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ABSTRACT: In this study, we demonstrate that an optimal
design of the pore geometry and shape of sensing platforms
based on nanoporous anodic alumina (NAA) photonic
structures is critical to develop optical sensors with improved
capabilities. To this end, two types of NAA photonic structures
featuring different pore geometries (i.e., pore lengths and
diameters) and shapes (i.e., straight and modulated pores)
were produced, and their optical characteristics were assessed
systematically by reflectometric interference spectroscopy. The
geometric features (i.e., pore lengths, diameters, and shapes)
were systematically modified in order to establish the
optimization paths for the sensitivity, low limit of detection,
and linearity of these optical sensing platforms. The obtained results reveal that an optimal design of these nanoporous photonic
structures can enhance their sensitivity, achieve a lower limit of detection, and improve their linearity for both nonspecific and
specific detection of analytes. Therefore, as this study demonstrates, the rational design of optical nanoporous sensing platforms
is critical in the development of reliable, sensitive, robust, inexpensive, and portable optical systems for a broad range of sensing
applications.
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Currently, optical sensing devices are present in more
places of our ordinary lives than ever before. As an

example, the advent of smart phones has devised a plethora of
new possibilities toward the development of all-in-one
analytical devices for real-life applications, which could range
from water quality analysis (e.g., detection of levels of heavy
metal ions in water) to self-diagnosis (e.g., quantification of
levels of glucose in blood).1−4 Although this technology is still
at its beginnings, more exciting developments are expected to
be done in the next years. Before this technology becomes
feasible and reliable, however, more extensive fundamental
research must be carried out in order to make individual
components efficient, reliable, sensitive, selective, and inex-
pensive.
Basically, an optical sensor is composed of a light source,

where the optical wave is generated, a sensing platform, where
the interaction between light and matter takes place, and a
detector, which measures the optical signal shift (i.e., sensing
principle).5 Among these components, the sensing platform
plays a critical role as light interacts with analyte molecules
present in its effective medium, producing quantifiable changes
in the characteristic optical signal of the sensing platform.

Subsequently, these changes can be quantitatively (concen-
tration) and/or qualitatively (spectral signature) estimated by
the detector. Typically, sensing platforms are based on optically
active or passive materials, the function of which is to guide,
reflect, absorb, transmit, emit, or enhance the incident light
emitted by the source. As far as the different materials used to
develop optical sensing platforms is concerned, nanomaterials
have enabled the development of highly sensitive and
sophisticated systems such as surface-enhanced Raman spec-
troscopy (SERS), surface plasmon resonance spectroscopy
(SPR), localized surface plasmon resonance spectroscopy
(LSPR) and others.6−15 These optical techniques can achieve
detection limits as low as single molecules through the
amplification of electromagnetic fields generated by the
excitation of localized surface plasmons.16 Another example of
a sensitive optical technique extensively used to develop optical
sensors is reflectometric interference spectroscopy (RIfS).17−19

RIfS relies on the constructive interference of reflected light,
which takes place when a white light beam interacts with a thin
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film. This optical technique, which is typically implemented
into low-cost miniature spectrometers, can be combined with
nanoporous materials such as nanoporous anodic alumina
(NAA) in order to develop highly sensitive and reliable optical
sensing systems.20−23 NAA is a nanoporous material produced
by electrochemical anodization of aluminum and presents many
interesting advantages for the development of optical sensing
platforms.24−28 Some assets of NAA are a cost-competitive and
industrially scalable fabrication process, stable optical signals
without passivation, controllable and versatile pore geometry,
chemical and physical stability, mechanical robustness, easy
chemical functionalization, and the capability to guide, reflect,
transmit, emit, and enhance incident light by engineering its
nanoporous structure through different anodization ap-
proaches.29,30 For these reasons, NAA has been recently
envisaged for the development of low-cost, portable, and highly
sensitive optical sensing platforms featuring up-to-the-minute
capabilities.31−33 Regardless of the recent use of NAA as a

sensing platform, more extensive fundamental research must be
carried out in order to establish the optimization paths toward
NAA photonic structures with improved optical properties for
sensing applications.
Herein we present a detailed study assessing the optical

characteristics and sensing performances of two types of NAA
photonic structures featuring different pore geometries and
shapes. Our study demonstrates that the sensing properties of
these photonic structures can be substantially improved by
engineering their nanoporous structure.

