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Surface-enhanced infrared absorption (SEIRA) leads to a largely improved detection of polar molecules,
compared to standard infrared absorption. The enhancement principle is based on localized surface
plasmon resonances of the substrate, which match the frequency of molecular vibrations in the analyte
of interest. Therefore, in practical terms, the SEIRA sensor needs to be tailored to each specific analyte.
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We review SEIRA sensors based on metal plasmonics for the detection of biomolecules such as DNA,
proteins, and lipids. We further focus this review on chemical SEIRA sensors, with potential applications
in quality control, as well as on the improvement in sensor geometry that led to the development of
multiresonant SEIRA substrates as sensors for multiple analytes. Finally, we give an introduction into the
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1 Introduction

Detection of molecules in different environments enables us to
observe how organisms function, but also to monitor the
quality of our food, air and water, among many other applica-
tions. The more molecule types we can detect simultaneously in
an environment, the more whole our picture of said environ-
ment becomes. Most samples, especially those of biological
origin, require fast, label-free, and non-invasive manipulation.

Among a wide variety of detection tools and modalities,
vibrational spectroscopies probe the vibrational states of mole-
cules, to qualitatively and quantitatively identify the presence of
molecules in a mixture. The two most prominent examples of
vibrational spectroscopy are infrared (IR) and Raman spectro-
scopy, both providing quick, label-free, and non-invasive tech-
niques. Both IR and Raman spectroscopy probe transitions
between vibrational levels, but they rely on fundamentally
different physical mechanisms, namely IR absorption and
Raman scattering.

In IR absorption spectroscopy, the molecule absorbs a
photon corresponding to the energy of a molecular vibration,
if the dipole of the molecule changes in that particular mole-
cular vibration." During an IR spectral measurement, the
sample is illuminated with photons spanning the near- to far-
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integration of SEIRA sensors with surface-enhanced Raman scattering (SERS).

IR energy range, to identify multiple vibrational transitions that
become the molecule’s vibrational fingerprint.”> Raman scatter-
ing relies on a fundamentally different process, in which the
molecule first absorbs the incoming photon (into an allowed or
a forbidden state) and then scatters another photon whose
energy differs from the incident photon by the energy of a
molecular vibration.

In such inelastic scattering events, the photon energy can
either decrease (Stokes scattering: w;, — wy;p) Or increase (anti-
Stokes scattering: w;, + wyp), by the energy of the molecular
vibration. For inelastic scattering to occur, i.e., for a molecule to
be Raman-active, the molecule must be polarizable. As a result,
all molecular vibrations can be excited by the same incident
laser wavelength while the outcoming photon informs about
the energy of the vibrational transition.?

Due to the different selection rules, certain molecular vibra-
tions are only detectable in IR or Raman spectroscopy. How-
ever, several vibrations, especially in molecules with non-
center-symmetric point groups, may be observed by both
techniques.* Furthermore, most compounds contain IR- and
Raman-active molecular vibrations, such as mercaptobenzo-
nitrile (MBN). Therefore, both IR and Raman spectroscopy
can inform us about the fingerprint region with characteristic
vibrational lines of molecules. However, in the analysis of
aqueous samples Raman is often at an advantage, because
water has strong IR absorption bands, but is only a weak
Raman scatterer.”

A relevant requirement for monitoring biological and envir-
onmental samples is the possibility of detecting trace amounts.
However, IR absorption (107>° cm® per molecule) and Raman
scattering (107>° em” per molecule) cross-sections are small
and, as a result, when studying samples at very low
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concentrations the recorded signals are often too weak. In this
context, research has been carried out to enhance the signal that
can be recorded by both IR and Raman spectroscopy, largely in the
context of plasmon resonances. Plasmons are collective oscillations
of conduction-band electrons in metals,” which lead to charge
density waves, either inside a metal (bulk plasmons) or at a metal-
dielectric interface (surface plasmon polaritons).®

In nanopatrticles, the spatial confinement leads to the formation
of so-called localized surface plasmon resonances (LSPR).>® Surface
plasmon polaritons and LSPR result in a local magnification of
electromagnetic fields.'® Such a magnification of the electromag-
netic field in turn leads to an enhancement of IR and Raman
signals from molecules that are placed nearby the plasmonic
surface, resulting in a process broadly termed surface-enhanced
spectroscopy."* Although surface-enhanced infrared absorption
(SEIRA) and surface-enhanced Raman scattering (SERS) were dis-
covered around the same time, the larger enhancement factors
achieved in SERS have made it significantly more popular.

In 1980, Hartstein and colleagues discovered SEIRA by placing
analyte monolayers on top of colloidal silver films, which led to a
signal enhancement of a factor 20."® Albeit only a few years after the
discovery'* and identification'>"® of the SERS effect, at that time
SERS signal enhancements factors had already reached 10°" In
1997, SERS first reached single molecule detection, with enhance-
ment factors of 10'° to 10™*,'®'° whereas 20 years later the furthest
milestones in SEIRA enhancement factors lie at 107.>°>* This
review focuses on recent advances of the less popular SEIRA, as a
sensing tool for biological and chemical samples. We focus on the
design of metal-plasmonic substrates for the detection of one or
multiple analytes, to ultimately provide our own insights into the
potential combination of SEIRA and SERS.

IR absorption occurs over a wide wavelength range and
depends on the energy of the molecular vibrations. Therefore,
the appropriate plasmon resonance of the metallic structure
should lie at, or close to, the energy of the molecular vibration
to be enhanced.”*?* Substrates may be designed to enhance
specific molecular vibrations in a mixture (for example pro-
teins, fatty acids or environmental toxins), leading to the
selective enhancement of a compound over others.>>>*">°

Furthermore, since SEIRA solely probes the sample close to
the surface, the IR water absorption peak can be suppressed.®
Recent advances in pattern design of metallic SEIRA substrates
have seen the emergence of multi-resonant substrates, which
can enhance multiple sections of the IR range, thereby allowing
for the detection of multiple analytes.*** Since for SERS the
plasmonic frequency should closely match the excitation laser
line,®3373° combined SEIRA and SERS consequently asks for
multi-resonant substrates supporting plasmons at the wave-
length of all IR peaks to be enhanced, as well as plasmons
closely matching the Raman excitation laser beam.**™**

2 Background

Light irradiation of metal nanostructures generates confined
electromagnetic near-fields, which are essential for the
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enhancement of IR signals. Such near-field enhancements
originate from the collective electronic oscillations within the
nanostructure, ie., the LSPR. Therefore, these nanostructures
become antennas for light, and their size, shape and material
define their electromagnetic properties. One of the simplest
antennas, linear nanorods, function as half-wave dipole anten-
nas, which produce plasmon resonances whose wavelengths
depend mainly on the rod length L.

The main LSPR of such antennas originates from dipolar
modes within the whole antenna, with one dipole corres-
ponding to the length of the antenna, thus being referred to
as the longitudinal mode, and another originating from the
width of the antenna, the so-called transversal LSPR mode.*®4”
Each of these modes may be excited selectively by tuning the
polarization of light.*' In addition to this main dipolar reso-
nances, others (higher order multipoles) may also occur in
nanorod antennas, but we chose not to elaborate on these
here."® Half-wave dipole nanoantennas can be used to generate
LSPR in the IR. The relationship between the antenna length
(width in case of transversal modes) and the resonance fre-
quency has been derived by Novotny as:*°

2L
A =—na; + a, (1)
m

where / is the wavelength of the mode, m the mode number (a
positive integer), and n the refractive index of the surrounding
medium.*® The parameters a; and a, originate from the
antenna geometry and the phase associated with reflections
at the antenna end. An increase of the refractive index around
the nanoantenna evokes a redshift of the resonance, which has
been applied for sensing based on refractive index changes
occurring upon binding of analytes."” The main factor deter-
mining the central plasmon resonance frequency in IR rod-
antennas is their length, as illustrated in Fig. 1a.>* The aspect
ratio, included into parameter a,, additionally influences the
antenna resonance; a smaller aspect ratio (wider antenna of the
same length) displays a broader and blueshifted resonance.>**
More complex antenna designs often comprise combinations
of linear rods and, as a result, the LSPR becomes a combination
of the corresponding resonances of linear antennas.?®*">*>3

For the main dipolar mode, the highest near-field enhance-
ments are found at the antenna tips, as shown in Fig. 1c. In
addition to the near-field enhancements of individual anten-
nas, additional enhancements may also stem from the arrange-
ment of multiple antennas into regular arrays (Fig. 2a). The
strength of the LSPR of a single antenna depends on the
incident electric field. Antennas in periodic arrays may also
feel the electric field generated by the dipoles of the other
antennas in the array, thus generating a stronger near-field in
each individual antenna (Fig. 2b).?***7>® The intensity of this
collective enhancement depends on the substrate, the spacing
between the antennas, and the wavelength and angle of the
incident light. The near-field intensity is highest when the
dipolar modes of the antennas in the array are approximately in
phase.””

