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G R A P H I C A L A B S T R A C T
� Electrochemiluminescence technology
and mechanisms are introduced.

� Various electrochemiluminescence im-
aging techniques are described.

� Progress in single-entity electro-
chemiluminescence imaging is
reviewed.

� Advances in using electro-
chemiluminescence for fingerprint im-
aging are summarized.
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A B S T R A C T

Electrochemiluminescence (ECL) has been widely applied in imaging owing to features that distinguish it from
other microscopic techniques and electrochemical methods, including its high signal-to-noise ratio, remarkable
sensitivity, wide linear range, high spatiotemporal resolution, and near-zero background light. Imaging tech-
nology based on ECL has been used in the fields of immunosensing, pathological cell detection, and drug analysis.
Additionally, its simple operation and ability to detect dynamic processes and catalytic sites strengthen its po-
tential for research on material surfaces and interfaces, in vivo biological analysis, and cell visualization. At the
same time, the emergence of a variety of nanomaterials and new microscopic analysis equipment has further
promoted the development of high-resolution ECL imaging technology. This paper introduces the development of
ECL technology and the mechanisms of the main ECL systems. It then describes various forms of ECL imaging
methods, and reviews research progress on ECL imaging technology in the fields of single-particle imaging,
fingerprint structure analysis, and single-cell microscopic imaging. Finally, the authors offer their views about the
prospects for ECL imaging technology.
1. Introduction emitted light is the analytically useful signal [1–11]. Detection based on
Electrochemiluminescence (ECL) refers to the electrochemically
triggered emission of light. In modern ECL, this arises from the redox
reaction between a luminophore and a sacrificial co-reactant. The
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this optical signal overcomes the problem of low sensitivity, enhancing it
by several orders of magnitude. For example, the limit of detection (LOD)
of RuðbpyÞ32þ obtained by electrochemical methods is in the micromolar
range, while with ECL it is closer to picomolar, and even single ECL
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events may bemeasured with tripropylamine (TPA) as a co-reactant. This
makes ECL a method of choice for bioassays [12–18]. Moreover, the
technique’s surface confinement, low background signal, and sensitive
optical output, along with the dependence of its intensity on local elec-
trode surface properties, make ECL a rising imaging/microscopy
technique.

Various ECL imaging approaches have been developed by using
conventional electrochemistry, bipolar electrochemistry, or wireless
electrochemistry. Generally, we distinguish two main modes in ECL im-
aging: shadow ECL (SECL) and positive ECL (PECL). The two are closely
related to the mechanistic routes by which ECL is generated, but their
main difference is in the final images. While SECL creates a dark picture
on a luminescent background, the PECL mode does the opposite,
generating an image of a luminescent object on a dark background. PECL
requires cell labeling, whereas SECL is a label-free method whereby the
luminophore is dissolved in solution. Both modes have their advantages
and are used accordingly in different studies. ECL imaging has been
increasingly used in bioanalysis, cancer cell detection, cell surface bio-
molecular analysis, cell apoptosis monitoring, as well as the imaging of
single cells, fingerprints, single particles (e.g., nanoelectrocatalysts), and
single molecules. Given the developments in ECL-based methods over the
last decade, various aspects of and trends in ECL and ECL microscopy
have already been reviewed [19–29].

In this review, we introduce the principal features of ECL and the
mechanisms of the main ECL systems, describe the various ECL imaging
methods, summarize research progress in ECL imaging technology —

from single-particle imaging and fingerprint structure analysis to single-
cell and single-molecule microscopy— and comment on the prospects for
ECL imaging technology.

2. ECL systems and mechanisms

In general, ECL involves two main processes: (i) excitation of a
luminophore, consisting of an electrochemical and chemical (redox) step,
and (ii) light emission (luminescence). The electrochemical reaction in
Fig. 1. Proposed mechanism for the ECL reaction of luminol [36
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(i) generates the oxidized (and/or reduced) state of the luminophore and
a highly unstable sacrificial co-reactant radical, which rapidly breaks
down to form a strong reductant (or oxidant). The formed species react
with each other by a very exergonic electron-transfer reaction and bring
the luminophore into its excited state. A luminescence reaction (ii) occurs
upon relaxation of the luminophore to its ground state. Depending on the
experimental setup and the absence or presence of the co-reactant in the
solution, we can distinguish two pathways: annihilation ECL and co-
reactant ECL. As already mentioned, modern ECL technology relies
mainly on the co-reactant pathway.

As typical ECL reagents, hydrazide compounds have the advantages
of high luminescence efficiency, good reagent stability, low ECL potential
in aqueous phase reactions, low cost, and low toxicity. Luminol is a
standard example of this molecular family. In 1929, Harvey et al. re-
ported the ECL properties of luminol for the first time, and the ECL
mechanism and applications of related compounds have also been re-
ported in a large number of studies since then. Its ECL mechanism is
similar to that of CL. As shown in Fig. 1, the anion of luminol (LH�)
generates diazaquinone (L��) through single electron transfer at the
electrode, then is further oxidized by a superoxide radical (O2

��) or
hydrogen peroxide anion (HO2

�) to a 3-amino-o-dicarboxylate anion
(AP2�*). After that, it returns to the ground state, accompanied by light
radiation [30–36].

Another model ECL system is based on inorganic and metal–organic
complexes. Studies have found that many metal clusters and redox
polymers present ECL properties. For most transition metal compounds,
the ECL is mainly derived from light emission upon the return of the
energy excited state to the ground state, because the coupling of the spin
orbit results in rapid spin-allowed excited state inactivation. In many
cases, these excited states can only exist for a very short time, and
phosphorescence is generated mainly through spin-blocking in the
excited states. Numerous complexes of various metals, such as ruthe-
nium, osmium, chromium, cadmium, palladium, platinum, rhenium,
iridium, molybdenum, terbium, europium, and copper, have shown ECL.
RuðbpyÞ32þ has been studied extensively due to its excellent photo-
]. Reproduced from Ref. [36] with permission from Elsevier.
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physical and electrochemical properties. It plays an important role in
theoretical research and analytical/imaging applications of ECL. In this
system, ECL shows the following characteristics: (a) the analysis can be
carried out in neutral aqueous solutions or organic solutions. (b) It is
insensitive to the presence of impurities and dissolved dioxygen. (c)
Stable ECL can be produced at room temperature and at relatively low
anodic potentials. (d) The luminophore is regenerated during the ECL
process, and it can be “reused” (returned to the ground state without
decomposition or other chemical changes), unlike the co-reactant species
[37,38].