■ RESULTS AND DISCUSSION

Fabrication and Structural Characterization of NAA
Photonic Structures. Figure 1 illustrates the structures of the
two different types of NAA sensing platforms assessed in this
study, which were fabricated by electrochemical anodization of
aluminum chips under potentiostatic conditions. The former

Figure 1. Structural and optical characteristics of photonic structures based on nanoporous anodic alumina. (a, b) Illustrations depicting the
representative geometric features of NAA-ST and NAA-DBR platforms, respectively. (c, d) Cross-section SEM images of NAA-ST and NAA-DBR
photonic structures, respectively (scale bars = 500 nm). The insets show digital images of these photonic structures after the aluminum substrate was
selectively removed from the back side by chemical etching (scale bar = 0.5 cm). (e, f) Schemes showing the relationship between the effective
medium and the pore geometry in NAA-ST and NAA-DBR platforms, respectively.
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type of NAA photonic structure, straight NAA (NAA-ST), was
produced by anodizing aluminum chips at constant voltage
through a symmetric two-step anodization approach.24−28

NAA-ST samples featured straight cylindrical nanopores from
top to bottom and thus constant effective refractive index (neff)
along the nanopores. The latter type of NAA photonic
structure, NAA distributed Bragg reflector (NAA-DBR),
featured a modulated pore diameter in depth and was produced
by a pseudosinusoidal anodization profile (i.e., shifting between
high and low anodization voltages) through a modified two-
step approach reported elsewhere.34,35 These NAA photonic
structures presented a modulated effective refractive index in
depth that was switched between high (neff‑high, low anodization
voltage) and low (neff‑low, high anodization voltage) by means of
the anodization profile. More detailed information on the
fabrication processes of the NAA-ST and NAA-DBR platforms
is included in Methods and Figure S1 in the Supporting
Information.
The pore lengths of NAA-ST and NAA-DBR platforms were

set to four different values (i.e., 30, 35, 40, and 45 μm) by
modifying the time of the second anodization step (tAN). It
should be noted that in the case of NAA-DBR these pore
lengths corresponded to 125, 150, 175, and 200 periods,
respectively. Furthermore, the nanopores of as-produced NAA-
ST and NAA-DBR platforms were widened by wet chemical
etching to obtain four different pore diameters, which
corresponded to four different pore widening time lengths
(i.e., tPW = 0, 8, 16, and 24 min). Therefore, a total of 16
samples of each type of NAA structure were used in this study,
allowing us to assess the sensing characteristics of these
photonic structures as a function of their pore geometry and
shape within the aforementioned range of geometric features.
As far as the different geometric features of these platforms is
concerned, whereas the structure of NAA-ST can be defined by
the pore length (LP) and the pore diameter (dP), the geometric
features of NAA-DBR are the total pore length (LTP), the pore
diameters, which vary periodically from big to small according
to the periodic high and low effective refractive indexes,
respectively (dPH with neff‑high and dPL with neff‑low), and the
period length (PL) (Figure 1a,b). The different geometric
characteristics of the NAA-ST and NAA-DBR platforms were
established by scanning electron microscopy (SEM) image
analysis, and Table 1 summarizes the relationships between
fabrication parameters and geometric features.36

Figure 1c,d shows cross-section SEM images of the resulting
NAA-ST and NAA-DBR structures as well as digital images of
these NAA photonic structures. Figure 1c reveals that the NAA-
ST structures featured cylindrical nanopores from top to
bottom and were transparent, allowing light to pass through so
that objects behind were distinctly seen (Figure 1c inset).
However, as Figure 1d shows, NAA-DBR platforms presented
periodically modulated pore diameters in depth and had red
color due to structural coloring associated with light reflection
phenomenon (Figure 1d inset).37 It is worthwhile to note that
the structure of the NAA-DBR platform can be tuned in order
to reflect light at specific wavelengths within the visible light
range.38 This can be achieved by applying different anodization
profiles and by pore widening, which are translated into the
nanoporous structure of the photonic platform and thus into its
effective refractive index (Figure 1e,f).

