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abel-free biosensors are important

for medical,” environmental monitor-

ing,? and biochemical research appli-
cations.? A label-free biosensor incorporates
a specific recognition element, such as an
antibody, with a material that possesses an
optical,* acoustic,® or electrochemical® re-
sponse that converts the analyte binding
event into a quantifiable signal. A very sen-
sitive optical method is reflectometric inter-
ference spectroscopy (RIfS),” which is based
on white light interference in a thin film.
The interference pattern depends on the
product of refractive index and thickness,
nL. Analyte binding to the planar surface of
the thin film produces an increase in film
thickness (L) that produces a shift in the in-
terference pattern measured in the optical
spectrum. A proposed route to increase
sensitivity of an interferometric sensor is to
employ a porous thin film.2 The porous thin
film interferometer relies on a change in av-
erage index of refraction (n) of a fixed thick-
ness (L) layer, rather than on a physical
thickness change as with RIfS. While the po-
rous layer still generates an interference
pattern, it has a much greater surface area
for analyte capture. Analyte binding pro-
duces a change in refractive index through-
out the film and, consequently, a change
in the value of nL.?

Porous silicon (pSi) and oxidized po-
rous silicon (pSiO,) have been exten-
sively studied as high surface area thin
films for label-free biosensing and
immunosensing.'®" '3 Related work has
been initiated in another inorganic po-
rous material, anodic aluminum oxide
(pAl,03), for interferometric sensing*1®
and in planar optical waveguides.'® Simi-
lar to the pSi and pSiO, systems, the po-
rosity, thickness, and pore diameters of
pAl,O3 can be tuned by adjusting electro-
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ABSTRACT Anodization of Al is used to produce optically smooth porous alumina (Al,0;) films with pores

~60 nm in diameter and ~6 p.m deep. The capture protein, protein A, is adsorbed to the pore walls by

noncovalent, electrostatic interactions, and thin film interference spectroscopy is used to detect binding of

immunoglobulin (IgG). The porous alumina films are stable against corrosion and dissolution in aqueous media

at pH 7, allowing quantitative monitoring of steady-state and time-resolved biomolecular binding. The bare

porous Al,0; surface displays a significantly greater affinity for protein A than for IgG. The known species specificity

of protein A binding to IgG is confirmed; the protein-A-modified sensor responds to IgG derived from rabbit, but

not chicken (IgG/IgY). A “cascaded”, or multiprobe sensing approach, is demonstrated, in which a specific target,

sheep IgG, is administered to a sample modified with a protein A/rabbit anti-sheep IgG assembly. Binding

measurements are confirmed by fluorescence microscopy using fluorescein-labeled IgG.
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chemical etch conditions,'” and ordering
of pores has been achieved using a
double anodization process. The greater
stability of Al,O3 at physiological pH'®
motivated the present study to investi-
gate the use of pAl,Os for label-free bio-
sensing. Optical biosensing of comple-
mentary DNA interactions with pAl,O3;
has been demonstrated.' The system
showed excellent sensitivity, although it
employed a drying step before quantifi-
cation. In this work, we demonstrate the
first real-time measurements of protein
binding in the pAl,0; system, which is im-
portant for quantification of kinetic bind-
ing measurements'' and reaction

kinetics.'®20
See the accompanying Perspective by

Walt on p 2876.
RESULTS AND DISCUSSION

Sample Characterization. Anodically etched
porous alumina (pAl,Os) films form well-
ordered cylindrical pores that run continu-
ously through the depth of the film with
little to no branching. Figure 1a shows a
cross-sectional scanning electron micro-
scope (SEM) image of the porous layer. The
average thickness of the films, measured by
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Figure 1. Scanning electron micrographs representative of
the porous alumina films used in this study. (a) Cross-
sectional view. (b) Plan-view image, showing the entrance
to the pores. Average pore diameter is 60 nm, average depth
is 6000 nm.

SEM, was 5684 = 969 nm, in agreement with growth
parameters. The diameter of the pore entrance ranged
between 48 and 86 nm, with an average pore diameter
of 62 nm. The longest dimension of an IgG antibody
molecule is 11—17 nm;? therefore, the pores in the
pAl,Os samples used in this work provide adequate vol-
ume to accommodate the biomolecule. The well-
defined pore walls display no branching or other ob-
structions, as are observed in other electrochemically
prepared porous systems,?" making pAl,O; a good ma-
terial for the sensing of large biomolecules.

