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ABSTRACT
Electrochemiluminescence (ECL) biosensing offers high sensitivity and low background but remains limited by the lack of simple
strategies for electrode patterning, signal confinement, and multiplexed detection. Here, we report a silica nanoparticle–based
coating and photopatterning approach for gold electrodes that enables spatially resolved and multiplexed ECL detection. The
resulting electrode architecture confines aqueous droplets to designated locations and supports localized ECL signal generation.
Compared with bare gold electrodes, the modified surfaces exhibit up to a ten-fold increase in ECL intensity, which correlates
with reduced charge-transfer resistance and improved electron-transfer kinetics. The patterned electrodes are compatible with
magnetic bead–based immunoassays and allow parallel ECL measurements from multiple spatially separated regions on a single
chip. Multiplexed detection is demonstrated using the synthetic SARS-CoV-2 spike protein as a model analyte. This coating
and patterning strategy provides a straightforward route to spatially resolved ECL electrodes and can be applied to multiplexed
electrochemical and bioanalytical measurements where signal confinement and multiplexing are required.
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Introduction

nfectious diseases caused by bacterial and viral pathogens
ontinue to threaten human health, global economies, and social
tability [1, 2]. The recent COVID-19 pandemic underscored
ow delays in pathogen identification can accelerate outbreaks,
verwhelmhealthcare systems, and result in enormous economic
nd human loss [3, 4]. Thus, rapid and accurate detection of
athogens is essential for both clinical diagnostics and public

ealth surveillance.

his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
2026 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Over the past decades, molecular and immunological methods
have been established as clinical gold standards. Polymerase
chain reaction (PCR) amplifies DNA sequences through thermal
cycling [5] and its derivatives, including quantitative PCR (qPCR)
for real-time quantification and reverse-transcription PCR (RT-
PCR) for RNA analysis [6–9], provide outstanding sensitivity and
specificity [10–13] but require complex equipment and centralized
laboratories [14, 15]. Isothermal amplification methods such as
loop-mediated isothermal amplification (LAMP) [16] and recom-
binase polymerase amplification (RPA) [17] simplify nucleic acid
se, which permits use, distribution and reproduction in any medium, provided the
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etection, yet remain prone to nonspecific amplification and
imited multiplexing [18]. On the other hand, immunoassays
including enzyme-linked immunosorbent assays (ELISA) [19]
nd lateral flow assays (LFAs) [20, 21] – offer simplicity and
ow cost but suffer from reduced sensitivity, cross-reactivity,
nd poor scalability [22, 23]. Emerging technologies such as
ext-generation sequencing (NGS) enable unbiased identifica-
ion of known and novel pathogens but remain costly and
omplex, while mass spectrometry approaches such as MALDI-
OF improve bacterial identification yet require prior cul-
ure and are less sensitive when it comes to viral detection
24–27].

hese limitations have spurred growing interest in biosensor-
ased technologies for rapid and portable diagnostics. Electro-
hemical biosensors offerminiaturization, low cost, andhigh sen-
itivity, while optical methods such as fluorescence and surface
lasmon resonance (SPR) provide versatile signal readout formats
28, 29]. Among these, electrochemiluminescence (ECL) biosens-
ng has emerged as a particularly promising technology. ECL
s an analytical technique in which electrochemically generated
pecies at electrode surfaces undergo electron-transfer reactions,
roducing luminescent excited states. Since the signal generation
s tightly controlled by the electrochemical potential, which
rovides temporal and spatial resolution as well as the possibility
f using simpler optical instrumentation, reduced background
nd interferences are obtained [30–32]. Recent progress in ECL
as moved beyond the conventional Ru(bpy)32+/TPrA system
nd has substantially broadened both the chemical toolbox and
he application scope of the technique. New emitter designs,
ncluding activatable molecular dyes [33], quantum dots [34],
arbon nitrides [35], and organic/organometallic luminophores
36, 37], have enabled tunable emission, improved efficiency,
nd expanded compatibility with aqueous bioanalytical systems
38]. In parallel, advances in co-reactant chemistry have revealed
hat the distance, lifetime, and reactivity of radical intermediates
trongly influence ECL efficiency, particularly in bead-based
nd surface-confined assays [39, 40]. Mechanistic studies using
CL imaging, time-dependent ECL, and trap-state engineering
ave further clarified how near-electrode radical generation,
harge-transfer kinetics, and excited-state formation determine
ignal output [41, 42]. These developments have enabled new
pplications ranging from ultrasensitive immunoassays and cell
maging to electrocatalytic reaction mapping and local chemical-
nvironment sensing [43, 44]. Within this rapidly developing
ield, spatially resolved and multiplexed ECL platforms remain
articularly attractive because they combine the intrinsic low
ackground of ECLwithminiaturized, parallelized assay formats.
eyond luminophore design, assay configuration and electrode
aterials play a critical role in performance. The sandwich
mmunoassay format is the most widely employed strategy in
CL biosensing, in which a capture antibody immobilized on the
lectrode binds the target pathogen and a secondary antibody
abeled with an ECL luminophore completes the “sandwich,”
roviding high specificity and signal amplification [45]. This
onfiguration is particularly attractive if the immunoassay is
mmobilized on amagnetic microbead (MMB)where for a simple
agnetic field the analyte can be separated by the biological
atrix and concentrated in the proximity of the electrode. ECL
as been applied to detect biomolecules (proteins, microRNAs,
NA), small molecules, metal ions, pathogens, and even more
of 12
complex targets such as cells or protein aggregates in clinical,
environmental, and food safety fields [46].

