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Abstract−The pore size of an anodic aluminum oxide (AAO) chip, as well as uniform pore distribution, is one of
the key parameters that should be adjusted, by choosing the appropriate etching conditions, in order to enhance the
sensitivity of an interferometer. In this study, the pore size of AAO chips was optimized and characterized in order to
lower the detection limit of prostate specific antigen (PSA) in an interferometric immunoassay system. After pore wid-
ening for 30-50 min, the AAO pore size was increased approximately 2-fold larger than that before pore widening. A
large increase in effective optical density (∆EOT) was obtained from the AAO chip fabricated by pore-widening tech-
nique, which thereby lowered the PSA detection limit. The present study results are not sufficiently validated to enable
the immediate application to immunoassay for prostate cancer (PCa) screening, but they do demonstrate that controlling
pore size can positively affect the sensitivity and lower the detection limit.
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INTRODUCTION

Biosensor research has been driven by the desire to detect and
classify biological interactions for medical applications, environmen-
tal monitoring, and basic mechanistic studies [1]. Optical biosensors
have received significant attention for label-free biosensing, by em-
ploying sensitive methods such as surface plasmon resonance, ellip-
sometry, and interferometry, despite their lower sensitivity than flu-
orescent and luminescent detection [2]. Amongst these sensors, a
Fabry-Perot interferometer, which uses the induced shift in the fringe
pattern caused by the change in the refractive index of the medium
upon molecular interactions of species in solution with immobilized
ligands or receptors within the porous silicon (pSi), can be used as a
sensitive method for biomolecular sensing [3]. This system has the
advantages of high sensitivity, inexpensive system configuration, easy
measurement, lack of any need for a waveguide, and high through-
put with a multi-well biochip [4]. However, the non-uniform distri-
bution of pore size and depth of a pSi chip for a Fabry-Perot inter-
ferometer leads to relatively low sensitivity with poor reproducibil-
ity [5]. 

Nanoporous anodic aluminum oxide (AAO) with self-organized,
hexagonal arrays of uniform, parallel nanochannels has been inten-
sively used as the starting material for fabricating various functional
nanostructures, in application areas such as magnetic, electronic and
optoelectronic devices, biosensors and photonics [6-12]. In com-
parison with pSi, AAO has more uniform pore size distribution and
can easily extend the pore depth to more than 5µm, thereby enhanc-
ing the sensitivity of an interferometer. In our previous study, where
AAO was used as an alternative to the existing porous Si-based in-
terferometer for the detection of DNA-damaging chemicals in the
environment [4], the sensitivity was enhanced about 200-fold com-

pared with results using pSi.
In this study, porous AAO (pAAO) was used as an alternative

to pSi in an interferometric immunoassay system for the detection of
prostate specific antigen (PSA). PSA has been identified as a valu-
able biomarker to screen prostate cancer (PCa) patients [13]. The
major forms of PSA found in serum are complexes with two ma-
jor extracellular serine protease inhibitors, α1-antichymotrypsin (PSA-
ACT, MW 90 kDa) and α2-macroglobulin (PSA-AMG), and a free
form (f-PSA, MW 34 kDa), among which the complex with PSA-
ACT complex is predominant [14-17]. A total PSA level (T-PSA;
sum of f-PSA and PSA-ACT complex) of 10 ng/ml or lower is a
highly probable indication for PCa [13]. The cut-off limit of T-PSA
between prostate hyperplasia and cancer is 4 ng/ml [18]. However,
2.5 ng/ml has recently been recommended as a more accurate cut-
off limit [19].

In addition to the geometrical shape and uniformity of the pores,
the pore size needs to be adjusted by choosing the appropriate etching
conditions, in order to enhance the sensitivity of an interferometer.
The pore size has to be large enough to allow biomolecules to enter
the pores freely but small enough to retain the optical reflectivity of
the pSi surface. If the pore size is not large enough to bind biomole-
cules with biolinkers in the pores, the sensitivity and reproducibility
are deteriorated by the self-aggregation between bio-linkers near the
barrier layer.

In this study, the pore size was controlled by pore-widening tech-
nique to obtain a higher sensitivity and reproducibility, which could
not be obtained with the porous Si [3]. Furthermore, the structure
and interference fringe patterns of an AAO chip, fabricated by two-
step anodizing process and pore-widening technique depending on
the etching conditions employed, were also optimized and charac-
terized in order to lower the detection limit of PSA in an interfero-
metric immunoassay system. The relationships between PSA con-
centrations and changes in effective optical density (∆EOT) were
investigated according to the pore sizes of the AAO chip function-
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alized with a calyx crown derivative (Prolinker A).

MATERIALS AND METHODS

1. Fabrication of Anodic Aluminum Oxide (AAO) Film
AAO films were fabricated by two-step anodizing process, as

reported by Masuda and Fukuda [20] and Hwang et al [21]. Ultra-
pure aluminum foil with a thickness of 0.5 mm (99.999%, Sigma
Aldrich) was cleaned sequentially with acetone, methanol, and dis-
tilled water and then was electrochemically polished using the meth-
od described in a previous work [4].

