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Amplifying Sensing Capabilities: Combining Plasmonic
Resonances and Fresnel Reflections through Multivariate
Analysis

Jaione Etxebarria-Elezgarai,* Luca Bergamini, Eneko Lopez,
Maria Carmen Morant-Miñana, Jost Adam, Nerea Zabala, Javier Aizpurua,
and Andreas Seifert*

Multivariate analysis applied in biosensing greatly improves analytical
performance by extracting relevant information or bypassing confounding
factors such as nonlinear responses or experimental errors and noise.
Plasmonic sensors based on various light coupling mechanisms have shown
impressive performance in biosensing by detecting dielectric changes with
high sensitivity. In this study, gold nanodiscs are used as metasurface in a
Kretschmann setup, and a variety of features from the reflectance curve are
used by machine learning to improve sensing performance. The
nanostructures of the metasurface generate new plasmonic features, apart
from the typical resonance that occurs in the classical Kretschmann mode of a
gold thin film, related to the evanescent field beyond total internal reflection.
When the engineered metasurface is integrated into a microfluidic chamber,
the device provides additional spectral features generated by Fresnel
reflections at all dielectric interfaces. The increased number of features results
in greatly improved detection. Here, multivariate analysis enhances analytical
sensitivity and sensor resolution by 200% and more than 20%, respectively,
and reduces prediction errors by almost 40% compared to a standard
plasmonic sensor. The combination of plasmonic metasurfaces and Fresnel
reflections thus offers the possibility of improving sensing capabilities even in
commonly available setups.
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1. Introduction

Surface plasmon resonance (SPR)
biosensors are widely used for opti-
cal sensing in biology, microbiology,
biochemistry, and medical sciences.
They provide rapid, non-invasive, and
high-sensitivity detection, with possible
real-time analysis, and they are used to
monitor binding conditions between
molecules, viruses, or bacteria.[1–4]

Nowadays, the primary optical excitation
method in commercial SPR systems
includes the attenuated total internal
reflection that generates an evanescent
wave, such as in a typical Kretschmann
configuration, where a high-index prism
serves as a coupling medium to match
energy and momentum of incoming
photons with metal electrons to generate
surface plasmon polaritons (SPPs). The
limit of detection of SPR systems is
about several pg·mm−2, which is two
orders of magnitude better than stan-
dard detection methods.[5] Although
SPR is a powerful and highly sensitive
biosensing technique, it has not yet
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reached its full potential. The sensitivity cannot be improved be-
yond a specific limit due to limitations imposed by light-matter
interactions, which gives rise to purely propagating SPPs on a
flat metal surface.[5,6] The metal surface usually consists of noble
metals such as gold (Au) or platinum, semi-noble metals such as
copper or silver, or aluminum.
One alternative for enhanced sensitivity, reported in the liter-

ature, relies on the modification of the physical properties of the
surface plasmons by employingmetamaterials composed of plas-
monic nanostructures hosting localized surface plasmon reso-
nances (LSPRs). Some examples of plasmonic metamaterials in-
clude plasmonic nanorods,[7] nanoslits[8] and nanodot arrays,[9]

3D plasmonic crystals[10] or graphene-Aumetasurfaces.[11] These
designed materials open the way for developing devices with de-
tection sensitivities down to single molecules and provide new
biosensor technology. Nonetheless, these new plasmonic devices
require complex fabrication processes, with increased manufac-
turing time and costs, resulting in difficult commercialization
since they are very specific with respect to their application. From
a fabrication point of view, Au is the preferred material for plas-
monic metamaterials in biosensors, first, because the functional-
ization process of Au surfaces for biosensing applications is well
established,[12] second, because the nanofabrication techniques
with this material have experienced significant advances during
the last years,[13] and third, because of its chemical stability. Di-
rect writing techniques like electron beam or ion beam lithogra-
phy can be used to obtain nanostructures with nanometer-sized
gaps.
Among the strategies to improve the sensitivity of SPR sen-

sors, nanostructured gratings of noblemetals have demonstrated
successful results.[14–17] In 2D periodic arrangements of nanos-
tructures, surface lattice resonances (SLRs) can be excited due
to in-plane diffracted light, in addition to LSPRs excited in the
nanostructures, which act as nanoantennas.[16] When coupled to
resonant plasmonic nanostructures, these SLRs provide sharp
optical features in the optical response of the system that can be
exploited for achieving enhanced sensitivity and resolution.[18–20]

