EXAPPLIED MATERIALS

INTERFACES

www.acsami.org

Gold-Coated Ordered Nanoporous Anodic Alumina Bilayers for
Future Label-Free Interferometric Biosensors

Gerard Macias, Laura P. Hernandez-Eguia, Josep Ferré-Borrull, Josep Pallares, and Lluis F. Marsal*

Departament d’Enginyeria Electronica, Eléctrica i Automatica, ETSE, Universitat Rovira i Virgili, Avda. Paisos Catalans 26, 43007
Tarragona, Spain

© Supporting Information

ABSTRACT: A cost-effective label-free optical biosensor 1w

based on gold-coated self-ordered nanoporous anodic alumina  AUNAAB + BSA ;
bilayers is presented. The structure is formed by two uniform 1o | oy 1ot ;Liye'“hm
nanoporous layers of different porosity (i, a top layer with - ~ )4

large pores and a bottom layer with smaller pores). Each layer £ ™1 rew o .
presents uniform pore size, regular pore distribution, and 2 Q.‘J &

regular diameter along its pore length. To increase and E 3001 1084 g

improve the output sensing signals, a thin gold layer on the top * 5 / S

surface was deposited. The gold layer increases the refractive = |  /

index contrast between the nanoporous alumina layer and the Dw\ :

analytical aqueous solution, and it results in a greater contrast 5000 10000 13000

in the interferometric spectrum and a higher sensitivity of the EOT ()

structure. From this structurally engineered architecture, the

resulting reflectivity spectrum shows a complex series of Fabry—Pérot interference fringes, which was analyzed by the reflective
interferometric Fourier transform spectroscopy (RIFTS) method. To determine the performance of this structure for biosensing
applications, we tested bovine serum albumin (BSA) as the target protein. The results show a significant enhancement of the
RIFTS peak intensity and position when a gold layer is on the top surface.
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1. INTRODUCTION engineered to separate molecules of different sizes by adjusting
the electrochemical etching conditions. The interpore distance
is linearly proportional to the anodization potential, and the
layer thickness is precisely controlled by the total charge passed
through the electrodes.”**” Furthermore, pore diameters can be
accurately enlarged by wet chemical etching in phosphoric
acid.®® Lately, pore modulation has been accomplished along

molecule of interest. The development of nanoporous b b dicection by dif b nich all f
materials, such as porous silicon (pSi) and nanoporous anodic the growth direction by different tec nuques, which atows tor
the development of more complex interferometric struc-

alumina (NAA), offers the possibility to create cost-effective, oum2

2
highly sensitive, and fast-responding label-free optical bio- tures. ) o )
sensors. These materials present the advantages of a high Among optical methods, reflectometric interference Fourier
surface area, size-selective molecular separation, and easy transfpn}lo lgggctr9scopy (R_IFTS) 1 one of the most
surface functionalization.' ™ In a pioneering work, Sailor and sensitive. """ This method is based on the interference of a

. Yy

Ghadiri reported the use of porous silicon as a label-free Whlte'hght beam and a thin film. .The pa.lttern .Of the
interferometric biosensor.” Recently, several label-free bio- 1nterference?s slepends on the effective optical tthkn?SS
sensors based on oxidized porous silicon single and double (EOT?’ Wbldl is defined as the PrOdUCt between the e.ffectlve
layers have been reported.®”'* However, porous silicon shows refractive 1nd'ex (n) ':md t.he thickness (L) Of_ the thin ﬁh}"
limitations because of its instability in buffer solutions and Therefqre, th%s technique 1slab1e to measure sllght changes.m
degradation under both physiological and high pH con- the optical thickness of a thin film (ie., the effective refractive
ditions. 13~ 13 index of a porous layer) using the variations in the interference

