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Abstract: Nanomaterials and their applications were studied extensively over the past few decades due to
their properties which are associated mainly with the nanoscale sizes and unique characteristics that they have.
Among many applications, these nanomaterials have been playing great, multifaceted roles in increasing the
analytical performances of electrochemiluminescence (ECL). In this article, we review the main possible
approaches— based on nanoparticles — to modify the photophysical properties of the excited state generated as a
consequence of the electrochemical stimulus and in particular taking profit of the so-called metal-enhanced
fluorescence (MEF) and resonance energy transfer (RET) processes. We believe that these strategies will lead to

the design of very efficient systems that can substantially increase the possible successful applications of ECL.
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1. Introduction



Electrochemiluminescence (ECL) is the process whereby redox-active species generated at electrode
surfaces undergo electron transfer reactions to form excited states that emit light without the need of an external
light source [1-4]. The ECL systems are divided — based on the reaction mechanisms and reactants involved — into
annihilation ECL and co-reactant ECL. While the early ECL studies were started from annihilation ECL [5], modern
ECL systems are almost exclusively of the co-reactant ECL type [6,7]. The annihilation ECL involves the formation
of an excited state as a result of electron transfer between two radical ions of the reactants (e.g. A and B) generated
at the surface of an electrode applying both positive and negative potentials [8]. This type of ECL system is
influenced by the stability of intermediates, their diffusion rate and the voltage windows of solvent.

The annihilation ECL is typically based on the following reactions:

A-e > At ————————— — —— (1)
B+e—-B ——————————— )
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On the other hand, the co-reactant ECL system involves the use of a co-reactant, that produces a strong
reducing or oxidizing agent in a reaction following electron transfer by applying a single potential or sweeping the
potential in only one direction [9-12]. This system is further classified into “oxidative-reduction”and “reductive-

oxidation” pathways.

i) “Oxidative-reduction” co-reactant ECL

Ru(bpy)s?*/(tri-n-propylamine) is the most commonly used luminophore/co-reactant pair in this pathway and
generally follows three steps: (a) the oxidation reactions on the electrode surface, eg. 5 and 6; (b) bond-breaking
or atom-transfer reaction of the co-reactant giving a strong reducing radical, eg. 8; and (c) the reduction of the
oxidized luminophore by the co-reactant radical that generates the excited state, eq. 11, that finally emits a photon,
eq. 12.
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WhereR, C, Crq and P represent the ECL emitter, the co-reactant, the reductive intermediate of the co-reactant, and
its product, respectively.

i) “Reductive-oxidation” co-reactant ECL



For this mechanism to occur, strong oxidants (such as H,0,and S;0s*) are required and both luminophore and co-
reactant have to be reduced first. Then, the reduced form of the co-reactant generates a strong oxidizing radical (eq.
16), which further reacts with the reduced luminophore to generate the desired excited state.

R+esR —————————— (13) Cox+ R5R™* + P———— —— (17)
C+esC ——mmm————— (14) R* + RT5>R + R————— (18)
R+ C->R+C —————— (15) Cix + RTo>R + P————— (19)
C™ o Cy—————————— — (16) R*5R+ hv—————————— (20)

Where R, C, Cox and P represent the ECL emitter, the co-reactant, the oxidative intermediate of the co-reactant, and

its product, respectively.

ECL is a powerful analytical method that has been widely used in many areas such as immunoassays [13],
DNA [14,15], and proteins [9,16,17], analysis, clinical diagnosis,[18], food security [19], environmental monitoring
[20], and so forth due to its remarkable advantages, such as wide dynamic range, high sensitivity, low background
signal, low cost, good temporal and spatial controllability, simplicity and rapidity [21-25]. For these reasons, ECL
is already extensively used in clinical analyses, for example in commercialized immunoassays developed by Roche
Diagnostics (Elecsys) and Meso Scale Diagnostics [26]. However, there is still the need to improve the analytical
performances to increase the sensitivity even further —to detect the ultra-low concentrations of some biomarkers
typical of very early stages of diseases — to increase multiplexing abilities and to extend its possible applications to
Point of Care Testing (POCT), an urgent need as also suggested by the problems related to the massive screening
required by COVID-19. Therefore, the scientific community has been investing great efforts to develop rapid,
reliable and highly sensitive ECL biosensors [27***, 28*** 29*_32]. To improve the performance of ECL, many
researchers have been working on different strategies such as developing various highly luminescent [33],
molecules or new reagents [34], efficient co-reactants [35,36], or improving the properties of the electrode surface.
In this context, great attention is indeed dedicated to the signal amplification that can be obtained with suitable use
of nanotechnology, such as ferexample encapsulating a large number of luminophores in nanoparticles (such as in
SiO2 NPs) [26,37], using nanostructured co-reactants [38], and using metal (e.g. Au & Ag) nanostructures to list
some of the many strategies [25,27***,39-41, 42**—44]. For example, Sojic et al have constructed an ECL system
using Ru(bpy)s?* - doped silica /Au nanoparticles (RUDSNs/AuNPs) as ECL nanoemitters for imaging a single
biomolecule. With this enhanced ECL system, the group was able to detect cytokeratin 19 (CK19)- a prognostic
tumoral and metastatic biomarker with a limit of detection of 0.12 pg/ml [45].

