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Abstract: In this work we present a dual optical and electrochemical sensor based on SiO2/Si3N4

resonant nanopillars covered with an indium tin oxide (ITO) thin film. A 25–30 nm thick ITO layer
deposited by magnetron sputtering acts as an electrode when incorporated onto the nanostructured
array, without compromising the optical sensing capability of the nanopillars. Bulk sensing per-
formances before and after ITO deposition have been measured and compared in accordance with
theoretical calculations. The electrochemical activity has been determined by the ferri/ferrocyanide
redox reaction, showing a remarkably higher activity than that of flat thin films of similar ITO nominal
thickness, and proving that the nanopillar system covered by ITO presents electrical continuity. A
label-free optical biological detection has been performed, where the presence of amyloid-β has been
detected through an immunoassay enhanced with gold nanoparticles. Again, the experimental results
have been corroborated by theoretical simulations. We have demonstrated that ITO can be a beneficial
component for resonant nanopillars sensors by adding potential electrochemical sensing capabilities,
without significantly altering their optical properties. We foresee that resonant nanopillars coated
with a continuous ITO film could be used for simultaneous optical and electrochemical biosensing,
improving the robustness of biomolecular identification.

Keywords: resonant nanopillars; ITO; gold nanoparticles; optical biosensors; electrochemical sensing

1. Introduction

Optical sensors have been at the forefront of the technological advances of the last years.
The application of devices for biological and chemical sensing by optical measurements has
witnessed an extraordinary growth in different directions, demonstrating the importance
and flexibility of this increasingly evolving sector [1–4]. Of all available options, the
implementation of sensors with specific micro- and nano-structured morphologies in the
form of periodic arrays [5,6] has allowed a precise optical response, which can be tailored
relying on both a smart shaping and size selection of the nanostructures (diameter, pitch,
thickness) and the adequate selection of the materials integrated in such structures. Optical
biosensors based on nanopillars [5–7] are a good option in this area because they provide
a straightforward interrogation at normal incidence and high sensitivity due to a larger
contact surface area with the medium, compared with flat sensors. An advanced and
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highly performant version of said configuration, developed by Hernández et al., consisted
of resonant nanopillars (R-NPs) arrays [8]. These transducers are composed of periodic
nanopillars fabricated top-down from a stacked multi-layered structure of two stacked
Bragg reflectors (for instance, various pairs of Si3N4/SiO2 reflectors), separated by a central
resonant cavity of SiO2. This configuration, when vertically interrogated in reflection mode,
shows a pronounced and narrow resonant dip in the visible spectrum. The position of
the dip is sensitive to changes in the refractive index (RI) of the surrounding medium,
producing a shift in the resonant mode that depends on the conditions of the environment.
Since the effective RI of the medium depends on the nature of the liquid, the presence of
an analyte, or the condensation and infiltration of vapors [9], R-NPs have demonstrated a
high potential as chemical and biological label-free optical sensors.

Among the materials that gained notoriety for their wide applicability and unique
proprieties, thin films of indium tin oxide (ITO) have been extensively researched in the
last years and used in day-to-day products such as liquid crystal displays, solar cells, LED
lightning or electrochemical sensors [10–12]. Main features of ITO thin films are high
transparency in the visible spectrum, good conductivity, and significant chemical resis-
tance, which, combined with a relatively easy manufacturing procedure compatible with
sensitive substrates, make them a good choice for the fabrication of novel devices [13,14].
In particular, during the last two decades, numerous studies on the use of ITO for biologi-
cal and chemical sensing have been published, both to enhance the response of existing
devices—such as optical fibers and resonant cavities—and as main component of different
sensor topologies [15–18]. Working principles of these ITO-based devices encompass the
use of surface plasmon polariton features at the interface of ITO thin films, novel electro-
chemical sensors based on ITO electrodes, or optical switching and coding devices [19–21].

