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Valentina Di Meo a,1 , Gennaro Sanità a,1, Angela Oliver b,1 , Annamaria Sandomenico b ,
Massimo Moccia c , Ivo Rendina a, Alessio Crescitelli a, Vincenzo Galdi c , Menotti Ruvo b,**,
Emanuela Esposito a,*

a National Research Council (CNR), Institute of Applied Sciences and Intelligent Systems, I-80131, Naples, Italy
b National Research Council (CNR), Institute of Biostructures and Bioimaging, I-80131, Naples, Italy
c University of Sannio, Department of Engineering, Fields & Waves Lab, I-82100, Benevento, Italy

A R T I C L E I N F O

Keywords:
Surface-enhanced infrared absorption
spectroscopy
Label free detection
Plasmonic biosensors
Small molecule detection
Vibrational probe

A B S T R A C T

Spectrochemical analysis of trace elements in complex matrices is crucial across various fields of science, in-
dustry, and technology. However, this analysis is often hindered by background interference and the challenge of
detecting ultralow analyte concentrations. Surface Enhanced Infrared Absorption (SEIRA) spectroscopy is
emerging as a viable technique to address these challenges as it can successfully reveal soluble and unmodified
analytes in a label-free manner through their interactions with a bioreceptor following site-specific labeling with
small infrared-active probes. In this study, we present and demonstrate an advanced method for mid-infrared
spectroscopy utilizing a pixeled SEIRA substrate coupled with a peculiar infrared-active vibrational probe. We
select a small azide moiety as the vibrational tag since its signature around 2100 cm− 1 is in the cell- and protein-
silent window and its small size preserves the structure and biological function of the protein it integrates into. As
model bioreceptor, we utilize an antigen-binding fragment (Fab’) derived from the therapeutic antibody tras-
tuzumab, modified with azidoacetic acid, and its Her2 antigen as the soluble analyte. Employing mid-infrared
SEIRA spectroscopy, we are able to monitor the immobilization of the azide-modified Fab’, and demonstrate
the detection of analyte quantities as low as 83 amol within an area of 100 μm2.

1. Introduction

Detecting trace substances in complex matrices in a label-free, real-
time and non-invasive manner remains a significant challenge in
analytical and pharmaceutical chemistry, as well as in environmental
monitoring.

Despite the long-standing availability of techniques such as mass
spectrometry-coupled chromatography (GC-MS and LC-MS (Beale et al.,
2018; Wilson et al., 2024)), fluorometry (Zacharioudaki et al., 2022),
colorimetry (Guo et al., 2024), surface plasmon resonance (SPR (Nguyen
et al., 2015)) and biolayer interferometry (BLI (Petersen, 2017)),
sensitivity issues persist for many analytes. Additionally, these methods
often involve complex sampling and pretreatment processes, require
expensive equipment, consume significant time and reagent, and

necessitate very well trained operators (Kim et al., 2016; Steinhauser
et al., 2012). Consequently, they are often unsuitable in terms of
cost-effectiveness and environmental impact.

However, with the exception of SPR and BLI, these techniques offer
the advantage of providing qualitative information essential for accu-
rately identifying analytes. Similarly, Mid InfraRed (MIR) spectroscopy
offers detailed insights into molecular structural properties through
their distinctive vibrational features, which correspond to vibration
frequencies within the MIR range of the spectrum (3300–600 cm− 1 in
wavenumber, or 3–25 μm in wavelength) (Chalmers et al., 2003; Stuart
and Ando, 2004; Griffiths et al., 2007). MIR spectroscopy also enables
quantitative analysis, in a real-time, label-free, simple, effective, and
non-invasive manner (Pilling and Gardner, 2016), making it a promising
technology for label-free biosensing.
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Unfortunately, due to the very low molecular absorption cross-
section of infrared vibrations (σabs ~ 10− 20 cm2), as predicted by
Beer’s Law, MIR spectroscopy is inappropriate to detect trace analyte,
severely limiting its applicability in sensitivity-demanding biochemical
analyses.