In addition, when the dielectric-plasmonic interface is oper-
ated in Kretschmann configuration, the evanescent field created
beyond the angle of total internal reflection (TIR) can couple to
the nanostructures in analogy to propagating plasmons in con-
tinuous metal layers, leading to SPP-like resonances.
All these plasmonic effects and their coupling depend on the

material, size, shape, arrangement, and environment of single
plasmonic nanostructures.[21–23]

While conventional data analysis considers a single feature of
the plasmonic response in the reflectance curve, such as the an-
gular resonance shift, multivariate data analysis (MVA) methods
do collect more information from the reflectance curves. Hence,
as demonstrated in a recent work,[24] MVA allows considerable
improvement in data analysis compared to univariate analysis
(UVA) by optimizing (non)linear combinations of many charac-
teristic features or variables of the SPR curves.
Our work introduces a MVA approach for improving the cur-

rent SPR technology toward better sensitivity and resolution. The
proposed SPR device comprises metamaterials as Au nanopar-
ticle arrays, patterned on top of a glass substrate and inte-
grated into a microfluidic chamber made of polymeric layers.
We optically excite the SPR device in Kretschmann configura-

tion by monochromatic laser light. The array of Au nanodiscs
induces diffraction effects owing to the lattice,[25] LSPRs rooted
in the finite size of the plasmonic nanostructures and a material-
dominated SPP-like resonance due to the evanescent field at an
angle where energy and momentummatch the resonance condi-
tion. At the same time, the light transmitted through the Au nan-
odisc layer interacts with the different dielectric interfaces of the
whole sensing device, including the layers constituting the mi-
crofluidic chamber, the analyte, and surrounding air, leading to
multiple Fresnel reflections. The measured reflected light shows
a complex structure in its angle-dependent curve, associated with
plasmonic resonances at the metallic nanograting and multiple
Fresnel reflections generated at the different dielectric interfaces.
As a result, the reflectance curve presents multiple dips, whose
numerous features are exploited byMVA and compared to a stan-
dard plasmonic sensor based on a continuous Au layer.

2. Experimental Section and Methods

2.1. SPR System Configuration

The SPR optical system was set up in Kretschmann configura-
tion, where p-polarized laser light of 𝜆= 632.8 nm enters the sys-
tem through a high refractive index cylindrical prism (SF57, n =
1.8396) and a BK7 substrate (n = 1.5151, thickness 0.17 mm), be-
fore exciting the plasmonically active Au nanostructure. The in-
cident laser light always stroked the curved cylindrical surface of
the prism at normal incidence, that is, without refraction. A cus-
tom MATLAB software controls rotational stages and detectors,
as described in a previous work.[24] Figure 1 shows a schematic
of the proposed plasmonic device in Kretschmann configuration.
An analyte covered themetasurface and is separated from the en-
vironment (air) by a PMMA layer of thickness 175 μm.

2.2. Fabrication of the Nanostructured SPR Device

The plasmonic device was fabricated as a nanostructured grat-
ing on a 170 μm BK7 glass substrate. First, a grating pattern in
ZEP20A resist was written by electron beam lithography (EBL)
in a RAITH150Two EBL system (Dortmund, Germany) at 20 kV
beam energy, 30 μm aperture, 10.5 nm working distance, and
20 × 20 μm2 writing field. Then, a 50 nm-thin Au layer was de-
posited on the structure by physical vapor deposition, using a
two nm-thick titanium interlayer as an adhesion layer. Finally, a
lift-off process delivered the desired nanostructures (nanodiscs),
as shown in Figure 1c, realized by immersing the substrate in
ZED developer and rinsing it with acetone. The nanostructured
grating consisted of a nanodisc array, with disc diameters D =
200 nm and height h = 50 nm, arranged with a 2D grating pe-
riod P = 300 nm (hereafter design P300D200h50).
For comparison, a standard plasmonic device, consisting of a

50 nm continuous Au layer, was fabricated by direct physical va-
por deposition on top of a 170 μmBK7 glass substrate, using a ti-
tanium binding layer of 2 nm. Subsequently, the nanostructured
substrate was integrated into a microfluidic chamber manufac-
tured by polymer layer lamination, as described in[24] and shown
in Figure 1d.
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Figure 1. Optical, plasmonic, and fluidic elements of the developed SPR
sensor: a) Schematic of the plasmonic setup in Kretschmann configura-
tion (image not to scale) consisting of an excitation laser (𝜆 = 632.8 nm),
a coupling prism, and the SPR device comprised of a nanostructured Au
metasurface for enhanced surface plasmon resonance sensing. b) Stan-
dard plasmonic sensor based on a continuous gold layer, which only ren-
ders SPPs.[24] c) SEM image of a plasmonically active 2D Au nanodisc
grating fabricated by electron beam lithography on top of a BK7 glass sub-
strate; Inset: zoom in of the nanograting. d) Final 22× 22mm2 SPR device,
including the nanodiscmetamaterial of 1.5× 1.5mm2 on a glass substrate
and the microfluidic chamber composed of dielectric layers.

