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Abstract: The steadily increasing demand for accurate
analysis of vitamin D level, via measurement of its best
general marker, 25-hydroxyvitamin D (25(OH)D), pushes
for the development of novel automated assays capable of
working at very low concentrations. Here, we propose a
plasmonic biosensor of 25(OH)D3 (calcifediol) based on
surface-enhanced infrared absorption spectroscopy,which
exploits the resonant coupling between plasmonic nano-
antennas and vibrational excitation of small molecules.
Specifically, our proposed platform features a large-area
(several mm2) metasurface made of gold nanoantennas
fabricated on a silicon substrate, comprising different
macroregions (“pixels”) of area 500 × 500 µm2. In each
pixel, the nanoantenna geometrical parameters are tuned
so as to support localized surface plasmon resonances (and
hence large field enhancements at the nanoscale) within
different regions of the infrared spectrum. As a result, a
single chip is capable of performing analysis from the re-
gion of functional groups to that of fingerprint. Two
different designs are fabricated via electron beam lithog-
raphy, functionalized with a correlated antibody for the
detection of 25(OH)D3, and characterized via Fourier-
transform infrared spectroscopy. Our experiments

demonstrate the capability to detect a concentration as low
as 86 pmol/L, and an amount of immobilized small mole-
cules of 25(OH)D3 monohydrate (molecular weight:
418.65 g/mol) as low as 4.31 amol over an area of
100 × 100 µm2.

Keywords: biochemical sensing; nanostructures; plas-
monic metasurfaces; SEIRA effect.

1 Introduction

Given the continuous aging of the population, an
increasing demand for analysis of 25-hydroxyvitamin D
(25(OH)D), the best general indicator of vitamin D status,
has been observed worldwide since the early 2000s [1]. It is
indeed estimated that about one billion people suffer from
vitamin D deficiency or insufficiency worldwide (PMID:
17634462), particularly among the elderly population [1].
The deficiency of vitamin D in elderlies is often associated
with cognitive decline (PMID: 23185713), bone diseases
(PMID: 31792684), impaired muscle strength, and reduced
physical performance (PMID: 31686797). Such deficiency
has also been associated with other medical conditions,
including diabetes, cancer, autoimmune and cardiovas-
cular diseases, all of which can increasemortality. Vitamin
D is a challenging analyte to measure accurately, because
of its highly lipophilic nature, high affinity for binding
proteins, as well as the presence of multiple vitamin D
metabolites in the circulation. Such challenging measure-
ments are carried out in specialized laboratories via time-
and resource-consuming methods. Manufacturers have
experienced significant problems in developing high-
throughput, reliable, automated assays, and many mar-
keted products have been withdrawn because of poor
analytical accuracy. A recent study [2] on newly introduced
automated assays for the measurement of 25(OH)D found
that they generally perform satisfactorily at high concen-
trations (258 nmol/L), but tend to fail at low concentra-
tions; specifically, 50% and 100% of the examined assays
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failed at concentrations of 24.2 and 12.8 nmol/L,
respectively.