In 1972, Bard's group observed annihilation ECL by applying positive
and negative potentials to Pt electrodes in acetonitrile containing
RuðbpyÞ32þ. When the working electrode is rapidly pulsed between suf-
ficiently positive and negative voltages to generate RuðbpyÞ3þ and

RuðbpyÞ33þ from RuðbpyÞ32þ, the two can react to form the excited

RuðbpyÞ32þ*. ECL is generated by the transition of the excited state back
to the ground state, causing the emission of red light at 620 nm; this can
be described by the following reactions [39–41].

RuðbpyÞ32þ � e� → RuðbpyÞ33þ

RuðbpyÞ32þ þ e� → RuðbpyÞ3þ

RuðbpyÞ33þ þ RuðbpyÞ3þ → RuðbpyÞ32þ* þ RuðbpyÞ32þ

RuðbpyÞ32þ* → RuðbpyÞ32þ þ hv

RuðbpyÞ32þ/TPA is the most studied co-reactant ECL system at pre-
sent, and several competitive ECL reaction routes have been proposed.
After the application of unidirectional anodic potential, RuðbpyÞ32þ and

TPA are oxidized to RuðbpyÞ33þ and TPA�þ, respectively. The cation
radical then loses a proton to produce a strong neutral reductant, TPA�.
As shown in Scheme 1a, the redox reaction between RuðbpyÞ33þ and TPA�

is highly exergonic and results in the formation of the excited state,
RuðbpyÞ32þ*. Scheme 1b shows that TPA� can also reduce RuðbpyÞ32þ to

produce RuðbpyÞ3þ, which then reacts with electrogenerated RuðbpyÞ33þ
to generate ECL. Scheme 1c shows the “catalytic” route involving ho-
mogeneous oxidation of TPAwith RuðbpyÞ33þ [42]. The heterogeneous or
remote route (Scheme 1d) involves direct oxidation of TPA on the elec-
trode surface, yielding TPA�þ and, by its deprotonation, TPA�. TPA� re-
duces RuðbpyÞ32þ to RuðbpyÞ3þ, which is subsequently oxidized to

RuðbpyÞ32þ* by TPA�þ. This route is only possible when using the lumi-
nophore as a label, immobilized on a non-conductive object, and its
surface confinement is due to the short lifetime of TPA�þ [43]. Recently,
Zanut et al. have proposed an additional short-distance reaction route
involving a N-centered dipropylamine radical generated by C–N bond
cleavage in concert with TPA oxidation (Scheme 1e) [44].

RuðbpyÞ32þ/persulfate (S2O8
2�) is a typical reduction–oxidation

cathodic ECL system. First, both are reduced to form RuðbpyÞ3þ and

SO4
��, and their reaction results in the formation of the RuðbpyÞ32þ*

excited state, followed by light emission [45,46]:

S2O8
2� þ e� → S2O8

�3�

RuðbpyÞ32þ þ e� → RuðbpyÞ3þ

RuðbpyÞ3þ þ S2O8
2� → RuðbpyÞ32þ þ S2O8

�3�

S2O8
�3� → SO4

2� þ SO4
��

RuðbpyÞ3þ þ SO4
�� → RuðbpyÞ32þ* þ SO4

2�
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RuðbpyÞ32þ þ SO4
�� → RuðbpyÞ33þ þ SO4

2�

RuðbpyÞ33þ þ RuðbpyÞ3þ → RuðbpyÞ32þ* þ RuðbpyÞ32þ

RuðbpyÞ32þ* → RuðbpyÞ32þ þ hv

At present, ECL of RuðbpyÞ32þ with S2O8
2� is rarely used in aqueous

solutions because it requires negative reduction potentials and has
hydrogen evolution as a side reaction.

3. ECL imaging analysis

3.1. ECL imaging

Currently, the common ECL sensing technology mainly uses a pho-
tomultiplier tube (PMT) and other photodetectors to collect the photons
generated by the whole surface of an electrode, then outputs the corre-
sponding ECL signal after amplification. PMT-based ECL devices have
been widely used in many fields of analytical chemistry, especially in
medical research and biological analysis, due to its simple structure and
low cost. PMT-based ECL detection can also be arranged to record the
luminescence intensity over a localized region of an electrode. This is the
principle of confocal microscopic ECL imaging: a pinhole aperture is used
to collect the photons emitted only from a focused diffraction-limited
spot of a sample, here a region of an electrode. Scanning the focused
spot over the sample allows imaging of its ECL distribution. Confocal
microscopy has been used to resolve spatially (then image) ECL distri-
bution at microelectrodes [47,48].

Similarly, but without scanning the photon detector, a CCD (charge
coupled device) camera allows photons to be collected instantaneously
by a large array of detectors (e.g., 1024 � 1024 detectors for a 1 M pixel
camera). This offers another way of collecting ECL imaging and output-
ting an ECL signal in the form of an image, without having to scan
samples with the detector. The main components of such ECL imaging
setups include a potentiostat and a bright field microscope (or objective
microscope) equipped with a CCD or EMCCD (electron multiplier CCD)
camera. By selecting the appropriate electrochemical conditions and
techniques, electrode structure, and solution composition, the thickness
of the ECL active region and the lateral resolution of the ECL imaging
techniques are tunable. Typically, the thickness of the ECL reaction layer
is in the micrometer range. It can be decreased with higher concentra-
tions of co-reactant. The lateral resolution is usually similar to that in
classic optical microscopy techniques. This type of ECL imaging tech-
nology, developed in recent years, can provide optical images and elec-
trochemical signals at the same time, and can meet the analytical science
requirements for high throughput, visualization, and information diver-
sification. ECL imaging systems play an important role in both macro and
micro analysis [49–53].