2.3. Electromagnetic Simulations

Finite-elementmethod (FEM) simulations were carried out to de-
sign the final nanostructured grating with an optimal plasmonic
response shown in this manuscript. This work utilized the com-
mercially available software package COMSOL Multiphysics. A
schematic representation of the light path through the plasmonic
substrate is presented in Figure 2. Given the large coupling prism
size (radius of 40 mm) and the thick BK7 glass substrate (thick-
ness of 170 μm), as compared to the nanostructures (height h of
tens of nm), as well as the entire integrated device comprising
microfluidics and polymeric housing, the original dimensions
comprised a severemulti-scale nature. Thismulti-scale character-
istic cannot be covered fully by discretization-based simulations
due to the vast computational capacity. Therefore, initial simu-
lations for 1D and 2D structures (thin films and 1D-Gratings)
were conducted with a semi-analytic, in-house-developed rigor-
ous coupled-wave analysis (RCWA) code. These simulations re-
vealed that including all-dielectric interfaces at realistic distances
only introduces a multitude of back- and forward reflections and
Fabry-Perot resonances. In the final model, fully analytic Fresnel
corrections were consequently considered for the large layer in-
fluence and only considered a short interface range between the
BK7/Au/analyte in the FEM calculations (Figure 2b). The FEM-
simulated result was subsequently corrected via Snell’s law to in-
clude the interface effects between the BK7 glass substrate and
the SF57 coupling prism and between the prism and the sur-
rounding air, as shown in Figure 2c.
The optical material properties used in this study were defined

by their complex refractive indices at 𝜆 = 632.8 nm. For the BK7

Figure 2. Schematics of the SPR system considered in the electromagnetic
simulations (sketches not to scale). a) Representation of the plasmonic
substrate with 2D grating, which is attached to the coupling prism of the
Kretschmann configuration; the microfluidic chamber is not considered.
b) Simulation box, which considers the light interactions only in a short
range near the Au nanostructures; period P = 300 nm, disc diameter D
= 200 nm, height h = 50 nm. c) Light propagation within the system con-
sidering multiple reflections at both air/SF57 and SF57/BK7 interface. d)
Top view of the simulated periodic Au nanostructure composed of circular
nanodiscs.

glass substrate, SF57 coupling prism, air media, and analyte me-
dia, refractive index values of 1.5151, 1.8396, 1.0, and 1.332 (for
water) were used, respectively; for the Au and Ti binding layer,
the complex refractive indexes nAu = 0.1941 + 3.5932 i[26,27] and
nTi = 2.70421 + 3.765614 i[27,28] were employed, respectively.
The optical response was calculated for a broad range of inci-
dent angles, using an incident plane wave with 𝜆 = 632.8 nm in
Kretschmann configuration and for varying analyte refractive in-
dex n. Several nanogratings were simulated with different nanos-
tructure heights, sizes, shapes, and pitches to find the optimum
nanostructure design. Due to the enhanced simulation speed of
time-domain methods, this work roughly investigated these in-
fluences with finite-difference time-domain (FDTD) simulations
(see Supporting Information) before simulating the finally cho-
sen structure with the enhanced accuracy of the FEM-intrinsic
non-cartesian grids.
As mentioned above, the electromagnetic calculations cannot

consider the whole sensing device but only the plasmonic meta-
surface, attached to the coupling prism and in contact with the
analyte sample under test. Additionally, the light back-reflected
to the detector after traveling through the integrated system, RT,
is estimated as the sum of back reflections from all-dielectric
interfaces, Ri, using Fresnel’s equations for p-polarized light,
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Figure 3. Schematic of the transmitted and reflected light at each dielec-
tric interface involved in the SPR system operated in Kretschmann config-
uration (image not to scale); multiple reflections are not displayed in this
picture.

where also all multiple reflections must be considered, that is,

RT =
∑

Ri (1)

