JIAIC[S

COMMUNICATIONS

Published on Web 03/15/2006

Reflective Interferometric Fourier Transform Spectroscopy: A
Self-Compensating Label-Free Immunosensor Using Double-Layers of Porous
SiO;
Claudia Pacholski," Christine Yu,™ Gordon M. Miskelly,* Denis Godin,® and Michael J. Sailor*'

Department of Chemistry and Biochemistry, bbrsity of California, San Diego, 9500 Gilman D,
Dept. 0358, La Jolla, California 92093-0358, Department of Chemistry, Thedudsity of Auckland,
Private Bag 92019, Auckland, New Zealand, andiEbnment and Natural Resources, NSERC/CRSNG,
350 Albert, Ottawa, ON, K1A 1H5 Canada

Received October 11, 2005; E-mail: msailor@ucsd.edu

Most optical transducers for label-free biosensing involve
measurement of a change in the refractive index of a material
induced upon analyte binding. While surface plasmon resonance
(SPR) films!? resonant and nonresonant diffraction gratihgs,
Reflectometric Interference (RIFS) layérand Fabry-Peot in-
terferometersshow very sensitive responses to small changes in
refractive index, these methods are often limited by zero point drift
arising from changes in temperature, matrix composition, or
nonspecific binding to the analytical surface. A double-beam
interferometer (MachZender-type, for examp|e), in which one Figure 1. Schematic of the doul:_)Ie-Iayer .biOSEF\SOI’ showing the OPﬁCé_ﬂ
optical path acts as a reference channel, provides an excellent mearR2ths that provide the self-correcting function to the structure. Protein A is

. . . . ) immobilized on the top of layer 1. The three different interfering light paths
of compensating for drift. Various implementations of double-beam 5re shown. Interference of beams a and b occurs from reflections at the
correction have been employed in microscale biosensor systemsinterfaces bordering layer 1, interference of beams b and c originates from
generally involving two spatially distinct regions of a cRip. layer 2, and interference of beams a and c originates from layer 3. Binding

Because the sample and reference channels are separated in tlfa( 1gG to protein A affects the spectral_ i_nterference patterns corresponding
0 layers 1 and 3 only. Interference arising from layer 2 is only affected by

X=Y plane, such designs pose significant alignment and manufac- nonspecific changes in the experiment and so can be used to null the effects
turability challenges, especially upon incorporation into high- of zero point drift on layers 1 and 3.

throughput arrays. We have recently described a self-compensating

interferometric biosensor comprised of two layers of porousSiO o ) o
stacked one on top of the oth&The reflectivity spectrum displays A schematic diagram of the double-layer biosensor used in this
a complex interference pattern that arises from a combination of WOrK is shown in Figure 1. The structure is prepared by electro-
Fabry-Péot interference from these layers, and it was found that chemically etching single-crystal silicon (p-type, ca. @am, (100)
compensation for drift caused by changes in the sample matrix canorientation) in agueous ethanqllc HF solutlon (3:1 v/v 48% aqueous
be achieved by appropriate analysis of the Fourier transform of HF:€thanol), using a short period of high applied current (250 mA/
the spectrum. The method, referred to as Reflective Interferometric cn? for 23 s) followed by a longer period at low current (83 mA/
Fourier Transform Spectroscopy, or RIFTS, was demonstrated in c for 115 s). The current waveform produces a high porosity,

a test case using nonspecifically bound bovine serum albumin [OW refractive index layer on top of a lower porosity, higher
(BSA) refractive index layef.