To meet the demand for detecting multiple analytes simultane-
ously, several multiplexing strategies have been investigated. One
common approach is potential-resolved multiplexing, in which
different ECL luminophores with distinct onset potentials are
used, enabling simultaneous detection of multiple targets by
applying varied potentials in a single system [47]. A second strat-
egy is spatially resolved multiplexing, where multiple electrode
regions are patterned on a chip and functionalized with different
probes, allowing each detection channel to generate an indepen-
dent ECL signal at the same potential [45, 48]. Spectrum-resolved
multiplexing has also been investigated, where luminophores
with different emission wavelengths (e.g., Ru(bpy)32+, quantum
dots) are employed, and signals are distinguished optically by
their spectral profiles [49, 50]. Despite progress, these strategies
often involve complex electrode modifications, signal cross-talk,
or limited scalability, leaving room for improvement.

Here, we report a silica nanoparticle–based coating for gold
electrodes that combines spatially resolved multiplexing with
magnetic microbead–based sandwich immunoassays. The coat-
ing is applied by spray deposition and further functionalized by
thiol-ene photochemistry, producing uniform, spatially confined
hydrophilic regions separated by superhydrophobic background
enabling droplet and, thus, sample confinement. This approach
offers four key advantages (Figure 1): (i) creation of multiplexed
detection channels on a single chip through a simple and low-
cost electrode modification, (ii) compatibility with magnetic
microbead–based capture assays, (iii) up to 10-fold enhancement
of the ECL signal compared with the original gold electrodes,
and (iv) reusability for repeated measurements with limited
performance loss. Together, this platform provides a practical
route toward next-generation ECL biosensors, with the potential
to advance clinically relevant multiplexed diagnostics for rapid
pathogen detection and broader public health applications.

2 Results and Discussion

2.1 Fabrication, Application, and Partial
Removal of Functionalized Silica Coating

To enable patterned ECL detection, colloidal solution of vinyl-
functionalized silica nanoparticles was prepared as a spray-
coating precursor by reacting commercial fumed silica with
vinyltrimethoxysilane (VTMS) in ethanol under sonication in
acidic solution. Dynamic light scattering (DLS) showed a hydro-
dynamic diameter of 196 ± 15 nm for nanoparticle agglomerates
in solution (Figure S1). Upon spray-coating on gold electrodes,
the particles form a uniform porous overlayer that serves as a
tunable scaffold for subsequent surface functionalization and
photopatterning (Figure 2).

As illustrated in Figure 2, the prepared vinyl-functionalized silica
nanoparticles were spray-coated onto the gold electrode, and
the coated chips were annealed at 150◦C for 1 h. After forming
the porous nanoparticle film, the coating was hydrophobized
by applying a 1H,1H,2H,2H-perfluorodecanethiol (PFDT) solu-
tion and exposing the surface to mild UV irradiation (UVA
Advanced Materials Interfaces, 2026
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FIGURE 1 Overview of the novel silica-based coating for ECL-active gold electrode. The coating enables (A) precise electrodemicropatterning, (B)
spatially resolved andmultiplexedECLdetection through droplet confinement in specific regions on the electrode surface, (C) up to 10-fold enhancement
in ECL emission due to accelerated electron transfer, and (D) signal reproducibility across repeated measurements.
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avelength: 330–400 nm and UVC wavelength: 230–285 nm,
2 mW cm−2, 90 s), which photo-grafted PFDT onto the vinyl
roups rendering the surface superhydrophobic. To introduce
patially controlled functionality, the hydrophobic coating was
hen selectively ablated using UV exposure through a photomask
UVA wavelength: 330–400 nm and UVC wavelength: 230–285
m, 50 mW cm−2, 30 min). Regions exposed to light underwent
hotodegradation of PFDT and oxidative modification of the
nderlying silica matrix, producing hydroxyl- and carboxyl- rich,
ydrophilic domains while the masked areas remained fluori-
ated and superhydrophobic. Once hydroxyl groups had been
enerated, the patterned hydrophilic regions were covered with
MNaOH (3min), while the surrounding superhydrophobic sur-
ace was protected by filling it with hexane. This hydrolyzed the
ilica-based coating in the hydrophilic parts (Figure S3). Finally,
insing the whole chip with water removed the hydrolyzed silica
n the ablated regions, thereby exposing clean gold surfaces
mbedded within the intact superhydrophobic silica matrix.
hese freshly uncovered electrode sites provide direct electrical
ccess and enable spatially resolved electrochemiluminescence
easurements.

.2 Characterization of the Electrode Surface at
ifferent Stage

o verify each modification step and to elucidate the struc-
ural evolution of the electrode surface, we performed system-
tic characterization of the original electrode, the silica-coated
dvanced Materials Interfaces, 2026
hydrophobic electrode, and the electrode after selective NaOH-
assisted removal of the coating. Water contact angle (WCA)
measurements, cross-sectional and top-view SEM, and AFM
height mapping were used to correlate surface chemistry with
nanoscale morphology.

