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ABSTRACT: Electrochemiluminescence (ECL) is a typical
luminescence process triggered by electrochemical reactions. Due
to the separated signal types, ECL measurements have some merits
of high sensitivity, low background, and simple configuration.
Coupled with a microscopy setup, ECL microscopy (ECLM) has
the unique characteristics of ECL and is also furnished with
spatiotemporal resolution. Thus, many applications have been
created, including nanoscale sensing, ECL mechanism deciphering,
transient events of single objects, and ECLM crossover methods. In
this review, we will overview the development and basic knowledge
of ECL and then profile the setup design of ECLM. Through the
understanding of these two parts, we will next probe the diverse
applications of ECLM, combining the inter-relation with each
other. Finally, the outlook discussing the expectations of further progress of ECLM technology.
KEYWORDS: Electrochemiluminescence, Microscopy, Sensing, Mechanism exploration, Single entity, Single cell, Spatiotemporal resolution,
Bipolar electrode

1. INTRODUCTION
The emergence of optical microscopy imaging is destined to
become a revolutionary technique, showing a new world of
microscale in various fields. Recent years have witnessed a
significant increase of many different optical microscopies
widely applied in chemical, biological, and medical areas, due
to their common strengths of visualization as well as
noninvasion ability. Nevertheless, a significant problem is
that an applied light source is necessary for most usual optical
imaging methods, decreasing imaging sensitivity and somehow
triggering the photobleaching as well as phototoxic damage,1,2

which limits the development of optical imaging techniques to
a large extent.
Electrochemiluminescence (ECL) is a kind of light emission

process generated by electron transfer reactions between
electrochemically produced intermediates without excitation
light.3 With the combination of optical and electrochemical
methods, it represents many advantages such as a wide
dynamic range, excellent spatiotemporal controllability, and
high sensitivity,4,5 bringing ECL from a basic investigation to
various practical applications including detection of small
molecules,6,7 nucleic acids,8−10 as well as proteins11,12 and
cells13,14 or bacteria15,16 sensing. In particular, ECL-based
immunoassays show high commercial values and have even
become the gold standard in clinical diagnosis.5 Subsequently,
ECL has drawn attention in the field of optical imaging

because it can overcome the limitations imposed by external
light. Thus, traditional photomultiplier tubes (PMTs) are
replaced by a camera with two-dimensional array optical
units,17 making ECL a novel optical microscopy imaging
strategy with low background and high spatiotemporal
resolution. These advantages benefit high-throughput sensing
and single-cell or particle research. Additionally, the most
unique feature of this imaging method is surface sensitivity
because light emission is confined in the vicinity of the
electrodes,18 which is later utilized to investigate single-particle
collision19,20 and cell−matrix adhesion21 and even the
subcellular structure.22

However, compared with fluorescence microscopy imaging,
the development of ECL microscopy (ECLM) is relatively
slow. Challenges as well as opportunities need to be addressed,
including the low emission efficiency, an unclear mechanism,
and biotoxicity. In recent years, as researchers continue to
explore and improve the technique, these problems have been
solved to some extent. By adapting single-photon counter
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devices, outstanding cameras such as electron-multiplying
charge-coupled device (EMCCD), and objectives with higher
numerical apertures, the collection efficiency of weak
luminescence can be enhanced,23 enabling single-molecule
ECL imaging.24 Due to the excellent axial resolution of
imaging techniques, the change of the ECL layer thickness can
be directly observed,25 which allows researchers to better
understand the mechanism of luminescence. With the
appearance of novel ECL reaction systems, some low or
nontoxic reagents are used in biological imaging, and the
dynamic ECLM imaging of single cells is realized.21 As a result,
the application of ECLM can be further extended. In this
review, we first introduce the development, main mechanisms,
along with some common reaction systems of ECL. Then, after
briefly describing the setup of ECLM, we will summarize and
discuss its applications in detail, providing outlook for the
future development of this technique.

2. DEVELOPMENT OF ECL
The history of ECL can be traced back to 1929 when Harvey
discovered the luminescence of aminophthalichydrazid in the
process of an electrochemical reaction and termed this
phenomenon as galvano-luminescence.26 Hercules then
observed chemiluminescence during electrolysis of aromatic
hydrocarbons at the cathode and discussed its possible
mechanism in 1964, which can be seen as the first detailed
report about ECL.27 After that, ECL received wide attention
and inspired researchers to deeply study this phenomenon and
the underlying mechanism, further promoting its rapid
development (Figure 1). Among various ECL-related chemical
reaction systems, the most representative one is tris(2,2′-
pyridine) ruthenium(II) (Ru(bpy)32+). Following about 60

years of study, ECL has become an excellent analytical
technique and is widely applied in many areas such as food and
water testing, immunoassays, and biosensing.28

3. MECHANISMS OF ECL
As mentioned before, ECL is caused by the reactions between
electrode species. Thus, according to different reaction
mechanisms, it can be divided into two dominant categories,
namely, the annihilation pathway and the co-reactant pathway.
3.1. Annihilation Pathway