Among the different options, all possibly leading to interesting results, we would like to focus here on the
capability, offered by a proper design of NPs, to modify the photophysical properties of the excited state generated
as a consequence of the electrochemical stimulus. In particular, we think that two main strategies can emerge in this

context. The first one is the possible enhancement of the ECL performance caused by the interaction of plasmons —



typical of metal-based nanostructures — with the luminophores, enabling to increase the luminescence quantum
yield (through the so-called metal enhanced effect, MEF) and, thus, the ECL overall emission [17,18,39].

The second strategy is to increase the performances of ECL-based systems taking profit from the occurrence
of energy-transfer processes from the excited state generated by the electrochemical reaction — acting as a donor —
to a suitably chosen acceptor present in nanostructured systems. It is worth underlining here that this strategy can
lead to a signal increase if the luminescence quantum yield of the acceptor is higher than the one of the donor, and
to a possible tuning of the emission wavelength, which could lead to an increase of the colours that can be obtained
with ECL. In this way, the possibility to perform multiplexing can be easier, a very interesting result since ECL at
the moment is mainly based on the orange colour typical of the Ru(ll)polypyridine complexes. Since the energy
transfer process can occur only at very short distances (< 10 nm), the confinement of both donor and acceptor in
nanostructures can be seen as the most promising approach to obtain this effect.

Of course, in both cases, the ECL performance depends also on the size, shape and distance of the
nanostructure and its different components [27***,29*]. Therefore, the main aim of this review is to introduce the
readers to these two mechanisms — also illustrating some of their applications to biosensors —trying to suggest how
to design nanostructures that can efficiently take profit from these approaches, in the belief that this will lead to

significant improvements in analytical performances.

2. ECL enhancement based on the interaction with localized surface plasmon resonance (LSPR)

With the advent of nanotechnology, researchers have started to take profit from the interactions of
luminophores with metallic surfaces and nanoparticles to design new and, possibly, more sensitive (bio)sensors. In
this context, different approaches have been presented for the ECL signal enhancements through metal NPs and
their nanocomposites [46]. One possible strategy is the design of a nanostructured electrode endowed with an
increased surface area, boosting in this way the electron transfer between the electrode and ECL reactants [47—-49].
Here we will focus more on the photophysical changes induced by the presence of the metallic nanostructures in an

approach based on the localized surface plasmon resonance (LSPR).

The complete description of the theory that is behind the interaction between a luminophore and a metal
(nano)structure, which can lead to both luminescence quenching or enhancement, is outside the scope of this article,
and we invite the interested readers to more specialized reviews, starting from the pioneering work of Lakowicz
[50]. In particular, Lakowicz introduced the concept of radiating plasmons (RPs). According to this approach, the
formation of the excited state of the luminophore induces a charge redistribution on the metal surface: if this
plasmon can radiate, then the luminophore emission is observed as plasmon-coupled emission,i.e., having the
spectral characteristics of the luminophore; otherwise, the luminescence is quenched [50]. Despite the large
enhancements that could be obtained, limited examples of practical and effective studies are reported, at present
times, where the great enhancing plasmon potentials are fully merged with chemiluminescence and ECL sensors
[50]. The reason for that may be not the trivial balance between emission enhancing and quenching, due to the