The porous Si sample is thermally oxidized (6@ for 1 h in
air) in order to stabilize the film against dissolution in agqueous
media8® Oxidation also increases the hydrophilicity of porous Si,
allowing water to effectively infiltrate the pores. The pores in both
layers are large enough to admit the buffer ions and small
biomolecules in the analyte matrix, but they are too small(
nm) to admit larger biomolecules, such as protein A or IgG. The
capture probe (protein A in this study) is then adsorbed onto the
top of the oxidized porous silicon structure. The position of the
capture probe on the top of the film is the same as that in an SPR
or RIFS devicé%! but the optical path in RIFTS passes through

In this work, the first example of specific sensing using RIFTS
is demonstrated, using a protein A capture probe and a rabbit
immunoglobulin G target analyte. The amplitudes of the peaks in
the fast Fourier transform of the interference spectrum depend on
the refractive index contrast at the interfaces of the double-layer.
The ratio of the amplitudes of the two main peaks (corresponding
to layers 2 and 3 in Figure 1) provides a sensitive means to detect
analyte binding at the solution/film interface and significantly
reduces the effect of fluctuations in lamp intensity and other
experimental variables that lead to noise or baseline drift. It is found

that the method is also insensitive o large changes in matrix the solution, the protein layer, and the two underlying porous layers.

composition caused by |ntr0duct|_on of 100-fold EXCess of inter- In the present experiments, no specific surface attachment chemistry
ferents, such as sucrose or bovine serum albumin. The methodWas employed; the protein A adheres by adsorption

provides a robust means of determining equilibrium biomolecular The reflectivity spectrum (Figure 2) of a double-layer film

binding constants. obtained at normal incidence displays a complex pattern arising
from interference in all three layers represented in Figure 1. The

I%’&Vﬂﬁ:\%r"sﬁgﬂf%&‘éﬁaﬁn Diego. spectrum is adequately modeled with a simple double-layer
§ NSERC/CRSNG. interference relationship, after the treatment of McLé&iThe
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Figure 2. Reflectivity spectrum of a thermally oxidized porous Si double- S ;
layer biosensor film and its corresponding Fourier transform (inset). Peaks & 121081 :
in the FFT labeled “layer 17, “layer 2", and “layer-t layer 2" (equivalent & ‘
to “layer 3”) are assigned as depicted in Figure 1. Sample contains the << 1010°
capture probe protein A on the top of layer 1. Spectrum is measured in ) ] v
aqueous PBS solution and is not corrected for instrumental spectral response. . oo
0.810%4 . o
reflectanceR of light from a double-layer stack consisting of two Pooh T e [ ’W[Lu\h A3
layers of differing refractive indices is given by (eq 1 06108 1 p oo i Ve
4 d d y(ea 1) a b cideilgh i) Kmnoip gir :Sliﬁm‘
R= (Pa2 + Pb2+ Pcz) +2p40,C0S(D 1) + 2p0,C0S(D,) + 0 50 100 15T0im(-:‘20|(2nir'1250 300 350
20apL08[20, 1 0,)] (1) Figure 3. Effect of addition of rabbit 1gG, sucrose, and BSA on the
) . o amplitude of the FFT peaks measured from a protein A-modified double-
whereo; represents the phase relationghoplayeri given by (eq layer sensor.A; and Ag represent the amplitudes of the FFT peaks
2): corresponding to layer 2 and layer 3, respectively. The ratidA\gh#,
eliminates baseline drift and significantly reduces noise in the measurement
2nnL, of rabbit IgG binding: (a) PBS buffer; (b) 0.25 mg/mL of protein A in
0, = (2) PBS, followed by PBS, then by 0.1 M acetic acid; (c) PBS; (d) 0.05 mg/
A mL of rabbit 1gG, followed by PBS, then 0.1 M acetic acid; (e) PBS; (f)

o L . 0.025 mg/mL of rabbit I1gG, followed by PBS, then 0.1 M acetic acid; (@)
wheren; represents the refractive index of layiewith thickness PBS; (h) 0.05 mg/mL of rabbit IgG, followed by PBS, then 0.1 M acetic

Li. The termsp,, pn, @ndpc represent the index contrast at each of  acid; (i) PBS; (j) 0.025 mg/mL of rabbit IgG, followed by PBS, then 0.1 M

the reflective interfaces, b, or ¢ (Figure 1): acetic acid; (k) PBS; (I) 50 mg/mL of sucrose in PBS; (m) PBS; (n) 1
mg/mL of BSA in PBS, followed by PBS, then 0.1 M acetic acid; (0) PBS;