3.2. ECL imaging based on BPE

A bipolar electrode (BPE) is a conductive object placed between an
anode and a cathode (named the feeder electrodes) in an electrolytic cell
containing a given electrolyte [54]. The conductor is not directly con-
nected with the power supply, whereas the feeder electrodes are. But
when a voltage is imposed between the two feeder electrodes, the applied
electric field induces a potential difference between the two ends of the
conductor, one becoming polarized into a cathode and the other into an
anode. Due to the potential difference between the two ends of the bi-
polar electrode and the solution, oxidation and reduction reactions occur
simultaneously at both ends of the bipolar object. When a sufficient
voltage is applied between the feeder electrodes, a reduction reaction
takes place at the cathodic end of the BPE, and the ECL of a
RuðbpyÞ32þ/TPA or luminol/H2O2 system is localized (and imaged) at its



Scheme 1. ECL reaction routes of RuðbpyÞ32þ/TPA ECL [42–44]. Reproduced from Refs. [42–44] with permission from the American Chemical Society and Nature
Portfolio, respectively.
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anodic end. The ECL image is collected by a CCD camera and transmitted
to a computer for image information analysis [55–59]. A mobile phone
has also been reported to image multicolor ECL emission [54].

Cao et al. developed a BPE ECL imaging strategy based on closed
bipolar electrodes (Fig. 2) [2]. They used a functional nanoprobe of
heterogeneous RuðbpyÞ32þ@SiO2/Au nanoparticles for a visual immu-
noassay of prostate-specific antigen (PSA) on a single cell. Based on the
synergistic amplification effect of anode and cathode amplification, a
multiple auxiliary ECL signal amplification strategy was introduced
into the detection system. This was also used to evaluate the level of
PSA in serum samples. The sensing platform could not only detect
tumor markers in body fluid but also measure their expression in a
single cell.

Douman et al. constructed a radio chemiluminescence system using
interdigitated, 3D-printed titanium arrays as feeder electrodes. The
micro-emission was gold microparticles (45 μm diameter) functionalized
with 11-mercaptoundecanoic acid. A RuðbpyÞ32þ/TPA system was used
to produce ECL. Depending on the geometry of the electrode array, the
oxide-coated titanium eliminated the need to add an electrolyte to the
process that generated the electric field. They mapped the distribution of
electric fields using COMSOL simulations and ECL imaging with long
exposures. At the same time, the surface charge of the gold particles
could be controlled by pH and the ECL intensity was thereby affected
[60].
Fig. 2. Construction of the ECL assay interface on the anodic pole of the BPE, an
permission from the American Chemical Society.

Fig. 3. Schematic representation of the wireless ECL system (a), photo (b) and ECL i
lacquered copper coils [61]. Reproduced from Ref. [61] with permission from the A
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3.3. ECL imaging based on wireless transmission

A BPE provides a way to achieve ECL without a direct connection to
the electrode. Although some reports call it a “wireless” technology,
electron transfer still requires a conductive material or feeder electrodes
in a solution as the carrier, rather than this being truly wireless trans-
mission. What is often called wireless transmission technology refers to
there being a space separating the power generation device and the
electric device; these are not directly connect by wires, so the electric
energy is transmitted by electromagnetic induction and other ways. Xu
et al. designed a wireless ECL device by using wireless transmission
technology, as shown in Fig. 3 [61]. The transmitter end of the radio is a
wireless transmitting coil, the receiver end is a copper coil, and the two
ends of the copper wire are connected to the working electrode and the
opposite electrode, respectively. ECL detection of H2O2 can be performed
with luminol without any direct electrical contact between the electro-
chemical driving device and the electrode.

J. Totoricaguena-Gorri proposed a device based on a rectified an-
tenna and a double-electrode electrochemical battery, both of which
were printed on a thin plastic substrate. A rectifier antenna is a rectifier
device composed of an antenna coupled to a rectifier circuit. Rectifier
antennas convert an alternating current (AC) signal to a direct current
(DC) voltage, and they are mainly used for radio frequency (RF) to DC
power conversion. The rectifier antenna can use near-field communi-
d schematic setup used for ECL imaging [2]. Reproduced from Ref. [2] with

mage (c) of the wireless ECL mini-device using two short gold wires with small,
merican Chemical Society.
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cation (NFC, 13.56 MHz) signals to provide the energy needed to
generate ECL from RuðbpyÞ32þ/TPA. The intensity of the light emitted is
proportional to the concentration of the ruthenium complex and can
then be captured and analyzed by a mobile phone camera. The method
and device are easy to use and constitute the first application of NFC in
an ECL system [62].

3.4. ECL imaging based on multi-electrode array

ECL has also impacted the interdisciplinary research field of analyt-
ical chemistry for life sciences, where the focus is on the detection of the
numerous chemical components involved in biological activities, as well
as the exploration of new detection principles and analysis methods.
Electrochemical analysis, especially ECL, is a common detection method
that has been combined with biochip technology, and many ECL biochips
have been developed by researchers. Among these, electrode arrays have
many advantages, such as integration, miniaturization, and general
quantization [61,63–66]. ECL imaging with microarray electrodes can
also reduce the number of samples required to be examined and provide a
high spatial resolution analysis method.

Wireless ECL is a particularly interesting strategy for implementation
in the multiple instruments used for analysis in the life sciences (micro-
scopes, cell culture chips, etc.). However, the wireless energy trans-
mission module induces an alternating potential waveform at the
receiver electrode, resulting in the electro-generation of different active
intermediates that interfere with and weaken the ECL generation. Xu's
team proposed a strategy to circumvent this issue using a wireless ECL
electrode array chip [67]. As shown in Fig. 4, by implanting a rectifying
diode in the receiver branch of a circuit, a stable direct potential/current
is obtained, thus increasing the ECL efficiency and luminescence in-
tensity by 18,000 times. The introduction of a diode is more conducive to
visual detection with a luminol/H2O2 system, and it also reduces the
performance requirements of the image acquisition equipment (camera),
lowering the equipment cost. In addition, the array chip can be used for
simultaneous detection of multiple concentrations or components, which
greatly improves analytical efficiency.