The present work explores the possibility to functionalize R-NPs arrays with ITO thin
films, in order to merge the electrochemical activity of ITO and the photonic sensing re-
sponse of the optical device. In this preliminary study, we describe the basic features of the
modified sensor, prove that ITO continues acting as a suitable electrode when incorporated
in the R-NPs array, and that the latter does not lose its optical sensing performance. For this
work, ITO has been deposited on the R-NPs sensor surface by magnetron sputtering (MS)
under well-controlled conditions [12]. We designate these modified chips as R-NPs/ITO.
Bulk sensing performances of R-NPs before and after ITO coating have been measured and
compared by infiltrating the nanostructured array with various RI liquids. Optical simula-
tions have been carried out in order to sustain the evidence found. The electrochemical
activity of the R-NPs/ITO arrays has been determined by the conventional ferrocyanide to
ferricyanide redox reaction [22], widely used to test electrodes, and compared that with flat
thin films of a similar nominal thickness. Furthermore, a label-free biological detection was
performed to prove the suitability of the sensor for optical biosensing purposes, where the
presence of amyloid-β (Aβ) peptide immobilized on R-NPs/ITO was detected by means of
a sandwich-type immunoassay that employs gold nanoparticles (Au-NPs) functionalized
with anti-amyloid-β (α-Aβ) antibody. Again, the experimental results have been corrobo-
rated by theoretical simulations. To the best of our knowledge, this is the first time that
an ITO thin film has been used to cover a R-NPs photonic sensor, demonstrating that the
optical properties of a full coated R-NPs array are not significantly altered, and that ITO can
be a beneficial component for the design and implementation of R-NPs sensors. We foresee
that, in line with recent works using other types of optical detection systems [23,24], R-NPs
coated with a continuous ITO film will be used for simultaneous optical and electrochemical
sensing, enabling a more robust identification of specific analytes.

2. Materials and Methods
2.1. R-NPs Structure

In this work, we used chips with arrays of R-NPs made of a SiO2/Si3N4 multilayer
grown onto a glass substrate. Diameter and period of the nanopillars are ca. 210 nm and
500 nm respectively, while their height is around 2 µm. The multilayer is successively
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composed of five pairs of SiO2/Si3N4 reflectors, a SiO2 resonant cavity, and five pairs of
Si3N4/SiO2 reflectors. The thicknesses of each SiO2 and Si3N4 layer in the reflectors are
110 nm and 97 nm respectively, while the SiO2 resonant cavity thickness is 200 nm. Details
on the fabrication of said chips have been previously published [25]. Performances regard-
ing optical and biochemical sensing of the considered structures have been extensively
studied, as reported elsewhere [8].

2.2. Optical Simulations

In order to predict the sensors optical response, simulations were carried out using
Rsoft (RSoft Photonics CAD Suite, Version 2021.03, Synopsys Inc., Mountain View, CA,
USA) and its module Fullwave [26]. This module uses finite difference time domain method
for three dimensional calculations, and can be applied to estimate the reflectivity of the
R-NPs under a variety of conditions. A particular feature of the software is that it allows the
non-uniform gridding of the volume of simulation, reaching a resolution of 1 nm around
the surface of the pillars. This is of particular importance for theoretically estimating the
response of the material within a biosensing process. We have used this tool to estimate the
thickness and RI of the ITO layer, the bulk sensing response before and after ITO, and the
biosensing response for an increasing value of biofilm thickness over the pillars and the
substrate, with a fixed RI of 1.41 for said biofilm.

2.3. ITO Thin Film Fabrication

ITO thin films were deposited by magnetron sputtering. The plasma gas pressure was
regulated using a butterfly valve and controlled using a Pirani pressure meter, the Ar fluxes
using a mass flow controller, and the deposition rates and thicknesses were controlled
using a quartz microbalance located at a close position from the substrates. A cylindrical
magnetron with a 3” ITO disc target (SnO2 10 wt% doped In2O3) (Testbourne Ltd.) was
excited by means of a radiofrequency plasma source at 100 W. The reactor was fed with
an Ar flux of 30 sccm and the deposition process was kept at a constant pressure of
5 × 10−3 mbar.