interaction with the metal surfaces, mostly depending on the distance at which the luminophore is placed in respect
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of the metal surface. For metallic NPs, Lakowicz suggested to separate their plasmon resonance bands in their
scattering and absorption components, indicating that an enhancement of the luminescence can be observed when,
at the emission wavelength of the dye, scattering prevails against absorption; otherwise quenching has to be
expected. The ratio between these two components depends on the metal used to synthesise the colloid, on its
dimension and on its shape. On the basis of this discussion, Lakowicz indicated 40 nm as the optimal size for having
metal-enhanced fluorescence (MEF). It is also to note that, for example in gold nanorods, the two components can
prevail in different spectral ranges, so that with the same colloid, a dye can be quenched and another one, emitting
in a more suitable region, can undergo luminescence enhancement. A limitation of the theory based on the RPs is
that it does not take into account of other possible mechanisms, and in particular electron transfer processes, able
to quench, typically at very short distances, the luminescence of the dye. However, this theory can give interesting
suggestions, and agrees, for example, with the sharp angular distribution into the underlying glass substrate of the
ECL emission of Ru(bpy)s** on a gold film [50,51].

More recently, other authors, including Polo and co-workers, have investigated the effect of SPR of gold
film on ECL signal intensity of Ru(bpy)s2*. The group was able to get a 1.7-fold ECL signal enhancement compared
to that of without the gold film, and also observed a quenching effect within a 10 nm distance between the
luminophore and the gold film [52].The groups of Guo and Lin [53], discussed the surface-enhanced ECL emission,
in particular of Ru(bpy)s®*. As also Lakowicz suggested, they indicated that the surface plasmons of noble metal
NPs are excited by the excited state of the ECL luminophores produced on the surface of the electrode, forming
evanescent electromagnetic fields around the metal surface (for example see in Fig.1). According to these authors,
these electromagnetic fields increase the excitation rate and ECL quantum yield of the luminophores which is a
measure of ECL efficiency (see eq. 21, described by Wang and co-workers [53]) and such kind of ECL is named
surface-enhanced ECL (SEECL) [1,18,28*** 53].

MDE(ro) = Fe}ffv(j()) * Q * N{f\ﬁ(ro) ————————— 21

Excitation  Emission
Where T'exc(ro) is the excitation rate, Q is the ECL quantum yield, MCE(ro) is the molecular collection

efficiency function at point ro(QXMCE(r,) is an emission factor.

SEECL signal intensity depends on different factors, the first one being the degree of overlapping between the ECL
emission spectra of luminophores and the UV-Vis absorption spectra of LSPR of metals. The ECL emission light
of the luminophores that interacts with the surface of the metal nanostructures has to be similar with that of LSPR
band as much as possible to generate LSPR-field which in turn affects the enhancement of ECL. Therefore, when
there is a good overlapping between the ECL emission of luminophore and the LSPR band of the metal

nanostructures, an enhanced ECL signal can be obtained [39,54].

The second important factor is the distance between ECL emitters and plasmonic material: the inter-

distance between the metal nanostructures and the ECL emitter can be fixed by using linkers of controlled length
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such as DNA or by controlling the thickness of the shell (for example, an outer SiO; shell) and it is a very important
factor for LSPR based ECL enhancement. It should be noted however that there is always a competition between
LSPR-field enhancement of ECL and ECL quenching, due to energy or electron transfer processes between metal
nanostructure and the luminophore. If the nanostructure and the luminophore are very close to each other, the
guenching effect typically dominates. On the other hand, the LSPR-field based ECL enhancement dominates at
higher distances, typically longer than 10 nm. However, further increasing the separation distance will result in a
decrease in the ECL intensity because of a decrease in LSPR electromagnetic field. Therefore, optimized separation

distance is always required [39,53].

A third factor is the size and shape of the nanostructure: -their changes affect the ECL intensity due to
different aspects. For example, different sizes and shapes of the metal nanostructures have different nanostructured
surfaces which determine the degree of interaction with the nearby excited luminophores. Therefore, appropriate
sizes (preferably smaller sizes) with shapes of the metal nanostructures are required to obtain significantly enhanced
ECL signals [54-56*].

