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A B S T R A C T

Proteins and peptides play a central role in the biochemical processes of living cells. In such complex environ
ments, their functionality depends not only on their molecular composition but also on their three-dimensional 
structure. Infrared vibrational spectroscopy is a powerful technique for studying protein conformations, but its 
inherent low sensitivity limits its applicability. This limitation can be overcome by Surface-Enhanced Infrared 
Absorption (SEIRA) spectroscopy, which amplifies molecular vibrational modes through coupling with the res
onances of periodic plasmonic nanoantenna arrays. However, the SEIRA response depends on the orientation of 
the target molecule relative to the near-field distribution induced at the nanostructures, hindering the extraction 
of quantitative information and the identification of different vibrational modes. In this study, firstly the 
vibrational fingerprint of the TRP-cage miniprotein is studied by performing density functional theory (DFT) 
calculations of its amide I and amide II vibrational modes. In parallel, a biofunctionalization protocol was 
established to bind the protein to the gold surface of the nanoantennas with a controlled orientation, minimizing 
steric hindrance and allowing the peptide to oscillate at its natural frequencies. The design and fabrication of 
gold plasmonic nanoresonators (Au nanoantennas) enable the detection of characteristic vibrational features of 
the TRP-cage, revealing both low- and high-frequency components of the amide I band, as well as contributions 
from the amide II region. Extending this strategy to other proteins could enable the investigation of different 
conformational variants in response to external stimuli such as pH, temperature, or chemical environment, ul
timately contributing to the development of a comprehensive theoretical and experimental IR absorption 
database for the identification of vibrational modes within the amide I and II bands of proteins.

1. Introduction

Enhanced vibrational spectroscopy is a technique based on a trans
duction mechanism for molecular sensing that offers high specificity and 
sensitivity for molecular detection. It works by collecting the vibrational 

fingerprints of target molecules through the analysis of signals generated 
by infrared (IR) absorption and/or Raman scattering [1]. These signals 
can be significantly amplified by the generation of strong local elec
tromagnetic fields at specific frequencies where IR radiation is absorbed 
or visible Raman excitation laser light is efficiently coupled with the 
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vibrations. These high local electromagnetic fields can be obtained using 
metasurfaces, formed by 2D arrays of subwavelength artificial struc
tures, which provide a versatile platform for tailoring light-matter in
teractions in the visible and infrared spectral ranges [2–4]. When 
composed of metallic (plasmonic) building blocks such as gold nano
antennas or alternatively, of low-loss dielectric and hybrid nanocavities, 
they enable precise spectral alignment between localized electromag
netic modes in the IR and molecular vibrational modes, enabling 
effective Surface-Enhanced Infrared Absorption (SEIRA) [5]. A similar 
design in the visible range of the spectrum (typically with smaller 
structures) enables Surface-Enhanced Raman Scattering (SERS). By 
tuning the geometry and dielectric environment of these building 
blocks, metasurfaces can produce intense near-fields that amplify the 
signal from molecular vibrational fingerprints, enabling ultrasensitive 
biosensing and molecular detection. Alternatively, arrays of plasmonic 
nanoresonators can also be used in this context, with the optical 
response arising from the sum of individual localized surface plasmon 
resonances (LSPRs) rather than from collective effects [6]. The spec
troscopic signals detected by both SEIRA and SERS strongly depend on 
how the target molecules are oriented on the metasurfaces, as this de
termines how the molecules align with the local electromagnetic fields, 
and thus which chemical bonds signals are enhanced.

Particularly, for SEIRA analysis, certain vibrational modes may 
couple strongly when their dipole moments align with the local field 
along the antenna surface, while others couple only weakly or not at all 
[7]. Therefore, the way the molecule is adsorbed (its tilt angle, binding 
group, and location relative to the nanoantenna hot spots) strongly af
fects which vibrational bands are enhanced. Typically, surface deposi
tion relies on physicochemical adsorption. However, this approach 
produces multiple random orientations (see schematics in Fig. 1), 
resulting in molecules coupling with different efficiencies to the an
tenna's local field. Consequently, identifying a molecule based on its 
vibrational fingerprints (both its vibrational frequencies and corre
sponding cross sections) is much more complex, since the same molecule 
can exhibit very different intensities depending on how it binds to the 
antenna surface [8].

Aiming to achieve a more homogeneous deposition, other surface 
functionalization strategies rely on more specific chemical reactions. For 
example, deposition via amide bond between an amine-incorporating 
ligand and a carboxylic-functionalized surface has been used to study 