The detection of molecules at extreme low concentra-
tions is a problem of crucial relevance and impact not only
in the fields of medicine and pharmacology, but also for
emerging applications such as trace chemical detection,
homeland security, food safety and forensic sciences.
Among the various approaches, far-field mid-infrared
(MIR) spectroscopy is a standard analysis technique for
detection and identification of molecules [3], via their own
characteristic absorption spectrum, in a univocal, non-
destructive and label-free fashion. In particular, complex
vibrational characteristics of molecules in bulk materials
occurring within the so-called “fingerprint” region (1500–
600 cm−1 in wavenumber, ∼6–16 μm in wavelength) can be
effectively distinguished via MIR spectroscopy, thereby
enabling unambiguous identification of molecular struc-
tures and species [4]. However, because of the very low
molecular absorption cross-section of infrared vibrations
(σabs ≈ 10−20 cm2), as predicted by Beer’s Law, this technique
fails at extremely low concentrations [5]. Plasmonic
enhancement can overcome this limitation, by signifi-
cantly boosting the light-matter interaction at molecular
sites [6, 7]. One such way to achieve signal amplification is
surface-enhanced infrared absorption (SEIRA) spectros-
copy, which exploits metallic nanoantennas (NAs) sup-
porting localized surface plasmon resonances (LSPRs) to
enhance the light-molecule interactions in the MIR range
[8–11]. Typical implementations are based on “meta-
surfaces” comprising 2-D arrangements of plasmonic NAs
[12–15], which can be functionalized to adsorb specific
chemical and biological substances, and engineered to
support well-defined LSPRs characterized by strong field
enhancement [15–22]. For optimal sensing performance,
the resonance spectrum must match the absorption band
of the substance to be detected [23, 24]. Essentially, the
resonance spectral position scales with the NA size and the
refractive index (RI) of the surrounding medium [25]. Other
geometrical properties of the NAs (periodicity, shape, and
thickness) can also be varied to tailor the resonance line-
shape and linewidth. This enables the resonance tuning
within the spectral range of interest, with high spatial
reproducibility [12–15], so as to optimize the SEIRA detec-
tion sensitivity [15–22]. Specifically, enhanced absorption
signals have been observed from individual NAs [16–21],
and SEIRA-based gas sensing has recently been demon-
strated by using graphene plasmon resonances [22].

In this study, we report on the experimental detection
of 25(OH)D3 by exploiting plasmonic metasurfaces based
on 2-D arrays of gold NAs on a silicon substrate. The
coupling between neighbor NAs ensures a significant near-

field signal enhancement. In particular, we design a large
area (several mm2) pixeled metasurface, with different
pixels engineered so as to operate within separate spectral
ranges, from the region of functional groups to that of
fingerprint. The metasurface is fabricated by using a float-
zone silicon wafer as a substrate, and a gold film patterned
via electron beam lithography (EBL), which guarantees a
high reproducibility. This results in a very homogeneous,
robust and recyclable device. Specifically, we consider two
different NA designs, namely, cross-shaped (CS) and star-
shaped (SS), which minimize the sensitivity with respect to
the polarization of the impinging light, and improve the
robustness with respect to the random orientation of the
molecule dipole moments. Thanks to the combined indi-
vidual and collective NA plasmonic responses, we attain
large signal enhancement factors within the range 103–105.
While CS-type designs have already been reported as RI
sensors [26, 27] also in SEIRA scenarios [28], the SS-type
design has not been reported hitherto. This new design
enables the detection of extremely low concentrations of
analytes owing to its more effective space-filling properties
that facilitate the molecule binding and also provide
additional near-field hotspots. As a result, we are able to
improve the sensitivity and to detect concentrations as low
as 86 pmol/L, and amounts of immobilized small mole-
cules of 25(OH)D3 (with molecular weight, MW: 418.65 g/
mol) as low as 4.31 amol over an area of 100 × 100 μm2.

2 Materials and methods

2.1 Modeling and design

The modeling and design of the metasurfaces in this study relied on
full-wave numerical simulations carried out via the finite-element-
based commercial software package Ansys HFSS electromagnetics
suite 16.2 [29].

In our simulations, the metasurfaces were modeled as 2-D peri-
odic arrangements of goldNAs (of thickness t = 50 nm) laid on a silicon
substrate. For gold, we assumed a conductivity σ = 15 × 106 S/m [30],
whereas the RI of silicon (essentially real-valued and constant within
the spectral range of interest) was taken from Ref. [31]. In view of the
periodicity, only a single unit cell was simulated, by assuming nor-
mally incident plane-wave illumination from air, with master/slave
periodicity conditions enforced at the lateral walls. The illumination
region and the substrate were truncated and terminated with a
Floquet-type port and a perfectly matched layer, respectively; it was
verified that the results remain essentially invariant for truncation
lengths ≥5 µm in the substrate and ≥10 µm in air. The standard iterative
solver was utilized, with default converge conditions and meshing,
resulting in ∼160,000 elements.