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Experimental relative transmittance of rod-antennas of different
lengths with constant width (58 nm) and height (60 nm). Adapted from ref.
50 with permission from AIP Publishing. (b) SEM image of a rod-antenna
and (c) its near-field enhancement distribution, as measured with
scattering-type scanning near-field optical microscopy (s-SNOM), with
polarization direction along the antenna (parallel). Adapted from ref. 51
with permission from John Wiley and Sons.
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Periodic, D = 1.6um

L

Fig. 2 (a) SEM image of a rod-antenna array. (b) Cross-sectional distribu-
tion of the near-field intensity of an isolated antenna and an antenna in a
periodic array. Reproduced with permission from ref. 57. Copyright 2009
National Academy of Sciences.

2.1 Fano resonances

The peak of a surface-enhanced molecular vibration does not
appear as an individual peak in the spectrum, but rather as a
modulation in the plasmonic line-shape. The plasmon reso-
nance can be described by a Lorentzian line profile, analogous
to that of a harmonic oscillator. The molecular vibration thus
shows up on top of the LSPR’s Lorentzian line-shape as an
asymmetric modulation of the profile. The asymmetric profile
of the molecular vibration can be described by a so-called Fano
resonance. Fano resonances were first described in 1961 by Ugo
Fano, in his quantum mechanical description of auto-ionized
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states of atoms, which have a characteristic asymmetry in their
line-shape.>® Fano described the asymmetric line-shape as:

(Fy +» — wo)’

[ o LT 00
(0 — wp)? + 72

(2)

where I is the intensity, F the Fano parameter describing the
degree of asymmetry, and y the width of the resonance with
frequency w,. The asymmetry originates from constructive and
destructive interference, which in the case of SEIRA occurs
between the broadband plasmon resonance and the narrow-
band molecular vibration.®®®" Using highly engineered SEIRA
substrates (so-called metamaterials), Fano line-shapes may also
be observed, with no relation to the surface enhancement
effect. Different plasmon modes within various components
of a metamaterial geometry may interact with each other and

give rise to plasmon modes, which are also described by the
Fano line-shape.?%%?

2.2 Coupled harmonic oscillator model

The interaction of the LSPR with a molecular vibration can be
intuitively understood as a coupled harmonic oscillator.'*¢%!
In this classical analogy to the Fano formalism, the LSPR
couples to the molecular vibration as depicted in Fig. 3b. The
IR illumination excites the plasmon resonance of the antenna,
which acts as a “bright” mode. For the molecular vibration,
with a low absorption cross section, the far-field IR illumina-
tion only minimally excites the molecular vibration, this mode
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Fig. 3 (a) Schematic view of a damped harmonic oscillator consisting of a
bright (A) and a dark (P) mode. The external radiation drives the bright
mode A via a force g x Ej,. The dark mode P does not interact with the
external field but is indirectly driven by coupling with mode A via a driving
rate, u. The bright mode A experiences a larger damping, ya, than the dark
mode, yp. (b) Schematic illustration of a cavity in the temporal coupled
mode theory. Reprinted with permission from ref. 64. Copyright 2013
American Chemical Society. (c) Extinction (black), absorption (blue), and
scattering (red) of a dominantly absorbing antenna enhancing the IR signal
(d) of a critically coupled antenna (scattering and absorption approximately
equal) and (e) of a dominantly scattering antenna enhancing signal.
Adapted with permission from ref. 53. Copyright 2015 American Chemical
Society.
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is thus referred to as ‘“dark”. The coupling between the
“bright” plasmon mode and the ‘“dark” molecular vibration
makes the molecular vibration visible as a modulation on top of
the simple harmonic oscillator mode of the plasmon
resonance.’>®® On a more intuitive basis, the plasmon reso-
nance can be understood as transferring its energy to the
molecular vibration, so that the intensity of the LSPR decreases
at the energy of the molecular vibration.

2.3 Temporal coupled mode theory

The coupling of the plasmon to the molecular vibration can be
explained by the harmonic oscillator model. However, an
important aspect is given by the interactions described by the
temporal coupled mode theory (TCMT).®> %" This theory offers
additional insight into the Fano interaction between the plas-
mon resonance and the molecular vibration.®® TCMT describes
how an intrinsic absorption by the material and external
radiation losses change the molecular vibration and its line-
shape in the SEIRA spectrum. More specifically, the TCMT
describes the response of a single cavity to an incoming and
outgoing travelling wave (s, and s_), via the following equa-
tions:®
d4

a =joad — (Yao +7ae)A + Ky (3)

S_ = —s; T KA. (4)

Eqn (3) formulates the time evolution of the resonance ampli-
tude A of the cavity (plasmon), whereas eqn (4) describes the
propagation of travelling waves. The mode frequency is w, and
the sum of losses is given by y, with y,, being intrinsic material
losses and yae describing radiative losses into the far-field.

The input traveling wave (s;) is coupled to the resonant
mode via the fraction « (eqn (4)), as illustrated in Fig. 3b. The
output travelling wave (s_) is defined via eqn (4) and depends
on the scattering of the system, contained in y,.. The coupling
term kA describes the degree of damping on the plasmon
resonance, which in turn changes the ratio between external
and internal losses in the coupled system. Such differences in
damping rates lead to different line-shapes in the spectrum,
which can be understood by examining the ratios of losses of
the system (Fig. 3c-¢).*

We start by examining the loss of the bright mode, i.e., the
plasmon resonance. The loss of the bright mode contains
contributions from both scattering and absorption. Scattering
accounts for a radiative loss and is formally explained by the
radiative damping rate ya.. Absorption, also referred to as
intrinsic loss, is contained in the intrinsic damping constant
ya0- The ratio yae/yao (radiative loss divided by intrinsic loss)
determines the line-shape when the plasmon resonance (LSPR)
enhances the molecular vibration. When the ratio is smaller
than 1 (yac/7a0 < 1), absorption dominates and the system is
referred to as undercoupled. In an undercoupled system, the
molecular vibration appears as a dip (lower intensity than the
plasmon), as shown in Fig. 3¢.>*%*%7
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On the other hand, when the ratio is larger than 1 (yae/ya0 > 1),
scattering dominates and the system is referred to as overcoupled.
In an overcoupled system the molecular vibration appears at a
higher intensity than the plasmon band, as shown in Fig. 3e.3*%%%”

By including the effect of coupling to the dark mode P via
the coupling constant g, the system also includes the damping
constant of the molecular vibration y,. The system is under-
coupled if yae/(ya0 + 7p) < 1 and overcoupled if pae/(yao + 7p) > 1.
In the case that ya¢/(yao + 7p) = 1, the system is referred to as
critically coupled. If the system is critically coupled, in addition
to the molecular vibration having the same frequency as the
plasmon, no signal is detected (Fig. 3d, blue line). When the
bright plasmonic mode couples to the dark molecular vibra-
tion, the mode amplitude also includes the effective damping
constant y, = *yp/[(w — wp)* + 7] and the effective frequency
shift w, = (0 — wp)[(® — wp)® + 7], to yield the mode
amplitude of the plasmonic mode, assuming a time harmonic
field®**”

JOA = jonA— (a0 + TaA — 1A+ jo,A+ ks (5)

2.4 Enhancement factor

The quality of enhancement of a SEIRA substrate is usually
expressed as the enhancement factor (EF).*®® The EF com-
pares the signal strength of the enhanced signal and that of the
equivalent unenhanced signal through:

_ Isgira Ao

EF 7
lo  Asgira

(6)

where Isgra is the enhanced signal strength, I, the unenhanced
signal strength, Asgira denotes the area (volume) covered (filled)
by analyte molecules in the SEIRA measurement, and 4, the
area covered by analyte molecules in the reference measure-
ment. Since the largest field enhancement is usually found at
the tip end of the antenna, the area of such tip-ends is often
used as an approximation.*!

3 Biological sensing

Biological sensing, or biosensing, refers to the detection of
molecules of biological origin, such as proteins or lipids, in an
isolated state or within their natural environment. The char-
acteristic vibrational modes of (bio-)molecules make possible
their identification via IR spectroscopy.®””’® In developing
SEIRA-based biosensors, one has to consider two aspects: the
SEIRA biosensor must enhance the vibrations of interest and
capture the analytes close to the enhancing surface. The vibrational
modes of biomolecules span a bandwidth of 7 pm as illustrated in
Fig. 4, ranging from lipids at 3 pm (3333 cm *),*** proteins
(amide I and amide II band) at 6 pm (1666 cm™),>*%*”" nucleic
acids and carbohydrates at 10 um (1000 cm™*).”® Promising SEIRA-
based biosensors have been constructed not only from metals, but
also from van der Waals (e.g., graphene””?) and dielectric materi-
als (e.g., semiconductors”). In this section, we discuss the use of
metallic SEIRA substrates for sensing of DNA, protein secondary

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 IR absorption spectra of representative species of all major types of
biomolecules. Reproduced under the Creative Commons Attribution
License (CC BY-NC-ND 4.0) from ref. 55 with permission from John Wiley
and Sons Publishing.

structure, biochemical processes of membranes, and measure-
ments of whole cells. We have grouped references by the targeted
biomolecule, mainly distinguished by the target vibration to be
detected. However, the surface functionalization responsible to
bind the targeted biomolecule close to the plasmonic surface also
plays an important role.