A more interesting approach would be the use of nanoporous patterns resulting from light reflection at the interfaces.
anodic alumina as a biosensor.'*”>" Alumina presents a higher However, when analyzing bilayers, this method encountered

stability at physiological pH,** and no passivation step is

Over the past decade, biosensing has been subject of great
interest in fields such as proteomics, biotechnology, medical
diagnosis, pharmacy, and environmental sciences. To date, the
most sensitive techniques are expensive, time consuming, and
require fluorescent labels or molecular markers attached to the

required. Moreover, by means of two-step anodization, it is Received: June 5, 2013
possible to fabricate NAA with a self-ordered hexagonal pore Accepted:  July 22, 2013
arrangement.”>”>° The structural characteristics of NAA can be Published: July 22, 2013
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Figure 1. Scanning electron microscope (SEM) micrographs of (a) a cross-sectional view of the NAAB. The inset shows a magnification of the
interface between the two layers displaying a funnel structure; (b) the top view of the NAAB. The top layer consists of a self-ordered hexagonal array
of pores with a diameter of 68 nm and a thickness of 1.9 ym, whereas the bottom layer has a diameter of 33 nm and a thickness of 4.7 um; (c) a
schematic representation of the nanoporous anodic alumina bilayer. The interfaces a, b, and ¢ represent the zone where the reflections occur

resulting in three interfering light beams.

difficulties in the direct analysis of the top layer because of the
low refractive index contrast at the first interface. One way to
overcome this problem would be the deposition of a thin metal
layer on top of the structure. A few nanometers of metal have
been demonstrated to be an efficient approach for increasing
the index contrast and consequently for enhancing the
interference pattern.lg’19

In this study, we present a gold-coated nanoporous anodic
alumina bilayer (Au-NAAB) biosensor. This structure is formed
by two uniform nanoporous layers of different porosities. The
bottom layer (low porosity) is used as a blank for the in situ
correction of the effect of bulk solution and other experimental
fluctuations. The performance of this structure was tested with
bovine serum albumin (BSA) as the target protein.
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2. EXPERIMENTAL SECTION

NAA Fabrication. Nanoporous anodic alumina bilayers (NAAB)
with large pore diameters on the top layer and small pore diameters on
the bottom layer were prepared through an anodization procedure.
The pore-size contrast is achieved by wet chemical etching after the
second anodization step.

Self-ordered NAAB samples were produced by a two-step
anodization procedure.**** Commercial aluminum (Al) foils
(99.999% and SO0 um thick) were purchased from Goodfellow
Cambridge Ltd. Prior to anodization, an electropolishing treatment
was performed in a mixture of ethanol (EtOH) and perchloric acid
(HCIO,) (4:1, v/v) at 20 V for 4 min. Next, the first anodization step
was carried out in an aqueous solution of 0.3 M oxalic acid (H,C,0,)
at 40 V and 4—6 °C for 20 h to achieve a self-ordering of the pores.
The alumina layer with disordered pores was then selectively dissolved
in a mixture of 6 wt % phosphoric (H;PO,) and 1.8 wt % chromic acid
(H,CrO,) at 70 °C. Afterward, the second anodization step was

dx.doi.org/10.1021/am4020814 | ACS Appl. Mater. Interfaces 2013, 5, 8093—8098
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performed under the same conditions as the first step. The anodization
time during this step was adjusted to obtain the desired pore length for
the high-porosity alumina layer. Subsequently, the pore diameters were
widened by wet chemical etching in an aqueous solution of 5 wt %
H;PO, for 1S min. Finally, a third anodization step was carried out
under the same conditions as the first step to obtain a second low-
porosity alumina layer (bottom layer).

Au-NAABs were obtained by depositing a 10 nm thick gold layer on
top of the NAAB through sputtering under vacuum at 30 mA for 1
min using an EMITech K575X sputter coater.

BSA Infiltration. NAAB and Au-NAAB were initially incubated
with 1 mg mL™" of BSA in PBS for 2 h at § °C to avoid attachment of
the proteins to the gold overlayer through thiol chemistry.
Subsequently, the samples were thoroughly rinsed with PBS to
remove any free BSA. Next, the samples were incubated again with a
BSA solution (1 mg mL™") for 2 h at 5 °C for sensing. Prior to taking
measurements, the remaining solvent was carefully removed to avoid
the development of a protein layer on top of the structure, and the
structure was left to dry in air for further reflectance measurements.