Figure 1A illustrates the 3-D unit-cell pertaining to a CS-type NA,
with the square periodic arrangement displayed in Figure 1B. For this
geometry, Figure 1C and 1D shows some representative reflectance

3922 V. Di Meo et al.: Multiwavelength detection of vitamin D



spectra, from a series of extensive parametric studies. Specifically,
Figure 1C illustrates the effects of varying the period P (for fixed
values of the armlength L and width W), whereas Figure 1D shows
the effects of the armlength L (for fixed values of P and W). These
results confirm that it is possible, via judicious choice of the
geometrical parameters, to broadly tune the position and linewidth
of the resonance peak over the spectral range of interest. The
anomalous changes of slopes observed at certain wavenumbers are
attributable to Rayleigh-Wood anomalies, i.e., the passing-off of
spectral diffraction orders in transmission [32]. Figure 1E shows a
typical resonant-field distribution over the unit cell, where, for a
clearer visualization of the phenomenon, the impinging-field po-
larization is chosen as not aligned with the cross arms. As can be
observed, hotspots are formed at the arm tips, with field enhance-
ments of over two orders of magnitudes.

Figure 2 shows the corresponding results for a higher-symmetry
configuration featuring SS-type NAs arranged on a hexagonal peri-
odic lattice. Qualitatively similar considerations as the previous
example hold. By comparison with the CS-type design, the higher
symmetry renders the optical response more robust with respect to
the polarization of the impinging field. Moreover, the more effective
space-filling properties (higher number of arms) favor the molecule
binding with the NAs and also provide additional near-field
hotspots, thereby enabling the detection of extremely low
concentrations.

Overall, from the above results, we estimate that the ratio
between the period and effective resonant wavelength ranges
from 0.4 to 0.6 for the CS-type geometry and from 0.6 to 0.7 for
the SS one. This is a typical regime where collective effects are
known to play a beneficial role in providing sharper resonances.
As can be observed, the resonance linewidth tends to decrease for
increasing values of the period, and the sharpest resonances are
obtained nearby a Rayleigh-Wood anomaly for the transmitted

field. Once again, this is consistent with what observed in related
works (e.g., Ref. [10]).

2.2 Fabrication

Typical plasmonic materials used for resonant SEIRA include
metals, such as gold, aluminum or silver. In this study, we chose
gold since it is biocompatible, stable under ambient conditions, and
it permits a robust and easily functionalization through self-
assembled monolayers. Furthermore, this noble metal allows to
get sharp plasmonic resonances in the MIR range. The proposed
metasurfaces were fabricated by means of EBL and lift-off process. A
schematic and a photograph of a typical realized chip are shown in
Figure 3A and 3B, respectively. Each pixel, covering an area of
500 × 500 µm2, represents an array of NAs with different geometrical
parameters, so as to attain on the same chip a set of plasmonic
resonances placed within different regions of the MIR spectrum.
Pixels are separated by a 1 mm distance to avoid overlapping. The
NAs were fabricated on a float-zone silicon substrate: a negative
mask was patterned in a positive tone resist by means of EBL and,
after the development process, a 5 nm thick chromium film (acting as
a buffer layer to increase gold adhesion) and a 50 nm thick gold film
were sputtered on the whole substrate [33]. After the lift-off process,
the NA morphology turned out to be homogenous and robust; the
fabrication process confirmed its reproducibility with the fabrication
of several chips exhibiting the same spectral characteristics. Each
pixel is indexed as a 2 × 4 matrix element Ai,j, with the symbol A
standing for CS or SS, for the two designs of interest. The detailed
description of the geometrical parameters and resonance charac-
teristics of each pixel, for both designs, are provided in the Sup-
plementary Information (see Supplementary Note 1 and Figures S1
and S2). Figure 3C and 3D shows the scanning electron microscope

Figure 1: Representative numerical results
for CS-type NAs. (A), (B) 3-D schematic of
the unit cell and square periodic lattice,
respectively, with indication of the
geometrical parameters. (C) Reflectance
responses, as a functionof thewavenumber
(and wavelength, on the top axis), for a
normally incident plane-wave illumination
with x-polarized electric field, width
W = 200 nm and armlength L = 1.1 µm, and
various values of the period P. (D) As in
panel (C), but for fixed P = 2.5 µm, and
various values of L. (E) Electric-field distri-
bution (intensity, in false-color scale,
normalizedwith respect to the incident one)
over the unit cell, for L = 2.0 µm and
P = 2.5 µm, computed at a distance of 10 nm
(along z) from the NA at the resonance
(wavenumber: 947 cm−1). The magenta thick
arrow indicates the polarization of the
impinging electric field.

