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Gold-silver alloy semi-nanoshell arrays for label-free
plasmonic biosensors’

Valentina Russo,* Niccolo’ Michieli,* Tiziana Cesca,*® Carlo Scian,® Davide Silvestri,?
Margherita Morpurgo,” and Giovanni Mattei**

Nanosphere lithography coupled to reactive ion etching has been used to synthesize hexagonal
ordered arrays of Au-Ag bimetallic semi-nanoshells to be used as plasmonic biosensors. The
degree of lateral interaction between adjacent semi-nanoshells can be controlled by tailoring the
reactive ion etching time in order to boost the global plasmonic properties through the formation
of near-field hot-spots, which in turn can improve the sensitivity of the biosensors. To test the
efficiency of the proposed system as a biosensor, we used an established protocol for the de-
tection of biomolecules (local sensitivity), based on the receptor-ligand approach and using the
Biotin-Streptavidin model system. We also tested the sensitivity to a homogeneous change in the
refractive index of the buffer over the sensor (bulk sensitivity). Comparing the obtained results to
those of array of nanoprisms, chosen as a benchmark, significantly higher performances both in
local and in bulk sensitivity have been found, in agreement with electrodynamic simulations based

on finite-element methods.

The interest in using the surface plasmon resonance (SPR) of
metal structures to realize sensing devices started in the first
years of 19801. SPR sensors are used in many fields includ-
ing the analysis for food quality?, for environmental monitor-
ing® and for pharmaceutical or medical diagnostics*”. They are
based on the excitation of surface plasmon polaritons (SPP) at a
metal/dielectric interface. SPP can be subdivided into propagat-
ing SPP (PSPP) and localized SPP (LSPP). The localized SPP, in
particular, are characterized by a strong field confinement, and
this property can be exploited for biosensing. Indeed, in the last
twenty years a very intense research activity has been focused on
the investigation and the use of noble metal nanoparticles with
different shapes to realize devices for biological detection. The
sub-wavelength field localization and the consequent strong en-
hancement is used to boost the interaction between the incident
light and the analytes in a limited region around the nanostruc-
tures to achieve improved optical sensing either by measuring
the shift in the localized surface plasmon resonance (LSPR) or
by using Surface Enhancement Raman Spectroscopy (SERS) en-
hanced signal.81© The principal aim of those studies was to de-
sign innovative nanostructures, whose plasmonic properties can
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be exploited to realize optical biosensors for label-free and high-
specificity detection of low concentrations (below the pM level)
of biomolecules with low molecular weight. The specificity of the
detection can be obtained by functionalizing the nanostructures
with suitable receptors, which are able to selectively bind the cor-
responding analyte only. In this way, the desired analyte, and
only that one, is confined in the localized field region, so that the
enhanced interaction with light is experienced only by the desired
analyte. The detection event is characterized by the change in the
optical properties of the nanostructures, which, in turn, is due to
the change of the refractive index around them as the analytes
bind to the receptors. Compared to other types of biosensors,
the high sensitivity of LSPP-based confined nanostructures allows
to avoid the use of an optical marker, obtaining a label-free de-
tection by measuring the change of the extinction spectrum with
simple and cost-effective transmission techniques’. Another ad-
vantage of the use of these systems is their inherent aptitude to
be scaled down to very small sizes, i.e., to sizes comparable to
those of biological molecules, such as proteins or nucleic acids.
As a consequence, in these cases, they can be exploited even at
single-molecule detection level17.

Generally, the LSPP sensors are based on nanoparticles bound to
a substrate rather than in solution, to avoid their intrinsic in-
stability and the aggregation as a consequence of variations of
the pH or temperature”’-!8. Many kinds of plasmonic nanosys-
tems have been investigated, such as nanodisks, nanorings!®

nanoholes?°, nanoprisms2!, nanoshells2224, nanorods!1:25:26,
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nanogaps2’, nanodots?®, nanocrescent moon structures 3. One
of the most simple, inexpensive and used patterning technique
to obtain nanoparticles organized in two-dimensional ordered ar-
rays with high control on size, morphology and composition, is
the nanosphere lithography (NSL)21:2%:30_ The main approach
to biosensing using NSL over the past years has been based on
the fabrication of nanoprism arrays (NPA) as optical transduc-
ers?l. In recent years a new kind of nano-array based on gold
semi-nanoshells (SNS), still obtained using NSL, was investigated
as SERS substrate?231, Calculations have shown that the gaps
between SNS are regions of very intense hot-spots of local-field
enhancement.

