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ABSTRACT: Although widely used in clinical diagnostics, the Stimulated
sensitivity of electrochemiluminescence (ECL) bead-based im- Remote Y/

munoassays is intrinsically limited by the reaction mechanism ECL : =

driving the emission of [Ru(bpy);]*" on the bead surface.
Depending mostly on the coreactant oxidation, the ‘remote’
pathway is hindered by the slow coreactant oxidation rate and the
short half-lives of electrogenerated radicals. In this work, we
synthesized a [Ru(bpy);]** derivative featuring a stimuli-
responsive disulfide bond in its linker to the bead. Electro-
generated tri-n-propylamine (TPrA) neutral radicals reduce
disulfide moieties, electrochemically inducing the release of Ru(II)
labels in solution and thereby leading to an unprecedented
mechanism shift toward the more efficient “homogeneous”™ ECL
pathway. Leveraging ICP-MS, ECL microscopy, and finite element simulations, we demonstrate rapid bond cleavage and an
impressive signal enhancement of up to 613%. Using an experimental configuration designed to emulate commercial clinical analysis,
we developed an ECL-based immunoassay for the rapid detection of the SARS-CoV-2 Spike (S) protein in whole virus samples from
swab formulations. The immunosensor incorporating the cleavable luminophore demonstrated a 40% lower detection limit and a 2-
fold increase in sensitivity, while reducing TPrA consumption by 72%. These findings establish stimuli-responsive luminophores as a
groundbreaking class of ECL labels, promising substantial improvements in the sensitivity of commercial biosensors.

Bl INTRODUCTION common types of ECL-based biosensors implies the con-
struction of antibody sandwich assays, which capture and
reveal analytes.’ In these systems, a capture antibody
recognizes the target analyte within the sample, and then a
transducer antibody — labeled with an ECL-active dye — binds
to the captured analyte. This cascade of binding events creates
a proportional relationship between the amount of captured
analyte and the intensity of the ECL signal, allowing for
biomarker quantification. ECL commercial assays usually
exploit magnetic microbeads as a platform for binding the
sandwich immunoassay.” These immunobeads are first
captured on the electrode surface by a magnet, and then, a
photodetector collects the ECL signal generated by an emitter
upon applying a potential. The most frequently used
mechanism to achieve light emission is coreactant ECL. The
coreactant is a sacrificial molecular species that undergoes a

Diagnostic markers, also known as biomarkers, are biomole-
cules such as enzymes, proteins, peptides, and hormones,
whose activity alterations are closely related to specific
pathological conditions." As a result, biomarker quantification
allows for an accurate prediction of disease progression and for
an effective monitoring of the course of clinical treatments.
This is why the exploration of noninvasive and sensitive
quantification strategies is crucial for advancing analytical
technologies that consistently measure clinically relevant
analytes. In this context, the main challenge lies in the often
exceptionally low concentration of biomarkers found in
complex biological samples such as blood, urine, and tissues.

Electrochemiluminescence (ECL) is a phenomenon where
an electrical stimulus triggers light emission at the electrode
surface.” As an electrochemical technique, ECL offers many
intrinsic advantages over fluorescent or chemiluminescent

biosensors, including precise control over both the position Received: June 17, 2025
and timing of light emission as well as the absence of any Revised:  August 15, 2025
external light source for excitation. These features collectively Accepted:  August 15, 2025

result in an outstanding signal-to-noise ratio and translate into Published: August 26, 2025

the excellent analytical sensitivity that justifies the widespread
use of ECL in clinical diagnostics.”™> One of the most
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chemical transformation after being either oxidized or reduced.
The typical bead-based immunoassay includes a luminophore,
namely, tris(2,2-bipyridine)ruthenium(II) ([Ru(bpy),]**),
and trin-propylamine (TPrA) as coreactant.

