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Abstract

Label-free plasmonic biosensors hold significant promise for advancing molecular biology research and enabling early
disease diagnostics, particularly in detecting trace amounts of target molecules in highly diluted solutions. However,
conventional plasmonic biosensors face substantial challenges in detecting lower-molecule-weight (<500 Da)
biomolecules, especially at extreme low concentrations. To overcome this limitation, a novel plasmonic biosensor
platform based on enhanced topological phase singularity has been proposed. Herein, we demonstrate that extremely
small-sized (<3 nm) silver nanoparticles, embedded in aluminum oxide with a highly ordered configuration and sub-
nanometer alignment and inter-particle spacing (<1 nm), and covered by a gold film, exhibit a topologically dark
reflection and produces a sharp phase change, which ultimately presents as a significant shift in the reflected beam’s
position. By precisely modulating the concentration of silver nanoparticles, a largest position shift of 554.3 um was
achieved in calibration experiments with an extreme sensitivity of 3.27x 10°nm RIU™ (refractive index unit). The
refractive index resolution was determined to be 367 x 107 RIU with a 0.12um position resolution. We also
demonstrated the ability of the proposed biosensor platform to detect extremely low-molecular-weight (244 Da)
biotin biomolecules at femtomolar concentrations. Furthermore, in target biosensing experiments, the plasmonic
biosensor platform successfully directly detected small cytokine biomarker (TNF-a) in real-time at 100 zeptomolar (10°
?"mol L), highlighting its potential for extreme-sensitive biosensing applications.

Introduction

Label-free optical biosensing has become an increasingly
important tool in modern bioanalytics' . Unlike traditional
detection methods that require fluorescent dyes* or enzy-
matic tags5, label-free optical sensors allow the real-time,
non-invasive monitoring of biomolecular interactions
directly in their native environments®. For example,
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photonic-crystal fiber architectures have recently pushed
label-free sensing to the attomolar regime’. Hybrid
plasmonic-microfluidic platforms have enabled to dis-
criminate different forms of Alzheimer’s disease protein
(AB4n) at range of ~30-170 pg/ng. Meanwhile, the label-
free biosensors based on dual lossy-mode resonance have
allowed the simultaneous quantification of inflammation-
related biomarkers (C-reactive protein and D-dimer) with
below 1pg/mL°. Thus, these sensors can be applied not
only for pharmaceutical development but also in other
useful applications including clinical diagnostics'®'' and
environmental analysis'>'?, without changing the natural
behavior of molecules.

Conventional plasmonic biosensors, typically based on
surface plasmon polaritons (SPPs)'* or localized surface
plasmons (LSPs)"”, detect target molecules by tracking the
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shift in the resonance condition of light. This resonance
shift, often measured via angle or wavelength interroga-
tion, is sensitive to the refractive index changes that occur
when biomolecules bind to a metal surface'® ™%, However,
these plasmonic sensors are not capable to achieve the
detection at levels down to femtograms or even attograms
per milliliter.

Unlike the above-mentioned approaches, phase-
sensitive techniques utilize the optical phase signal
change induced by the biological interactions at the sen-
sing surface'®>®. The challenges of all phase-sensitive
plasmonic detection are to reach the “phase singularities”
under the resonance conditions, also known as optical
dark points, where the reflected light intensity drops to
quasi-zero while the phase response will undergo an ultra-
sharp and nonlinear variation**, These singularities give
rise to dramatic enhancements in detection sensitivity.

In this work, for the first time, the precise control of
nanoparticle arrays less than 3 nm in diameter have been
employed for achieving the extreme singularity for the
optical phase jump for plasmonic biosensors. These
nanoparticles are positioned with a highly ordered con-
figuration. Our system consists of ultra-small silver
nanoparticles embedded within a thin aluminum oxide
dielectric matrix topped with a gold film, made through a
dual pulsed laser source®>*°, This nanocomposite ensures
an efficient interparticle coupling distances, fostering
strong near-field coupling and the emergence of coherent
collective plasmonic modes. As a result, the platform
supports nanoscale optical cavities that exhibit sharp,
controllable phase singularities.

The unique property of this system is that small
changes in local refractive index near a singularity
induce large lateral displacements in the reflected light
beam—a phase transduction effect that serves as the
basis for biosensing. By tuning the volumetric con-
centration of silver nanoparticles (2-16%), we achieve
precise control over both the spectral location and
sharpness of the singularity. Experimental calibration
using standard refractive index media demonstrates
beam displacements up to 554.3 pm, corresponding to a
phase singularity-induced beam-displacement sensitiv-
ity of 3.27 x 10® nm/RIU. The system achieves a refrac-
tive index resolution of 3.67 x 107 RIU and spatial
resolution down to 0.12 pm, representing a significant
enhancement over conventional SPR and LSPR plat-
forms. Crucially, our label-free sensor is capable of
detecting extremely small biomolecules—such as biotin
(244 Da) at femtomolar concentrations—and small
cytokine molecules like tumor necrosis factor-alpha
(TNF-a), an important cancer biomarker at 100 zepto-
molar (10 M) levels. These features make our plat-
form highly sensitive, robust, and versatile, offering a
new direction in optical biosensing technology suitable
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for detecting a broad range of biological and chemical
targets with unprecedented sensitivity.

Results
Fabrication and characterization of the plasmonic sensing
substrate

The fabricated plasmonic sensing substrate is shown in
the Fig. la, b, which comprises 3 layers silver nano-
particles (Ag NPs) uniformly embedded in aluminum
oxide (Al,O3), and thin films of gold (Au). Silver is chosen
for its outstanding and well-established, plasmonic per-
formances in the visible range, driven by its highly nega-
tive real permittivity and low optical losses. Embedding
2.3nm diameter Ag NPs within a dense 12nm Al,O3
matrix preserves their stability while significantly enhan-
cing their plasmonic response, as discussed in the fol-
lowing together with FDTD simulations. This
configuration facilitates near-field coupling between
localized surface plasmons in Ag NPs and propagating
surface plasmons at the 48 nm thick Au sensing interface.