Finally, another important element to be considered is the nature (type) of the plasmonic material. The level
of LSPR-based ECL intensity enhancement strictly depends on the type of metal nanostructures mainly because
this confers different optical and electrochemical properties. For example, Li and co-workers have found that the
ECL intensity of gold NPs has shown a great enhancement compared to that of Ag NPs and Pt NPs in the

determination of diclofenac [57,58].
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Fig. 1 The schematic diagram of SEECL. The figure is adapted from ref. [53]

Many researchers have developed different LSPR-based SEECL biosensors for the analysis of various
analytes and biomarkers. For instance, Li and co-workers have designed Au@SiO,-NH2/CdS/GCE ECL biosensor

for the detection of glutathione (a biomarker for many diseases such as diabetes, liver, Alzheimer, and Parkinson)
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and they have found about 35-fold enhanced ECL signal compared to the same electrode but in the absence of Au.
The separation distance of Au NPs and CdS QDs was controlled by the thickness of silica shells [1]. Ma et al. have
fabricated an Au—Au NP dimer-based surface plasmon coupling ECL (SPC-ECL) sensor for the detection of breast
cancer susceptibility gene 1 (BRCAL genes). The ECL emitter was graphite phase carbon nitride (g-CsN4) QDs
(GCN QDs). Carbon nitride is a two-dimensional nanomaterial that is composed of a large number of carbon and
nitrogen elements and has an attractive electronic structure, optical properties, and shows various functions such as
in fluorescent probes [59]. In this case, the gap distance between the two Au NPs was controlled by the length of
DNA that was used as a connector to form the dimers. The DNA chain was used not only to regulate the distance
but also to keep the binding site for biosensing. Due to the hot spot effect (responsible for the high electromagnetic
field distributed around the dimer) at the junction of the two Au NPs, the electrode modified with Au—Au dimers
enhanced the ECL signal of GCN QDs compared to that of electrodes without the dimers [57]. In another example,
Lin’s group has constructed SEECL signal of Ru(bpy)s?* for the ultrasensitive detection of prostate-specific antigen
(PSA) in human serum based on LSPR using Au coated by silica. The ECL signals of modified gold electrodes with
and without Au were compared and the ones in the presence of Au have shown a stronger ECL signal, attributed to
the LSPR of Au [27***].

Furthermore, Wang et al. have prepared a LSPR-based SEECL ultrasensitive sensor for the detection of
Hg?* using Ru(bpy)s** as ECL emitter and gold nanorods (AuNRs) as a source of LSPR. The distance between
Ru(bpy)s?* and AuNRs was controlled by using spacers of DNA and the effect on the intensity of the ECL signal
was well demonstrated. Moreover, the overlapping of the absorption spectrum of LSPR of AuNR (according to
Lakowicz [50], to its scattering component) and the ECL emission spectrum of Ru(bpy)s?* was observed which is
one of the requirements for ECL signal enhancement due to LSPR [39]. Cao et al have developed
Au@SiO,@RuDS/GCE nanocomposite-based plasmon-enhanced ECL sensor (RuDS; Ru(bpy)s?*-doped silica) for
the highly sensitive detection of glutathione (GSH) [21]. The intensity of Au@SiO,@RuDS/GCE ECL biosensor
was compared with that of other differently modified GCEs. As can be observed from Fig. 2A, the ECL intensity
of Au@RuDS/GCE is lower than that of RuDS/GCE, because of the quenching effect of AuNPs on the ECL signal
of Ru(bpy)s* through electron/energy transfer. On the other hand, the ECL intensity of Au@SiO.@RuDS/GCE is
2.3 times higher than that of RuDS/GCE because of the LSPR effect of AuNPs. The thickness of the silica shell
was used to control the separation distance between Au NPs and Ru(bpy)s?*. As is mentioned in the first paragraph
of section 2, there is always a quenching at closer distance (because of electron/energy transfer) and LSPR
enhancing competition effects ECL intensity. However, when they further increased the thickness of silica (> 13
nm), and thus the separation distance between Au NPs and Ru(bpy)s?*, they found a reduced ECL signal due to a
decline of LSPR electromagnetic field effect [21].
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Fig.2 A) ECL curves of Au@RuDS/GCE, RuDS/GCE, and Au@SiO,@RuDS/GCE in 0.10 M PBS (pH 7.5)
containing 10 mM TP B) ECL responses of (a) MIP/Ru@SiO./CS/GCE, (b) MIP/Ru@SiO./CS/AuNPs/GCE and
(c) Ru@SiO,/CS/MIP/AUNPs/GCE in 0.1 M PBS (pH = 7.0). Fig. 2A and 2B are adapted from ref. [21] and [9]

respectively, with permissions from Elsevier.

