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ABSTRACT

Infrared spectroscopy is an effective technique extensively used in research and industry for the label-free and
unambiguous identification of molecular species. However, the sensitivity of this technique is severely limited as
a result of Beer’s law and, the small infrared absorption cross-section that make prohibitively weak the ab-
sorption signals, of minute amounts of analyte as those present in monolayers. This limitation can be overcome
by enhancing the infrared vibration of molecules through the enhancement of the electromagnetic (EM) field.
Surface Enhanced InfraRed Absorption (SEIRA) using resonant metal Nano-scale Antennas (NAs) can provide
huge electromagnetic fields on the nanometer scale featuring localized collective oscillations of electrons, an
effect named Localized Surface Plasmonic Resonances (LSPRsWe here report on a series of 2D arrays of cross-
shaped NAs having several mm? area coverage (metasurface) as SEIRA optimized antennas, which can be used in
practical applications such as the vibrational sensing of chemical and biological analytes. Cross-shape designed
NAs are insensitive to the polarization of the electromagnetic radiation impinging the active area. Due to the
random orientation of the dipole moments of molecules they are particularly suitable for the construction of bio-
molecular sensors. At the same time, the 2D-array configuration ensures a good near-field signal enhancement
arising from the coupling between neighbour NAs Moreover, SEIRA NAs can be easily integrated with micro-
metre-sized channels and be suitable for the high sensitivity, real time analysis of IR emitting samples, in ma-
trices where IR spectroscopy is severely limited due to absorption bands of liquid water. We present the design,
fabrication and experimental characterization of large-area metasurfaces based on cross-shaped plasmonic NAs
for the spectroscopic characterization of various types of compounds and for sensing applications in the mid-
infrared range. The cross-shaped NAs we have designed exhibit SEIRA phenomena which are very sensitive to
both refractive index changes in the surrounding medium and to the specific molecular vibration band emerging
from surface adsorbed molecules. To test this effect on our device, we have used as model compounds small
molecules (molecular weight (MW) < 500 g/mol) containing triple bond groups resonating at about 2100 cm ™"
and a large polymer (MW ~ 950,000 g/mol) containing carbonyl groups resonating at wavenumbers of about
1700 cm™~'. We show a sensitivity of 600 nm/RIU at different wavelengths at a maximum amount of im-
mobilized small molecule of 0.7 fmoles and a SEIRA enhancement factor of 48,000. We also show the device
potential to reveal chemical reactions, occurring on the sensor surface at the same scale, where the nitrile group
is converted to a triazole ring.
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1. Introduction

Infrared (IR) spectroscopy provide direct information on functional
groups occurring in a molecule via their own characteristic absorption
spectrum in a univocal, non-destructive and label-free way. It is a useful
technique complementary to other analytical methods. The different
spectroscopic techniques, like rotational spectroscopy, nuclear mag-
netic resonance spectroscopy, ultra violet spectroscopy and mass
spectrometry each contributes to the knowledge of the "system" ana-
lyzed by providing complementary information. Of great practical in-
terest for the analysis of organic and biological molecules, is the spec-
tral area between 4000 and 400 cm ~ . IR radiation between 10.000 and
100 cm™! is absorbed from organic molecules and converted to vibra-
tional motion energy. This absorption is quantized, but vibrational
spectra appear as bands rather than as lines because of the change in
vibrational energy accompanied by variations in the rotational state.
The bands are in fact roto-vibrational bands. There are two important
areas for a prompt examination of an IR spectrum: the region between
4000 and 1300 cm ~* and that between 1300 and 900 cm ™ '. The high
frequency region is called region of functional groups. Absence of ab-
sorption in the ranges assigned to the various functional groups in-
dicates the absence of such groups in the molecule. The intermediate
region of the spectrum at 1300-900 cm ™ is generally referred to as the
fingerprint region since absorption bands here may represent a unique
signature for each molecule [1]. Thanks to its fast and routine use for
the structural investigation of chemical compounds Fourier Transform
InfraRed (FTIR) spectroscopy is widely employed in various fields of
research, in industry as well as in pharmaceutical, safety, food, and
forensic sciences to identify substances [2,3]. Moreover, in health can
be used to tissue classification and cancer identification (trough hy-
perspectral imaging).

