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Optical Biosensors
To design nanoporous structures with controlled geometrical 
features is an excellent strategy for developing such optical 
devices as microcavities.[1–3] Among these nanoporous struc-
tures, porous silicon (PSi) and nanoporous anodic alumina 
(NAA) have demonstrated to be two outstanding platforms for 
fabricating devices with a unique set of optical properties (e.g. 
reflectance, transmittance, absorbance, photoluminescence and 
so forth).[4–6] Amid these optical properties, the photolumines-
cence (PL) emission may be used as an active photonic mark 
for characterizing and classifying those nanoporous materials. 
In addition, the exclusive fingerprint is dearly useful for devel-
oping optical biosensors, in which a high degree of resolution, 
sensibility and biocompatibility are required.[7,8]

Recently, porous silicon colloids with spherical shape have 
been successfully developed.[9,10] It has been found out that 
these PSi colloids have a unique PL spectrum in the near IR 
region, which depends on the colloid size and its porosity. This 
characteristic feature opens up the control of the PL spectrum 
at will. For this reason, PSi colloids are considered as excel-
lent candidates for producing future smart optical biosensors. 
Unfortunately, both the colloid size and its porosity are still 
rather uncontrollable for developing optical nanostructures on 
demand (i.e. with a controlled effective medium).[10] In this 
scenario, NAA represents a promising alternative or comple-
mentation to the PSi colloids in the UV-Visible region. Previous 
studies have pointed out that the PL spectrum of NAA presents 
oscillations generated by the Fabry–Pérot effect.[11] The number, 
intensity and position of those oscillations rely on the NAA 
thickness (i.e., the pore length). In preliminary experiments, 
we have observed that these oscillations are related to the pore 
diameter too. Therefore, the PL spectrum of NAA relies upon 
the pore length and its diameter. This exclusive characteristic 
offers us a great opportunity for designing NAA structures with 
tunable optical properties just by modifying the pore geometry. 
So far, several works have proposed a systematical and objective 
system for classifying some optical properties of several nano
structures (e.g., PSi colloids, PSi nanowires, PSi particles, silica 
nanotubes and so on).[10,12–16] Herein, we put forward a bar-
code system in which a unique barcode is related to each NAA 
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geometry (i.e. the pore length and its diameter) by means of its 
PL spectrum. One of the foremost advantages of NAA is that 
the pore geometry can be exquisitely controlled. This makes 
it possible to switch the effective medium of NAA at will by 
geometry and generate a wide range of PL barcodes in the UV-
Visible region. Furthermore, pores can be covered with a large 
number of materials (e.g. metals, polymers, oxides, etc.), what 
allows functionalizing NAA for fulfilling the requirements of 
later applications.