The experimental surface plasmon resonance (SPR)
reflectance spectra in deionized water of plasmonic sen-
sing substrates with varying concentrations of Ag NPs
(2%, 8% and 16%) are shown in Fig. lc. A dramatic
reduction in reflectivity occurred when the concentration
of Ag NPs is at 16%, with the minimum reflectance
reaching approximately 0.02. This value represents an
order-of-magnitude decrease compared to the pure Au
film substrate (0.13), demonstrating the enhanced optical
absorption achieved through the Ag NPs incorporation.
The substantial reflectance suppression at 16% Ag NPs
concentration suggests strong potential for generating
phase singularities, making this composition particularly
promising for advanced plasmonic applications.

However, the substrates with lower Ag NPs con-
centrations (2% and 8%) showed minimal differences in
minimum reflectance compared to the pure Au film (Fig.
1d). To better understand how the minimum reflectivity
varies with Ag NPs concentration, theoretical calculations
based on the Maxwell Garnett effective medium equa-
tions*’ are performed:

(2% A+ B)
A=f (= o) (2)
B = ni, +2%ny0, (3)

Where ny, is the refractive index of silver, n4y,0, is the
refractive index of Al,O3; matrix, and f is the concentra-
tion of the Ag NPs. As evident from Fig. le, f, the
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Fig. 1 Structural design and optical characterization of the plasmonic sensing substrate. a Schematic illustration of multilayer substrate
architecture. b Cross-sectional HRTEM image of the fabricated sensing substrate. ¢ Experimental reflectance curve of different sensing substrates
(Au_Ag NPs (2%, 8% and 16%)) and a control sample with pure Au. d Detailed view of the dashed region from (c). e Simulation reflectivity curve of
Au_Ag NPs with varying Ag NPs concentrations. f Minimum reflectivity as a function of Ag NPs concentrations with an optimal minimum at 16%
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minimum reflectivity of the SPR initially exhibits a slight
increase with higher Ag NPs concentration. However, at
16% Ag NPs, the reflectivity drops sharply to its lowest
value, aligning well with our experimental observations.
Furthermore, an extended analysis was performed by
quantifying the minimum reflectance for a larger range of
1-25% Ag NPs concentrations, as confirmed in the Fig.
S1. The resulting trend reveals that excessively high
concentrations of Ag NPs, such as 25%, do not yield
further reductions in SPR reflectivity. In addition, Fig. S1

shows that 18% Ag NPs and 16% NPs exhibit similar
minimum reflectance values. However, the full width at
half maximum (FWHM) of the 18% Ag NPs is broader
than that of the 16% Ag NPs. Consequently, the 16% Ag
NPs demonstrates higher sensing resolutions for mole-
cular detections.

The nanocomposite architectures are fabricated using
Pulsed Laser Deposition associated with a Free Cluster
Generator, which allows precise control of both propa-
gative and localized surface plasmon resonance effects. To
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Fig. 2 Characterization of the nanocomposite architectures. a HR-TEM image of silver nanoparticles deposited on a TEM grid, 200000 x
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magnification. b The corresponding statistical analysis over the diameter of the particles. The center of the distribution and mean diameter is
=23 nm, the standard deviation is 0 = 0.8 and the Full Width at Half Maximum (FWHM) is £ = 1.7 nm. ¢ Selected Area Electron Diffraction (SAED)
pattern of the silver nanoparticles with dy;; = 232 A and d»,, = 1.18 A. d Zoom on a single crystallized silver nanoparticle whose diameter is 2.5 nm,
600000x magnification. e Corresponding Fast Fourier Transform (FFT) of the single silver particle, highlighting its five-fold symmetry. f Atomic Force
Microscope (AFM) image of a 48 nm-thick gold layer. The S, corresponds to the peak to peak; the S, is the image-average roughness and the S
represents the root mean square (RMS) roughness. g HR-TEM cross section image presents the architecture of the nanocomposite, 100000x
magnification. h The corresponding EDS profile line analysis pointing out the atomic percentages of oxygen, aluminum, silicon, silver and gold
against sample height

ensure tight control over the architecture of the final As shown in Fig. 2a, b. Ag NPs are analyzed using

sensing platform, each constituent (nanoparticles and thin
films) was synthesized individually and characterized
independently, allowing the optimal deposition conditions
to be precisely defined beforehand.

Transmission Electron Microscopy (TEM JEOL 2100 F) in
high-resolution mode (HR-TEM) to characterize their
size, distribution, and shape. The nanoparticles are
deposited onto copper grids covered with a carbon



Du et al. Microsystems & Nanoengineering (2026)12:106

membrane, placed on the rotated substrate holder inside
the main chamber. Figure 2a shows randomly arranged
Ag NPs on the amorphous carbon membrane. A surface
coverage of approximately 12% was achieved after a
15 min deposition under the conditions described in
Table S1. A statistical analysis (Fig. 2b) performed on the
HR-TEM images using Image] software, based on the
distribution in size of a sample containing 1200 particles,
revealed a mean particle diameter of 2.3 nm with a stan-
dard deviation of 0.8 nm, and a full width at half max-
imum (FWHM) of 1.7 nm. The shape factor (F = 41’,’—{*,
where A is the area and P is the perimeter of the particle),
which quantifies the degree of circularity (with 1 indi-
cating a perfect circle), was found to be approximately 0.8,
suggesting that the nanoparticles exhibit a nearly sphe-
rical shape in three dimensions. Selected Area Electron
Diffraction (SAED) pattern (Fig. 2c) shows two concentric
rings which confirms the crystalline nature of the ran-
domly distributed particles. The measured interplanar
spacings, dyq= 2.32A and 1.18 A, correspond to the
(111) and (222) planes, respectively, of face-centered cubic
(FCC) silver nanoparticles, in agreement with the JCPS
00-004-0783 card.

A zoom-image of a single particle with a diameter of
2.5nm presented in Fig. 2d exhibits a decahedral shape
along the [001] direction, consistent with previous reports
by Flores et al.2®, The Fast Fourier Transform (FFT) of the
image in Fig. 2e confirms the five-fold symmetry of the
particle, supporting the decahedral structure, which is a
characteristic feature of in-flight synthesized particles.
These TEM analyses are crucial as the properties of
nanoparticles are highly related to both their size and
shape. The quasi-monodisperse size distribution pro-
duced by the nanoparticle generator ensures a high level
of control over the properties of the nanoparticles, mak-
ing it a valuable approach for tailoring particle’s
characteristics.

