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Electrochemiluminescence (ECL) analysis has become a powerful tool in recent biomarker detection and clinic diagnosis
due to high sensitivity and broad linear range. To improve the analytical performance of ECL biosensors, various
advanced nanomaterials have been introduced to regulate ECL signal such as graphene, gold nanomaterials, quantum
dots. Among these nanomaterials, some plasmonic nanostructures play important roles in the fabrication of ECL
biosensors. The plasmon effect for ECL signal includes ECL quenching by resonant energy transfer, ECL enhancement by
surface plasmon resonance enhancement, and change in the polarized angle of ECL emission. The influence can be
regulated by the distance between ECL emitters and plasmonic materials, and the characteristic of polarization-angle-
dependent surface plasmon coupling. This research outlines the recent advances of plasmonic based ECL biosensors
involving various plasmonic materials include noble metals and semiconductor nanomaterials. The detection targets in
these biosensors range from small molecules, proteins, nucleic acids, and cells thanks to the plasmonic effect. In addition
to ECL biosensors, ECL microscopy analysis with plasmonic materials is also highlighted because of the enhanced ECL
image quality by plasmonic effect. In the end, the future opportunities and challenges are discussed if more plasmonic
effect will be introduced into ECL realm.
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| 1. Introduction

As a member of the luminescence family, electrochemiluminescence (ECL) is a special form of chemiluminescence
induced by redox reactions among electrogenerated high-energy radicals . Because ECL does not depend on external
light excitation, the adverse influence of autophotoluminescence and light scattering in analytical measurements can be
avoided B4, compared with chemiluminescence techniques, ECL possess better spatial and temporal controllability for
emission regions and time BIEIEINMLILL Therefore, more and more ECL biosensors have been developed due to its
low light background, high sensitivity, and broad dynamic range L2[L3I14I1S] The key point in the design of an ECL sensor
is to optimize the performance of the luminophore or electrode substrate for the sake of enhanced ECL sensitivity 214
(L6]17I18I[191[20] ' Recently, various signal amplification methods have been proposed to improve the analytical properties of
ECL sensors [BILZM3I16]21]122] These approaches included using enzyme-mediated amplification, DNA-mediated
amplification, new electrochemical catalytical substrate, and nanomaterial-assisted amplification 23124 Enzyme-mediated
amplification used various enzymes to catalyze biochemical reactions and amplify the targets. Its merits include the
flexible choice from abundant enzymes, high signal enhancement efficiency, and high selectivity. However, the vulnerable
natural activity of enzymes can be more easily destroyed by harsh environments. DNA-mediated amplification is a kind of
enzyme-free amplification technique by using DNA as the tool to improve the ECL signal. Thus, DNA-mediated
amplification has better stability in a long term. However, most DNA amplification strategies rely on the hybridization of
double stranded DNA, which is affected by the environment temperature. Electrochemical catalytical substrates can
promote the electron transfer and surface area of the electrode, thereby enhancing ECL signals in some situations.
Nanomaterial-assisted amplification can use nanomaterials as carriers of ECL emitters. Numerous ECL luminophores can
be incorporated to carrier frameworks to provide much stronger ECL intensity for ultrasensitive biosensors. However, the
uneven and heterogeneous nanocarriers may cause ECL signal deviation. In addition, luminophore leak and poor
conductivity of the nanocarrier are problems to be solved. So far, many ECL-based biosensors with high sensitivity and
selectivity have been fabricated to detect important analysts in the fields of environmental science, clinical diagnostics,
food and water testing, and biowarfare agent detection 29, In addition, ECL microscopy has become increasingly popular
in analytical science due to its spatial and temporal resolution that has facilitated single-cell and single-particle analysis
(231(26] 1o briefly show the development history of ECL biosensors, researchers illustrated a roadmap for the progress of
ECL biosensors and its future directions (Figure 1).



Future directions:

. Super-resolved plasmon-ECL imaging

. Single molecule detection by plasmon-ECL

. Highly efficient non-noble metal plasmonic ECL
. Novel plasmon-ECL mechanisms
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Figure 1. A roadmap for the progress of ECL biosensors and its future directions.

