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D
evelopment of label-free biosensors
with high sensitivity and specificity
has become increasingly important

for high-throughput clinical analysis and
drug discovery1,2 since labeling of analytes
with fluorescent or electroactive molecules
may significantly interfere with the original
function of biomolecules and it also requires
laborious and costly modifications of analytes.
During the past decade, novel label-free bio-
sensors have been steadily studied from the
viewpoint of benefits of thenanotechnologies,
and a variety of biosensors based on many
different types of nanostructures, such as
nanowires,3,4 nanopores,5,6 nanogaps,7 nano-
pipettes,8 and nanotubes,9,10 have beendevel-
oped to improve the sensor performance.
Nanoporous metal-oxide membranes that
haveuniformpore structureswithnarrowpore
size distribution have been expected to serve
as a platform for label-free optical biosensors
because the electromagnetic field of the prob-
ing light can efficiently overlap with themem-
brane layer composed of nanopores in which
target molecules are entrapped.11�21 In addi-
tion, the large internal surface area and the
molecular sieve effect of nanopores are con-
siderable advantages for enhancing the sensi-
tivity and selectivityof thebiosensorsbasedon
nanoporous metal-oxide membranes.
Optical biosensors based on nanoporous

metal-oxide membranes are a kind of refracto-
metric sensor; changes in the refractive index
(RI) of amembraneaccompaniedbyadsorption
of an analyte into the nanopores have been
monitored by optical interferometry11�14 or
optical waveguide spectroscopy.15�21 In gener-
al, the sensitivity of refractometric sensors is not
so high compared to fluorometric sensors be-
cause the changes in the RI induced by molec-
ular adsorptionaregenerally small. Accordingly,
makingasignificant improvementof thesensor
response is the key issue to develop optical bio-
sensors based on the nanoporous metal-oxide

membranes. Herein, we report on the re-
markably enhanced sensitivity of a label-free
nanoporous optical waveguide (NPWG) sensor
composed of a porous anodic alumina (PAA)
waveguiding film and an aluminum (Al) clad-
ding film deposited on a glass substrate
(Figure 1a).19,20 The enhanced sensitivity was
achieved by engineering nanostructures and
tuning optical properties of the PAA film.
Among the components of the NPWG

sensor, a key feature of the PAA film is that
its well-defined nanostructure can be easily
and reproductively fabricated by simple
anodization of an Al film in an acidic elec-
trolyte solution.22 The PAAmembrane has a
packed array of cylindrical nanopores, and
the pore structure as well as the RI of the
PAAmembrane can be discretionarily tuned
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ABSTRACT Label-free optical biosensors

have attracted much attention, and nanopo-

rous metal-oxide membranes with uniform pore

structure and diameter are promising candi-

dates for platforms of label-free optical bio-

sensors. However, development of such sensors

with high sensitivity still remains challenging. In this paper, we report on the remarkably

enhanced sensitivity of a label-free nanoporous optical waveguide (NPWG) sensor composed of

a porous anodic alumina (PAA) waveguiding film and an aluminum cladding film. The

enhanced sensitivity was achieved by engineering nanostructures and tuning optical proper-

ties of the PAA film. Careful tuning of the porosity, pore density, thickness, and refractive index

of the PAA film could significantly improve the sensitivity of the NPWG sensor toward

adsorption of bovine serum albumin (BSA) onto the PAA surface, and the optimized sensor

responded to the adsorption of BSA with an extraordinarily large red shift (>300 nm) of a

waveguide mode due to the large adsorption capacity of the PAA film and the inherently high

sensitivity of the waveguide mode. The Fresnel calculations suggested that the potential

sensitivity of the NPWG sensor was much higher than that of the conventional surface plasmon

resonance (SPR) sensors.