Al,O3 thin films were deposited on glass substrates to
investigate the characteristics of the matrix, before silver
nanoparticles addition. X-ray Photoelectron Spectroscopy
was carried out by a Kratos Axis Ultra DLD spectrometer,
equipped with a monochromate Al Ka source (12 mA,
15kV) (Fig. S2). Oxygen/aluminum ratio was found to be
1.4, closely matching the stoichiometry of the target,
demonstrating the congruent transfer capabilities of the
PLD setup. X-ray diffraction diagram obtained in 0-20
configuration using a Bruker D8 Advanced A25, of Al,O;
thin films exhibits an amorphous structure (Fig. S3). The
UV-visible spectrum exhibits an absorption peak at
432 nm, attributed to the localized surface plasmon
resonance (LSPR) of Ag NPs embedded within the Al,O3
matrix (Fig. S4). This resonance wavelength, well descri-
bed by the classical Mie theory for Ag NPs, confirms the
metallic behavior of Ag NPs and the quality of the
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interface NPs - oxide matrix, without oxidation at the
surface of the NPs.

The thickness and roughness of gold thin films on the
top of the architecture are measured by Atomic Force
Microscopy (Bruker dimension ICON) in tapping mode.
The film exhibits a thickness of 48 £ 2 nm and an aver-
age RMS roughness below 1 nm (Fig. 2f). The 17 nm
peak to peak value is attributed to the underlying glass
substrate. XRD revealed characteristic peaks of poly-
crystalline gold crystallized in the FCC system, pre-
ferentially orientated along the [111] direction (Fig. S5).
The conductivity of gold thin films measured with a co-
linear four-point probe method of 2.5x 10’ S.m™ is
closely matching the bulk gold conductivity of 4.6x
107 S.m™, highlighting the metallic behavior and high
quality of the thin film.

A cross-section of the entire biosensor architecture,
consisting of an Au film deposited on Ag NPs doped
Al,O3 nanocomposite thin film covering a glass substrate,
was prepared using a Focused Ion Beam (ZEISS Cross-
beam 550) and observed by high resolution TEM micro-
scopy. Figure 2g clearly shows, on the amorphous glass
substrate, the dense and amorphous Al,O3; matrix with
embedded Ag NPs. The measured thickness of this
composite layer is around 12 nm, as expected. The rows of
atoms inside the particles are visible, consistent with the
crystallized structure previously observed. Ag NPs exhibit
smooth, well-defined, and contamination-free interfaces
with their surrounding matrix, which is essential to sup-
port LSPR effects. The continuous gold layer is finishing
the architecture. The rows of atoms and several grains
with different orientations can be seen, consistent with
the polycrystallinity deduced from XRD. As expected, the
measured thickness is around 48 nm. The smooth surface
can effectively minimize scattering of surface plasmons®.

Figure 2h presents the energy dispersive X-ray spec-
troscopy (EDS) line profile analysis of the nanocomposite
shown in Fig. 2g. This analysis supports the expected
elementary composition described above, with silicon and
oxygen in the glass substrate, aluminum, oxygen and sil-
ver in the thin nanocomposite layer, and finally gold. This
analysis validates the measured thicknesses for both the
nanocomposite and gold layer and supports the absence
of interdiffusion provided by the ambient temperature
deposition. The embedded silver nanoparticles in the
Al,O3 matrix covered by the gold layer represent a bio-
compatible structure with a straightforward biofunctio-
nalization. No signs of porosity are observed between
layers and contamination-free interfaces are ensured by
the single reactor deposition technique developed. This
process, illustrated in Fig. 3 and Fig. S6 (see Materials and
Methods for details), provides a flexible and well-
controlled approach for designing a wide range of com-
plex nano-scaled structures.
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Fig. 3 Schematic representation of the nanocomposite sensors synthesis. The nanostructure is fabricated inside the reactor within a single
deposition run. Thin films are grown by Pulsed Laser Deposition (PLD), while the silver nanoparticles are synthesized using a dedicated nanoparticles
generator. The aluminium oxide matrix and silver nanoparticles are deposited by combining the PLD (D) and the nanoparticles generator (G), either
sequentially (x times) or simultaneously. In the final step, a gold top-layer is deposited by PLD
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Goos-Hanchen shift-based sensing mechanism

In this work, we employed a novel refractive index
sensing approach based on lateral position shift, offering
an alternative to conventional SPR interrogation methods
that rely on angular or wavelength variations. The lateral
position shift, known as the Goos-Hénchen (GH) shift,
occurs when a linearly polarized incident beam undergoes
total internal reflection at an interface® > This phe-
nomenon arises due to the spatial displacement of the
reflected beam, which is related to the phase change of the
reflected light*®. The magnitude of the GH shift is
determined by differentiating the reflection phase change
with respect to the incident angle. On a plasmonic sub-
strate, this shift can be significantly enhanced due to the
sharp phase transition occurring at the resonance angle.
As illustrated in Fig. 4a, the spatial separation between
reflected P- and S-polarized light arises due to their phase
difference after reflection. According to the stationary
phase theory, the GH shift in Kretschmann structure is
defined as following equation®*:

A A¢p - A¢s
2 - ni A6

AGH = — (4)

where 1 is the wavelength of incident light, n; is the
refractive index of the prism, ¢ is the optical phase of
reflected light and 6 is incident angle.