The preparation of BPE arrays is technically demanding. Iwama et al.
proposed a new manufacturing scheme for the large-scale production of
Fig. 4. Schematic representation of the wireless ECL detection mini-device (a,
b) and its working circuit (c), showing the use of a rectifying diode to suppress
the alternating current waveform in the reception branch [67]. Reproduced
from Ref. [67] with permission from the American Chemical Society.
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an array comprising bundles of carbon fiber-based BPE (cBPE) with high
precision and yield [68]. Their approach was based on a highly repro-
ducible thermal stretching process, optimized for fabricating a
single-electrode fiber from a carbon nanofiber composite. After demon-
strating the fiber's applicability in a cBPE-ECL system, they prepared a
multi-electrode fiber (each with a diameter in the range of tens of mi-
crometers) by the thermal stretching of 104 single-electrode fibers. The
feasibility of using this multi-electrode fiber as a cBPE array for ECL
imaging was confirmed, and the functional rate was 99%. They also
discussed miniaturizing the cBPE and therefore the ECL imaging reso-
lution. This relies on miniaturizing the carbon micro/nanofibers in
conjunction with thinning the fiber bundle using the principle of thermal
stretching.

Sentic et al. fabricated a nanodisk array electrode and nanoribbon
array electrode with different spacing sizes using electron beam
lithography of a polycarbonate layer on boron-doped diamond (BDD)
[69]. In addition, 16 different geometric shapes were etched on the
same BDD substrate to form a multiple nanoelectrode and ultra-
microelectrode array platform (MNEAP). Imaging experiments using a
RuðbpyÞ32þ/TPA system (Fig. 5) simultaneously showed the effects that
modulating the dimensions and shapes of the electrode arrays had on
the imaging resolution and sensitivity. In high concentrations of TPA,
point-like or banded ECL imaging with good separation (high resolu-
tion) was obtained, and the thickness of the ECL spot or band was
correlated with the TPA concentration. However, the ECL image pro-
duced with nano-electrodes arrays in which the size and spacing of the
nano-electrodes were small was diffraction limited: the thickness of an
individual band or spot was difficult to distinguish (resolve) clearly,
which limited its application for imaging. The nanoelectrode arrays did
produce much higher ECL signals, making them of interest for more
sensitive detection devices.

Disposable flow ECL-based assays have been considered by Wang
et al., who designed a potential-resolved paper-based biosensor based on
a BPE array. They used wax printing technology, screen printing tech-
nology, and gold nanoparticles (AuNPs) grown in situ to prepare a paper-
based microfluidic sensing platform with a hydrophilic zone, hydro-
phobic boundary, waterproof electron bridge, driving electrode region,
and parallel bipolar electrode region. CdTe quantum dots (QDs)-H2 and
Au@g-C3N4 nanosheets (NSs)-DNA1 were used as dual ECL signal
probes, and carboxylated Fe3O4 magnetic nanoparticles functioned as
carriers. The detection of two kinds of RNA (miRNA-155 and miRNA-
126) was realized. The combination of this bipolar electrochemical sys-
tem and potential-resolved multitarget ECL could reduce spatial inter-
ference and provide an effective method for clinical application [60].

In addition to conventional three-electrode systems and bipolar
electrochemical systems using electrode arrays, single-electrode elec-
trochemical systems (SEES) have also attracted substantial attention.
Compared to multi-electrode array electrochemical systems, the SEES is
characterized by its simplicity, cost-effectiveness, and user-friendliness.
At the same time, the detector is flexible and has great development
potential. Du et al. developed a SEES for visual high-throughput ECL
immunoassay. Based on the resistance sensing potential difference, the
system attaches plastic stickers with multiple holes to a single carbon
ink screen printing electrode, thus forming an intuitive and simple
detection device. Because of the efficient adsorption and biological
affinity of the carbon inks, antibodies can be immobilized on inkjet-
printed carbon mesh electrodes. The cardiac troponin I (cTnI) marker
can be captured by cTnI antibody immobilized on an electrode surface.
When the electrode triggers the ECL of the luminol-H2O2 system,
marker recognition results in a decrease in the ECL intensity. The as-
sembly and labeling process could be simplified using a smartphone as a
detector. The ECL composite immunoassay developed based on this
device is simple and rapid, which is of great significance for the accu-
rate and rapid detection of cTnI and for the early diagnosis and treat-
ment of acute myocardial infarction [70].



Fig. 5. ECL images of the MNEAP obtained in a PBS solution (pH 7.4) containing both 1 mM RuðbpyÞ32þ and increasing concentrations of TPA (indicated in the top-left
corner of each box) [69]. Reproduced from Ref. [69] with permission from Springer Nature.
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4. Application of ECL imaging analysis

4.1. ECL imaging of single particles

The last two decades have witnessed increased interest in the evalu-
ation of electrochemical activity at the single entity level. This is of
particular importance when dealing with nanoparticles. Indeed, within
an ensemble of nanoparticles, in solution or assembled on an electrode
surface, one may probe a population that contains a large range of sizes,
geometries, surface chemistries, etc. This results in wide variability of the
intrinsic electrochemical activity, which is often undetected in macro-
scale electrochemical measurement that averages across a given popu-
lation. The heterogeneity of single-particle activity, and ultimately the
intrinsic activity of a single particle, can only be revealed by probing
particles one by one, at the single entity level [71]. This is generally
achieved by diluting the particle sample in either time or space. Dilution
in time means detecting on a sensor one particle at a time. In electro-
chemistry, it corresponds to the nano-impact electrochemistry approach,
which consists of probing the stochastic collision of individual particles
on a miniaturized electrode [72]. Dilution in space consists of confining
one nanoparticle on a tiny electrode region and imaging its electro-
chemical activity with a high-resolution microscope. Different micros-
copies and confinement strategies, using scanning electrochemical
probes such as nanoelectrodes and nanopipettes [73], have been pro-
posed, among which super-localization optical microscopes are inter-
esting candidates [74,75]. Of the latter, ECL microscopic imaging has
become a useful tool for imaging and measuring single particles.