The original gold electrode (hereafter referred to as “Au”)
displayed a relatively smooth and homogeneous surface. Cross-
sectional SEM clearly delineated the top gold layer from the
underlying PECVD-deposited SiO2 support (Figure 3B)while top-
view SEM revealed isolated bright crystallites originating from
the chip fabrication process (Figure 3C). AFM measurements
showed a low RMS roughness (Sq) of 73 ± 8 nm, consistent with
a flat metallic surface. The WCA is at 92.3 ± 1.9◦ at this stage.

The electrode with superhydrophobic coating (hereafter referred
to as “Au@SH”) underwent a pronounced transformation. A con-
tinuous and densely packed nanoparticle layer uniformly covered
the gold surface, as evidenced by top-view SEM (Figure 3G),
with only minor uncoated regions occasionally visible. Cross-
sectional SEM revealed a porous film with an average thickness
of 379 ± 36 nm (Figure 3F). AFM analysis showed a substantial
increase in surface roughness from 6 ± 0.6 to 73 ± 8 nm due to
the nanostructured coating, resulting in a characteristic granular
topography (Figure 3H). This morphological change, together
with the fluorinated PFDT grafting, resulted in an increase of the
static WCA of 159.9 ± 1.4◦, signifying a transition to a superhy-
drophobic state driven by synergistic micro/nano-roughness and
low-surface-energy chemistry.
3 of 12
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FIGURE 2 Fabrication workflow of the patterned silica-based coating on gold electrodes. (a) Vinyl-functionalized silica nanoparticles are spray-
coated onto the gold working electrode. (b) A 1H,1H,2H,2H-perfluorodecanethiol (PFDT) solution is applied and photochemically grafted onto the
vinyl groups under UV irradiation (12 mW/cm2, 90 s) to form a superhydrophobic property. (c) Selective UV ablation (50 mW/cm2, 30 mins) through
a photomask (Figure S2) removes PFDT and introduces hydrophilic hydroxyl/COOH functionalities in the exposed domains. (d) The hydroxylated
regions are briefly treated with 1 M NaOH (3 min) to hydrolyze and weaken the silica particles. The surface is immersed in hexane to selectively protect
the hydrophobic regions. (e) Final rinsing in water removes the hydrolyzed silica in the treated areas, revealing clean gold electrode surface surrounded
by a superhydrophobic coating for spatially resolved ECL detection.

A
i
(
t
z
o
i
e
a
t
w
d
d

A
s
i
d
w
e
t

4

 21967350, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.70560 by K
arlsruher Institut Fur T

echnologie, W
iley O

nline L
ibrary on [16/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
fter selective UV ablation and partial removal of the coating
n the patterned regions, the underlying gold surface re-emerged
hereafter referred to as “Au*”). SEM top-view images showed
hat nanoparticles were no longer detectable in the ablated
ones (Figure 3K), and the morphology closely resembled that
f the original electrode. AFM confirmed a significant reduction
n surface roughness from 73 ± 8 to 31 ± 4 nm within these
xposed regions, indicating effective removal of the silica layer
nd restoration of the exposed gold surface. Consistent with
his structural regeneration, static WCA values showed very low
ater contact angles (<10◦), with droplets spreading immediately,
emonstrating the return to a hydrophilic surface suitable for
irect electrochemical interaction.

n XPS analysis was also performed in order to correlate the
urface atomic composition with the characterized morpholog-
cal changes. Table 1 reports the surface chemical composition
etermined by analyzing XPS profiles. Compared to the electrode
ith superhydrophobic modification (Au@SH) the exposed gold
lectrode surface (Au*) exhibits a sharp decrease in Si (from 17.2%
o 0.5%) and F (from 28.3% to 3.1%), accompanied by a substantial
of 12
increase in Au (from 5.8% to 66.2%). In addition, C andO contents
decrease, demonstrating the effectiveness of theNaOH treatment.

The high-resolution XPS spectra, presented in Figure S9, are
dominated by the Au 4f regions across all samples. These exhibit
the characteristic doublets at ∼84.0 eV (4f7/2) and ∼87.7 eV (4f5/2)
of metallic gold. The overall intensity of Au band is significantly
increased after the silica-coated electrode cleaning by sodium
hydroxide. Delving into the C 1s spectra reveals a striking
feature: the silica-NPS-functionalized sample, incorporating the
F-containing species, displays a highly pronounced oxidized
carbon phase, as evidenced by the contributions centered at
∼290–294 eV (consistent with carbonyl or carboxylate function-
alities). Meanwhile, the O 1s and F 1s and Si 2p regions show
generally consistent binding energies across all samples, with an
intensity reduction after the treatment and only a subtle ∼0.3 eV
shift in the most oxidized specimen.

Taken together, the surface characterization results verify the
controlled modulation of surface chemistry and nanoscale mor-
phology during fabrication. The patterned electrodes comprise
Advanced Materials Interfaces, 2026
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FIGURE 3 Surface characterization of the gold electrode (Au), the electrode with superhydrophobic modification (Au@SH), and the exposed gold
electrode surface (Au*) after NaOH treatment. Rows (A–D), (E–H), and (I–L) correspond to (1) the original gold electrode (Au), (2) the silica-coated
electrode after hydrophobic modification (Au@SH), and (3) the silica-coated electrode after NaOH treatment (Au*), respectively. Columns show: water
contact angles (col. 1), cross-sectional SEM (col. 2), top-view SEM (col. 3), and AFM height maps (col. 4).