Wang’s group has also prepared a SEECL for ultrasensitive detection of carcinoembryonic antigen (CEA,
a biomarker for various cancers) using two aptamers to sandwich CEA, AuNPs as a source of LSPR, and Ru@SiO;
as luminophores. They showed a 30-fold enhanced ECL signal from the modified gold electrode in the presence of
AuUNPs compared to the ECL signal obtained without the gold nanostructures [18]. Kitteet al. have developed a
sensitive aptamer-based, sandwich-type surface plasmon-enhanced ECL(SPEECL) immunosensor for the detection
of cardiac troponinl (cTnl, the most used biomarker for the diagnosis of acute myocardial infarction), using aptamer
conjugated CdS QDs and AuNPs as ECL luminophores and plasmon sources, respectively. The signal of the
developed SPEECL system showed about a 5-fold increment compared to the one obtained without AuUNPs. The
optimum separation distance between CdS QDs and AuNPs was controlled by the length of the aptamers; i.e., by
varying the numbers of thymine (T) in the capture-probe pair. The maximum ECL intensity was found when the
number of ‘T’ was 15 in both aptamers. In addition, they have evaluated the degree of overlapping of CdS QDs
ECL emission spectrum and the Au NPs UV-Vis absorption spectrum to confirm if the ECL signal enhancement is
due to LSPR [29*].

The Zhao’s group designed an enzyme-assisted ultrasensitive ECL biosensor — based on the enhanced
signal of CdS nanocrystals due to their interaction with the LSPR of AuNPs dimers — for the detection of
microRNA-21, which plays a crucial role in many biological functions and diseases including development, cancer,
cardiovascular diseases, and inflammation [60]. The ECL intensities of different modified GCE electrodes were
compared; the one with AuNP dimers showed a 6.3-fold enhancement due to LSPR [61]. Zhang et al.have fabricated
a surface-enhanced molecularly imprinted ECL (MIP/Ru@SiO2/CS/AuNPs/GCE) biosensor based on LSPR for the
ultrasensitive detection of fumonisin B1, a toxic and cancerogenic mycotoxins found mainly in maize. This group
has compared the ECL response of three different modified electrodes to know the mechanism or source of ECL
signal enhancement. As shown in Fig. 2B, the ECL intensity of the MIP/Ru@SiO, /CS/AuNPs/GCE modified
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electrode (curve b) was much stronger than the one without AuNPs (curve a), and the ECL enhancement was
attributed to the LSPR of AuNPs. On the other hand, the ECL signal of Ru@SiO, /CS/MIP/AuNPs/GCE (curve c)
modified electrode was less intense than that of MIP/Ru@SiO2/CS/AuNPs/GCE because of the higher separation
distance between the Ru(bpy)s?* NPs and AuNPs, causing a lower surface plasmon enhanced ECL [9]. By coating
ITO electrode with Au@SiO,, Li’s group was able to find over 1,000 times ECL intensity for Ru(bpy)s*/TPrA
system compared to the bare ITO electrode due to LSPR, making the detection of the prostate-specific antigen
(PSA) possible with the remarkable detection limit of 3 fg [62].

During the design of the SEECL biosensors, the researchers usually perform electrochemical impedance
spectroscopy (EIS) experiments (for example as shown in Nyquist plots in Fig. 3A) to analyse the changes in the
electron transfer resistance (Ret) [9,18]. The semicircle diameter obtained from the Nyquist plots of EIS represents
the interfacial resistance at the electrode surface. The higher the semicircle diameter indicates a greater Re value
[27%%+].

As we have already discussed, evaluating the effects of the separation distances between ECL emitters and
noble metals (sources of LSPR) on the ECL intensity is a common practice to see whether LSPR is responsible for
the observed enhancement, and so is the examination of the overlap between the ECL emission spectrum of the
emitter and absorption spectrum of LSPR of metals (Fig. 3B) [61,62].
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Fig. 3 A) Nyquist plots of different modified electrodes. The Nyquist plots were recorded in PBS solution (0.1 M,
pH = 7.0) containing 5.0 mM KasFe(CN)s with the biasing potential 0.21 V and 5 mV alternative voltage in the
frequency range of 1-100000 Hz . Fig. 3A is adapted from ref. [18] with a permission from American Chemical
Society B) Spectra overlap between the emission spectrum of Ru(bpy)s** and extinction spectrum of Au@SiOs..