Sensing Principles and Optical Assessment of NAA-ST
and NAA-DBR Photonic Structures. Sensing Principles.
Figure 2a,b depicts the sensing principles of NAA-ST and
NAA-DBR platforms after their nanopores were infiltrated with
water and ethanol. It is well-known that an increment of the
effective medium of nanoporous films leads to a red shift in
their RIfS spectra (i.e., a shift toward longer wavelengths). In
the case of NAA-ST platforms, this shift can be quantified by
means of the effective optical thickness change (ΔOTeff), which
can be calculated by applying a fast Fourier transform (FFT) to
the RIfS spectrum.39−41 As far as the sensing principle in NAA-
DBR platforms is concerned, this is based on changes in the
characteristic reflection peak position (Δλpeak) in their RIfS
spectra.42,43 In our study, we used these sensing principles in
order to evaluate the optical characteristics of these photonic
structures and find the optical optimization paths toward NAA
platforms with optimized properties for sensing purposes in the
UV−vis range. It should be noted that in the context of our
study, the optical optimization paths for the sensing character-
istics of NAA-ST and NAA-DBR structures were established
using a total of 16 samples of each type of NAA photonic
structure.

Optical Assessment under Nonspecific Adsorption Con-
ditions. To assess the optical properties of the NAA-ST and
NAA-DBR photonic platforms under nonspecific adsorption
conditions, we modified the effective medium of these
nanoporous structures by infiltrating their nanopores with
different aqueous solutions of glucose (C6H12O6) (i.e., 0.01,
0.05, 0.1, 0.2, 0.5, and 1.0 M), which provided different levels of
refractive index (i.e., 1.333, 1.334, 1.336, 1.339, 1.349, and
1.363 refractive index units (RIU), respectively). In this
process, the RIfS spectra of these NAA platforms were
monitored in real time using a flow cell combined with a
RIfS system (Figure 2c). Glucose solutions were flowed
through the flow cell, where the NAA platforms were placed,
and changes in the effective medium of these photonic
structures produced shifts in their RIfS spectra. These changes,
monitored in real time, were recorded and converted into
ΔOTeff and Δλpeak, which were subsequently assessed in order
to establish and compare the different optical characteristics of
NAA-ST and NAA-DBR photonic structures, respectively.
Examples of real-time monitoring of ΔOTeff and Δλpeak are
included in Figure S2 in the Supporting Information.
Figure 3 summarizes the obtained results, showing the linear

fits between the optical parameters (i.e., ΔOTeff and Δλpeak for
the NAA-ST and NAA-DBR platforms, respectively) and the
refractive indexes of glucose solutions as a function of the pore

Table 1. Fabrication Parameters and Geometric Features of
NAA-ST and NAA-DBR Photonic Structures Assessed in
This Study

NAA-ST

tAN (h) LP (μm) tPW (min) dP (nm)

9.5 30 ± 1 0 21 ± 2
11.3 35 ± 1 8 31 ± 1
13.0 40 ± 1 16 44 ± 2
14.5 45 ± 1 24 56 ± 1

NAA-DBR

period LPT (μm) PL (nm) tPW (min) dPH (nm) dPL (nm)