conformational changes of poly-lysine peptides with a gold nanoantenna 
coated with a lipid monolayer, formed by a mixture of two lipids (a 
hydroxyl-terminated lipid for monolayer structure and a carboxyl- 
terminated lipid for surface functionalization). This approach provides 
a well-defined chemistry, and a rational way of controlling the distance 
to the surface as well as between neighboring molecules [9]. However, 
biomolecules, and more particularly proteins, very often present mul
tiple amine and carboxylic groups, thus resulting in protein binding to 
the surface at multiple sites and conformations. Other approaches 
leverage the higher specificity of protein–ligand interactions. For 
example, interaction of streptavidin with biotinylated gold plasmonic 
resonators were used to study streptavidin binding and quantify its 
concentration in solution [10]. Nevertheless, this strategy does not 
ensure a unique orientation because streptavidin has four biotin-binding 
sites located on different faces of the protein, allowing it to bind in 
multiple spatial configurations. Therefore, the protein adopts hetero
geneous orientations on the surface, leading to a correspondingly het
erogeneous SEIRA signal. Other strategies combine protein engineering 
and biocompatible chemistry to achieve a specific and well-defined 
protein deposition on surfaces [11]. In particular, cysteine–maleimide 
chemistry has enabled site-specific immobilization of the protein 
α-synuclein by introducing a cysteine residue at its C-terminus, using the 
free thiol for deposition onto a maleimide-coated gold surface. This 
enabled analyzing the plasmonically enhanced amide I signatures to 
detect synuclein conformational changes, associated with protein ag
gregation in neurodegenerative diseases [12]. However, this study re
mains at an empirical level, missing a more fundamental understanding 
of the interplay between surface vibrational frequencies and pro
tein–surface interactions. To sum up, despite extensive work on 
detecting various molecules using SEIRA spectroscopy, most studies 
have relied on physical adsorption or chemically favored orientations, 
leading to non-uniform SEIRA signals that vary significantly depending 
on how the target molecules are oriented on the surface, complicating 
both empirical and theoretical analysis.

In this work, arrays of gold nanoresonators were manufactured and 
resonant SEIRA was employed to detect the vibrational fingerprints of 
tryptophan cage (TRP-cage) protein. This artificial miniprotein is one of 
the smallest proteins known to adopt a stable, cooperative, and compact 
fold [13,14]. Due to its small size and fold simplicity, it has been 
extensively used in fundamental studies in protein folding and stability, 

Fig. 1. The figure illustrates the importance of achieving a uniform orientation of the TRP-cage protein on the surface (top left cartoon) to obtain a consistent SEIRA 
signal, as opposed to random orientations (bottom left cartoon). It also highlights the relevance of maintaining a defined spacing between molecules to allow for 
unrestricted peptide vibrations. The inset shows a detailed view of the TRP-cage peptide immobilized onto a mixed self-assembled monolayer of thiols (1,11- 
undecanethiol in black, and 11-mercapto-1-undecanol in gray) via a cysteine residue located at its terminal position.
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as well as in theoretical and computational studies. Ab initio calcula
tions are performed within the framework of density functional theory 
(DFT) to investigate the vibrational fingerprints of the protein sur
rounded by gold plasmonic surfaces. These vibrational fingerprints 
guided the design of the gold nanoresonators capable of generating 
strong local electromagnetic fields precisely at the wavelength of the 
amide I vibrational band of the TRP-cage. To enhance the protein's 
vibrational signal, the TRP-cage is positioned within the local electric 
field generated in the close proximity of the nanoantennas at their 
plasmonic resonances. Appropriate lateral spacing was achieved using a 
mixed self-assembled monolayer of thiols (one species enabling protein 
binding and another preventing non-specific adsorption) thus allowing 
the molecules to vibrate at their natural frequencies. Furthermore, to 
ensure a uniform binding orientation and to avoid multiple attachment 
modes on the gold surface, a cysteine residue was introduced at the 
terminal position of the TRP-cage (Fig. 1). The SEIRA signal is studied 
using this configuration and the amide I and amide II vibrational bands 
of the TRP are detected and analyzed. The results reveal that the 
different vibrational modes exhibit a semi-discrete behavior rather than 
a continuous profile, showing good agreement with theoretical pre
dictions from DFT and electrodynamic simulations.

This work combines a theoretical study of the amide I and amide II 
vibrational bands of a peptide with a uniform peptide orientation on the 
surface revealing a semi-discrete behavior of the amide I band.

2. Materials and methods

2.1. Materials and reagents

The TRP-cage protein sequence C-NLYIQWLKDGGPSSGRPPPS with 
a purity of 95% was purchased from Merck Life Science (United 
Kingdom). The peptide was synthesized with a cysteine residue added at 
the N-terminal position of the protein and supplied in lyophilized form. 
Deuterium oxide with 99.95% of purity was purchased from Thermo
Fisher Scientific and supplied in Acroseal packaging to minimize solvent 
moisture uptake. Phosphate Buffer Saline (PBS), 1,11-undecanedithiol 
and 11-mercapto-1-undecanol were purchased from Sigma-Aldrich 
(Spain). 2-(N-morpholino)ethanesulfonic acid (MES), tris(2- 
carboxyethyl)phosphine (TCEP), and NaCl were purchased from 
Scharlab (Spain).

Calcium Fluoride (CaF2) wafers were purchased from Redoxme AB 
(Sweden). For the microfluidic cell fabrication, the following materials 
were used: a pressure-sensitive adhesive thin film (ARsealTM 90,880, 
Adhesive research), polycarbonate Lexan 8010 MC (Konig), Stand-alone 
female mini luer and male mini luer plug (ChipShop), and double side 
adhesive tape 3 M™ 9088–200.

2.2. Ab initio calculations of vibrational spectra

2.2.1. Atomistic model
The TRP-cage protein was modeled using the structure 1L2Y, which 

was obtained by nuclear magnetic resonance (NMR) and retrieved from 
the RCSB database [13] (Fig. S1). To describe the influence of the sur
face of the nanoantenna on the molecular binding, a 55-atom gold 
cluster (Au55) was chosen as a model system because it provides a 
reasonable balance between computational feasibility and an accurate 
representation of the local electronic and structural properties of 
extended gold surfaces. This cluster size is large enough to capture key 
surface effects, such as charge redistribution and molecule–metal in
teractions, while remaining small enough to be efficiently treated in DFT 
calculations. In the simulations, the TRP-cage protein was anchored to 
this gold cluster via its cysteine residue, utilizing 1,11-undecanedithiol 
as the connector molecule (Fig. S2).