KEYWORDS: porous anodic alumina . nanopores . label-free . biosensing .
optical waveguide sensor

A
RTIC

LE



HOTTA ET AL. VOL. 6 ’ NO. 2 ’ 1541–1547 ’ 2012

www.acsnano.org

1542

by controlling the anodizing conditions and post-
synthesized pore widening conditions in an etchant
(typically phosphoric acid solution).23 In the NPWG
sensor, changes in reflection spectra of the PAA/Al
multilayer films are measured in the Kretschmann
configuration (Figure 1a), similarly to the conventional
surface plasmon resonance (SPR) sensor. As schemati-
cally illustrated in Figure 1b,c, various orders of wave-
guide modes characterized by different electric field
distributions can be excited at the PAA/Al film by
irradiating the PAA/Al film with polarized white light
at a certain angle of incidence, which is recognized as
the appearance of sharp dips (waveguide coupling
dips) in a reflection spectrum.24 In contrast to the SPR
sensor that shows a steep electric field decay from the
metal film,24 the NPWG sensor has a wide electric field
distribution at a deep region from the Al film. Wave-
length of the dip for a certain order (m) of the
waveguide mode depends on the incident angle and
polarization of incident light, and it also depends on
the thickness and the RI of the PAA film. Although
p-polarized incident light can also be used to excite the
transverse magnetic (TM) modes in the waveguide,
we examined the NPWG sensor focusing on the trans-
verse electric (TE) modes excited by s-polarized light
because the TE modes are known to exhibit higher
sensitivity than TM modes.25

The wavelength position of a waveguide coupling
dip red shifts by increasing the RI of the PAA film (nPAA)
accompanied by adsorption of an analyte to the film,
and the shift of the waveguide coupling dip (ΔλOWG)
can be approximately expressed as follows:20

ΔλOWG ¼ aqBSA (1)

where a is the proportional constant determined
mainly by both the RI of the PAA waveguiding film
and the order of the waveguide mode m, and qBSA is
the total amount of an adsorbed analyte. Thus, the
response of the NPWG sensor (ΔλOWG) provides quan-
titative information on the adsorbed analyte.

To attain the enhanced response of the NPWG sen-
sor, it is necessary to increase qBSA as well as the
sensitivity factor of the proportional constant a. Herein,
we present a highly sensitive NPWG sensor by fabricat-
ing a PAA/Al multilayer film that has a large pore
density, porosity, large film thickness, and low RI of
the PAA layer. The NPWG sensor with an optimized
PAA waveguiding film exhibits remarkably larger sen-
sor response compared to other label-free optical sen-
sors.

Figure 1. (a) Schematic illustration of the NPWG sensor based on the PAA/Almultilayer film. (b) Typical reflection spectrumof
the PAA/Al multilayer filmmeasured in the Kretschmann configuration and (c) electric field distributions of the TEwaveguide
modes with different mode orders (m).

Figure 2. (a,b) Reflection spectra of the PAA/Al multilayer
films measured in contact with different concentrations of
BSA solutions. Each spectrum was taken after the adsorp-
tion of BSA reached equilibrium. The cross-sectional and
top SEM views of the PAA films are shown in (c) and (d) that
were, respectively, used to measure (a) and (b). The scale
bars correspond to 200 nm. (e) Shift of the coupling dip vs
the concentration of BSA in the solution phase. The solid
line is the best fit curve to the Langmuir adsorption iso-
therm for each film.
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RESULTS AND DISCUSSION

The response of the NPWG sensor was examined by
monitoring the changes in the reflection spectra of the
PAA/Al multilayer film for adsorption of bovine serum
albumin (BSA) by the PAA waveguiding film. BSA is
well-known to adsorb onto the alumina surface to form
a monolayer.26 BSA is a globular protein with dimen-
sions of 4 � 4 � 14 nm3 that make it small enough to
penetrate into the PAA pores of several tens to a
hundred nanometers in diameter.27