Ri =

||||||||||

ni

√
1 −

(
ni
ni+1

sin 𝜃i
)2

− ni+1 cos 𝜃i

ni

√
1 −

(
ni
ni+1

sin 𝜃i
)2

+ ni+1 cos 𝜃i

||||||||||

2

(2)

where ni and ni+1 represent the refractive indices before and be-
hind the ith interface, respectively; and 𝜃i is the angle of inci-
dence at the interface. The back reflections at the outer dielec-
tric interfaces encountered between the different dielectric layers
that form the microfluidic chamber (i.e., R3 and R4 in Figure 3)
were not considered in the calculations, as they do not severely
affect the signal obtained. The final simulationmodel (Figure 4b)
comprised a weighted superposition of stack-based fully analytic
Fresnel response from (1) and (2), and high-accuracy FEM sim-
ulations for the local plasmonic effects. This model reproduced
and explained the fundamental experimental results’ nature well.
This work addressed the remaining discrepancies to the missing
multiple reflections introduced by the real stack and by imperfec-
tions of the fabricated metasurface.

2.4. Plasmonic Measurements

Two plasmonic device configurations were analyzed in
Kretschmann configuration: one device as reference comprised

a 50 nm thick continuous Au layer, and the other consisted
of a 50 nm thick nanostructured Au grating (see Figure 1a,b).
The plasmonic devices were attached to the prism using an
index-matching oil (n = 1.516). A 3D-printed holder aligned
the nanostructured grating with the incident laser. Reflectance
curves were measured for the two plasmonic device configura-
tions using five different aqueous solutions of increasing sucrose
concentrations, from 0% to 10%, to provide different refractive
index (RI) values. The RI values of sucrose solutions were mea-
sured using a commercial refractometer (digital refractometer
PCE-DRH1 series, PCE instruments, Alicante, Spain). RI values
of 1.333, 1.3359, 1.3403, 1.3446, and 1.3475 were obtained for
sucrose solutions of 0%, 2%, 5%, 8%, and 10%, respectively.
The SPR curves were measured by angle interrogation between
43° and 56° with a sampling of 0.004°. For each sucrose concen-
tration and device architecture, 20 measurements were carried
out.

2.5. Multivariate Data Analysis

Multivariate analysis was used to compare the performance of
the proposed sensor based on nanostructured Au with a stan-
dard SPR device based on a continuous Au layer. Partial least
squares (PLS) was used to build themultivariate calibrationmod-
els for the two different SPR device configurations, using multi-
ple curve features around the dips encountered in the reflectance
curves. Three MVA models were built for the nanostructured
Au grating: one individual model was generated for each of the
two dips of interest as a performance indicator, and the third
model combined the parameters of both dips. These three mod-
els were compared with a fourth MVA model built for a con-
tinuous Au layer containing a single resonance dip. The evalu-
ation of the PLS multivariate calibration models, and the com-
parison between them to find the best model, is done using four
analytical figures of merit (AFOMs): sensitivity (SEN), analytical
sensitivity (𝛾), root mean square error of prediction (RMSEP) and
resolution (rSensor), as defined in the former study.[24] SEN mea-
sured the variation of the multivariate sensor signal for changes
in the refractive index, which is the slope of the multivariate cali-
bration curve based on the regression coefficients. 𝛾 determines
the ratio between SEN and RMSEP, where RMSEP estimates the
prediction uncertainty. Finally, rSensor represents the minimum
detectable refractive index change. Multivariate algorithms were
used in MATLAB to build the multivariate calibration models us-
ing Monte Carlo methods for cross-validation and Haaland and
Thomas criterion for the prediction of the optimum number of
latent variables.[29] The data normalization to unity was done us-
ing the mean normalization for each feature.

3. Results and Discussion

Figure 4a,b compare simulated and experimentally measured re-
flectance curves for continuous and nanostructured Au layers
of design P300D200h50, respectively, using deionized water as
the analyte. The optimumnanostructure design of P300D200h50
was calculated by FEM and FDTD simulations (see Support-
ing Information for further details about nanostructure design
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Figure 4. Comparison between the simulated plasmonic response (red), the theoretical calculation of back reflections by Fresnel equations without
multiple reflections (dashed blue), and the experimentally measured reflectance as a function of the incident angle (black), using deionized water as
analyte. a) Continuous Au layer of height h = 50 nm. b) Nanostructured Au grating of design P300D200h50. The cyan curve illustrates a weighted combi-
nation of stack-based analytic Fresnel response and high-accuracy FEM simulations for the local plasmonic effects. The theoretical angular positions of
the diffraction modes calculated by simulations are indicated with colored vertical dashed lines. Additionally, the angular positions where total internal
reflection occurs between the different dielectric interfaces, as detailed in Figure 3, are indicated as TIRinterface1 / interface2.