In this work, we present a modified fabrication method of SNS
arrays (SNSA), developed to obtain nanostructures made of an
alloy of two metals, Au and Ag in the present case. Owing to
its high chemical stability gold is definitely the most used metal
for the fabrication of biosensing devices. On the other hand,
silver is in general considered a better material from the plas-
monic point of view for its reduced losses with respect to Au. 10-32
On the basis of these considerations, we performed Finite Ele-
ments Method (FEM) simulations to assess the performances of
Au-Ag alloy SNSA, showing that an enhancement of sensitivity
is obtained in this case with respect to pure Au SNSA (see the
Electronic Supplementary Materialf). Here we report the results
of our experimental study on the optical and biosensing proper-
ties of Au-Ag alloy SNS arrays synthesized by NSL. In particular,
the effect of the electromagnetic coupling between the nanostruc-
tures on the LSPR response for proteins detection is investigated.
The attractive characteristics of the SNS arrays are the high sensi-
tivity to refractive index changes (in particular, in close proximity
to their surface), the possibility to have a good control on the
structure and as a consequence on the LSPR spectral position,
which can be tuned from UV to NIR region, and the stability for
device applications.

1 Experimental Section

1.1 Sample preparation

Au-Ag alloy SNS arrays (SNSA) were synthesized by Nanosphere
Lithography (NSL)2!. The process can be divided into three
main steps, as illustrated in Fig. la. In the first step, a mask
of polystyrene (PS) nanospheres is self-assembled on a soda-lime
glass substrate. Before the synthesis of the mask, the substrate
is cleaned in a piranha solution (3:1 by volume of 30% H,0,
and 98% H,S0,) for 1 hour at 90 °C and then washed in ultra-
pure milliQ water. Commercial polystyrene nanospheres (micro-
Particles GmbH) with diameter D = 315 4+ 9 nm were used. The
second step is a Reactive Ion Etching (RIE) process performed to
reduce the initial diameter of the nanospheres and thus opening
gaps between them, without altering the array periodicity. RIE
treatments were done in an Ar-O, atmosphere (60 % Ar and 40 %
0,) at a total pressure of 4x10~2 mbar for different time intervals
to control the degree of lateral coupling (the measured etching
rate for the nanosphere diameter was about 20 nm/min). Two
configurations of SNSA were produced, in the following named
low-interaction (LI) and high-interaction (HI) SNSA. In the third
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step, a thin bimetallic layer (equivalent to a 30 nm thick film,
which corresponds to a shell thickness of about 20 nm at the
nanospheres equator) is deposited on the etched nanospheres by
magnetron co-sputtering. Au and Ag depositions were performed
at the same time by using two sources, with the same inclination
(15 deg) with respect to normal direction of the sample surface.
The samples are mounted on a rotating sample-holder. This co-
deposition results in a homogeneous Au-Ag alloy layer covering
the upper part of the etched PS nanosphere to form the plasmonic
SNS, which constitutes the functional building block of the array.
As an example, in Fig. 1b we have reported scanning electron mi-
croscopy (SEM) images of a typical sample. This method allows
to obtain Au-Ag SNS arrays with a high degree of order up to 1
cm? size scale.

The choice of fabricating Au-Ag alloy SNSA was motivated by
the results on the sensors bulk sensitivity obtained by Finite El-
ements Method (FEM) simulations, which were performed be-
fore the SNSA synthesis and bio-functionalization experiments.
Details about the FEM simulations and the obtained results are
reported in the ESI{. An enhancement of the bulk sensitivity of
more than 20% was obtained for Au-Ag SNSA with respect to
pure Au SNSA in the HI configuration (and more than 10% for
the LI configuration). Pure Ag was not used, instead, to avoid
the possible deterioration of the sensor properties due to surface
oxidation and to guarantee its stability over time.