2.2.2. Methodology for ab initio calculations
The calculations were performed using the Atomistic Simulation 

Advanced Platform (ASAP) package [15,16], which provides compre
hensive tools for structure visualization, input file preparation, remote 
job execution, and result analysis. The platform employs automatic 
workflows for geometry optimization and vibrational spectrum calcu
lations that rely on the Atomic Simulation Environment (ASE) [17].

The DFT computational engine was a preview version [18] of SIESTA 
[19,20] featuring a recently implemented implicit solvent method [21]
using the BigDFT PSolver library [22]. The electronic structure calcu
lations were carried out using an optimized double-zeta polarized (DZP) 
basis set and the PSF pseudopotentials integrated in ASAP with a real- 
space mesh cutoff of 100 Ry. The Perdew-Burke-Ernzerhof (PBE) [23]
exchange-correlation functional was used for tests on the isolated TRP- 
cage, while the vdW-DF functional [24,25] was selected for the TRP- 
cage anchored to the metal cluster to accurately include dispersion in
teractions. The water environment was simulated using the soft-sphere 
implicit solvent model [21] with a dielectric constant of 78.36 [22]
and sphere transition region width of 8 Bohr. To prevent spurious long- 
range interactions between periodic images, a minimum vacuum or 
solvent gap of 16 Å was included around all simulated structures. Ge
ometry optimization of both isolated and anchored TRP cages was 
performed until the residual force was less than 0.02 eV/Å.

2.2.3. Computational vibrational analysis
The vibrational modes of the TRP-cage protein were computed in the 

harmonic approximation considering atomic displacements of 0.01 Å in 
all directions and extracting the Hessian matrix using finite differences. 
To address the significant computational cost associated with the large 
metal-anchored TRP-cage structure (415 atoms), and to isolate the 
amide I modes of interest, a simplification was adopted: the coordinates 
of atoms beyond the amide, amine, and carboxyl groups, as well as the 
majority of hydrogen atoms, were fixed. Control calculations for the 
TRP-cage in vacuum confirmed that this constraint introduced a mini
mal red shift (< 6 cm − 1) to the amide I modes, a value significantly 
smaller than the observed frequency shifts induced by the solvent or the 
gold substrate. Since this shift is significantly smaller than the observed 
effects caused by the solvent or the gold substrate (as described later in 
Figs. 2 and 3), the use of this simplification is justified.

2.3. Numerical electromagnetic simulation

To investigate the optical response of the nanoantennas responsible 
for the SEIRA effect, Maxwell's equations were solved using the Finite 
Element Method (FEM), as implemented in COMSOL Multiphysics [26]. 
A lumped port formulation was employed, and periodic (Floquet) 
boundary conditions were imposed along the in-plane directions of a 
rectangular unit cell, while scattering boundary conditions were applied 
along the out-of-plane (z) direction, as described elsewhere [8] (see also 
Section 3 of the SI). To represent a realistic experimental scenario, a 
single Au nanorod was placed on top of a CaF2 substrate (assuming a 
refractive index n = 1.4) within a periodic unit cell, with the antenna 
positioned at the center of an extended (~50 μm) z-directed computa
tional domain. Accordingly, the physical domains were arranged in a 
regular rectangular array with a chosen lattice parameter (See Section 
S3 of the SI for geometrical details). Finally, perfectly matched layers 
(PMLs) with thickness TPML =5 μm were placed at the top and bottom 
of the simulation domain, in addition to the scattering boundary con
ditions along the z-axis to prevent spurious reflections from the in
terfaces along this direction. All domains in the simulation box were 
meshed using tetrahedral elements ensuring a maximum element size 
below λ/10 to guarantee numerical convergence where λ is the wave
length of the incident light. The element size within the nanorod and its 
surrounding shell was chosen to be at least one order of magnitude 
smaller than the characteristic dimensions of the nanoantenna. Mesh 
convergence was verified by progressively refining the tetrahedral dis
cretization until no significant variations were observed in the calcu
lated reflectance spectra. A similar numerical electromagnetic 
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simulation procedure implemented in Section 1 of the SI of reference [8]
was adopted.

2.4. Micro and nanofabrication

Arrays of Au nanorod antennas with varying lengths were fabricated 
using electron beam lithography (EBL) followed by gold lift-off. 1 × 1 
mm arrays were fabricated each of them with different antenna lengths. 
The arrays were patterned on top of a CaF2 wafer using EBL on a MMA- 
PMMA double layer (200 nm thickness) and a conductive resist layer to 
dissipate charge. Later, a Ti and Au evaporation (5 nm + 60 nm) fol
lowed by a metal lift-off process were carried out. In this process, some 
alignment marks were also included, close to the patterns enabling the 
alignment of the nanoantennas and their location within the sample 
using the microscope. The methodology used to transfer the aforemen
tioned patterns to the CaF2 substrate is the described as follows. The 
substrates were first cleaned in acetone and isopropanol using ultrasonic 
bath, after that, a dehydration step at 180 ◦C was performed on a hot
plate to enhance the resist adhesion and deposition. Once the samples 
were prepared, the resist layers were deposited onto the substrates. First, 
a layer of MMA EL6 was spin-coated at 1500 rpm for 60 s and soft-baked 
on a hot plate at 180 ◦C for 1 min. Next, a layer of PMMA 950 k A2 was 
also spin-coated at 1500 rpm for 60 s and soft-baked on a hot plate at 
180 ◦C for 1 min. Finally, a conductive layer of Electra92 was spin- 
coated at 2000 rpm for 60 s and soft-baked on a hot plate at 90 ◦C for 
2 min. The patterns were then transferred by EBL (Raith-150TWO, 
Germany). Following electron-beam exposure, the conductive layer was 