The substrate holder temperature was controlled at 350 ◦C, rotating at a spinning
velocity of 20 rpm. Thickness deposition was adjusted to 80 nm on a flat substrate. The
deposition was carried out simultaneously onto the R-NPs array (i.e., R-NPs/ITO) and
onto samples of thin film on a flat silica substrate (TF/ITO) used for reference purposes.

2.4. Electrochemical Testing

All the electrochemical tests were recorded with an Autolab PGSTAT 302N potentiostat
in a three-electrode cell, using Ag/AgCl as a reference electrode and a Pt wire as counter
electrode. The samples were masked with a polyvinyl chloride (PVC) tape to selectively
expose the area defined by the R-NPs arrays to the electrolyte. An image of the setup for
electrochemical testing can be found in Supplementary Materials (Figure S1).

For the electrochemical tests Au-NPs were previously deposited on the ITO substrates
by cyclic voltammetry (CV) electrodeposition following the conditions reported in previ-
ous works [27]. The electrolyte used was a 0.01 M Na2SO4 aqueous solution containing
0.01 M H2SO4 and 1 mM HAuCl4 3·H2O. The deposition was carried out by sweeping the
potential of the working electrode between −0.5 V and 1.5 V, at a scan rate of 100 mV s−1

for three cycles.
Standard CV tests have been used to check the electrochemical activity of the ITO

coatings, either on TF/ITO sample or onto the R-NPs/ITO sample. Specifically, K3Fe(CN)6
undergoes a reversible redox reaction (Fe(CN)6

3−/Fe(CN)6
4−) at various electrodes and is

commonly used as a probe to analyze the electrochemical response of different electrode
compositions or to compare the effect of a specific electrode microstructure. In this case,
the electrolyte was an aqueous solution of 5 mM K3Fe(CN)6 containing 0.1 M KCl. The CV
measurements were performed at a scan rate of 50 mV s−1.
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The electrochemical surface active area (ECSA) of the samples was also determined
by means of CV techniques relying on the Randles Sevcik equation. Polarization of the
ITO electrodes was done in the non-faradaic potential range between 0.05 and 0.25 V (vs.
Ag/AgCl) at scan rates varying from 10 mV s−1 to 80 mV s−1. A series of scan plots is
reported for illustration in Figure S2 in Supplementary Material. The measurements were
carried out in a 0.1 M phosphate buffer solution. The double layer capacitance values
were obtained from the slope of the linear fit representation of the anodic-cathodic current
increment registered as a function of the scan rate.

2.5. Optical Measurement Setup

The characterization of optical responses of R-NPs and R-NPs/ITO arrays was a
pivotal point for the measurement of the resonant mode shift at different steps of the
experiment. The spectra were collected with a FT-VIS-NIR spectrometer (Bruker Vertex 70)
by measuring the reflected light at normal incidence between 476 and 1176 nm (21,008.4 to
8503.5 cm−1). Measurements were carried out using a 4× magnification with a resolution
of 2 cm−1 and each observation was repeated five times to determine the uncertainty of
the signal [28]. The conditions of data recollection were maintained fixed between each
characterization, using silicon as reference and keeping the same number of scans for both
background and sample measurements. The optical responses were compared by exposing
the arrays of R-NPs to multiple environmental conditions, submerging the nanostructures
in liquids of different RIs and then measuring the resonance shifts for each liquid. The chip
was interrogated face-down through the glass substrate, using a polymeric holder (Sylgard
184, Dow Corning) with a fillable chamber, so that the patterned face was in contact with
the liquid inserted, thus allowing the infiltration inside the nanostructured area. The whole
process of immersion in all considered liquids was carried out twice: first for the bare
R-NPs and then for the R-NPs/ITO arrays. A picture and a figurative representation of the
optical setup (from [1]) can be seen in Figure S3, in Supplementary Materials.