Annihilation ECL was initially discovered and investigated.
The process of this pathway can be shortly described as
follows: the emitter (R) can be oxidized to form radical cation
(R•+) and reduced to form radical anion (R•−) by applying
step potential at a working electrode, and then both of them
are annihilated via an exergonic electron transfer reaction to
produce the excited state of the emitter (R*) which will later
relax to the ground state by emitting luminescence.
It is worth noting that the generated excited species can be

either the singlet state (1R*) or the triplet state (3R*),
depending on the available excitation energy within the
exergonic electron transfer reaction. For moderate exergonic
processes, the so-called “T route” dominates, where 3R* is
mainly generated.29 A representative example of luminophores
through this mechanism is DPA (DPA = 9,10-diphenylan-
thracene). For strong exergonic processes, the emission
pathway named the “S route” will occur,30 where 1R* can be
directly generated, followed by most aromatic compounds.
There is another process named the “E route”, where the
exothermicity of the reactions is too small to excite R but could

Figure 1. Development history of ECL from 1929 to 2018. Reprinted with permission from ref 28. Copyright 2019 Royal Society of Chemistry.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.2c00007
Chem. Biomed. Imaging 2023, 1, 414−433

415

https://pubs.acs.org/doi/10.1021/cbmi.2c00007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.2c00007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.2c00007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.2c00007?fig=fig1&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.2c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


still collect the light emission, often being ignored in most
situations.31

3.2. Co-reactant Pathway

In 1977, Bard found that the simultaneous electrochemical
oxidation of oxalate and luminophores could trigger light
emission, which was the first report of co-reactants being
involved in ECL generation.32

The co-reactant pathway can be described as follows. First,
the co-reactant is initially electrochemically oxidized or
reduced to a radical intermediate. Then it converts to a strong
reducing or oxidizing species to react with oxidized or reduced
luminophores in the vicinity of the electrode. Last, the excited
states could be generated via an electron transfer process to
emit light. Different from the annihilation pathway, the ECL by
the co-reactant pathway can be produced through only one-
directional potential scanning on working electrodes due to the
existence of co-reactants in solutions.
Based on the different redox abilities of species, it can be

divided into two types: the “oxidative−reduction route” and
the “reductive−oxidation route”. The former type represents
the situation in which the generation of ECL was from a strong
reducing species after electrochemical oxidation of co-
reactants, where the classic co-reactants include oxalate,33

cerium(III) sultate,34 and tri-n-propylamine (TPA). In
contrast, the latter one refers to the situation in which the
ECL generation was caused by strong oxidizing intermediates
from electrochemical reducing products of co-reactants, where
the representative co-reactants are benzoyl peroxide (BPO),35

hydrazine,36 and potassium persulfate (K2S2O8).

4. SYSTEMS OF ECL
There are many chemical systems that can cause the ECL
phenomenon. According to the difference of luminophores,
these systems can be divided into three categories involving
inorganic systems, organic systems, and nanomaterial-based
systems. Among them, Ru(bpy)32+ and luminol are the most
typical luminophores in inorganic and organic ECL systems,
respectively. This section mainly discusses these two
luminophores and will also add some common nanomateri-
als-based ECL systems.
4.1. Ru(bpy)32+-Based System

Ru(bpy)32+ and its derivatives have been widely employed in
various fields such as dye-sensitized solar cells, organic light-
emitting diodes (OLED), photodynamic therapy (PDT), as

well as photocatalysis due to their excellent photochemical
properties.37 In 1972, Bard first observed that Ru(bpy)32+ in
acetonitrile solution could generate ECL,38 which was a
landmark discovery in the field of ECL. From then on,
researchers started to explore the Ru(bpy)32+-based ECL
systems, where the most commonly used co-reactant is TPA.
There are three possible reaction routes in this typical ECL

system with Ru(bpy)32+ as luminophores and TPA as co-
reactants. First, as shown in Figure 2a, the “oxidative−
reduction route” could be summarized as follows: Ru(bpy)32+
and TPA are simultaneously electrochemically oxidized into
Ru(bpy)33+ and TPA+•, and then TPA+• converts to a strong
reducing radical intermediate TPA• by losing a proton, which
can later reduce Ru(bpy)33+ to Ru(bpy)32+* and lead to light
emission.33 It is worth noting that this route is the most
representative and common one with very bright ECL
generation.
After that, another mechanism named the “catalytic route”

was discovered, as shown in Figure 2b. The main difference
between these two routes is the heterogeneous or homoge-
neous oxidation process of TPA. In the “catalytic route”, TPA
is oxidized by Ru(bpy)33+ rather than by an anodic electrode,
followed by the same rest process as that in the “oxidation−
reduction route”.39 The “catalytic route” will be predominant
when the concentration of TPA is relatively low, thus obtaining
a thicker ECL layer (TEL) due to the long lifetime of adequate
Ru(bpy)33+.