Sample thickness and porosity were determined us-
ing the spectroscopic liquid infiltration method (SLIM)
as previously described.?' Fitting the optical parameters
derived from the reflective interferometric spectra to a
Bruggeman effective medium approximation yielded
porosity of 39 * 5% and thickness of 5841 = 1196 nm.
The thickness results obtained from the optical method
are in agreement with the above-mentioned SEM
measurements.

Detection Method. White light reflection from the po-
rous aluminum oxide films generates a thin film inter-
ference spectral pattern (Figure 2). The interference pat-
tern arises from Fabry—Perot interference of light
reflecting from the air—porous alumina and the po-
rous alumina—substrate interfaces. The wavelength of
the peak maxima in the interference spectrum is gov-
erned by the Fabry—Perot relationship:

mh = 2nL (M
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Figure 2. Optical characteristics of a porous alumina thin film. (a) White light

reflectance spectrum from a thin film of pAl,Os. (b) Fourier transform of the
reflectance spectrum in (a) results in a single peak whose position along the
x-axis corresponds to the effective optical thickness of the thin film, 2nL.
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Figure 3. Representative dosing curve for pAl,0; biosensor.
The percent change in optical thickness is monitored as a
function of time as solutions of protein A, rabbit anti-sheep
IgG, and sheep IgG are introduced successively to the flow
cell. The upper (black) trace represents the response to solu-
tions of the indicated biomolecules: PBS is a blank solution
of aqueous buffer, biomolecule solutions protein A, rabbit
anti-sheep IgG, and sheep IgG are present at a concentra-
tion of 0.1 mg/mL in PBS. The lower (gray) trace is a control
(PBS blank) run on a separate chip. The approximate starting
value of optical thickness for the immunosensor sample in
PBS was 6837 nm.

where \ is the wavelength of maximum constructive in-
terference for spectral fringe of order m, n is the mean
refractive index of the porous layer and its contents,
and L is the geometric thickness of the porous layer.
The interference pattern changes as a result of any
modification in refractive index or thickness of the film
as given in eq 1. The right-hand side of the equation
(2nL) represents the effective optical thickness, which
can be obtained from the Fourier transform of the re-
flectivity spectrum. This analysis has been used to moni-
tor gas adsorption within nanoporous alumina'>?* and
has been applied extensively for sensing in porous Si-
based Fabry—Perot films.>121925

The porous framework of pSi films is susceptible to
oxidation and hydrolysis in aqueous media,?® resulting
in zero point drift in the sensor response. Thermal oxi-
dation and other chemical treatments®” can signifi-
cantly improve the stability of this material; however,
degradation remains a problem, and it is often mani-
fested in sensor traces as a drifting baseline. In some
cases, the oxidation and hydrolysis phenomena can be
harnessed to increase sensitivity,?® 3! although in gen-
eral such drift is not desirable. In contrast to pSi or
pSiO,, pAlLO; is stable in neutral or slightly basic solu-
tions, conditions that are commonly employed in bio-
sensor systems,!832

The stability of the pAl,O; sensor was tested by
monitoring the optical thickness in the presence of pH
7.4 PBS buffer in the time scale of a typical biosensor ex-
periment (Figure 3, lower curve). The sensor displays a
stable baseline, with no significant decrease in optical
thickness due to pAl,Os dissolution.