The preparation of NAA was carried out by the two-step 
anodization process described elsewhere (Experimental 
Section).[17,18] In this procedure, the pore length was con-
trolled by the anodization time and the pore diameter (i.e. the 
porosity) was enlarged by a wet chemical etching after ano-
dizing. To cover entirely the range in which the PL spectrum 
oscillates, the pore length (Lp) and its diameter (dp) were each 
set to three (i.e. 5.0, 8.7 and 12.4 μm) and four (i.e. 30, 41, 52 
and 71 nm) levels, respectively. So, a total of twelve different 
NAA samples were analyzed. The fabrication conditions and 
the geometric characteristics of each NAA sample are summa-
rized in Tables 1S and 2S (Supporting Information), respec-
tively. From preliminary experiments, we established that the 
PL oscillations disappear from the PL spectrum when the pore 
length is longer than 25 μm (i.e. about after 5 h of anodization). 
Moreover, we verified that the NAA structure collapses after  
35 min of pore widening. Another question that is worth 
noting is that, for the same pore length, the intensity of each 
oscillation in the PL spectrum is noticeably lower for those 
NAA samples fabricated by a one-step than by a two-step ano-
dization process (Supporting Information). Figure 1a–d shows 
a set of top view scanning electron microscopy (SEM) images 
of four NAA samples with different pore diameters and the 
same length. Figure 2 summarizes the PL spectra of all the 
NAA samples analyzed in this study as well as the barcodes 
generated from them. At first glance, it is observed that each 
NAA sample is characterized by an exclusive barcode. Notice 
that, for a given pore length, the number, intensity and posi-
tion of the PL oscillations can be adjusted by increasing the 
porosity (i.e. by enlarging the pore diameter). Concretely, 
when the pore length is 5.0, 8.7 and 12.4 μm, the PL spectrum 
shows a relative low, medium and high number of oscillations, 
respectively (Figure 2a–c and Table S2). It is confirmed that, as 
the pore diameter is enlarged, the intensity and the number 
of these oscillations increases and decreases, respectively. 
Furthermore, there is a slight shift in the positions of the PL 
oscillations as a result of the porosity increase. All this certi-
fies the sensing ability of NAA to small changes in the effec-
tive medium, which may be produced by changing the pore 
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Figure 1.  Set of top view SEM images of four NAA samples with different pore diameters (scale bar = 500 nm). a) PL-OSC(1) dp = 30 ± 3 nm.  
b) PL-OSC(2) dp = 41 ± 3 nm. c) PL-OSC(3) dp = 52 ± 3 nm. d) PL-OSC(4) dp = 71 ± 2 nm.
length and its diameter or by an external substance. Point that, 
when the pore length is longer than 25 μm and the porosity 
is higher than 40%, the Fabry–Pérot effect disappears and the 
oscillations in the PL spectrum of NAA almost vanish. This 
phenomenon can be explained in structural terms. Regarding 
the effect of the pore length, we have to consider that the 
coherence length of the light emitted from the NAA is lim-
ited and for longer pores (i.e. 25 μm) the interferences gener-
ated by multiple reflections disappear from the PL spectrum. 
As for the porosity effect, the pore wall structure in NAA 
can be divided into three layers: namely, I) outer layer (F–PL 
centres from electrolyte impurities), II) middle layer (F+–PL 
centres from oxygen vacancies), and III) inner layer (pure alu-
mina (Al2O3) without PL centres). The outer layer disturbs the 
transmittance of the light from the excitation source and the 
emission of the light from the middle layer.[19] For this reason, 
when the pore diameter is enlarged, the thickness of the outer 
layer is reduced and, thus, the intensity of the PL oscilla-
tions increases. However, for longer etching times (i.e. larger 
pore diameters), the middle layer is partially dissolved, what 
is reflected in a noticeable decrease in the PL intensity. The 
amplification of the PL oscillations in NAA is associated with a 
strong enhancement of the photoluminescence at wavelengths 
corresponding to the optical modes of the Fabry–Pérot cavity 
constituted by the system Air–NAA–Aluminum. The result is 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1050–1054
a PL spectrum with an abundance of well-resolved and narrow 
oscillations. In this optical cavity, the number, intensity and 
position of the oscillations not only can be tuned by increasing 
the NAA thickness but also by modifying its porosity (i.e. the 
effective medium).

The optical thickness of the NAA (nLp) can be estimated 
from the PL oscillations by Equation 1:

nL p = (hc)/(2E )	 (1)

where n is the refractive index of the NAA, h and c are  
the Planck’s constant (6.626 · 10−34 J s) and the speed of light 
(2.998 · 108 m s−1), respectively and ΔE is the mode spacing.[20]

This approximation is supported by two assumptions: 
namely, A) the band gap of NAA (4.2 eV) is approximately four-
fold the photon energy of the wavelength range in which the PL 
oscillations are analyzed (375–575 nm → 1.15 eV).[21] Therefore, 
the refractive index of NAA can be considered constant over 
this wavelength region. B) the extinction coefficient of NAA at 
475 nm is rather low (1 · 10−4).[4]

The results obtained from Figure 2 can be verified in a 
clearer way in Figure 3, which shows that both the number of 
oscillations and the optical thickness increase with the aspect 
ratio (i.e. Lp·dp

−1) at constant pore length (Figure 3 a). Moreover, 
the effective refractive index of the NAA (neff) can be calculated 
from the Bruggeman’s equation (Equation 2):
1051wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 2.  Photoluminescence spectra of NAA as a function of the pore length and its diameter and the resulting barcodes after encoding the PL oscil-
lations (λex = 320 nm). a) PL-OSC(1-4) Lp = 5.0 ± 0.1 μm. b) PL-OSC(5-8) Lp = 8.7 ± 0.1 μm. c) PL-OSC(9-12) Lp = 12.4 ± 0.2 μm.
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where nAlumina is the refractive index of pure alumina (1.67) and 
P the NAA porosity.[22]

From this, it is calculated that the effective refractive index 
of NAA can be tuned from 1.61 up to 1.36 by increasing the 
NAA porosity from 8.2 up to 44.4% (Figure 3 b). Therefore, we 
are able to change accurately the effective medium at will by 
increasing the NAA porosity.