Despite its leading role as an electroanalytical technique,
ECL still faces a few limitations. Notably, ECL is a surface-
confined process that involves multiple steps to produce the
final analytical signal, which is generally not stable.”” Although
increasing the number of emitters enhances the ECL
signal,'’~'? this approach was demonstrated to yield
diminishing returns, as the signal does not scale proportion-
ally.”> The lack of a linear response is likely due to the
quenching of the excited luminophores by neighboring
oxidized or reduced species. Efforts to optimize the signal
generation process are therefore particularly focused on
developing novel luminophores exhibiting more intense and
durable ECL emission.'*™"”

Stimuli-responsive materials have found widespread use
across many fields;'® however, their application in the context
of ECL remains significantly underexplored.'”* In particular,
stimuli-responsive ECL-based immunoassays have not yet been
reported.

Here, we present an antithetical strategy to enhance the ECL
intensity of a bead-based immunoassay. This approach aims to
shift the paradigm of the research: from chasing a longer-
lasting signal from the luminescent species to developing
cleavable emitting labels. In the present work, we specifically
focus on enhancing the analytical signal in bead-based ECL
assays by swapping from the remote mechanism, adopted in
systems including chemically inert labels (Figure 1a), to the
more efficient homogeneous mechanism (see Results and
Discussion section for mechanistic insights). In order to realize
such a system, we designed and synthesized [Ru(bpy),(bpy-
cys-NH,)]**, a [Ru(bpy),;]*" derivative incorporating a
disulfide moiety on the lateral chain of the ancillary ligand
(Figure 1b). The disulfide bridge is purposely designed to be
cleaved by electrogenerated coreactant radicals, thereby
releasing the luminophore into the solution.

This release activates the homogeneous ECL mechanism
(Figure 1b) while simultaneously suppressing [Ru(bpy);]*"*
quenching. We aim to explore the potential of this novel tool
through an initial proof of concept study, followed by its
application in a model bead-based assay designed to mimic the
commercial version. For the mechanistic investigation, 2.8 ym
magnetic beads decorated with carboxylic groups were
covalently labeled with either one reference compound,
namely, [Ru(bpy),(bpy-C,—NH,)]** (Ru(C,)@Bead) or
[Ru(bpy),(bpy-cys-NH,)]*" (Ru(S—S)@Bead).

By first leveraging the exceptional sensitivity of inductively
coupled plasma mass spectrometry (ICP-MS) and then the
remarkable spatial resolution of ECL microscopy, we
demonstrate the feasibility of the proposed reaction mecha-
nism under coreactant ECL working conditions. In particular,
we compared the behavior of the cleavable Ru(S—S)@Bead
with the reference conventional Ru(C,)@Bead system. The
potential of this redox-responsive Ru(II) label for early-stage
clinical diagnostics was demonstrated through a bead-based
immunoassay targeting the SARS-CoV-2 Spike (S) protein on
intact viral envelopes derived from swab formulations using
cheap and disposable carbon screen-printed electrodes
(CSPE). The proposed approach, which closely replicates
commercial immunoassay conditions, enables much faster
analysis than current state-of-the-art techniques and offers
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Figure 1. (a) Representation of a conventional bead-based immuno-
assay-like system in a TPrA solution (Ru(C,)@Bead). Upon
application of a suitable anodic potential, the traditional heteroge-
neous mechanism is activated, resulting in the ECL emission of the
Ru(Il) derivative. (b) Representation of the cleavable bead-based
immunoassay-like system in a TPrA solution (Ru(S—S)@Bead). In its
resting state, without any electrochemical stimulus, the disulfide bond
is unresponsive to reduction, and its reactivity is switched off. Upon
application of a suitable anodic potential for oxidizing TPrA, the
reactivity of the disulfide bond is switched on by the reducing TPrA’
that cleave the linker, releasing the luminophore into the solution. If
the applied potential is anodic enough to oxidize also the
luminophore, then a more effective homogeneous ECL mechanism
takes place. Red spheres labeled 2+, 3+, and + represent the different
redox states of Ru(II) complex involved in the ECL process, while
2+%* denotes its emissive excited state. Yellow spheres labeled N, N**,
and N°® correspond to tri-n-propylamine, its radical cation, and its
neutral radical, respectively. For additional information see eqs 1—10.

enhanced sensitivity compared with the reference immuno-
assay, establishing cleavable labels as powerful transduction
tools for next—generation ECL immunosensors.