125 30 ± 1 171 ± 14 0 18 ± 3 30 ± 4
150 35 ± 1 171 ± 14 8 21 ± 4 38 ± 6
175 40 ± 1 171 ± 14 16 31 ± 3 49 ± 4
200 45 ± 1 171 ± 14 24 42 ± 3 69 ± 9
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length (i.e., the number of periods for NAA-DBR platforms)
and the pore widening time. At first sight it is observed that the
sensitivity of these photonic structures (i.e., the slope of the
linear fit) increases with the pore widening time (i.e., bigger
pores). In order to gain insight into these results, find out the
optimization paths, and provide an objective comparison
between these two photonic structures, we expressed changes
in OTeff and λpeak in terms of percentage. Figure 4 presents
contour plots of the different sensing characteristics (i.e.,
sensitivity (S), low limit of detection (LoD), and linearity (R2))
of NAA-ST and NAA-DBR platforms along with the
optimization paths for each of these parameters. Likewise in a
topographic map, each optimization path was established by
following the path with the highest slope between the lowest
and highest values of the corresponding sensing parameter.
Table 2 summarizes the geometric characteristics of these
NAA-ST and NAA-DBR platforms, presenting the most
optimal optical characteristics obtained from this analysis.

Figure 4a,b shows the dependence of the sensitivity on the
pore length (i.e., number of cycles for NAA-DBR platforms)
and the pore widening time for NAA-ST and NAA-DBR
platforms, respectively. It is observed that in terms of sensitivity
the two photonic structures present similar patterns of
dependence with these geometric features. In other words,
the lines between color fields are closer to each other in a
similar manner and the distribution of color fields is fairly
homogeneous in both cases, indicating that S changes smoothly
with the pore geometry. Nevertheless, the sensitivity of NAA-
DBR platforms (i.e., 34.35 ± 1.16% RIU−1) is almost 2-fold
higher than that of NAA-ST platforms (i.e., 18.42 ± 0.35%
RIU−1). Furthermore, the white arrows in Figure 4a,b depict
the sensitivity optimization paths in NAA-ST and NAA-DBR
photonic structures. From this, we established the highest
sensitivities for NAA-ST and NAA-DBR platforms, which were
achieved at (LP = 45 ± 1 μm ; tPW = 24 min) and (LTP = 40 ± 1
μm (175 periods); tPW = 24 min), respectively.

Figure 2. Sensing principles and experimental setup used in this study to assess the optical characteristics of NAA photonic structures. a-b) Sensing
principles of NAA-ST and NAA-DBR photonic structures in RIfS based on changes in the effective optical thickness (ΔOTeff) and shifts in the
characteristic peak position (Δλpeak), respectively. c) Experimental optical setup composed of tablet, light source, spectrometer, optical probes and
NAA photonic structures.
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As far as the low limit of detection is concerned, Figure 4c,d
illustrates the dependence of LoD (calculated as 3σ and
expressed in RIU) on the pore length and the pore widening
time for NAA-ST and NAA-DBR photonic structures,
respectively. These contour plots show that both NAA
structures present primary and secondary optimization paths
and that the dependence of the LoD on the geometric features
of NAA-ST and NAA-DBR is much more heterogeneous than
that shown for S (i.e., heterogeneous distribution of color
fields). In the case of NAA-ST platforms, the lowest LoD value
(i.e., 0.084 RIU) is achieved at (LP = 45 ± 1 μm; tPW = 24 min),
with a secondary minimum of LoD (i.e., 0.103 RIU) at (LP = 30
± 1 μm; tPW = 8 min). For NAA-DBR platforms, the lowest
LoD value (i.e., 0.040 RIU) is obtained at (LTP = 30 ± 1 μm
(125 periods); tPW = 24 min), with a secondary LoD minimum
(i.e., 0.052 RIU) at (LTP = 45 ± 1 μm (200 periods); tPW = 16
min). Again, these results verify that NAA-DBR photonic
structures can achieve much lower LoD than NAA-ST
platforms.