Figure 2a,b shows typical sensor responses for ad-
sorption of BSA obtained by the NPWG sensors with
different PAA films (designated as films a and b,
respectively). First, both films a and b were prepared
by deposition of Al on glass substrates using vacuum
evaporation and had thicknesses of 180 and 500 nm,
respectively. Then the PAA layer was formed by partial
anodization of the Al layer. Film a was obtained by
anodization under a constant potential of 30 V fol-
lowed by PAA pore widening in a 10 wt % phosphoric
acid solution for 10 min. Film bwas similarly fabricated
using an anodization potential of 15 V and PAA pore
widening time of 30 min. The structural parameters
of films a and b were evaluated by SEM images
(Figure 2c,d) and are summarized in Table 1 (for
evaluation procedures, see the Experimental Section).
In the measurements of the sensor response, the

single transverse electric (TE0) mode was excited in the
PAA/Al films, and sharp dips are recognized in their
reflection spectra, as shown in Figure 2a,b. The dip
undergoes a red shift as the concentration of BSA
increases. A plot of ΔλOWG against the BSA concentra-
tion in the solution phase represents the adsorption
isotherm of BSA. The experimental points (Figure 2e)
are well fitted to the Langmuir adsorption equation,
and the adsorption constant and maximum shift value
(ΔλOWG

max ) are estimated as 0.96 � 107 M�1 and 35.7 nm
for film a and 1.07 � 107 M�1 and 250 nm for film b,
respectively. The sensor response (ΔλOWG) obtained
for film b is about 7 times larger than that for film a,
while the adsorption constants are almost the same for
both films. The larger sensor response for film b is
ascribed to its larger sensitivity factor (a) and qBSA (eq 1)
compared to those for film a.
To investigate in detail the relationship between the

sensor response and the structural parameters of the
PAA waveguiding film, we systematically tuned the
pore density and the porosity of the PAA film by
changing the anodization potential and pore widening
time in an etchant, respectively (see Experimental
Section). Figure 3a shows the SEM top views of the
PAA films with different pore densities and porosities.
The films 1�3 were fabricated using an anodization
potential of 10 V, and the resultant pore density was
estimated as 7.6 � 1010 cm�2. The films 4�6 and 7�9
were obtained by anodizing Al films at 20 and 30 V,

respectively, and the pore densities were, respectively,
3.6 � 1010 and 1.4 � 1010 cm�2. The thickness of the
PAA film was adjusted to around 500 nm for all of the
prepared films by setting the initial thickness of the
vapor-deposited Al film as 370 nm. The responses
(ΔλOWG) of the NPWG sensors with different PAA films
were examined for the adsorption of 1 μM BSA, and
the results are shown in Figure 3b, where the sensor
response is plotted against the porosity of the PAA film.
In the measurements, the incident angle of light
was adjusted for each film so that the waveguide
modes were excited in the wavelength range of
the optical detector (360�760 nm) (see Supporting
Information). Here the concentration of BSA was set as
1 μM because saturated adsorption is recognized for
1 μMBSA irrespective of the structures of the PAA films
(Figure 2e). As shown in Figure 3b, the order of the
waveguide modes excited at the PAA/Al waveguides
depends on the porosity and pore density of the PAA
films; the lower order mode is excited in the films with
larger porosity and larger pore density. In several films,
two different orders of the waveguide modes can be
excited by changing the incident angle (TE0 and TE1 for
films 2, 5, and 8 and TE1 and TE2 for film 7) while only
one mode can be excited in the other films (TE0 for
films 3, 6, and 9 and TE1 for films 1 and 4).
From Figure 3b, it can be immediately seen that the

TE0 waveguide mode shows higher sensor response
(ΔλOWG) compared to the TE1 and TE2 modes and that
the sensor response is higher for the films with larger
porosity and pore density when compared for the
same order of the waveguide mode. The increased
sensor response for the films with large porosity and
pore densities can be ascribed to the increased amount
of adsorbed BSA (qBSA) because of the high surface area
of the films. On the other hand, the increased sensor
response for the lower order waveguide mode is
ascribed to the increase in the sensitivity factor a in
eq 1. The ΔλOWG accompanied by the increase in the
RI of the PAA film (ΔnPAA) was simulated by the Fresnel
calculations for different refractive indices of the PAA
filmswith a thickness of 500 nm, and results are plotted
in Figure 4. As clearly seen there, thewaveguidemodes
are more sensitive to ΔnPAA when the mode order and
the RI of the PAA film are low.
Typical dispersion of the refractive indices of the PAA

waveguiding films is shown in Figure 5, which repre-
sents the refractive indices estimated for the PAA films