B RESULTS AND DISCUSSION

In conventional bead-based immunoassays, including those
typically used in clinical analysis, [Ru(bpy),(bpy-C,—NH,)]*
labels are tethered through an amide bond to the surface of
microspheres, constraining the luminophores too far from the
electrode surface to participate in any heterogeneous electron
transfer process. Consequently, the ECL emission in this kind
of system relies solely on the remote ECL mechanism, which is
governed by the TPrA oxidation and the chemistry of its
radicals. Upon sweeping the electrode to a potential sufficient
to oxidize TPrA (E° = 0.83 V vs Ag/AgCl), the coreactant is
converted to TPrA™ (eq 2), which rapidly deprotonates to
form the strongly reducing a-aminoalkyl radical TPrA" (E° =
—1.7 V vs Ag/AgCl, eq 3). The latter species then reduces
[Ru(bpy);]** to [Ru(bpy);]* (eq 4, where Im* is the iminium
ion, generated following the homogeneous TPrA’ oxidation),
which is eventually oxidized by TPrA™ to yield the luminescent
[Ru(bpy);]*** (eq 5).”**

TPrtAH" & TPrA + H* (1)
TPrA S TPA™ + e~ 2)
TPA'™" & TPiA" + H' ©)
TP:A + [Ru(bpy),’* S Im* +[Ru(bpy),]* (4)
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Figure 2. ECL images of (a) Ru(C,)@Bead and (b) Ru(S—S)@Bead in 0.3 M PB with 180 mM TPrA (pH 6.8). The images were captured with
an EM-CCD camera by recording the ECL signal for 45 s during a two-step chronoamperometry measurement: 2 s at 0 V versus Ag/AgCl and 43 s
at 2.5 V vs Ag/AgCl. Magnification, X100; objective numerical aperture, 1.1; gain, 1; sensitivity, 250; contrast scale, 4000—16,000; scale bar, 10 ym.
The yellow rectangles (14.28 X 0.63 ym) centered on the beads represent the regions of interest (ROI) used to extract ECL intensity profiles along
the radial direction. A red lookup table was applied to the native greyscale images in (a) and (b) to generate false-color images resembling the
emission of [Ru(bpy);]**. (c) Comparison between the single-bead ECL intensity profiles of Ru(C,)@Bead (gray line) and Ru(S—S)@Bead (red

line). Data are averaged over a minimum of five beads (n > 5).

TPA T + [Ru(bpy)3]+ s TPrA + [Ru(bpy)3]2+* (5)

[Ru(bpy), ** — [Ru(bpy),** + hv (6)

Despite being widely regarded as the most efficient
coreactant for bead-based ECL assays, TPrA, together with
intrinsic toxicity, presents major drawbacks that limit the
overall effectiveness of the remote mechanism. The sluggish
oxidation rate of TPrA indeed hinders the generation of
radicals potentially available to react with the luminophore,
thereby hampering its excitation rate.”” Although alternative
amine coreactants exhibiting faster oxidation rates have been
explored,””* their corresponding radical cations feature even
shorter half-lives than TPrA™, which itself is already limited to
~200 ps. This brief lifespan acts as a bottleneck for the ECL
emitting layer, by restrlctmg its thickness to 2 3 pym from the
electrode surface.”” >’ Redox-mediated ECL,** which has been
extensively studied by our group and others in bead-based
systems,” " similarly enhances coreactant oxidation through
homogeneous catalysis, but does not significantly extend the
emitting layer.