The custom-built optical system designed to measure
the differential GH shift is shown in Fig. 4b. To evaluate
the sensing performance across the visible to near-

Au —>

e, ——*AgNPs

ALO, — Pa—

Prism —> P
S Reflected light
o <
Q" GH shift
Incident light

Fig. 4 Concept and optical setup of the GH Shift-based plasmonic
biosensor. a Schematic illustration of the plasmonic biosensor
utilizing a hybrid Ag NPs-Au sensing substrate. The incident beam,
consisting of both P- and S-polarized components, is coupled to the
substrate via a prism to facilitate the excitation of surface plasmons.
b Experiment setup for measuring the GH shift from the
nanocomposite substrate. A laser source with wavelengths of 785 nm
and 633 nm is employed for excitation
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infrared (NIR) region, a 633 nm He-Ne laser (HNL100LB,
Thorlabs) and a 785 nm diode laser (ROUSB-785-PLR-80,
Coherent Inc.) were employed. The incident beam was
divided into P- polarized and S-polarized components
using a polarizing beam splitter (PBS, PBS202, Thorlabs)
and later recombined. A mechanical chopper (SRS542,
Stanford Research Systems) placed between the PBS pair
was used to periodically alternate the light polarization,
facilitating continuous comparison of the lateral beam
positions. This capability is essential for real-time detec-
tion of refractive index changes. To enhance the differ-
ential GH shift and ensure maximum sensitivity, the
sensing substrate mounted on an SF11 prism was aligned
at the resonance angle using a rotation stage. The
reflected beams of P- and S-polarized light were acquired
each 0.05s using a position-sensitive detector (PDP90A,
Thorlabs Inc., France), with a position resolution of
0.05um. As shown in the Fig. S7, the experimentally
measured noise after applying a 5 s smoothing filter to the
real-time raw signal is 0.12 pum, which represents the
effective system noise level under detecting conditions,
including chemical noise, temperature drift, and inter-
cycle variability.

As illustrated in Fig. 5a, b, the phase singularity
becomes visually apparent through phase differentia-
tion, manifested as a GH shift (Eq. 4). Under 785 nm
excitation, the Au_Ag NPs (16%) substrate exhibits an
exceptionally large differential GH shift peak due to the
singular phase jump. This peak reaches 23,369.2 um,
which is more than two orders of magnitude greater
than that of the pure Au substrate. Moreover, the GH
shift peak on the Au_Ag NPs (16%) substrate demon-
strates an extremely narrow FWHM of 0.001°, which is
over 100-fold sharper than the 0.105° observed for pure
Au. Notably, the achieved maximum GH shift sur-
passes current cutting-edge GH shift sensing sub-

strates, even those with intricate nanostructures®>>°,

by an order of magnitude in both magnitude and
spectral sharpness.

The figure of merit (FOM) of this plasmonic sensor was
also calculated for GH shift as shown in Fig. 5b. FOM is
defined as (AGH/An)/FWHM, where AGH signifies the
changes in differential GH shift, and An represents the
changes in the medium refractive index. The FOMs
marked in the Fig. 5b are calculated at Az = 107 RIU. The
highest FOM was achieved with Au_Ag NPs (16%), which
is 1.95 x 10"® um (RIU.°)"!, which is 7 orders of magnitude
greater than that of the pure Au substrate.

Calibration of the plasmonic biosensing substrate

The comparison of reflectivity curves between the pure
Au substrate, often considered as standard reference for
bio-detection, and the Au_Ag NPs (16%) sensing sub-
strate architecture at a wavelength of 785 nm is shown in
Fig. 6a. Both the experimental and simulation results
showed that the SPR reflectivity can be significantly
reduced at an Ag NPs concentration of 16%. To calibrate
the refractometric performance of the sensor, glycerin
solutions with weight ratios from 0.1% to 2.5% were flo-
wed to the sensor flow microchannel with a fixed
refractive index change. The real-time differential GH
shift measurements at 785 nm, induced by glycerin solu-
tions with increasing weight ratios, was shown in Fig. 6b.
Both substrates exhibit an increasing GH shift with
increasing glycerin weight ratios, and the maximum GH
shift was measured at 554.3 um for Au_Ag NPs (16%)
substrate. Moreover, the Au_Ag NPs (16%) substrate
consistently shows a significantly larger shift than the
pure Au substrate at all concentrations. For example, for
the glycerin solution with a low weight ratio of 0.5%, the
Au_Ag NPs (16%) sensing substrate could generate GH
shift of around 200.8 um, which is more than 4 times that
of the pure Au substrate (39.5um). This enhanced
response highlights that the incorporation of Ag NPs
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amplifies the sensitivity of the plasmonic resonance,
improving the sensor’s ability to detect minute variations
in refractive index.

The GH shift, measured as a function of refractive index
using glycerin solutions, is summarized in Fig. 6c. It is
well known that each 0.1% increment in glycerin weight
ratio corresponds to a refractive index change of 0.00012
RIU*. Calibration experiments were performed on both
pure Au and Au_Ag NPs (16%) substrates at a wavelength
of 785 nm, with each measurement repeated three times
to ensure reproducibility. As shown by the dashed lines in
Fig. 6¢, the sensitivity was determined through the linear
analysis of calibration data. Experimental results demon-
strated that the sensing substrates with low reflectivity at
the resonance angle exhibited significantly enhanced
sensitivity. Specifically, the Au_Ag NPs (16%) substrate
achieved a sensitivity value of 3.27 x 10°nm RIU™ at
785 nm, representing a twofold improvement over the

pure Au substrate. With a position resolution of 0.12 pum,
the plasmonic biosensor platform achieved a refractive
index resolution of 3.67 x 10”7 RIU. Furthermore, Fig. 6d
illustrates the enhancement factor between the Au_Ag
NPs (16%) and pure Au substrates at different glycerin
weight ratios. It is worth noting that the enhancement
factor reached more than 670% at 0.1% of glycerin.

Detection of small biological molecules

To test the ability of this sensor platform to detect small
biological molecules in extremely diluted solutions, biotin
was used in this work. Biotin is a small molecule for
calibration performance with a low molecular weight of
244 Da, as shown in the inset of Fig. 7b. Conventional
SPR-based biosensor techniques are not capable to obtain
a detectable response even with a high concentration of
100 pM. In contrast, previous studies achieved biotin
detection capabilities down to 10 uM with plasmonic
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Fig. 7 Streptavidin-biotin sensing test. a Real-time monitoring of the differential GH shift for biotin at concentrations from 1 fM to 10 nM, using a
streptavidin-functionalized surface on the Au_Ag NPs (16% in Al,Os) plasmonic biosensing substrate. b Linear fitting of the differential GH shift,
demonstrating the relationship between the GH shift and biotin concentration. The slope of the fitted line represents the sensitivity of the biosensing
platform. Each data point represents the average value of 3 individual measurements, and the error bars correspond to the standard deviation
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nanorod metamaterials'® and 10pM with hyperbolic
metamaterials'’ by using a conventional streptavidin-
biotin binding assays. Notably, our sensor substrate
Au_Ag NPs (16%) demonstrated four orders of magnitude
more sensitivity than the hyperbolic metamaterials,
achieving the real-time binding monitoring of 1 fM biotin
in phosphate buffered saline (PBS).