Immunosensor Experiments. The pAl,Os; sample was
tested as an immunosensor using a protein A capture
probe and two immunoglobulin G (IgG) antibodies. The
experiment, represented in Figure 3 and summarized
in Table 1, begins with exposure to PBS buffer to satu-
rate the pores and establish a baseline. Then the cap-
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TABLE 1. Quantified Changes in Optical Thickness (AOT) for Biomolecules Dosed on the Porous Alumina Sensor?

capture probe layer pAl,0; surface modification

1° none (bare pAl,0; surface)

2° pAl,0; + protein A

3° pAl,0; + protein A + rabbit anti-sheep IgG

3° pAl,0; + protein A + rabbit IgG (F portion only)

biomolecule dosed Aoptical thickness, nm % change in OT

rabbit IgG 0.52 *+0.22 0.007 == 0.003
sheep lgG 0.80 +0.28 0.007 == 0.003
protein A 3.21 £ 1.31 0.028 = 0.016
chicken 1gG 0.28 = 0.95 0.002 £ 0.010
rabbit anti-sheep 1gG 12.25 * 2.68 0.160 = 0.050
rabbit 1gG, F. portion 5.19 = 0.45 0.057 = 0.005
chicken lgG 0.77 % 0.68 0.008 £ 0.012
sheep IgG 8.27 £ 1.19 0.102 = 0.019
sheep lgG 0.72 + 0.85 0.008 = 0.008

“Changes in optical thickness determined from three or more experiments and standard deviations are given. The biomolecules in bold indicate the immunosensor proteins
used in Figure 3 and represent positive interactions based on the known affinity of the target molecule.

ture probe, protein A, is adsorbed to the surface. Pro-
tein A is derived from Staphylococcus aureus bacteria
and is part of a small collection of proteins known to
bind antibodies in a specific and directional orientation.
Since protein A binds the F. region of an antibody, the
antigen binding sites located on the F,, region of the
captured antibody are accessible for further binding.
The antibody binding affinity of protein A differs de-
pending on the species from which the antibody was
derived.?® Protein A has a strong affinity for IgG derived
from rabbits, and this interaction was exploited here
to bind rabbit anti-sheep IgG, an antibody developed
in rabbits to specifically target IgG from sheep. The re-
flective interferometric immunosensor was first coated
with protein A and then exposed to successive doses of
rabbit anti-sheep IgG and sheep IgG.

The protein A capture probe was placed on the
pAl,O; surface by physical adsorption. Protein A is
negatively charged at pH 7.4,>* and aluminum oxides
are known to strongly adsorb anions on protonated hy-
droxyl groups or exposed cationic aluminum ions.?®
Upon exposure to a solution of protein A, the percent
change in optical thickness increases by approximately
0.1%, corresponding to adsorption of the protein in the
porous nanostructure (Figure 3). This value decreases
to 0.05% upon rinsing of the sample with PBS buffer, as
the free and weakly bound protein is removed. Intro-
duction of rabbit anti-sheep IgG results in an additional
increase in optical thickness of 14 nm or 0.20% change
in OT, as the antibody becomes specifically bound to
the immobilized protein A capture probe. After rinsing
with PBS buffer, the percent change in nL relative to the
protein-A-only value is 0.19%. Finally, introduction of
sheep IgG produces an additional 0.12% increase in op-
tical thickness, attributed to binding of sheep IgG to
the immobilized rabbit anti-sheep IgG. A final PBS rinse
shows no significant decrease in optical thickness,
which we attribute to the strong interaction between
the two antibodies.

Control Immunosensor Experiments. Several control ex-
periments were performed confirming that the optical
thickness changes observed in Figure 3 are due to spe-
cific binding interactions between the biomolecules
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and not due to nonspecific adsorption. The experi-
ments are presented in Figure 4 and summarized in
Table 1. The illustration to the left of each set of bind-
ing curves in Figure 4 depicts the binding interactions
hypothesized to occur within the pAl,O; nanostructure.
The first control (Figure 4a) compares the percent AnL
trace observed upon introduction of protein A to a bare
pAl,05; sample with the response observed when rab-
bit antibody is introduced to a bare pAl,O3; sample.
While rabbit IgG is approximately 3 times larger in mass
than protein A (150 vs 42 kDa), the increase in optical
thickness observed with rabbit IgG is negligible. The re-
sult indicates that IgG exhibits a relatively small affinity
for pAl,03; compared with the affinity of protein A for
this surface. Other studies have shown that IgG can ad-
sorb to alumina films directly;*® the present result indi-
cates that this interaction is fairly weak at pH 7.4. The
surface of pAl,Oz can be modified to increase its
hydrophobicity,33® which increases the extent of IgG
adsorption. However, this approach can lead to dena-
turation of the antibody and loss of binding activity. The
approach used in the present work, involving use of a
protein A capture probe to increase the binding of IgG
and to properly orient the antibody for subsequent im-
munosensing, has been successfully demonstrated
with porous SiO, optical sensors.**°