40

Additionally, the ECL emission can also be collected
surprisingly when the applied potential is not high enough to
trigger the oxidation of Ru(bpy)32+ but could still oxidize TPA.
Therefore, a novel route has been confirmed, called the “low-
oxidation potential (LOP) route” (Figure 2c). In this route,
only TPA is oxidized on the working electrode, producing
strong reducing TPA• which converts Ru(bpy)32+ to Ru-
(bpy)3+. Subsequently, Ru(bpy)3+ is again oxidized to
Ru(bpy)32+* by TPA+• to emit light.41 Besides the above
mentioned condition, there is another condition usually in the
sensing applications in which Ru(bpy)32+ is immobilized on
objects (such as microbeads or cells) and cannot directly
participate in the electrochemical reaction, allowing ECL to
generate by the electrochemical oxidation of TPA.
As people continuously research co-reactants, some other

amines were found to be functionally identical as TPA within
Ru(bpy)32+-based ECL systems, such as 2-(dibutylamino)-
ethanol (DBAE)42 and N-(2-hydroxyethyl)piperazine-N′-(2-

Figure 2. Mechanism of Ru(bpy)32+/TPA (a−c) and Ru(bpy)32+/K2S2O8 (d) ECL systems. Three different reaction routes in Ru(bpy)32+/TPA
ECL system: oxidative−reduction route (a), catalytic route (b), and low-potential oxidation route (c). In this figure, Ru+, Ru2+, Ru3+, and Ru2+*
denote Ru(bpy)3+, Ru(bpy)32+, Ru(bpy)33+, and Ru(bpy)32+*, respectively; TPAH+, TPA, TPA•+, and TPA• denote protonation of tri-n-
propylamine, tri-n-propylamine, cationic radical of tri-n-propylamine, and radical of tri-n-propylamine, respectively; P1 is the oxidative production
of the tri-n-propylamine radical.
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ethane sulfonic acid) (HEPES).43 Meanwhile, these co-
reactants have their own advantages, somehow compensating
the limitations of TPA. For example, DBAE can catalyze the
direct oxidation of amines with the help of its hydroxyethyl
group, thus enhancing the ECL efficiency.42 HEPES has
excellent biocompatibility and is more suitable for the
investigation on living cells.43

Notice that, in the absence of co-reactants, the Ru(bpy)32+-
based ECL can also be generated under the annihilation
pathway. Briefly, Ru(bpy)32+ can be oxidized to Ru(bpy)33+
and reduced to Ru(bpy)3+ by applying a step potential, then
both of them are annihilated to the excited state of Ru(bpy)32+
(Ru(bpy)32+*) which will later relax to the ground state and
generate luminescence.
There is another kind of co-reactant that can trigger the ECL

generation of Ru(bpy)32+ through the reductive−oxidation
mechanism, here taking potassium persulfate (K2S2O8) as an
example (Figure 2d). In this system, S2O82− and Ru(bpy)32+
are simultaneously electrochemically reduced to strong
oxidizing radical intermediates SO4−• and Ru(bpy)3+,
respectively. Then Ru(bpy)3+ is oxidized by SO4−• to generate
the excited state Ru(bpy)32+* of ECL emission. At the same
time, SO4−• can also directly oxidize Ru(bpy)32+ into
Ru(bpy)33+, which will then be annihilated with Ru(bpy)3+
to produce Ru(bpy)32+*, leading to the final generation of
ECL.44

4.2. Luminol-Based System

Luminol is a commonly used and rather stable chemilumi-
nescence reagent in various applications of biological engineer-
ing, chemical tracing, and criminal detection. Since scientists
observed light emission when luminol was oxidized in 1928,
this reagent had experienced a rapid growth in chemilumi-
nescence-related investigations.45 Subsequently, Kuwana dis-
covered that the bright blue luminescence could also be
generated when it was electrochemically oxidized in the
presence of oxygen, which was the first report for luminol-
based ECL phenomenon.46

The most typical luminol-based ECL system is the luminol/
H2O2 system that has two possible mechanisms. In one
mechanism, H2O2 can be electrochemically oxidized and then
trigger ECL reaction, acting as both co-reactants (involved in
electrode reactions) and oxidants to oxidize subsequent
reagents. In another mechanism, H2O2 directly reacts with
the electrochemical oxidative production of luminol to
generate ECL, only acting as oxidants. The first one is

shown in Figure 3a. Luminol initially deprotonates in alkaline
solution and is electrochemically oxidized at the anode to form
a radical intermediate. At the same time, H2O2 is electro-
chemically oxidized into superoxide anion radical (O2−•)
which can then react with the above radical intermediates to
generate excited 3-aminophthalate and finally emit blue
fluorescence (425 nm).47 In this process, H2O2 worked as a
co-reactant. Meanwhile, the deprotonated H2O2 is able to
directly react with the downstream products of luminol after
two-step electron loss processes on the electrode to generate
the excited 3-aminophthalate (as shown in Figure 3a). When
H2O2 only acts as an oxidant, the intermediates that produce
the excited 3-aminophthalate by removing N2 are different. As
shown in Figure 3b, it can be described that the intermediate
diazoquinone is formed through electrochemical oxidation of
luminol, which can react with H2O2 to produce luminol
endoperoxide. After O−O bond cleavage, the excited species 3-
aminophthalate is generated and then emits light. The
presence of H2O2 could enable luminol to generate significant
ECL emission whether or not it participates in the electro-
chemical reaction.48 Therefore, this ECL system is commonly
utilized in analyzing the concentration and activity of some
enzymes which can produce H2O2.
Recently, researchers have found that luminol can also