3.1 DNA and RNA

SEIRA has been used to detect DNA, both qualitatively’> and
quantitatively.”® To do so, the majority of SEIRA-based DNA
sensors utilize functionalized surfaces, which bind a specific
DNA sequence only. However, examples exist where e.g. a point
mutation was differentiated from the wild type, based on their
respective spectral signatures.”” Synthesized gold nanoparticles
covered with a layer of the analyte gene were assembled into
thin films on a glass slide, where the formation of nanoparticle
clusters resulted in the enhancement of the IR signal of DNA. In
this manner, detection of the point mutation adenosine to
guanine in the human TGFBI (transforming growth factor beta-
induced) gene was enabled with 50% higher efficacy than in
conventional FTIR analysis. However, the authors did not
specify which plasmonic vibration was responsible for enhan-
cing the DNA signal. On the other hand, an example for using a
DNA recognition sequence was used for the rapid detection of
SARS-CoV-2 genomic sequences.”® Gold was evaporated on a
substrate, resulting in the formation of random gold clusters
supporting plasmon resonances at various wavelengths. The
surface was functionalized with single-stranded DNA, which
could recognize SARS-CoV-2 specific genomic sequences. The
substrate enhanced the absorption peaks of the DNA-base,
from 1500 to 1720 cm™ " (C=0 and C=N stretching). Upon
hydrogen bonding of the two strands, these vibrations would
change due to the different chemical environment. With the
help of principal component analysis (PCA), the spectral
response of SARS-CoV-2 sequences could be differentiated from
other genomic sequences. In combination with a fast genomic
multiplication technique, the method was able to detect con-
centrations of 5 aM within 30 minutes. SEIRA substrates for the
detection of other viruses were recently reviewed.””

A more systematic approach was used to selectively target
the C—=O stretching vibration of microRNA miRNA-155, a
biomarker for cancer, at 1665 cm™ ', using gold disc antennas
that support a plasmon mode at this energy.”® The sensor
utilized tetrahedral DNA structures as the capturing mecha-
nism for microRNA, leading to a limit of detection of 100 fM.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 DNA detection using a pixelated SEIRA substrate. (a) Pixelated
substrate with four patterned designs. (b) SEM micrographs of the surface
and (inset) with detail on the length of the cross and the period of the unit
cell. (c) Numerically computed reflectance spectra of the four designs in
the pixels. Adapted from ref. 20 under the Creative Commons Attribution
License (CC BY). Copyright 2021 Di Meo, Moccia, Sanita, Crescitell,
Lamberti, Galdi, Rendina and Esposito.

A more elaborate protocol was devised to identify the most
suitable antenna length, by means of a pixelated substrate, to
lower the limit of detection for DNA.>° The design involved
multiple plasmon wavelengths on a single sensor, specifically
four pixels contained cross-shaped antennas of four different
antenna lengths (Fig. 5c), which were functionalized with a
recognition layer binding a specific DNA sequence only. The
two best performing pixels reached EFs of 7 x 10° and 2.3 x
10°, thereby lowering the limit of detection down to 50 fM. The
same group used a similar pixelated sensor to detect vitamin D
via the corresponding functional group and fingerprint region
in the same substrate.”®

3.2 Proteins

The secondary structure or folding of proteins is governed by
intramolecular and intermolecular hydrogen bonding. This
structure is of high relevance because protein misfolding may
result in diseases such as Parkinson’s, type two diabetes, and
Alzheimer’s, among others.®!

The amide I band of proteins (1700 cm™* to 1600 cm %)
contains contributions from the C—=0 and C-N vibrations in
peptide bonds, which vary with protein folding, and can be
analysed by the second derivative of the IR signal (Fig. 6b).*?
By engineering the size of nanoantennas to exhibit a
plasmon resonance in the amide I band region, the secondary
structure of minute protein amounts could be elucidated
using nanoslits,”® evaporated gold clusters,”® and rod-shaped
antennas.” 8838
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Fig. 6 (a) Graphical interpretation of nanoslits (red) used in reflection IR
geometry, containing collagen molecules. Adapted with permission from
ref. 28. Copyright 2019 American Chemical Society. (b) The amide | band
of proteins is marked with the red arrow, indicating the spectral range of
a-helix and random configurations at 1650 cm~* and the B-sheet configu-
ration peak closer to 1600 cm~* and the corresponding second derivative
for analysis. Reproduced under the Creative Commons License (CC BY-
NC-ND 4.0) from ref. 71 with permission from Springer Nature. (c)
Secondary protein structure of poly-L-lysine, as investigated with ultra-
short IR pulses. Dark green depicts the B-sheet configuration in D,O
solution; light green corresponds to the structure when the denaturing
agent SDS is present. The dotted line is the bare antenna resonance.
Reprinted with permission from ref. 80. Copyright 2019 American
Chemical Society.

The spectral line of the amide I band of proteins overlaps
with the water absorption band.” Therefore, for measurements
of proteins in aqueous environment the water absorption band
should be suppressed. In fact, also SEIRA measurements of
other aqueous samples benefit from such measurements in
reflection geometry, because water often absorbs and distorts
the signal.

Adato and Altug introduced a solution by performing SEIRA
measurements in IR reflection, illuminating from the back
through an IR transparent CaF, window, as illustrated in
Fig. 6a.”> The setup only collects signal from the plasmonic
interface and avoids traversing the bulk of water above, thereby
immensely reducing the IR absorption band of water. Most
studies performed in aqueous environment currently employ a
similar setup, to reduce distortions of the recorded signal
originating from water absorption.?®3>%>

Applications of this setup include the differentiation of
random coil conformations from f-sheet structures in
a-synuclein protein monolayers, as well as native -sheet from
pathological B-sheet conformations of streptavidin in water at
static conditions (without movement of the medium).”*
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Building upon these findings, the same group monitored the
reversible denaturation of f-sheet configurations in a-synuclein
monolayers in real time using a flow cell.®*

It is well known that the largest field enhancement of
plasmonic rod-like antennas is localized at their tips'> and
can be further increased by reducing the tip-to-tip spacing
between the antennas. Indeed, by reducing the spacing
between antennas below a hundredth of the excitation wave-
length, nanogaps are obtained, that can generate large field
enhancements.””®® By coupling the already intensified
enhancement from the nanogaps to far-field enhancements
stemming from the distance between the antenna rows, limits
of detection for streptavidin molecules were reported as low as
two proteins per gap in dry conditions, 100 pg mL™" in aqueous
media.?” In addition to detecting the protein at low concentra-
tions, the limit of detection for the determination of the
secondary protein structure in aqueous media was 500 ng mL ™"
Along similar lines, the lower limit of detection of the streptavidin-
biotin interaction was 107’ M, measured on Au-Ag semi-
nanoshells,*® and 107> M on colloidal gold nanobipyramids.*’
Giessen, Neubrech and colleagues studied the reversible transfor-
mation between a-helix and B-sheet for poly-i-lysine, using rod-
shaped nanoantennas to enhance the amide I band.** By coupling
the poly-1-lysine monolayer to the plasmonic rod-antennas, the
reversibility of the changes was demonstrated in vitro. An immobi-
lization protocol has also been developed to study large transport
proteins with SEIRA, which should enable analysis of a wider range
of biochemical processes.”

The inverse structure of rod-shaped antennas, linear nano-
slits, display the same plasmon resonance as their rod-shaped
counterparts, but the near-field enhancement is situated inside
the slits.”" By placing collagen-like molecules directly into the
nanoslit, enhancements larger than those with equivalent set-
ups based on antennas were achieved, and served to elucidate
reversible changes from native (triple helix) to unfolded col-
lagen structures (Fig. 6a).”® A similar setup by the same group
using rod-shaped nanoslits instead of antennas (inverse struc-
ture) enhanced yet again the amide I band, likewise visualizing
reversible changes of protein structure. An advantage of using
slits over antennas is that the sensor surface is almost com-
pletely covered by gold, making it conductive and available for
studying electrochemical interactions of the sample, in con-
junction with SEIRA.”?

A benchmark towards lower limits of detection is provided
by the observation of a-helix to -sheet conformational changes
in poly-i-lysine, in attomolar concentrations and attomolar
volumes, on single gold antennas.’” The measurement was
enabled by an ultrashort pulsed IR laser source, which, due
to the short pulse duration, is spectrally extremely broad (laser
width 125 em™') and could simultaneously excite the reso-
nances of a-helix at 1648 cm™ ' and B-sheet at 1618 cm™*. The
laser was used in conjunction with rod-shaped antennas fea-
turing plasmon resonances within the same spectral window.
Under D,O solution, poly-i-lysine appears in both a-helix and
B-sheet configurations, but upon injection of sodium dodecyl-
sulfate (SDS), it denatures into a p-sheet configuration (Fig. 6¢).
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The measurements were verified with synchrotron measure-
ments, which offer IR light of high brilliance, but are expensive
and have limited availability.”* > The results using the pulsed
laser aligned with the verification by synchrotron light, but can
be performed significantly faster.