Biotin was characterized by its low isoelectric point of
3.5, carrying a strong negative charge under neutral buffer
conditions®®. To validate the use of a well-defined affinity
pair, biotin detection using a streptavidin-functionalized
surface is carried out (Fig. S8). The GH shift is recorded
during PBS injection and followed for various con-
centrations of biotin (1 fM to 10 nM) in real-time during
an adsorption time of 20 min. The real-time response of
the sensor during the injection of 1 fM biotin is shown in
the Fig. 7a. The differential GH shift after 20 minutes of 1
fM biotin adsorption was measured to be 23.9 pm. Finally,
a small drop in GH shift (22.5um) was obtained by
injecting PBS in the microfluidic channel again to remove
the unbound biotin molecules. In addition, to demon-
strate the repeatability of the sensing response, three
individual measurements were performed at different
concentration. Figure S11 shows representative real-time
sensorgram from repetitions for 1 fM biotin. The per-
formance of the sensor is shown in the Fig. 7b, which
plots the GH shift with different concentrations. It
revealed a significant signal increase of 5.9 um per order
of magnitude change in biotin concentration showing that
the sensor substrate was extremely sensitive to the tiny
refractive index change.

Detection of cancer markers
The clinical applicability of the proposed biosensing
platform was validated by demonstrating its capability to

detect cancer biomarkers with ultrahigh sensitivity.
Tumor necrosis factor-alpha (TNF-alpha), a cytokine with
a molecular weight of 17.3 kDa, was selected as the target
analyte. The measurements were performed using the
same Au_Ag NPs (16%) substrate previously employed for
glycerin calibration and small biomolecule detection at a
wavelength of 785 nm. To enable specific detection of
TNE-alpha, the sensing substrate was functionalized with
an aptamer specifically designed for TNF-alpha capture
and then followed with mPEG-SH for blocking the
remaining Au surface without the aptamer (Fig. S9). An
AFM measurement on clean regions of the chip shows a
step height of 6 nm between bare Au and functionalized
areas (Fig. S10), confirming the presence of a nanoscale
aptamer layer. This thickness is consistent with reported
values for densely packed thiolated ssDNA aptamer
monolayer on gold. Based on the classical studies®*’, the
corresponding aptamer surface density on sensing region
(10 x 10 mm®) is evaluated at 3 x 10> pg/mm?.

Figure 8a illustrates the real-time sensor response to
TNEF-alpha at an ultra-low concentration of 0.1 aM, which
is four orders of magnitude compared to a surface-
enhanced Raman spectroscopy substrate by using gold
nanoparticles*'. The incubation process lasted 20 min,
followed by flushing with a running buffer. At this con-
centration, the measured differential GH shift was around
3.3 um. Notably, the signal continued to increase for over
10 minutes, reflecting the slow binding kinetics at such
trace levels. Figure 8b presents the GH shift of TNF-alpha
detection across a concentration range from 1 aM to 1
pM. As the biomarker concentration increased, the signal
shift after buffer flushing became more pronounced, and
the time required to reach signal saturation decreased
significantly. For instance, at 1 pM, signal saturation was
achieved within 1 minute, compared to the prolonged
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Fig. 8 Specific detection of biomarkers using aptamer-
functionalized plasmonic biosensing substrate. a Real-time
monitoring of the cancer marker TNF-alpha at an ultra-low
concentration of 0.1 aM on the Au_Ag NPs (16% in Al,03) sensing
substrate. b Real-time detection of TNF-alpha across a wide range (1
aM to 1TpM) on the Au_Ag NPs (16%) substrate. ¢ Linear fitting analysis
of the sensor response to TNF-alpha concentrations, illustrating the
quantitative relationship between the signal and TNF-alpha
concentration. Each data point represents the average value of three
individual measurements, and the error bars correspond to the
standard deviation

response observed at 0.1 aM. The concentration of TNF-
alpha in the blood serum of cancer patients typically
ranges from 20 to 50 pg mL™, corresponding to approxi-
mately 10> M in early-stage cancer. As shown in Fig. 8c,
linear fitting analysis of the sensor response revealed a
differential GH shift of 46.8 um at 10>M TNF-alpha
concentration. In addition, to demonstrate the good
repeatability of our experiments, we have repeated the
targeted biosensing experiments by 3 times. The error
bars based on these 3 measurements have been plotted in
Fig. 8¢ show a+0.25 um even for the low concentration
for 0.1 aM of TNF-alpha biomarkers. Figure S12 shows
representative real-time sensorgram from the second and
third repetitions for 0.1 aM, 1 fM and 1 pM, respectively.
These results demonstrate that the biosensing platform
achieves the stable sensitivity required for early-stage
cancer diagnostics, highlighting its potential for clinical
applications in biomarker detection.

Selectivity test for different cancer markers

To further evaluate the selectivity of the plasmonic
biosensor, we investigated its response to both target-
specific (TNF-alpha) and non-specific (Interleukin-6, IL-
6) cytokines at a concentration of 10 fM. The sensing
substrate was functionalized with TNF-alpha-specific
aptamers to ensure selective binding of the target ana-
lyte. As depicted in Fig. 9, the biosensor exhibited a robust
response of 32.4 um for 10 fM TNF-alpha, reflecting the
high affinity of the aptamer-functionalized surface for its
target molecule. In contrast, a significantly weaker
response of 0.5 um to non-specific 10 fM IL-6 adsorption
was observed, highlighting the sensor’s ability to dis-
criminate between specific and non-specific interactions.
Furthermore, after flushing with a running buffer, the
signal corresponding to IL-6 returned to near-baseline
levels, indicating the absence of strong binding between
the non-specific cytokine and the functionalized substrate.
In comparison, the TNF-alpha signal showed only a
minimal reduction, further confirming the high selectivity
and binding stability of the aptamer-functionalized sen-
sing substrate. Besides, we also observed the same trend at
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low concentrations of 1 fM (Fig. S13). The signal reaches a
quasi-steady state within 6 min(Fig. S13). This confirms
that the platform exhibits stability under different oper-
ating conditions. In addition, the blocking efficiency is
functionally confirmed by the selectivity experiments. For
example, at 1 fM (Fig. S13), the specific target TNF-alpha
produces a large and stable response (25 um) after rinsing,
whereas the non-target IL-6 at the same concentration
gives only 1pm response, after running buffer rinsing.
This indicates that nonspecific IL-6 molecules adsorption
on the TNF-alpha aptamer-mPEG-SH-functionalized
surface is strongly suppressed. This confirms that the
platform exhibits stability under operating conditions.
These results underscore the sensor’s potential for accu-
rate and reliable detection of target analytes in complex
biological samples, even in the presence of potential
interferents.