V. Di Meo et al.: Multiwavelength detection of vitamin D 3923



(SEM) images of two representative CS- and SS-type pixels, respec-
tively, with parameters detailed in the caption.

2.3 Functionalization

To detect the capture of 25(OH)D3 on the chip surface we used an
immunoassay, i.e., a highly specific anti-25 hydroxy D antibody. The
antibody concentration was determined by using an UV–Vis spec-
trophotometer (Nanodrop Instruments) measuring the absorbance at
280 nm at room temperature and by means of 1 cm quartz cells. The
molar concentration (mol/L) was calculated by using the specific

molar extinction coefficient (ε) equal to 210,000 (mol/L)−1 cm−1 for a
typical IgG with MW = 147,000 g/mol. The 25(OH)D3 used in our ex-
periments was vitamin D3 25-hydroxy monohydrate (MW = 418.65 g/
mol), whichwasdissolved in ethanol at concentration of 1mg/mL, and
thenwas serially diluted inwater at a final concentration of 130 ng/mL
to obtain a solution at 0.86 nmol. A total of 442 fmol (solution volume
0.5 mL) were used for the immobilization on the gold surface. The
antibody immobilization was achieved by adsorption, by exploiting
the ability of proteins to strongly interact with gold [34]. This con-
centration was chosen by assuming that all antibody molecules were
adsorbed on the gold surface and that a single monolayer of closely
packed antibody molecules (average diameter 200 Å) was formed.

Figure 2: Representative numerical results
for SS-type NAs. (A), (B) 3-D schematic of
the unit cell and hexagonal periodic lattice,
respectively, with indication of the
geometrical parameters. (C) Reflectance
responses, as a functionof thewavenumber
(and wavelength, on the top axis), for a
normally incident plane-wave illumination
with x-polarized electric field, width
W = 110 nm and armlength L = 1.0 µm, and
various values of the period P. (D) As in
panel (C), but for fixed P = 2.5 µm, and
various values of L. (E) Electric-field distri-
bution (intensity, in false-color scale,
normalizedwith respect to the incident one)
over the unit cell, for L = 2.0 µm and
P = 2.5 µm, computed at a distance of 10 nm
(along z) from the NA at the resonance
(wavenumber: 927.3 cm−1). The magenta
thick arrow indicates the polarization of the
impinging electric field.

Figure 3: (A) Schematic of the pixeled
metasurface. (B) Photograph of a typical
1 cm2 chip fabricated. (C), (D)
Representative SEM images of CS-type
(CS2,4, with L = 2.3 µm, P = 2.5 µm,
W = 200 nm) and SS-type (SS2,4, with
L = 2.0 µm, P = 2.5 µm,W= 110 nm) designs,
respectively. The arrows indicate the mini-
mum gap between adjacent NAs.
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25(OH)D3 was dissolved in ethanol at 1 mg/mL and was then serially
diluted in water at the following final concentrations: 600 ng/mL,
60 ng/mL, 36 ng/mL, 6 ng/mL, and 36 pg/mL. Since 0.5 mL solution
samples were used in every experiment, amounts of hormone 25(OH)
D3 ranging from716 pmol to 43 fmolwere obtainedover thewhole area
of 1 cm2 (detailed calculation are reported in Supplementary Note 2).
Figure 4 shows the structural formula of the 25(OH)D3 monohydrate
and its IR spectra.

In a parallel experiment, we used an unrelated antibody (IgG1) in
order to verify the specificity of the binding of 25(OH)D3. In this case,
we did not observe any difference in the reflectance spectra of our
device before and after the linking procedure of 25(OH)D3, thereby
confirming the failure of the binding procedure. We also tested the
binding capability of the 25(OH)D3 alone on naked gold NAs,
observing a rate of success lower than 50%. This observation sug-
gested that the presence of the unrelated antibody also prevented the
unspecific adsorption of the 25(OH)D3 on the gold surface. Binding
measurements were performed following the procedure described
above, by using 25(OH)D3 at concentrations of 600 ng/mL, 60 ng/mL,
36 ng/mL, 6 ng/mL, and 36 pg/mL.