removed by immersing the sample in DI H2O at room temperature for 
60 s. The sample was then developed in a MIBK:IPA mixture (1:3) for 30 
s and rinsed in IPA for 30s. Once the samples were ready, they were 
brought to an electron beam evaporation system (UNIVEX 450B – Ley
bold, Germany) where a 5 nm of Ti layer, used to enhance the metal 
adhesion to the substrate, followed by a 60 nm layer of Au were 
deposited. Finally, a metal lift-off process was carried out using acetone 
and avoiding the use of ultrasonic bath to preserve the transferred 
nanorods.

2.5. Biofunctionalization protocol

An ethanolic mixture of lipids, comprised of 11-mercapto-1-undeca
nol and 1,11-undecanedithiol in a 9:1 ratio, was used to form a passiv
ating self-assembled monolayer (SAM) on gold. To do this, the gold 
surface was soaked with the mixture and incubated for 4 h at room 
temperature.

A 2-(N-morpholino) ethanesulfonic acid (MES) buffer was used to 
dissolve the peptide to 100 μM concentration. A certain amount of NaCl 
(20 mM MES, pH 6.5, and 100 mM NaCl) was added to adjust the ionic 
strength and stabilize the protein's surface charge and keep the native 
conformation. Subsequently, the thiol group was reduced by incubation 
with 1 mM tris-(2-carboxyethyl)phosphine (TCEP) for 1 h, and the 
sample was then diluted in PBS buffer (20 mM sodium phosphate, pH 
6.5, containing 100 mM NaCl) to obtain a final peptide concentration of 
1 μM, and removing the TCEP by dilution and phosphate-induced pre
cipitation. The gold was then incubated with the peptide mixture for 1 h 
at room temperature and then gently rinsed with heavy water. The 
substrate containing the gold nanorods was subsequently enclosed in a 
microfluidic cell and filled with heavy water for subsequent SEIRA 
characterization.

For the random adsorption controls, we follow the same bio
functionalization protocol but forming instead a homogeneous mono
layer of 11-mercapto-1-undecanol alone.

Fig. 2. Calculated vibrational density of states (in states per cm− 1) as a function 
of wavenumber (in cm− 1) for an isolated TRP molecule in (a) vacuum and (b) 
water. The bars indicate the discrete frequencies corresponding to the following 
vibrational modes: (dark blue) amide I, (dark green) amide II, (red) C––C bond 
stretching in aromatic rings, (magenta) N–H scissoring in primary –NH2 amine 
groups, (blue) asymmetric stretching in the –COO− carboxylate group, and 
(black) asymmetric stretching in the –NC(NH2)3 guanidino group. The contin
uous curves (solid lines) represent the final spectra for the amide I (blue) and 
amide II (green) bands. These curves are generated solely from their respective 
amide I and amide II discrete modes by applying a Lorentzian broadening 
function with a full width at half maximum of 8 cm− 1. The height of the bars is 
scaled by a factor of 0.15 for clarity. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 3. Calculated vibrational density of states (in states per cm− 1) as a function 
of wavenumber (in cm− 1) for the amide I vibrational band of the TRP peptide 
anchored to a Au55 cluster in water. The vertical bars represent the discrete 
frequencies of the calculated amide I normal modes. The continuous spectrum 
(solid line) is generated by convolving these discrete modes with a Lorentzian 
broadening function with a full width at half maximum of 8 cm− 1 to simulate 
experimental spectral line shapes. The height of the bars is scaled by a factor of 
0.1 for clarity. The vertical dashed lines indicate the spectral regions corre
sponding predominantly to decoupled C––O stretching, R-C=O stretching, and 
R-C=O stretching coupled with N-H/C-H bending modes (R-C=O & N-H/C-H).
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2.6. Microfluidic cell fabrication

A disposable microfluidic chamber was manufactured for medium- 
infrared (mid-IR) absorption measurements to ensure complete sample 
wetting and uniform coverage across the antenna arrays while mini
mizing liquid evaporation. The chamber was designed to encapsulate 
the 1 in. CaF2 substrate containing the arrays of gold nanorods, 
following the protocol described below. Briefly, an 80 μm thick double- 
sided pressure sensitive adhesive (PSA) film was pre-cut to match the 
cell dimensions, with a designated 1.5 cm × 0.5 cm area to define the 
chamber's boundaries. Finally, to close the chamber a polycarbonate 
(PC) film containing a precut inlet and outlet was adhered on the top of 
PSA. Inlet/ outlet connectors can be used to facilitate the sample 
introduction and extraction and they can be sealed after pipetting the 
sample with scotch tape or plugs to avoid evaporation or sample loss. 
One hour after introducing the TRP-cage solution, the assembled cell 
was inverted and mounted for Fourier-transform infrared spectroscopy 
(FTIR) measurements in an inverse reflection configuration.

2.7. SEIRA spectroscopy

SEIRA signals were studied by Fourier-transform infrared (FTIR) 
spectroscopy using a Varian 620-IR FTIR microscope coupled to a Varian 
670-IR spectrometer, equipped with a liquid nitrogen-cooled mercury 
cadmium telluride detector and referenced to a gold mirror. All SEIRA 
measurements were performed in reflection mode with an Agilent 
objective (Numerical Aperture = 0.81) with a Field of Vision of 420 ×
420 μm illuminating the chips from the backside. The measurements 
were performed at a resolution of 2.0 cm− 1, with at least 128 scans 
averaged per sample. Polarization of the infrared radiation was 
controlled by employing a rotatable Pike 723–2101 polarizer, which was 
aligned along the long axis of the gold nanorods.