Changes in protein folding are a frequent concomitant of
molecular binding events.’® The binding of the anticancer drug
Lapatinib to the kinase domain of the epidermal growth factor
(EGFR) resulted in structural changes of the latter, which could
be monitored by SEIRA. As the long axis of the rod-antenna
should match the polarization of the IR light source, cross-
aligned rod antennas would provide a plasmon resonance
with the orientation of each arm. By using a crossed
geometry with equal antenna lengths, the amide I and amide
II vibrations could be excited regardless of the polarization.
This polarization-independent SEIRA substrate was used to
detect signal reductions of 2% for o-helix and 1% for B-sheet,
which indicated a binding of the drug to the EGFR domain.®

Besides well-defined geometries, such as rod-antennas and
slits, random gold clusters, usually formed by evaporation of
gold onto substrates, display plasmon resonances in the amide
I and amide II spectral regions. Apart from the gold cluster size,
which is governed by the evaporation time, also the immobili-
zation procedure used for binding the proteins to the plasmo-
nic surface affected the EF of the protein monolayer.>®

Gold can also be directly evaporated onto a crystal used in
attenuated total internal reflection (ATR) IR spectroscopy,
which requires minimal to no sample preparation. Wang and
colleagues reviewed the use of SEIRA in such ATR-IR setups.®®

3.3 Lipid membranes

The cellular membrane plays a key role in cell signalling and
regulates the interaction of cells with external components,
such as drugs and pathogens.’” The Haltug group developed
multiresonant substrates and advanced data analysis strategies
for the real-time monitoring of biochemical processes involving
the lipid membrane.**>>% The substrates used in the three
aforementioned studies increase in complexity to enable ana-
lysis of ever more components in the sample. The first study
utilizes two separate antenna arrays of different antenna sizes
on the same substrate (Fig. 7a).®® In the second study, both
antenna sizes were combined into the same array, enabling the
analysis of two analytes at the same location (Fig. 7b and ¢).** In
the third study, two separate antenna arrays, one of which
containing two antenna sizes, a total of three antenna sizes
were built into a single substrate (Fig. 7d).>® The multiresonant
substrates enhance the signal of the different components
involved in such interactions. The vibrations of lipids allow
monitoring the integrity of the lipid bilayer and the additional
plasmon resonances enable monitoring of proteins and other
components within the membrane.

In the first study, a biomimetic membrane emulating the
lipid bilayer was assembled on a substrate with two antenna
arrays (Fig. 7a).®® One antenna array comprised rod-shaped
antennas, which enhanced the lipid-indicative methylene
doublet (CH, and CHj; at 2850 cm ™ * and 2930 cm '), whereas
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Fig. 7 (a) Two separate antenna arrays on the same sensor to separately
enhance lipid and protein fingerprints. Adapted with permission from
ref. 69. Copyright 2016 American Chemical Society. (b) Combination of
two antenna arrays into one self-similar array for enhancement of lipid and
protein fingerprints in the same array. (c) Plasmon resonances enhance the
amide | and Il bands (1560 cm™ and 1660 cm™) and lipid-indicative
methylene doublet (CH, and CHsx at 2850 cm™* and 2930 cm ™2, respec-
tively). Reproduced under the Creative Commons Attribution Licence (CC
BY 4.0)%2 with permission from Springer Nature. (d) Two separate nanogap
antenna arrays for the enhancement of proteins, lipids, nucleic acids and
carbohydrates. One array combines two antenna sizes, whereas the other
comprises a single antenna size. Reproduced under the Creative Com-
mons Attribution License (CC BY-NC-ND 4.0) from ref. 55 with permission
from John Wiley and Sons Publishing.

the second antenna array served to monitor proteins via the
amide I and II bands (1560 cm ™" and 1660 cm ™ '). The sensor
resolved the assembly of the biomimetic membrane onto the
antennas and the subsequent formation of a protein monolayer
atop the membrane.

Two years later, the same group combined both antenna
sizes into the same array, enhancing the lipid and protein
signals in the same location, as illustrated in Fig. 7b and ¢.*>
The substrate was used to monitor the signal of GABA (a
neurotransmitter — protein) released from vesicles (lipid
membrane), caused by the injection of membrane-rupturing
melittin (a protein). The mechanism follows the same scheme
depicted in Fig. 8a, with only one type of cargo and one melittin
injection. With the help of multiple linear regression analysis,
the signal from all three components could be discerned.

Building on these findings, a single resonant nanogap array
introduced in ref. 87 providing a resonance at 1600 cm ™" and
a novel dual-resonant nanogap array with resonances at
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(b) Deep learning-augmented data analysis of spectral loadings gives
separated nucleotide, melittin, sucrose and lipid signals. Reproduced
under the Creative Commons Attribution License (CC BY-NC-ND 4.0)
from ref. 55 with permission from John Wiley and Sons Publishing.

1200 cm™ ' and 2900 cm™ ' were combined into one biosensor
(Fig. 7d).>> With these three resonances in one substrate and
deep learning-augmented data analysis, the signal of all major
classes of biomolecules, i.e., carbohydrates, lipids, nucleotides,
and proteins could be acquired. The substrate captured vesicles
(lipid bilayers) carrying nucleotides and sucrose. Injected melit-
tin ruptured the lipid bilayer of the vesicles, thereby releasing
the contained nucleotides and sucrose, as illustrated in Fig. 8a.
By analysing the spectral data with multilinear regression and
with the assistance of a deep neural network, the nucleotide,
sucrose, lipid and melittin signals could be isolated (Fig. 8b).

3.4 Live cells

Research on cells is one of the most important tools at hand,
toward understanding organisms and disease, as well as to
develop suitable treatments. SEIRA has been proposed as a
suitable tool for the classification of pathogens. Columnar gold
nanorod arrays displaying broad plasmon resonances in the IR
provided qualitative differentiation of three bacterial species
(E. coli, S. aureus, and B. subtilis). With the aid of both
unsupervised and supervised machine learning techniques,
quantitative information about the bacterial content in the
sample was obtained.’®

A similar experiment was conducted with the bacterial
species C. albicans, E. coli, and S. aureus, by mixing the
bacterial suspensions with silver nanoparticles.”® Although
silver nanoparticles displayed maximum absorbance at
420 nm (23 841 cm '), SEIRA enhancement appeared to be
provided for the whole IR range, the origin of which is insuffi-
ciently explained by the report, as the plasmonic response was
only measured from the UV and up to 800 nm. SEIRA measure-
ments, as well as conventional FTIR measurements without
silver nanoparticles, were performed in ATR geometry and the
data was analysed with PCA, which aided the distinction among
different species. Data analysis with PCA shows a clearer
separation of the bacterial species in SEIRA than that obtained
with FTIR, thus leading to an improved classification protocol.
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Unfortunately, quantification of this improvement was not
provided by the authors. An interesting aspect in this work
was the ability of the bacteria-silver nanoparticle mixture, to
provide enhancements also for SERS. Again with the aid of PCA,
SERS measurements also allowed to differentiate between the
various bacterial species. SEIRA has also been used to detect
the SARS-CoV-2 virus, both in gas and liquid, and clinical
samples could be analysed for rapid detection.*

Besides detection of pathogens, SEIRA has also been used to
monitor biochemical processes in whole mammalian live
cells.**'°H1%2 1n an interesting example, temporal changes of
membrane permeability induced by ultrasound were studied
through the rate of internalization of gold nanospheres into
fibroblast cells. The gold nanospheres were previously covered
with the SEIRA marker 4-aminothiophenol to give a SEIRA
signal. The quantity of the nanosphere-marker complex directly
reflected the changes in membrane permeability."®" Further-
more, the spheres also seemed to enhance signals stemming
from the cells directly, as the spectra contained features that
indicated changes in membrane composition (CH, and CHj
stretching modes), chromatin condensation (DNA phosphate
stretching modes), and protein secondary structure (amide I
band), which were used to detect the onset of apoptosis in
ultrasound-treated cells.

Besides using colloidal nanoparticles inside cells to collect
SEIRA signals, cells have also been monitored by bringing them
close to SEIRA substrates. Shvets and colleagues developed a
multiresonant substrate containing two antennas with a verti-
cal connector, with which they studied live cells.**'°*> This
specific structure leads to a Fano resonance, which informs
about refractive index changes, a short-wavelength plasmon
(single antenna) at 2900 cm ™' that enhances lipid vibrations,
and a long-wavelength plasmon (antenna and horizontal cou-
pler) at 1600 cm ™" enhancing the amide I and amide II bands.
In a first study, the metasurface was integrated into a micro-
fluidic chamber, where the cells were captured through a
dielectrophoretic capturing mechanism.'®* The refractive index
change caused by the captured cells could thus be monitored
through the Fano resonance, while simultaneously enhancing
the amide I and amide II signals, at a rate corresponding to the
coverage of the metasurface, thereby giving quantitative infor-
mation about cell attachment.

A second study monitored cells directly cultured on the
metasurface under different environmental stimuli.*® As
membrane integrity largely depends on the presence of choles-
terol, the cholesterol depletion agent methyl-B-cyclodextrin
(MBCD) induced the decomposition of the membrane, and
led to cell detachment. The three resonances of the metasur-
face, combined with PCA analysis, permitted the separate
observation of refractive index changes in the medium, caused
by the adsorption of MBCD, subsequent removal of cholesterol
from the membrane without cell detachment, and refractive
index changes in conjunction with the decrease in protein and
fat signals, associated with cell detachment in the final phase.
In a control experiment with MBCD-chol (a fat enriching
membrane cholesterol), only the initial changes in refractive
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index and fat content after injection were observed, with the
signal stabilizing afterwards.