TABLE 1 Surface atomic composition (%) determined by XPS analysis for the bare gold electrode (Au), superhydrophobic modification (Au@SH),
and exposed gold surface (Au*).

Sample Type Au (%) O (%) C (%) Si (%) F (%)

Gold electrode (Au) 26.7 24.4 48.9 — —
Superhydrophobic modification (Au@SH) 5.8 27.2 21.5 17.2 28.3
Exposed gold electrode surface (Au*) 66.2 18.2 12.0 0.5 3.1
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ydrophilic, gold-exposed regions surrounded by hydrophobic
ilica-coated areas, allowing confinement of aqueous droplets
nd localized electrochemiluminescence signal generation in
patially separated regions.

.3 Beads-Based ECL Immunoassay from
odified Electrode

iven the previous surface characterizations, we further investi-
ated the resulting ECL response of the various surface modifica-
ions, to enable a preliminary comparison of the performance of
he different electrodes’ coatings and to identify the optimal ECL
athway and coreactant conditions (tri-n-propylamine, TPrA),
or potential applications in real-assay scenarios. A tris(2,2′-
ipyridyl) ruthenium (II) ([Ru(bpy)3] 2+)-labeled magnetic beads
Ru@MB, Figure 4A) has been selected as the ECL-active system
f choice, considering that this type of assay is widely used also
dvanced Materials Interfaces, 2026
in commercial clinical tests, in combination with the widely
employed TPrA as coreactant. Ru@MB were used in the first
detection strategy. They were prepared by covalently attaching
the Ru(bpy)32+ luminophore directly to the surface of mag-
netic microbeads. This configuration provides a rapid, reagent-
minimal readout strategy in which the ECL originates directly
from the [Ru(bpy)3]2+-tagged beads without requiring additional
biomolecular assembly [51, 52] (Figure 4A). An external magnet
positioned beneath the chip immobilized the beads at the elec-
trode surface, ensuring stable positioning during ECL excitation.
Under an applied anodic potential, tri-n-propylamine (TPrA) is
oxidized at the electrode to yield the radical cation TPrA∙+,
which rapidly deprotonates to form the strongly reducing TPrA∙
radical. This species reduces [Ru(bpy)3] 2+ to [Ru(bpy)3] +, which
is subsequently oxidized to its excited state [Ru(bpy)3] 2+* via
electron transfer with TPrA∙+. Radiative relaxation of [Ru(bpy)3]
2+* produces the characteristic luminescence recorded during
5 of 12
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FIGURE 4 (A) Schematic illustration of the Ru-labeled magnet microbead-based(Ru@MB) ECL. (B) ECL intensity of the original, coated, and
modified electrodes with Ru@MB. (C) Schematic illustration of the magnet microbead-based ECL immunoassay (Ab@MB and Ab-Ru) for SARS-CoV-2
detection. (D) ECL intensity of the NaOH-cleaned electrode and modified electrode with 10 000 cps/mL of SARS-CoV-2.
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t was demonstrated that this ECL luminophore/coreactant
ombination was effectively able to provide a consistent signal
nhancement upon employing the electrode subjected to NaOH-
ssisted removal of the coating (Figure 4SB), in comparison to the
ydrophilic hydroxy-functionalized and carboxyl-functionalized
ilica-coated electrode (Figure S4C,D). Accordingly, NaOH-
ssisted selective coating removal was applied in all subsequent
xperiments. We hypothesize that this signal enhancement is a
oint effect of the carbonaceous contamination reduction [53],
xide removal and further exposure of the gold surface and
ncrease of the electron transfer kinetics which governs TPrA
xidation [54, 55]. Since TPrA is used as co-reactant for the ECL
ystem, the apparent heterogeneous rate constant of electron
ransfer (kET) for TPrA oxidation on both original and modified
lectrode surfaces was further studied for rationalize the ECL
nhancing effect by the electrochemical impedance spectroscopy
EIS) measurements (Figures S5 and S6) [56]. The values of the
riginal electrode and modified electrode were 0.004 and 0.011
m s−1, respectively. These results confirm that the significant
ifference in ECL signal is a direct result of the kET rate of
odified electrode being higher than that of the original electrode
corresponding histogram Figure S7A). Therefore, with these
reliminary results in mind, we moved to the investigation of
he patterned electrodes (comprising hydrophilic, gold-exposed
egions surrounded by hydrophobic silica-coated areas), in order
o further demonstrate ECL sensing, upon employing two com-
of 12
plementary strategies that operate within the spatially confined
hydrophilic zones.

In the second detection mode (Figure 4C), a full sandwich
immunoassay was constructed on magnetic microbeads func-
tionalized with biotinylated capture antibodies (Ab@MB). After
magnetic immobilization in the designated hydrophilic zones,
synthetic SARS-CoV-2 spike protein was added as a model target
and selectively bound to the capture antibodies. A [Ru(bpy)3]2+-
labeled secondary antibody was subsequently introduced to
complete the sandwich structure. Through this dual-antibody
recognition, the assay achieves high specificity, while the
[Ru(bpy)3]2+ label provides the necessary luminophore for ECL
readout. Each hydrophilic domain therefore functions as an
independent reaction well in which different targets or differ-
ent immunoassay configurations can be probed simultaneously
[51, 57].