Replacing [Ru(bpy),(bpy-C,—NH,)]** with [Ru-
(bpy),(bpy-cys-NH,)]*" introduces a redox-responsive disul-
fide moiety within the luminophore-bead linker, converting a
conventionally stable bond into a labile bridge sensitive to
reducing agents (see Supporting Information for full character-
ization and synthesis details). Several studies report that
disulfide reduction to pairs of thiols in an aqueous environ-
ment is a two-electron event that follows an ECEC mechanism
(E = electron transfer, C = chemical process).”””*> Upon the
initial transfer of a single electron, a radical anion is formed,
followed by immediate protonation in a first-order reaction
with water. This protonation step facilitates the second
reduction by lowering the required cathodic potential
compared to the first one, thereby triggering a potential
inversion. Finally, bond dissociation takes place following the
uptake of the second electron and proton. During the ECL
measurement, TPrA is oxidized to TPrA™" (eq 2), and
deprotonation leads to TPrA™ (eq 3). The latter radical, widely
regarded as sufficiently long-lived to persist within the region
occupied by the beads (ie., at least ~3 ym from the electrode
surface), works as an electron donor in this breakable system

where two equivalents of TPrA are required to homoge-
neously cleave the disulfide bridge (eq 7). In this way, the
luminophore is no longer constricted solely to the surface of
the conjugation platform. Instead, it can freely diffuse in
solution, activating the homogeneous ECL mechanism if the
electrode is swept to a sufficient anodic potential to oxidize
both TPrA and [Ru(bpy);]** (E,,(Ru**/Ru*") = 1.05 V vs
Ag/AgCl). In this scenario, [Ru(bpy);]*" is produced
alongside coreactant radicals (eq 8) and replaces TPrA™ as
the main oxidizing agent as it is directly reduced by TPrA,
resulting in the excitation of the emitter, [Ru(bpy);]*"* (eq 9).

2TPrA" + Ru(S—S)@Bead + 2H"
S Im* + [Ru(bpy);]**—S—H + Bead—S—H (7)

[Ru(bpy),I’* =S—H 5 [Ru(bpy),’*—S—H + e~ (8)

[Ru(bpy)3]3+—S—H + TPrA
- [Ru(bpy)3]2+*—S—H + Im* (9)

[Ru(bpy),I***~S—H — [Ru(bpy);]’*=S—H + hv  (10)

The heterogeneous oxidation of the Ru(II) complex is
usually a fast process as it involves an outer-sphere electron
transfer,”® unlike the coreactant, which undergoes a slower
inner- sphere e process that requires adsorption on the electrode
° Additionally, the Ru**/?* couple is electro-
chem1cally fully reversible, making [Ru(bpy);]** a considerably
more stable oxidizing agent compared to TPrA™. These key
differences translate to a dramatic improvement in the
efficiency of ECL signal generation.

While Ru(C,)@Bead and Ru(S—S)@Bead systems effec-
tively mimic the behavior of the conventional bead-based
immunoassay, the covalent binding of the luminophores to the
bead surface significantly increases the label loading on the
microspheres compared to real biosensors.”” These features
make covalently functionalized beads ideal candidates for
proof-of-concept studies.

To assess the feasibility of the proposed [Ru(bpy);]**
release from the cleavable Ru(S—S)@Bead system and to
quantify the amount of released Ru(Il) complex, we designed a

https://doi.org/10.1021/jacs.5¢10211
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Figure 3. ECL images of (a) Ru(C,)@Bead and (b) Ru(S—S)@Bead in 0.3 M PB with 180 mM TPrA (pH 6.8). The images represent the Sth
frame (i.e., image captured SO0 ms after the anodic potential sweep) of an ECL decay measurement recorded with an EM-CCD camera by
capturing a frame every 500 ms over a total duration of 13 s during a two-step chronoamperometry measurement: 2 s at 0 V vs Ag/AgCl and 11 s at
2.5 V vs Ag/AgCl. Magnification, X100; objective numerical aperture, 1.1; gain, 1; sensitivity, 250; contrast scale, 1550—1900; scale bar, 10 ym. (c)
Simulated spatial distribution of Ru(II) labels on the bead surface at 500 ms during the anodic potential sweep (in gmol m™2, green-to-blue scale
on the right) and spatial distribution of hv emitted from cleaved [Ru(bpy);]*** and integrated over 500 ms (in mol m™>, black-to-yellow scale on