N, —n n. —n N — Ne: (p) 0.025 mg/mL of rabbit IgG, followed by PBS, then 0.1 M acetic acid;

0, = soln 1, pp = ! 2, P, = 2 s €) (a) PBS; (r) 0.0125 mg/mL of rabbit IgG, followed by PBS, then 0.1 M

& Ngt Ny n+n' "¢ n,+ng acetic acid; (s) PBS; (t) 50 mg/mL of sucrose in PBS, followed by PBS;

(u) 1 mg/mL of BSA in PBS, followed by PBS, then 0.1 M acetic acid and

The termsnson, N1, Ny, @andng; represent the refractive index of ~ PBS.
the aqueous layer, layer 1, layer 2, and bulk Si, respectively. The
guantitiesn; andn, represent the average index of the porous layer
and everything it contains (silicon, SiGolution, etc.). The quantity
Nsoin Fepresents the index at the near-surface region of layer 1; this
corresponds to the region including the immobilized protein A
capture probe (Figure 1).

The basic principle behind the use of the Fourier transform to
extract the relevant optical parameters has been publisiiad.

when specific binding occurs at the capture probes immobilized at
the top interface of layer 1 (Figure 1), only the magnitude#\pof
andA; are expected to change. Thus, a ratio of eifyeor A to

A; is predicted to compensate for changes that are not derived from
binding to the capture probe. For example, the quamiip; is
related to the index contrast at two of the three interfaces present
in the double-layer (eq 4) by eq 5:

Fourier transform of the reflectivity spectrum has three main Ak
) i : . 3 _ KPaPc — Pa
components, as shown in the inset to Figure 2. The amplitude of A = =— (5)
each FFT peak is related to the amplitude of each cosine term in 2 Kowoo Py
eq 1 by eq 4:

All three of the quantitieg\;, A;, and Az contain information that
A= kPana A= kaPcv A= kPaPc (4) can be used to compensate for zero point drift. However, the peaks
associated with layers 2 and 3 are typically much larger than for
where A;, A;, and A; are the amplitudes of the FFT peaks layer 1 (Figure 2) since the porous silicesilicon interface has a
corresponding to layers 1, 2, and 3 of Figure 1, respectively, and much higher index contrast than the other two interfaces. The
k is a proportionality constant that accounts for the fact that the amplitudesA, andAg, and the ratioAs/A, are presented in Figure
spectrum is not corrected for instrument response. When the 3, showing the ability of this ratio to correct for zero point drift.
refractive index of these layers changes (such as occurs with a The significant baseline drift observed in the plotsfefandAs
nonspecific change in solution composition), or if there are versus time is ascribed to instrumental drift, scattering in the light
fluctuations in lamp intensity, the magnitude Affor layers 1, 2, path, or degradation of the porous silicon strucfuféne noise
and 3 can change since they share common interfaces. Howevergcorresponds to lamp intensity fluctuations, changing cell temper-
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0.30 v is proportional to a change in the interfacial refractive indemtrast
1 . rather than just a change in magnitude of the index.
< 0.20 o The RIFTS biosensor provides a quantitative measure of equi-
< 0.10 librium binding constants. The thermodynamic equilibrium binding
' constant can be obtained from tAg/A; signal at equilibrium for
0.00 various analyte concentrations by application of a Langmuir fit to
o 1 2 3 4. 85 8 the binding isotherm (Figure 4 and Supporting Informatity.
[rabbit IgG] (x 107 moliL) A fit of the average values of three trials yields an equilibrium

Figure 4. Binding curve used to determine the equilibrium dissociation ~dissociation constarip of 3 x 1077 mol/L for rabbit IgG/protein

constant for the binding of rabbit IgG to a protein A-modified porous silicon A, consistent with the published valu€s!®

surface using RIFTS. The plot shows the dependence of the ratio between
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