1.2 Bio-functionalization protocol

A schematic illustration of the bio-functionalization protocol of
the samples is reported in Fig. 1lc. This protocol was devel-
oped by Van Duyne’s group for the functionalization of NPA33,
At first, the samples are incubated for 15 h in a thiols solution, 1
mM, of 1-Octanethiol (1-OCT):11-Mercaptoundecanoic acid (11-
MUA) in 3:1 ratio in ethanol. This forms a protective layer over
the SNSs indicated as the self-assembled monolayer (SAM) in Fig.
1c. Then, the samples are washed with pure ethanol and dried in
vacuum for about 30 minutes. The second step is the coupling of
the biomolecular receptor (Biotin-PEO,-Amine) to the SNSs using
a 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC) cross-linking agent. The EDC activates the carboxyl groups
(-COOH) of 11-MUA to bind to the NH, groups of the Biotin-
PEO,-Amine, forming an amide bond between the receptor and
the thiols layer34. For this functionalization, the samples are in-
cubated in a solution 1 mM of Biotin-PEO,-Amine with 10 mM of
EDC in a phosphate-buffered saline (10 mM phosphate, 150 mM
NaCl, pH 7.4 - PBS) solution for 3 h. Then, they are washed with
PBS 10 mM and ultra-pure water to remove unbound molecules
and dried in vacuum.

Finally, for the recognition event between receptor and analyte,
the samples are incubated in a solution of Streptavidin (SA) at
different concentrations (1013 M < [SA] < 10~ M) in PBS 10
mM for 5 h to ensure achieving of binding equilibrium, washed
with PBS and pure water and dried in a N flux.

1-Octanethiol, 11-Mercaptoundecanoic acid, ethanol, PBS, EDC,
Streptavidin and BSA (Albumin from bovine serum) were pur-
chased from Sigma Aldrich while Biotin-PEO,-Amine was pur-
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Fig. 1 (a) Schematic diagram of the synthesis process of Au-Ag semi-nanoshells (SNS) arrays: 1) self-assembly of a PS nanospheres mask on a
soda-lime glass (SLG) substrate, 2) reduction of PS nanospheres diameter by reactive ion etching, 3) co-deposition of Ag and Au by magnetron
sputtering. (b) FE-SEM image of a typical Au-Ag SNS array at different magnification. (c) schematic illustration of the SNS bio-functionalization

protocol (not to scale).

chased from Thermo Scientific. All reagents were used without
further purification.

1.3 Characterization techniques

The morphological properties of the samples were investigated
with field-emission scanning electron microscopy (FE-SEM) and
atomic force microscopy (AFM). The FE-SEM microscope utilized
is a Zeiss SIGMA HD that can operate in the 0.2-30 kV range, with
a spatial resolution of about 1.2 nm at 30 kV. It is equipped with
a detector for energy dispersive x-ray analysis (EDX by Oxford
Instrument) used for compositional analysis. Measurements were
performed at 5 kV for imaging in in-lens mode and at 10 kV for
micro-analysis. AFM measurements were performed using a NT-
MDT Solver PRO-M microscope with a 100 x 100 um scanner. UV-
VIS optical absorption characterizations were done with a JASCO
V670 spectrophotometer in the 300-2500 nm wavelength range.

2 Results and discussion

2.1 Morphological and optical properties

The final structure of the synthesized samples is a hexagonal ar-
ray of SNS nanounits. The structural parameters of the array as
shell thickness, curvature, spacing between adjacent units and
size of the units can be controlled by metal deposition and tem-
plate preparation conditions during the RIE process (total pres-
sure of gas mixture, etching time and initial diameter of the PS
nanospheres). A typical morphology is illustrated in Fig. 1b: in
this case, the SNS array was obtained with PS nanospheres with
initial diameter, D = 31549 nm, a RIE etching time of 8 minutes

This journal is © The Royal Society of Chemistry [year]

and a total metal thickness of about 30 nm (measured on flat
films, corresponding to about 20 nm at the nanospheres equator).
The resulting final gap between the SNS is of about 120 nm. The
RIE process of PS nanospheres is anisotropic because the etching
is directed along the normal to the nanospheres plane. Therefore,
their final shape is not a sphere but is more similar to a lens.