optimization). Four plasmonic resonances (dips) are identified,
located at≈18°, 24.5°, 45.6°, and 52.3°, and indicated in Figure 4b
as dashed vertical lines in blue, orange, green, and red.
The experimental reflectance widely agrees with the results

obtained in the simulations. It shows a much more complex
curve progression for the nanostructures than for the continu-
ous Au layer, which features a single resonance dip. However,
when nanostructures are present, a complete explanation of the
experimental curve requires consideration of all Fresnel reflec-
tions at the various dielectric interfaces of the entire integrated
macroscopic sensing device, as detailed in Figure 3. These re-
flections have not been included in the FEM calculations due to
the multiscale dimensions of the microfluidic chamber and the
PMMA cover, which are several orders of magnitude larger than
the size of the nanostructures. The major differences between
the experimental and the simulated result are (i) the increase in
the reflected light intensity at 32.93° due to TIR at the interface
between the PMMA cover layer and the atmospheric air (this in-
crease is very little for the continuous layer due to the mirror-like
effect of the Au layer, which reflects almost all the incident light,
even at small incident angles); and (ii) an additional dip occur-
ring at 46.1°, which is a result of the complex combination of

all Fresnel reflections, as described in Section 2.3, and indicated
in Figure 4 by the analytically calculated dashed blue curves. This
dip, caused by Fresnel reflections, together with the plasmon res-
onance at 45.6°, generates a double dip in the resonance curve,
which can be observed in the figures with higher resolution (later
in Figures 6b and 7b).
In Figure 5 we showcase the near-field maps found at the an-

gles corresponding to the dips in the spectrum. The dips ≈18°

and 24.5° are related to the (1,0) diffraction order of the nanograt-
ing. The dip at 18° reveals a plasmon resonance mostly located
at the Au-glass interface, since the plasmon of each particle in-
teracts with the other particle plasmon through the BK7 sub-
strate (we call it (1,0) BK7 mode).[8] In contrast, the dip at 24.5°

shows a plasmonic fieldmainly concentrated at themetal-analyte
and the diffraction coupling takes place though the surround-
ing medium (we call it (1,0) DIW mode). Owing to the differ-
ent nature of these modes, the latter is more likely to be sensi-
tive to refractive index changes of the analyte than the former.
These features are the result of the coupling of single nanostruc-
ture plasmonic resonances with in-plane diffracted light due to
the periodic lattice configuration. We note that, due to the cir-
cular nanostructure shape, the plasmonic resonances appear as

Small Methods 2024, 2301445 © 2024 Wiley-VCH GmbH2301445 (5 of 10)
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Figure 5. Simulated near-field maps corresponding to the resonance po-
sitions marked by the colored vertical dashed lines in Figure 4b. The local
electric field magnitude |E| [V/m] on the particle surface and the substrate
surface (BK7-analyte interface), are normalized with the exciting electric
field intensity |E0|. The red and black arrows visualize the normalized local
electric field strength (logarithmically scaled for better visibility) perpen-
dicular to and in-plane with the substrate, (Ez-direction) and (Exy – plane),
respectively. Since the excitation is strictly transverse-magnetic (the E-field
lies in the x-z–plane), the plots reveal a strong polarization-turning be-
havior due to the circular particle shape, most prominently visible in the
strong-shifting modes at 24.5° ((1,0) DIW) and 45.6° (LP) angle of inci-
dence. Both resonances reveal a strong, ring-shaped resonance at the top
particle surface.

ring-shaped localized surface plasmon resonance: While the in-
cident light is strictly transverse-magnetic (the E-field lies in the
x-z–plane), the plots in Figure 5 (black arrows) reveal a strong
polarization-turning behavior, most prominently visible in the
strong-shifting modes at 24.5° ((1,0) DIW) and 45.6° (LP local-
ized plasmons) angle of incidence. The dip ≈52.3° (marked with
a vertical dashed red line in Figure 4a,b) is the equivalent of
the excitation of a propagating surface plasmon polariton (SPP)
in continuous layers and results from the evanescent field that
propagates at the metal-analyte interface at angles larger than
the angle of total internal reflection (again, degeneration happens
due to the nanostructure morphology). Consequently, this plas-
monic resonance is also potentially sensitive to refractive index
changes. The investigation of the electric (vector) fields on the
nanoparticle and the substrate surfaces additionally reveals that
the refractive index-sensitive resonances at 24.5° ((1,0) DIW) and
45.6° (LP) exhibit strong ring-shaped resonant states on the up-
per nanodisc surface, whereas the less sensitive resonances at
18° and 52.3° exhibit non-resonant and dipole-like (between the
upper and lower particle edge) near-field states, respectively. We
ascribe the stronger sensitivity to analyte refractive index changes
to these resonances.
Figure 6a shows the simulated reflectance curves for the