Fig. 3B is adapted from ref. [62] with a permission from Elsevier.
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However, confirmatory experiments which prove the absence of contributions of other factors such as
catalytic activity and electrochemical effects (surface area and electron transfer, etc.) should also be performed since
the ECL enhancement effects due to these terms can be significant. For instance, Zhao’s group has explored
electrochemical measurements of three different modified electrodes by cyclic voltammetry (CV) in 0.1 M PBS
(pH 7.0). As shown in Fig. 4, no redox peaks have been observed in the selected potential window after dropping
AUNPs on the electrode (curve a). However, a pair of redox peaks can be obtained when the electrode was coated
only with Ru@SiO,/Chitosan (curve b), and the peak current increased markedly after the following introduction
of AuNPs (curve c). Based on these results, the group has confirmed that there was a contribution to the enhanced
ECL signal by the electrochemical effect due to the increase of the electrode surface area after modification of the
electrode by AuNPs. The conclusion after evaluating all data has been that both the LSPR and electrochemical

effect of AuNPs contributed to the enhancement of ECL intensity [9].
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Fig. 4 CV curves of (a) AUNPs/GCE, (b) Ru@SiO./Chitosan/GCE and (¢) Ru@SiO./Chitosan/AuNPs/GCE in 0.1
M PBS (pH 7.0). The figure is adapted from ref. [9] with a permission from Elsevier.

3. Resonance energy transfer ECL (ECL-RET)

As we have already mentioned, an improvement in the performances of biosensors can be obtained by
exploiting ECL-RET processes, i.e., through an efficient energy transfer between the donor generated in the
electrochemical process and a suitable acceptor. ECL with multicolour and tuneable intensities can also be obtained
by resonance energy transfer (RET), a feature that is crucial for multiplexed bioassays and analysis [63]. For
example, our group has developed — to take profit of this effect — different core-shell silica-PEG NPs containing
different combinations of 9,10-diphenylanthracene (DPA),a cyanine 5(C) and rhodamine B (RhB); in particular
DPA and C could be confined on the shell, while RhB in the silica core. DPA@NPs were able to give in water a
blue ECL signal with maximum at ca 430 nm, very similar to the one showed by only DPA in aprotic media, while
RhB@NPs showed an ECL emission at 570 nm. It is important to note here that free RhB, not included in NPs, is
unable to give ECL emission, because of electrode passivation. In NPs containing both DPA and RhB, the only
signal obtained has been the one at 570 nm, because of the highly efficient energy transfer achievable in this kind

of nanoarchitectures [64]. When also C was present inside the NPs in combination with DPA and/or RhB, it was
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possible to observe only its emission at 670 nm, indicating again that the energy could be funnelled to the lowest
energy acceptor. In this way, three different colours could be obtained with simple chemical modifications, also
increasing the possible molecules that could participate in the generation of the final signal [4].

In another example, Ru(ll) complexes have been used as energy acceptors in combination with CdS QDs
[65], g-C3sN4 nanosheet [66], and luminal [ 67]; interestingly, the same complexes could act as donors if they are
close to acceptors such as CdTe QDs having higher quantum yields. Chen and co-workers have developed an ECL-
RET sensor by co-encapsulating the donor ([Ru(bpy)s]?*) and acceptor (CdTe QDs) into a single silica nanosphere
eliminating the effect of separation distance and thus obtaining an enhanced ECL performance for the detection of
mycotoxins (o-ergocryptine and ochratoxin A). The authors have also demonstrated that there was a good
overlapping between the emission band of the donor and the absorption of the acceptor (Fig. 5A), a required feature
to an ECL-RET process from Ru(bpy)s?* to CdTe QDs [68].
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Fig. 5 A) UV—Vis absorption spectrum of CdTe QDs (black) and ECL spectrum (blue) of Ru@SiO./GCE B)
Normalized ECL spectra of CdTe-Ru@SiO./GCE with different ratio of Ru(Il) to CdTe, here the content of
Ru(bpy)s?* was fixed at 170 pl (80 mM) and CdTe QDs with different amounts (curve 1, 30 pl; curve 2, 170 pl;
curve 3, 310 ul) were used; C) ECL responses of CdTe@SiO./GCE (curve 1), Ru@SiO./GCE (curve 2),
Ru@SiO./GCE with 5 ul CdTe in solution (curve 3), and CdTe-Ru@SiO./GCE (curve 4) . The figure is adapted
from ref. [68] with a permission from American Chemical Society.