Cellular mechanisms may vary locally between cells, but also
within a single cell, and resolving these local differences gives a
clearer picture of cellular processes. Whereas SEIRA substrates
have been used to image live cells,*® these images suffer from
poor resolution due to the long wavelength of IR light. An
interesting development to push simultaneously the limit of
detection and spatial resolution of IR microscopy is the inte-
gration of atomic force microscopy (AFM) with SEIRA. Although
the subject has been excellently reviewed,*'*® we highlight here
the applications of so-called tip-enhanced AFM-IR for imaging.
In short, the metal-coated AFM tip functions as an antenna
with the incident IR light being polarized along the AFM tip
axis, leading to electric field enhancement at the sample sur-
face. The method has been introduced in 2014 by Belkin and
colleagues and yielded images of molecular monolayer islands
with a spatial resolution of 25 nm."** In the application to cell
imaging, the method was employed to elucidate conforma-
tional changes of transmembrane proteins embedded in the
cellular membrane,'® thereby paving the way toward analysing
the functional heterogeneity of cells with SEIRA.

4 Chemical sensing

SEIRA-based chemical sensors have essentially the same
requirements as their biological sensor counterparts; the plas-
mon resonance should enhance one or more molecular vibra-
tions in the analytes, which must be brought close to the
plasmonic substrate in a reliable manner. In chemical sensors,
oftentimes the presence of trace amounts of a specific com-
pound of interest in an aqueous or gaseous mixture is the target
species. Hence, lowering the limit of detection of the sensor via
a higher EF is paramount.'®® For example, a stacked structure
with elevated cross-shaped gold antennas on top of dielectric
pedestals induced plasmonic hotspots on top and below the
antennas.'”” The 1-octadecanethiol (ODT) analyte molecules
covered the substrate homogeneously, but the signal from
the molecules in the nanogap between the substrate and the
antennas (Fig. 9a and b) was enhanced most, due to the
plasmonic hotspot in that location. This led to an overall
reflection difference SEIRA signal of 36%, which is significantly
higher than the usually reported reflection difference signals in
SEIRA studies (up to 10%).”" However, the most commonly
used figure of merit, the EF, was not reported. A different
approach integrated a qualitative SEIRA sensor for polyvinyl
chloride (PVC) with a quantitative sensor based on refractive
index changes observed via a Fano resonance of the plasmonic
structure in the sensor.>” A split ring resonator on top of a gold
mirror and silica spacer, engineered to enhance the C-Cl
vibrational frequency at 636 cm ™', qualitatively informed about
the presence of PVC through its SEIRA spectral features.
Additionally, a Fano resonance arose between the structure
and the analyte molecules, sensitive to refractive index changes
caused by the amount of PVC in the sample and thus informing
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Fig. 9 (a) SEM images of lifted cross-shaped gold antennas suspended on
dielectric spacers, on top of a gold film forming a nanogap. (b) Lifted
cross-shaped gold antennas suspended on dielectric spacers on top of a
gold film with attached ODT molecules. Reprinted under the Creative
Commons Attribution Licence (CC BY-NC 4.0) from ref. 107 with permis-
sion from John Wiley and Sons Publishing. (c) Aluminium ribbons on top of
thinner germanium ribbons on a gold film form nanoslits, which can be
used to trap analyte molecules through dropcasting the solution and
evaporating the solvent. Reproduced under the Creative Commons
License (CC BY 4.0) from ref. 113 with permission from Springer Nature.

about the PVC concentration, down to 0.5%. To lower the limit
of detection of environmental sensors, devices have been
designed to extract molecules from the environment, guiding,
and concentrating them towards the sensor via specific analyte
capture mechanisms.

4.1 Analyte capture on SEIRA substrates

Various strategies have been proposed to increase the affinity of
targeted analyte molecules for plasmonic substrates. One of the
most effective techniques involves surrounding the SEIRA sub-
strate with a chemically-active matrix, which would trap the
corresponding analyte molecules close to the substrate. Ideally,
such matrices also aid in concentrating the analyte next to
those regions with the largest near-field enhancements at the
antennas, so that the signal is maximized.

This way of concentrating the analyte is especially useful in
sensing of gas molecules because environmental toxins are
often toxic at low concentrations. Gas sensing is critical to
monitoring of environmental toxins, quality control of
chemical processes, agricultural, and medical applications."*®
Industrial toxins such as carbon monoxide (CO), carbon diox-
ide (CO,) and volatile-organic compounds (VOCs) such as
benzene, pose a major threat to human health and the
environment.'®® To achieve an optimal sensing response, con-
sidering the sensitivity and selectivity of the sensor, one has to
engineer the surface properties of the sensor material accord-
ing to the targeted application.’'® An example of gas sensor
utilizing SEIRA comprised a zeolite matrix to capture and
condense benzene around gold nanoantennas, which were
engineered to enhance the benzene band at 1480 cm '.>°
Through continuous collection and concentration of benzene
in air, the sensor could detect 25 ppb of benzene within
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10 minutes. In the same vein, gold nanoparticle arrays covered
by a layer of a metal-organic framework (MOF) on a silicon
nitride substrate, sensed carbon dioxide in air.>” The MOF not
only absorbed and concentrated ambient CO, molecules, but
also delocalized the plasmonic enhancement over the whole
sensor via coupling of surface plasmon polaritons at the gold-
silicon nitride and the gold-MOF interfaces. This means that
the sensor did not rely on the enhancement at hotspots, but the
CO, signal was enhanced throughout the whole sensor, with an
EF of 1800.

We turn now to analyte determination on SEIRA substrates
for aqueous samples. A different analyte concentration mecha-
nism has been developed for aqueous samples. A hydrogel
embedded with a chemical gradient on top of a SEIRA substrate
was shown to draw analyte molecules from solution through
the chemical gradient, towards the surface of the substrate,
which led to a total signal increase of 10 compared to ATR
measurements without chemical gradient."'* The chemical
gradient increased the signal by a factor of 15 after 17 hours
of incubation. In addition to the signal enhancement due to the
chemical gradient, the SEIRA EF due to the plasmonic substrate
was 6.6, which compared with other studies reaching SEIRA
EFs of up to 10°, the SEIRA EF in this sensor could probably be
improved in future iterations of the sensor. In another example,
a liquid analyte was guided towards the plasmonic surface by
means of a capillary flow.""* The capillary effect was achieved
by a hydrophilic SiO, mask surrounding the plasmonic sub-
strate, which drew liquid towards the antenna array. The sensor
was used to measure ethanol content in water, by enhancing
the water IR absorption band at 1666 cm ™. The sensor design
focused more on the capillary-flow mechanisms than on low-
ering the limit of detection, as the water content in the mixture
was varied between 0% and 100%, with 25% increments. An
alternative approach toward enhancing the IR signal comprised
concentrating the analytes, not just close to the substrate but
directly on the plasmonic hotspots. In this particular example,
aluminium ribbons on a gold film functioned as the plasmonic
antennas. The aluminium ribbons sat on top of thinner ger-
manium ribbons, which formed vertical nanoslits between the
gold substrate and the aluminium ribbons, leading to plasmo-
nic hotspots in the nanoslits (Fig. 9c).'"® By dropcasting
and evaporating the solvent on top of the ribbons, analyte
molecules were condensed in the gap, i.e., the hotspots. The
device was successful in trapping the molecules p-glucose and
L-proline, and detecting them down to an amount of 1 pg on the
sensor.

4.2 Multiresonant SEIRA chemical sensors

Multiband or broadband plasmonic substrates are of particular
interest because they can be used to enhance multiple vibra-
tional bands simultaneously. This might be applied to either
enhance multiple vibrational bands of the same analyte,"*
or of different analytes.>' The effect can either be achieved by
broadband plasmonic substrates or substrates which display
distinct, separated plasmon resonances. An example of a
broadband plasmonic substrate was prepared by combining

1268 | Nanoscale Horiz., 2022, 7,1259-1278

View Article Online

Nanoscale Horizons
differently sized hook-shaped antennas into so-called supercells."**
Such isolated hook-shaped antennas provide individually specific
resonances that depend on their dimensions. If multiple arrays of
different hook sizes are excited simultaneously, the plasmon
response becomes broadband. In the supercell arrangement, each
array contains a multitude of hook sizes. This supercell arrange-
ment yielded a more intense, combined broad resonance, allowing
for detection of PMMA and silk with ten-fold higher plasmon
intensity than a single antenna-size array. The design is also
promising for future applications where multiple plasmon bands
are required in close vicinity, as was demonstrated by the simulta-
neous enhancement of three acetone bands (5.8 pm, 7.0 pm, and
7.3 um).