TABLE 1. Structural Parameters of the PAA Films a and b

Used for the Optical Waveguide Measurementsa

sample thickness pore diameter pore density porosity

film a 220 nm 39 nm 2.8 � 1010 cm�2 34%
film b 670 nm 33 nm 5.0 � 1010 cm�2 45%

a Parameters of the PAA films were determined by analyzing the SEM images with
the image analyzing software as described in the Experimental Section.
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4 and 6 in Figure 3a by analyzing reflection spectra of
the PAA/Al films with the Fresnel calculations (see
Supporting Information for details). The RI decreases
from nPAA ≈ 1.55 (film 4) to nPAA ≈ 1.40 (film 6) as a
consequence of the porosity increase. The remarkable
decrease in the RI results in the excitation of the lower
order waveguide mode in the PAA/Al waveguiding
film, which enhanced the inherent sensitivity of the
sensor (a) in accordance with the simulated results
shown in Figure 4.
We also investigated the dependence of ΔλOWG ob-

served for adsorption of 1μMBSAon the thickness of the
PAA films whose porosity was adjusted to 40�50% to
excite the TE0 mode. The PAA films with thicknesses of
around 320, 500, and 670 nm were obtained by anodiz-
ing the Al films with thicknesses of 240, 370, and 500 nm,
respectively. As shown in Figure 6, the PAA films having
the same pore density have almost linear dependence of
ΔλOWG on the thickness of the PAA film, and the larger
ΔλOWG is recognized for films with larger pore density,
which can be simply explained by the increase in qBSA.

From the experimental results, we can conclude that
the improvement in a as well as qBSA by tuning the
nanoarchitectures of the PAA film is essential in devel-
oping an optimized NPWG sensor with high sensitivity.
The potentially high sensitivity is attained by using the
TE0 mode excited in a thick and low RI PAA film with
large pore density and porosity. Here, we note that the
amount of the coupling dip shift (ΔλOWG) obtained by

Figure 3. (a) SEM top views of the PAA filmswith different pore densities and porosities. The scale bars correspond to 200 nm.
(b) Shifts of the waveguide coupling dip induced by adsorption of BSA (1 μM) to the PAA/Al multilayer films. Numbers given
for each point correspond to the numbers given in (a). The thickness of the PAA films was around 500 nm. The error bars
represent the standard deviation (3σ) observed for three different PAA/Al films fabricated under the same conditions (for
structural parameters of PAA/Al films, see Table S1 in the Supporting Information).

Figure 4. Shift of the waveguide modes (ΔλOWG) simulated
by the Fresnel calculations for various refractive indices of
the PAA films (nPAA) and incident angles of light (θ). The
refractive index of the PAA film was assumed to be wave-
length (λ)-dependent, i.e., nPAA = nPAA,1 þ 4000/λ2 þ 2 �
107/λ4, and the nPAA,1 value is given in the figure for each
simulation. The incident angle of light was chosen to excite
the waveguidemodes in the measurable wavelength range
of the optical setup.

Figure 5. Changes in the refractive index of the PAA film
upon pore widening of the PAA film. The black and red
curves, respectively, represent the refractive indices of the
PAA films 4 and 6 in Figure 3a, which were estimated from
reflection spectrum of each film by using the Fresnel
calculations.