NAA Characterization. NAA samples were characterized by
scanning electron microscopy (SEM FEI Quanta 600). A standard
image-processing package (Image], public domain program developed
at the RSB of the NIH, USA) was used to perform the SEM image
analysis. Reflectance spectra were obtained using a lambda 950
spectrophotometer from PerkinElmer (Whaltham, MA, USA)
equipped with a tungsten lamp as the light source. The measurements
were performed in the 350—600 nm range at quasi-normal incidence

(6°).
3. RESULTS AND DISCUSSION

Figure la shows a representative SEM cross-sectional view of a
nanoporous anodic alumina bilayer anodized in oxalic acid. The
bilayer structure observed has large pore diameters on the top
layer (layer 1) and smaller pore diameters on the bottom layer
(layer 2). The cross section shows uniform straight nanopores
for both layers, with layer thicknesses of ~1.9 and ~4.7 ym for
layers 1 and 2, respectively. Figure 1b shows a top-view SEM
image of the top NAA layer. As can be seen, the sample
presents a well-ordered hexagonal distribution of pores with
uniform size. A field-emission SEM cross section revealed no
modification of the pore morphology after the sputtering of 10
nm of gold on top of the pores (Supporting Information).
Figure lc represents a schematic cross-sectional view of an
NAAB biosensor where different thickness layers (L, L,, and
L,) and three interfaces (a, b, and c) are indicated. The
thickness of layer 3 is defined as Ly = L, + L,. The geometrical
parameters, such as the pore diameters, interpore distances, and
thickness were estimated from these SEM images. The
Supporting Information summarizes the results.

In the design of these NAABs, it should be taken into
account that the size of the nanopores of the top layer should
allow for the entrance of the protein or substance to be sensed
and the size of the nanopores of the bottom layer should be
small enough to avoid the entrance of the aforementioned
protein. If this condition is fulfilled, then the bottom layer of
the NAAB can act as a blank for self-referencing the top layer.

Figure 2 shows reflectance spectra of two single nanoporous
anodic alumina monolayers with different thicknesses ~1.9 and
~4.7 um and of a nanoporous anodic alumina bilayer
composed of both of the previous ones. The spectra show a
series of oscillations that result from the diverse reflections of
light at the various interfaces of the structure (i.e., Fabry—Pérot
effect). For a single nanoporous alumina layer, the oscillation
maxima can be described using the Fabry—Pérot equation

mA = 2nL (1)
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Figure 2. Reflectance spectra of two single nanoporous anodic alumina
layers and a nanoporous anodic alumina bilayer. Layers 1 and 2
correspond to a 1.9 yum thick NAA sample of 41% porosity and a 4.7
um thick NAA sample of 9% porosity, respectively. NAAB
corresponds to a bilayer with layer 1 on top of layer 2.

where m is the order of the interference maximum, L is the
thickness of the nanoporous anodic alumina layer, n is the
effective refractive index, and 4 is the wavelength of the incident
light. The term 2nL refers to the effective optical thickness
(EOT) of the NAA layer.

However, in the case of NAABs, the films display more
complex oscillations than a mere single layer. This behavior can
be fitted by a double-layer Fabry—Pérot model.*

R=(p> +p. +p°) + 2pp, cos(25)) + 2p,p. cos(25,)

+ 2pp, cos[2(5, + 5,)] )
where 6; represents the phase relationship of layer i
5= 20 = Zgor,
A Y/ ©)

and n; represents the effective refractive index of layer i with
thickness L;. The factors p,, py, and p_ are the Fresnel amplitude
reflection coeflicients, which are proportional to the refractive
index contrast between the media surrounding corresponding
interfaces a, b, and c (Figure 1c). Because n; and n, represent
the effective refractive index of the top (layer 1) and bottom
(layer 2) nanoporous alumina layers, respectively, and nj is
defined as (n,L, + n,L,)/L,, any variation in the content of the
nanopores will result in a change in their effective refractive
index and therefore in the EOT and intensity of the
interference oscillations. Furthermore, the amplitudes of the
three cosine terms of eq 2 are also related to the index contrast
at the two interfaces surrounding the layer

A =kppy Ay =koyp, A=kop )

where k is a proportionality constant that accounts for
environmental variations such as lamp fluctuations or temper-
ature drifts (k = 2 for the ideal case).