Despite the difference in assembly, both detection modes
(Ru@MB and Ab@MB) rely on the same electrochemilumines-
cence mechanism, as illustrated in Figure 4A,C. Because both
direct magnet microbead-based ECL and sandwich-format ECL
converge on this pathway, the emissionmechanism remains iden-
tical, differing only in how the Ru(II) luminophore is presented
at the electrode interface. The emitted photons are captured and
is proportional to the analytes concentration.
Advanced Materials Interfaces, 2026
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o further evaluate analytical performance, we tested both the
riginal electrode and the modified electrode on the ECL sand-
ich immunoassay using synthetic SARS-CoV-2 spike protein
amples (Figure 4C). As shown in Figure 4D, the modified
lectrode exhibited better performance for magnet microbead-
ased immunoassay due to the higher kET rate of TPA oxidation.
he observed signal amplification is further quantified by a
etric called signal gain, which is calculated as:

SG (%) =
Iecl−Iecl0
Iecl0

×100 (1)

here Iecl represents the ECL signal from the modified electrode,
nd Iecl0 represents the ECL signal from the original electrode.

s a result, the signal gain is 116%, which further emphasizes the
uperior signal amplification capability of the modified electrode
ompared to the original electrode. The corresponding histogram
Figure S7B) demonstrates clear discrimination between the
riginal electrode and the modified electrode in the control
nd 10000 cps/mL of SARS-CoV-2 samples, indicating that the
odified electrode provides superior analytical sensitivity and a
ignificantly improved signal-to-background ratio.

n addition, the operational stability of the modified electrode
as assessed through repeated potential-sweep measurements.
s shown in Figure S7C, the ECL intensity remained stable across
ultiple cycles, with only minimal signal loss. This behavior
emonstrates that the coating forms a mechanically and chem-
cally durable interfacial layer that protects the gold surface from
ouling and preserves electrochemical activity during repeated
easurements.

.4 Spatially Resolved Beads-Based Assay on
atterned Electrode and Calibration

or spatially resolved detection, ECL imaging was applied to
valuate the performance of the ECL distribution into the
icroarrays with the patterned electrode, as this will facilitate
he protocols optimization for simultaneous detection of vari-
us target analytes. The patterned silica-gold electrode allows
patially resolved and parallel electrochemiluminescent detec-
ion over a multiplicity of hydrophilic compartments. To prove
his capacity for multiplexing, we first examined a 4-channel
icroarray, in which Ru@MB were deliberately placed in the
pper-left and lower-right hydrophilic spots only (Figure 5C).
pon applying the ECL excitation potential, the corresponding
mission map in Figure 5D indicates bright, spatially confined
ignals only at the two targeted locations, while the remaining
pots -without Ru@MB- display practically no background emis-
ion. The one-to-one correspondence in the local ECL output,
uch as representative placement of the sample, indicates that
he patterned architecture has prevented lateral diffusion, thus
aintaining spatial registration of the biochemical signal.

his principle was expanded to a larger 14-channel microarray
o demonstrate higher-order multiplexing capability. In this
onfiguration, all hydrophilic spots were filled with Ru@MB,
s shown in the bright-field image in Figure 5E. After voltage
pplication, the ECL emissionmap in Figure 5F showed an evenly
dvanced Materials Interfaces, 2026
distributed luminescent spot over the array corresponding to a
single detection zone for each of the spots. Since the position
fidelity was apparent and the signal intensities were consistent,
the microarray allowed for parallel analysis in many reaction
chambers without cross-talk or loss of spatial definition.

Thus, these results validate the patterned silica-coated electrode
as a robust platform for spatially confined ECL sensing, with
individual microreactors in each hydrophilic compartment. The
spatially resolved optical output directly correlates with sample
placement, allowing for parallel analyses of multiple analytes on
a single, small chip [57].

Furthermore, a simulated beads-based immunoassay was con-
structed to evaluate the applicability of the platform in such
detection. In order to mimic the real assay, biotinylated Ru-
labeled antibodies functionalized with streptavidin-coated mag-
netic beads (Ab-Ru@MB) has been used. The streptavidin–biotin
interaction enables controlled immobilization of Ru-labeled
antibodies on the bead surface while maintaining a constant
bead concentration. By varying the concentration of Ru-labeled
antibodies during the functionalization step, the number of
luminophores per bead can be systematically tuned while keep-
ing the bead number constant. This strategy allows the direct
investigation of the relationship between luminophore loading
and ECL intensity in bead-based assays [58, 59]. By keeping
constant the beads concentration in the different active area of
the micropatterning electrode we investigated different concen-
trations of Ab-Ru using two 2-channel microarray electrodes. As
displayed in Figure 5A, the microchannels were filled with 0.3
(left) and 1 nm (right) of Ab-Ru@MB. After applying the ECL
excitation potential, the corresponding emissionmap inFigure 5B
indicates different intensities of bright emission. As displayed in
Figure 5G–J, the microchannels with 0, 0.1, 0.3, and 1 nm of Ab-
Ru exhibited gradually increasing bright emission. The integrated
ECL intensity was linear with the Ab-Ru concentration in the
range from 0 to 1 nm with a limit of detection (LOD) of 0.1
nm (Figure 5K). The purpose of this experiment was to obtain
a spatially resolved calibration curve from a single ECL image.
The limited number of data points reflects a practical compromise
imposed by the electrode design. In particular, the patterned area
must be sufficiently large to generate a detectable ECL signal,
but not excessively large, since increasing the electrode area
would also increase the ohmic drop and negatively affect the
electrochemical/ECL response. Conversely, further subdividing
or reducing the patterned area to accommodate additional Ab-Ru
concentrations would significantly decrease the signal intensity
and compromise measurement reliability. Therefore, the four
selected concentrations were chosen to cover the relevant con-
centration rangewhilemaintaining an adequate balance between
ECL signal intensity, electrode geometry, and ohmic-drop lim-
itations. The patterned electrode with microchannels enables
spatially resolved detection in assays, confirming its effectiveness
for simultaneous quantification of multiple analytes.