Figure 4e,f depicts the relationship between the linearity and
the pore geometry for NAA-ST and NAA-DBR platforms,
respectively. As in the case of the LoD, these contour plots
reveal that both NAA platforms present primary and secondary
optimization paths and a heterogeneous distribution of color
fields with the geometric features. The highest linearity in
NAA-ST platforms (i.e., 0.998) is achieved at (LP = 45 ± 1 μm;
tPW = 24 min), with a secondary maximum (i.e., 0.997) at (LP =
35 ± 1 μm; tPW = 8 min). In the case of NAA-DBR photonic
structures, R2 achieves its highest value (i.e., 0.999) at (LTP = 45
± 1 μm (200 periods); tPW = 8 min), with a secondary
maximum (i.e., 0.999) at (LTP = 40 ± 1 μm (175 periods); tPW
= 0 min). Although both sensing platforms present excellent
linearity, these results verify that NAA-DBR platforms are
slightly more linear than NAA-ST platforms.

Optical Assessment under Specific Adsorption Conditions.
Finally, NAA-ST and NAA-DBR photonic platforms were
assessed when detecting mercury ions (Hg2+) in water under
specific adsorption conditions. To this end, the surface of these

Figure 3. Optical assessment of (a−d) NAA-ST and (e−h) NAA-DBR photonic structures by measuring ΔOTeff and Δλpeak, respectively, as
functions of the geometric characteristics and the refractive index of glucose solutions.

ACS Photonics Article

dx.doi.org/10.1021/ph500316u | ACS Photonics 2014, 1, 1298−13061302



NAA structures was functionalized via silanization with thiol
functional groups through a well-established protocol reported
elsewhere44 (see Methods). This modification endowed these
sensing platforms with chemical selectivity toward ionic
mercury, which was achieved by the affinity between thiol

groups and mercury ions (Figure 5a). Six different concen-
trations of mercury ions were used in this study (i.e., 1, 5, 10,
20, 40, and 80 μM), and the geometric features of the photonic
platforms assessed in this study were set to LP = 35 ± 1 μm and
dP = 44 ± 2 nm for NAA-ST and LTP = 35 ± 1 μm (150

Figure 4. Contour plots showing the optical optimization paths for sensitivity (S), low limit of detection (LoD), and linearity (R2) in (a, c, e) NAA-
ST and (b, d, f) NAA-DBR photonic structures as assessed by RIfS: (a, b) sensitivity in terms of change in sensing parameter (i.e., ΔOTeff or Δλpeak),
expressed in percentage per refractive index unit; (c, d) low limit of detection, calculated as 3σ and expressed in refractive index units; (e, f) linearity,
calculated as the correlation coefficient. White arrows denote the different optimization paths for S, LoD, and R2 (solid lines = primary optimization
paths and dashed lines = secondary optimization paths).

Table 2. Summary of Geometric and Optical Characteristics of NAA-ST and NAA-DBR Photonic Structures with the Best
Optical Performance

optical platform optical parameter value geometric features

NAA-ST S 18.42 ± 0.35 % RIU−1 LP = 45 ± 1 μm; dP = 56 ± 1 nm
NAA-DBR S 34.35 ± 1.16 % RIU−1 LTP = 40 ± 1 μm (175 periods); dPH = 42 ± 3 nm; dPL = 69 ± 9 nm
NAA-ST LoD 0.084 RIU LP = 45 ± 1 mm ; dP = 56 ± 1 nm
NAA-DBR LoD 0.040 RIU LTP = 30 ± 1 μm (125 periods); dPH = 42 ± 3 nm; dPL = 69 ± 9 nm
NAA-ST R2 0.998 LP = 45 ± 1 mm; dP = 56 ± 1 nm
NAA-DBR R2 0.999 LTP = 45 ± 1 μm (200 periods); dPH = 21 ± 4 nm; dPL = 38 ± 6 nm
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periods), dPH = 31 ± 3 nm, and dPL = 49 ± 4 nm for NAA-
DBR. As Figure 5b shows, the sensing performance of NAA-
DBR photonic structures was found to be significantly better
than that of NAA-ST platforms. Table 3 summarizes the