2.6. Biological Detection Setup

The biological detection comprises three different parts. First, α-Aβ-1-16 antibody
(clone 6E10, BioLegend Way) was immobilized on ITO surface as capture antibody. Then,
Aβ peptide-1-40 (Aβ-40) (BioLegend Way) was incubated over the nanostructured array.
Finally, the presence of Aβ peptide was recognized using Au-NPs coated with α-Aβ-1-40
antibody (clone 11A50-B10, BioLegend Way). A negative control sample was carried
through the experiment to confirm the specificity of the recognition. The whole experiment
(biological detection–negative control) was repeated in order to assure the correctness and
faithfulness of the results shown in the present work. After each step, shifts of resonance
dip were monitored by collecting the reflectivity spectra.

Antibody immobilization on R-NPs/ITO was performed following a general proce-
dure reported previously [29] with modifications for the thiol-ene coupling click photoat-
tachment. Basically, the support was first activated for 3 min by means of Ar plasma using
a surface cleaner (Harrick Plasma, PDC-002-CE, Carson City, NV, USA), and the activation
was followed by measuring the decrease in the surface water contact angle (WCA). Further,
the chip was allowed to react with vinyltriethoxysilane (VTES) by immersion in a 2% (v/v)
VTES solution in toluene, 2 h at room temperature, followed by rinsing with 2-propanol
and curing overnight at 60 ◦C. Correct silanization was checked by measuring the increase
in the WCA. Antibody solution in sodium acetate buffer, pH 4.5, was then spotted (40 nL)
on the ensing surface by means of a microarrayer (Biodot, Irvine, CA, USA, model AD1500)
at 90% humidity. The covalent anchoring was carried out by UV (254 nm) irradiation in
a UV surface cleaner (UVOH150 LAB, FHR, Ottendorf-Okrilla, Germany, 50 mW cm−2)
for 7 seconds, followed by dark for 30 min. The surface was finally rinsed with phosphate
buffer saline containing Tween-20 (0.05%) (PBST), water and air-dried.

Aβ peptide (4 µL) was deposited in droplets at a concentration of 100 µg L−1 and
incubated overnight at 4 ◦C. Phosphate buffer (PB) (pH 7.4) was incubated instead of the
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peptide as a negative control. A PVC mask was used for maintaining the droplets in their
place, avoiding cross-contamination between Aβ. After incubation, the surface was rinsed
with PB using a syringe and then air-dried.

Au-NPs recognition was performed by deposition, following the same procedure
described previously (droplets of 4 µL, overnight incubation at 4 ◦C, surface rinsed with
PB and dried with air). The concentration of the Au-NPs used was 134 µg L−1. Au-
NPs functionalization with recognition antibody was carried out following a procedure
previously described [30].

3. Results and Discussion

For the sake of coherence and consequentiality, all the results shown in the main body
of the text are taken from a single array of R-NPs selected among the set of available ones.
To consult the complete data, please refer to Tables S1 and S2 in Supplementary Materials.

3.1. Bulk Sensing Comparison between R-NPs and R-NPs/ITO and Simulations

In order to compare the optical performance of the R-NPs array before and after
ITO deposition, we first studied the optical response of the sensor without the ITO thin
film and compared the obtained results with the corresponding optical simulations. We
infiltrated the nanostructured array with liquids of different RIs (see Table 1) and measured
the corresponding shifts of the resonant dip, as thoroughly explained in the experimental
section. Reflectivity spectra of the selected R-NPs array in deionized water and cyclohexane
can be seen in Figure 1a. By plotting the position in wavelength (λ) of the resonant dip
for each environmental condition against the RI of each liquid used for the experiment,
we calculated the sensitivity of the array of R-NPs as the slope of the linear fit of the
points in the plot. The sensitivity value of the R-NPs transducer before ITO deposition was
295.04 ± 13.48 nm RIU−1, with a correlation of 0.99 (Figure S4a).

Table 1. Liquids used for the bulk sensing experiment and relative RIs at 20 ◦C. Data from [9].