The detection of target analytes can be significantly enhanced by
leveraging the strong light-matter interactions facilitated by Localized
Surface Plasmon Resonances (LSPRs) in metallic nanoantennas (NAs). A
particularly powerful approach is the ultrasensitive Surface-Enhanced
Infrared Absorption (SEIRA) spectroscopy (Neubrech et al., 2017; Wu
et al., 2011; Adato et al., 2009), which utilizes resonant plasmonic
metasurfaces (Chen et al., 2020). These metasurfaces consist of
two-dimensional arrays of metallic NAs, carefully designed to align their
LSPRs with the absorption bands of the target analyte (Brown et al.,
2015; Brown et al., 2013; Dong et al., 2017; D’Andrea et al., 2013; De
Tommasi et al., 2021). Within this context, collective effects arising from
the periodic lattice also play a key role in enhancing the sharpness of the
resonances (Adato et al., 2009). Such precise tuning amplifies the IR
absorption cross-section by several orders of magnitude, enabling un-
precedented sensitivity and the detection of analytes at extremely low
concentrations.

To enhance the field in the very small volumes where the analyte is
confined, SEIRA spectroscopy employs a two-dimensional array of NAs,
tailored through ad hoc functionalized surfaces (Tanaka et al., 2022).
This technique is gaining prominence in the field of biochemical analysis
(Wang et al., 2024), offering unique advantages such as high sensitivity
capable of detecting attomole-level quantities (Di Meo et al., 2021), and
even single molecules (Ronen et al., 2015). Additionally, SEIRA provides
the capability for in-situ and non-destructive monitoring of molecular
fingerprint information in living organisms (Hui et al., 2021; Limaj et al.,
2016; Yao et al., 2021).

Recent advances in nanofabrication and miniaturization have
enabled SEIRA spectroscopy to detect multiple analytes through the
design of specific surface structures, including pixeled metasurfaces (Di
Meo et al., 2020; Leitis et al., 2019; Ma et al., 2015). In this approach,
the metasurface is segmented in subregions or “pixels”, each engineered
to detect a specific vibrational frequency. This configuration allows a
single chip or substrate to cover the entire frequency spectrum of in-
terest, from the region of functional groups (between 4000 cm− 1 and
1450 cm− 1) to the fingerprint region (between 1450 cm− 1 and 500
cm− 1). By leveraging targeted functionalization techniques, SEIRA
substrates can be tailored to detect and identify chemical species with
unique IR signatures at extremely low concentrations, as well as to
monitor the dynamics and kinetics of chemical reactions.

In this study, we explore the hypothesis that SEIRA substrates are
effective for the label-free detection of any intact soluble analyte that is
recognized and bound to the resonating interface by specific bio-
receptors labeled with MIR probes. These probes exhibit resonances that
are perturbed upon analyte binding. Functional groups that are IR active
and resonate within specific IR spectral regions have the capacity to
probe the nearest chemical environment, shedding light into intra- and
inter-molecular interactions. These groups can be utilized for sensing
purposes (Ma et al., 2015; Blasiak et al., 2017), as their IR signals pre-
dictably change in intensity and quality when they are located at the
interface between the immobilized bioreceptor on the sensing surface
and the interacting analyte.

IR-active functional groups possessing distinct spectroscopic IR sig-
natures, such as metal carbonyls and nitriles, are valuable for probing
the immediate chemical environment via specific inter-molecular in-
teractions with their surroundings (Ma et al., 2015; Blasiak et al., 2017).
By examining frequency shifts that occur due to variations in solvent
exposure, or structural changes resulting from target binding or other
biologically significant processes, it is theoretically feasible to detect
modifications in the chemical environment around the IR probe,
induced by conformational changes or perturbations arising from the
proximity of interacting partners of the bioreceptor (Pazos et al., 2014;

Shi et al., 2020).
The design of the IR probe is crucial for generating signals that

resonate strongly in distinct and clean regions of the IR spectrum,
enabling easier and more accurate monitoring of variations. Based on
these considerations, and due to its small size and minimal structural
impact upon integration, we opt for azide as the IR probe. Additionally,
we select a Fab (fragment antigen-binding) with free cysteines at the C-
terminus of the heavy chain as the bioreceptor to enable oriented and
interaction-favorable anchoring to the gold NAs that constitute the
metasurface. Specifically, we utilize a Fab’ fragment derived from the
therapeutic antibody trastuzumab as the bioreceptor and its antigen
Her2 as the soluble analyte (Swain et al., 2023). Azidoacetic acid is
chosen as an IR probe due to its resonance in a spectrum region devoid of
intense signals from the antibody fragment or other biomolecules that
may be present in the matrix (Adhikary et al., 2017). A key advantage of
the technique is its suitability for monitoring metabolic processes while
leveraging the benefits of multiplexed SEIRA Fourier-transform-IR
(FTIR) spectroscopy. These include rapid acquisition of the full spec-
trum, enhanced absorption signals enabled by the SEIRA effect, and the
ability to track reactions in real-time using the IR probe.