Simulation analysis of GH shift enhanced by Ag NPs
Figure 10a shows the electric field distribution inside
the multilayer structure under SPR conditions. The inci-
dent Gaussian beam (with a beam width of 3 pm) pro-
pagates from the substrate side and undergoes total
internal reflection at the metal-dielectric interface where
most of the incident beam is absorbed leading to a dark
band at the reflection side. A portion of the electro-
magnetic wave penetrates the metal layer due to the
evanescent field and re-emerges inside the substrate. A
lateral displacement of the reflected beam is then
observed relative to the incident beam path: GH shift. We
used a numerical finite-difference time-domain (FDTD)
method to simulate the electromagnetic field interactions
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with the surface plasmon. The model consists of an
incident plane wave propagating from a BK7 glass (inci-
dent plane) to the Al,O3-Au substrate, with or without Ag
NPs randomly embedded within a Al,O3 matrix (12 nm).
For both cases, the SPR condition angle was determined
by plotting the reflected wave intensity as a function of the
incident angle of the plane wave, with the resonance angle
defined as the point at which the reflection reached its
minimum value. The impact of Ag NPs on the SPR phase
response is investigated by plotting the phase map of the
reflected wave. The phase map at the SPR resonance angle
for the structure without nanoparticles (Fig. 10b) serves as
the baseline. A comparison with the phase map for the
Au_Ag NPs substrate demonstrates a modulation of the
phase wavefront of the reflected plane wave at the reso-
nance angle (Fig. 10c). This effect does not appear at an
incident angle out of the resonance angle, nor at the
resonance angle for the structure without NP. The
impacts of Ag NPs induced modulations of the wave-front
phase on the GH shift are calculated by monitoring the
phase of the reflected wave, at a single mesh point located
in the reflection region, versus the angle of the incident
plane wave. This approach enables a direct assessment of
how the phase evolves near the resonance condition and
is particularly useful for evaluating the sensitivity of the
system. Figure 10d shows that the phase shift at resonance
for the structure with nanoparticles is sharper than that
for the structure without nanoparticles. The phase change
was calculated over an angular step of 0.01° near the
resonance angle for both structures. The structure
incorporating nanoparticles exhibited a phase variation 4
times higher than that of the reference structure without
nanoparticles. This sharper phase change in the
nanoparticle-incorporated structure indicates an increase
in phase sensitivity, leading to a much larger GH shift.
In addition, the electromagnetic field distribution in the
designed plasmonic biosensor structure exhibits different
characteristics under resonant and non-resonant condi-
tions (Fig. S14). Under surface plasmon resonance excita-
tion, a strong localized field appears at the interface
between the gold layer and the silver nanoparticle-doped
dielectric medium, indicating effective coupling between
the localized surface plasmon mode and the propagating
surface plasmon mode. This hybrid plasma state generates
a confined electromagnetic field with a steep phase gra-
dient, which fundamentally leads to the observed phase and
singularities GH shift. In contrast, simulations under non-
resonant conditions show significantly reduced field
strengths, but we observe strong near-field coupling
between ultra-small silver nanoparticles, resulting in
coherent collective plasmon modes. Moreover, the effect of
a single Ag NP on the electric field was also considered, as
shown in the Fig. S15, achieving approximately an order-
of-magnitude amplification compared to the pure Au film.
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To highlight the benefits of using silver nanoparticles in
an Al,O3; matrix, additional FDTD simulations were
performed. As shown in Fig. S16a, Ag NPs induce a much
deeper SPR reflectivity dip (~ 1 x 10), with a minimum
reflectance nearly seven times lower than with Au NPs
(~ 7x107). They also produce a significantly stronger
phase modulation of the reflected wave (Fig. S16b,c).
Since only the NP material differs, these results clearly
demonstrate the superior ability of Ag NPs to enhance
light coupling and improve phase-based sensitivity, that
leads to enhanced GH shifts.

As shown in Fig. S17a, the Al,O3; matrix leads to a
pronounced SPR dip, reducing the minimum reflectance
by a factor of four compared to SiO, and ten compared to
air. This enhanced response arises from the higher per-
mittivity of Al,O3 at 785 nm (Re(e;) = 3.1184), consistent
with Mie theory resonance conditions. In this configura-
tion, part of the electromagnetic field interacts with the
embedded NPs while the remainder couples to the surface
plasmon waves. Phase-map simulations (Fig. S17b-e)

further reveal the strongest phase modulation at reso-
nance for Ag NPs in Al,O3; compared to other matrixes,
highlighting the substantial role of the Ag NPs and Al,O3
combination on the overall optical response.

Discussion

In this study, we developed a novel plasmonic biosensor
based on nanocomposite thin films that exploits extreme
optical phase singularities and GH shift for ultrasensitive,
label-free detection. For the first time, we precisely
arranged sub-3 nm Ag NPs arrays within a 12 nm Al,O3
dielectric matrix via layer-by-layer configuration and
integrated them with a 48 nm gold film to form a hybrid
plasmonic structure. This design achieves a dual
enhancement mechanism: (i) strong near-field coupling
between ultra-small Ag NPs, generating coherent collec-
tive plasmon modes; and (ii) synergistic interactions
between the localized surface plasmon resonance (LSPR)
of the nanoparticles and the surface plasmon polaritons
(SPPs) in the gold film. The resulting nanoscale optical
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cavity exhibits sharp phase singularities, which sig-
nificantly amplifies the GH shift response to small
refractive index changes.