Bard et al. pioneered the observation of single-particle collisions
using ECL [76,77]. The collision of single platinum nanoparticles with an
indium tin oxide electrode enhances the ECL strength. In a catalytic so-
lution containing RuðbpyÞ32þ and TPA (or other auxiliary reactions), each
collision produces a unique photon peak related to the size and con-
centration of platinum nanoparticles. By adjusting the type of measuring
electrode and reaction system, controllable ECL intensity amplification
can be obtained [76]. Based on the research results of Bard et al., Pan
et al. proposed a mechanism using gold nanoparticles to enhance the
oxidation of TPA and the ECL intensity of RuðbpyÞ32þ; they reached a
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similar conclusion that ECL intensity increases with particle size and is
affected by the nanoparticles’ local chemistry and charge transfer envi-
ronment. On this basis, a new method has been developed to study the
local redox activities of large Au particles, Au nanoparticles, and Au
nanowires [78].

Ma et al. developed ECL microscopic imaging technology using a
nanoscale single particle (Fig. 6) to analyze local electrochemical re-
actions [25]. They measured the ECL of nanoparticles on the surface of a
glassy carbon electrode (GCE) using a water immersion microscope
objective lens with a high numerical aperture. This imaging technique
has high temporal and spatial resolution and light collection efficiency,
and it can simultaneously monitor the transient collisions of multiple
nanoparticles. Of particular interest is the ability to detect particles
within the solution ca. 200 μm above the electrode, providing a 3D dy-
namic trajectory of a particle. Observing such a trajectory before and
after the particle impacts the electrode complements the kinetic infor-
mation derived from collision electrochemistry [79,80]. ECL imaging
results show that the collision type, collision frequency, and lumines-
cence intensity of a single particle are significantly correlated with the
electrode surface properties (electrode edges effects) and the particle
concentration. Based on continuous collision events, they designed a
“relay detection” method to monitor changes in analyte concentration in
real time, providing a way to observe collision behavior at the single
particle level and achieve visual detection.

Sojic et al. imaged liposomes using an ECL method and realized the
quantitative detection of liposome release. They encapsulated
RuðbpyÞ32þ/TPA in sealed liposomes made of DOPC/DOPC phospho-
lipids. After their sedimentation on an ITO electrode, the opening of the
liposomes was then triggered by polarization of the ITO, and the release
of their contents induced ECL emission. The imaging detection of lipo-
somes was realized by a combination of the amperometric method,
fluorescence imaging, and ECL imaging. ECL mainly provided imaging of
substance outflow after the liposomes opened [81].

Nanoparticles are widely used in heterogeneous catalysis because of
their large specific surface area and high density of active sites. Due to
the different distribution patterns of atoms on the point, line, and
surface of a single particle, each particle has a different size and shape.



Fig. 6. Schematic illustration of the ECL microscopy setup for single particle ECL imaging and the relationship between particle size and intensity [25]. Reproduced
from Ref. [25] with permission from The Royal Society of Chemistry.
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These differences in surface structure mean each single particle has a
different catalytic effect. Some noble metal nanoparticles have high
catalytic capacity in electrochemical reactions. Therefore, the analysis
of the relationship between particle structure and catalytic performance
at the single particle level is of great help for optimizing synthesis
methods and improving particles’ intrinsic catalytic activity. With its
high spatial resolution, ECL microscopic imaging can collect imaging
information about different particles at the same time and intuitively
reflect differences between single particles’ catalytic capacity. Zhu et al.
prepared double-faced (Janus) gold–platinum particles (Au–Pt JNPs),
as shown in Fig. 7 [16]. They observed Au NPs, Pt NPs, and Au–Pt JNPs
with an ECL microscope and found that Au–Pt JNPs showed higher ECL
Fig. 7. ECL imaging of electrocatalysis at a single Au–Pt JNP [16]. Repr
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catalytic activity compared with single metal NPs. These differences
were explained, based on numerical simulations, by the higher electron
transfer rate at the Pt surface of the JNP than at the Au surface. This
asymmetric catalysis of the luminophore resulted in an asymmetric
concentration gradient around the particles, which induced fluid flow
around each particle and therefore enhanced mass transfer (higher ECL
activity), as well as reduced competing reactions such as oxide layer
formation (because of lower particle surface passivation or higher ECL
stability). This experiment provides a new method to study the elec-
trochemical and electrocatalytic activity of single nanoparticles using
ECL imaging at high throughput but without an external light source
[82,83].
oduced from Ref. [16] with permission from John Wiley and Sons.
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The size, shape and catalytic activity of nanocrystals can be imaged at
the submicron level based on ECL microscopy. In addition, the rela-
tionship between the structure, surface properties, and electrochemical
activity of nanoparticles can be analyzed with an ECL microscope. Xu
et al. studied the electrocatalytic activity of different regions of a single
2D gold nanoplate. Through finite element simulation, the distribution of
ECL on the micron plate was determined to be relatively uniform. The
non-uniform distribution in a single nano-plate was due to the time-
dependent spatial distribution of electrocatalytic activity on different
surfaces; the corners and edges, which had more defects, had high cat-
alytic activity, but their catalytic stability was lower than that of the
plane [32]. Zhu et al. reported the electrocatalytic performance of zinc
oxide crystals. They synthesized ZnO crystals (> 20 μm long) with
various proportions of exposed facet. Through visual analysis using an
ECL microscope at the submicron level, they found that the crystal face of
zinc oxide (002) had better catalytic performance than the mirror surface
of (100). The visualization of spatial heterogeneity in electrocatalytic
activity on different sides of the same particle was realized with
micrometer-level resolution [84].