With this approach, we demonstrate the feasibility of monitoring the
immobilization of the azide-modified Fab’ using MIR SEIRA spectros-
copy. Additionally, we observe a significant resonance shift of the probe
upon binding of the bioreceptor to its antigen – a result that was not
easily predictable. This finding opens avenues for designing similar
biosensors where, by employing the appropriate bioreceptors, it be-
comes possible to detect any analyte in a label-free manner with
exceptional sensitivity while maintaining qualitative control over the
analyzed molecule.

2. Materials and methods

2.1. SEIRA substrate design

As schematized in Fig. 1, our SEIRA platform features a single sub-
strate housing multiple metasurfaces (“pixels”). Each pixel consists of a
two-dimensional array of cross-shaped gold NAs with precisely engi-
neered geometrical parameters designed to resonate at specific MIR
frequencies; an unpatterned area on the substrate serves as a reference
(gold mirror).

In our electromagnetic modeling and design approach, we employed
the finite-element-based commercial software COMSOL Multiphysics v.
5.1 (www.comsol.com). The geometry, illustrated in Fig. 2a, comprises
cross-shaped gold NAs with thickness t = 50 nm, and arm length and
width L and W, respectively, arranged on a two-dimensional square
lattice with a period of P. The NAs are situated atop a 5nm-thick chrome

Fig. 1. Schematic of the pixeled SEIRA substrate.
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layer, which overlays a silicon substrate, all within an air environment.
This particular geometry has proven effective in prior studies (Di Meo
et al., 2020, 2021), demonstrating substantial field enhancement and
polarization robustness.

To maintain computational efficiency, we adopted infinite period-
icity in the transverse plane and assume normal incidence of a plane
wave originating from the air region. This simplifies our analysis to a
single three-dimensional unit cell (as shown in Fig. 2a), with periodic
boundary conditions enforced on the lateral walls; this simulation setup
captures both the LSPR and collective effects. Furthermore, we incor-
porated finite thicknesses for the air (10 μm) and substrate (5 μm) re-
gions, implementing port-type and perfectly matched layer
terminations, respectively.

To determine the material parameters, we employed the models in
(Laman and Grischkowsky, 2008; Rakić et al., 1998; Li, 1980) for gold,
chrome, and silicon, respectively. To discretize the computational
domain, we employed standard meshing techniques with a maximum
size of 10 nm, resulting in approximately eleven million degrees of
freedom. Subsequently, we utilized the standard MUMPS solver with
default parameters to obtain the frequency response.

To guide our design process, we conducted a thorough parametric
exploration to identify resonances of interest within the geometrical
parameter space. Fig. 2b displays a representative resonant-field distri-
bution, revealing significant field enhancement (up to approximately
three orders of magnitude; see Supporting Information) with hotspots at
the arm tips, characteristic of plasmonic NAs. Subsequently, to achieve a
resonance with the desired position and linewidth, we initiated the
synthesis process with a coarse initial guess obtained from computed
codebooks. Through iterative refinement of parameters, we fine-tuned
the design to attain the desired response.

2.2. SEIRA substrate fabrication and characterization

The designed metasurface was transferred on a silicon chip using a
fabrication process based on electron beam lithography (EBL) and lift-
off process, as detailed in (Di Meo et al., 2019). The EBL process was
performed on a 250 nm-thick polymethyl methacrylate (PMMA) resist.
Following this, a 5 nm/50 nm chrome/gold stacked layer was deposited
via DC sputtering. The lift-off process then removed the unexposed
resist, realizing the designed metasurface.