the left) when kgg is 1 X 10° M~ s7%,

‘release experiment’ where we coupled electrochemistry to
ICP-MS (Figure S1). The analysis aims to replicate ECL
working conditions in a cell conveniently designed for
retrieving the supernatant after multiple two-step chronoam-
perometry cycles at 1.4 V. In this potential region, TPrA
oxidation is close to diffusion-controlled conditions at the
glassy carbon (GC) electrode (Figure S2). Further details of
the release experiment are provided in the Supporting
Information. The Ru concentration in the release solution is
determined to be 1.09 + 0.07 g/L, supporting the expected
cleavage of anchored luminophores under coreactant ECL
working conditions.

To address the ECL behavior of labeled beads, we took
advantage of ECL microscopy for a comparative study between
Ru(C,)@Bead and Ru(S—S)@Bead. ECL microscopy inte-
grates a potentiostat, which governs the electrochemistry of the
investigated system, with an epifluorescence microscope for
spatially resolving the ECL signal. This synergy has remodeled
ECL into a powerful imaging technique that enables direct
observation of objects that either initiate or influence ECL
reactions, providing unparalleled mechanistic insights to shed
light on ECL processes.*”*'

ECL images of Ru(C,)@Beads and Ru(S—S)@Beads were
collected with an EM-CCD camera by integrating the emission
during a two-step chronoamperometry measurement on a GC
electrode (Figure 2). The applied potential sequence consisted
of an initial step at 0 V followed by a second step of 2.5 V
(Figure S3). Ru(C,)@Bead manifests the common ECL
behavior, with an emission strictly confined to the bead
surface and a negligible background signal (Figure 2a). Any
deviation from this typical pattern in Ru(S—S)@Bead can,
therefore, be attributed to the homogeneous ECL following
the cleavage of disulfide bridges. As evident in Figure 2b,
Ru(S—S)@Bead displays an intense background signal
throughout the entire image, which is reflected in the shape
of the ECL profiles (Figure 2c). Details about ECL profile
elaboration are provided in the Supporting Information
(Figure S4). Considering that the region implied by the peak
corresponds to the bead surface, while the remainder
represents the surrounding environment, Ru(S—S)@Bead
solution emission (~6900 a.u., Figure 2c, red line) exhibits
208-fold stronger intensity compared to the negligible signal
observed for Ru(C,)@Bead (~30 a.u., Figure 2c, gray line).

Further supporting the cleavage of Ru(II) labels, the
solution emission of Ru(S—S)@Bead shows a clear gradient,
increasing in intensity as the beads come closer together
(Figure 2b). This gradient can be attributed to a higher bead
density in a certain spatial region that translates to a higher
concentration of released ruthenium and, in turn, to a stronger
ECL emission. Furthermore, ECL profiles hint at a weaker
emission from the surface of beads (i.e., peak intensity) labeled
with the cleavable complex compared to its nonbreakable
counterpart. Assuming an equal degree of functionalization in
both cases, this behavior can be attributed to the release of
luminophores in Ru(S—S)@Bead, which amplifies the back-
ground signal at the expense of the ECL emission arising from
the beads themselves. Overall, the whole luminescence
intensity is increased, in agreement with the higher efficiency
of the homogeneous mechanism, confirming the idea on which
this work is based.

To monitor the kinetics of disulfide bond cleavage, ECL
images of labeled beads on a GC electrode were captured at
500 ms intervals during the same two-step chronoamperom-
etry measurement previously employed (Figure SSa). Details
of ECL elaboration can be found in the Supporting
Information. Notably, Ru(S—S)@Bead consistently exhibits a
stronger ECL intensity throughout the measurement compared
to Ru(C,)@Bead, with the enhancement being most
pronounced immediately after the anodic potential application
(Figure SSb). This behavior can be explained by Figure 3a,b,
representing the first frame of emission of Ru(C,)@Bead and
Ru(S—S)@Bead, respectively, captured after application of the
anodic potential. The background emission of Ru(C,)@Bead
is not significant, whereas Ru(S—S)@Bead readily displays
intense homogeneous ECL, suggesting that most of the
disulfide bonds are cleaved within the first hundreds of
milliseconds. This behavior was rationalized using finite
element simulations, Figure 3c, where the green-to-blue scale
is the Ru(II) label distribution on the beads and the black-to-
yellow scale is the spatial distribution of h emitted (Figure 3¢
and ESI for full details). Specifically, we modeled the limiting
case involving only the cleavage of bounded Ru(II) from the
bead and its homogeneous emission, while neglecting any
other reactions occurring at the bead surface. In line with our
mechanism (eqs 7—10), ECL emission occurs from the
released Ru(II) complex (black-to-yellow scale) while the