2.4 MIR measurements

The MIR spectroscopy of our plasmonic pixeled metasurface was
performedby using a Perkin Elmer SpectrumOne Fourier-transform IR
(FTIR) spectrometer, equipped with a Mercury cadmium telluride ni-
trogen cooled detector and a Perkin Elmer Multiscope system with a
10× optical or 15× IR magnification. The measurement area was set to
100 × 100 µm2 thanks to knife-edge apertures. All acquired spectra
were automatically normalized to a background spectrum pertaining
to a flat unpatterned gold layer (of same thickness as the NAs)
deposited on the same substrate. The measurements were performed
with a spectral resolution of 4 cm−1 by collecting, at room temperature,
the reflected signalwithin the spectral region 4000–600 cm−1, by using
128 scans with 5s acquisition time for each spectrum.

3 Discussion

As previously discussed, our engineered pixeled metasur-
face enables the spectral tuning and tailoring of several
LSPRs, thereby allowing a good overlap with the narrow

MIR-active molecular vibrations. It is therefore possible to
explore both the functional group and fingerprint regions
on the same substrate, by utilizing the same functionali-
zation steps.

Based on our simulation study, we fabricated met-
asurfaces with two different designs (CS and SS),
characterized by different length L, period P and width
W, in order to cover the MIR region 2500–500 cm−1 (see
Supplementary Note 1 and Figures S1 and S2 for de-
tails). Figure 5 shows a comparison between represen-
tatives measured and simulated reflection spectra for
both CS- and SS-type designs. In these specific exam-
ples, both pixels are tuned for the coupling to the
fingerprint region before the molecule adsorption.
Specifically, Figure 5A shows the reflectance spectrum
pertaining to pixel CS2,3 (L = 2.0 μm, P = 2.5 μm,
W = 200 nm), exhibiting a plasmonic resonance at a
wavenumber of 934 cm−1 with ∼90% reflectance.
Figure 5B shows instead the results pertaining to pixel
SS2,4 (L = 2.0 μm, P = 2.5 μm, W = 110 nm), for which
the plasmonic resonance is peaked at a wavenumber of
917 cm−1 with ∼70% reflectance. As can be observed in
both cases, the positions of the resonance peaks are
well matched by the numerical predictions, thereby
validating our design procedure of NAs pixels with
desired spectral characteristics. Qualitatively similar
agreements were observed for the other pixels as well
(see Supplementary Note 1). The mild disagreement
between experimental and simulated responses is
attributable to the slight deviations between the
geometrical parameters of the manufactured nano-
structures and the nominal ones, which are due to the
EBL manufacturing procedure [35]. In particular, as
visible in Figure 3C and 3D, the proximity effect makes
it difficult to realize sharp edges.

As previously mentioned, an accurate analysis of the
total 25(OH)D3 (calcifediol) level is crucial for the

Figure 4: (A) Skeletal formula of 25(OH)D3
monohydrate; (B) Attenuated Total
Reflectance-FTIR characterization spectrum
of 25(OH)D3 monohydrate: the targeted
wavenumbers of interest in our SEIRA ex-
periments are marked with red ellipses.
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predictive diagnoses of vitamin D-related diseases. The
reference range of the total 25(OH)D3 level in the blood
stream is 25–80 ng/mL. Vitamin D deficiency incurs when
the level of 25(OH)D3 is lower than 20 ng/mL (50 nmol/L),
while insufficiency incurs within the range 21–29 ng/mL
(52–72 nmol/L) [36]. This is based on the observed physi-
ological changes in calcium absorption and parathyroid
hormone (25(OH)D3) levels that occur with changes in
vitamin D levels. The 25(OH)D3 (C27H44O2) molecule is
characterized by a small molecular weight (MW= 418.65 g/
mol for monohydrate formulation). As detailed in Section
2.3, in order to detect the 25(OH)D3, we first prepared a
monolayer of the anti-25 hydroxy vitamin D3 specific
antibody 2F4, and subsequently we exposed the surface to
solutions of 25(OH)D3 (0.5mL) at the concentrations values
indicated in Section 2.3.