Figure 6. Shifts of the waveguide coupling dip induced by
adsorption of BSA at the PAA/Al multilayer films with
different PAA thicknesses and pore densities. The error bars
represent the standard deviation (3σ) observed for three
different PAA/Al films fabricated under the same conditions
(for structural parameters of PAA/Al films, see Table S2 in
the Supporting Information).
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the optimized NPWG sensor is more than 300 nm (see
Figure 6), and this value is remarkably larger than the
wavelength shifts reported for other refractometric
biosensors based on nanoporous membranes. For
example, the porous silicon microcavity developed
by Ouyang et al.13 showed a 17 nm shift of the
resonance dip for binding of streptavidin to the bio-
tin-immobilized sensor surface from a 1 mg/mL (ca.
17 μM) streptavidin solution. The nanoporous leaky
waveguide sensor comprised a nanoporous TiO2 wave-
guide, and a Au cladding film reported by Qi et al.16

responded to adsorption of myoglobin from 5 μM solu-
tion, showinga6.5nmred shift of thewaveguide coupling
mode. Of course, the adsorption constant will be different
for a different set of proteins and surfaces, and thus, we
cannot simply compare the amount of sensor response;
however, the extraordinarily large red shift (>300 nm)
obtained for the present NPWG sensorwith the optimized
PAA waveguiding film indicates the high applicability of
the NPWG sensor for label-free biosensing.
Finally, we compared the sensor response of the NPWG

sensor with that of a conventional SPR sensor which has
been widely used as a standard for label-free optical
biosensing. The comparisonwas performed by simulating
the sensor response for the adsorption of BSA based on
the Fresnel calculations. In the simulation, changes in
reflection spectra of the PAA/Al film were calculated as a
function of coverage of BSA molecules adsorbed at
the internal and the external surfaces of the PAA film,
assuming homogeneous adsorption of BSA on the PAA
surfaces.20 The thickness of the BSAmonolayer was set as
7 nm according to the experimental results given by Lau
et al.,15 and the RI of the BSA adlayer (nad) composed of
adsorbed BSA and water molecules was calculated by
using the Lorentz�Lorenz equation described below:28

n2ad � 1
n2ad þ 2

¼ n2BSA � 1
n2BSA þ 2

fBSA þ n2w � 1
n2w þ 2

(1 � fBSA) (2)

where fBSA is volume fraction of adsorbed BSA in the 7 nm
thick adlayer andnBSA andnware the refractive indices of a
closely packed BSA monolayer and water, respectively.
Here, fBSA is equivalent to the coverage of BSA at the PAA
surfaces because of the monolayer nature of the BSA
adsorption. The RI of the closely packed BSA monolayer
(fBSA = 1) was assumed to be nBSA = 1.44þ 5000/λ2.29 The
parameters of the PAA film were derived from the PAA
filmwhich exhibited the largestΔλOWG in the experiments
and set as follows: thickness, 675 nm; pore density, 7.6 �
1010 cm�2; porosity, 46%; average pore diameter, 28 nm.
As for SPR, simulationwas carried out for BSA adsorbedon
a Au film (thickness, 45 nm) attached to an SF10 glass
prism. Thickness of the BSA layer was assumed as 7 nm,
the same as that for the NPWG sensor. Since, in general,
the SPR sensors aremore sensitive at a longerwavelength
and awavelength around 800 nm has often been used to
develop a sensitive SPR sensor based on the Au film on
SF10,30�32 the calculationswere carried outwith the initial
SPR wavelength at λ0SPR = 780 nm.
Simulated reflection spectra for the respective

NPWG and SPR sensors are shown in Figure 7a,b for
the BSA coverage (fBSA) of 0 to 0.7. The wavelength for
the dip in the reflection spectrum has a red shift that
appears as the BSA coverage increases, and the amount
of the shift is significant forNPWGandmoderate for SPR,
as shown in Figure 7c. The wavelength shift is 20 times
larger forNPWGthanSPRand ismore than300nmwhen
fBSA = 0.7, which is in good agreementwith the observed
shift for the NPWG sensor (Figure 6). The saturated
adsorption amount of BSA is estimated as 3.43 ng/
mm2 (fBSA = 1.0), considering the thickness of the
adsorbed BSA layer (7 nm)15 and the density of BSA
(0.49 mg/mm3).27 The slope of the linear regression
curve shown in Figure 7c is 600 nm (fBSA < 0.2) for the
NPWG sensor, and the wavelength resolution of the
present measurement system is 0.5 nm. Accordingly, if
1.0 nmshift inwavelength canbediscriminated, the limit