Liquid Refractive Index [n]

Methanol 1.328
Deionized water 1.333

Ethanol 1.361
Acetic acid 1.372
2-propanol 1.380

Cyclohexane 1.426

An ITO thin film was deposited onto the R-NPs array following the protocol described
in the corresponding paragraph of the experimental section. A comparison of R-NPs images
before and after ITO thin film deposition can be seen in Figure 2, as well as in Figure S5. The
thickness of ITO film in R-NPs/ITO arrays was estimated by both thin film measurements
(Filmetrics F20, KLA Corporation, San Diego, CA, USA) and electronic microscope imaging
(SEM). Measurements taken using the former method suggest a thickness in the order
of 100 nm for the deposited layer on the flat surface outside the pillars area. However,
electronic microscope imaging of the nanostructured arrays showed that the increase of
diameter in the pillars after deposition is around 50–60 nm, suggesting that the thickness
of ITO thin film surrounding the R-NPs is in the range of 25–30 nm, significantly lower
than onto a flat substrate (see Figure 2). Remarkably, after ITO deposition, the R-NPs/ITO
chip was also sensitive to changes in the RI of the liquid infiltrating the structure, as
illustrated in Figure 1b. While the shape of the spectra is not altered by the deposition of
ITO, there is a shift of around 10 nm toward higher values of wavelength, in accordance
with the theoretical calculations (as it can be seen in the following Section). For this chip,
by repeating the steps previously performed with the same transducer without the thin
film covering, we found a sensitivity of 225.59 ± 25.98 nm RIU−1 with a correlation of
0.94 (Figure S4a).
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We have used the software Rsoft [26] to indirectly estimate the thickness of the ITO film
deposited over the R-NPs. For this purpose, we considered the position of the resonance
before and after the ITO deposition, and the shift after depositing the ITO layer (17.04 nm
with the pillars immersed in water and 9.55 nm when surrounded by air). The magnitude
of these shifts is compatible with an equivalent ITO thickness ranging between 11 and
14 nm, lower than the value estimated from the SEM observations. This difference can be
conciliated by supposing that the ITO layer should show a significant porosity as expected
by the glancing angle of incidence of the deposition atoms on the sides of the R-NPs [31].
When calculating the RI for a fixed thickness value of 25 nm, as suggested by the SEM
observations, we obtained a RI value of 1.585 for the porous layer around the pillars. Using
these thickness and RI values, we have calculated bulk sensing response for fluids with
RI values ranging from 1.32 to 1.43 (Figure S4b). A linear fitting of the simulated results
gives a sensitivity of 306.2 nm RIU−1 for R-NPs, and 261.2 nm RIU−1 for R-NPs/ITO
(compared with 295.65 and 225.80 nm RIU−1 respectively for experimental results). This
variation corresponds to a reduction of the sensitivity from R-NPs to R-NPs/ITO of 15%
for the calculated results and of 23.6% for the experimental results. Figure 3 shows the
correlation between experimental and calculated shifts for the liquids employed for the
bulk sensing. The correlation value found for R-NPs (Figure 3a) is 0.92, while the value
found for R-NPs/ITO (Figure 3b) is 0.89.
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The difference found between experimental and simulated sensitivities after ITO
deposition can be due to several reasons; for example, an imperfect nanostructured array
due to fallen pillars or an inhomogeneous ITO covering along the nanopillars. However,
such a difference does not compromise the sensing capability of R-NPs/ITO arrays and
becomes largely compensated by the specific adsorption properties provided by the ITO
film (see below). Moreover, the deposition of ITO layer marked a shift in the resonant dip
position toward higher values of λ, a feature that could be useful for a fine adjustment of
the resonance to specific wavelengths.

3.2. Electrochemical Response of R-NPs/ITO

To ensure a dual optical and electrochemical sensing capacity for R-NPs/ITO, it
was vital to determine whether the ITO film incorporated onto the R-NPs arrays present
electrochemical activity. Proving this capacity would be an indirect evidence that the ITO
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layer homogeneously covers the nanopillars, from bottom to top, as well as the substrate,
forming an electrically continuous film.