An interesting development comprises the use of symmetric
cross-shaped antennas, as they provide polarization-independent
plasmon resonances, whereas asymmetric cross-shaped antennas
can be tuned to different plasmon wavelengths for different
polarizations.*""*>'* For example, crossed-shaped nanoantennas
for SEIRA enhancement with unpolarized light probed the SEIRA
resonant effect and refractive index change upon PMMA binding.
The SEIRA sensor achieved an enhancement of the PMMA signals
with an EF of 4.8 x 10 (detection of 0.7 fmol of immobilized
molecules).""” In addition, PMMA binding was monitored via the
shift of the centre wavelength of the plasmon resonance, induced
by changes of the refractive index upon binding according to
eqn (1). More details on plasmonic sensing based on refractive
index changes can be found in other reviews."'”'"®

A similar cross-shaped antenna with two equal-armed
crosses of different sizes provide polarization-independent
plasmons at two different wavelengths.'*® The differently sized
gold crosses were arranged at an angle of 45 degree to each
other, and supported plasmonic peaks of quasi-equal intensity,
which enhanced the C=O0 (at 1747.5 cm™ ') and the C-O-C
vibrations (at 1252.8 cm ™) of poly-ethyl cyanoacrylate (Fig. 10a
and b). The substrate was a metamaterial perfect absorber (see
Section 5.2 below), which was used to probe thickness and
chemical changes during the processing steps of poly-ethyl
cyanoacrylate, with EFs of 449 and 334 for the two antenna
sizes, respectively.

A different approach yielding two different resonances with
crossed antennas is to engineer a cross with two different arm
lengths.>* Excited with unpolarized light, the cross-shaped
antennas cover the spectral region from 1000 cm ' to
1700 cm ™" (Fig. 10c and d), which served for simultaneously
monitoring two diffusing sugar species. The SEIRA substrate
was surrounded by a gel matrix adjacent to the liquid contain-
ing the analytes. As the analytes diffuse through the gel, the
concentration of analyte close to the antennas increases as does
the SEIRA signal, which only probes the region close to the
surface, informing about the diffusion constant (Fig. 10e). The
diffusion constant (time) of various sugar types was determined
(glucose, maltose and maltotriose) and thereby the type of sugar
and its concentration in a soft drink was evaluated. In a simplified
study, solely one antenna length and an adaptive data processing
algorithm revealed the concentration of two sugar species (glucose
and fructose) in water, down to 10 g L™ *."*°
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Fig. 10 (a) SEM images of crossed dual band perfect metamaterial absor-
ber based on rotated crosses of different sizes. (b) Plasmonic response
with two plasmonic peaks of the dual cross structure for simultaneous
enhancement of the C—0O and the C-O-C vibrational bands in poly(ethyl
cyanoacrylate). Reproduced under the Creative Commons License (CC BY
4.0) from ref. 116 with permission from John Wiley and Sons Publishing.
(c) Calculated resonance wavelength at 1340 cm™! corresponding to
excitation of the long cross arm. (d) Calculated resonance wavelength at
1770 cm~* corresponding to excitation of the short cross arm. (e) Setup for
measuring the diffusion constant of analytes with sugar. The SEIRA signal is
measured at the plasmonic hotspots at the end of the antenna. The signal
increase as a function of time informs about the diffusion constant of the
analyte through the gel matrix. (not too scale). Adapted with permission
from ref. 31. Copyright 2021 American Chemical Society.
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Taken together, these studies render SEIRA a suitable sen-
sing technique for gaseous and aqueous analytes with up to two
chemical species measured at the same time via multiresonant
substrates.

5 Advanced multiresonant substrates

SEIRA sensors should support LSPR modes at the energies of
the molecular vibrations to be analysed. Therefore, the design
of substrates with multiple LSPR wavelengths would open the
door to extracting information about multiple analytes in
the sample. Some successful examples have been reported on
the preparation of substrates, with resonances spanning wide
frequency ranges in the mid-IR,"”*'*! even extending into the
near-IR.>* Further efforts toward the combination of SEIRA and
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SERS additionally require plasmon resonances matching both
the IR vibrational frequency and the Raman excitation laser.
Therefore, lessons from engineering substrates with multiple
IR resonances could be translated into the development of
combined SEIRA and SERS substrates. In this section we review
multiresonant substrates that have been used for SEIRA, and
continue in Section 6 with combined substrates for SEIRA
and SERS.

5.1 Rod-antenna multiresonant substrates

Altug and colleagues combined nanoantennas of four different
lengths into one substrate to provide four plasmon resonances
spanning from the near-IR to the mid-IR (Fig. 11).>* Each
antenna size had half the size of the larger antenna, resulting
in doubling of the resonance frequency. To compensate for the
decrease in resonance strength of higher frequency resonances,
each number of consecutive antennas is increased by a factor of
four resulting in plasmonic peaks of equal intensity. Addition-
ally, by varying each of the antenna lengths, the corresponding
resonance could be individually tuned by up to 60% making the
substrate more tailorable for specific applications. The plat-
form was used for SEIRA and refractometry of PMMA and PS-
PBd-PSyi using the mid-IR peaks (fj, f;, f3) and near-IR peak (f,),
respectively. As introduced in Section 3.3 above, a reduced
design with two antenna sizes was used to observe IR signals
of lipid membrane processes.>>
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Fig. 11 (a) Superimposed multiresonant nanoantenna arrays with each
additional antenna having half the length L and period P of the previous
array, while the number get quadrupled. (b) Each nanoantenna size
provides an additional specific resonance frequency corresponding to
the antenna length (f; to f4). Reprinted with permission from ref. 54.
Copyright 2018 American Chemical Society.
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Fig. 12 (a—d) Dual-band plasmonic response of Jerusalem cross nano-
slits. The windows show the different plasmonic responses upon altering
the four different geometrical parameters: (a) the length of the arm L,
(b and c) width of the individual tips g and s, and (d) the width of the arm w.
Reprinted from ref. 50 with permission from Elsevier.

Introducing more complex antenna shapes, a Jerusalem
cross-shaped nanoslit in a gold film acted as a dual-band
resonator.’®* The geometry allows tuning of four different
parameters, the length, the width of the arm, and the width
of the tip in each arm, to alter the plasmon frequency as
illustrated in Fig. 12a-d. Another slit-design, formed by gold
evaporated onto and next to SiO, bars, simultaneously leads to
formation of a nanobar on top of the SiO,, a nanoslit at the
bottom of the SiO, and a vertical nanogap between the nanobar
and the nanoslit."** Two resonance peaks appear for perpendi-
cular and parallel illumination, whose resonance frequency is
affected by the nanogap height and bar/slits size (bar and slit
size are co-dependent).

Another structure allowing for independent changing of
dimensions to control the plasmon resonance was the combi-
nation of a gold rod-nanoantenna and two splitring
resonators."”” The nanorod functions as a bright coupler,
whereas the split-ring resonator is a dark coupler. Depending
on the polarization, the incident light excites either one or two
arms of the split-ring resonator. If two arms are excited, the
fundamental resonance mode is dark, and an additional bright
resonance appears at a shorter wavelength. By independently
changing the dimensions of the antenna, the split-ring resona-
tors, the spacing between those two, and the light’s angle of
incidence the plasmon resonance response of the structure
was controlled, which led to a SEIRA signal enhancement of
10" for PMMA.

To conclude this section, more complex geometries, such as
crosses or combinations of elements, offer multiple plasmon
resonances through the individual elements but also the cross-
talk between elements. Such structures furthermore offer mul-
tiple parameters to tune specific aspects of the plasmon
resonance.

5.2 Plasmonic perfect absorbers

The metamaterial plasmonic structure (usually gold-based) of
perfect plasmonic absorbers sits on top of a dielectric spacer
and a gold mirror to reduce reflections and increase
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absorption.'*>***'*” The mirror-spacer combination enables
the formation of a current loop between the opposite (excited)
charges in the metamaterial above, leading to formation of a
magnetic field in the dielectric spacer. By tuning the para-
meters of the layers, the impedance of the perfect absorber
can be matched to that of free space, hence eliminating
reflections.®”'2%12°

The design proposed by Durmaz et al., consists of a nanobar
on top of a U-shaped split-ring resonator shown in Fig. 13a. The
U-shaped antenna contributes two plasmonic peaks, stemming
from the top and side length, and the length of the nanobar
leads to a third resonance (Fig. 13b). Varying the height and
width of the U-shaped antenna, as well as the length and width
of the nanobar, individually fine-tunes the frequency of the
respective peaks. The SEIRA capability for monitoring protein
bilayers and polymer films was shown theoretically.’*® Along
similar lines, a design supporting two resonances by lengthwise
offset antennas of two different lengths, has been proposed.'*®
The long and short antennas were engineered to enhance
the SEIRA signal of C=0 (1755 cm™ ') and C-H (2945 cm ™' to
2985 cm™ ') peaks of a 10 nm-thick PMMA film.