The sensor is optimized for the red to near-infrared
region (785 nm) and achieves an excellent refractive index
sensitivity of 3.27 x 10° nm/RIU, with a maximum lateral
GH shift of 554.3 um in 2.5% glycerol solution. Its linear
dynamic range covers clinically relevant concentrations,
enabling real-time quantitative analysis. The phase
singularity-enhanced sensing mechanism stems from the
interaction between the SPP of the gold film (providing
directional excitation) and the LSPR of the silver nano-
particle array (generating local field hot spots). Near the
“dark spot” (reflectivity reached to quasi-zero), these
effects generate a steep phase gradient that converts small
refractive index changes into measurable GH shifts.

To validate its biomedical application, the sensor was
functionalized with a TNF-alpha-specific aptamer,
achieving the lowest detectable concentration of 0.1 aM.
Selective testing against IL-6 confirmed its stability, with a
GH shift of 32.4 um for TNF-alpha and 0.5 um for IL-6,
indicating minimal cross-reactivity. The sensor outper-
forms conventional plasmonic sensors by utilizing dual-
mode enhancement (SPP + LSPR) and phase-singularity
effects of sub-3 nm nanoparticle arrays.

The platform’s label-free operation, ultra-low detectable
concentration, and high specificity make it ideal for point-
of-care diagnostics. Future studies will focus on clinical
translation, including multiplexed detection and integra-
tion with microfluidics. The nanoparticle array-driven
phase control strategy opens new avenues for quantum
plasmonic biosensing at the sub-nanometer scale.

Materials and methods
Pulsed laser deposition

Gold and Al,O3 thin films are deposited using the
Pulsed Laser Deposition (PLD) method (Fig. S18a). A
pulsed KrF excimer laser (Light Machinery IPEX 742,
A =248 nm, pulse width 25ns) is focused on a target
material. The light-matter interaction results in the gen-
eration of a highly orientated plasma plume composed of
electrons, radicals and ions coming from the target. The
vapor-phase species undergoes an adiabatic expansion
followed by a condensation onto the substrate, positioned
in front and parallel to the target, at a distance of 5cm.
Soda-lime glass slides of 2.5 x 2.5cm? are used as the
deposition substrate. The slides are ultrasonically cleaned
in acetone, ethanol, flushed with deionized water and
dried with argon, prior to deposition. Deposition over
uncommon large-area substrates size is achieved through
substrate rotation, controlled laser scanning over the
target and off-axis deposition. The whole process is car-
ried out in an ultra-high vacuum chamber with a base
pressure of 5x 10"®mbar, ensuring an accurate control
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over atmosphere and pressure. PLD was chosen for its
ability to produce high quality, dense thin films and
congruent transfer from the target to the film without
needing additional heating of the substrate. Also, PLD
offers the capacity of controlling the kinetic energy and
the deposition rate at the atomic scale, enabling an
accurate control of the grown thin film thickness, which is
a critical parameter for plasmonic applications. The
parameters used in this work are detailed in Table S1.
Particularly, in the case of gold, to avoid the liquid dro-
plets ejection from the target, PLD was operating at a
relatively low fluence, close to the threshold ablation
fluence which is around 1.6 J.cm™ using a KrF laser®”.

Nanoparticles generator

The silver nanoparticles have been synthetized using a
free cluster generator developed by our group and
described elsewhere®. A cross-section-view of the gen-
erator is presented in the Fig. S18b. The working principle
is derived from Smalley’s and Milani-deHeer’s source****,
The ablation of a target by a Nd:YAG laser (Q-Switched
Spectra Physics Quanta Ray INDI, 2w, A =532 nm, pulsed
duration 7 ns) creates a plasma plume that expands inside
a nucleation chamber. This small cavity is closed on one
side by the target and the laser entrance window on the
other. Each laser pulse is followed by the aperture of a
synchronized pulsed valve, which allows the introduction
of high-pressure (10bar) helium puffs. The aperture
duration determines the amount of helium introduced, and
thus the relative pressure and the residence time of the
vapor inside the nucleation chamber. The laser pulses and
the valve aperture are synchronized via a delay generator
(Stanford Research Systems DG535, with 1 ns accuracy).
The helium gas leads to the quenching of the freshly
formed plasma plume, composed of species evaporating
from the target. Supersaturated conditions are reached,
inducing the formation of nuclei and the growth of the
nanoparticles. The mixture, gas and nanoparticles, then
undergo a supersonic expansion through a nozzle directed
towards the UHV PLD chamber. Inside the main chamber,
this expansion is adiabatic, and the probability of having
aggregates-aggregates or atoms-aggregates collisions
becomes very low and the particles size can be considered
fixed at the exit of the nozzle. The silver clusters are
deposited on the substrate placed at a distance of 37 cm
from the exit of the nozzle, with an angle of 45° regarding
the particles’ flow, in the main chamber. To achieve a
homogeneous deposition, the substrate holder is rotated at
3rpm. The kinetic energy reached by the silver nano-
particles is estimated to be around 0.14 eV/atom, which is
20 times lower than the cohesive energy of silver (2.95 eV/
atom). This deposition regime, sometimes called “Low
Energy Cluster Beam Deposition” (LECBD), should pre-
vent clusters fragmentation during their impact on the
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substrate®. The in-flight size and structure of most of the
silver nanoparticles should therefore be kept*. Using the
nanoparticles generator and/or the PLD either separately,
simultaneously or sequentially results in nanoparticles
stacks, nanocomposite thin films with embedded nano-
particles or multilayered nanoparticles-thin film structures,
respectively. The advantage of this setup is the develop-
ment of new nano-architectures with exotic properties in a
single reactor, without any contamination at the interface.
The experimental control conditions can produce clusters
with sizes in the range 1-10nm and a relatively mono-
disperse size distribution. Tuning the size of nanoparticles
can be achieved by adjusting several parameters such as the
helium pressure, the laser-valve synchronization delay, the
laser fluence, the nozzle design and the aperture duration
of the pulsed valve. Table S2,3 reports the parameters used
to synthetize silver nanoparticles in this work. In these
conditions, the deposition rate is very low, around 0.2 nm
per minute (4 Hz), and is therefore accurately controlled
using a Quartz Crystal Microbalance (Maxtek inc., TM-
400, sensitivity of 0.1 A.s™h). The effective error (+ %) of the
Ag NPs concentration was determined to be + 2% Vol by
precisely monitoring the deposition rate with a quartz
crystal microbalance (QCM). The stability of the nano-
particle flux is also regularly monitored by depositing the
particles onto TEM grids. TEM analysis provides accurate
control of both nanoparticle size and surface coverage.