In this experiment, the SEIRA substrate comprises four pixels fabri-
cated on a 1cm × 1 cm silicon substrate. Each pixel, covering an area of
500 μm× 500 μm comprises an array of cross-shaped NAs with identical
arm width (W = 200 nm) but varying arm lengths (L) and periods (P) to
tune the plasmonic resonances within the functional group region,
including one precisely targeting the IR probe signature around 2100
cm− 1. These nominal design values (summarized in Table 1) were
selected after extensive testing to effectively capture the azide reso-
nance. They were found to be optimal for detecting extremely low
concentrations of such small molecules when bound to larger molecules.

As previously mentioned, adjacent to the pixels, a gold mirror
covering an area of 200 μm × 200 μm was fabricated to serve as a
reference mirror for IR spectroscopic characterization of the device.
Each pixel is assigned a reference number, and their positions on the
chip are identified using a Cartesian coordinate system, as illustrated in
Fig. 1. The identification number, along with the Cartesian coordinates
system, allows for easy and unique recognition of each pixel’s position
on the chip surface. To characterize the sensor surface and assess the
fabrication quality, a scanning electron microscope (SEM) analysis was
conducted. Fig. S1 in the Supporting Information presents a SEM image
of a representative pixel (# 1), showing the expected geometrical pa-
rameters of the fabricated array.

After completing the morphological characterization, the IR spec-
trum of each array (in air) was measured. Reflection spectra were ac-
quired using a Thermo-Scientific Nicolet iN10MX FTIR instrument, with
the reflection spectrum from the gold mirror serving as the reference
background. A total of 256 scans were conducted at a resolution of 4
cm− 1 within a 100 μm× 100 μm window, covering the spectral range
from 4000 to 650 cm− 1.

Fig. 2. (a) Schematic of metasurface unit cell. (b) Numerically computed intensity distribution (electric field, normalized with respect to the impinging one) within a
unit cell, for pixel #3 (L = 835 nm, W = 200 nm, P = 2.0 μm) computed 5 nm away from the NA at the resonant wavenumber of 2035 cm− 1. The thick red arrow
indicates the polarization of the impinging electric field (not aligned to the cross arms, for better visualization). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Table 1
Summary of geometrical parameters and corresponding plasmonic resonances of
the fabricated device.

Pixel number Geometrical parameters νexp (cm− 1)

L [nm] W [nm] P [μm]

#1 835 200 2.0 2090
#2 1030 250 1.5 1734
#3 1250 250 1.5 1553
#4 1120 250 2.0 1465
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2.3. Preparation and characterization of azide-labeled trastuzumab Fab’

To obtain the azide-labeled Fab’ of trastuzumab, we first generated
the corresponding antibody F(ab’)2 (named TrastFab2, ≈100 kDa), by
treating the full antibody with pepsin, following the method reported by
Selis et al. (2016). The antibody’s proteolytic fragment was purified to
homogeneity by Size Exclusion Chromatography (SEC) on a Superdex

S200 column (Cytiva, Milano, Italy) using phosphate-buffered saline
(PBS) as the running buffer, and characterized by Liquid
Chromatography-Mass Spectrometry (LC-MS) using an Orbitrap
(Q-Exactive Plus) mass spectrometer coupled to an Ultimate 3000 HPLC
(Thermo Fisher, Rodano, Italy). The system was equipped with a C4
Aeris column (Phenomenex, Castel Maggiore, Italy) equilibrated at 15%
solvent B (CH3CN, 0.05 % TFA) over solvent A (H2O, 0.05 % TFA). To

Fig. 3. (a) Schematic showing the preparation of the azide-modified Fab of trastuzumab. (b) Schematic of N3-TrastFab’ coating on gold NAs and interaction with
ErbB2-Fc. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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elute the protein (300 ng), a gradient from 15% B to 70 % B was applied
over 15 min at a flow rate of 0.2 mL/min. The mass spectrometer was
operated in the positive ion mode, with the source at 350 ◦C and 3.5 kV,
and auxiliary gas temperature of 100 ◦C. Three microscans with inject
time 200 ms were averaged to obtain the final spectra. The RF was set to
150. Resolution was set to 17500. The m/z range was between 800 and
2400 m/z. Multicharged mass spectra were deconvoluted using Bio-
Pharma Finder vers. 5.1 (Thermo Fisher Instruments, Rodano, Italy)
using the ReSpect algorithm for intact protein deconvolution. Proteins
were analyzed by 12% Sodium Dodecyl Sulphate - PolyAcrylamide Gel
Electrophoresis (SDS-PAGE) under native and reducing conditions.
Concentration was determined spectrophotometrically on a Nanodrop
2000C instrument (Thermo Fisher Instruments, Rodano, Italy) using a
ε280nm = 186000 M− 1cm− 1.