produce ECL emission in the absence of H2O2 or other
oxidizing reagents. In brief, the excited 3-aminophthalate will
be created after successive electrochemical oxidation along
with deprotonation of luminol and its reaction intermediates,
still leading to light emission.51 Based on this mechanism, the
detection of luminol in solutions by direct electrochemical
oxidation may become a novel analytical method.
However, because light emission of the luminol-based ECL

system can only be triggered in an alkaline solution, its
applications have been severely restricted. In recent years, a
representative luminol analogue, L012, was found to exhibit
obvious ECL emission in an aqueous system. Additionally, it
has the advantages of available moderate pH conditions (i.e., in
neutral solution) and excellent biocompatibility, thus it is
applied to detect H2O2 under physiological conditions and
gradually replaces luminol in ECL-related (bio)research.52

4.3. Nanomaterial-Based System

Compared with small molecule luminophores, nanomaterial-
based ECL systems have gained considerable attention because
of the tunable size and properties. Generally, three types of
nanomaterials are discussed most, including quantum dots

Figure 3. Mechanism of the luminol/H2O2 ECL system. H2O2 acts as both co-reactant and oxidant in the ECL reaction (a) and only acts as an
oxidant in the ECL reaction (b). Reprinted with permission from ref 49 (copyright 2022 Wiley-VCH) and ref 50 (copyright 2020 Wiley-VCH).
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(QDs), noble metal nanoclusters (NCs), and polymer dots
(Pdots).
Semiconductor QDs are currently applied in various fields,

such as photoelectrochemistry, bioimaging, and display devices
due to their outstanding optical properties. In 2002,
researchers first discovered that semiconductor Si QDs can
emit ECL through both annihilation and co-reactant path-
ways.53 Then a growing number of semiconductor QDs such
as CdTe54 and CdSe QDs55 were found to have ECL emission
properties. Benefitting from the quantum size effect, the
emission wavelength of these QDs could be tuned from UV to
NIR and thus could work as multicolor ECL probes. However,
because these QDs always contain heavy metal that is not
conducive for biological systems, scientists have adapted a
series of non-metallic QDs such as graphene QDs (GQDs)56

and carbon nitride QDs (C3N4 QDs)
57 with good ECL

emission properties and biocompatibility for ECL-based
biosensing, broadening the application range of quantum
dot-based ECL systems.
Noble metal nanoclusters (Au,58 Ag,59 and Cu60 NCs)

reveal unique electrochemical and optical properties, especially
long lifetime fluorescence and large Stokes shifts, making them
gradually applied in the detection of small molecules, DNA, as
well as proteins. These nanoclusters possess precise structure
composition and controllable surface ligands, which help
researchers understand the relation between ECL efficiency
and nanocluster structures.
In recent years, Pdots have been quickly developed in areas

such as cell labeling and drug delivery due to their features of
excellent biocompatibility and easy modification. Besides, they

also exhibit good performance in ECL areas based on their
tunable optical and electrochemical properties by the changing
monomer size as well as the surface property. Nevertheless,
their application has been seriously limited due to some severe
disadvantages such as lower ECL efficiency and higher ECL
initial potential. Therefore, researchers tried to optimize these
materials by adapting some strategies like introducing donor−
acceptor (D−A),61 aggregation-induced emission (AIE)-
active,62 or resonance energy transfer-active moieties.63 With
much effort, Pdot-based ECL systems can be applied in the
fields of biosensing and bioimaging successfully.
Dye-doped nanoparticles are also kinds of nanomaterial-

based ECL emitters. The ECL emissions originate from the
luminescence of doped dye molecules. Due to the nano-
confinement effect of the material, dye molecules can be
enriched significantly, leading to a higher ECL efficiency.
Meanwhile, the other performance of ECL can also be
improved by altering the chemical and physical behaviors of
the molecules.64 Currently, many different dye-doped nano-
materials were developed as efficient ECL nanoemitters, and
the most common one is Ru(bpy)32+-doped silica nanoparticle
(RuDSN), which can be easily prepared based on the
electrostatic interaction between Ru(bpy)32+ and silica, and
has been widely applied in ECL analysis and sensing.65

5. SETUP OF ECL MICROSCOPY
Combining the superiority of electrochemical and optical
methods, ECL is widely used in the fields of biological and
chemical analysis and therefore has high commercial values.
However, only the information in bulk systems can be