35504 https://doi.org/10.1021/jacs.5¢10211
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concentration of Ru(II) bound on the bead gradually decreases
(green-to-blue scale) from the electrode surface to the top of
the microsphere according to the TPrA' inward flux (eq 3,
Figure $6).” The ECL behavior is well reproduced in finite
element simulations using a second-order rate constant for the
cleavage reaction (kgg) as low as § X 10* M™' s™'. However, a
higher value is likely more realistic considering that, in the
actual system, disulfide bond cleavage kinetically competes
with the reduction of Ru** by TPrA, a process with a reported
rate constant ranging from 4.2 X 10% to 6 x 10° M~' s7.>° A
slightly higher value for kg would also align with literature
values for either the homogeneous reduction or oxidation of
disulfide bonds."””~** Although one might assume Ru(II) to
build up over time with increasing ECL until reaching a
plateau, Ru(S—S)@Bead signal stability, after the initial peak,
decays faster than both Ru(C,)@Bead (Figure S8) and
solutions including TPrA and freely diffusing [Ru(bpy);]**
(Figure S9), where the luminophore concentration is
comparable to that in Ru(S—S)@Bead after cleavage (as
high as 30 nM, see Supporting Information). ECL signal
stability in homogeneous systems is typically attributed to the
depletion of electroactive species such as [Ru(bpy);]** and
TPrA; thus, deviations observed in Ru(C,)@Bead and Ru(S—
S)@Bead suggest that additional factors significantly influence
emission behavior.

In Ru(C,)@Bead, anchoring [Ru(bpy);]*" seems to stabilize
the signal by confining the luminophore to the microspheres,
thereby neglecting Ru(1I) mass transport limitations. On the
other hand, in Ru(S—S)@Bead, the diffusion of cleaved ECL
labels from the bead's surroundings to the bulk solution
provides an additional pathway to accelerate emission decay by
progressive [Ru(bpy);]** dilution. Commercial bead-based
immunoassays usually rely on high concentrations of TPrA,
typically 180 mM, to compensate for its slow oxidation rate at
the electrode surface. On the other hand, homogeneous ECL
systems generally perform best with more diluted coreactant
solutions.” ™ As we demonstrated, the Ru(S—S)@Bead
system bridges this gap by adopting both heterogeneous and
homogeneous mechanisms to generate the ECL signal. In light
of this, believing that it is worthwhile to investigate the impact
of TPrA concentration, we collected ECL images of both
Ru(C,)@Bead and Ru(S—S)@Bead on a GC electrode in the
presence of 50, 100, or 180 mM of TPrA (Figure S10—S12).
The emission was triggered by a two-step chronoamperometry
measurement, as previously described. The ECL signal was
integrated as reported in the Supporting Information, and the
resulting values are plotted as a function of the coreactant
concentration (Figure 4). Ru(C,) @Bead and Ru(S—S)@Bead
exhibit two diametrically opposed trends with a decreasing
TPrA concentration. While the ECL intensity of the
conventional system tends to weaken as the coreactant
concentration drops, the breakable system shows a massive
surge in emission. In particular, the ECL signal of Ru(C,)@
Bead remains mostly unchanged from 180 to 100 mM TPrA,
and eventually plunges at 50 mM. This behavior is not
surprising, as heterogeneous systems require high concen-
trations of TPrA to overcome the bottleneck caused by its
sluggish oxidation rate. Thus, at 50 mM, Ru(C,) @Bead might
lack TPrA™ radicals to express a strong ECL signal. The ECL
signal of Ru(S—S)@Bead, instead, steadily grows brighter
across the entire concentration range, from 180 to 50 mM
TPrA. Overall, at their best conditions, Ru(S—S)@Beads
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Figure 4. Effect of TPrA concentration on the ECL intensity of
Ru(C,)@Bead (gray line) and Ru(S—S)@Bead (red line) on GC.
ECL intensities were determined from integrated ECL images, by
integrating the signal over a ROI centered on the beads and averaging
the results over a minimum of five beads (n > S). Shaded bands
represent the standard error.