The first anodization to obtain alumina (Al2O3) film was conducted
in a 0.3 M oxalic acid with Pb cathode for 2 h with 40, 50, and 60 V
DC at 15 oC. The solution was magnetically stirred to accelerate the
dispersion of the heat that evolved from the samples. The second
anodization step was also conducted in the same condition as the
first step. Meanwhile the oxide layer formed in the first step was
removed by wet chemical dissolution in a mixture of phosphoric
(6.0 wt%) and chromic (1.8 wt%) acids at 60 oC for an appropriate
time depending on the anodization time. Finally, the pores were wid-
ened in phosphoric acid solution (5.0 wt%) under a condition depen-
dent on the time according to the target depth and size of the pores.
2.Pt Sputtering and Functionalization of Porous AAO (pAAO)
Surface

To increase the surface reflectivity of the oxidized aluminum sur-
face, Pt sputtering was performed at 30 mA/cm2 and 10−2 Torr, to

afford a 10 nm-thick Pt layer on the AAO surface. After the AAO
surface was washed with EtOH, it was dipped for 24 h in 50 mM
of 3-aminopropyltrimethoxysilane, of which the pH was adjusted
to 4.5 with acetic acid. After washing and drying for 1 h at room
temperature, the surface was purged by N2 gas to detach any im-
purities. The silanized surface was functionalized with a 10 mM
Prolinker A (Proteogen Co., Seoul, Korea) in CHCl3 solvent for 5 h.

PSA (α2-macroglobulin complex human) and PSA antibody (mon-
oclonal anti-prostate acid phosphatase human from mouse) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). To elimi-
nate nonspecific binding, the functionalized AAO surface was sta-
bilized with monoclonal anti-prostate acid phosphatase for 1 h in
the incubator, and then washed with PBS (phosphate-buffered silane)
buffer.
3. Apparatus and Instrumental Analysis

The interference or fringe pattern was measured in order to quan-
tify the optical characteristics of the pAAO surface. The PSA con-
centration was determined by measuring wavelength shifts in the
Fabry-Perot fringes obtained from pAAO layers, after being exposed
to the PSA solution for 30 min and purging with N2 by using the
interferometric biosensing system with a spectrometer (S2000, Ocean
Optics, Inc., Dunedin, Florida, U.S.A.), as described in the previ-
ous work [5].

AAO substrate morphology (pore size and depth) was analyzed
by scanning electronic microscopy (SEM; JSM6700F, FESEM II,
JEOL, Tokyo, Japan). Chemical analysis to confirm the functionalized

Fig. 1. SEM images of pAAO surfaces at different reaction times of pore widening: (a) before pore widening [4], and at (b) 30 min, (c)
50 min, and (d) 70 min.
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layer on the AAO surface was performed with X-ray photoelectron
spectroscopy (XPS; ESCA 2000, VG Microtech, East Grinstead,
U.K.). The bulk Si sample at each functionalization step was in-
vestigated by atomic force microscopy (AFM; CP Research, Thermo
Microscopes, California, USA). The reflectivity of the AAO sub-
strates at each fabricating step was analyzed with UV/Vis spectro-
photometry (2120UV, Optizen, Daejeon, Korea).

RESULTS AND DISCUSSION

1. Variation of Porous AAO (pAAO) Surface Structure with
Pore Widening

The ordering characteristics (ordered pore domains, average pore
diameter size and through-pore arrangement) of AAO film are highly
affected by the operation conditions (concentration and temperature
of electrolyte, voltage and anodizing time) in the two-step anodiz-
ing process with oxalic acid electrolyte. Generally, it was reported
that the size and density of pores increased with increasing voltage
in the anodizing process and that the most uniform pore distribu-
tion was obtained at 40 V [7].

In our previous work [4], the pore size range of AAOs obtained by
two-step anodizing processes at 40 V as measured by SEM ranged
from 30 to 50 nm. Their aspect ratios (pore diameter to depth) ranged
from 15 to 20, suitable for application to the interferometer, but their
pore sizes needed to be widened to prevent self-aggregation between
linkers in narrow pores [4].

In this study, the pores of pAAO fabricated by two-step anodizing
were widened in phosphoric acid solution (5.0 wt%). Fig. 1 shows
SEM images of pAAO surfaces prepared by the pore-widening meth-
od with different reaction times. As the reaction time was increased
from 30 to 50 min, the AAO pore size increased approximately up
to 80-100 nm, which was about 2-fold larger than the 30-50 nm be-
fore pore widening, and some of the pore walls started to crumble
away at 70 min.