TrastFab2 (0.60 mg, 6 nmoles) was randomly labeled on the lysine
side chains with azidoacetic acid by reacting the protein with a tenfold
molar excess (1 mg/mL DMSO) of azidoacetic acid N-hydrox-
ysuccinimide in 100 mM NaHCO3 pH 8.3 for 1 h at 37 ◦C. The product
was then reduced with cysteamine (MEA, Sigma-Aldrich, Milan, Italy
(Selis et al., 2016)) to obtain the corresponding azide-modified mono-
meric TrastFab’ (molecular weight, MW ≈ 50 kDa), named N3-TrastFab’,
as shown in Fig. 3a. The final product was purified once more through
SEC on a Superdex S200 gel filtration column, determining the con-
centration spectrophotometrically on a Nanodrop 2000C instrument
using an ε280nm = 93000 M− 1cm− 1. To assess the extent of azide group
incorporation, the product was finally analyzed by LC-MS under the
conditions previously described for intact TrastFab2 analysis in the
presence and absence of DTT (30 mM, 30 min, RT). The crystal structure
of Her2 in complex with the Fab of trastuzumab (pdb id: 1N8Z) was
visualized using PyMOL (The PyMOL Molecular Graphics System,
Version 3.0 Schrödinger, LLC). Representative images of the
antibody-antigen interface were generated using the same software.

Trastuzumab (also known by the trade name of Herceptin) aliquots
were obtained, as reported by Selis et al. (2020). Carrier free recombi-
nant human ErbB2/Her2 Fc chimera (hereafter Her2-Fc; Her2 residues
Thr23-Thr652; cat. n. 1129-ER) and human VEGFR1/Flt-1 Fc chimera
(aa 27–328, cat. n. 3516-FLL, hereafter VEGFR1-Fc) were obtained from
R&D (Milano, Italy). This region of Her2 fused to Fc has an approximate
MW of 96.8 kDa, 193.6 kDa considering a homodimer (https://www.
rndsystems.com/products/recombinant-human-erbb2-her2-fc-chimera-
protein-cf_1129-er), which is very similar to that of the actual soluble
Her2 present in the blood circulation (Perrier et al., 2018). Azidoacetic
acid N-hydroxysuccinimide was from Click Chemistry Tools (Scottsdale,
AZ, USA).

2.4. SEIRA substrate functionalization

All pixels were initially cleaned by washing with isopropanol and
double-distilled water to remove any potential contaminants. Surface
biofunctionalization was conducted using the free thiol groups present
on N3-TrastFab’. N3-TrastFab’ was treated with diluted Tris(2-
carboxyethyl)phosphine (TCEP) (85 μM) for 60 min at room tempera-
ture to reduce the thiol groups on the heavy chain Cys229 and Cys232.
These groups are susceptible to oxidation during handling, potentially
restoring the F(ab’)2 or forming an internal cyclic disulfide bridge
(Carrese et al., 2021). Subsequently, the solution was applied on the
gold pixels (60 μL) and allowed to incubate for 60 min at room tem-
perature. Following thorough washing with PBS and double-distilled
water, the surface was dried under an N2 flow. After collecting FTIR
spectra, as described below in section 2.5, all pixels were exposed to
Her2-Fc (3 μg/mL) in PBS (approximately 15 nM, considering the pro-
tein in the dimeric form) for 120 min at room temperature. Following
extensive washing with PBS double-distilled water, pixels were dried
again under an N2 flow and subjected to FTIR analysis once more, as
outlined in section 2.5. Fig. 3b illustrates a schematic of this process.

3. Results and discussion

We have designed, fabricated and tested a novel SEIRA-based sensing
platform featuring an oriented bioreceptor labeled with a mid-IR active
probe. This platform is capable of detecting specific analytes at
extremely low concentrations and in a completely label-free manner.

The SEIRA substrate was engineered to detect an azide group, which
is randomly attached on the bioreceptor’s lysines and serves as a sensing
probe for the captured analyte.