The reference analytical characterization of the 25(OH)
D3 utilized in our experiment, via FTIR analysis of a solid-
form sample, is reported in Figure 4B.More specifically, the
vibrational bands reported in Figure 4B were utilized to
detect the presence of the 25(OH)D3 on our metasurface
pixels.

The gold NAs were functionalized with the antibody
solution, and the FTIR spectra were examined before and
after the antibody adsorption on their surface, and again
after the binding with the 25(OH)D3. The amount of anti-
body adsorbed on the whole chip area of 1 cm2 was esti-
mated to be 442 fmol. Considering an area coverage
exposed to the light of 100× 100 μm2,wewere able to detect
in a single measurement 44.1 amol of antibody. Figure 6A
shows the SEIRA spectra pertaining to a single pixel (CS1,2)
before and after the adsorption of the correlated antibody,
and after the binding with the 25(OH)D3 molecules. After
the 25(OH)D3 binding, the resonance peak was redshifted
of 69 cm−1. This behavior is due to the polarizability varia-
tion of the medium surrounding the NAs induced by the
adsorbed compound. LSPR sensing is based on this type of
shift [24], which arises from the confined plasmonic near
field. Indeed, at visible and near IR wavelengths, the

confined plasmonic near field is extremely sensitive to the
RI modifications of the surrounding medium. Typical
sensitivity for LSPR sensors is ∼2 × 102 nm/RIU [37]. LSPR
sensors are less performing than surface-plasmon-
polaritons-based sensors, but can perform better for the
detection of few biomolecules having low molecular
weight (<500 g/mol). Recalling that the RI difference be-
tween air and 25(OH)D3 is 0.523, we estimated for the pixel
CS1,2 a sensitivity of 549 nm/RIU. All pixels exhibited
values of sensitivity between 500 and 800 nm/RIU, which
are in line with those reported in the literature for similar
sensors [37].

The lowest concentration of 25(OH)D3 that could be
detected with the CS design is 60 ng/mL (143.33 nmol/L).
The SEIRA spectra of pixel CS1,2 show at 1685 cm−1 the
vibrational band corresponding to the stretching of the
carbon double bond ν(C=C); the baseline corrected reflec-
tance is shown in Figure 6B.

Figure 7 shows the baseline-corrected SEIRA spectra
for different concentrations of 25(OH)D3 of representative
pixels pertaining to different metasurfaces, namely, CS1,3,
CS2,4, SS1,2, and SS2,4; the corresponding SEIRA reflectance
spectra are reported in Figure S3 of the Supplementary
Information.

The pixel CS1,3, characterized by a (naked) resonance
centered at 1485 cm−1, exhibits an SEIRA peak at 1462 cm−1

associated with the methyl group bending in plane (scis-
soring) δas(C–H) of –CH3 group and δsim(C–H) of
–CH2– group between 1480 and 1440 cm−1 (Figure 7A). For
the pixel CS2,4 (L = 2.3 μm, P = 2.5 μm, W = 200 nm), char-
acterized by (naked) resonance centered at 827 cm−1, we
observe instead a resonant SEIRA peak at 964 cm−1 associ-
ated to the stretching of carbon-hydroxyl group bond ν(C–
OH) within the spectral range 1160–950 cm−1 (Figure 7B).

A precise tuning of the NA resonance with the different
vibration bands is necessary for the appearance of the
vibrational signal. The enhancement factor (EF), useful for
quantifying the sensitivity of resonant SEIRA effects, is
defined as [13, 23]

Figure 5: Comparison between simulated
and experimental reflectance curves for
naked NAs pixels (no molecules adsorbed).
(A) Pixel CS2,3 (L = 2.0 µm, P = 2.5 µm,
W = 200 nm). (B) Pixel SS2,4 (L = 2.0 µm,
P = 2.5 µm, W = 110 nm).
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EF � ΔR
ΔR0

⋅
A0

ASEIRA
(1)

where ΔR is the difference of the reflectance values (in
correspondence of the vibrational signature) without and
with the molecules, ΔR0 is the reflectance difference with
respect to a flat gold layer with same thickness as the NAs
(deposited on the same substrate; see the schematic in
Figure 3A) and acquired in the same conditions utilized for
the pixels. Moreover, A0 is the area of the NAs exposed to

the light (100 × 100 μm2, in our case), and ASEIRA is the
effective area of NAs on which the field is localized. As
reported in the literature [9, 17], and as can be observed in
Figures 1E and 2E, the field ismainly localized on the tips of
the NAs arms. As detailed in Supplementary Note 3, we
estimate EF values of 1.8 × 105 for pixel CS1,2, 3.4 × 105 for
pixel CS2,4, and 6.4 × 103 for pixel CS1,3.