obtained results, which reveal that whereas NAA-DBR photonic
structures present a sensitivity of 0.0115 ± 0.0004% μM−1,
NAA-ST structures have a 12-fold lower sensitivity of 0.0009 ±
0.0002% μM−1. Furthermore, the low limit of detection of
NAA-ST platforms (i.e., 22.82 μM/4.56 ppm) is almost 5-fold
higher than that of NAA-DBR photonic structures (i.e., 4.20
μM/0.84 ppm). Finally, it was found that NAA-DBR structures
present a more linear response with the analyte concentration
(i.e., 0.994) than NAA-ST structures (i.e., 0.854). It is
worthwhile to note that the lower limit of detection of these
sensing platforms is higher than that established by the U.S.

Environmental Protection Agency for drinking water (i.e., 2
ppb). However, we want to stress that the objective of our
study was to demonstrate the ability of these photonic
platforms to detect analytes under specific adsorption
conditions. In that respect, there are many surface chemistry
approaches that could enhance the sensing capabilities of these
platforms. As an example, it has been demonstrated that
different functional molecules (e.g., peptides, DNA, oligonu-
cleotides, etc.) can provide much higher sensitivity than that of
traditional thiol chemistry through bigger changes in the
effective medium of the sensing platforms.45,46

■ CONCLUSION

In this study, we have demonstrated that an optimal design of
the pore geometry and shape of photonic structures based on
nanoporous anodic alumina can provide enhanced optical
properties, which are fundamental requisites for the develop-
ment of optical sensors with improved capabilities for broad
sensing applications. The effects of the pore geometry and
shape of two types of NAA photonic structures on their optical
characteristics were systematically assessed. Furthermore,
optimization paths for the sensitivity, low limit of detection,
and linearity of these NAA photonic platforms were established
and assessed under nonspecific and specific adsorption
conditions for two different types of analytes.
The development of sensitive, reliable, robust, stable, cost-

competitive, portable, and selective optical sensing systems
requires photonic sensing platforms to have improved optical
properties. This study has demonstrated that it is possible to
enhance the sensitivity, low limit of detection, and linearity of
these NAA photonic structures by engineering their nanopores.
Undoubtedly, this reveals the importance of an optimized
design of sensing platforms in the development of future
sensing systems.

■ METHODS

Materials. High-purity (99.9997%) aluminum foils with a
thickness of 0.32 mm were supplied by Goodfellow Cambridge
Ltd. (UK). Oxalic acid (C2H2O4), phosphoric acid (H3PO4),
hydrochloric acid (HCl), ethanol (C2H5OH), perchloric acid
(HClO4), hydrogen peroxide (H2O2), chromium trioxide
(CrO3), 3-(mercaptopropyl)trimethoxysilane (MPTMS), D-
glucose (C6H12O6), and mercury(II) chloride (HgCl2) were
supplied by Sigma-Aldrich (Australia) and used without further
purification. Aqueous solutions used in this study were
prepared with ultrapure water (Option Q−Purelabs, Australia).

Fabrication of NAA-ST and NAA-DBR Photonic
Structures. Prior to anodization, circular Al substrates with a
diameter of 1.5 cm were cleaned under sonication in ethanol
(EtOH) and distilled water for 15 min each. Subsequently,
aluminum chips were electropolished in a 4:1 (v/v) mixture of
EtOH and HClO4 at 20 V and 5 °C for 3 min. After
electropolishing, the first anodization step was carried out in a
0.3 M aqueous solution of H2C2O4 at 40 V and 6 °C for 20 h.
Then the resulting NAA layer was chemically removed in a
mixture of 0.2 M chromic acid (H2CrO4) and 0.4 M H3PO4 at
70 °C for 3 h in order to pattern the aluminum surface and
enable the growth of self-organized nanopores from top to
bottom. As far as the second anodization step is concerned, two
different electrochemical approaches were used to produce
NAA-ST and NAA-DBR photonic platforms. Whereas the
former type was produced by anodization under the

Figure 5. Optical assessment of NAA-ST and NAA-DBR photonic
structures by RIfS in detection of mercury ions (Hg2+) in water. (a)
Scheme illustrating the surface chemistry modification using thiol
chemistry to endow NAA-ST and NAA-DBR photonic structures with
chemical selectivity toward ionic mercury. (b) Calibration curves
showing the sensing performance of NAA-ST and NAA-DBR
photonic structures as a function of the analyte concentration
([Hg2+]).