The azide group is particularly advantageous because its strong
asymmetric stretching absorption occurs in the range 2167 to 2080 cm− 1

(Pazos et al., 2014), which falls within the protein and cell-silent window
(1700-2700 cm− 1) as shown in Fig. 4a, while the structure and the IR
spectrum of azidoacetic acid are shown in Fig. 4b and c respectively. This
makes azide an ideal tag, also because it is chemically inert at room tem-
perature and in the absence of strong electrophiles, and is absent in
naturally occurring living systems and biomolecules. Therefore, no inter-
ference from endogenous functional groups is expected, even in the pres-
ence of complex biological matrices. Due to its minimal toxicity and high
biocompatibility, organic azide has already been used to monitor meta-
bolic reactions (Prescher and Bertozzi, 2005). Its symmetric stretching
absorption, which occurs at a considerably lower frequency (1343-1117
cm− 1) (Lieber et al., 1957), is much weaker and variable in position,
making it unsuitable as a monitoring signal in sensing experiments.

Fig. 4. (a) Typical IR absorption spectrum for biomolecules; the silent window (1700–2700 cm− 1), where no peaks from endogenous biomolecules are detected, is
highlighted with orange shading. (b) Three-dimensional structure of azidoacetic acid: the azide group is shown in purple, the carbon atoms in red, the hydrogen
atoms in white, and the oxygen atoms in red. The green arrows on the nitrogen atoms of the azide group visualize the asymmetric stretching vibrational modes νasym
(N3) of the chemical group. (c) IR spectrum of azidoacetic acid. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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To experimentally validate the numerical model predictions, the IR
spectra of each array in air were collected. Fig. 5 shows a comparison
between the numerical (red curve) and experimental (black curve) data
for a representative pixel (#1), demonstrating good agreement. The

slight discrepancy between the curves can be attributed to fabrication
tolerances, which are less than 5%. Similar results were observed for the
other three pixels (see Figure S2–4 in the Supporting information).

Prior to surface functionalization, we conducted a thorough char-
acterization of the azide-modified antibody bioreceptor to determine the
degree of protein modification. TrastFab2, prepared by standard pepsin
cleavage of the antibody, was highly pure as verified by SEC, SDS-PAGE
(data not shown), and mass spectrometry analyses (refer to Figs. S5 and
S6 in the Supporting Information). Similarly, N3-TrastFab’ appeared
homogeneous based on SEC and SDS-PAGE analysis (Figs. S7a and b in
the Supporting Information). LC-MS analyses under both reducing and
non-reducing conditions revealed the heterogeneity expected from the
random attachment of the azidoacetic moiety. This allowed for an
estimation of the average number of azide copies incorporated into the
antibody’s light and pepsin-cleaved heavy chains. Fig. S8a indicates that
one to three copies of azidoacetic acid (Δmass: 83.01 Da) were incor-
porated into N3-TrastFab’, with a predominance of antibody molecules
with mono- and di-substitutions. Modifications affected both the light
and heavy chains, as detailed in Figs. S8b and c.

We then conducted SEIRA analysis on the biosensor coated with the
Fab fragment labeled with the IR probe. The presence of the antibody
fragment was confirmed through the detection of vibrational bands from
the amide bonds and the chemically introduced azide groups (Fig. 6a).
Baseline-corrected reflectance spectra from a representative pixel (#1)
revealed peaks at 2150 cm− 1 (corresponding to azide asymmetric
stretching absorption) and at 1750 cm− 1 (attributed to the Amide I band
of the protein), as shown in Fig. 6b. To assess the sensor’s functionality,
the azide-labeled Fab’ was exposed to Her2-Fc to examine if the azide
resonance was affected by the binding of the trastuzumab-specific an-
tigen. After extensive washing to remove excess salts and Her2-Fc, the
pixel resonance displayed a red-shift of 70 cm− 1 (Fig. 6a, blue curve)