It should be pointed out that the approach of using
protein A to immobilize an IgG capture probe requires
the nanosensor to possess a significant volume in which
the sensing event can be detected. For example, this
approach would be less successful for surface plasmon
resonance (SPR) and other sensors that display a dis-
tinct decline in sensitivity as the capture probe is placed
further from the active sensing surface. Porous optical
biosensors like pSi, pSiO,, and the pAl,Os sensor used in
the present work respond to refractive index changes
that occur within the volume of the porous matrix. Thus
they are amenable to such “cascaded”, or multiprobe,
sensing approaches. A primary limitation of these vol-
ume sensors is the size of the pores—the pores must be
large enough to admit the capture probe assembly,
but they cannot be so large that they scatter the light
of the probe optics. The fidelity of the optical interfer-
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Figure 4. Experiments demonstrating specific binding affinity and controls for the pAl,0; immunosensor. (a) Protein A and

rabbit IgG separately dosed on bare pAl,0; sample, demonstrating the greater relative affinity of the surface for protein A.
(b) Rabbit anti-sheep IgG and chicken IgG introduced to a protein-A-modified sample. (c) Sheep IgG and chicken IgG intro-
duced to a protein-A-modified sample that contains the protein A + rabbit anti-sheep IgG assembly. The dotted line inter-
secting each curve designates initiation of a rinse with pure PBS buffer. All biomolecules were introduced at a concentration

of 0.1 mg/mL.

ence fringes in the reflectivity spectrum degrades sig-
nificantly as the pore dimensions approach the wave-
length of light, due to the onset of scattering. In
addition, the diffusion of IgG can become significantly
limited even in pores with diameters much larger than
twice the nominal 4 nm hydrodynamic radius of the an-
tibody.*® Thus, for this type of nanoporous optical bio-
sensor based on antibody interactions, the practical
range of pore diameters is probably between 50 and
400 nm, which can be ideally prepared in porous
alumina.

Binding of protein A to antibodies is species spe-
cific; for example, protein A binds to rabbit and sheep
but not to chicken antibodies (IgG/IgY). The black trace
in Figure 4b shows that no change in optical thickness
is observed when chicken IgG is dosed onto a protein-
A-modified pAl,0; sample. Taken with the control run
of Figure 43, this establishes that the observed change
in optical thickness when rabbit anti-sheep IgG is dosed
onto a protein-A-modified pAl,0; sample is due to a
binding interaction with protein A and not due to non-
specific surface adsorption.

The third step in the immunosensor experiment of
Figure 3 is to administer a target antigen to the immu-
nosensor. Figure 4c shows the percent increase in opti-
cal thickness when the specific target, sheep IgG, is ad-
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ministered to a sample modified with rabbit anti-sheep
IgG, whereas chicken IgG produces a negligible re-
sponse. The rabbit anti-sheep IgG antibody effectively
discriminates between the two proteins. The results are
summarized in Table 1.

While protein A does not bind chicken IgG, it does
have a weak affinity for sheep IgG. Therefore, it is pos-
sible that the response measured in the third step, in
which sheep IgG is introduced to the protein A + rab-
bit anti-sheep IgG assembly (shown in Figures 3 and 4c),
is due to protein A binding sheep IgG. To test this hy-
pothesis, a rabbit IgG lacking the sheep IgG binding do-
main was tested on the protein-A-modified surface.
The protein used was the F. domain of rabbit IgG, a
truncated antibody containing the binding site for
protein A but lacking the F,, fragment needed for
antigen binding. Supporting Information Figure 1
presents the dosing profile for this control experi-
ment, and the results are summarized in Table 1. In
this case, addition of sheep IgG to the protein A +
rabbit IgG (F) complex results in no detectable in-
crease in optical thickness. Therefore, it can be con-
cluded that the pAl,O; immunosensor correctly re-
ports the specific interaction occurring between the
antibody (rabbit anti-sheep IgG) and its target anti-
gen (sheep IgG).

www.acsnano.org
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A tabulation of the steady-state optical thickness
changes measured for all of the analytes and controls
is presented in Table 1. 1gG does not bind significantly
to pAl,Os unless the capture protein, protein A, is
present on the surface. The immunosensor reports a
significant signal only when specific binding interac-
tions are expected (between protein A and IgG, and be-
tween the antibody and its antigen).