Furthermore, the ECL spectra of CdTe-Ru@SiO./GCE with a different ratio of Ru(Il) to CdTe inside the
nanospheres were compared. As it can be seen in Fig. 5B, the ECL-RET leads to a decrease of the ECL emission
of Ru(bpy)s?* centred at 599 nm upon the increase of the amount of CdTe QDs, with a concomitant significant
increase of the CdTe QDs emission at 627 nm. In addition, the ECL intensity of different modified electrodes has
been compared (Fig. 5C), and the intensity obtained from CdTe-Ru@SiO»/GCE is the one showing the highest
enhancement. All these results have proved the existence of an efficient energy transfer process from Ru(bpy)s* to
the CdTe QDs [68].

Li et al. have also designed ECL-RET system within one nanostructure containing tris(4,4'-
dicarboxylicacid-2,2'-bipyridyl) Ru(ll) dichloride (Ru(dcbpy)s**) as an energy donor and CdSe@ZnS QDs as
acceptor. The ECL intensity of the QDs-Ru(dcbpy)s?* composite was higher compared to the ECL intensity of QDs

and used to detect miRNA-141, a relevant biomarker for human prostate cancer cells. The ECL emission spectra of
12



Ru(dcbpy)s?*and UV-Vis absorption spectra of QDs have shown a significant overlap, supporting the possibility of
occurrence of ECL-RET from Ru(dcbpy)s?*to QDs [69].

Xu’s group has designed different ECL-RET systems for the detection of various analytes and biomarkers.
For example, they have fabricated an ECL-RET from Mn-doped-CdS NCs (Mn@CdS) to Au NPs for the detection
of DNA. The distance between CdS:Mn NCs and AuNPs was regulated by the length of a DNA hairpin [70]. They
have also developed an ECL-RET system from CdS QD as a donor and Ru(bpy)s** as an acceptor for sensitive

cytosensing [71].

Xu’s group has designed a gold NP-enhanced ECL-RET system from CdS NC thin film as ECL emitter
and Au NPs to determine thrombin. Their designed system showed a 5-fold enhancement of ECL signal as compared
to that without Au NPs due — according to their justification — to an energy transfer from the excited AuNPs to the
CdS NCs [24]. To have more insight into the mechanism responsible for the ECL emission of their system, they
performed control tests without Au NPs and CV experiments. Overall, the results showed that Au NPs could
increase the effective surface area of the electrode and enhance the rate of electron transfer, as also shown by the

current peaks in the CV experiments, demonstrating a synergistic combination with the energy transfer process [22].

Xu’s group has tried to prove the occurrence of RET as a possible mechanism for the ECL enhancement.
In particular, they did a control experiment with and without the involvement of AuNPs. They have also checked
the overlapping of the ECL emission spectra (energy donors) with that of UV-Vis absorption spectra of the energy
acceptors. The trend of ECL emission intensity peaks of energy acceptors and donors was evaluated by varying the
concentration ratios of the two. As the concentration of Ru(bpy)s?* increased, its ECL emission intensity peak (at
620 nm) increased, a result that has been taken as the confirmation of the occurrence of ECL-RET from CdS (donor)
to Ru(bpy)s** (acceptor) [24,70,71]. Dong et al have designed an ECL-RET-based aptasensor between luminol as
an ECL donor and CdSe@ ZnS QDs as an acceptor, which was used for sensitive detection of thrombin [72].

Moreover, Zhang and co-workers have developed an enhanced ECL-RET system for the detection of an
ovarian cancer biomarker called lipolysis stimulated lipoprotein receptor (LSR). In their system, Ru(bpy)s?* acted
as a donor and CdZnSe@ZnSe QDs as the acceptor of ECL-RET. TiO, metal—organic frameworks (TiO. MOFs)
were used for loading Ru(bpy)s®* and the complex with numerous horseradish peroxidases (HRPs) to immobilize
CdzZnSe@ZnSe QDs. To prove the occurrence of effective ECL-RET, the group has done some confirming
experiments. First, as can be seen in Fig. 6A, there was a good overlap of the UV—Vis absorption spectrum (Amax =
620nm) of CdZnSe@ZnSe QDs and the ECL emission spectrum (Amax = 617 nm) of Ru(bpy)s** [73**].
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Fig. 6 A) UV—Vis absorption spectrum of CdZnSe@ZnSe QDs (red line) and ECL emission spectrum of Ru(bpy)s**
(blue line). B) UV—Vis absorption spectrum of CdZnSe@ZnSe QDs (red line) and ECL spectrum of Ru(bpy)s**

(blue line). The figure is adapted from ref. [73**] with a permission from American Chemical Society.