Figure 4a shows a comparison of the cyclic voltammograms obtained using the
ferri/ferrocyanide system as a redox probe, measured for TF/ITO samples, bare and
decorated with Au-NPs (TF/ITO/Au), and equivalent R-NPs/ITO/Au samples, compara-
ble to R-NPs/ITO arrays after biological recognition enhanced with Au-NPs (see below).
A semi-quantitative estimation for the electrode efficiency can be carried out from the
magnitude of the current density between the cathodic (at 0.1 V vs. Ag/AgCl) and anodic
(at 0.35 V vs. Ag/AgCl electrode) peaks of the voltammograms. As shown in the figure,
the TF/ITO and TF/ITO/Au electrochemical activities are moderate and quite similar,
while that of R-NPs/ITO/Au is remarkably higher. This high electrochemical response
clearly confirms the conformal character of the thin ITO layer onto the nanopillars and
that it covers the hardly accessible R-NPs structure, conferring electrical continuity to the
whole system. In addition, the reversible character of the Fe(CN)6

3-/Fe(CN)6
4- electro-

chemical reaction on the examined electrodes is demonstrated by the symmetrical shape of
the voltammograms in Figure 4a. A direct and complementary analysis of the electrode
activity can be done by means of ECSA methods based on the Randles Sevcik equation.
This voltametric technique enables a direct estimation of the double layer capacitance by
measuring the cathodic/anodic non-faradic current developed in a defined voltage range
as a function of the scan rate. From the slopes of the fitting lines in Figure 4b, double layer
capacitance values of 10.7 µF and 79.7 µF could be determined for samples TF/ITO/Au
and R-NPs/ITO/Au, respectively. This analysis clearly demonstrates that the ITO film
covers the whole nanopillar structure forming a continuous film, and that the available
surface area exposed for the analysis is much larger in R-NPs/ITO/Au sample. We claim
that two factors contribute to this enhancement in electrochemical activity: the increase in
physical area due to the geometry of R-NPs and, as discussed in the previous paragraph,
the fact that the ITO film on the lateral walls of the nanostructures probably grows in the
form of nanostructured porous film due to the oblique angle impingement of deposited
atoms [31] on the sides of the nanopillars.
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Figure 4. Electrochemical characterization of ITO/Au thin films. (a) Cyclic voltammograms in a
ferri/ferrocyanide electrolyte recorded at a scan rate of 50 mV s−1 for the indicated samples. (b) Plot
of the density currents determined from ECSA cyclic voltammograms as a function of scan rate (data
corresponding to a phosphate solution).

3.3. Biological Detection Performed with R-NPs/ITO Arrays

Figure 5 schematically describes the actions fulfilled over ITO modified nanopillars
for the biological detection with R-NPs/ITO arrays. As previously explained, the shift in
resonant dip was monitored after each step to confirm the successive attachment of bioma-
terial to the surface. Moreover, it is fundamental to remark that the antibody recognition
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enhanced with Au-NPs (Figure 5c) can be linked to the R-NPs/ITO/Au electrochemical
measurements shown in the previous paragraph. This paves the way for the future use of
this type of systems for a dual optical and electrochemical sensing.
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Figure 5. Schematic representation of (a) α-Aβ-1-16 immobilization (capture antibody), (b) Aβ-
40 binding with capture antibody and (c) α-Aβ-1-40 recognition (detection antibody) enhanced
with Au-NPs.

As it can be seen in Figure 6, all the steps performed after the immobilization of capture
antibody brought to resonance shifts toward higher values of λ (or lower wavenumber
values if expressed in cm−1), implying a correct bonding between antibodies and peptide.
The resonance shift measured after the deposition of Aβ-40 onto the capture α-Aβ was
of −36 cm−1, with an uncertainty of 1 cm−1. No shift of the resonant dip position was
observed in the negative control, where buffer (instead of the peptide) was deposited over
an array with capture antibodies.