P300D200h50 nanostructured Au metasurface for varying
analyte refractive indices. Figure 6b compares experimental
reflectance curves in the range of 42°–56° for a 50 nm thick
continuous Au layer and for a P300D200h50 nanostructured Au
metasurface, using increasing values of refractive index for the
analyte. In the experimental study, we focus on a higher angular
region (42°–56°) because, according to the near-field maps, the
dip ≈18° is not very sensitive to refractive index changes of
the analyte, and thus is not taken into account in the model,
and the dip ≈24° has a narrow and shallow shape with a low
signal-to-noise ratio (see Figure 4b), so it is not possible to use

multiple features for the multivariate model. Therefore, for the
multivariate calibration model, we focus on the two dips around
the TIR between the glass substrate and the analyte, which
allows us to perform fast scans within a small angular range.
As mentioned above, the dips ≈46° and 52° include both plas-
monic and Fresnel reflection features that are highly sensitive to
changes in the refractive index of the analyte. The reflectance dip
≈46° shows that the two overlapping phenomena—plasmonic
dip predicted at 45.6° by the electromagnetic simulations and
Fresnel reflections at 46.1°—create a double-dip feature, which
is highly sensitive to analyte refractive index changes, as seen
in Figure 6b. The localized SPP dip of the nanostructured Au
metasurface ≈52° is the counterpart of the resonance condition
for the continuous Au layer and appears at the same angular
position. By reducing the length of a continuous layer and substi-
tuting it with multiple discrete nanostructures (Au nanodiscs in
this case), the resulting resonance dip becomes broader and less
deep, as shown in Figure 6b. The changes in the experimental
reflectance curve due to variations in the analyte refractive index
allow us to exploit multiple parameters from these three dips for
the analysis of the performance of the entire sensing element.
The characteristic features of the dips shown in Figure 6b are

extracted according to Figure 7 to build the calibration models
that allow performance evaluation of the two sensing devices un-
der analysis. For the continuous Au layer, the characteristic fea-
tures considered for building the multivariate calibration model
include the maximum extinction A, the slope S at half A before
the resonance condition, the angular position of this slope 𝜃S,
the resonance angle 𝜃SPR, the curvature 𝜅SPR at resonance, and
the angular distance between 𝜃S and 𝜃SPR resonance (Δ𝜃SPR-S),
which we denote as half width at half maximumHWHM for sim-
plicity (Figure 7a).
For the nanostructured Au grating, the characteristic re-

flectance curve shows two dips around the TIR angle (Figure 6b).
For the dip on the right, which is the equivalent of the resonance
of the continuous Au layer, the calculated features are the same:
A, S, 𝜃S, 𝜃SPR, 𝜅SPR, and HWHM. The dip on the left consists of
two local dips (see Figure 7b) that are described with three ex-
tinction amplitudes A1, A2, and A3, three angular positions 𝜃R1,
𝜃R2, and 𝜃R3 around the minimum, the slope S at half maximum
extinction A1 + A2 before the minimum at 𝜃R1, the angular po-
sition of this slope 𝜃S, the HWHM, the steepest negative slope
Smin,R2-R3 before the minimum at 𝜃R3 (between angular positions
𝜃R2 and 𝜃R3), the angular position of this steepest slope 𝜃Smin, the
angular distance between the steepest slope and the minimum
reflectance condition Δ𝜃R3-Smin or also called half width at slope
minimumHWSM, and finally three curvatures 𝜅R1, 𝜅R2, and 𝜅R3
at angular positions 𝜃R1, 𝜃R2, and 𝜃R3.
The univariate calibration curves depicted in Figures S5–S7,