Figure 7. Changes in reflection spectra simulated by the Fresnel calculations depending on the surface coverage of BSA
molecules (fBSA) adsorbedby (a) the PAAfilm (PAA/Al/BK7NPWGsensor) and (b) theAu surface (Au/SF10SPR sensor). (c) Shifts
of the waveguide coupling and SPR dips vs fBSA.
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of detection is estimated as 5.7 pg/mm2 for NPWG
sensing, and the sensitivity will be improved by using
instruments with higher wavelength resolutions.

CONCLUSION

The optimization of a NPWG sensor based on a
PAA layer on an Al film was done by investigating the
relationship between the sensor response and the
properties of the PAA waveguiding film. By compar-
ing the sensor responses for adsorption of BSA by the
PAA films with different nanoarchitectures, we found
that high sensitivity could be achieved using the TE0
waveguide mode excited in a thick and low RI PAA
film with large pore density and porosity. The opti-
mized NPWG sensor showed remarkably large sen-
sor response for adsorption of BSA due to the large
adsorption capacity of the PAA film (qBSA) as well as

the high inherent sensitivity of the TE0 mode (a).
Theoretical simulations based on the Fresnel calcu-
lations suggested that the potential sensitivity of the
NPWG sensor wasmore than 20-fold higher than that
of the conventional SPR sensors. The results ob-
tained here clearly indicate that development of
highly sensitive refractometric sensors is possible
based on nanoporous membranes by engineering
the nanoarchitectures and tuning optical properties
of membranes. Although important issues, such as
slow diffusion of molecules into nanopores, still
remain to be solved in the present NPWG sensor
before it can be applied to practical analysis, the
extraordinary large red shift of the waveguide mode
(>300 nm) obtained for the adsorption of BSA sug-
gests that the NPWG sensor will be an attractive
platform for optical label-free biosensing.

EXPERIMENTAL SECTION
Materials. A square cover glass slip (25 � 25 � 0.3 mm;

Matsunami Glass Ind., Ltd., Osaka, Japan) was used as a substrate
for the PAA/Al multilayer film, and Al wire (99.99%; Nilaco Co.,
Tokyo Japan) was used for the thermal deposition of Al films. Milli-
Q water (Millipore Corp., Bedford, MA) was used for all experi-
ments. All chemical reagents were purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan) andwere used as received.

Fabrication of the PAA/Al Multilayer Film. The PAA/Al multilayer
filmwas fabricated by partial anodization of an Al filmdeposited
on the cover glass substrate.19 The Al film was thermally
evaporated on the glass substrate by using a Ulvac model
VPC-1100 vacuum deposition system (ULVAC, Inc., Kanagawa,
Japan). The thickness of the Al film during the evaporation was
monitored with a quartz crystal thickness meter (model CRTM-
6000, ULVAC, Inc., Kanagawa, Japan). The anodization of the Al
film was carried out in a 0.3 M oxalic acid solution at 5 �C by
applying a constant potential to the Al film. AnAl plate was used
as a counter electrode, and the solution was vigorously stirred
with a magnetic stirrer during anodization. Anodization was
continued until the thickness of the remaining Al filmwas about
14 nm. Around this Al thickness, the transparency of the multi-
layer film noticeably changes. Thus, the time to stop anodiza-
tion was determined by monitoring the multilayer film with the
naked eye during anodization. This method allowed control of
the thickness of the Al film with the precision of about (2 nm.
Then, the resulting PAA/Al multilayer film was washed thor-
oughly with water and dried under flowing N2 gas. After
anodization, the multilayer film was immersed in a 10 wt %
phosphoric acid solution for a certain period of time to enlarge
the pore diameter and to adjust the porosity of the film. Finally,
the film was rinsed with water and dried under flowing N2 gas.