Nanoscale spatial resolution imaging is afforded by using the con-
cepts of super-localization, commonly employed in super-resolution op-
tical microscopies. Briefly, it consists of localizing with the highest
precision possible an optical event within an optical image. It can be
obtained by estimating the position (also named center of mass) of the
diffraction limited pattern corresponding to the nanoparticle image —

for example, by a 2D Gaussian fit of the optical intensity profile. This
position is usually obtained with 5 nm localization precision. Such a
strategy usually requires that the nanosized object be imaged using a
microscope objective lens with a high numerical aperture to have suffi-
cient pixels over the diffraction limited pattern (typically > 3 pixels over
500 nm). This condition is technically demanding, as it requires a much
higher number of emitted photons, which may be an issue under ECL
conditions. Ultra-sensitive cameras are now capable of reaching the ul-
timate detection of single photons. ECL is a perfect playground for such
cameras, since it allows the generation of photons without an external
source of light and therefore a near-zero optical signal background. This
was recently demonstrated by Feng's group within a RuðbpyÞ32þ/TPA
ECL system [85,86]. In highly diluted solutions, it is possible to engage an
ECL reaction with a single luminophore molecule. The reaction is trig-
gered by the electrochemical oxidation of TPA at an electrode. This en-
sures a further dilution of the reactive intermediate radical species near
the electrode surface, enabling a single excited state production (and
luminescence) event [87]. Ideally, this single luminescence event is
detected as a single pixel in an image acquired by short (millisecond)
exposure. By acquiring and overlaying successive short-exposure images
of the electrode surface, one can reveal regions of different ECL activity,
thereby achieving single-molecule sensitivity. This single-molecule ECL
microscopy provides a super-resolution (sub-micrometer) mapping of
electrodes or catalytic activity, and it has been used to image local
electrocatalytic activity within a 1 μm Au hexagonal plate with a 37 nm
spatial resolution. Within these nanometer domains, it is further possible
to track the turnover frequency of the electrocatalytic activity of Au for
RuðbpyÞ32þ oxidation with its applied potential.

Aside from analyzing the species involved in the electrocatalytic re-
actions scheme producing the ECL, different co-reactant electrocatalytic
reactions can be analyzed using ECL microscopies. The luminol system is
of particular interest, as it involves the oxygen reduction reaction (ORR).
Observing and quantifying the amount of ECL generated with the luminol
system at different electrodes then allows one to inspect the electro-
catalytic activity of these different electrode materials for the ORR. A
strategy was recently proposed by Xia et al. to inspect the formation of
reactive oxygen species involved in the ORR. It was possible to
discriminate between the formation of O2

�� via a 2-electron reduction
path or its combination with HO� via a 4-electron path. The strategy was
used to show that the ORR activity of single Fe atom catalysts was mostly
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driven by the 4-electron path [88]. Combined with ECL imaging, this
strategy should be promising for screening the ORR activity of catalysts.

Based on a single-molecule positioning microscope (SMLM), Chen
et al. achieved the capture of a single photon in an ECL reaction and
designed super-resolved electrogenerated chemiluminescence micro-
scopy (ECLM) for ECL imaging [89]. Based on ECLM, they realized
real-time imaging of the surface-related catalytic activity of nano-
catalysts. The super-resolved ECLM they used can measure the activity of
specific faces or positions of individual nanoparticles in the range of
nanometer resolution. The spatial resolution of the ECL image obtained
by them was up to 100 nm, revealing more details of the electrocatalytic
reaction. In addition, they also determined the catalytic activity distri-
bution on Au nanorods or nanoplates at the hundreds of nanometers level
using super-resolution ECLM. This is of great significance for revealing
the surface activity at surfaces or defects and can reflect the dynamic
fluctuation of single nanoparticles.

Overall, these recent strategies combining high-resolution ECL im-
aging and nanoelectrocatalysts considerably widen the possibilities of
using ECL imaging to achieve a more comprehensive exploration of the
reaction modes of nanocatalysts.

4.2. ECL imaging of fingerprints

Fingerprints are impressions left by the touch of a fingertip on a
surface. They play an important role in forensic investigations, personal
identification, security checks, and access control. However, latent
fingerprints (LFP) are usually difficult to identify directly with the
naked eye or instruments. Traditional LFP developing techniques
include powder developing, smoke developing, ninhydrin developing,
and UV testing. Because of the toxicity of the necessary reagents and
dyes, long-term exposure can affect technicians' health. The brushing
and dyeing processes can also cause permanent damage to valuable
evidence.

Su's group [90] applied ECL imaging technology to LFP analysis for
the first time, obtaining two ECL imagingmodes: inverse or reverse phase
and positive or forward phase. In the inverse mode, the ECL reaction can
only take place in regions not covered by fingerprints, because some inert
components (such as fatty acids) in fingerprints can hinder electron
transfer. In the forward mode, some ECL imaging information can be
obtained on the fingerprint because the luminescent molecules are
labeled on it. Later, Su's group applied LFP ECL imaging technology to the
detection of certain metabolites in fingerprints [91]. Biotin-labeled an-
tibodies bind to the antigens in a fingerprint through immune recogni-
tion. By using the specific recognition of biotin and streptavidin,
streptavidin-functionalized horseradish catalase (HRP) was attached to
a fingerprint. HRP catalyzed the decomposition of H2O2, and a lumi-
nol/H2O2 system ECL was realized in the fingerprint region, so the
relevant information for determining the fingerprint structure was ob-
tained. They also polymerized luminol on the ITO electrode to cover the
fingerprints deposited on the electrode surface, forming a negative ECL
image [92].

4.3. ECL imaging of cells

The development of ECL imaging introduced a new dimension to
single-cell analysis due to its time- and space-resolved properties, very
low background signal compared to photoluminescence (PL), and high
selectivity, specificity, and sensitivity. However, non-invasive detection
of intracellular compounds remains a challenge. Different approaches
suggest using specifically designed materials [93], microwells [94], and
even wireless bipolar nanodevices [95] to selectively detect analytes in a
single cell. Furthermore, as mentioned in the previous section, single
entity imaging has been developed during the past decade for microbe-
ads, magnetic nanoparticles, and bipolar electrodes, but that technology
has not been adopted for the imaging of cells.
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Recently, single cells were imaged using an ECL-based microscopy
approach with a model RuðbpyÞ32þ/TPA system [96]. CHO cells were
grown on a glassy carbon electrode surface and subsequently bio-
tinylated to enable binding of the streptavidin–ruthenium label to the cell
membrane. Images of the labeled cells showed that the ECL signal was
located on cell borders, suggesting that the membrane was impermeable
to co-reactant species. Indeed, the freely diffusing TPA co-reactant
reacted only at the bare electrode surface in the vicinity of the cells.
This important limitation upon the further development and potential
applications of the ECL method was overcome by making the cell
membrane permeable with Triton X, allowing the TPA to diffuse through
and reach the electrode surface, where it was oxidized [97]. Compared to
Fig. 8. Schematic illustration of single-protein-molecule imaging by ECL, and ECL/PL
on the ITO electrode [99]. Reproduced from Ref. [99] with permission from the Am
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PL, ECL allows the visualization of a larger area of the cell contour, which
can be ascribed to its better signal-to-background ratio. Additionally, the
focal plane of ECL is closer to the electrode surface due to the
surface-confined nature of ECL, conditioned by the short lifetimes of
electrogenerated TPA� and TPAþ� radicals that produce the excited state
of the luminophore in the heterogeneous co-reactant mechanism. Since
only the basal membrane generates ECL, this technique can image details
that are very difficult to discern using fluorescence microscopy. The
method can be further modified to suit diagnostic applications by uti-
lizing transparent and disposable inkjet-printed carbon nanotube elec-
trodes, which also allows for ECL imaging in both transmission and
reflection mode.
images of the same region of interest with individual nano-emitters immobilized
erican Chemical Society.