Infrared spectroscopy is characterized by a very low molecular ab-
sorption cross-section of infrared vibrations (Oaps 10~ 2° cm?);
therefore, a large amount of material is necessary for accurate de-
terminations. Accordingly, the spectroscopic characterization of minute
amounts of analytes, like self-assembled monolayers, required for sen-
sing applications, is not practical, since extremely weak signals are
expected based on Beer’s Law predictions. This fundamental limitation
can be overcome by the use of metallic nanoantennas (NAs) that sup-
port Localized Surface Plasmonic Resonances (LSPRs).

Metal NAs having sub-wavelength size (dimension smaller than the
wavelength of the incident electromagnetic radiation) can be seen as
oscillators, whose behavior is determined by the effective mass, by the
charge and density of free electrons and by their geometry. Under re-
sonance conditions, the electric dipoles induced inside each nanos-
tructure become extremely large. Consequently, the local fields in
proximity of the particles are enhanced compared to the incident fields,
so the absorption cross-section can be greatly amplified, and strong
absorption peaks are observed. These collective excitations are known
as Localized Surface Plasmons Resonances. These modes strongly de-
pend on the particle size (relative to the incident wavelength), on the
shape and on the environment in which the nanostuctures are located.
[4-7]. LSPRs can originate phenomena of Surface Enhanced Infrared
Absorption (SEIRA).

Metal NAs arranged in a 2D-array geometry, i.e. metasurfaces, are
generally deposited on a dielectric or semiconductor substrate. In
principle, depending on the specific application, the optical response of
the metasurfaces can be tailored in any region of the electromagnetic
spectrum from visible to microwave by varying the periodicity of the
2D-array as well as the shape, size and metal film thickness of each NA
[8,9]. For spectroscopic and sensing applications in the infrared range,
highly efficient sensing devices can be designed exploiting the sig-
nificant enhancement of IR signal in well-defined infrared regions [10].
In particular, it is possible to increase the sensitivity in the detection of
chemical and biological substances when two 2D-arrays of plasmonic
nanoantennas are used in SEIRA spectroscopy [11-13]. The condition
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needed by metasurfaces to probe the presence of chemical and biolo-
gical substances adsorbed on their surface is the accordance between
the plasmonic resonance of the functionalized NAs and the wavelength
value at the maximum absorption of the substance [11,12]. In these
conditions, the value of the metasurface reflection coefficient is mod-
ified, allowing the identification of the adsorbed species. The resonance
wavelength scales linearly with antenna’s length (L) and with the re-
fractive index (RI) of the surrounding medium [14]. Such dependence
on the antenna’s geometrical parameters offers the possibility to tailor
an optimized design of the NAs and, through nanofabrication technol-
ogies, to realize metasurfaces with the desired resonance wavelength.
Theoretical and experimental investigations have focused the attention
on understanding how variations of the shape and/or the geometrical
parameters characterizing both the NAs and the resulting 2D-array in-
fluence the SEIRA detection sensitivity. Several types of NAs, different
in shape, size, geometrical parameters and thickness [15-19] have been
proposed in order to explore their influence on the metasurface detec-
tion sensitivity. The variation of only one of these parameters results in
a shift of the peak wavelength A\, of the metasurface reflection/
transmission curve and, in changes of the maximum achievable re-
flection coefficient and of the bandwidth measured at full width at half
maximum.

In this paper we present the design, fabrication and experimental
characterization of large-area coverage arrays of cross-shaped plas-
monic NAs for vibrational sensing in the mid-infrared range. The cross-
shaped design makes NAs insensitive to the polarization of the elec-
tromagnetic radiation impinging the active area. This feature enables
their utilization as bio-molecular sensors, given the random orientation
of the dipole moments of molecules. At the same time the array ar-
rangement ensures a good near-field signal enhancement arising from
the coupling between neighbour NAs. The combined collective and
individual plasmonic responses of the 2D array of NAs play a crucial
role to obtain signal enhancement factors of 10*-10°. Although cross-
shaped 2D-arrays of NAs have been reported as refractive index sensors
[20,21], their ability as detectors of the SEIRA resonant effect has not
been reported so far.