To possibly reveal lower concentrations of molecules,
we also explored the SS-type design which, for an equiv-
alent area, doubles the number of arm tips exposed to light,
thereby favoring the molecule binding and increasing the
number of near-field hotspots. The baseline-corrected
SEIRA spectra pertaining to pixel SS1,2 (L = 1.0 μm,
P = 1.7 μm, W = 110 nm) is shown in Figure 7C. This pixel,
characterized by a (naked) resonance centered at 1553 cm−1,
exhibits a resonant SEIRApeak at 1559 cm−1 associatedwith
the stretching of carbonium double bond ν(C=C). The
presence of the conjugation with another double bond, as
in our case, moves the absorption toward lower wave-
numbers, i.e., 1600–1560 cm−1. This metasurface was
functionalized with a concentration of 25(OH)D3 as low as
36 pg/ml (86 pmol/L), i.e., well below the minimum
threshold reached by the methods used nowadays and
below the clinically relevant levels [36, 38]. The EF esti-
mated for this pixel is 1.1 × 105. Figure 7D shows instead the
results corresponding to pixel SS2,4 (L = 2.0 μm, P = 2.5 μm,
W = 110 nm). For this pixel, characterized by a (naked)
resonance centered at 917 cm−1, a resonant SEIRA peak
appears at 666 cm−1; it can be attributed to the out-of-plane
bending and stretching of the hydroxyl group ν(O–H) and
to the in-plane bending (rocking) of the hydroxyl group
ρ(O–H) occurring within spectral the range 800–600 cm−1,
as well as to the deformation of the ring. However, since
these bands are foundwithin thefingerprint region, it is not
always easy to assign them. The EF estimated for this pixel
is 3.1 × 105.

All the peaks highlighted through the SEIRA effect
have been associated to the corresponding vibrational
bands of the molecule through the use of the IR analysis
made on the sample in solid form of the molecule (see
Figure 4B).

Table 1 summarizes the measurements carried out in
terms of the following parameters: Concentration of 25(OH)
D3 in molarity (numbers of moles of analyte in one liter
solution), targeted vibrational band of the functional
groups, corresponding wavenumbers, pixel utilized, reso-
nance peak (i.e., center of the peak of the resonance with
the 25(OH)D3 bound on NAs), ΔR (difference of the reflec-
tance values, in correspondence of the vibrational signa-
ture, without and with themolecules), effective area ASEIRA

Figure 6: SEIRA spectra. (A) Reflectance curves (black: naked
sensor; blue: sensorwith adsorbed antibodymonolayer; red: sensor
with bound 25(OH)D3 with a concentration of 143.33 nmol/L)
pertaining to pixel CS1,2 (L = 1.1 µm, P = 2.0 µm, W = 200 nm).
(B) Baseline-corrected reflectance with the detected molecular
vibration, i.e., stretching of the carbon double bond ν(C=C),
vibrating in the range 1620–1680 cm−1.
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of NAs on which the field is localized, EF, and resonant
shift with respect to the naked NAs.

We highlight that the EF parameter does not account
for the concentration value. It is a conventional definition
of SEIRA sensitivity which relates the enhanced signal
strengths to standard IR techniques for each device, and
therefore it is not necessarily meaningful (and potentially
misleading) to compare this parameter for different devices
that operate with different concentration levels.

The obtained EF values are comparable with the best
values reported in the literature (ranging from 103 to 105),
confirming the competitive performance of our devices and
the potentials of the approach. Our proposed pixeled
metasurface is not only capable of detecting extremely low
concentrations of analyte, but it also provides attractive
advantages with respect to traditional methods based on

radioactive compounds, that are time- and reagent-
consuming, and require disposal, pretreatment proced-
ures and expensive instrumentation [38].