In a subsequent experiment, pAAO chips with and without pore
widening were sputtered with Pt, functionalized with 3-aminopro-
pyltrimethoxysilane and Prolinker A, and then used for PSA detec-
tion. The functionalized AAO surfaces were characterized at each
reaction step by using XPS, Fourier transform infrared spectrome-
ter (FT/IR), and AFM, as reported by Lee et al. [4].
2. Effect of Pt Sputtering Upon the Porous AAO (pAAO) Sur-
face on the Fringe Pattern Formation

The porous substrates for an interferometer must be transparent
to the visible region of the reflectance spectra because a Fabry-Perot
fringe pattern is created by multiple reflections of illuminated white
light at the top and bottom of the porous substrate layer [3]. As shown
in Fig. 2(a), a fringe pattern of the reflectance spectra did not ap-
pear in the bare pAAO chip after two-step anodizing, as the chip
has a low reflectivity and a uniform distribution of pores that lie very
close to each other. Fig. 2(b) shows that the fringe pattern was im-
proved by Pt sputtering that can enhance reflectivity of the pAAO.

To ascertain how reflectivities were changed at each of the pAAO
fabrication steps, a UV-VIS spectrophotometer was used to meas-
ure the reflectivity (Fig. 3). The reflectivity increased at the annealing
step after electropolishing and decreased sharply after the second
anodizing step where aluminum is oxidized to alumina (aluminum
oxide). After Pt sputtering, the reflectivity recovered to nearly the

same level as that before anodizing.
3.Validation of the Absence of Nonspecific Binding with Bo-
vine Serum Albumin (BSA)

Fig. 2. Interference fringe pattern of a pAAO surface (a) before
and (b) after Pt sputtering.

Fig. 3. UV-Vis spectroscopy of an AAO surface at each manufac-
turing step. Annealing (– –), electropolishing (—), 2nd anod-
ization (·····) and Pt sputtering (–··–).
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In the protein chip for the immunoassay, the interaction between
human fluid proteins and the sensor surface should be minimized

[14]. For this purpose, PSA antibody, for combination only with
the PSA antigen, was bound with ProLinker A on the surface of

Fig. 4. Interference pattern and difference spectra with BSA: (a)
0.1 wt% BSA, (b) 2.0 wt% BSA, and (c) effect of nonspe-
cific binding of BSA on ∆EOT.

Fig. 5. Interference pattern and difference spectra with 100 ng/ml
of PSA: (a) without pore widening and (b) with pore wid-
ening (□: deionized water, ■: PSA solution). (c) ∆EOT as
a function of PSA concentration (●: with pore widening,
○: without pore widening).
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the pAAO chip. To confirm nonspecific binding on the AAO chip,
changes in fringe patterns caused by the binding of the common
protein present in human serum with the AAO surface materials
were investigated by using bovine serum albumin (BSA) at a con-
centration of 0.1 to 2 wt%. Fig. 4 shows the interference patterns
and difference spectra with 0.1 and 2.0 wt% of BSA and the rela-
tionship between ∆EOT and BSA concentrations. The shifts in the
fringe patterns and ∆EOT affected by the nonspecific binding were
nearly negligible, compared with a reference of deionized water, in-
dicating that non-specific binding could be prevented by binding
the PSA antibody to a linker on the functionalized pAAO surface.
4. Relationship between PSA Concentration and ∆EOT

To investigate the effect of pore size on the sensitivity, the fringe
patterns of the AAO chips with and without pore widening, as well
as ∆EOT at the same concentration, were analyzed. As shown in
Fig. 5(a-b), the Fabry-Perot fringe pattern of the pAAO chip with
pore widening was shifted to a larger wavelength (to the left-hand
side) upon exposure to 100 ng/ml of PSA, in comparison with that
without pore widening. Fig. 5(c) shows ∆EOT as a function of PSA
concentrations (~100 ng/ml). The AAO chip fabricated by pore-
widening technique induced a large increase in ∆EOT, indicating
that the PSA detection limit can be improved by pore widening.
The AAO chip without pore widening did not give a sufficient change
in ∆EOT at a PSA level below 20 ng/mL. This result is inadequate
for immediate application to an immunoassay for PCa screening.
Nevertheless, the results indicate that control over the pore size can
positively affect the sensitivity and lower the detection limit.

CONCLUSIONS

We investigated the pore size control of AAO chips in the fa-
brication steps using the pore widening technique, in order to lower
the PSA detection limit. With increasing reaction time for pore wid-
ening, the AAO pore size increased approximately two-fold, from
30-50 nm up to about 100 nm, at 50 min, and then some pore walls
crumbled away at 70 min. The pAAO chip showed a suitable fringe
pattern available for interferometric sensing due to Pt sputtering-
enhanced reflectivity. The nonspecific binding exhibited only a neg-
ligible effect on ∆EOT, even at a BSA concentration of 0-2 wt%.
AAO chips with and without pore widening both showed a linear
relationship between ∆EOT and PSA concentration (10-100 ng/ml).
However, a large increase in ∆EOT was obtained from the AAO
chip with pore widening, confirming that the PSA detection limit
can be improved by pore widening.
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