Enabled by the high quality, precision and reproducibility of the
Electron Beam Lithography technique in terms of arrangement of na-
nostructures, we have manufactured very homogeneous, robust and
recyclable arrays using float-zone silicon wafer as substrates. The gen-
erated cross-shaped NAs exhibit SEIRA phenomena which are very
sensitive to both refractive index changes in the surrounding medium
and, to the specific molecular vibration band emerging from surface
adsorbed molecules. Acting on the 2D array geometrical parameters we
have designed two sets of 2D arrays of NAs: one is able to detect mo-
lecules in the absorption region of the nitrile group, characterized by
the stretching of the C=N triple bond at around 2100 cm ~!; the second
is capable of detecting molecules in the absorption region of the car-
bonyl group, characterized by the stretching of the C=0 double bond at
around 1700 cm ™. We show a sensitivity of 600 nm/RIU at different
wavelengths, with amounts of immobilized small molecules not higher
than 0.7 fmoles, and a SEIRA enhancement factor of 48,000.

2. Materials and experimental methods
2.1. Simulations and design

The spectral response of the metasurface has been evaluated
through numerical simulations by using COMSOL Multiphysics virtual
environment. This allowed to design optimized 2D-arrays of gold NAs
and fabricate high sensitivity SEIRA sensors for any fixed resonant
wavelength A5 [22]. In particular, we analyzed cross-shaped gold NAs
because they ensure a metasurface polarization insensitive to the im-
pinging EM radiation and an increase of about a factor two of the SEIRA
sensitivity compared to that expected by employing rod shape NAs
[22,23].
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Fig. 1. Plasmonic NAs design and simulations. (a) Truncated view of the NAs
2D-array with the geometrical parameters for the cross-shaped NAs; (b) Finite
Element Method - simulated reflectivity spectral response of resonant plas-
monic NAs arrays centered at 1612cm ™' and 2100 cm ™' obtained for NAs
cross-length equal to L = 1100 nm (black curve) and L = 850 nm (red curve),
respectively (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

For the numerical simulations of the metasurface spectral beha-
viour, the unit cell of the 2D-array is composed by a single NA illumi-
nated by an unpolarized EM plane wave propagating along the z-axis
and impinging at normal incidence on the metasurface (Fig. 1). Starting
from the unit cell, the NAs 2D-array was obtained by using periodic
boundary conditions along the x- and y- axes (i.e. the metasurface
plane) and the scattering boundary conditions along the z- axis. In
Fig. 1a, L is the length of the cross arm, W the cross width and a = b the
distance between two adjacent crosses that defines the 2D-array peri-
odicity. The NAs 2D-arrays are located on a silicon substrate (float zone
Si) that is optically transparent in the middle and far infrared regions of
the EM spectrum where the SEIRA experiments have been performed.
As discussed above, the metasurface resonant wavelength depends on
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the values of the parameters indicated in Fig. 1, thus we fixed the 2D-
array periodicity a = b = 2 um and the cross-shape width W = 0.2 um.
Moreover, the NAs thickness was t = 55nm (resulting from 5nm of
chromium and 50 nm of gold film deposition). With this design, the
only 2D-array free parameter remains the cross-length L that was varied
to center the metasurface resonance wavelength respect to the resonant
absorption wavelength of the substances used for the SEIRA experi-
ments. In particular, L = 850 nm was suggested by the simulations as
the cross-length dimension needed to have a metasurface resonance at
2100 cm™!, the wavelength that matches the vibration band of the
nitrile group falling at around the same value. Under these conditions,
the resulting metasurface peak reflectivity is equal to about 46% (see
Fig. 1b, red curve). The cross-length L = 1100 nm was suggested to
achieve the metasurface resonance centered at 1660 cm ™! needed to
probe the vibrational band of the carbonyl group expected at about
1700 cm ™. In this case, the metasurface maximum reflectivity is equal
to 56% (see Fig. 1b, black curve). The metasurface was fabricated with
NAs 2D arrays having these geometrical parameters. As defined in Ref.
[22], the SEIRA gain is the ratio AR/ARy, where AR and AR, are the
changes of the reflectivity of the metasurface and of a flat unstructured
metal layer calculated in presence and in absence of the adsorbed
analyte for the maximum absorption coefficient centered at Acs. Phy-
sically, the SEIRA gain depends on the electric field intensity distribu-
tion on the NA unit cell surface and, in particular, on its increase in the
regions between the edges of the neighbouring adjacent crosses that
strongly enhances the EM interaction with the substance adsorbed on
the metasurface [22]. In Fig. 2 are reported the 2D plots of the spatial
distribution of the electric field intensity on the NA unit cell area for the
metasurface with the reflection resonance at 1660 cm™. Similar results
are obtained for the metasurface with the reflection resonance at
2100 cm™. In particular, Fig. 2a shows the electric field intensity dis-
tribution taken at 20 nm above the NA unit cell surface that is located
on the (x,y)-plane perpendicular to the z-direction of the EM radiation
impinging on the metasurface. As expected the electric field distribu-
tion is greatly enhanced around the cross edges. The electric field in-
tensity distribution on the xz-plane is reported in Fig. 2b. In this case we
observe only the 50 nm NA cross section along the z-axis and the plot
proves again that the increase of the electric field intensity is con-
centrated around the cross edges. Moreover, it is possible to observe
that the regions yielding the increase of the electric field intensity as
well as the corresponding maximum reached values, are different in the
upper and lower part of the plane delimited by the unit cell of the NAs.
This depends on the diverse differences of the permittivity occurring at
the gold-vacuum (upper half-plane) and gold-silicon (lower half-plane)