Each nanounit, the semi-nanoshell, is made by a coverage of Au-
Ag alloy on top of the RIE-etched polystyrene nanosphere. The
composition of the metallic coverage was checked by EDX spec-
troscopy, resulting in an atomic concentration of 47% of Ag and
53% of Au. The surface of the SNS presents a very interesting
roughness as shown in the FE-SEM image at higher magnification
in Fig. 1b. This morphology can be controlled by varying the
Ar:0, ratio during the RIE process and it is a combined effect of
the roughness induced on the etched nanospheres during the RIE
process and the sputtering deposition of the metals. The role of
the shell roughness on the shape and position of the resonances
and on the bulk sensitivity of the sensors was investigated by com-
paring the results of FEM simulations of Au-Ag SNSA with a flat
metallic surface and of SNSA with a rough metallic shell. The re-
sults are reported in the ESI{. A uniform random roughness with
an amplitude of 20 nm was used in the simulations. This level of
roughness corresponds to about 50% of the shell thickness, thus
a value comparable to the roughness observed in the experimen-
tal samples. Anyhow, differences in the simulated absorbances
smaller than 1% between structures with or without roughness
were estimated, leading us to conclude that the roughness does
not play a crucial role in determining the relevant optical proper-
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ties of our system.

The optical properties of the samples can be easily tuned by
changing the RIE etching time, which controls the lateral coupling
between the SNSs. An example of this effect is shown in Fig. 2,
which reports the far-field absorbance spectrum of the SNSA with
a gap of 120 nm (blue line, RIE 8 min) and of 35 nm (black line,
RIE 3 min). The wavelength of the LSPR peak is A = 1212 nm
for the RIE 3’ sample (black line, high-interaction or HI sample)
and it is red-shifted with respect to the one of the RIE 8’ sample
(A = 920 nm, blue line, low-interaction or LI sample), due to the
larger lateral coupling between neighboring SNSs.

2.2 Bio-functionalization and LSPR response

To study the application of SNSA as plasmonic biosensors, the
samples were functionalized with a typical receptor-ligand couple
of biomolecules such as Biotin-Streptavidin. Streptavidin (SA) is
a bacterial tetrameric protein from Streptomyces avidinii, with a
molecular weight of 60 kDa. Biotin (vitamin H) is a small wa-
ter soluble molecule with a molecular weight of 244.2 Da. The
interaction between Biotin and Streptavidin is characterized in
solution by a very high affinity constant (K, = 10> M~1). In
particular, four molecules of Biotin can bind to one molecule of
Streptavidin in equivalent sites, which are situated on opposite
sides of Streptavidin, as sketched in Fig. 1336, The high affin-
ity stems from hydrophobic interactions, shape complementarity,

hydrogen bonds and structural rearrangement of the protein>°.

The bio-functionalization protocol used for SNS arrays has
been extensively investigated in previous works by Van Duyne’s
group33. This protocol is characterized by three steps of func-
tionalization and at each step a different layer of molecules is im-
mobilized on the surface of the samples, as previously described.
The SAM of 1-OCT:11-MUA (in 3:1 ratio) forms a protective layer
from non-specific interactions, and it allows to bind Biotin on
SNSs by a cross-linking reaction with EDC. The receptor layer
is not uniform because the Biotin can bind only to the 11-MUA.
This is an important aspect because the interaction is influenced
by the steric hindrance and by the concentration of biotinylated
molecules. At each functionalization step, additional layers of
molecules are deposited on the surface, producing a red-shift of
the LSPR peak. Since upon functionalization the modification
of the absorption curve is not simply a rigid shift but involves
both a shift and a deformation, a simple evaluation of the maxi-
mum position can be unsatisfactory to follow the dynamic of the
biorecognition. Therefore, for the analysis of the LSPR peak shift
we monitored the evolution of its centroid, performing at each
step a weighted average over the absorbance of the peak abscis-
sas above a given threshold A,;, using the following equation:

Yidi- (A —Aup)

)vcentmid = m: €h)

where A; is the absorbance value at wavelength A;. The error on
the shifts has been evaluated as 3¢ (o being the standard devia-
tion of the centroid in a set of repeated measurements), to take
into account both the statistical errors and the errors due to intra-
sample inhomogeneities.
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Fig. 2 LSPR spectra for low-interaction (LI) and high-interaction (HI)
Au-Ag SNS arrays: absorbance measurements of samples obtained
with a RIE etching time of 8 min (blue line, LI) and 3 minutes (black line,
HI), respectively.