Figure 4. (a) Schematic image of the typical upright ECLM. Reprinted from ref 68. Copyright 2020 American Chemical Society. (b) Schematic
image of the typical inverted ECLM. Reprinted with permission from ref 69. Copyright 2020 Royal Society of Chemistry. (c) Schematic image of
the side-view ECLM. Reprinted with permission from ref 70. Copyright 2014 Royal Society of Chemistry.
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obtained with traditional ECL analysis techniques. In recent
years, with the development of optical microscopy imaging,
researchers considered ECL as a kind of luminous form
without an external light source and thus utilized it to establish
a novel optical microscopy technique with near-zero back-
ground and high spatiotemporal resolution, extending ECL
techniques to single objects at the micro/nanometer level.
The setup of ECLM mainly consists of two parts: an

electrochemical system and an imaging system.66 The
electrochemical system contains an electrochemical work-
station and traditional three-electrode system (a working
electrode, an auxiliary electrode, and a reference electrode) to
trigger ECL reactions. For the imaging system, three parts are
essential, including the objective, the camera, and other optical
elements making up the light path. First, according to the
location of the objective, it can be divided into inverted
ECLM, upright ECLM, and side-view ECLM (as seen in
Figure 4). All of them have their own merits, for example,
inverted ECLM can allow the use of any kind of electrolyte
because the objective will not contact the electrolyte directly,
while upright ECLM can adopt various kinds of electrodes.
The side-view ECLM combining the labeling beads helped to
elucidate the vertical distribution of ECL emission, further
clarifying the mechanism of ECL reactions. Also, the camera is
an important element in the imaging system. In the ECLM
system, one of the most commonly used cameras is the CCD
camera due to its low noise and excellent imaging quality.
Another improvement is the EMCCD camera, which connects
a string of gain registers behind the transfer register of CCD to
amplify the signal and further improves the signal-to-noise (S/
N), leading to a higher imaging sensitivity. The current
EMCCD camera can even be utilized in the field of single-
molecule fluorescence imaging; therefore, it is one of the best
choices for ECLM imaging.67 A complementary metal oxide
semiconductor (CMOS) camera overcomes the problem of
the high-cost CCD cameras. Also, compared with a CCD
camera, a CMOS camera can reach a higher frame rate. As the
technology continuously improves, the noise of the CMOS
camera gradually decreases. a scientific CMOS (sCMOS)
camera which appeared in 2009 is not inferior to the EMCCD
camera in terms of signal detection ability with very weak
photon level, showing the potential to replace the CCD camera
in ECLM in the future.
Moreover, for the purpose of precise synchronous electro-

chemical sweeping and camera recording, a transistor−
transistor logic (TTL) signal is desired,66 which is generated
from an electrochemistry workstation and then transferred to
the external trigger channel of the camera. Another method to
correlate the electrochemical signal and camera photos is to
use a waveform generator and a data acquisition card to
synchronously record two kinds of signals. In this way, frame-
by-frame ECL photos under different voltages are obtained,
similar to the ECL potential curves recorded by PMT.
Other optical elements such as lenses and mirrors are set

according to an actual designed light path, which affects the
magnification, spatial resolution, and signal collected efficiency.
ECLM is a surface-confined technology due to the short
lifetime of ECL-related reactive intermediates, thus the focal
distance is in the vicinity of the electrode compared to other
optical microscopies such as fluorescence microscopy. By
adjusting the objective and lens groups, ECL signals can be
obtained in different focal planes; however, the clearest ECL
signal should be obtained on the electrode surface, and if the

ECL information extending away from the electrode surface is
needed, some solutions such as using a catalytic route ECLM
or raising the electrode surface temperature can be chosen,
which will be discussed later. It is worth noting that all of the
above-mentioned components need to be placed in a dark box
to avoid interference from external light.5

6. DIVERSE APPLICATIONS OF ECL MICROSCOPY
The unprecedented prosperity of ECL techniques in diverse
domains relies on simple equipment, high selectivity, and
excellent signal-to-noise ratio due to the optoelectronic signal
separation.4,71−73 However, the traditional modalities limited
to the bulk ECL measurement of samples always ignore the
ubiquitous heterogeneity in the single-object behavior. Thus,
ECL imaging techniques with high spatiotemporal resolution
combining ECL measurement and optical microscopy attract
burgeoning interest from researchers. Whether it is an upright,
an inverted, or a lateral-view microscope, the simple change in
optical path and camera position are critical to achieve
multidirectional and multiangle ECL imaging applications, the
benefits of which will be described below. In the early 21st
century, researchers mostly focused on the high throughput of
ECLM to achieve sensing applications with a lower detection
limit.74,75 Then, with the advancement of devices and
commercial ECL labels, researchers utilized ECLM to provide
a more profound understanding of ECL reaction mechanisms
and single-particle imaging.70,76−78 Later in 2017, Sojic’s
group79 promoted the field in the single-cell imaging by
labeling ECL luminophores on the cell surface for the first
time. Two decades of development have allowed ECL imaging
to shine in sensing, mechanism elucidation, and analysis of
single entities and cells, as well as the emergence of many other
new ECLM crossover strategies, further demonstrating the
great potential of this technique.
6.1. ECLM-Based Sensing Applications