Fig. 9. Using electrochemiluminescence microscopy using silica nanochennel
membrane (SNM), enabling ECL reactants confinement for imaging cell–matrix
adhesion and the collective migration of living cells [103]. Reproduced from
Ref. [103] with permission from John Wiley and Sons.
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Following a similar principle, more efficient ECL imaging methods
can be realized by combining ECL and nanomaterials, such as
RuðbpyÞ32þ-doped silica/Au nanoparticles, quantum dots, and carbon
dots [98]. Liu et al. imaged a single biomolecule on an electrode surface
and cellular membrane proteins (Fig. 8) [99]. RuðbpyÞ32þ-doped sili-
ca/Au nanoparticles (RuDSNs/AuNPs) served as nano-emitters
attached to the antibody to label the cellular membrane. This
approach led to enhancement of the ECL signal due to the local surface
confinement effect. Additionally, the absence of photobleaching and
background signal provided a 6.5-fold increase in the S/N ratio
compared to PL, allowing the study of the membrane's low protein
content. Furthermore, label-free imaging of antigens on the cellular
membrane was achieved using the luminol/H2O2 co-reactant system's
dependence on the voltage drop (Vdl) [100]. Specifically, if the
non-conductive object is attached to the cellular membrane, capaci-
tance in the binding region will decrease, leading to an elevated Vdl and
consequently to a brighter luminescence in this region. This approach
has been studied by binding carcinoembryonic antigens to the cellular
surface and applying a square wave voltage, thus proving that sensitive
and selective imaging of single objects on the cellular surface is possible
non-invasively and without cell modification.

Recently, two reports yielded important information on the funda-
mental properties of ECL microscopy of cells, which potentially point to
the development of new ECL methods. Both studies are associated with
signal attenuation and rely on the well-investigated and previously
described system consisting of RuðbpyÞ32þ derivative labeled cells
attached on a GCE surface and a freely diffusing TPA co-reactant. An
investigation of the influence of photobleaching on ECL showed a direct
correlation between illumination time and PL and ECL signal attenuation,
proving that photo- and electro-excitation both generate the same excited
state [101]. Consecutive anodic pulses also led to ECL fading, with the
first ECL signal being five times more intense than the second and twelve
times more than the fifth [102]. A cathodic treatment was proposed and
resulted in the retention of the ECL intensity, and even its slight elevation
during the second and third pulses after cathodic regeneration. The ob-
tained results suggest that the TPA and/or the electrogenerated TPA
radicals adsorbed on the electrode surface and the cathodic treatment
renewed it, or that regeneration influenced the hydrophobicity of the
electrode and, accordingly, the ECL signal generation.

The formation of cell–cell junctions and cell–matrix adhesions with
the extracellular matrix play essential roles in cell migration, wound
healing processes, tissue organization, tumorigenesis, and cancer
morphogenesis; cell–cell junctions incorporate cells into three-
dimensional tissues and regulate various biological processes. For that
reason, understanding the distribution, strength, and dynamic variation
of these regions of attachment can provide valuable information for
medicine and biology. Ding et al. reported the use of ECL for label-free
studying of cell–matrix adhesions and the migration of living cells
using an ITO electrode modified with a silica nanochannel membrane
(Fig. 9) [103]. The membrane, being non-conductive and biocompatible,
improved cell attachment, reduced cell perturbation, and introduced a
space between the electrode and the cell, allowing better contrast be-
tween bound and non-bound cell regions, while its negatively charged
vertical nanochannels enhanced the ECL signal. In the reported config-
uration, ECL originated from electro-oxidation of the luminophore and
co-reactant freely diffusing in the solution. The adhesion sites blocked
the luminophore and co-reactant from diffusing to the electrode surface
and oxidizing, resulting in dark regions (shadows) in the ECL image.
Observations of a single cell provided data on the adhesion strength by
incubating the cell with trypsin and following the decrease in shadow
area relative to the incubation time. Since weak adhesions were digested
by trypsin more rapidly than strong ones, adhesion and digestion rates
within a single cell could be spatially distinguished. Similarly, by per-
forming a wound-healing assay, dynamic ECL was employed to follow
the cell–matrix adhesions of multiple cells to determine their orientations
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and movement; this involved surface confinement of ECL using a high
concentration of co-reactant [103].

By decreasing co-reactant and increasing luminophore concentra-
tions, the ECL region can be expanded, enabling the study of cell–cell
junctions. The influence of luminophore concentration on the modu-
lation of the ECL layer thickness was first confirmed on an inert
photoresist spot and subsequently applied to sequential imaging of
cell–cell junctions and cell–matrix adhesion [104]. In a similar strategy,
an imaged object hindered the local diffusion of ECL reagents, gener-
ating a negative imprint that was used to visualize single functional
mitochondria [105].

Gao et al. used ECL to quantify MCF-7 cells captured on an
aminophenol-functionalized GCE with a low LOD of 29 cells/mL, and to
evaluate the influence of H2O2 and electrical stimulation on their
morphology [106]. They proved that prolonged H2O2 stimulation
weakens adhesion, which leads to cell shrinkage and rounding, causing
cells to disconnect from those surrounding them and detach from the
surface. On the other hand, electrical stimulation (0.8 V) has the opposite
impact. The cells tend to aggregate, which is evident from an increase in
the cell boundary and a decrease in the junction distance. ECL as an in
situ method bypasses the labeling step and allows both single-cell anal-
ysis and quantitative determination [106].