The structural parameters of the PAA film were tuned by
fabrication conditions. The thickness of the PAA film was tuned
by the deposition time of the Al film. The pore density and
porosity was controlled by choosing a suitable anodization
potential and time for the pore widening process, respectively.

Optical Waveguide Spectroscopy. The waveguide experiments
were carried out by measuring reflection spectra of the PAA/Al
multilayer films in the Kretschmann configuration.21 The multi-
layer filmwas attached to a BK7 equilateral glass prism via index
matching fluid (Cargille; immersion oil no. 16242) and irradiated
by collimated white light (φ = 1 mm) from a Xe lamp
(Hamamatsu Photonics; L8254). The incident light was adjusted
to s-polarized light using a polarizer (Sigma Koki Co., Ltd., SPF).
Then, the reflected light was detected by a photonic multi-
channel analyzer (Hamamatsu Photonics; PMA-11). A PDMS flow
cell with the cell volume of 2 μL (16 mm � 1.3 mm � 100 μm)

was used to supply sample solutions to the PAA/Al sensor
surfaces. The solutions were injected into the flow cell using
PFA tubes (0.4 mm i.d.) and a syringe pump. For the BSA
adsorption experiments, the BSA solutions containing 5 mM
phosphate buffer (pH 4.9) were continuously flowed into the
flow cell at a flow rate of 15 μL/min. During the BSA adsorption,
the reflection spectra were successively taken at intervals of 30 s
until the adsorption of BSA reached equilibrium.

Characterization of the PAA/Al Multilayer Film. Pore density, po-
rosity, and the thickness of the PAA film were determined by a
field emission scanning electron microscope (FE-SEM; Hitachi;
S-4300). The SEM images were analyzed using “WinRoof” ver-
sion 5.03 image analyzing software (Mitani Corp. Tokyo, Japan).
The thickness and the RI of the PAA film were also determined
bymeasuring reflection spectra of the PAA/Almultilayer films at
a series of incident angles and analyzing them by the Fresnel
calculations (details are given in Supporting Information).

Fresnel Calculations. The Fresnel calculations were carried out
to estimate the structural parameters of the PAA films and to
simulate the sensor response of the NPWG sensor. In the
calculations, the reflectivity of a four-layer structure composed
of the BK7 prism, Al film, PAA film, and surrounding water was
calculated based on Fresnel's reflection laws33 using “Mathe-
matica” version 5.2 software (Wolfram Research, Inc., Cham-
paign, IL). The RI values of all sensor components used in the
calculations are given in the Supporting Information.34�36 To
describe the effective RI of the PAA film consisting of an alumina
matrix and cylindrical nanopores, we employed the Max-
well�Garnett effective medium approximation (EMA) that con-
siders the cylindrical pore geometry.37 For s-polarized light that
has an electric field component perpendicular to the cylindrical
pores, the effective RI of the PAA film (nPAA) was calculated as

n2PAA ¼ n2al þ n2al
fpore(n2pore � n2al)β

n2al � 0:5fpore(n2pore � n2al)β

β ¼ 2
n2pore=n

2
al þ 1

(3)

where nal and npore are the RIs of the alumina matrix and the
nanopores, respectively, and fpore is the porosity of the PAA film.

The changes in the reflection spectrum of the PAA/Al
multilayer film induced by adsorption of BSA to the PAA film
were simulated according to the procedures presented in our
previous report.20 In the simulation, BSA was assumed to form a
7 nm thick adlayer at both the internal and external surfaces of
the PAA film, and the Fresnel calculations were carried out for
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different volume fractions of BSA, that is, different RI values,
using the Lorentz�Lorenz equation (eq 2).
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