A more involved design based on two mirrored asymmetric
H antennas (Fig. 13c) generates three plasmon peaks in parallel
polarization and two plasmon peaks in perpendicular polariza-
tion, through formation of different dipole modes between the
elements (Fig. 13d)."*® The SEIRA compatibility was measured
with a PMMA film. Introducing yet another multiresonant
perfect absorber, the split cross (the central part of the cross
is missing) leads to two sharp (high quality factor) resonances
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Fig. 13 Multi- and dual-band perfect absorbers based on gold nanos-
tructures. The designs are constructed on gold mirrors and MgF, dielectric
spacers. (a) Geometry of the nanobar and U-shaped antenna design.
(b) Plasmonic response of the structure a, with A4, A, and Az corresponding
to H, L and K, respectively. Reprinted from ref. 120 with permission from
Elsevier. (c) Multi-band perfect absorber based on a mirrored asymmetric
double H. (d) (top) Parallel illumination plasmonic response of structure e,
with 4; and 1, and 13 corresponding long and short antennas, and the
space between these two, respectively. (bottom) In perpendicular polar-
ization the modes arise from dipolar and quadrupolar coupling between
the two mirrored asymmetric H-shapes. Reprinted from ref. 126 with
permission from Elsevier.
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and a broader one (low quality factor)."””” The width, length, thick-
ness of the antenna, the gap (split) size, and the period of the
structure determined the resonance wavelengths. The antenna was
used for refractive index sensing by monitoring the spectral peak
shift. However, the design also has SEIRA potential because the
resonances lie in the mid-IR range, between 2500 nm and 3250 nm.

Kormaz et al. introduced a narrowband perfect absorber
substrate, which due to the sharp peaks was particularly suited
to exactly match the plasmon resonance to the molecular
vibration.'*® The chair-like structure composed of multiple
gold antennas of different lengths tuned to the absorption
bands of PMMA detected the molecular fingerprints of a
10 nm thick PMMA layer. Overall, perfect-plasmonic-absorber-
based SEIRA substrates offer plasmon resonances with excep-
tionally strong and sharp plasmon peaks.

5.3 Cayley trees

Fractal plasmonics are plasmon resonances which occur in
fractals, structures which are self-similar at different scales.'*°
Recent advances in fractal plasmonics were reviewed by Wal-
lace and Lagugné-Labarthet. We provide here a summary of
selected findings for SEIRA applications."?’

Cayley tree structures are nanoantennas radially arranged
into hierarchical complexes, leading to interactions of the near-
and far-field plasmon resonances that result in new plasmonic
peaks. The application of such tree structures as plasmonic
substrates was first introduced by Halas and co-workers."*°
Each branching event of the Y-shaped antennas is defined as
the order of the structure and determines the number of
peaks.'?*'3® By varying the length of the rod length the reso-
nance frequency may be shifted (Fig. 14b). In addition, the
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Fig. 14 Multiresonant plasmonic fractal structures. (a) SEM images of
dendritic plasmonic structures of different orders (left) and corresponding
normalized absorbance (right). Reprinted with permission from ref. 121.
Copyright 2017 American Chemical Society. (b) Varying the resonance
wavelength of first order Cayley trees by increasing the fundamental
antenna length. Reprinted with permission from ref. 130. Copyright 2015
American Chemical Society.
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authors found that individually varying the lengths of the
antennas, the respective resonances shifted with little change
to other resonances.'*’

Building on these findings, Wallace et al. developed den-
dritic structures of different orders spanning the near-IR and
mid-IR region (1000 to 6000 cm ')."*! Higher orders of the
structure add plasmonic peaks at lower energy (1000 cm™*,
10 pm) and additionally shift the energy of the higher energy
peaks to lower energies, as seen in Fig. 14a."*""*" In proof-of-
principle SEIRA measurements with 4-NTP functionalized onto
the dendritic fractals, the SEIRA enhancement was larger than
for 4-NTP functionalized onto flat gold. In summary, combi-
nation of multiple plasmonic structures on a substrate may
lead to multiple resonances with possible additional plasmonic
effects through the interaction of the structure. These effects
might be exploited to address an increasing number of mole-
cular vibrations through SEIRA.

6 SEIRA and SERS

Because IR and Raman spectroscopies rely on different selec-
tion rules, their combination provides a more complete picture
of chemical composition and biological mechanisms.'?*3°
To make use of the synergistic information the combination
of IR and Raman offers at lower concentrations, the surface-
enhancing substrate should support both SEIRA and SERS. As a
general requirement, a combined SEIRA and SERS substrate
should support plasmons, both at the energy of the molecular
vibrations and matching the Raman excitation laser wave-
length. For the latter, 785 nm lasers are most common, in
particular for biological applications, but also UV, visible or
1064 nm lines are employed.

The achievable EF of SERS is inherently larger than that of
SEIRA due to the different mechanisms behind the two tech-
niques. In SERS, the incident and scattered photons are
enhanced by the LSPR,**™° thus oftentimes attomolar concen-
trations may be detected."*® On the other hand, SEIRA stems
from a one-photon process and EFs are lower, with detected
concentrations reaching the femtomolar range and rarely atto-
molar concentrations.>”®>%® In SERS, particular substrate-
analyte combinations may lead to improved enhancement, in
comparison with other combinations.'**™*” To the best of our
knowledge, a similar selectivity of SEIRA substrates (unless the
substrate is functionalized to achieve selectivity) has not been
reported. However, SEIRA substrates can be engineered to
enhance certain molecular vibrations over others because the
plasmon resonance energy needs to overlap with that of the
molecular vibration. Overall, the production of structures with
electron-beam lithography, as usually employed in SEIRA, is
highly reproducible and the identical methodology can be used
for antennas of different sizes and shapes.”®'*® Widely
reported issues in SERS are the closely related saturation and
memory effects of substrates. Memory effects are related to
saturation of the substrate surface by analyte molecules, so that
other molecules are hindered from accessing it. Similarly, when
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monitoring samples over time, previously adsorbed molecules
may prevent the detection of new ones derived from changes in
the sample.”* The dynamic observation of lipid membranes
and cells on SEIRA substrates hints that for SEIRA this effect
could be reduced,***>® but further investigation is required
for confirmation of this assumption.

Attempts to combine surface enhancement for IR and
Raman were made as early as 2001, based on evaporated gold
films (Fig. 15a)."*° The evaporation system leads to a rough
surface structure of the gold film, which provided surface
enhancement at various wavelengths, enabling SEIRA and SERS
detection. Similarly, silver nanoparticles of various sizes pre-
pared through wet-chemical methods on an Si substrate, pro-
vided SEIRA and SERS enhancement (Fig. 15b),"*" as did self-
assembled arrays of gold nanoparticles.** A similar substrate
using silver nanoparticles was recently used in a more elaborate
experiment, for the identification of bacterial species based on
SEIRA and SERS (see Section 3.4).°° Given the morphology-
dependent plasmonic response of gold nanoparticles, deposi-
tion of tailored nanoparticles on a solid substrate appears as a
suitable approach toward combined SEIRA and SERS. Although
this idea has been demonstrated with gold nanostars functio-
nalized onto silicon chips (Fig. 15c), the authors did not
elaborate on the mechanism by which nanostars on top of
the silicon chip were able to provide both SEIRA and SERS
enhancement.*’

On an interesting development, the structures of rough
metallic surfaces were improved for use with SEIRA and SERS,
by evaporating silver off-center, thus introducing an asymmetry
that led to different silver layer coverage, and resulted in
different layer thickness.*® In this manner, thinner silver layer
regions supported plasmons for SERS and thicker regions
plasmons for SEIRA, as illustrated by Fig. 16a-d. In the study,
mercaptobenzonitrile (MBN) was chosen as a model analyte

Fig. 15 (a) Evaporated gold film (magnification 150 000) used for SEIRA
and SERS. Reprinted with permission from ref. 140. Copyright 2001
American Chemical Society. (b) Silver nanoparticles on top of a Si sub-
strate. Reproduced from ref. 141 with permission from John Wiley and
Sons Publishing. (c) Gold nanostars on silicon for SEIRA and SERS. Repro-
duced from ref. 43 with permission from the Royal Society of Chemistry.
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that shows molecular vibrations unique to SEIRA and SERS, as
well as shared peaks, as displayed in Fig. 16e-g. The enhance-
ment factors for SEIRA and SERS were 170 and 10*, respectively,
with corresponding limits of detection of 0.17 and 0.012
monolayers. Overall, assemblies of nanoparticles, either
obtained through evaporation of metals onto substrates or by
deposition of synthesized nanoparticles, lead to resonances at
multiple wavelengths, due to coupling of plasmonic modes
supported by structures at different length scales. The similar-
ity of the surface morphologies of evaporated metal and
assembled nanoparticles are exemplified in Fig. 15. Interest-
ingly, the overall structure of evaporated and otherwise depos-
ited metal films resemble each other visually, and lead to a
similar plasmonic response. However, no studies have been
reported to systematically compare their plasmonic response
and enhancing efficiency.

Moving now to deliberately-designed nanostructures for
combined SEIRA and SERS, we show an example of hexagonally
closed packed arrays of gold nanoshells (Fig. 17a)."**> A NIR
peak used for Raman enhancement stemmed from isolated
nanoshells (dashed line in Fig. 17b), whereas both the near-
and mid-IR resonances result from the interaction and hybri-
dization of plasmons from the nanoshells in the lattice of the array
(solid curve in Fig. 17b), which was confirmed by simulations.*
The EF of the structure was reported to lie between 10° and 10° for
SERS, and 10" for SEIRA. The platform was later used by the same
group to study SEIRA and SERS spectra of adsorbed adenine and
adenosine monophosphate,'*® which revealed the orientation of
the compound’s ring with respect to the gold surface, by probing
the difference in the vibrational mode caused by absorption
onto the surface with respect to spectra of non-absorbed molecules.