Chemosensors 2022, 10, x FOR PEER REVIEW 10 of 14 
 

 

 
Figure 5. Schematic representation of (a) α-Aβ-1-16 immobilization (capture antibody), (b) Aβ-40 
binding with capture antibody and (c) α-Aβ-1-40 recognition (detection antibody) enhanced with Au-
NPs. 

As it can be seen in Figure 6, all the steps performed after the immobilization of cap-
ture antibody brought to resonance shifts toward higher values of λ (or lower wave-
number values if expressed in cm−1), implying a correct bonding between antibodies and 
peptide. The resonance shift measured after the deposition of Aβ-40 onto the capture α-
Aβ was of −36 cm−1, with an uncertainty of 1 cm−1. No shift of the resonant dip position 
was observed in the negative control, where buffer (instead of the peptide) was deposited 
over an array with capture antibodies. 

 
Figure 6. (left) Biological detection reflectivity spectra of R-NPs/ITO for capture antibody immobi-
lization (black), peptide deposition (red) and antibody recognition enhanced with Au-NPs (blue). 
(right) SEM images of R-NPs/ITO after Au-NPs deposition, along with negative control (see Figure 
S6); Au-NPs are highlighted by red arrows in the expanded image on the right. 

The recognition step with Au-NPs functionalized with α-Aβ-1-40 brought to similar 
results, with a measured shift in the resonant dip of −37 cm−1 and an uncertainty of 1 cm−1. 
Again, the control resonance remained unmoved after Au-NPs incubation. Table 2 shows 

Figure 6. (left) Biological detection reflectivity spectra of R-NPs/ITO for capture antibody immobi-
lization (black), peptide deposition (red) and antibody recognition enhanced with Au-NPs (blue).
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The recognition step with Au-NPs functionalized with α-Aβ-1-40 brought to similar
results, with a measured shift in the resonant dip of −37 cm−1 and an uncertainty of
1 cm−1. Again, the control resonance remained unmoved after Au-NPs incubation. Table 2
shows the mean value of the calculated shifts for the repeated experiment, both in λ

and wavenumber.

Table 2. Mean values of resonance positions (nm and cm−1) and resonance shifts (∆nm and ∆cm−1)
of R-NPs arrays considered in the experiment, for both biological detection and negative control tests.

Resonance Position Resonance Shift

α-Aβ-1-16 Aβ-40 Au-NPs with
α-Aβ-1-40

PeptideIncubation Recognition
with Au-NPs

Biological
detection

[nm] 501.99 503.04 503.98 ∆nm 1.05 0.94
[cm−1] 19,905 19,863 19,829 ∆cm−1 −42 −34

Negative
control

[nm] 501.15 500.90 501.16 ∆nm −0.25 0.26
[cm−1] 19,942 19,953 19,942 ∆cm−1 11 −11

The attachment of Au-NPs to the R-NPs/ITO (as opposed to their absence in the
control array) was confirmed through scanning electron microscopy (FIB-SEM, Zeiss Cross
Beam), as can be again seen in Figure 6. It is noteworthy that the limited quantity of Au-NPs
attached to the nanostructured surface explains the relatively small shift observed in λ

(or wavenumber).
Despite the positive results obtained in this experiment, the biofunctionalization step

brought an unlikely reverse shift in the resonance dip, from a value in air of 510.05 nm
before biofunctionalization to a value of 504.52 nm after capture antibody immobilization
for the selected R-NPs array. Further studies need to be done in order to correctly assess
this result.

In order to compare the biosensing response before and after the deposition of the ITO
layer, we have theoretically calculated the resonance shift of the R-NPs and the R-NPs/ITO
covered with a biofilm monolayer over the pillars and the substrate, considering a constant
RI of 1.41, for increasing values of thickness of the layer, from 1 to 20 nm, with a resolution
of 1 nm. These calculations also allow to indirectly obtain the thickness of the Aβ-40 layer
covering the surface of the pillars after the biorecognition, by comparing experimental and
theoretical resonance shifts. For doing this, we have used the non-uniform gridding feature
from Rsoft, which allows defining high resolution in the interfaces between surfaces and
thin layers, and a bulk resolution for the rest of the simulation volume.