From these results and to extract the optical parameters of
the NAAB, the fast Fourier transform (FFT) was used. Figure
3a shows the Fourier transform of the reflectance spectra of the
NAAB in Figure 2. The EOT can be directly extracted from the
FFT peak position. The results show that two peaks are
observed at EOT, = 11 700 nm and EOT; = 16 700 nm, with
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Figure 3. Comparison of the FFT plots of NAAB and Au-NAAB with
the same layer 1 and layer 2 thicknesses. The deposition of the metal
coating results in an enhancement of the FFT intensity of the layer 3
peak and the appearance of the layer 1 peak.

respective peak intensities of 85 and 15. These peaks
correspond to the second and third cosine terms in eq 2.
There should be also a peak at EOT, 5000 nm,
corresponding to layer 1, but its intensity is so small it can
be hardly distinguished. This is a consequence of the small
refractive index contrast at interfaces a and b.

Although the analysis of peaks 2 and 3 has been
demonstrated to be enough for sensing, to improve the
biosensor it would be desirable to obtain the information on
peak 1. This can be accomplished by increasing the factors
involved in A,: p, and py, (i.e., by increasing the refractive index
contrast at these interfaces). To do so, because interface b
(between layers 1 and 2) is inaccessible, materials with a high
refractive index can be deposited on top of NAABs to increase
the index contrast at interface a. For such a purpose, metals like
gold or silver are a great choice because of their optical
properties.***> However, the thickness of such metal layers
should be designed carefully to avoid signal attenuation
resulting from the absorption and occlusion of the nanopore.
In the present work, gold (Au) was chosen not only for its
optical properties but also for its biocompatibility.

Figure 3b shows the FFT intensity plot of the same NAAB as
in Figure 3a after sputtering 10 nm of gold. The result shows a
significant enhancement of the RIFTS peak intensity when the
gold layer is on the top surface. As can be seen, three peaks are
observed at EOT, = 5856 nm, EOT, = 11 700 nm, and EOT; =
17 600 nm, corresponding to layers 1, 2, and 3, respectively.
Peak 1 is now visible because of the index contrast increase at
interface a. Notice that the second peak intensity and position
remains unaffected because interfaces b and ¢ have not been
modified. Finally, the third peak for layer 3 remains almost

~
~
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constant in position (~5% shift in EOT) but with a factor of 38
enhancement of its intensity because of the index contrast
increase at interface a.

The incorporation of protein to the top layer can be detected
by measuring the change in the optical thickness of layers 1 and
3 before and after the infiltration.

AEOT = EOT(after) — EOT (before) (5)

If the bilayered structure is correctly designed, no increment
in the EOT of layer 2 should be noted after protein infiltration
because of the size-exclusion phenomena. This effect allows us
to use the EOT signal from layer 2 as a reference to correct the
signal from both layers 1 and 3 as well as eliminates the effect of
small molecules on the high-porosity layer."”

A complementary approach to detect the infiltration of
protein in layer 1 is through the change of the FFT peak
intensity. We can detect the infiltration of the protein by means
of the peak amplitude ratios: A;/A, = p,/p. and A;/A, = p./py.
By using the amplitude of the FFT peak for layer 1, we can
eliminate the k component of the amplitude equation that
accounts for drifts resulting from lamp fluctuations or
temperature drifts.

BSA is a common model protein used in biosensing. Its
largest dimension is roughly 8 nm, and it is negatively charged
at pH 7.'> The diffusion of proteins into the pores can be
significantly limited with pore diameters much larger than twice
the hydrodynamic radius of the protein.*® Therefore, no BSA
should enter layer 2 even though its pore diameter is around 35
nm. During the experiment, the BSA adsorption to the NAA
scaffold occurs because of electrostatic forces between the
protein and the porous substrate.'®'> In the case of the Au
overlayer, the adhesion of BSA to gold could occur through the
disulfide bonds present in the protein because gold is known
self-assembled monolayers with sulfur com-
pounds. For this reason, the structure was blocked with
BSA before the sensing experiments.