(TPrA S0 mM) offers a 3.6-fold signal increase with respect to
Ru(C,)@Beads (TPrA 100 mM).

Although the mechanism swap still occurs on a Pt electrode
(Figure S13), the trend observed on GC upon changing TPrA
concentration does not appear to be reproducible on the
alternative surface (Figure S14), suggesting that it is not a
general property of this class of breakable compounds.

Analysis of the ECL profiles derived from integrated images
(Figure S15) offers valuable insights into the behavior of
Ru(S—S)@Bead. The trend observed in Figure 4 remains
consistent whether the plotted values include both the bead
and the surrounding solution (as in Figure 4) or focus solely
on the homogeneous ECL intensity (i.e., value at the edge of
the ECL profile) (Figure S16). Furthermore, the intensity of
the homogeneous ECL in solution progressively strengthens
with a decreasing TPrA concentration. These observations
point to two key conclusions: first, the observed trend is likely
governed by the homogeneous mechanism; and second, the
latter reaction pathway becomes increasingly dominant at
lower TPrA concentrations. In this regard, a similar ECL-
[TPrA] trend has already been observed in a work from Xu
and co-workers where they recorded the homogeneous ECL
emission of [Ru(bpy);]** on a GC electrode in coreactant
solutions with different TPrA concentrations.** They reported
that the ECL intensity of the [Ru(bpy);]*'/TPrA system
increases with increasing coreactant concentration, achieving
the brightest intensity with a 40 mM TPrA solution. Beyond
this concentration, the emission intensity progressively drops.
Since a similar behavior was observed with the experimental
apparatus employed throughout this work (Figure S17), it is
reasonable to assume that the inverse relationship between the
ECL intensity of Ru(S—S)@Bead and the TPrA concentration
is defined by the effectiveness of the homogeneous mechanism,
which generates the strongest emission in solutions with 40/50
mM of coreactant. However, one must also consider that —
while the homogeneous ECL increases as TPrA concentration
decreases — the opposite trend occurs for the emission from
Ru(II) labels bound to the beads (Figure S18). This signal,
reflected in the difference between the profile peak and the
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Figure 5. (a) Immunoassay structure of either Ru(C,;)@Ab-S1-Bead or Ru(S—S)(C,;) @Ab-S1-Bead. Immunoassays were prepared on Anti-
RBD—functionalized magnetic beads by simultaneously adding SARS-CoV-2 and Ru(II)-labeled detection antibodies. (b) Experimental setup for
collective beads measurements where beads are collected with a magnet under the working electrode and the ECL is acquired with a
photomultiplier tube. (c) Calibration curves for Ru(C,;)@Ab-S1-Bead (gray squares) and Ru(S—S)(C,;)@Ab-S1-Bead (red circles) upon
decreasing the viral loading of whole SARS-CoV-2 virus from 20,000 to 0 cps mL™". The plotted ECL values were determined by integrating the
ECL-time curves reported in the Supporting Information (Figure S$19). Each data point corresponds to the average of three independent replicates

(n = 3), with error bars indicating the standard deviation.

profile edge, steadily decreases as TPrA is diluted from 180 to
50 mM. This phenomenon may suggest a more efficient release
of Ru(II) labels at lower coreactant concentrations, but further
investigation is needed to confirm this hypothesis.