4 Conclusions

By using a pixeled plasmonic metasurface, we have
experimentally demonstrated the multiwavelength detec-
tion of 25(OH)D3, which is the most common marker of
vitamin D3. Each pixel of the metasurface supports LSPRs
tuned to different parts of the MIR spectrum by varying the
geometrical parameters. Specifically, we evaluated two NA
designs (CS and SS), with varying armlength (0.8−2.5 μm),
period (1.7−2.5 μm), and width (100−200 nm). For the CS
design (with square lattice), we observed the best

Table : Summary of main measurement results.

(OH)D
M(mol/L)

Target vibrational
mode

Targeted
wavenumber (cm−)

Pixel
type

Resonance
peak (cm−)

ΔR (%) ASEIRA (nm
) EF Total shift (cm−)

. nM ν(C=C)  CS,   . × 


. × 




. nM δas(C–H)
δsim(C–H)

 CS,   . × 


. × 




. nM ν(C–OH)  CS,   


. × 




 pM ν(C=C)  SS,   . × 


. × 




 pM ν(O–H)
ρ(O–H)

 SS,   . × 


. × 




Figure 7: Baseline-corrected reflectance
spectra pertaining to representative pixels
for different concentrations of 25(OH)D3. (A)
Pixel CS1,3 (L = 1.3 µm, P = 2.0 µm,
W = 200 nm) with 143.33 nmol/L
concentration; the detected SEIRA peak is
associated with the bending in plane of the
–CH3 methyl group δas(C–H) and δsim(C–H)
of –CH2– group. (B) Pixel CS2,4 (L = 2.3 µm,
P = 2.5 µm,W= 200 nm)with 143.33 nmol/L
concentration; the detected SEIRA peak is
associated with the stretching of carbon-
hydroxyl group ν(C–OH). (C) Pixel SS1,2
(L = 1.0 µm, P = 1.7 µm, W = 110 nm) with
86 pmol/L concentration; the detected
SEIRA peak is associated with the stretch-
ing of the conjugated carbon double bond
ν(C=C). (D) Pixel SS2,4 (L = 2.0 µm,
P = 2.5 µm, W = 110 nm) with 86 pmol/L
concentration; the detected SEIRA peak is
associatedwith the out-of-plane bending of
the hydroxyl group ν(O–H) and the in-plane
bending of the hydroxyl group ρ(O–H).
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performance in terms of EF for the pixel having the smallest
gap (200 nm) between adjacent arm tips (EF = 2.2 × 105). In
this case, the minimum detected concentration was
143.32 nmol/L, and the number of molecules linked to an
area of 100 × 100 μm2 was 71.5 pmol.

With the SS-type design (with hexagonal lattice),
which exhibits a double number of tips for the same area
coverage, concentrations as low as 86 pmol/L could be
detected. For an illuminated area of 100 × 100 μm2, wewere
able to detect an absolute amount of 25(OH)D3 as small as
4.31 amol characterized by a low molecular weight
(MW = 418.65 g/mol). Further work will be devoted to
determining the concentration dynamic range of operation
and the limit-of-detection parameter.

Our pixeled design enables the recognition of different
vibrational bands occurring within different parts of the
MIR spectrum. The device can be easily integrated with
micrometer-sized channels so as to be apt for the high-
sensitivity, real-time analysis of IR emitting samples, in
applications where IR spectroscopy is severely limited due
to the absorption bands of liquid water.

We propose to develop a new plasmonic platform to be
used as a window in FTIR spectrometry and a new
disruptive accessory, either in reflection or transmission
mode. Our proposed approach can establish a method for
identifying the presence of at least one contaminant sub-
stance in a physical sample in conjunction with a spec-
trometer. The method requires to have a reference sample
of the contaminant substance for reference spectral ana-
lyses. With a suitable choice of the functionalization
method (immune assay like in our case), the metasurface
can be used to detect pathogens in trace amounts. Our
proposed platform provides inherent advantages with
respect to traditional methods (based on radioactive com-
pounds) that are time- and reagent-consuming and require
disposal, pretreatment procedures and expensive
instrumentation.
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