3 Conclusion

In this work, a silica nanoparticle–based surface engineer-
ing strategy was developed to enable spatially resolved elec-
trochemiluminescence (ECL) detection on gold electrodes.
7 of 12
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FIGURE 5 Spatially resolved ECL detection using patternedmicroarrays. (A) Bright-field image of the 2-channel (1mm× 1mm square)microarray
before voltage application (B) Corresponding ECL emission map for 2-channel microarray after voltage application. (C) Bright-field image of the 4-
channel (1 mm × 1 mm square) microarray before voltage application, with Ru-labeled magnetic microbeads (Ru@MB) added only to the upper-left
and lower-right spots. (D) Corresponding ECL emission map for 4-channel microarray acquired after voltage application. (E) Bright-field image of the
14-channel microarray before voltage application, with samples added to all hydrophilic spots. (F) Corresponding ECL emissionmap for 14-channel (330
µm × 330 µm square) microarray acquired after voltage application. (G–J) ECL image of 0 nm /0.1 nm /0.3 nm/1 nm of Ab-Ru@MB on the patterned
electrode scale bar: 200 µm. Image were generated from the raw image stacks using a Z-projection (sum of slices 40–70) in ImageJ. (K) Calibration curve
of ECL intensity versus Ab-Ru@MB concentration.
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omprehensive surface characterization (SEM, AFM, XPS, and
CA) confirmed controlled modulation of surface morphology
nd chemistry throughout each fabrication step. Notably, NaOH-
ssisted treatmentwas found to be essential not only for removing
he silica layer in patterned regions but also for restoring and
leaning the gold surface, thereby significantly altering interfacial
roperties. Electrochemical impedance spectroscopy revealed a
ronounced decrease in charge-transfer resistance, accompanied
y an increase in the apparent TPrA oxidation electron-transfer
ate constant from 0.004 to 0.011 cm s−1, which directly corre-
ated with the observed enhancement in ECL intensity. These
esults demonstrate that signal amplification arises primarily
rom improved electron-transfer kinetics rather than geometric
olecular confinement, providing mechanistic insight into the
ole of interfacial surface engineering in ECL systems. However,
n this very preliminary work we should notice that due to the
eak interaction between silica nanoparticle and gold surface,
irect mechanical force can easily damage the coating, which
ill lead to bad special confinement and cross contamination.
peration with caution is needed.

nder optimized conditions, the modified electrodes exhibited
p to a tenfold increase in emission compared to bare gold
lectrodes, along with improved signal stability upon repeated
of 12
measurements. The platformwas fully compatible withmagnetic
microbead–based immunoassays, enabling both direct detec-
tion of Ru-labeled beads and sandwich-format assays. Spatially
resolved ECL imaging using 4-channel and 14-channel patterned
arrays was achieved without detectable crosstalk. Quantitative
analysis showed a linear response range of 0–1 nm Ab–Ru, with a
limit of detection of 0.1 nm.

Beyond proof-of-concept demonstrations, this study introduces a
versatile and scalable approach for engineering spatially address-
able ECL interfaces via spray-based nanostructured coatings
and photochemical patterning. The platform integrates signal
enhancement, surface regeneration, and spatial resolutionwithin
a single system, providing a strong foundation for miniatur-
ized droplet microarray–based diagnostics and next-generation
multiplexed electrochemical biosensors.

4 Experimental Section

4.1 Materials

Chipswith goldworking electrodewere prepared by Swiss Center
for Electronics and Microtechnology (CSEM, Neuchâtel, Swiss).
Advanced Materials Interfaces, 2026
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ome preliminary investigations have been performed on com-
ercialized gold–based thin-film single-(micro) electrodes (ED-
E1-Au; WE: 50/150 nm Ti/Au, 1 mm Ø), purchased by MicruX
echnologies. Silica nanoparticles AEROSIL 200 were pur-
hased from Evonik (Essen, Germany). Vinyltrimethoxysilane
VTMS),1H,1H,2H,2H-perfluorodecanethiol (PFDT) and Sodium
ydroxide (NaOH) were purchased from Sigma–Aldrich (St.
ouis, Missouri, USA). Hydrochloric acid was purchased from
arl Roth (Karlsruhe, Germany) ethanol absolute and n-hexane
ere purchased fromVWR (Darmstadt, Germany). All chemicals
ere used as received. Analytical grade reagents have been used
n this work and ultrapure (Milli-Q) water was used for all experi-
ents. Tri-n-propylamine (TPrA, MW= 143.27 g/mol,≥98% v/v),
odium phosphate monobasic dihydrate (NaH2PO4⋅2H2O, MW
156.01 g/mol, ≥99%), sodium phosphate dibasic (Na2HPO4,
W = 141.96 g/mol, ≥99.5%), phosphoric acid (H3PO4, MW
98.00 g/mol, ≥85%), potassium persulfate (K2S2O8, MW =