At the early stage of ECLM, researchers mainly worked on
using ECL as an optical readout recorded by a CCD or CMOS
camera to visualize the sensing progress. The basic sensing
principle embedded in these imaging measurements is that the
ECL intensity is usually proportional to the sensing targets.
The combination not only makes the sensing mechanism more
authentic but also provides a lower detection limit at a
micrometer scale, excellent spatial resolution, and high-
throughput parallel analysis. Here, we will briefly introduce
the sensing applications of ECL imaging techniques divided
into three main methods: microelectrode arrays (MEAs),
particle-based modification, and bipolar electrochemistry
(BPE).
6.1.1. Microelectrode Arrays. In 2003, Szunerits et al.80

constructed an array of electrode tips through chemical etching
of an optical fiber bundle covered by gold. Employing
Ru(bpy)32+ as luminophores and TPA as co-reactants, the
ECL behavior at each apex of nanotips could be recorded by a
CCD camera. Through adjusting the collection time of the
CCD camera, the spatially resolved images could be obtained
because of overcoming the diffusion overlap between single
tips, providing the possibility to isolate the optical information
from individual tips with the population of 6000. Later, a
similar sensor array sputter-coated with ITO film was
presented by Sojic’s group, which could detect the
concentration of hydrogen peroxide (H2O2) at the limit of
10 μM due to the linear relationship between the luminol ECL
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intensity and the H2O2 content.
74 Taking this work as the

cornerstone, Chovin et al.75 developed a gold nanoring
surrounding array to achieve the remote detection of NADH
which acted as strong synergistic co-reactants for Ru(bpy)32+.
The generated ECL emission at the distal face located 6000
nanoapertures with gold rings transmitted through the fiber
bundle by total internal reflection and was finally recorded by
the camera in the proximal face, containing sub-micrometer
spatial information.
Inspired by these works with an excellent linear relationship,

low detection limits, and good reproducibility, researchers
further explored more complicated electrode arrays. For
example, Sentic et al.81 employed an e-beam lithographic
procedure to construct a series of electrode arrays at the
nanoscale on a boron-doped diamond (BDD) substrate.
Benefiting from the improvement of mass transfer efficiency
at the micro/nanoscale, they found that when TPA was used as
a co-reactant, its concentration was inversely proportional to
the thickness of the ECL light-emitting layer and thus a clearer
pattern could be obtained.
Given the excellent performance of electrode arrays, a series

of biosensors based on these substrate were fabricated by
biomolecule modification. Zhang et al.82 modified glucose
oxidase, lactate oxidase, and choline oxidase on a nanoneedle
electrode array. The enzymes catalyzed the corresponding
detection substances to generate H2O2, which linearly
enhanced the luminol ECL. Finally, the very high density
sensing function of glucose, lactate, and choline could be
achieved (Figure 5a,b). Ju’s group designed a series of MEA
based on the emission of Pdots.83,84 Luminol-doped polymer
dots (L-Pdot) and diethylamine-coupled Pdots (N-Pdot) can

generate ECL emission with distinct wavelengths at different
voltages. After the modified probes quenched the ECL
emission of these Pdots, the targeted miRNA (miRNA-21
and miRNA-205) was added to recover the quenching ECL,
enabling potential- and color-resolved quantitative detection of
miRNA.84 Also, using the quenching effect between dopamine
(DA) and Pdots, they achieved confined MEA sensing of DA
secreted from single cells.83

6.1.2. Particle-Based Modification. Deiss et al.85

developed a kind of sandwich immunoassay based on
polystyrene (PS) beads. Briefly, the beads were first covered
with the capturing antibodies for target antigens. After binding
with corresponding antigens, addictive biotinylated antibodies
were added to link the streptavidin-modified Ru(bpy)32+ (SA−
Ru) complex, which could generate ECL emission only when
the analytes were present. Due to the capability of imaging
single beads simultaneously on an optical fiber bundle coated
with gold, multiplex detection of antigens was successfully
achieved (Figure 5c). To obtain potentially and spectrally
distinguished ECL signals, different luminophores could be
mixed together. Guo et al.86 mixed Ir(ppy)3 (ppy = 2-
phenylpyridine) with either Ru(bpy)2(dvbpy)2+ or Ir-
(dFCF3ppy)2(dtbbpy)+ to create the ECL emission with
different potential and wavelengths. Combining the lumino-
phore-loaded PS balls with a homogeneous sandwich immuno-
reaction, three antigens (carcinoembryonic antigen, α-
fetoprotein, and β-human chorionic gonadotropin) could be
detected simultaneously. This work opened a great possibility
to fulfill multiple target imaging with the combination of
potential-resolved and wavelength-resolved functions. Another
novel work focused on visualizing a uranium rapid monitoring