In order to verify that no modifications of the nanostructures oc-
curred during the bio-functionalization process, the absorbance
spectra of several samples were measured before and after the
exposure to the PBS solution and successive rinsing and drying.
In all the cases, no changes in the spectra were observed. More-
over, the morphological stability of the SNS arrays was checked
by FE-SEM measurements of the functionalized samples. The pos-
sible oxidation effect of the metallic shells, which might induce a
degradation of the sensor performances, thus compromising their
stability over time, was taken into account too. To do this, Au-
Ag alloy films were deposited by magnetron sputtering during
the SNSA synthesis and their optical constants were measured by
ellipsometry before and after thermal annealing at 300°C in air
(Fig. S5 of ESI}). No variation in the dielectric function was de-
tected.

The response of the LSPR sensors is controlled by the mor-
phological and compositional characteristics of the nanoparticles
used, as they define the spectral width, the decay length of the
electromagnetic field and the extinction intensity of the spectrum.
In this study we have investigated two sets of samples, which dif-
fer in size and gap distance between the SNS therefore provid-
ing a different level of interaction. In the first case (sample LI),
the SNS exhibit a larger gap (about 120 nm) with a lower de-
gree interaction: each SNS can be considered, to a good level of
approximation, as an individual sensor. In the other case (sam-
ple HI), the SNS have an average gap of about 35 nm, so they
can be considered electromagnetically coupled with a higher de-
gree of interaction. The two sets of samples were functionalized
with biological molecules and the LSPR response was monitored.
For each step of bio-molecules incubation, an incremental red-
shift (AA.) of the LSPR peak centroid was observed, as shown in
Fig. 3b and c for the low-interaction SNSA (LI-SNSA) and high-
interaction (HI-SNSA) samples, respectively. In the case of LI-
SNSA, at the first step of functionalization with SAM, the samples
exhibit a AA. of +11 nm, considering a threshold at 50% of the
peak height (see Fig. 3a). After the functionalization with Biotin,
the samples exhibited an additional red-shift of 5 nm, indicating
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Fig. 3 (a) Schematic illustration of the analysis used for LSPR peaks: A ..0ia (Ac) is the centroid of the peak calculated for the part of the spectrum
above the threshold A,j,, according to Eq. 1. (b)LSPR spectra for a sample of LI Au-Ag SNS arrays before and after functionalization with
bio-molecules (the 1. values were calculated choosing a threshold at the value of absorbance (A,;,) at the 50% of the peak height): 1. of the sample
as deposited (black line) is 923 nm; A, after functionalization with SAM is 934 nm (green line); A, after functionalization with Biotin is 939 nm (blue
line); A. after exposition of 100 nM of Streptavidin is 950 nm (pink line). (c) LSPR spectra for a sample of HI Au-Ag SNS arrays functionalized with
biological molecules: 1. of the sample as deposited (black line) is 1204 nm; 4. after functionalization with SAM is 1230 nm (green line); A, after
functionalization with Biotin is 1239 nm (blue line); 4. after exposition of 100 nM of Streptavidin is 1277 nm (pink line).

the successful binding of the receptor. Exposure of the SNSA to
100 nM of Streptavidin results in a maximum AA. of about +11
nm, corresponding to a saturation of SA for this density of recep-
tors. In the case of HI-SNSA, the samples exhibit a AL, of +26
nm with SAM, an additional red-shift of 9 nm with Biotin and the
exposure of the HI-SNSA to 100 nM of Streptavidin results in a
maximum AA. of about +38 nm. All the LSPR centroid varia-
tions were measured considering a threshold at 50% of the peak
height.

The LSPR response curve, defined as AA. as a function of
the Streptavidin concentration [SA], was measured in the range
10~13 M < [SA] < 10~° M and the results are shown in Fig. 4.

The data were fitted with the model of Langmuir isotherm, 12 ac-
cording to Eq. 2:
Kuors- [SA]
M = Mg gy —2I L 270 2
C C,sat 1 +Kaveff . [SA] i ( )

where AA. s is the saturation value of AA. and K, .y is the "ef-
fective affinity constant” at the interface. K, s and the limit of
detection (LOD) of the system under study can be measured from
the response curve. In this case the LOD is estimated as the ab-
scissa of the intersection point between the confidence interval
associated with the non-response point and the sensing curve, as
shown in Fig. 4. For the LI-SNSA, the experimental results have
shown K, .y = (1.0 = 0.5)x10° M~!, a saturation value Alcs
=10 4+ 1 nm and a LOD = 2x10~'% M. Whereas for the inter-
acting case (HI-SNSA) the results are: K, .;r=(3.3 £ 0.5)x10°
M~!, Adcsur = 36 = 1 nm and a LOD = 3x10~!'M. A comment
is worth to be done at this point. Considering the exposed surface
per unit cell of the array of semi-nanoshells, the HI array has a
metal surface equal to about 2 times the surface in the LI array. In
principle, thus, the HI configuration, that exposes a larger surface
to the bio-molecules, should require a larger amount of analyte to
be fully covered, and may result to be less sensitive and to have a
higher LOD with respect to the LI-SNSA. In fact, only the portion
of the shells that is close to the equator (and thus experiences the