2.8. Data analysis

The TRP-cage infrared fingerprints were extracted by normalizing 
the sample reflectance spectrum (R) to that of the reference (R0) ob
tained from the deuterium oxide (D2O) in the absence of the molecule. 
The differential absorbance spectrum (ΔA) was calculated by subtract
ing a polynomial baseline, fitted by least-squares method from the 
normalized reflectance spectrum [27].

3. Results and discussion

3.1. DFT mode assignment of TRP-cage and plasmonic antenna design

The isolated TRP-cage mini-protein was initially studied in vacuum 
over the whole frequency range using DFT calculations to obtain its 
complete vibrational spectrum (Fig. S3). The atomic motions contrib
uting to individual vibrational modes were visualized, allowing for the 
identification of the C––O stretching motion that constitutes the amide I 
band. It was found that these amide I modes are distributed across a 
wide frequency range, from 1596 to 1681 cm− 1, due to the presence of 
multiple C––O bonds in varied chemical environments. A more detailed 
analysis of this spectral range shows that the frequency of the amide I 
modes is sensitive to the oxygen atom involvement in hydrogen bonding 
(Fig. 2a). Higher frequency modes are characteristic of non‑hydrogen- 
bonded C––O groups, whereas the lower frequency modes are associated 
with C––O groups strongly engaged in intramolecular hydrogen 
bonding. Moreover, the character of the vibrations varies across the 
band, with the modes at the band edges identified as decoupled C––O 
stretches and those spanning the center of the band corresponding to 
highly coupled vibrations of multiple amide groups.

In addition to the C––O bond stretching, the amide I region contains 
overlapping vibrational modes of a different nature (Fig. 2a). Specif
ically, C––C stretching vibrations from aromatic groups yield peaks at 

1632, 1626 and 1601 cm− 1, which couple strongly with C––O stretching 
vibrations at similar frequencies. At the lower-frequency edge of the 
band (1598 cm − 1), a peak related to the scissoring and bending vibra
tions of N–H bonds in a primary amine group (− NH2) is also observed. 
Both the C––C stretching modes in aromatic groups and amine modes 
extend below the low-frequency edge of the amide I band, which is 
separated from the high-frequency edge of the amide II band found at 
1493 cm− 1. In the following analysis, these non-C=O vibrations were 
discarded, as they are expected to yield a much weaker signal in the 
SEIRA measurements.

To evaluate the effect of the solvent, the vibrations of the isolated 
TRP-cage peptide in water were computed (Fig. 2b). These calculations 
revealed that vibrational modes corresponding to the amide I band 
experience a red shift. The shift is non-uniform across the spectrum, 
ranging from 20 cm− 1 at the high-frequency edge to 40 cm− 1 at the low- 
frequency edge, but the order of the modes in frequency is generally 
maintained. The amide I band in this case extends from 1556 to 1658 
cm− 1 and begins to overlap with the asymmetric stretching vibrations in 
the carboxylate group (–COO− ) starting at 1600 cm − 1.

To incorporate the effects of the metallic surface of the gold nano
antennas, the TRP-cage molecule anchored to a gold cluster was 
modeled. The resulting amide I band in this complex system exhibits 
significant broadening and a red-shift, with its lower-frequency edge 
extending towards a minimum at 1488 cm− 1 (Fig. 3). Upon anchoring to 
the gold substrate via linking molecules, the TRP structure undergoes 
remarkable conformational changes that are accompanied by a reorga
nization of the hydrogen-bonding network. This reorganization creates a 
heterogeneous band profile: atomic groups located close to the gold 
cluster surface become disconnected from the hydrogen-bonding 
network and consequently show higher frequencies. Conversely, the 
lower frequency components exhibit increasingly complex atomic mo
tion. Amide I modes below 1580 cm− 1 are accompanied by noticeable 
displacement of the atoms surrounding the carbon and oxygen atoms (R- 
C=O stretching mode). Below 1530 cm− 1, the amide I modes involve 
complex, cooperative atomic motion, including coupling with N–H and 
C–H bending in the amine, amide, and alkane groups. Additional 
contributions to the amide I band are observed from C––O stretching in 
the cysteine residue amide groups (at 1644 and 1654 cm − 1) and its 
carbonyl group (at 1488 cm − 1).

To investigate the amide I vibrational fingerprints of the TRP-cage, 
the design of the nanoantennas is optimized to achieve a strong reso
nance of the nanoantennas in the region corresponding to the most 
intense Au₅₅–TRP-cage signals in water, following the DFT results pre
sented above. Accordingly, the design targets coupling between the 
plasmonic modes of the nanoantennas and the relevant vibrational fre
quencies, using three approximate wavenumbers (1615 cm− 1, 1540 
cm− 1, and 1480 cm− 1) as representative values to guide the target in the 
calculations of the nanoantenna response. The nanoantenna geometry 
was selected to support a longitudinal plasmonic resonance within the 
amide I spectral window, i. e, ≈1450–1700 cm− 1, as guided by FEM 
simulations (Section 3 of SI). The simulations for the fabricated geom
etry (a plasmonic nanoantenna with L = 2.1 μm in Fig. 4b and another 
one with L = 1.8 μm in the Fig. S4d of SI) shows the expected reflectivity 
modification upon introducing a protein-containing shell, consistent 
with resonant coupling in the experimental configuration as it is seen in 
the next section.