Fig. 5. Comparison between numerical (red curve) and experimental (black
curve) reflectance responses pertaining to pixel #1 (L = 835 nm, W = 200 nm,
P = 2.0 μm). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 6. FTIR reflectance measurements pertaining to pixel #1; (a) Black curve: reflectance resonance of naked substrate centered at 2090 cm− 1; red curve: reflectance
resonance after Fab immobilization; blue curve: reflectance resonance after Her2-Fc binding. (b) Baseline-corrected reflectance with the detected molecular vi-
bration, i.e., asymmetric stretching vibration of N3 νantsy at 2155 cm− 1. (c) Baseline-corrected reflectance resonance after Fab immobilization (red curve) and after
antigen Her2-Fc binding, displaying a shift of 7 cm− 1 for the asymmetric stretching relative to N3 group (blue curve). (d) Reflectance resonance after Fab binding (red
curve), after washing in HCl to remove the bound antigen (pink curve), and after unrelated antigen VEGFR1-Fc incubation (green curve). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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relative to the naked sensor (black curve). Additionally, the azide peak
shifted by approximately 7 cm− 1 in the presence of the antigen (Fig. 6c,
blue curve). This shift suggests the potential of the azide groups to serve
as a specific, albeit insofar qualitative, indicator of binding. Further
peaks at 2249 and 2050 cm− 1 were also observed, likely representing
azide complexes with metal ions (2050 cm− 1 (Di Bari et al., 2017)) and
interactions with other low molecular weight components in the buffer
(2246 cm− 1). To confirm that the azide band shift was specifically due to
antigen recognition, we treated the sensor surface with HCl to dissociate
bound Her2-Fc and reanalyzed it with SEIRA. The azide peak at 2150
cm− 1 was restored after the treatment (Fig. 6d, pink curve), confirming
that the shift was indeed antigen-mediated. Finally, to further validate
the specificity of azide band shift, we exposed the sensor surface to a
solution containing an unrelated antigen (VEGFR1-Fc), which has a
similar molecular weight and Fc-mediated dimeric structure. Remark-
ably, the peak position remained unchanged (Fig. 6d, green curve),
underscoring that the observed shift with the correct antigen was spe-
cific to the binding with the azide-labeled bioreceptor. The experiment
was replicated on multiple substrates with identical pixel designs, and
consistent results were obtained. An example is provided in the Sup-
porting Information (Fig. S9).

These findings are based on measurements involving 2500 NAs,
correlating with a 100 μm2 area illuminated by the micro FTIR spec-
trometer. Given the number of gold atoms on each cross-shaped NA
available for thiol bonding and the dimensions of a single Fab molecule
(approximately 5 nm in cross-section and 7 nm in length), we estimate
that each NA can accommodate up to 10000 (33 zmol) Fab molecules, i.
e., 83 amol in 100 μm2. If we assume a 1:1 binding ratio between the Fab
and the antigen, it suggests that a similar quantity of analyte has been
detected per NA in our experiments. Furthermore, since the Fab is only
partially modified with the azide, the actual amount of antigen captured
and detected is likely less than the equimolar ratio. While this study does
not primarily focus on statistical metrics to quantitatively assess the
sensor’s performance, we have conducted a preliminary evaluation of its
Limit of Detection (LoD). The LoD, defined as the lowest detectable
concentration cL, corresponds to the smallest measurable signal xL that
can be reliably distinguished under a given analytical procedure. For our
sensor, we estimate a LoD of 5 pM, as detailed in the supporting info; in
the case of soluble Her2, this is well below the clinically significant
threshold of 71 pM (15 ng/mL), calculated assuming a MW of around
210 kDa for to the dimeric soluble form of Her2 (Perrier et al., 2018).

The degree of molecule labeling can be a critical limitation in this
type of experiment, making it crucial to carefully prepare and thor-
oughly characterize the bioreceptor before use. It is essential to avoid
over-modification of the antibody fragment to prevent significant
molecule distortion, which could impair antigen recognition. In our
experiments, the level of azide modification was carefully controlled and
proved to be adequate for selective antigen recognition, ensuring the
sensor functioned correctly.

4. Conclusion

MIR and IR spectroscopies are essential for label-free detection.
However, while these techniques excel qualitatively, they face limita-
tions in detecting low concentrations and in studying dynamic metabolic
pathways. Moreover, when working with biological samples, it is crucial
to use specific probes to shift signals to protein- and cell-silent regions of
the spectrum.

In this study, we have integrated the SEIRA effect, which enhances
interaction between the IR field and vibrating molecules to boost
sensitivity, with a biochemical platform incorporating an IR probe that
enables the dynamic monitoring of biological and chemical events in its
surroundings.