Figure 4 shows the FFT plot of the Au-NAAB before and
after the infiltration of BSA into the structure. In this figure, the
reference Au-NAAB accounts for the bilayer after gold
passivation with BSA. An overall decrease in the intensity of
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Figure 4. FFT plot of the optical response of the Au-NAAB before and
after the introduction of the BSA protein. A decrease in the intensity of
the FFT peak in all three layers is observed after the entrance of the
BSA protein into the structure. The EOT only varies for layers 1 and 3
after the infiltration of the BSA protein.
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Table 1. Experimental Results from the FFT Analysis of the NAAB and Au-NAAB before and after Being Infiltrated with BSA

sample AEOT, AEOT, AEOT;
NAAB
NAAB + BSA 47 84
Au-NAAB
Au-NAAB + BSA 708 19 835

A /A, Ay/A, A, (au.) A, (au.) Ay (aun.)
1.27 2787 3554
1.29 2766 3571

225 12.87 2310 1026 13206

2.18 32.70 510 234 7652

the Fourier transform is observed. This is due to the adsorption
of BSA in only layer 1, which increases its effective refractive
index and consequently lowers the refractive index contrast of
the overall structure. Furthermore, there is an increase in the
EOT of both layers 1 and 3 because of the same reason,
whereas the EOT of layer 2 remains almost unaltered. The
small shift observed for layer 2 is a result of the resolution of
the FFT algorithm as well as a small inhomogeneity of the
sample (less than 1%). As can be seen, the variation of the EOT
for layers 1 and 3 is 708 and 835 nm, respectively, after the
infiltration. The same structure without gold deposition shows
only the peaks for layers 2 and 3, and the variation of the EOT
for the layer 3 is only 84 nm. These remarkable results indicate
that the variation of the EOT for the Au-NAAB is an order of
magnitude higher than the equivalent structure without the
gold layer. It is also important to point out that there is no peak
1 (layer 1) for the NAAB structure without Au and the BSA is
only sensed by means of peak 3, whereas for the Au-NAAB the
BSA is sensed by means of peaks 1 and 3.

Regarding the ratio of the peak amplitudes, the analysis of
the spectra of the Au-NAAB results in A;/A, = 2.25 and A;/A,
= 12.87 before the infiltration of BSA, whereas A,/A, = 2.18
and A;/A, = 32.70 are obtained after the infiltration of BSA. In
comparison with the structure without gold, these results
represent an increase by a factor of 2.5 for peak 3. Table 1
summarizes the experimental results. These results prove that
the gold deposition onto the NAAB increases considerably the
response of the structure for biosensing.

4. CONCLUSIONS

This work has presented the fabrication and improvement in
the sensing response of nanoporous anodic alumina bilayers in
RIFTS applications by the deposition of a thin gold layer on
top of the porous alumina layer.

This results in the appearance of the FFT peak
corresponding to layer 1, which is hardly visible in bilayers
without gold, and in the amplified intensity of the peak
corresponding to the whole NAAB structure. This amplified
response translates upon analyte adsorption into a more
accurate determination of the change in the effective optical
thickness and in a much bigger change in the FFT peak
amplitude ratios.

Additionally, the existence of an additional clearly measurable
peak permits a more self-consistent evaluation because of the
redundancy of the data. Using BSA as a model protein, the
deposition of the top thin Au layer results in an EOT shift 1
order of magnitude bigger than for the same NAAB structure
without gold. Also, a change of the peak amplitude ratio by an
increment of 2.5 times is achieved.

Further research needs to be done in relation to the
biosensor sensitivity and to establish their full potential and
practical utility. This system offers the possibility of developing
a fast and low-cost miniature type of label-free biosensor for use
as a reliable sensing system with applications in medicine, food
analysis, and environmental monitoring,
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B ABBREVIATIONS

OT = optical thickness

EOT = effective optical thickness

NAA = nanoporous anodic alumina

NAAB = nanoporous anodic alumina bilayer

Au-NAAB = gold-coated nanoporous anodic alumina bilayer
pSi = porous silicon

FFT = fast Fourier transform

BSA = bovine serum albumin

ESEM = environmental scanning electron microscope
RIFTS reflectometric interference Fourier transform
spectroscopy
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