The extent of binding of sheep IgG to the various
modified pAl,O; surfaces was confirmed independently
by fluorescence microscopy. Fluorescein isothiocyan-
ate (FITC)-labeled sheep 1gG was dosed onto bare
pAl,O;, pAl,O; containing protein A + rabbit anti-
sheep IgG, and pAl,0; containing protein A + the F. do-
main of rabbit IgG (Supporting Information Figure 2).
The specific binding experiment (pAl,O; containing
protein A + rabbit anti-sheep IgG + sheep IgG:FITC)
generates a significant fluorescence signal; the surface
engineered for specific immunosensing generates fluo-
rescence intensity approximately 50 times greater than
all of the controls.

The adsorbed protein A layer appears to signifi-
cantly suppress nonspecific binding to pAl,Os. While
previous reports show that IgG binds nonspecifically to
alumina surfaces, very little protein adsorption is ob-
served in the present work by fluorescence analysis or
by optical interferometry. Once protein A is adsorbed to
the surface, the interferometric sensor provides a well-
behaved specific binding response while effectively
suppressing nonspecific interactions with the surface

METHODS

Porous Alumina Fabrication. Porous alumina was fabricated from
a 5—8 pum e-beam evaporated aluminum film on n-type silicon
using a two-step anodization process. In the first anodization, a
500 nm sacrificial layer of pAl,0; was anodized by application of
60 V in 0.3 M oxalic acid at 5 °C. This first anodization step was
used to initialize pore formation and the arrangement of ordered
pores. The initial anodized layer was removed with a solution of
5% chromic acid and 3% phosphoric acid. The second anodiza-
tion was continued using the same conditions until a current
drop indicated total anodization of the aluminum film. In order
to generate pores of adequate size for admission of the biomol-
ecules, the pores were widened by immersion in room tempera-
ture 5% phosphoric acid for 70 min.

Interferometric Reflectance Spectroscopy. Reflectance spectra were
obtained from the pAl,O; samples using a tungsten light source
and a CCD spectrometer (Ocean Optics, S-2000). The light was di-
rected through a bifurcated fiber optic cable to an optical lens,
which focused light on the surface. The optical axis was normal
to the plane of the pAl,Os layer. Reflected light was collected
through the same lens and directed through the other arm of
the bifurcated optical fiber cable to the CCD spectrometer. The
wavelength axis of the spectrum from the spectrometer was cali-
brated using a least-squares fit of five spectral lines observed
from a neon lamp, at 585.3, 614.3, 640.2, 703.2, and 811.5 nm.
The data spacing of the spectrometer was 0.4 nm. The x-axis was
inverted, and a linear interpolation was applied such that the
data were spaced evenly in units of nm~'. A Hanning window
was applied to the spectrum, and it was re-dimensioned to 4096
data points and zero padded to the power of two. A discrete Fou-
rier transform using a multidimensional fast prime factor decom-
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or with other proteins. The method used in this work
to coat the surface with protein A relies on a strong,
noncovalent interaction. A more common approach to
inhibit nonspecific binding is to chemically attach low
affinity molecules such as oligomeric poly(ethylene gly-
col).! Aluminum oxide contains surface hydroxyl
groups that are suitable for various coupling reactions,
and covalent chemical modification routes*? have been
used to attach peptides,** DNA,* and poly(ethylene gly-
col)*! to pAl,Os. Such an approach was not pursued in
this work but can be a useful route for expanding the
versatility of the material for real-time biosensing of ad-
ditional biomolecular interactions.