Not only monolayers of gold shells, but also multilayered
crystals made form gold spheres were shown to provide SEIRA
and SERS enhancement stemming from the effect of the bulk
arrangement.”® The plasmonic crystals, made from gold
spheres functionalized with polystyrene ligand molecules
(which were also used to probe the enhancement), provided
plasmonic hotspots between the spheres, but also plasmon
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Fig. 16 (a—d) Growth of a silver (white) film on top of an Si (black)
substrate by the gradient evaporation technique. (e) Chemical structure
of MBN, here represented on top of a silver film. (f) SERS and (g) SEIRA
spectra of MBN on gradient silver films. Reproduced from ref. 40 with
permission from the Royal Society of Chemistry.
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Fig. 17 (a and b) Arrays of Au nanoshells used as combined SEIRA and
SERS substrates. (a) SEM image of a hexagonally closed packed monolayer
of Au nanoshells. (b) Extinction spectra of nanoshell arrays (solid line) and
isolated nanoshells (dashed line). Reprinted with permission from ref. 39.
Copyright 2008 American Chemical Society. (c) Plasmonic crystals made
from stacked gold spheres forming polaritonic standing waves at various
wavelengths, for SEIRA and SERS. Reprinted with permission from ref. 38.
Copyright 2021 American Chemical Society. (d) Gold nanoantennas used
to simultaneously excite visible plasmons in perpendicular polarization
(width of antenna) and IR plasmons with parallel polarization (length of
antenna). Reprinted with permission from ref. 41. Copyright 2013 American
Chemical Society.

polariton modes stemming from the bulk thickness of the film.
These polaritonic resonances form standing waves in the 3D
supercrystals at multiple wavelengths, depending on the inte-
ger number of multiples of the wavelengths fitting into the
film, corresponding to the height of the crystal (Fig. 17c). The
plasmon polaritons are delocalized over the whole crystal,
leading to uniform enhancement throughout the crystal with
enhancement factors of 100 for SERS and 4 for SEIRA. In
addition to this overall enhancement, the EFs in the hotspots
between the spheres were 10> and 150, for SERS and SEIRA,
respectively.

One of the most established SEIRA substrates comprises
gold or silver rod-nanoantenna arrays fabricated on top of a
substrate.'”> The antenna length is linearly related to the
plasmon resonance and the polarization of the laser must be
parallel to the antenna length, to excite this longitudinal
plasmon mode. If the width of the antenna corresponds to
the plasmon wavelength needed for SERS, the same antenna
can also provide SERS enhancement under perpendicular
polarization of the laser, as schematically shown in
Fig. 17d.*" The principle was tested with antennas of different
lengths but the same width, thereby displaying the same
Raman-excited plasmon. The system achieved a SEIRA EF of 6
x 10° and SERS EF of 10°. While not mentioned in the paper, in
our view the lower EF for SERS can be at least in part explained
by the lower plasmon intensity of the lower wavelength trans-
versal plasmon mode, which has a lower resonance intensity by
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approximately a factor of seven than the longitudinal mode
resonance of the longest antenna.

Finally, we would like to highlight two reports on the
measurement of surface-enhanced IR, Raman and fluorescence
signal, using the same substrate. Log-periodic nanoantennas
lead to plasmon resonances across a wide frequency range,
which can be explored for combination of SERS and SEIRA."**
The circular arrangement of three log-periodic antennas pro-
vided polarization-independent plasmons with fundamental
resonances at 1176, 1721, and 2504 nm, as well as plasmons
extending into the visible range (Fig. 18a and b).**> The design,
using an excitation wavelength of 640 nm, would enhance the
fluorescent Alexa Fluor 647 signal by a factor of 4.8. On the
same substrate, the SEIRA and SERS signals of streptavidin
were measured with EFs of 1 x 10* and 1.2 x 10%, respectively.

Similarly, a fractal pattern consisting of superimposed
nanoprisms generated multiple resonances in the near- and
mid-IR, leading to SEIRA, SERS and surface-enhanced fluores-
cence (SEF).'*> The pattern shown in Fig. 18d, composed of
hexagonally arranged large (1 pm to 2 pm) and small (0.25 pm),
prisms was fabricated by two consecutive rounds of nanosphere
lithography. The arrangement of small prisms generates two
plasmonic peaks, a dipolar mode at 950 nm and a multipolar
mode at 640 nm. The larger prisms with side lengths of 1 um
caused resonances in the mid-IR at approximately 3000 cm .
By tuning the size of the prisms, the resonance could be

Q
o

Wavenumber (cm")
10000 6666 5000 4000 3333
1 1 1 1 1

=

o
©
L

o
IS
1

— Numerical simulations
Experimental measurements

T T T T T
1000 1500 2000 2500 3000
Wavelength (nm)

Extinction cross section (a.u.)
o
o
1

o

C s L L L L

14 1.58&0.25 um -
(\ 2&0.25 ym

o =4 o
IS o ®

Normalized Absorbance

o
N

04

1000 2000 3000 4000 5000 6000

Wavenumbers (cm'1)

Fig. 18 (a) SEM image of three-arm log-periodic gold nanoantennas.
(b) Simulated (solid line) and experimental (dashed line) extinction cross
section of log-periodic gold nanoantennas. Reprinted with permission
from ref. 45. Copyright 2013 American Chemical Society. (c) Absorbance
of multiresonant plasmonic superimposed prism arrays. The plasmonic
response curves changes when show varying the size of the larger prism,
from 1.5 um (green) to 2.0 um (orange). (d) SEM image of superimposed
prism array with small prism size of 0.25 pm and large prism size of 1.25
pm. Adapted with permission from ref. 145. Copyright 2016 American
Chemical Society.
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tailored to the analyte as illustrated by Fig. 18c. The potential of
the structure for SERS, SEIRA and SEF was demonstrated with
4-nitrothiophenol with EFs of 10® for SEIRA and 10° for SERS.

Despite the ability of SERS to reach theoretically higher
enhancement factors than SEIRA, in combined studies the EF
of SEIRA was reported as being higher*'**'*> or of equal
magnitude® as the SERS enhancement, which we attribute to
the optimization of the SEIRA factor. With further design
options we see both of these EFs increase within the same
substrate.

7 Conclusions and outlook

Surface-enhanced infrared spectroscopy has evolved into a
promising sensing method for biological and chemical sam-
ples. Metallic antennas provide plasmon resonances in the IR
for the enhancement of molecular vibrations. An important
aspect hereby involves matching the plasmon resonance wave-
length to the molecular vibration via the antenna geometry.
With this requisite in mind, the detection and analysis of
biomolecules, such as protein secondary structure, DNA, and
lipids, have been enabled. By tuning the plasmon resonances to
the amide I absorption band, changes in the protein secondary
structure could be observed. Detection of DNA sequences has
also been demonstrated, including identification of a single
point mutation through the corresponding spectral features.
Regarding chemical sensing, surface functionalization is typi-
cally required, in combination with antennas of optimized
plasmon resonance, to provide capture mechanisms that allow
e.g. detection in the gas phase (benzene, carbon dioxide).

The development of substrates with multiple resonances in
the IR additionally allows for simultaneous monitoring of
multiple biological molecules, such as proteins, lipids and
carbohydrates. Especially the combination of such multireso-
nant substrates with advanced data analysis methods (such as
multiple linear regression, PCA and machine learning) resulted
in SEIRA-based sensing platforms for monitoring multiple
biological constituents in lipid bilayers and cells cultured on
top of SEIRA substrates. The applications of such multireso-
nant SEIRA sensors has also been extended into the analysis of
chemicals, with promising application in quality control of
products.

Multiresonant substrates also open up the possibility of
integrating SEIRA detection with SERS sensing on the same
substrate, given that the available plasmon resonances provide
enhancement of both IR absorption and Raman scattering. In
some cases, the substrate may also provide surface-enhanced
fluorescence in addition to SEIRA and SERS. Henceforth, future
sensors have the possibility to provide a more complete picture
of the (bio-)chemical environment of a sample.

We propose that an important step forward in the engineer-
ing of SEIRA substrates is the production of cost-effective
substrates, with no need for costly electron-beam lithography
methods. Improved methods should allow the development
of faster, cheaper and more accessible possibilities for the
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production of SEIRA based sensors. Interesting advances have been
made by means of direct laser writing photolithography,'*® and
colloidal lithography.'*” A further step towards making SEIRA more
accessible is the production of substrates via synthesis of mid-IR
plasmonic particles, which would circumvent the use of costly
cleanrooms. SEIRA enhancement has already been demonstrated
using colloidal silver nanorods."*® Another example in this direc-
tion is the synthesis of rod-shaped gold/silver nanorattles with
plasmonic resonances extendable up to the mid-IR."*

Finally, we should highlight the combination of multiple
resonances in the same substrate, to open the door to new
sensing schemes for using IR light through more sensitive
visible-light detectors. The upconversion of IR to visible light
facilitated through dual-wavelength antennas may lead to a
novel generation of infrared detectors.'>*"
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