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Measured response curves of A2, versus [SA] for the binding of
SA to a biotinylated SNSs surface for the LI and HI samples. The solid
line is the calculated value of AA, using Langmuir Isotherm described in
equation 2. Inset: FE-SEM image of LI- and HI-SNSA samples. The
scale bars are 200 nm in both images.

maximum interaction) participates in the sensing process, leaving
a large portion of the metallic surface unused. On the contrary,
the experimental results demonstrated that the HI configuration
performs better than the LI one, thus further confirming the great
importance of the interaction in controlling the performances of
the SNSA sensors, which is able to compensate this intrinsic limit
of the HI-SNSA.

The similar values of K, .y obtained for HI- and LI-SNSA indicate
that the Biotin-Streptavidin interaction is not largely affected by
the degree of coupling between SNS, but is mainly controlled by
the SNS morphology. As expected, the measured K, s, is lower
than the value of K, referred to binding events in solution, and
this can be ascribed to the different constraints imposed by the
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Fig. 5 LSPR spectra for a sample of HI Au-Ag SNS arrays
functionalized with bio-molecules: the A, at the FWHM of the peak is
1155 nm after functionalization with Biotin (blue line); 1. at the FWHM
after incubation with BSA (1mg/ml)(red line) is 1159 nm.

solid-liquid interface. In fact, in this configuration the binding
is influenced by the concentration and orientation of the ligand
and by its interaction with the surface3>. The LOD obtained
with SNSA for Streptavidin is comparable to the value obtained
in other works using Au nanoparticles-enhanced SPR sensors®7,
confirming the high sensitivity of these systems, which can be fur-
ther improved by optimizing the functionalization protocol and
the structural parameters of the nanoarray.

Another important feature for the development of sensing de-

vices that was investigated in the present work is the sensor sensi-
tivity to an aspecific signal. In order to study the specificity of the
LSPR response of the synthesized SNSA and to confirm the pro-
tective effect of the thiols layer and of the PEGylated Biotin, the
SNSA were functionalized with SAM and Biotin and exposed to
a very high concentration of BSA (Albumin from Bovine Serum).
BSA is a protein with a molecular weight similar to Streptavidin,
and it is usually used to simulate the effect of an interfering
species in a biological solution of analytes, such as proteins33:38,
The typical concentration of BSA used is 1 mg/ml corresponding
to a concentration of 1.5x107> M.
In the present work, a sample of HI-SNSA was tested and the ob-
tained results are shown in Fig. 5. The measured AA. is +4 nm
(i.e., about 10% of AA. ), using a concentration which is two
orders of magnitude higher than the saturation value for Strep-
tavidin. This result indicates that there is not a dramatic effect
of aspecific response, in agreement with the results of BSA ex-
posure in Ag nanoprism arrays>3. Moreover, the SNS arrays are
stable after all the chemical treatments and this is confirmed also
by the morphological analysis of the functionalized samples. The
stability of these systems is very important for the realization of
devices, because it is necessary to avoid changes of the LSPR spec-
tra that can be due to alterations of the structure.
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Fig. 6 The normalized ratio AA/A in a LI-SNSA versus the Streptavidin
molar concentration, [SA], at a fixed wavelength of 1120 nm. The solid
line is the calculated value of the normalized AA/A using the Langmuir
Isotherm. Inset: normalized AA/A for the Streptavidin detection at the
highest concentration (10-¢ M) as a function of the wavelength.