Fig. 2. 2D plots of the electric field intensity distribution on the NA unit cell. (a) Electric field intensity distribution taken at 20 nm above the NA unit cell surface on
the (x,y)-plane perpendicular to the z-direction of the impinging EM radiation. (b) Electric field intensity distribution on the (x,z)-plane corresponding to the NA unit

cell cross section view. Note that the cross dimensions are not in scale.
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Fig. 3. SEIRA chips. (a) A macrophotograph of a 1 cm? chip containing a 3 x 3 mm? NAs array. (b) A micrograph of a 5 x 5 mm? array. (c) A scanning electron
micrograph of NAs with L = 1100 nm and W = 190 nm with periodicity 2 pm; d = 200 nm.

interfaces.
2.2. Fabrication

We fabricated homogeneous NAs 2D-array on large areas as re-
quired for practical applications. The area coverage spans from
1 x 1Tmm?to 5 X 5 mm? in order to be easily mounted on commercial
FTIR instrument. The large area sample was fabricated by Electron
Beam Lithography, by stitching up to 2500 writing field of size
100 x 100 pm? With this write field size the stitching error is esti-
mated to be 7 nm, enabling the fabrication of gold NAs with well-de-
fined geometrical parameters. Fig. 3 shows a photograph of the whole
device. Fig. 3a shows a macrograph of the whole chip of dimensions
10 x 10 mm?, with a NAs array area coverage of 3 x 3 mm? Fig. 3b
shows a micrograph of an NAs array with area coverage of 5 X 5 mm?;
Fig. 3¢ shows a scanning electron micrograph of single NAs with length
L = 1100 nm, width W = 200 nm and a period of 2 pm. We used float-
zone silicon wafer as substrate and designed a negative mask layer to be
exposed on a layer of positive tone resist. After the development process
we deposited a 5 nm chromium buffer layer and a 50 nm gold layer; the
desired array was obtained via a lift-off process. The NAs fabricated are
very robust and reusable. The array is very homogeneous and re-
producible as confirmed by its infrared optical properties measured at
different positions with distances of about 1 mm. Different devices
produced with the same set of parameters show the same spectral
feature of their resonance with a margin of error less than 5% as shown
in Figure S2 (see supplementary information (SI) document). We re-
generated our gold metasurface covered by adsorbed thiols and poly-
mers using liquid-phase hydrogen peroxide-mediated UV photo oxida-
tion process [24] without observing any degradation of the
performance (see Figure S3). All the details on the fabrication and
regeneration process are reported in the paragraph S.1 (SI).

2.3. Chemicals

To demonstrate the ability of the SEIRA chip to efficiently detect
compounds absorbing at the expectede wavelengths, we designed and
prepared some model compounds. Compound I containe on one end a
thiol group for proper anchoring on the gold surface and on the other a
nitrile group which resonates at about 2100 cm ™' the frequency at
which the NAs with characteristic length L. = 850 nm show the plasmon
resonance. Compound I is a Pentinyl Cysteine Amide. The compound
also contains two carbonyl groups that resonate at about 1650 cm™.
Compound II was an azide-containing molecule specifically acetyl-ly-
sine(e-azide)-amide. Compound II that was used in a subsequent click
chemistry reaction with the pentinyl moiety to transform the nitrile
group into a triazolyl ring, thus removing the triple bond resonating at
2100 cm™. Compounds I and II were prepared following a standard
methodology [25] on solid phase using 20 mg of Fluorenylmethylox-
ycarbonyl (Fmoc)- Rink Amide aminomethyl-polystyrene Resin (Rink
Amide AM resin) for each compound, with a loading of 0.71 mmol/g.