Figure 5. (a) (i) Device of nanoneedle electrodes for tip-enhanced ECL. (ii) Bright-field, (iii) scanning electron microscopy images for
nanoneedles, and (iv) scanning electron microscopy image of an individual nanoneedle. (b) Corresponding local tip ECL images (i,iii) and the
luminescence intensity analyzed along the white lines in ECL images (ii,iv), where (i,ii) is for 10 mM PBS containing 200 μM L012 and 2 mM
hydrogen peroxide and (iii,iv) is for 10 mM PBS containing 10 mM Ru(bpy)32+ and 200 mM TPA. Reprinted from ref 82. Copyright 2017
American Chemical Society. (c) Strategy of sandwich immunoassay modification. (i) Schematic illustration and (ii) fluorescence images of different
modified targets overlaid by false color, where blue is for anti-IL-8, red is for VEGF, and green is for TIMP-1. (iii) Corresponding ECL image for
IL-8 in (ii). Reprinted from ref 85. Copyright 2009 American Chemical Society.
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system by modifying amidoxime on the polymer particles.
Amidoxime could be functioned as a strong co-reactant as well
as a capture group for the uranyl ion. Through the resonance
energy transfer (RET) between UO22+ and ECL emission from
the conjugated polymer backbone, the ultralow detection limit
of 0.5 ng/L UO22+ could be achieved. This imaging method
can act as a rapid warning system for radioactive elements in
real water samples and thus has a great significance for early
warning of public water safety.87 These sensing works have
strong practical applications, but their imaging tools are
currently restricted to the macroscopic domains. Efforts are
still needed for the intention to use microscopy imaging for
guidance.
The sensing methods based on modifying the particles

provide a selective strategy to get rid of the complex
microarray electrodes but are limited by the low luminescence
of the single objects. Therefore, many researchers dedicated to
find ways to improve the ECL intensity on individual particles.
Zanut et al.88 synthesized two kinds of biotinylated [Ru-
(bpy)3]2+-doped silica nanoparticles by a reverse micro-
emulsion method to exclude the interference of positive
charges on a surface. When mimicking the commercial ECL-
based immunoassay system, these nanoparticles showed 8.5
times ECL enhancement. Rebeccani et al.89 introduced
functionalized carbon nanotubes (f-CNT) into the bead-
based immunoassays. Because of the conductive layer around
the beads created by the f-CNT, the Ru(bpy)32+ labeling
complex could be oxidized directly, leading to the 4 times
enhancement of the ECL signal. Similarly, Han et al.90

demonstrated a new enhancement modality by decorating
micrometric beads with Ru(bpy)32+-grafted microgels. Com-

pared with traditional immuno-sandwich or amide bond-
modifying beads, these microgel-functionalized beads showed a
9 times enhancement in ECL emission, which was attributed to
the higher amount of ruthenium sites around the beads and the
direct oxidation of Ru(bpy)32+ complex. The enhanced ECL
imaging of single PS beads lays the foundation for the
subsequent works focusing on the single entity studies by
ECLM.
6.1.3. Bipolar Electrochemistry. BPE relies on placing a

conductive object in the electric field to polarize both ends of
this subject, thus inducing the simultaneous reduction and
oxidation events.91 Some outstanding advantages of BPE
include the avoidance of the direct contact with electrodes and
asymmetric electroactivity. Under the action of BPE, a glassy
carbon bead can be driven by hydrogen bubbles generated at
one extremity to promote mechanical motion and emit ECL
luminescence at the other extremity due to the reaction
between Ru(bpy)32+ luminophores and enzymatically pro-
duced NADH. In this way, an interesting ECL “swimmer” was
established to detect the concentration gradient of glucose
spatially.92,93

Because of no limitation to the number of electrodes, BPE is
often used in combination with arrays to obtain a better
sensitivity and detection capability. The initial work proposed
by Chow et al.94 utilized the hybridization of cDNA labeled
with electrocatalytic Pt nanoparticles which could reduce
oxygen at the cathode and thus trigger the ECL reaction in the
anode to achieve the observation of DNA presence. Since then,
a lot of works integrating BPE and arrays have been reported
to detect H2O2,

95 including several quinones,96 prostate
specific antigen (PSA),97 etc.

Figure 6. (a) Schematic image of measuring ECL layer through microtube electrodes. (b) Top view of microtubes with 5.4 μm diameter pores
(termed as MTE-5). Scale bar (white): 20 μm. The inset image shows the magnified scanning electron microscopy image of single MTE-5 with a
scale bar of 5 μm. (c) ECL images of MTE-2, MTE-5, and MTE-10 in 0.01 M phosphate buffer containing Ru(bpy)32+ (i−iii, 10 μM; iv,v, 500 μM)
and 25 mM TPA. Scale bar: 20 μm. MTE-2 and MTE-10 denote the microtubes with 2.3 and 10.6 μm diameter pores, respectively. Reprinted with
permission from ref 25. Copyright 2021 Wiley-VCH.
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6.2. ECLM-Based Exploration for the Mechanism

After developing the prototype for labeling the luminophores
on single beads, researchers were inspired by the visualization
ability of ECLM, thus deploying this technique to gain deeper
insight into the ECL reaction. Sentic et al.70 reconstructed a
3D cartography of Ru(bpy)32+-labeled PS microspheres with
an orthogonal side-view configuration. Through the intuitive
observation of the uneven distribution of ECL on the beads
and the simulation calculation, compared with the DBAE
system, the significance of TPA and its cation radicals for the
regulation of the light-emitting layer is clarified. This work
showed that only luminophores located at ∼3 μm along the z
axis contribute to the signal, implying the importance of the
TPA•+ lifetime, and further motivated them to modify the ECL
layer by simply changing the concentration of buffer capacity.77