Surface plasmon resonance (SPR) occurs at the interface between a metal phase and a dielectric material 27128, After
being excited by external optical radiation or in the presence of strong static electric and magnetic fields, a surface
plasmon of the electrons at the surface of materials showed a collective oscillation wave, which propagated along the
boundary between the dielectric and the metal. In addition, the SPR phenomenon was observed in not only noble metals
but also in semiconductors such as MoS, 29, The plasmonic effect has been widely used in many important fields such
as photocatalysis, energy storage, and biosensors BLB233] | ocalized surface plasmon resonance (LSPR) is a plasmon
that oscillates locally around the nanoparticle. Therefore, LSPR is sensitive to changes in local dielectric environment. The
effect of localized surface plasmon resonance (LSPR) has been well used in the detection of several biomolecules,
including creatinine, cardiac troponin |, alanine aminotransferase, acetylcholine, cholesterol, uric acid, and p-cresol [B41E5]
[36]37][38][39[40]  Optical emissions can be enhanced in the presence of the SPR effect, such as surface enhanced Raman
scattering spectroscopy, total inner reflection, fluorescence, and chemiluminescence. Particularly, the molecular Raman
scattering cross-section has an improved order-of-magnitude due to the excitation of collective electron oscillation of
metal and semiconductor nanostructures 414211431441 Although surface enhanced Raman spectroscopy used noble metal
nanostructures to enhance the Raman scattering signal from nearby molecules, an extrinsic probe is required for surface
enhanced Raman spectroscopy. In fluorescent analytical methods, the distance between luminophores and metal
nanostructures can cause the switch from fluorescence quenching to fluorescence enhancing 4548l The basic
mechanism is the competition between the non-radiative transition in Forster resonance energy transfer and
electromagnetic field enhancement. When a chromophore is in the evanescent field near metal surface, the large
enhancement of fluorescence can occur where plasmon resonance reaches its maximum. However, photobleaching and
photodamage are the roadblocks for plasmon-enhanced fluorescence methods. Recently, the plasmonic coupling and
electromagnetic interaction exhibited tunable optical properties for ECL through regulating the distance between ECL
emitters and plasmonic nanostructures. Due to the absence of an external light source, the ECL reactions at different
plasmonic interfaces show different electrochemical rates and enhancement factors without the issue of photobleaching.
Some studies involving ECL microscopy provided visualized evidence to characterize the plasmonic enhancement sites at
the sub-particle level BZ48I49 The surface plasmon also caused ECL polarization due to electron oscillation in the noble
metals BY. As a result, the ECL analytical performance can be improved if the polarized ECL signal can be used as the
detection signal.

| 2. Fundamentals of Plasmon-Coupled ECL

Plasmon is the collective oscillation of conduction electrons in metals or semiconductors. Specifically, many noble metals
and semiconductors have surface plasmon resonance properties. When ECL emission sites are very close to surface
plasmons, the surface plasmons strongly interact with light. As a result, the ECL emission can be quenched or enhanced
by the plasmonic effect, depending on the distance between the ECL emitter and plasmonic materials, as well as other
factors. In addition, the polarization angle of ECL emission can be changed by the plasmonic effect. So far, the ECL
emission can be regulated by two plasmon resonance effects including surface plasmon resonance (SPR) and localized
surface plasmon resonance (LSPR). In terms of SPR, the most typical and widely used setup is the Kretschmann
configuration, which uses thin gold film coated glass as the substrate. When the optimal beam is irradiated, metal
substrates show strong surface plasmonic polarization (Figure 2). The resonance angle changed with the refractive index
near gold film, which can be influenced by biomolecule recognition on gold film. Compared with SPR, LSPR is generated



on metal nanoparticles under light irradiation, which caused collective electron charge oscillations in metallic
nanoparticles. In addition, the plasmonic effect is highly localized at the nanoparticles and decays quickly away from the
nanoparticle. Therefore, many ECL biosensors used the distance-dependent LSPR effect to probe structure changes of
DNA or a sandwiched immunoassay. For the plasmon coupled ECL system, SPR-based properties are highly dependent
on the nanostructures of plasmonic materials. Metallic nanostructure arrays and porous metal membranes were wildly
used as the source of plasmon because of their superior plasmonic properties and controllability via strategies of
assembly and morphological regulation. The metallic nanostructures used in plasmon coupled ECL can improve ECL
performance through the improvement of electrical conductivity, electro-catalytic activity, electromagnetic field
enhancement, and so on. Xia et al. investigated the gold-coated polydimethylsiloxane chip by a stamping and spraying
process B, The plasmonic gold microwells significantly enhanced ECL intensity for the analysis of intracellular glucose.
Elena et al. has reported that ECL emission was related to the effective surface area of the nanoporous gold electrode B2,
Therefore, the nanoporous gold electrode possessed brighter ECL emission compared with the flat gold electrode. All in
all, plasmonic materials with stable plasmonic performance, high specific surface area, multiple active sites, and good
electrochemical properties played a key role in plasmon coupled ECL.
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Figure 2. Schematic description of SPR sensor.
2.1. SPR-Coupled ECL