603

Compound I was obtained by condensation of pentinyl acid with a resin
bound cysteine. Cysteine was introduced on the Rink Amide AM resin
as Na-(9- Fluorenylmethyloxycarbonyl)-S-trityl-L-cysteine (Fmoc-L-Cys
(Trt) — OH). Condensation was performed using 1-[Bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoropho-
sphate (HATU) and Sym-collidine. The Fmoc group was removed by a
10 min treatment with 20% piperidine in dimethylformamide (DMF).
Compound II was obtained by coupling to the Rink Amide AM resin the
Na-(9-  Fluorenylmethyloxycarbonyl)-e-azido-1-lysine ~ (Fmoc-1-Lys
(N3)—OH), removing the Fmoc group as described above and acet-
ylating the free amino group with acetic anhydride at 30% in Di-
methylformamide (DMF) in the presence of 5% N,N-Diisopropylethy-
lamine (DIEA). Peptide cleavage from the resin and removal of the
Trityl group from the cysteine side chain were carried out using Tri-
fluoroacetic acid (TFA)/water (95:5) for 3h. After resin removal by
filtration, the cleavage mixture was diluted in water and lyophilized.
Compounds were dissolved in water and residual organic solvents were
extracted twice with diethyl ether. Analytical characterization of
Compounds I and II by IR, nuclear magnetic resonance and mass
spectrometry confirmed the identity of the molecules (see Figure S4,
S5, S6). All the details on the synthesis and characterization of Com-
pounds I and II are reported in the paragraph S.2 (SI). Purity was higher
than 99% as estimated by reverse phase high performance liquid
chromatography (not shown).

Gold NAs were functionalized with a self-assembled monolayer of
Compound I, by exposing the gold surface at a solution prepared at
10 pM in phosphate buffer pH 7.4 for 20 min. The whole array was
covered with 200 pl of the compound solution. The reaction was re-
peated twice. Assuming a quantitative adsorption of the compound on
the gold surface, no more than 0.7 fmoles of material were immobilized
on the sensor, as described below. The click reaction was performed as
reported in literature [26] exposing the gold surface conjugated with
Compound I to a solution of Compound II at 1 uM in water/tert-butanol
(2:1) in presence of copper(I) (concentration: 14 uM) and ascorbic acid
(concentration: 13 pM) to promote the alkyne-azide cycloaddition. The
functionalized layer was covered with 150 pl of the solution and al-
lowed to react for one night. The reaction was repeated twice. Com-
pound structures and a schematic of the click reaction are reported in
Fig. 4.

To obtain a reference surface exposing carbonyl groups char-
acterised by the absorption band at around 1700 cm™, we covered the
gold NAs with characteristic length L=1100 nm with a thin layer of
Poly(Methyl MethAcrylate) (PMMA). We purchased the PMMA 1% in
anisole w/v from Micro Chem (NANOTM PMMA) formulated with a
molecular weight of 950,000 g/mol. We obtained 50 nm thin layer of
PMMA via spin coating technique with a speed rotation of 2000 rpm for
60 s, baked at 180 °C for 180 s on a hot plate.

2.4. Infrared measurements

The reflectance spectra were acquired with a Perkin Elmer Spectrum
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One Fourier Transform Infrared (FTIR) spectrometer equipped with a
Perkin Elmer Multiscope system infrared microscope and an MCT
(mercury cadmium telluride) nitrogen cooled detector. The objective
used for the measurements had a 10X optical or 15 x infrared mag-
nification. During the experiments, knife-edge apertures were set to
form a measurement area ranging from 100 x 100 to 200 X 200 um?, A
background spectrum was measured with an aperture of the same size
on a flat unstructured gold layer with the same thickness of the NAs,
deposited on the same substrate and utilized as a reference. The mea-
surements were made at room temperature by collecting the signal in
the spectral region between 4000 and 600 cm ~ ! using 128 scans with a
spectral resolution of 4cm™! and 5s as acquisition time for each
spectrum.