Supporting Information show the variation of each mean-
normalized feature as a function of the RI of the analyte. In gen-
eral, a higher standard deviation (uncertainty) can be observed
for derivatives as significant features, such as the slopes S and
Smin or the curvatures 𝜅SPR, 𝜅R1, 𝜅R2, and 𝜅R3, whereas the fea-
tures of extinction depth A, A1, A2, and A3 and angular positions
𝜃SPR, 𝜃R1, 𝜃R2, 𝜃R3, 𝜃S, 𝜃Smin show smaller uncertainties.
The results of the MVA analysis for each PLS model are sum-

marized in Table 1, Figures 8 and 9. In total, four multivariate
models are built: three for the P300D200h50 nanostructured Au
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Figure 6. Theoretical and experimental study of an SPR device. a) Simulated plasmonic response as a function of the incident angle for a P300D200h50
nanostructured Au metasurface for different sucrose concentrations of the analyte. b) Experimental reflectance for a 50 nm thick continuous Au layer
(dotted lines) and a P300D200h50 nanostructured Au metasurface (solid lines) for increasing concentrations of sucrose (0%, 2%, 5%, 8%, 10%), and
hence, increasing values of n.

metasurface (PLS1, PLS2, and PLS3) and one for the 50 nm thick
continuous Au layer (PLS4). Calibration model PLS1 uses the pa-
rameters from the double-dip ≈46° related to Fresnel reflections
and plasmonic resonance, while PLS2 uses the parameters from
the localized SPP resonance ≈52°. Model PLS3 combines the pa-
rameters of these two dips, yielding a sensor that combines Fres-
nel reflections with plasmonics.
The statistical errors observed for each individual parameter

in the univariate calibration curves are reflected in the regres-
sion coefficients obtained from the PLS multivariate calibration
models shown in Figure 8. The regression coefficients evaluate
the relevance of the individual variables by generating a linear
combination of original features, such that the covariance ismax-
imized, and the root mean square error of cross-validation (RM-
SECV) and the root mean square error of prediction (RMSEP)
are optimized. Therefore, the features with lower standard de-

viation have a greater contribution in the multivariate models,
which is represented by larger absolute values of the regression
coefficients.
The resonance dips for the continuous layer and the nanos-

tructured metasurface ≈52° lead to a similar relevance of
the characteristic features, as shown in Figure 8b,d. However,
smaller standard deviations are calculated by UVA for features
of the continuous layer, which are related to sharper SPR reso-
nances. As a result, this can be seen in theMVA calibration errors
in Table 1, where smaller RMSECV is achieved for the continuous
Au layer (PLS4) than for the nanostructured Au grating (PLS2).
Table 1 and Figure 9 gather the AFOMs calculated for PLS

multivariate calibration models for both devices, three for the
P300D200h50 nanostructured Au metasurface and one for the
continuous Au layer, as well as the statistical and prediction anal-
ysis for these four models. The analytical sensitivity 𝛾 combines

Figure 7. Definition of SPR features for multivariate data analysis. a) Characteristic parameters of the plasmonic response of a continuous Au layer to
build a multivariate calibration model: A, S, 𝜃S, 𝜃SPR, 𝜅SPR, and HWHM. b) Close-up view of the double-dip ≈46° for the P300D200h50 nanostructured
Au metasurface with characteristic parameters A1, A2, A3, 𝜃R1, 𝜃R2, 𝜃R3, S, 𝜃S, HWHM, Smin,R2-R3, 𝜃Smin, HWSM, 𝜅R1, 𝜅R2 and 𝜅R3.

Small Methods 2024, 2301445 © 2024 Wiley-VCH GmbH2301445 (7 of 10)
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Table 1. Summary of the statistical cross-validated results and the calculated AFOMs from a multivariate PLS inverse calibration model. The multivariate
analysis includes results for the multiple Fresnel reflection-plasmonic dips obtained from the nanostructured plasmonic device of design P300D200h50
and the single resonance dip obtained from the plasmonic device based on a 50 nm thick continuous Au layer.

MVA calibration results Nanostructured Au metasurface P300D200h50 Continuous Au layer

PLS1 PLS2 PLS3 PLS4

RMSECV [RIU] 1.12 × 10−04 3.48 × 10−04 1.26 × 10−04 1.42 × 10−04

Optimum n° of latent
vectors

12 4 11 5

AFOMs

𝛾 [RIU−2] 8.02 × 10 + 05 3.20 × 10 + 05 1.47 × 10 + 06 4.93 × 10 + 05

RMSEP [RIU] 9.38 × 10−05 2.98 × 10−04 9.22 × 10−05 1.48 × 10−04

rSensor [RIU] 1.27 × 10−06 2.32 × 10−06 1.83 × 10−06 1.65 × 10−06

RIU: refractive index units.