70.32 g/mol, >99%) and ethanol (C2H6O, MW = 46.07 g/mol,
00%) were purchased from Sigma-Aldrich (St. Louis, Missouri,
SA). 2.8 µm polystyrene magnetic beads covalently linked
o [Ru(bpy)3]2+ were purchased from Roche Diagnostics. For
he ECL immunoassay, Human Anti-SARS-CoV-2 Spike RBD
ntibody-coupled Magnetic Beads was purchased from ACRO-
iosystems (Newark, DE, USA). AMPLIRUNTOTAL SARS-CoV-
CONTROL (inactivated coronavirus SARS-CoV-2 formulated
n viral transport medium) was bought from Vircell Microbiol-
gists (Granada, Spain). SARS-CoV-2/2019-nCoV Spike Antibody
Rabbit PAb) was obtained from Sino Biological Europe GmbH
Eschborn, Germany). For microscopic imaging, an epifluores-
ence microscope from Nikon (Chiyoda, Tokyo, Japan) equipped
ith an ultrasensitive EMCCD camera (EM-CCD 9100−13 from
amamatsu, Japan) was used with a resolution of 512 × 512 pixels
nd a size of 16 × 16 µm2.

.2 Preparation of Vinyl-Functionalized Silica
oating

ilica nanoparticle (375 mg) was dispersed in 45 mL of absolute
thanol. The mixture was sonicated (Sonoplus HD 4100, Berlin,
ermany) for 30 min and then 510 µL VTMS and 300 µL
ydrochloric acid was added into the mixture and sonicated for
nother 60 min. The modified silica dispersion was spray-coated
y EaxactaCoat(Sono-Tek, New York, USA) onto pre-cleaned
old electrodes. The pre-clean was done by UVO Cleaner, model
2–220 (Jetlight Co. Inc., Ivring, USA) and after coating the
lectrodes were annealed on IKAC-Mag hotplate stirrers C-MAG
S4(Staufen im Breisgau, Germany) at 150◦C for 1 h. The size
f the vinyl functionalized silica nanoparticles was measured
hrough Dynamic light scattering by Malvern Zetasizer Nano ZS
Malvern Instruments GmbH, Herrenberg, Germany).

.3 Surface Patterning via Photomask Ablation
nd NaOH Treatment

he silica-coated electrodes were first rendered hydrophobic
ith 10% v/v PFDT isopropanol solution under UV irradiation
y UVACUBE 2000 with Mercury bulb (Honle uv technology,
ilching, Germany) for 90 s with both UVA and UVC intensity
round 6 mW/ cm2 to induce thiol–ene click reactions. The
dvanced Materials Interfaces, 2026
UVA (wavelength: 330–400 nm) and UVC (wavelength: 230-
285 nm) intensity were measured by UVA/UVC sensors (Honle
UV Technology, Gilching, Germany) Photopatterning was per-
formed by UV exposure through a chrome photomask (ROSE
FOTOMASKEN, Bergisch Gladbach,Germany) with square pat-
tern in the size of 330 µm × 330 µm under UV irradiation for
30 min with both UVA and UVC intensity at 50 mW/ cm2.
The exposed (ablated) areas became hydrophilic. The electrodes
were contacted with 1 M NaOH water solution by discontinuous
dewetting andplaced inhexane for 3min to selectively remove the
silica layer in the hydrophilic regions. In the process the NaOH
water solution are attached to the hydrophilic spots while the
hydrophobic parts are protected by the hexane from removal.

4.4 Characterization

Themorphology of the silica-coated electrodes was characterized
by Zeiss LEO 1530 Gemini scanning electron microscopy (Carl
Zeiss, Germany) in both top-view and cross-sectional modes.
Coating thickness was determined using cross-sectional SEM
images and quantified in ImageJ using the Measure → Ana-
lyze functions. Three independent samples were analyzed, and
for each sample three measurements were taken; the reported
thickness corresponds to the calculated mean value.

In the measurement of water contact angles (WCA), the shape of
the droplet containing 3 µL of DI water was measured by means
of a DSA25 drop shape analyzer provided by Krüss (Hamburg,
Germany). The static water contact angle was then measured by
placing the droplet onto the surface until equilibrium.

Atomic force microscopy Type AFM; NTEGRA scanning probe
microscope (NT-MDT, Russia) was used to measure nanoscale
surface roughness and compare the morphology of gold, coated
regions, and NaOH-treated hydrophilic surfaces. Measurements
were performed in tapping (semi-contact) mode to minimize tip–
sample interaction forces. AFM images were collected over a scan
area of 10 µm × 10 µm under ambient conditions. Silicon probes
NT-MDT NSG10 (High Resolution Silicon AFM Cantilevers),
with a nominal resonance frequency range of 140–390 kHz and a
spring constant between 3.1 and 37.6 Nm−1, were employed for all
analyses. AFM data processing and image analysis were carried
out using Gwyddion software.

To confirm the selective removal of the silica layer, X-ray
Photoelectron Spectroscopy (Thermo Scientific K-Alpha XPS;
Waltham, MA, USA) was performed on both coated and NaOH-
treated regions. The instrumentation was equipped with a
monochromatic Al-Kα source (1486.6 eV), operating in constant
analyzer energy (CAE) mode. The pass energy was 20 eV for
high-resolution spectra with a spot size of 400 µm.