3.2. Nanofabrication, functionalization and IR absorption 
characterization

The results of the IR response of the nanoantennas provide a guide 
for fabrication of nanoantennas that produce an optimal spectral match 
with the selected TRP-cage’ s amide I vibrational frequencies. Accord
ingly, different arrays of nanoantennas, with lengths between 1.8 μm 
and 2.4 μm, were arranged in a lateral thickness of 300 nm, and a height 
of 60 nm were designed following a rectangular lattice with WX = 3 μm 
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and WY = L + 1 μm. The varying nanoantenna lengths were patterned 
using EBL followed by gold lift-off in separate 1 × 1 mm2 arrays, all 
integrated into a single microfluidic chip. Fig. 5a and b show scanning 
electron microscopy (SEM) images of the fabricated nanoantennas while 
Fig. 5c shows a schematic of the encapsulated metasurfaces arrays. 
Finally, the nanoantennas were functionalized with a mixture of 
lipids—11-mercapto-1-undecanol and 1,11-undecanedithiol—in a 9:1 
ratio, to create both a defined spacing between the peptides (on average, 

15 Å) and between them and the gold surface. This configuration allows 
the peptides to vibrate freely, minimizing steric factors and constraints 
that could limit their natural motion.

FTIR characterization of encapsulated metasurfaces was done as gold 
nanoantennas were studied immersed in 99.95% deuterium oxide (D2O) 
using the bare nanoantennas as a reference for subsequent TRP-cage 
samples characterization. D2O was used instead of H2O aiming to 
circumvent the strong absorption of the H-O-H bending mode in the 

Fig. 4. (a) Reflectance spectra of TRP-cage in 99.95% deuterium oxide (purple line) and reference deuterium oxide (dark blue) measured on arrays of 2.1 μm-long 
gold nanoantennas. (b) Simulated reflectance spectra of the TRP-cage solution (light blue) and reference deuterium oxide (dark blue) on arrays of 2.1 μm-long gold 
nanoantennas. The different absorption bands corresponding to TRP-cage and deuterium oxide are indicated by colors, as described in the text in the upper part of the 
figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Images and scheme of fabricated gold nanoantennas and their encapsulation. a) Large field-view scanning electron microscopy (SEM) image, b) high 
magnification SEM image showing the resonators length (~2 μm), width (~300 nm) and rectangular lattice parameters (Wx = 3 μm and WY = L + 1 μm), c) scheme 
of the microfluidic cell used to encapsulate gold nanorods on a CaF2 substrate for sample confinement at certain volume (~25 μL) and posterior infrared absorption 
measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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spectral region of interest. Fig. 4a shows the reflectance of the samples 
for both pure D2O and the TRP-cage sample in D2O for 2.1 μm (and 1.8 
μm in the Fig. S4c) plasmonic nanoantenna length. The FTIR charac
terization was done with the incident light polarization oriented parallel 
to the long axis of the plasmonic nanoantennas, as this direction sup
ports the strongest localized electromagnetic field enhancement and 
therefore maximizes the coupling with molecular vibrational modes. 
Fig. S5 describes the signal for the 1.8 μm plasmonic nanoantenna length 
as the incident light is polarized parallel to the long antenna axis and 
when the polarization is rotated 90◦ with respect to this axis. The D2O 
referenced spectra exhibits broad plasmonic resonances with a 
Lorentzian-like shape, red shifting by around 150 cm− 1 as the nano
antenna length increases, in good agreement with the simulations 
(Fig. 4b and Fig. S4d). A strong absorption feature is observed around 
1215 cm− 1, which is attributed to the D-O-D bending mode of D2O [28]. 
Its relative contribution increases for longer antennas because their 
plasmonic resonance spectrally approaches this vibrational mode. A 
weak absorption near 1650 cm− 1 is also detected and attributed to the 
H-O-H bending mode of residual H2O (Fig. S4c). The presence of this 
small absorption can be justified by the tiny amount of H2O present in 
the high-purity D2O sample and the strong absorption of the H-O-H 
vibrational mode [8,29]. To validate further the robustness of the FTIR 
far-field characterization and so the biofunctionalization reproducibility 
on large areas, the reflectance signal was measured on different sites of 
each 1 × 1 mm plasmonic nanorods (Fig. S6).

The reflectance signal for TRP-samples shows that plasmonic 

resonances can be tuned well to the target spectral bands. The coupling 
of TRP's vibrational modes with antennas plasmonic resonances is 
clearly observed for the 2.1 μm nanoantenna length. Experimental 
characterization fits well with the theoretical model (Fig. 4b) in which 
the molecular permittivity was parameterized using a three-term Lor
entz oscillator model, with each Lorentzian resonance assigned to one of 
the molecule's fundamental vibrational modes represented by the colour 
bands in Fig. 4a and b. The oscillator strengths, resonance frequencies, 
and damping constants were adjusted to reproduce the measured SEIRA 
response. These absorption bands extended from 1450 to 1670 cm− 1 are 
attributed to the amide I and amide II's vibrational bands of the peptide, 
which are associated to the target C––O vibrational modes and the N–C 
stretching and N–H bending modes of the amide II [30]. It is important 
to note that the thiol mixture exhibits vibrational bands corresponding 
to C–H stretching (2900–3100 cm− 1), O–H stretching (~3500 cm− 1), 
and S–H stretching (~2500 cm− 1) modes, all of which fall well outside 
the plasmonic resonance range and the characteristic vibrational spec
trum of the protein under study.