CONCLUSIONS

Thin film interference spectroscopy was used to op-
tically interrogate physical parameters of a 6 um thick
porous alumina film prepared by anodization of alumi-
num metal. The porous alumina film is stable at physi-
ological pH and shows no significant baseline drift in
the time scale of the immunosensor experiments.
Changes in refractive index, n, of the layer due to re-
placement of buffer with proteins were monitored dur-
ing sequential binding of protein A, rabbit anti-sheep
1gG, and sheep IgG. The study demonstrated two key is-
sues for label-free biosensors: the preparation of a bio-
logical sensing layer that minimizes nonspecific binding
and is able to report in real-time sequential addition of
multiple large protein analytes.

position algorithm from the Wavemetrics Inc. (www.wavemetric-
s.com) IGOR program library (FFT) was applied. The Fourier
transform of the spectrum yields a peak whose position on the
x-axis corresponds to the value 2nL, or the effective optical thick-
ness of the pAl,0s film.

Characterization of Porous Alumina. Pore size and thickness of the
porous films were determined by scanning electron microscopy
(SEM) using a FEI Quanta 600 environmental scanning electron
microscope operating at an accelerating voltage between 10
and 25 keV. Thickness and porosity of the films were also deter-
mined by optical reflectance spectroscopy in which optical thick-
ness changes were monitored upon immersion in organic lig-
uids of known refractive indices, as previously described.?! The
optical thickness of a sample was determined from two differ-
ent locations on the porous film by measuring the interferomet-
ric reflectance spectrum of the film in air and immersed in etha-
nol, toluene, water, hexane, and acetone having refractive
indices of 1.359, 1.494, 1.33, 1.372, and 1.357, respectively. Re-
fractive indices of the liquids were measured using a Milton Roy
refractometer. The change in the reflectance spectrum as the
medium in the pores is changed from air to the respective lig-
uid was attributed to changes in optical thickness assuming all
pores in the film are filled by the solvent. The data were then fit
to a two-component Bruggeman effective medium approxima-
tion,?" yielding values for porosity and thickness of the porous
alumina layer. The refractive index of the aluminum oxide por-
tion of the film used in the analysis is n = 1.65.22 After porosity
and optical thickness measurements, the samples were rinsed
with ethanol, dried using a nitrogen stream, and placed in
vacuum for at least 15 min prior to the biosensing experiments.

Immunosensor Experiments. Samples were removed from
vacuum and placed in a flow cell in which solution was deliv-
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ered at a rate of approximately 1 mL/min. A baseline was
achieved by dosing phosphate buffered saline solution (PBS,
1X Cellgro brand, Mediatech Inc.) for approximately 20 min.
Protein A (EMD Calbiochem) and antibody (IgG) solutions
(Jackson Immuno Research Laboratories, Inc.) were deliv-
ered by continuously circulating 3 mL of 0.1 mg/mL concen-
trations (in PBS) of the biomolecules. The flow cell was
flushed with PBS solution between biomolecule dosing runs
to remove any nonadsorbed or loosely bound proteins within
the pores. Data points were collected every 30 s, and each
data point represents an average of data obtained over 5 s.
The interaction between protein A and the pAl,O; sample is
by physical adsorption; therefore, the magnitude of change
in optical thickness due to protein A was determined by mea-
suring the optical thickness difference between the initia-
tion of dosing to the baseline reached after the PBS rinse. The
magnitude of change in optical thickness due to biomolecu-
lar interactions was determined as the change in the value
of optical thickness measured just prior to introduction of an-
alyte to the value obtained after the signal reached steady
state. In the experiments used to monitor binding of a sec-
ondary antibody to the protein A/IgG complex, the sample
containing the protein A/IgG assembly was rinsed with PBS
for only 15—20 min (in order to minimize removal of bound
1gG from within the pores) before addition of the secondary
antibody.

Fluorescence Measurements. Immunosensor experiments using
fluorescein isothiocyanate (FITC)-labeled sheep IgG were per-
formed in the flow cell setup. At the end of the experiment, the
samples were immediately imaged using a fluorescence micro-
scope (Nikon Eclipse LV150) equipped with a CCD camera (Pho-
tometrics CoolSNAP HQ2). A 480 = 20 nm excitation filter and a
535 = 25 nm emission filter were used. Images were captured
on at least three locations on the chip and processed using Meta-
morph 7.0r4 (Molecular Devices).
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