We have demonstrated the effectiveness of SEIRA substrates for
label-free detection of intact soluble analytes, utilizing specific bio-
receptors labeled with MIR probes that interact at the resonant interface.

Upon analyte binding, the vibrational resonances of the probe undergo
significant shifts, enabling both quantitative and qualitative monitoring
of the interaction. We selected azide as the IR probe due to its signature
residing in a region typically devoid of biomolecule interference, and its
minimal impact on the receptor’s structure and binding ability upon
covalent integration. The bioreceptor used was an azide-modified Fab’
fragment derived from the therapeutic antibody trastuzumab, with its
antigen Her2 serving as the soluble analyte. Using our MIR SEIRA
spectroscopy platform, we have demonstrated the capability to monitor
the immobilization of the azide-modified Fab’ and detect as little as 83
amol of analyte across a 100 μm2 area. This versatile probe can be
readily integrated into various biological molecules to selectively
investigate their structural and environmental changes. The precise
positioning and number of probe copies on the protein’s outer surface
are critical for effectively sensing its immediate surroundings while
maintaining its functional integrity and interaction ability with analytes.
We have employed an N-hydroxysuccinimide (NHS) derivative of azi-
doacetic acid, whichmodifies lysine and potentially histidine side chains
or the N-terminus of a protein. While alternative reagents can link to
other amino acid side chains, lysine’s abundance on globular proteins
and its surface localization make it particularly suitable for this appli-
cation. Studying the distribution of lysine and controlling the extent of
surface modification are crucial steps to balance the number of probe
copies, enhancing sensitivity and the likelihood of establishing in-
teractions without causing structural distortions that could deactivate
protein function. In our case, examining the crystal structure of the
trastuzumab Fab bound to the Her2 ectodomain (Pdb id: 1N8Z, Fig. S10
(Cho et al., 2003)), we observe that only three lysine residues on the Fab
(Lys30, Lys65, Lys 76 on the heavy chain) are in close proximity with the
Her2 interface. Based on the mass spectrum of the azide-modified Fab, it
appears that at most one or two lysines can feasibly accommodate the
probe and effectively sense the receptor. This suggests that very few
copies of the azide moiety are sufficient to detect such a large analyte.
However, detecting small analytes that cover limited contact surfaces on
the bioreceptor may not be as straightforward, as they may not interact
sufficiently with any of the IR probes. In such cases, it is essential to
carefully study the interaction surface area of the bioreceptor and
modify it in a site-specific manner to accommodate IR probes effectively.
Importantly, our platform could significantly enhance the analytical
capabilities of MIR spectral imaging (MIRSI) using SEIRA substrates
(Rosas et al., 2023) as an advanced label-free method for chemical tissue
imaging. It is noteworthy that we have demonstrated the functionality of
the IR probe using a commercially available FTIR spectrometer acces-
sible in any laboratory. Moreover, these probes can be readily adapted
for other applications such as drug delivery schemes. By using different
receptors with few copies of different probes, our detection platform has
the potential to simultaneously sense and monitor multiple analytes at
extremely low concentrations in a non-destructive and real-time
manner.

In summary, the sensor system demonstrates the ability to detect
virtually any analyte in a label-free manner with very high sensitivity,
requiringminimal sample manipulation—merely dilution. A significant
advantage of this approach lies in its rigorous quality control potential,
enabled by the unique IR spectrum “fingerprint” of the analyte. Notably,
while the bioreceptor chemically modified with the IR probe becomes
part of the sensor itself, the analyte itself requires no labeling or modi-
fication for detection. The capability extends to analytes in diverse
matrices without the need for pretreatment, paralleling the high sensi-
tivity of techniques such as mass spectrometry. Furthermore, the system
provides a dual advantage: label-free detection combined with cross-
validation through the analyte’s IR spectrum. These attributes (label-
free operations, high sensitivity, and qualitative confirmation) position
SEIRA as a highly promising technique, potentially surpassing estab-
lished methods such as SPR or BioLayer Interferometry in power and
versatility, and make it a valuable toolkit for chemical and biochemical
analysis, environmental monitoring, pharmaceutical industry, and
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thermal imaging applications.
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