To compare how the controlled orientational binding of the mini- 
protein TRP-cage has an influence on the far-field characterization of 
the analyzed system, the reflectance signal of a randomly adsorbed TRP- 
cage in heavy water was analyzed. Fig. S7 shows the reflectance signal 
for two different sites of the 2.1 μm length gold nanorod array. Fig. S7 
shows that when the mini-protein is adsorbed randomly on the antenna 
surface, the vibrational absorptions appear smoother and less intense. 
This effect arises due to the broader distribution of molecular 

Fig. 6. (a) Normalized reflectance for the 2.1 μm plasmonic nanoantenna length, (b) Baseline-corrected absorbance. Black, red, blue and white represent carbon, 
oxygen, nitrogen and hydrogen atoms and vibrational modes are envisaged for each spectral range of absorbance. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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orientations generated by random adsorption, each exposing different 
chemical bonds and alignments to the local plasmonic field, resulting in 
an averaging effect of the dipole-field coupling. Additionally, Fig. S7 
shows that the random adsorption can lead to spatial variations in mo
lecular orientation and local surface coverage, producing signal differ
ences across different regions of the substrate. As a result, both 
enhancement efficiency and the spectral contrast become less uniform, 
leading to weaker and more spatially heterogeneous SEIRA responses.

A more detailed analysis of the TRP-cage vibrational fingerprints was 
obtained by normalizing the reflectance spectrum of the TRP-cage 
functionalized 2 μm length plasmonic nanoantenna (R) to that of the 
same metasurface prior to peptide injection (R0). Thus, the normalized 
reflectance was calculated as A = -103*log10(R/R0) (Fig. 6a) and sub
sequently corrected (Fig. 6b) by subtracting a polynomial baseline fitted 
by a least-squares method (Fig. S8).

Following this procedure, the corrected absorbance (Fig. 6b) shows a 
discrete set of peaks in the target vibrational spectral region. DFT cal
culations provide information on discrete individual vibrational modes, 
whereas the experimental absorbance spectrum reflects the broadened 
collective response arising from the convolution of these modes. Based 
on the DFT results, these features can be assigned to: (i) C––O stretching 
(amide I): decoupled C––O stretching modes oriented towards the inner 
or outer region of the molecule (1580–1650 cm− 1), (ii) coupled R–C=O 
stretching modes: lower frequency R-C=O stretching modes in which 
the carbonyl group vibration is coupled to extended molecular frag
ments surrounding the molecule (1500–1580 cm− 1) and (iii) Mixed 
amide I/II modes: R–C=O coupled with N–H/C–H bending: R-C=O 
stretching modes coupled with N-H/C-H bending modes and C–N 
stretching and N–H bending modes (1460–1500 cm− 1) associated with 
the amide II band. The correspondence of the low-frequency features to 
the amide II vibrational band is supported by their reduced intensity 
compared to amide I [30] as well as by their spectral position below 
1500 cm− 1 [31]. The calculated discrete vibrational modes thus provide 
a microscopic interpretation of both the spectral broadening and the 
internal structure of the experimentally observed amide I band.

The observed semi-discrete spectral structure within the amide I 
region is associated with the intrinsic vibrational response of the TRP- 
cage molecule, while the plasmonic nanoantennas mainly provide 
localized electromagnetic enhancement of the molecular vibrational 
dipoles. In this framework, controlled molecular immobilization reduces 
orientational averaging effects and improves the coupling between the 
dominant vibrational dipoles and the longitudinal plasmonic mode of 
the nanoantennas, allowing a more resolved observation of the vibra
tional substructure. Because each peptide is anchored through a single 
cysteine residue and separated from the gold surface and neighboring 
molecules by the mixed SAM, the orientation of its transition dipole 
moments with respect to the antenna near field is similar across mole
cules. As a result, each molecule's dipole moment aligns in the same way 
with the local electromagnetic field, leading to a higher degree of ho
mogeneity in the spectral response and thus discretization in the 
vibrational energy levels. In contrast, when molecules bind to the sur
face without a preferred orientation, the enhanced vibrational signal 
varies from one molecule to another. This produces an averaged spread 
of the signal across vibrational modes, resulting in broader absorption 
features that correspond to the amide I and amide II spectral bands [10]. 
The fact that the TRP-cage protein is well separated from the gold sur
face and neighboring molecules allows it to vibrate at its natural fre
quencies, rather than exhibiting forced vibrations caused by steric 
constraints from surrounding molecules.

The difference between theoretical calculation for the amide I 
vibrational band (1490–1660 cm− 1) and experimental data (1500–1670 
cm− 1) is reasonable given the simplified cluster model used in DFT to 
describe the molecule-metal system. More accurate models including 
anharmonic effects, larger metallic clusters, explicit solvent, and inter
molecular interactions, may influence the SEIRA signal, but modelling 
these effects by DFT is computationally demanding and out of the scope 

of this work. The amide II vibrational contribution was not explicitly 
computed in the current DFT model; however the strong absorptions 
observed between 1460 and 1500 cm− 1 are attributed to low frequency 
R-C=O stretching modes coupled to N–H and C–H bending modes in 
the amine, amide and alkane groups as well as to the amide II spectral 
band related to N–C stretching and N–H bending modes. Although 
higher wavenumbers (1530–1540 cm− 1) have been experimentally re
ported for the amide II vibrational modes of TRP-cage in aqueous so
lution [32,33], this red shift is consistent with the influence of the metal 
interface and the local environment. It also aligns with the shift observed 
experimentally for the amide I band of TRP-cage. Besides, D₂O mole
cules can establish hydrogen-bond interactions with TRP-cage residues 
similarly to H₂O; however, unlike ordinary water, D₂O may also induce 
H/D exchange at labile sites of the peptide backbone, altering the 
hydrogen-bond network and producing characteristic shifts to lower 
frequencies, particularly in modes containing N–H vibrational contri
butions [34].