4.5 Electrochemiluminescence (ECL)
Measurements

Concerning the preliminary results, in a typical ECL measure-
ment procedure, the Ru-labelled MMBs suspension was drop
casted onto a gold–based thin-film single-(micro)electrode. Beads
were magnetically concentrated onto the WE surface using a
9 of 12
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agnet placed underneath, and a Pt wire has been used as
he CE, while an Ag filament has been used as the RE. This
hree-electrode system was placed in a All-in-One cell (Ref. ED-
IO-CELL, MicruX Technologies) and housed in a dark box to
liminate interference from ambient light. The cell was carefully
laced as close as possible to the PMT (H13543-20, Hamamatsu
hotonics K.K., Japan), which was positioned over the WE. The
CL signal intensity was obtained upon triggering the system
ith a CV scan. More in detail, CV–ECL plots were collected
y scanning the working electrode potential at 100 mV/s from
pen circuit potential (OCP) either down to −2.5 V, when using
2S2O8 as the coreactant, or up to 2.5 V, when using TPrA
s the coreactant, then back to 0 V (vs. Ag) and, eventually,
erminating the cycle at OCP. The solution emission during CV–
CLmeasurements was acquired every 100 ms through the PMT,
hose voltage was set to 750 mV, and amplified with a Keithley
odel 6485 Picoammeter (Keithley Instruments Inc., United
tates). ECL spectra were collected by a SEC2000 spectra system
V–vis spectrophotometer (ALS Co. Ltd., Japan).

lectrochemiluminescence (ECL) measurements were carried
ut using a photomultiplier tube (PMT; Hamamatsu H13543-
0, Hamamatsu Photonics, Japan) positioned directly above
he working electrode to record the emitted light intensity.
he electrochemical control and potential excitation for ECL
eneration were provided by a potentiostat (BioLogic SP-150e,
ioLogic Science Instruments, France). Electrical signals and
mplification settings were monitored using a KEITHLEY 6485
ico ammeter (Tektronix/Keithley Instruments,USA),whichwas
sed to display the applied current amplification level during the
easurements. All electrochemical experiments were performed
sing EC-Lab V11.52 software (BioLogic, France), which was used
or data acquisition, synchronization of PMT signal recording
ith applied potential, and post-measurement analysis. Cyclic
oltage scan from 0 V to +1.6 V with scan rate 100mV/s was
pplied. A standard three-electrode configuration was employed,
ith the gold electrode as the working electrode, a silver wire
eference, and a platinum wire as the counter electrode.

.6 Covalent Functionalization of Ru-Labeled
agnet Microbead-Based (Ru@MB)

irst, 217 µL of beads stock suspension (0.72 mg⋅mL−1) were
ashed three times with PBS buffer using a magnetic support.
ubsequently, the Ruthenium N-hydroxysuccinimide solution
2.7 × 10−2 mg⋅mL−1) was added and stirred overnight. After
ncubation, the beads were washed with PBS for 5 times using
agnetic support. Finally, Ru@MB were suspended in 217 µL of
BS to maintain the original bead concentration.

.7 Immunoassay Protocol (Ab@MB)

he immunoassay design involves the following components:
) Magnetic beads functionalized with anti-RBD (S1 Spike)
ntibodies to capture the SARS-CoV-2 virus. These beads are
re-treated with BSA to minimize non-specific binding, ii) SARS-
oV-2 virions: the (inactivated) target virus particles that will be
etected by the assay, iii) Probe: Ru-labeled detection antibody
Ab-Ru) was prepared according to the previously reported
0 of 12
protocol [59]. The probe binds specifically to the captured virus
particles.

The immunoassay procedure was performed using a magnetic
bead-based platform. First, 6.0 µL of magnetic bead solution (1
mg/mL) was added to each eppendorf tubes and subsequently
washed twice. To minimize nonspecific binding, the beads were
blocked by incubating with 200 µL of blocking buffer for 30 min
at room temperature, followed by another two washes.

For target detection, SARS-CoV-2 virions and Ru-labeled detec-
tion antibody were then added, the total volume adjusted to 250
µL with washing buffer, and the mixture incubated for 10 min
at room temperature to facilitate binding. After two washes to
remove unbound materials, the beads were resuspended in 6 µL
of washing buffer for ECL measurement.

4.8 Spatially Resolved Beads-Based Assay
Protocol (Ab-Ru@MB)

Antibody labeled with biotin and [Ru(bpy)3]2+ (Ab-Ru) derived
from the SAP assay (R2) was prepared according to the previously
reported protocol [57, 60].

These antibodies were employed to functionalize streptavidin-
coated magnetic beads (2.8 µm, Dynabead, Thermo-Fisher Sci-
entific). In brief, beads at the same initial concentration were
washed with PBS (pH 7.4), incubated with different concentra-
tions of Ab-Ru for 3 h at 37◦C, washed to remove unbound
antibody, and resuspended in PBS to maintain the original bead
concentration (0.72 mg⋅mL−1).

For the multiplexed assay, beads with different concentrations of
Ab-Ru were introduced onto patterned electrodes by pipetting
into designated wells. ECL images were acquired from each
patterned region under identical electrochemical stimulation.
Figure S10 is the actual photograph of the electrochemical cell for
ECL imaging.
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