Figure 8. Normalized regression coefficients estimated by the PLS multivariate model for the two plasmonic devices and their corresponding dips. a–c)
Nanostructured Au metasurface of design P300D200h50. a) PLS1 for the double dip ≈46° that considers Fresnel reflection and plasmonic features, b)
PLS2 for the localized SPP resonance ≈52°, c) PLS3 for the combination of both dips ≈46° and 52°; d) PLS4 for the resonance dip of the continuous Au
layer.

Small Methods 2024, 2301445 © 2024 Wiley-VCH GmbH2301445 (8 of 10)
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Figure 9. Figures of merit obtained from PLS1, PLS2, PLS3, and PLS4 multivariate calibration models. Three models are built for the nanostructured Au
metasurface. Two exploit the parameters from dips at 46° and 52° separately (PLS1 and PLS2), while the third model (PLS3) combines the parameters
of all dips. The fourth model (PLS4) is built for a continuous Au layer. a) Analytical sensitivity 𝛾 . b) Root mean square error of prediction RMSEP. c)
Resolution rSensor.

the sensitivity of the multivariate calibration model based on the
regression coefficients and the uncertainty of the data. The best
sensing performance, according to 𝛾 , is achieved for the nanos-
tructured Au metasurface when using the combination of the
two plasmonic dips and Fresnel reflection features in the MVA
model, thus combining the dips ≈46° and 52° (PLS3). Compared
to the continuous Au layer, we obtain an improvement of a factor
of 3.
Furthermore, comparing the metasurface and the continuous

layer in terms of 𝛾 , but for MVA models based only on the dips
≈52° related to SPP effects (thus PLS2 and PLS4, respectively),
both models show similar detection performance, with a slightly
better result for the continuous Au layer. This outcome is clearly
related to a sharper and stronger plasmonic resonance of the con-
tinuous layer, as well as smaller fluctuations of the sensor signal
in the SPR curves, as shown in Figure 6b. Hence, the RMSEP
and rSensor values indicate smaller errors in analyte prediction and
lowerminimum detectable signal changes for the continuous Au
layer. The greater uncertainties found for the localized SPP reso-
nance dip (addressed in PLS2) are also reflected in PLS3, which
combines the plasmonic and Fresnel reflection features, where
rSensor does not indicate an improvement over the continuous Au
layer. Therefore, the enhanced RMSEP for PLS3 of ≈40% (with
respect to the continuous Au layer, PLS4) is primarily a result of
the highly sensitive and low-noise double dip ≈46°, which can
be seen in the diagram of Figure 9b; this means that rSensor has
also been improved compared to the continuous layer, but only
for PLS1 and not for PLS3.
Overall, the combination of plasmonic and Fresnel reflection

features strongly enhances the sensing performance using MVA
models. The analytical sensitivity improves by 200%, and the pre-
diction errors by 38%. Additionally, the double dip close to the
critical angle shows an improved sensing performance compared
to the continuous Au layer in terms of the minimum detectable
sensor signal for RI changes. The improvement results from an
increased number of curve features that are very sensitive to RI
changes. Therefore, the performance in data analysis is strongly
improved due to more information collected from this double
dip. Summarizing, 𝛾 is enhanced by 200%, RMSEP by 38%, and
rSensor by 23%.

4. Conclusion

Our work presents an SPR device consisting of a nanostruc-
tured Au metasurface, characterized by several features related
to plasmonic resonances, diffraction, and dielectric interface re-
flections. Amultivariate analysis combining all these spectral fea-
tures enhances the sensing capability of the entire setup. The
plasmonic device is excited in Kretschmann configuration and
operated at a single wavelength via angular scanning, rendering
different plasmonic features. These features stem from the inter-
action of the LSPR occurring in the Au nanodiscs with the diffrac-
tion modes of the array arrangement and from the evanescent
field. In addition, characteristic features due to Fresnel reflec-
tions at different dielectric interfaces of the whole sensing device,
including a microfluidic chamber, help improve sensing perfor-
mance. In this configuration, the sensor provides high sensitivity
to refractive index changes of the analyte and a wealth of features
with great potential for enhanced biosensing. Combining the
plasmonic and dielectric interface properties of the reflectance
curves by multivariate analysis, leads to improved performance
in dielectric sensing and results in a 200% improvement in ana-
lytical sensitivity and 38% improvement in prediction error com-
pared to a continuous Au layer-based sensor. Considering mul-
tiple resonance dips through multivariate analysis improves the
sensing performance of current SPR systems and delivers bet-
ter sensitivity and resolution. The combination of plasmonic and
Fresnel features thus opens up new avenues for improved optical
environment sensing.
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