per track, a BioCD can be read out in less
than an hour. During this time approximately 100
X 10° optical measurements are made.

Another important feature of the BioCD is the
quantitative nature of interferometry, in contrast to
semiquantitative approaches such as the Enzyme-
Limited Immunosorbent Assay (ELISA). Interferom-
etry is capable of subpicometer surface height
metrology in the shot-noise limit. Although our ap-
plication is limited by surface roughness, we still
achieve a surface height repeatability of 20 pm aver-
aged over approximately 70 um to achieve a scaling
surface mass sensitivity of 1.5 pg/mm. An important
result of this paper is this identification of an intrin-
sic property of the disk and system, which has units
of mass per length. Most mass sensitivities are quoted
in units of mass per area, which is not an intrinsic
property, but changes as the area over which the data
are averaged changes. By defining the scaling mass
sensitivity correctly, it is used to calculate the mass-
per-area sensitivity at other scales. For instance, at
1 mm, our mass sensitivity is 1.5 pg/mm? which
compares favorably with sensitivities of SPR. It is
important to state here that we have achieved even
higher surface mass sensitivity down to 0.25 pg/mm
using a different interferometric quadrature detec-
tion approach on the BioCD [29], and even further
improvements are anticipated.

The immunological assays we performed on the
phase-contrast BioCD were all performed under high
analyte concentrations that drove the assays to sat-
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uration. Because the interferometric measurement is
quantitative, it can be used at lower concentrations to
obtain a dose response curve. The saturated height
increase was only about 1 nm in all cases, which is
only about 10%—20% of a monolayer thickness for a
dense antibody coverage of the surface. This may
have several causes, the most severe cause being that
some protein denatures during disk dry-downs ren-
dering some of the antigen or some of the antibodies
inactive. We are currently working with disk prepa-
rations that never allow the printed proteins to dry
out before being exposed to sample containing ana-
lytes.

In conclusion, we have demonstrated a new quadra-
ture class of the BioCD called the differential-phase-
contrast-class. It has simple disk fabrication and
simple far-field optics, and has achieved a surface
height sensitivity down to 20 pm. The surface mass
sensitivity is comparable to other label-free ap-
proaches, but is achieved with greater simplicity that
lends itself to scaling up to many analytes per disk.

This work was supported by sponsored research
from QuadraSpec, Inc., through the Purdue Research
Foundation.
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