To provide a deep understanding of the interaction between SPR and ECL, Dinel et al. reported the first combination of
SPR and ECL technigues to investigate the interfacial adsorption and energy transfer processes between ECL and the
plasmonic substrate 3. In this work, the ECL evolution on a classic Au chip for SPR measurements was employed under
the irradiation of external LED light for the excitation of SPR. Tween 80 was used as a protective layer on the gold film.
The real-time monitoring capabilities enabled studies on the impact of plasmon resonance on the ECL process of
Ru(bpy)s>*. Various control experiments demonstrated that SPR and ECL can be detected simultaneously without
interference. ECL intensity was quenched in the presence of illumination of the SPR chip because the activated plasmon
reduced the probability of radiative relaxation of the excited luminophore. This phenomenon indicated that ECL emission
occurred very close to the electrode surface after being modified by Tween 80. The combination of SPR and ECL
provided fundamental insights into the mechanism of interfacial processes involving electrochemical reactions and
electrode passivation.

The requirement of sophisticated apparatus and complex optics of the conventional Kretschmann prism-based SPR setup
inhibits applications in sensing and online monitoring. To provide an easier configuration, Yu et al. designed a flow
injection ESPR device (Figure 3) through a new electrochemical SPR conductive fiber where a gold nanohole array film
was integrated B4, This configuration enabled direct collection of the plasmonic response in transmission mode.
Considering the portability and low cost of the fiber-based probe, the co-reactant-based ECL system, including Ru(bpy)s2*
and TPrA, was tested to provide interfacial SPR information and mechanistic insights into the ECL process. The SPR
signal directly revealed the oxidation reaction of TPrA in the vicinity of the electrode surface due to the change in the local
refractive index.
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Figure 3. Assembly schematic diagram of the flow injection fiber optic ESPR device.




2.2. LSPR-coupled ECL

In addition to SPR generated on two-dimension gold film, LSPR generated on zero-dimension or one-dimension gold
nanomaterials was more commonly used to regulate ECL emission. The enhanced ECL efficiency by LSPR was
determined in the presence of citrate-coated gold nanoparticle aqueous solutions 2. The classic ECL reactions between
Ru(bpy)s?* and oxalate were tested in an aqueous solution containing 5 nm gold nanoparticles. The SPR band of gold
nanoparticles solution showed a red-shift in the presence of Ru(bpy)s2*, which indicated the nanoparticle aggregation and
promoted the SPR-ECL coupling effect with 620 nm ECL emission of Ru(bpy)s?*. The integrated ECL emission was
increased by approximately 3-fold compared with its value in the absence of gold nanoparticles. Although gold
nanomaterials are known to be able to improve the electrochemical rate, the direct observation of ECL enhancement at
single gold nanomaterials was not realized yet. Therefore, Pan et al. discovered that ECL intensity was enhanced with the
increase in the size of gold nanoparticles with ECL microscopy 28], Thanks to the spatial and temporal resolution of ECL
microscopy, the local ECL signal from different gold nanoparticles with time elapsing were recorded in a high throughput
manner. Two kinds of gold nanoparticles, namely, electrodeposited and pre-synthesized gold nanopatrticles, both showed
ECL enhancement, but electrodeposited gold nanoparticles showed a narrow ECL intensity distribution. In addition, ECL
microscopy was used to study the plasmon-enhanced ECL at the level of a single nanoparticle based on the ordered array
of Au NPs (Figure 4a) 4. Thanks to the establishment of the precise location and a high throughput platform, LSPR led
to the increased ECL by large Au NPs (>80 nm) in the Ru(bpy)s2*/TPrA system, which was related with the Au NP
configuration and sizes. The coupled Au NPs demonstrated higher ECL strength compared with the uncoupled ones,
which was consistent with numerical simulations. This plasmon-enhanced ECL imaging strategy can be used in single-
particle electrocatalysis in the future.
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Figure 4. (a) Schematic illustration of ECL microscopy for imaging an Au NP array with a 5 ym interval. (b) Schematic
representation of the electrochemiluminescence imaging. The luminophore, Ru(bpy)s2*, and co-reactant, TPrA, are

oxidized at the heterogeneous interface between the microbowls and the ITO supporting electrode with the aid of an

enhanced electric field, generating the excited state Ru(bpy)s2*
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. The accelerated ECL emission is produced during the
relaxation of Ru(bpy)s“* back to the ground state. (¢) Schematic illustration of the ECLM system for single-particle

imaging and basic principle of SRRF analysis of multiple images.