Further support to the occurrence of the energy transfer process came from observing the intensity of the
ECL signals at different concentration ratios of Ru(bpy)s?* and CdZnSe@ZnSe QDs. As the concentration of
CdznSe@2ZnSe QDs increased, they were able to observe a decrease of the ECL emission attributable to Ru(bpy)s?*
and a concomitant remarkable increase at 635 nm, attributable to the luminescence of CdZnSe@ZnSe QDs (Fig.

6B), in line with the occurrence of ECL-RET [73**].

Lu et al. have designed ECL-RET system using Ru(bpy)s?*-doped silica NPs (RuSi NPs) as the ECL donor
and hollow Au nanocages as the ECL acceptor for detection of miRNA141 and the separation distance was regulated
by Tetrahedron DNA (a three-dimensional DNA nanostructure which has many applications in the construction of
biosensors) [74,75]. The ECL-RET system based on the electronic excitation energy transfers from
GO-Au/RuSi@Ru(bpy)s**/Chitosan composites as ECL donor andAu@AgS NPs ECL acceptor for specific
detection of target DNA was constructed by Wu and co-workers. The distance was controlled by the length of DNA.
Compared to RuSi@Ru(bpy)s®>*/Chitosan, the ECL signal observed by the application of
GO—Au/RuSi@Ru(bpy)s**/Chitosan composites was enhanced by 5-fold [25]. Wang’s group has designed an ECL-
RET/surface plasmon coupled ECL (SPC-ECL) nanosensor for the detection of Shiga toxin-producing Escherichia
coli based on boron nitride (BN) QDs as luminophores and Au causes of RET and SPC. The distance between BN

QDs and Au NPs was controlled by hairpin DNA [2].
4. Conclusion

Among many possible mechanisms, LSPR and RET can have great effects on the enhancement of the ECL
signal intensities and can thus be used in the design of ultrasensitive biosensors for the detection of various analytes

of biomedical and environmental interest.

In the case of LSPR-ECL system, the theory behind this effect is complicated and other effects— such as

electron transfer processes — can occur, making the overall interpretation difficult. We have however gathered from
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previous literature possible strategies to design nanostructured architectures — in particular, their material, their size,
their shape and their optical properties, that can benefit from this effect, that in some cases has led to impressive
enhancements. We recommend, in all cases, to make a proper characterization of the systems to disentangle all
possible contributions to the final ECL signal, both leading to its decrease or enhancement. This is frequently not a
simple task, since the rigorous quantification of the single factors influencing the brightness of a LSPR-ECL system
requires the comparison with corresponding reference systems in which contributions such as the LSPR and
electron-transfer processes involving the metal surface are excluded. In the case of metal @SiO- nanostructures, for
example, reference counterparts can be obtained by removing the metal from the initial system, to preserve all the
other features that need to be evidenced during the characterization. Chemical modifications like this need to be
optimized and carefully evaluated since they may influence the starting colloidal properties of the systems that are

under investigation.

Large enhancements of the emitted light can be the result of a properly designed ECL-RET system. In this
case the theory behind the process is more largely understood but, again, concomitant processes can occur.
Interestingly, in this case, the nanostructure can play the role of the energy- donor or acceptor, or as a scaffold to
keep the donor-acceptor couple (in this case typically represented by molecular dyes) at the proper distance to make
the process efficient. Also in this case, the types and occurrences of these ECL enhancement mechanisms have to
be supported by experimental pieces of evidence, such as a suitable overlap between the ECL emission spectrum
of the ECL emitter and the absorption spectra of the final acceptor. Investigating the effect of the separation distance
(for example the thickness of a silica shell and the length of a DNA sequence) between the donor-acceptor couple
is also another confirmatory experiment. Using different concentration ratios of the ECL-RET donor and acceptors
in the nanostructures (nanocomposites) is also very important evidence to confirm that the mechanism of ECL
enhancement is due to RET. It is important to underline that, with this approach, it is possible not only to increase
the final intensity of the ECL emission but also to tune its wavelength, paving the way for a more flexible approach

to multiplexing, a point of weakness, so far, of the ECL technology.
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