2.3 Intensity-interrogation approach
So far, the used approach was based on a wavelength-
interrogation mode, i.e., we measured the absorbance at normal
incidence by scanning the wavelength of light. We explored also
the possibility of using SNSA as an intensity-interrogated biosen-
sor. Therefore, instead of monitoring the LSPR peak centroid
shift, we measured the difference in absorbance after exposure
to the analyte at a fixed A. This method is based on the difference
between the absorbance values (A) before and after the Strepta-
vidin detection, which can be expressed as in Eq. 3:
(&) _ Aanalyte *Areceplor. (3)
A Areceptor
The major point here is to select the wavelength A at which the
sensor is designed to operate. As a possible criterion, we used the
A corresponding to the maximum point of the AA/A curve for the
highest Streptavidin concentration explored (10~° M), where the
curve exhibits also the largest stability (i.e., smallest local deriva-
tive) as it can be seen in the inset of Fig. 6. Moreover, this A
corresponds approximately to the inflection point of the LSPR
spectra after the maximum, which demonstrated to be very sen-
sitive to dielectric environment changes. In this case (LI-SNSA),
the wavelength used is 1120 nm and the normalized absorbance
ratios were calculated for all the analyte concentrations.
()= (B e @
A norm A norm,sat 1+ Ka,eff : [SA]

where (AA/A)normsar is the saturation value of the (AA/A)uorm.
The fit of these data with the Langmuir isotherm, described by
Eq. 4, resultsina K, .ry=(8 = 5) x 10° M~! with a LOD of about
1x10~ 1 M. These results are consistent with those obtained by
the centroid analysis and, for the LI-SNSA, indicate that an en-
hanced LOD can be attained, showing that the SNSA are promis-
ing systems also for a fixed wavelength detection scheme.
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Fig. 7 LSPR spectra for a sample of Ag triangular nanoprisms arrays
(NPA) with lateral size L = 116 nm, and height 2 = 50 nm functionalized
with bio-molecules: 1. of the sample as-deposited (black line) is 695
nm; 4. after functionalization with SAM is 700 nm (green line); A, after
functionalization with Biotin is 708 nm (blue line); A, after exposition of
100 nM of Streptavidin is 716 nm (red line). Inset: AFM image of a
typical sample of Ag triangular NPA.

2.4 Sensitivity comparison with nanoprism arrays (NPA)
We compared the LSPR sensing performances of the bimetallic
SNSA with the typical ordered nanostructure that can be syn-
thesized by nanosphere lithography, i.e., the nanoprism array
(NPA). Although the shape of these nanostructures and their op-
tical properties are quite different from SNSA, NPA have been
studied so extensively during the last years’-33
sidered as a benchmark for NSL-based biosensors. Thus, in the
present case we compared the two kinds of nanostructures (SNSA
and NPA) that can be obtained starting from the same mask of
polystyrene nanospheres, with a lattice parameter ag =315 nm. In
the NPA, the functional nano-unit is a silver triangular nanoprism
obtained by NSL patterning followed by thermal evaporation of
the metal3933:3940_ In our case, the nanoprisms have a lateral
size L=116+5 nm and a height 4 =50+5 nm.

For the functionalization, we used the same protocol as in the
study of SNSA. The LSPR peak of the NPA is around 700 nm, as
showed in Fig. 7, and it gets red-shifted after each step of the
functionalization protocol as a result of the successful binding of
the molecules. Using the centroid method previously described,
we obtained the A, at each step: after functionalization with SAM,
Ac is shifted of +5 + 1 nm, after Biotin of +8 & 1 nm and after
exposure to 100 nM of Streptavidin of +8 + 1 nm. LI-SNSA gave
comparable results as NPA, even if NPA nanoprisms were made of
Ag whereas SNSA are a Au-Ag alloy. Moreover, HI-SNSA provided
better performances in terms of a higher saturation shift, thus
demonstrating that SNSA constitute a very interesting nanoarchi-
tecture for LSPR-based bio-sensing of thin molecules layers.

We interpreted these results by comparing the bulk sensitivity
Spuik = 0A./0n of SNSA and NPA. To this aim, we measured the
change in the LSPR centroid with the samples in water (n=1.33)
for the Ag NPA and in Norland Optical Adhesive 61 (NOA 61) (n=
1.54) for the HI-SNSA, with respect to air (n = 1), i.e., in the first

that can be con-
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Table 1 Bulk and surface sensitivities for the three investigated
nanostructures: AA, is the redshift of the plasmonic resonance upon
exposure to [SA] = 1077 M.