Spectral overlap between nanoparticle scattering and ECL emission was considered as a prerequisite to generate surface
plasmon coupling ECL. Although many reports based on ensemble spectroscopy demonstrated that plasmonic
nanostructures can act as signal boosting antennas to amplify ECL, single-nanoparticle heterogeneities and the structure—
function relationship remain uncovered. To provide insight into the spectral overlap at the single-particle level,
Heiderscheit et al. investigated the influence of nano-emitter spectral overlap under the microscopic view 8. |t was found
that those nanoparticles with a larger spectral overlap between scattering and ECL showed stronger ECL enhancement.
The measurement at the single particle level excluded the influence from adjacent particles and the average effect. The
ECL intensity can be increased up to 10-fold at the maximal spectral overlap using either gold nanoparticles or gold
nanotriangles. In addition to spectral overlap, Cui et al. found that an enhanced electric field also boosted the ECL signal.
They fabricated a heterogeneous interface by loading bowl-like gold particles on the indium tin oxide (ITO) substrate
electrode (Figure 4b) 7. The heterointerface between the gold bow! and ITO produced an enhanced electric field, which
caused a bright ECL ring around the gold bowl. COMSOL simulations showed similar results with the captured ECL
patterns from EMCCD. This work suggested that the heterogeneous distribution of the electric field effect could serve as a
new mechanism to accelerate the electrocatalytic reaction rate as well as the relevant ECL intensity in biosensors.

Although isolated noble metal particles have been often used to test the surface plasmonic ECL effect, periodic particle
arrays with surface lattice resonances can also regulate the luminescence properties in many cases. Heiderscheit et al.
further demonstrated that the hexagonally packed arrays of gold nanodisks enhanced the ECL of Ru(bpy)s2* and TPrA
(59, Both theoretical and experimental results confirmed that the nanodisk spacing and measurement geometry affected
the ECL enhancement factors. After measuring the ECL intensity and spectrum under all lattice spacings, a 24-fold ECL



intensity enhancement was found with no deviation in the Ru(bpy)s>* spectrum. A theoretical prediction showed that ECL
could be further enhanced when Ru(bpy)s®* was closer to the gold array.

Under the condition of ECL measurements, the surface oxide of gold nanomaterials can be formed at a high anodic
potential. This surface oxide layer can hinder the electron transfer rate and gradually decrease the ECL intensity, leading
to poor stability at repeat measurements. Wilson et al. investigated the ECL scenario generated with single gold nanowire
(691 The as-purchased nanowires did not show any ECL signal due to the block of surface hexadecyltrimethylammonium
surfactant. After removing the surfactant and coating the nanowires with a protective polymer blend, gold nanowires
showed a better ECL stability because the polymer layer protected the gold surface from electrochemical oxidation and
damage. In addition, the polymer thickness significantly influenced the sharpness and reproducibility of ECL images
during ECL measurement.

Because the distribution of electrocatalytic activity at single nanomaterials is heterogeneous, it is important to map the
ECL signal at the sub-particle level. The uneven electrocatalytic activity on individual 2D gold nanoplates was imaged with
submicron resolution 49, Because of different electrocatalytic rates at different sites, the corners, edges, and flat facet
showed a non-uniform ECL distribution. Although much higher ECL intensity was observed at the corners and edges with
more defect sites, the flat facet possessed higher ECL stability with time elapsing. To break the optical diffraction limit in
ECL microscopy, Chen et al. subsequently develop super-resolution ECL microscopy with a radial fluctuation algorithm
(Figure 4c) 48 The stochastic nature of the ECL emission made the generated photons obey Poisson statistics. The
Poisson distribution benefited the super-resolution radial fluctuation algorithm, providing more abundant details on gold
nanomaterials with 100 nm spatial resolution. The super-resolution imaging technique provided more detailed
electrocatalytic sites on single gold nanospheres, nanorods, and nanoplates. In addition to optical fluctuation imaging
methods, single-molecular localization microscopy can also be used to obtain super-resolution image of gold plates. Dong
et al. used single-molecule ECL microscopy for mapping chemical activity and reaction kinetics on single gold plates 61,
The high spatial resolution (37 nm) and temporal resolution enabled the trace of dynamic evolution of catalytic sites as a
function of time.
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