Table 1 summarizes the main published works on protein detection 
using SEIRA spectroscopy. Some of these studies employ plasmonic 
nanoantennas for streptavidin detection by exploiting the strong bio
tin–streptavidin interaction, primarily focusing on achieving high 
sensitivity in aqueous environments; however, no control over the 
binding orientation of streptavidin is implemented. Other reported 
studies establish strong local field enhancement within plasmonic 
nanogaps, leading to high sensitivity, as demonstrated by the detection 
of the PSA protein biomarker in artificial blood samples using anti-PSA 
antibodies capable of binding to different epitopes [35]. Additional 
studies investigate conformational changes in polypeptides induced by 
external chemical stimuli [9]. In these cases, a physical gap is introduced 
between the plasmonic nanoantennas and the polypeptide, as well as 
between the polypeptide and surrounding molecules, while no control 
over molecular binding orientation is achieved. Conversely, conforma
tional studies on streptavidin and α-synuclein proteins have imple
mented a cysteine-residue strategy, similar to that employed in the 
present work, to control protein binding orientation on biotinylated 
plasmonic nanoantennas.

Most of the referenced studies use water-based samples, where 
strong water absorption overlaps with the amide I protein band, or 
perform characterization on dried samples under non-biological condi
tions. This work provides an orientational control on target protein 
binding to the functionalized plasmonic resonators, allowing semi- 
discrete experimental frequencies vibrations associated to amide I and 
mixed amide I/II vibrational bands.

4. Conclusions

DFT calculations enabled the assignment of specific vibrational 
modes contributing to the amide I band of the TRP-cage mini-protein in 
its 1L2Y conformational state, solvated in water and interacting with a 
gold cluster that models the local environment of plasmonic resonators. 
The amide I band was predicted to extend over a wide range of fre
quencies due to the presence of multiple C––O bonds in varied chemical 
environments. While the high-frequency C––O stretching vibrations 
were well decoupled from other modes, the medium- and low-frequency 
vibrations were accompanied by significant cooperative atomic motion 
in the studied structure. The design and fabrication of gold plasmonic 
nanoantennas spectrally tuned to the amide I and amide II vibrational 
bands of the TRP-cage peptide allowed for the enhancement of the 
molecule fingerprints in these spectral windows. Furthermore, a bio
functionalization strategy enabled a controlled and reproducible orien
tation of the TRP-cage peptide on gold nanoantennas, ensuring that the 
projection of each molecule's dipole moment onto the nanorod's longi
tudinal axis remained highly consistent. This uniform dipole alignment 
led to equal vibrational enhancement contributions and enabled the 
resolution of discrete vibrational modes within the semicontinuous 
amide I and II bands.
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This strategy represents a promising route for studying and detecting 
conformational changes in proteins. Immobilizing the protein in a 
controlled manner—with precise intermolecular spacing and a small gap 
introduced between the protein and gold nanoantennas—reduces steric 
hindrance and facilitates the free vibration of the protein. This setup 
allows the protein to undergo structural changes in response to external 
stimuli. For instance, the introduction of a chemical buffer or an increase 
in temperature could induce protein denaturation, leading to changes in 
its vibrational fingerprint. However, such analyses must be conducted 
carefully, as both temperature and chemical conditions can shift the 
plasmonic resonances of the nanoantennas, thereby altering the 
coupling between the molecular vibrational modes and the broader 
plasmonic response.

The computational framework presented here for the TRP-cage 
molecule provides a highly scalable roadmap for studying larger, more 
complex proteins. High efficiency is maintained by combining an im
plicit solvent model [21] with a partial Hessian matrix approach, which 
restricts the calculation of force constants strictly to the active degrees of 
freedom at the biomolecule–substrate interface. For significantly larger 
macromolecular complexes, the numerical effort of standard DFT, which 
scales cubically with the total atom count, becomes the limiting factor. 
This limitation can be bypassed by using linear-scaling methods [38], 
semi-empirical approaches, or machine-learning potentials [39], which 
drastically accelerate the evaluation of interatomic forces. In addition to 
this, the biofunctionalization strategy we have implemented produces a 
single orientation, restricting the degrees of freedom and facilitating the 
computational simulations, which is particularly convenient for larger 
systems.

Extending this type of approach to other proteins could enable the 
development of an experimental and theoretical library of distinct nat
ural vibrational fingerprints corresponding to different conformers. 
Such a library would improve the ability to identify specific proteins, 
their conformational states and transitions within complex molecular 
environments. In this context, the recognition of distinctive vibrational 
patterns should be complemented by data-driven approaches based on 
machine learning, including unsupervised methods such as principal 
component analysis (PCA) and hierarchical clustering analysis (HCA), as 
well as supervised techniques like support vector machines (SVMs). 
Additionally, the use of high-brightness broadband infrared lasers 
sources could facilitate the identification of target discrete vibrational 
modes for ultrasensitive in-vitro diagnosis down to the single protein 
level.
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