The abovementioned approaches to ECL imaging, although intro-
ducing innovations for analyzing single objects, applying in diagnostics,
and understanding the heterogeneity of cell properties, have certain
drawbacks. Firstly, due to the short lifetimes of the co-reactant radical
species, ECL is confined to the electrode surface, and it is impossible to
image the whole cell without permeabilization. Secondly, the most
commonly used alkyl amine co-reactants are relatively toxic and corro-
sive. Attempts to overcome these problems have focused on utilizing
biomolecules as co-reactant species. In this strategy, RuðbpyÞ32þ is
oxidized at the electrode and reacts with intracellular biomolecules
acting as co-reactants to achieve imaging of intracellular structures, dy-
namic transport through the membrane, and real-time tracking of the
influence of environmental factors on biomolecules. Whether a molecule
can function as a co-reactant is determined by its first ionization poten-
tial, which is low for the guanine moieties of nucleic acids and the
imidazole in histidine. However, since the luminophore cannot pass
through the cellular membrane, permeabilization or electroporation is
required, so the method involves a level of destruction. Nonetheless, it
has zero toxicity, does not require cell labeling, and can image all
intracellular structures, because the ECL layer is very thick due to the
long lifetime of the ruthenium bipyridyl species [107]. The other possible
approach relies on new co-reactant material synthesis. Guanine-rich
single-stranded DNA (G-ssDNA) has higher ECL efficiency than DNA
because of the former's lower steric hindrance. Incorporating G-ssDNA
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into a high-index faceted gold nanoflower (Hi-AuNF), which had a high
specific surface area and outstanding catalytic properties, leads to
remarkable ECL signal enhancement. Here, Hi-AuNF serves as both an
ECL enhancer and a carrier for G-ssDNA to enable the specific identifi-
cation of membrane proteins on cancer cells [108]. Tertiary amine con-
jugated polymer dots (TEA-Pdots) have been developed as an in situ
co-reactant-embedded ECL system to image membrane proteins. The
reported co-reactant-embedded mechanism — which introduced poly-
mer conductivity, hybridization-induced catalytic properties, biocom-
patibility, and non-toxicity — provided several advantageous features,
including a low working potential (1.2 V), the ability to image
Fig. 10. Single-molecule ECL imaging device (a), observation of random reactions (d
Ref. [86] with permission from Nature Portfolio.
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non-permeabilized cells, and increased ECL efficiency compared to a
traditional ECL system [109].

Feng et al. reported a combined optical imaging and electrochemical
recording system for monitoring single molecule RuðbpyÞ32þ-based ECL
reactions in aqueous solutions, achieving a resolution down to 22 nm
[86]. This was enabled by a correlative super-resolution imaging and
electrochemical recording system (Fig. 10). This single-photon micro-
scopy approach allowed the observation of individual chemical events in
solution. In fact, the authors demonstrated the imaging of the spatial
distribution of single photons resulting from individual ECL-based re-
actions. They then extended their approach to image cells. Recent
–f), and single-molecule ECL imaging of live cells (h–n) [86]. Reproduced from
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advances in ECL show that it is transforming from a sensitive analytical
technique to a powerful imaging method, enabling single-molecule res-
olution. Due to its electrochemical step, ECL should be considered a
dynamic technique with high spatiotemporal resolution that can give
real-time information about the processes happening in cells and at the
cell–matrix interface, rather than just a microscopic imaging method.

Chen et al. performed imaging analysis of dynamic cellular processes
based on photodynamic therapy (PDT). In PDT, RuðbpyÞ32þ/TPA is not
only the optical component of ECL imaging but also the light source for
ROS produced by the photosensitizer. After receiving the energy transfer,
the photosensitizer Ce6 sensitized the surrounding O2 to ROS. Using an
ECL microscope, it was possible to observe cell deformation, cell mech-
anism adhesion changes, and cell membrane permeability changes in the
ECL–PDT process and to achieve real-time imaging of cells [110].

5. Conclusion and future perspective

ECL is a promising dual electrochemical/optical technique for
generating light emission events with close to zero background light
noise. Over the past few years, this has enabled ECL to shift from (bio)
chemical assay detection to strategies for imaging objects and (bio)
chemical reactions. ECL-based imaging strategies have been imple-
mented at the nanometer or micrometer scale and are widely used to
visualize single cells, microspheres, and nanoobjects such as nano-
particles or nanowires with spatial resolutions approaching those of
standard optical microscopies. Recent progress has pushed the spatial
resolution and sensitivity limits of ECL microscopies by demonstrating
methods for imaging objects at the ultimate limit of a single molecule,
a single photon, or even a single chemical reaction. Strategies are also
currently being proposed to use ECL readouts as a means to charac-
terize electrocatalytic reactions. Although this has so far been
restricted to reaction schemes producing light emissions (i.e.,
involving the fluorophore or one of the electrogenerated intermediates
issuing from the co-reactant), combining this strategy with ECL im-
aging should enable the screening of different nanocatalysts (e.g., for
the ORR) [111–113].

Overall, these recent approaches will considerably widen the possi-
bilities for using ECL imaging to more comprehensively explore the re-
action modes of nanocatalysts. One could foresee further progress along
this new avenue, taking inspiration from single-molecule fluorescence
microscopy, for example, to broaden the range of electrocatalytic re-
actions of interest [114–117]. Alternatively, one could combine the
strategies developed in life sciences using (bio)chemiluminescence mi-
croscopies [118].

ECL microscopy has also made some important progress in analytical
chemistry for the life sciences by enabling the imaging of single cells and
protein distributions. At present, ECL microscopic imaging research ur-
gently needs to develop new ECL systems, design new and efficient ECL
probes, and improve luminescence efficiency. In the future, the devel-
opment of a highly sensitive, high-intensity ECL single-molecule imaging
system could be a major milestone for early disease detection, diagnosis,
and treatment.
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