3. Results and discussion

In order to demonstrate the ability of this specific design, i.e. gold
cross-shaped NAs with specific sizes, to detect very low amounts (from
femto down to attomoles) of molecules utilising the resonant SEIRA
effect, we have chosen as probes two type of molecules, one type
characterised by small molecular weight (Compound I, CgH;3N,03S
MW 200.06 g/mol and Compound II, CgH;1N505 MW 215.14 g/mol),
the other type by high molecular weight (PMMA MW 950,000 g/mol).
In the first case the molecules bear a triple bond characterised by an
absorption band at around 2100 cm ™! (Compound I at 2113 cm ™! due
to the vibrational mode stretching v((R-C=C-H)) and Compound II at
2097 cm~ ! due to the vibrational mode stretching v(-N3) as shown in
figure S5 A-B in the SI). In the second case, the carbonyl groups of
PMMA methyl acrylate are characterised by the absorption band at
around 1700 cm™ (1720 cm ™! due to the vibrational mode stretching of
v (COOCH3)).

Because of the resonant nature of the molecule-plasmon coupling,
the enhanced vibrational signal strengths strongly depend on the
plasmonic resonance frequency with respect to the vibrational one. To
maximize this effect of increasing the SEIRA performance, a tailored
and optimized design of NAs resonance is required. The ratio of ab-
sorption is determined by the plasmonic material while the scattering
cross-section and the near field by the NAs geometry, which both im-
pact the SEIRA enhancement. Typical materials used for resonant
SEIRA include metals, e.g. Au, Al or Ag. Gold combines several ad-
vantages. Among the others, its dielectric function follows nearly per-
fect Drude-type behaviour in the infrared spectral range, leading to a
sharp plasmonic resonance. In addition, gold is stable under ambient
conditions, biocompatible and shows robust self-assembled monolayers
through thiol-gold interaction. Therefore it is a promising material for
biomedical applications. In the cross-shaped NAs we describe here, the
plasmon resonance frequency can be tuned to the desired value of vi-
brational band by simply varying the NA length (which is inversely
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Fig. 4. Compounds used in this study.
The gold surface is exemplified by a
gray cross. Compound I is pentinyl-cy-
steineamide; compound II is acetyl-ly-
sine (e-azide)-amide. (i) 10 pM com-
pound I in phosphate buffer pH 7.4,
200 ul, 20min at room temperature
(RD). (ii) 1 uM compound II in water/
tBuOH (2:1), 14 uM Cu,SOy4; 13 pM
ascorbic acid, 150pl, 2h at RT.
Compound III is 1-a-Acetyl-e -lysiny-
lamide-4-butylcarboxy-a-cysteinyla-
mide triazole, linked to the gold surface
through the thiol group.

(1)

proportional to the value of the plasmon resonance frequency Ares b).
Following our simulation study, we fabricated NAs having length
L = 850 nm to match the band at around 2100 cm ™! (see Fig. 1b red
curve) and NAs having length L = 1100 nm to match the band at
around 1700 cm ~ ! (see Fig. 1b black curve). In both cases the width W
and periodicity a of the NAs array was fixed at W = 200nm and
a = 2000 nm.

Fig. 5a shows the comparison between measured and simulated
reflection spectra of the NAs arrays tuned for the coupling to the triple
bond vibrational band before molecule adsorption. A plasmonic re-
sonance peaked at a wavenumber of 2099 cm ™! with a relative re-
flectance of 45% is present. Fig. 5b shows the comparison between
measured and simulated reflection spectra of the NAs arrays tuned for
the coupling to the double bond vibrational band before molecule ad-
sorption. A plasmonic resonance peaked at a wavenumber of
1666 cm ~ ! with a relative reflectance of 56% is present. The positions
of the peaks resonances are well fitted with the simulated model dis-
cussed above, confirming the model as a useful guide for the design of
NAs arrays with specific resonance peaks. However the small dis-
crepancy present in the figure is due to the difference between the real
geometry of the fabricated nanostructures and the ideal design (see
Fig. 3c) since during the electron beam fabrication procedure the
proximity effect makes very difficult to produce sharp edges.

FTIR spectra were investigated before and after Compound I ad-
sorption and after the click reaction with Compound II on the surface of
the gold NAs arrays with L = 850 nm.

After the verification of the resonance properties, gold NAs were
functionalized with a self-assembled monolayer of Compound I. Fig. 6
shows SEIRA spectra of a 1 x 1 mm? area coverage of a NAs array
before and after adsorption of Compound I and after its conversion into
1-a-Acetyl-e-lysinylamide-4-butylcarboxy-a-cysteinylamide  triazole
(compound III), where the C=N group, following the click reaction is
incorporated into a triazole ring, losing the triple bond feature.