Chemicals

The following chemicals were purchased from Sigma-
Aldrich, France: absolute ethanol, sodium chloride
(NaCl), magnesium chloride (MgCl,), biotin, streptavidin,
(3-Amino-Propyl) trimethoxy  silane (APTMS),
Interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-
alpha), and glycerin. mPEG-SH (MW: 350Da) was
sourced from Creative PEGWorks, while phosphate-
buffered saline (PBS, pH 7.4) was acquired from
Thermo-Fisher, France. Ultrapure water, purified using a
PURELAB Flex system (Veolia Water Technologies), was
used throughout the experiments.

DNA aptamers

The TNF-alpha specific DNA aptamer (5-
TGGTGGATGGCGCAGTCGGCGACAA-3’), modified
with a 5’ thiol group, was procured from Microsynth AG
(Switzerland). A stock solution (100 uM) was prepared in
running buffer (1x PBS, pH 7.4) containing 1 mM MgCl,
for subsequent experiments.

Bio-sample preparation

A series of glycerin solutions (0.1%, 0.5%, 1%, and 2.5%
(w/v)) were prepared in ultrapure water. Biotin was dis-
solved to a 0.1 mM stock solution, followed by sterile
filtration (0.2 um syringe filter) and subsequent serial
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dilution (1 fM-10 nM). Streptavidin was dissolved to a
1 mg/mL stock solution and further diluted to 1 uM for
surface functionalization. APTMS and mPEG-SH were
each diluted to 1mM in PBS and running buffer,
respectively. Recombinant TNF-alpha was reconstituted
to a stock concentration of 0.5mgmL™ and further
diluted in running buffer to working concentrations ran-
ging from 0.1 aM to 1 nM. The thiol-modified TNF-alpha
aptamer, provided as a lyophilized powder (0.5 mg mL™
upon reconstitution), was diluted to 1nM in running
buffer prior to use.

Sensing substrate functionalization

The Au surface of the Au_Ag NPs (16%) substrate was
functionalized with various linkers to enable selective
biomolecule detection. Prior to functionalization, the
sensing substrate was sequentially cleaned with absolute
ethanol and ultrapure water, then mounted on the
translation stage. For biotin detection, the substrate was
incubated with 1 uM streptavidin for at least 1 h to facil-
itate surface modification.

In the case of TNF-alpha detection, TNF-alpha specific
aptamers were introduced to covalently bind the Au
surface, with real-time monitoring until signal stabiliza-
tion. Unbound aptamers were removed by rinsing with
1mL of running buffer, followed by GH shift measure-
ment. After solution removal, a second injection of run-
ning buffer established the post-functionalization
baseline. Surface blocking was performed using mPEG-
SH under identical conditions to aptamer immobilization,
with subsequent buffer injection serving as the reference
baseline for subsequent biomolecular assays.

Before performing the specificity measurements, the
sensing platform was first calibrated using deionized
water, glycerin at different concentrations, and the run-
ning buffer to determine the optimal SPR operating point
and to ensure that the resonance dip was properly posi-
tioned within the maximum sensitivity region. Subse-
quently, the sensor chip was functionalized by
immobilizing the TNF-alpha aptamer onto the gold sur-
face, followed by using mPEG-SH to block the remaining
unmodified areas and suppress nonspecific adsorption.
For the specificity experiments, the two biomolecules
were injected sequentially. First, the non-target biomole-
cule IL-6 was first injected and incubated for 20 min until
the optical signal reached stable. The sensor surface was
then rinsed with the running buffer to remove unbound
molecules, and the signal was monitored until a stable
baseline was re-established. Immediately after, the target
biomolecule TNF-alpha was injected under identical
conditions and incubated for 20 min until signal stabili-
zation was achieved. A subsequent rinsing step with the
running buffer was again performed to eliminate non-
specifically bound species and to ensure that the recorded
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response corresponded exclusively to specific binding.
This sequence ensures that the responses correspond to
distinct binding events without cross-interference.

Analytical modeling of the nanocomposite sample

Finite-Difference Time-Domain (FDTD) simulations
were performed using Lumerical software to model the
interaction of light with surface plasmon. The model
consists of a plane wave (A = 785 nm) propagating inside a
gold layer (48 nm) on a dielectric substrate, with spherical
silver nanoparticles (2.3 nm diameter) embedded within
an Al,O3 matrix (12 nm thickness). The spherical nano-
particles were randomly positioned into the Al,O3; matrix,
ensuring a uniform distribution throughout. The nano-
particle concentration (f) was defined, and the required
number of nanoparticles to be added in the Al,O3 matrix
before the simulation was calculated based on the volume
of the Al,O3; matrix and the volume of a single nano-
particle using the following formula:

fx Volume of alumina
Volume of 1 NP

Number of Nanoparticles =

To prevent particle overlap, a spatial constraint was
applied, ensuring that the distance between any two
nanoparticles was always larger than twice the nano-
particle radius (1.15 nm).

The simulation domain was bounded by Perfectly
Matched Layer (PML) boundary conditions in the
x-direction to absorb outgoing waves and minimize
reflections, while Bloch boundary conditions were applied
in the y-direction. The mesh size in the Al,O3 matrix was
set to 1/1000 of the nanoparticle radius to ensure fine
resolution of the electromagnetic field distributions
around the nanoparticles.

A 2D field monitor was placed within the simulation
domain to record the electric field distribution across the
SPR structure. The source is launched at 150 nm above the
metal-substrate interface. To avoid interference effects
between the incident and reflected waves, the reflected
signal is monitored at a distance longer than 150 nm above
the metal-substrate interface. The incident angle of the
plane wave varied with a resolution of 0.01° to obtain
electric field data at multiple angles, ensuring high precision
in the phase shift analysis. The phase was then obtained by
calculating the angle of the complex electric field, which
provides the phase shift as a function of the incident angle.
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