The PL barcode system that we propose is based on the uni-
versal product code (UPC).[23] In this system, each bar position 
corresponds to the wavelength of each oscillation in the PL 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
spectrum and the higher the oscillation intensity the wider the 
bar. So far, some optical nanostructures have been successfully 
used as a base for developing similar barcode systems.[10,12–16] 
Nevertheless, the optical encoding procedure based on NAA 
has some advantages over those systems:

I)	 Certain information about some processes which take place 
in live cells can be extracted by techniques based on spectro-
scopic labels. Current biomedical research needs to develop 
improved optical labels regarding sensitivity, specificity and 
biocompatibility.[24] In that regard, the multiple PL spectra 
generated from NAA yield a wide range of different barcodes 
for producing exclusive spectroscopic signatures in the UV-
Visible region.
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1050–1054
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Figure 3.  Optical properties of NAA as a function of its geometrical fea-
tures. a) Optical thickness (nLp) and number of oscillations (No) in the 
PL spectrum versus aspect ratio (Lpdp

−1). b) Effective refractive index (neff) 
versus porosity (P).
II)	 The pore length and its diameter in NAA can be exquisitely 
controlled by the anodization parameters and the pore wid-
ening stage, respectively. Given that the PL spectrum relies 
on the pore geometry, the effective medium can be tuned 
ad libitum for later applications. As Figure 2 shows, the in-
tensity, position and number of oscillations in the PL spec-
trum can be previously designed for sensing purposes in the 
UV-Visible region. For instance, those barcodes with a high 
number of bars (i.e. oscillations in the PL spectrum) are en-
visaged for developing optical biosensors in which a high 
sensibility to small external changes is required. Otherwise, 
barcodes with a low number of bars would be more suit-
able when a high specificity (i.e. few intensive oscillations at 
specified positions) is needed. To demonstrate the sensing 
responsiveness of NAA to external substances, we studied 
the PL spectrum of two NAA samples after infiltrating with 
two different substances (Supporting Information). The first 
one was an oxazine dye. Oxazines are sensitive chemicals to 
their surrounding environment since they exhibit solvato-
chromism (i.e. the change in color of a chemical substance 
as a result of a change in the solvent polarity). Hence, they 
are commonly utilized in various applications as molecular 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 1050–1054
probes.[25] The second one was glucose, which is a monosac-
charide and the primary source of energy in live cells. Ad-
ditionally, glucose is a usual medical analyte quantified in 
blood analysis since higher levels of it can be a sign of dia-
betes. The results obtained from these experiments validate 
the use of NAA as a platform for producing optical biosen-
sors.

III)	Another advantage of using NAA is that the PL spectrum 
remains stable throughout. Therefore, in contrast to other 
materials, it is not necessary to passivate them for avoiding 
shifts in the PL spectrum in the course of time.[10,26] To con-
firm this, the PL spectrum of several types of NAA samples 
was measured after several weeks and no significant chang-
es in the number, intensity and position of the oscillations 
were observed (Supporting Information).

IV)	The well-defined geometry of pores in NAA (i.e. cylindrical 
geometry) allows modifying the effective medium with func-
tional materials in a controlled manner. As for this, such 
techniques as atomic layer deposition, dip coating and layer-
by-layer deposition are envisaged for being suitable methods 
in order to functionalize the NAA pores.[27–30]

V)	 NAA is a biocompatible, thermally stable, environment- 
resisting and biodegradable material. Recently, NAA has 
been tested as a drug delivery system in medicine and label-
free optical biosensors for recognizing specific elements 
(e.g. antibodies, DNA molecules and so on). For these rea-
sons, the proposed barcode system is expected to be used 
to develop smart optical sensors in such research fields as 
biotechnology and medicine.[31–33]

In conclusion, we put forward a new encoding system for 
developing smart optical biosensors based on the PL spectrum 
of NAA in the UV-Visible range. In this system, each bar cor-
responds to an oscillation in the PL spectrum. The width and 
position of each bar are related to the intensity and position of 
each oscillation, respectively. This makes it possible to produce 
a large number of distinct barcodes. Another feature of the pro-
posed system is that the effective medium of NAA can be tuned 
at will by structural tuning. Furthermore, the exceptional prop-
erties of NAA (e.g. biocompatibility, stability, etc.) make NAA an 
excellent platform for developing handy nanodevices in biology 
and medicine. Additionally, the NAA pores can be covered with 
many functional substances, what opens up a new window for 
latter applications in many other research fields.

Experimental Section
NAA Fabrication: The NAA samples were fabricated by the two-step 

anodization process. Before anodizing, aluminum (Al) substrates were 
electropolished in a mixture of ethanol (EtOH) and perchloric acid 
(HClO4) 4:1 (v:v) at 20 V for 4 min. After this, the first anodization step 
was performed in an aqueous solution of oxalic acid (H2C2O4) 0.3 M at 
40 V and 6 °C for 20 h. Subsequently, the alumina film was selectively 
dissolved by wet chemical etching in a mixture of phosphoric acid 
(H3PO4) 0.4 M and chromic acid (H2CrO7) 0.2 M at 70 °C. Then, the 
second anodization step was conducted under the same anodization 
conditions as the first step. The anodization time during this step was 
adjusted in order to modify the pore length (i.e., 60, 105, and 150 min). 
Finally, the pore diameter was enlarged by a wet chemical etching in an 
aqueous solution of H3PO4 5 wt%.
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