The amount of Compound I detected in a single measure was esti-
mated as follows: we determined the number of gold atoms exposed to
the light beam on the outer surface of each NAs during the measure-
ment and assumed that every single gold atom was able to capture one
single molecule of Compound I. The outer surface of each NA with
length of 850 nm is 5.3 x 10° nm? Considering an area coverage ex-
posed to the light of 100 x 100 pm? and a gold effective area of a single
atom to be about 3.5 x 10~ ! nm?, we have about 4 x 10° exposed gold
atoms, that means 0.7 fmoles of compound I (for an area coverage of
200 x 200 pm? about 2.5 fmoles). Assuming a quantitative com-
plexation of gold by the thiol groups of Compound I and a quantitative
conversion of its alkyne group to the triazole ring of Compound III, we
can infer that the maximum amount of both Compound I and of
Compound III that can be detected in a single measure is not higher
than 0.7 fmoles. After derivatization with Compound I, the plasmonic
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resonance peak is red shifted of 100 cm ™. This shift originates from the
polarizability change of the NAs surrounding medium caused by the
adsorbed compound. This shift is the base of localized surface plasmon
resonance (LSPR) sensing [12] and originates from the confined plas-
monic near-field, which at visible and near infrared wavelengths is
highly sensitive to the change in refractive index of its surrounding
medium. Reported sensitivity for LSPR sensors are ~2x10% nm/RIU
[27,28]. Although less performing than Surface Plasmon Polaritons
(SPP), LSPR-based sensors can perform well in some instances, parti-
cularly for the detection of small number of biomolecules with small
molecular weight < 500 g/mol (Compound I has a MW of 200 g/mol).
The difference between the refractive index of the air and of Compound
Iis 0.42 [29] and we found a sensitivity of 600 nm/RIU. This value is in
accordance with the values reported for similar molecular systems
[27,28].

Although we were able to detect Compound I at as low as 0.7 fmoles
or less, the resonant effect did not show up. SEIRA resonant effect did
not appear even if the NAs are properly designed and fabricated. This
may be due to different reasons, like quantum effects [30] and/or
damping and surface effects originating from impurities that hinder
adsorption of the molecules of interest at the site of the plasmonic
enhancement [31]. In our case, the main reasons can be attributed to
the small molecular weight of the molecule. The experiment was
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planned in such a way that the resonant effect of the stretching of C=N
through to the conversion of the triple bond to the triazole function
caused by a click chemistry reaction could be controlled and dumped.
Although the resonant effect did not occur we determined the sensi-
tivity of the sensor to the modified layer of molecules, i.e. the layer of
Compound I, through the resonance shift. Indeed, following the click
reaction and formation of the triazole moiety in Compound III, we
observed a further 20 cm ™! red shift (Fig. 6, red curve) compared to the
Compound I resonance (Fig. 6, blue curve).

To test the SEIRA resonant effect at wavenumbers where the C=0
groups are detected, we deposited a thin layer of high molecular weight
PMMA (about 950,000 g/mol) that contains a high density of repeating
C=O0 units. A thickness value of 50 nm was chosen to fully cover the
NAs [32]. Fig. 7 presents SEIRA spectra recorded on a 5 X 5 mm? area
of NAs arrays, illuminating a 200 x 200 um? area, before and after the
PMMA deposition. The black curve in Fig. 7 shows the characteristic
resonance of the NAs array in air peaked at 1666 nm~'. After PMMA
deposition, the peak position of the plasmonic resonance was red-
shifted by 66 cm ™. The difference between refractive index of the air
and PMMA is 0.49 [33] and we found a sensitivity of 505 nm/RIU.