Early-stage clinical diagnostics are essential to preventing
irreversible health outcomes such as cancer progression or the
uncontrolled spread of infectious diseases. In particular, the
rapid and sensitive detection of viral infections—especially in
asymptomatic individuals—is critical for effective epidemic
management, as highlighted during the COVID-19 (COrona
Vlrus Disease 2019) pandemic.

The versatility of the redox-responsive Ru(II) label approach
in bioanalysis is therefore exploited in a bead-based immuno-
assay targeting SARS-CoV-2 spike protein subunit 1 (S1). The
assay detects the antigen directly on the surface of whole
virions within a complex matrix, such as nasopharyngeal swab
samples (Figures 5a and $19).*” The ECL signal enhancement
is compared to the noncleavable Ru(II) luminophore employ-
ing an experimental setup affine to commercial bead-based
immunoassays, while also implementing cheap and easy-to-
handle disposable CSPE and diluting coreactant to 50 mM
TPrA (see Figure Sb and Supporting Information for the
detailed description of the immunoassay). To optimize signal
generation, we tailored the lateral chain length of the ancillary
ligand (Supporting Information) to minimize steric hindrance
between the luminophore and antibody.

The proposed immunoassay is supported on 2 um
streptavidin-coated magnetic beads functionalized with bio-
tinylated anti-RBD antibodies. Following incubation with
varying viral load, virions are sandwiched between the beads’
surface and the detection antibodies (Figure Sa), labeled with
either the reference (Ru(C,,)@Ab-S1-Bead) or the breakable
luminophore (Ru(S—S)(C,;) @Ab-S1-Bead). In this case, all of

35506

the photons generated at the electrode surface are collected
without spatial resolution with a PMT (Figure Sb). Comparing
the calibration curves of Ru(S—S)(C,;)@Ab-S1-Bead and
Ru(C,,;) @Ab-S1-Bead reveals a higher ECL signal across all
antibody concentrations when the beads are labeled with the
breakable Ru(II) complex (Figures Sc and S20). This behavior
results in a 2-fold increase in sensitivity within a clinically
relevant concentration range for early diagnosis,™ reducing the
likelihood of either false positive or false negative. At the same
time, the use of cleavable labels lowers the limit of detection by
40%, from 1700 to 1100 cps mL~". Beyond enhancing the
analytical performance of the bead-based immunoassay, the
proposed approach significantly reduces the overall analysis
time (Table S1) and improves coreactant economy by
reducing consumption of toxic TPrA by 72% compared to
standard commercial immunosensors.

Bl CONCLUSIONS

In this study, we presented the synthesis and ECL character-
ization of a novel [Ru(bpy);]** derivative featuring a stimuli-
responsive disulfide in the conjugation functional group.
Magnetic beads labeled with this complex exhibit a unique
pattern of emission during anodic potential sweeps in a TPrA
solution. Extensive investigations combining ICP-MS, ECL
microscopy, and finite element simulations unraveled a
mechanism involving a very fast disulfide bond cleavage
upon reaction with reducing TPrA radicals, thereby releasing
the luminophore into the solution. Freely diffusing Ru(II)
enables its direct oxidation, driving a transition from the
conventional remote ECL pathway to a more efficient
homogeneous mechanism. Compared to beads labeled with
standard [Ru(bpy);]**, this shift leads to a remarkable signal
enhancement up to 613%. This breakable luminophore is
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eventually proposed as a detection label within a bead-based
immunoassay developed to target the SARS-CoV-2 S1 protein
on the whole virus. Replacing conventional [Ru(bpy);]** with
the redox-responsive derivative doubles the sensitivity and
improves the detection limit by 40% in diluted TPrA solution,
showcasing the superior efficiency of the homogeneous ECL
mechanism in bead-based immunosensing. Although complete
cleavage of Ru(II) from the surface of Ru(S—S)@Bead has not
yet been achieved, different stimuli-responsive ligands are
currently under investigation in our laboratories. Nonetheless,
this strategy introduces stimuli-responsive luminophores as a
promising new class of ECL immunolabels, establishing their
controlled instability as a key parameter to drive a mechanism
switch, opening new avenues for significant performance gains.
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