Table 3. Summary of the Sensing Characteristics of NAA-ST
and NAA-DBR Photonic Structures Assessed for the
Detection of Ionic Mercury in Water

optical platform S (% μM−1)a LoD (μM) R2

NAA-ST 0.0009 ± 0.0002 22.82 0.854
NAA-DBR 0.0115 ± 0.0004 4.20 0.994

aSensitivity expressed in terms of the change in the corresponding
sensing parameter (i.e., ΔOTeff or Δλpeak) in units of percentage per
analyte concentration unit.
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aforementioned conditions (i.e., 0.3 M H2C2O4 at 40 V and 6
°C), the latter type was fabricated using the same conditions
but applying a pseudosinusoidal anodization profile. This
profile was started by an increasing voltage ramp from 20 to 50
V at a rate of 0.5 V s−1. Then, the process was continued at 50
V for a charge of 1 C. Subsequently, the anodization voltage
was linearly reduced from 50 to 20 V at a rate of −0.01 V s−1.
In the case of NAA-ST platforms, the second anodization step
was controlled by time in order to produce NAA-ST platforms
with thicknesses of 30, 35, 40, and 45 μm. However, in the case
of NAA-DBR photonic structures, this anodization step was
controlled by the number of cycles (i.e., 125, 150, 175, and 200
cycles), which corresponded to thicknesses of 30, 35, 40, and
45 μm, respectively. Finally, the remaining aluminum substrate
was removed from the back side by wet etching in a mixture of
hydrochloric acid and cupric chloride (HCl/CuCl2), and the
nanopores of NAA-ST and NAA-DBR photonic structures
were widened by wet chemical etching in 5 wt % H3PO4 at 35
°C.
RIfS Setup. The optical characteristics of NAA-ST and

NAA-DBR photonic structures were assessed using a RIfS
system combined with a flow cell through which the different
solutions of glucose and mercury ions were flowed by a
peristaltic pump (BT100-2J, LongerPump, USA) at a constant
flow rate of 400 μL min−1. Briefly, this optical system was
composed of a bifurcated optical probe that conducted and
focused white light from a tungsten source (LS-1LL, Ocean
Optics, USA). Light reflected from NAA-ST and NAA-DBR
platforms was collected by the collection fiber, which was
assembled around the optical probe and conducted the
reflected light to a miniature spectrophotometer (USB 4000,
Ocean Optics, USA). RIfS spectra in the 400−1000 nm
wavelength range were acquired in real time and saved at
intervals of 30 s with an integration time of 100 ms and 50
average measurements. These spectra were subsequently
processed in Igor Pro library (Wavemetrics, USA).
Chemical Functionalization of NAA-ST and NAA-DBR

Photonic Structures. The inner surfaces of the nanopores of
NAA-ST and NAA-DBR photonic platforms were chemically
modified with MPTMS following a well-established silanization
protocol. Prior to functionalization, the number of hydroxyl
groups (−OH) on the inner surfaces of NAA platforms was
increased by boiling these nanoporous substrates in 30 wt %
H2O2 for 10 min at 90 °C. After this, NAA platforms were dried
under a nitrogen stream and functionalized via chemical vapor
deposition of MPTMS at 135 °C for 3 h. Subsequently, NAA
platforms were washed with acetone and water in order to
remove physisorbed MPTMS molecules.
Structural Characterization of NAA-ST and NAA-DBR

Photonic Structures. The morphologies and structures of
NAA-ST and NAA-DBR platforms were characterized by SEM
image analysis from images acquired using a field-emission-gun
scanning electron microscope (FEG-SEM FEI Quanta 450).
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