Shutk A

[nm/RIU] [nm]
LI-SNSA 385 8
HI-SNSA 405 37
NPA 250 8

case for a An = 0.33, RIU whereas in the second for a An = 0.54 RIU

variation. We have obtained a bulk sensitivity of Sg:liA) =250+10

nm/RIU, while for SNSA a value of S*¥*) — 405+ 10 nm/RIU.
The experimental absorbance spectra of the two nanoarrays (HI-
SNSA and NPA) measured in the different dielectric environment
are reported in the ESIf. For Ag NPA, values ranging from 200
nm/RIU to 260 nm/RIU have been reported in literature3%41, in
perfect agreement with our results. It is worth noting that in
order to have exactly the same exposed metal surface of the HI-
SNSA (but keeping constant the shape of the nanoprisms), a NPA
with lattice parameter gy of 620 nm, nanoprism side length L of
228 nm and height 4 of 98 nm should be considered. However,
we have recently demonstrated by FEM simulations3 that such
a Ag NPA would have an expected theoretical bulk sensitivity of
about 325 nm/RIU, that is, still lower than the value measured
for HI-SNSA.

A final comparison of the absolute local sensitivity among the
three investigated nanostructures (LI-SNSA, HI-SNSA and NPA)
can be done by comparing the absolute value of the centroid shift,
AA., measured by exposing the three biosensors to the same con-
centration of Streptavidin [SA] = 10~7 M (i.e., at saturation).
Since we used the same protocol for the functionalization of the
three nanostructures, we can consistently consider AA. as a quan-
tity directly proportional to their actual local sensitivity Sy. The
bulk sensitivity Sj,;; and AA. values are summarized in Table 1
for the three investigated nanostructures. The same AA. was ob-
tained for LI-SNSA and NPA, in spite of the lower bulk sensitivity
of NPA. This can be explained considering that, as reported in
Ref. [39], the local sensitivity is directly proportional to the bulk
sensitivity and inversely proportional to the decay length of the
electromagnetic field, and a shorter effective decay length was
determined by FEM simulations for NPA than LI-SNSA. More-
over, the data in Table 1 demonstrate that the HI-SNSA system
can be more sensitive than Ag NPA made starting from the same
PS nanosphere mask, both from the viewpoint of bulk and lo-
cal sensitivities, even taking into account the fact that SNSA are
not made of pure Ag but of an Au-Ag alloy, which has enhanced
chemical stability with respect to the pure silver case42.

3 Conclusions

We synthesized ordered arrays of Au-Ag alloy semi-nanoshells
(SNS) with tunable plasmonic properties in the NIR range by
combining nanosphere lithography and reactive-ion etching. By
controlling the gap distance between the SNS, we have com-
pared the label-free biosensing properties of low-interaction (LI)
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and high-interaction (HI) arrays of SNS using a model system of
probe-analyte couple, like Biotin-Streptavidin. The LOD obtained
for the Streptavidin molecule is of the order of 10~!' M and 1010
M for the high-interaction and low-interaction SNSA, respectively,
demonstrating the high sensitivity of these systems, which could
be further improved by increasing the level of SNS interaction.
The SNSA biosensors exhibited a remarkable immunity against
aspecific interaction upon exposure to very high concentrations
of BSA. An analysis of the performances of the SNSA also in an
intensity-interrogation scheme was performed, indicating that the
LOD obtained with the low-interaction SNS can be improved with
an alternative approach based on the analysis of the absorbance
variation measured at a fixed wavelength.

Finally, we have compared the biosensing bulk and surface sen-
sitivity of the Au-Ag alloy SNSA with those of Ag NPA, which are
more commonly used as plasmonic sensors. The saturation re-
sponse of the LI-SNSA is comparable with the results obtained
with the NPA, while the interacting HI-SNSA showed a higher
signal in agreement with their enhanced bulk and local sensitiv-
ity. The experimental bulk sensitivity of the Au-Ag SNSA is much
higher with respect to the Ag NPA in good agreement with the
FEM calculations. This demonstrates that a label-free biosens-
ing scheme based on bimetallic SNSA improves under many as-
pects, and in particular in terms of bulk and surface sensing per-
formances, with respect to the currently established NPA-based
techniques. Thus the proposed method can be considered as a
very promising approach to label-free biosensing, which can be
both scaled down to relatively small molecular weight molecules
and used as well for larger structures like, for example, viruses or
bacteria.
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