Resonant coupling between the NAs plasmonic resonance and the
stretching vibration of the carbonyl groups of PMMA methyl acrylate
VY(COOCHS3) is found in our spectra at 1720 cm ™! in good agreement
with data reported for PMMA. The good match of the NAs resonance
with the C=0 stretching vibration band is crucial for the appearance of
the vibrational signal. The signal intensity, calculated as difference
between maximum and minimum reflectance at the vibrational feature,
reaches a value of about 2%. To quantify the sensitivity of resonant
SEIRA effects we adopted the following enhancement factor (EF)
parameter, which correlates the enhanced signal strengths to standard
IR reflection measurements [11,34]:

_ AR A
ARy Aspira

@

where AR is the difference of the reflectance value of the NAs array
without the PMMA layer (Fig. 7, black curve) and with the PMMA layer
taken in correspondence of the stretching vibration of the carbonyl
group of methyl acrylate v(COOCH3) at 1720 cm ™! (Fig. 7, red curve at
the minimum of the SEIRA resonant peak). AR turns out to be equal to
7%. In the same way AR, is the difference of the reflectance value of a
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Fig. 7. Resonant SEIRA spectra. Reflectance curve of the gold NAs array in air:
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shows the reflectance with a 50nm PMMA layer deposited on it (For inter-
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to the web version of this article).

flat unstructured gold layer with the same thickness of the NAs, de-
posited on the same substrate, acquired in the same conditions utilised
for NAs array, without the PMMA layer (Fig. 7, inset black curve) and
with the PMMA layer at 1720 em ™! (Fig. 7 inset red curve). ARq turns
out to be equal to 0.01%. The factor AR/AR, result to be = 700.

For the determination of the geometrical parameter, A, is the area
of the NAs exposed to the light corresponding in this case to
4 x 10'° nm? and Aggra is the effective area of NAs on which the field
is located. As reported in literature [15,35] and as seen in Fig. 2a the
field is mainly located on the tips of the cross shaped NAs, therefore we
evaluate the active area for each NA as the sum of four semi-circles with
a 200nm diameter (schematic in Fig. 1b) then multiplied for the
number of exposed NAs. Aggra turns out to be 2w x1 0% nm?. The geo-
metrical factor Ayp/Asgra is equal to 64, therefore we have an en-
hancement factor of 44,800.

Typical enhancement factors found in other studies range from 10°
to 10° depending on the antenna shape, material, and arrangement. The
value found for the EF parameter confirms the goodness of our devices
and of the model used for their design [22]. Moreover, our device
shows the capability to perform both refractive index sensing and sur-
face-enhanced infrared absorption spectroscopy.

4. Conclusion

In conclusion, we have experimentally demonstrated that high-
density arrays of gold cross-shaped NAs are very suitable for both
sensitive surface enhanced infrared absorption spectroscopy and re-
fractive index sensing. The gold cross-shaped NAs support localized
surface plasmon polaritons; the resonance peak of the NAs array has
been tuned by varying one geometrical parameter, i.e. the length of NA.
In presence of a layer of PMMA that contains repeated carbonyl groups,
the SEIRA enhancement has been found to be as high as 48,000 relative
to the absorption peak at 1720 cm ™!, arising from the stretching vi-
bration of the carbonyl group of the PMMA methyl acrylate
Y(COOCH3). For small molecules with a size well below 500 g/mol
(Compound I MW 200 g/mol), a sensitivity of 600 nm / RIU has been
found for amounts of immobilized compound as low as 0.7 fmoles or
less.

The manufactured devices have shown an excellent reproducibility
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and an excellent robustness. In fact, they have been recycled using a
liquid-phase hydrogen peroxide-mediated UV photo oxidation process
for regenerating the naked gold surface.

By increasing the NA length and hence decreasing its resonance
frequency, the plasmonic near-field intensity increases [36], therefore a
higher SEIRA enhancement is expected. This observation also suggests a
huge potential for the use of plasmonic enhancement in THz spectro-
scopy [37]. The SEIRA enhancement may be further improved by a
careful design to reduce non-radiative plasmonic losses given by the
NAs materials [38] and of the radiative plasmonic losses provided by
the specific NAs shapes and arrangements [39]. Such optimized na-
noantennas are likely to serve as substrates for surface-enhanced in-
frared spectroscopy with very high sensitivity, with the capability for
label-free and non-destructive material identification and for mon-
itoring at qualitative level chemical transformations occurring at the
sensor surface. Moreover, combinations of resonant SEIRA with re-
fractive index sensing and other field-enhanced techniques, can lead to
the design of nanoscale sensing platforms providing complementary
chemical information and quantitative assessment of known analytes
following proper calibrations with suitable standards. Finally, SEIRA
NAs can be easily integrated with micrometre-sized channels and be
suitable for the high sensitivity, real time analysis of IR emitting sam-
ples, in matrices where IR spectroscopy is severely limited due to ab-
sorption bands of liquid water.
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