Figure 7a shows the resonance shift as a function of the biofilm thickness, for the
R-NPs/ITO array. Considering a biofilm of 20 nm, the total expected shift is of 14.8 nm,
compared with an expected shift with the same thickness of 17.35 nm for the R-NPs without
ITO (Figure 7b). These calculations show that biosensing capabilities are slightly reduced,
in a similar way to bulk sensing sensitivity calculated before.

Experimental shift found with the Aβ-40 incubation is around 1 nm. This corresponds
with an increase in the biofilm thickness between 1 and 1.5 nm after the incubation, due to
the non-linearity of the resonance shift depending on the thickness of the biofilm, as can be
seen in Figure 7a. Molecular weight of this peptide (4329.82 Da) suggests an experimental
value of 1 nm or even lower for biofilm thickness, considering all the surface covered with
the peptide, in a quite good correlation with the calculated thickness of the biofilm.
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4. Conclusions

In this work, we demonstrated that the addition of an ITO thin film over a resonant
nanostructured array does not alter its functioning capacity for label-free optical biosensing.
It is found that the deposition of ITO by magnetron sputtering provides a good control of
the deposition conditions and the possibility to finely adjust the film thickness. The ITO film
confers a high electrochemical activity to the material without compromising its photonic
behavior and optical detection capacity. This new composite transducer opens future paths
for the implementation of dual optical and electrochemical measurements for a resonant
biosensor with well-established capacity for optical biosensing, improving its functionality
in unexplored ways. In this regard, we prove that the presence of ITO thin film does
not inhibit the biosensing activity of the sensor, as demonstrated by the peptide-antibody
detection performed. Moreover, this layer allows optimizing the biofunctionalization
process on a single material (ITO) instead of on pillars or nanostructures of different types
(both single material and multilayered). Furthermore, the deposition of a thin film on top
of a R-NPs array allows a fine-tuning of the resonant mode at the desired λ, depending
on porosity and thickness of the deposited ITO layer. This feature is fundamental when it
comes to implementing the transducer in a point of care device for the performance of in-
vitro bioassays [32–34], bringing the technology closer to a real-life application employing
a laser source in the read-out optical system.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10100393/s1. Table S1: Complete data of bulk
sensing experiment for R-NPs. Table S2: Complete data of bulk sensing experiment for R-NPs/ITO.
Figure S1: Image of the transparent electrochemical cell utilized for the characterization of the
electrochemical behavior of ITO-coated samples. Masked sample, counter and reference electrodes,
and N2 bubbling system are indicated in the image. Figure S2: Voltagrams as a function of the scan
rate recorded for sample R-NPs/ITO to estimate the ECSA. Similar voltagrams were also recorded
for sample TF/ITO. Scan range was 0.05 to 0.25 V to avoid any Faradic contribution to the current
signals and the medium was a phosphate solution, as indicated in the Materials and Methods Section
of the paper. ECSA values could be estimated according to the expressions: Cdl = d(∆j)/2dVd and
ECSA = Cdl/Cs. Figure S3: Optical measurement-picture of the experimental setup (left) and a
schematic figure of the procedure (right, from [1]), including: (a) scheme of pillars immersed in
water, (b) scheme of pillars in dry conditions, and (c) layout of the measurement system. Figure S4:
Resonance shift as a function of the fluids RI, before and after ITO deposition: (a) experimental
data, (b) calculated results. Figure S5: SEM imaging of R-NPs (A and B, before ITO deposition)
and R-NPs/ITO (C and D, after ITO deposition). Both the increase in diameter and the change in
shape directly suggest a correct deposition of ITO thin film on top of the nanostructures. Figure S6:
SEM imaging of arrays of R-NPs/ITO after Au-NPs deposition (A,B) and negative control (C,D) of
biological detection experiment.
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