In the basic mechanism of ECL when immobilizing the
luminophores, the essential role of the TPA deprotonation
process has already been recognized. Thus, the ECL intensity
increased with the lower concentration of phosphate buffer
(PB). However, the ECL intensity still decreased as the
electrochemical reaction proceeded, due to the passivation to
the system. Dutta et al.98 subsequently applied an easy cathode
pulse method to regenerate the electrode surface and recover
the ECL intensity. Due to using the same 3D imaging device,
the whole process could be clearly verified by “seeing”. Zanut
et al.78 discovered an additional highly efficient pathway of the
ECL classic co-reactant system (i.e., TPA as co-reactant)
appearing extremely close to the electrode (<1 μm). Taking

advantage of the tip generation−surface emission technique
along with aided quantum computation proof, they determined
a rather short-living dipropylamine radical contributing to the
8 times enhancement in ECL. Guided by this result, they
selected the particular branched amine DPIBA as co-reactant
and increased the ECL emission by 128%.
In addition to exploring the reaction mechanism by labeling

beads and changing the position of the objective, another
innovative method is to directly observe the thickness of the
emission layer through microtube electrodes (Figure 6a).25

These vertical electrodes can avoid troublesome optical path
variations, allowing to simply view the pattern changing from a
ring to a spot upon increasing the concentration ratio of
Ru(bpy)32+ to co-reactants through an upright microscope
(Figure 6c). The thickness of the ECL layer using the TPA co-
reactant changed from 3.1 to >4.5 μm, while for the system of
the DBAE co-reactant, which had a shorter lifetime, was nearly
unchanged, similar to the result measured by beads. Later,
microtube electrodes were developed into ultra-high-density
microporous electrode arrays, which could also perform the
same mechanism analysis, showing great potential in sensing
and diagnostic domains.76

6.3. ECLM-Based Application for Single Entities

In 2008, Bard et al.19 first observed the collision behavior of Pt
nanoparticles on ITO electrodes through the ECL method.
Each photon spike was found to correlate with the collision
process. In the same year, Chang et al.99 first used ECLM to
observe the ECL emission of single polymer nanoparticles,

Figure 7. (a) (i) ECL image of a single hexagonal nanoplate. Scale bar: 2 μm. (ii) Different regions of ECL image (i) marked by red for corners,
green for edges, and blue for flat surface facet. (iii) ECL intensity of 2D spatial distribution from Matlab. (b) (i) ECL image of a single triangular
nanoplate. Scale bar: 2 μm. (ii) Different regions of ECL image (i) marked by red for corners, green for edges, and blue for flat surface facet. (iii)
ECL intensity of 2D spatial distribution from Matlab. (c) (i) Corresponding ECL intensity along the lines marked in (b) (iii). (ii) Statistical data of
ECL intensity for different regions in 35 nanoplates. (iii) Box charts of ECL intensity for different regions. Reprinted with permission from ref 102.
Copyright 2019 Royal Society of Chemistry.
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F8BT in the acetonitrile system containing TPrA as co-
reactants. Although the former work mentioned above may
lack the spatial information and the latter work was limited in
the organic system, they opened the door of ECLM to observe
the single entities. At the early stage of imaging single entities
by ECLM, the implementation overlapped with the sensing
application or deciphering mechanism through single bead
modification. However, these reports mainly focused on the
micrometer scale of imaging. With the continuous improve-
ment of technology, there emerged a growing need for smaller-
sized emitters and applications that were no longer limited to
sensing. Among these, research on gold particles came out first
because of their good catalytic performance and easy control of
size. In 2015, Wilson et al.100 first achieved the ECL imaging of
electrocatalysis ability on single gold nanowires. ECLM has a
unique property with no need for an extrinsic illumination
source, integrating high-throughput optical imaging with
electrochemistry, making up for the deficiencies of scanning
electrochemical microscopy. Moreover, gold particles could
catalyze the ECL reaction to be distinguished from the
background signal. Therefore, ECLM is an outstanding
observation tool for gold nanowires. By removing the
surfactant layer of purchased gold nanowires and coating
with a polymer blend to protect nanowires from surface
oxidation, a relatively stable ECL emission of a single gold
nanowire could be successfully obtained. After that, Pan et
al.101 synthesized a series of gold particles of different sizes
from 30 to 300 nm and employed the digital simulation to
determine the effect of particle size and electrode potential.
Individual gold nanoparticles exhibited ECL heterogeneity,
once again demonstrating the superiority of ECL imaging. This
heterogeneity was also manifested in 2D gold nanomaterials.
Due to the auxiliary numerical simulation excluding the
influence of uneven voltage distribution on the surface of the
microelectrodes, the observed nonuniform ECL distribution

on 2D gold nanoplates could be attributed to the difference in
the catalytic activity site on the surface of single objects (Figure
7).102 However, these monometal materials were often unable
to maintain stable light emission for a long time. Thus, Zhu et
al.103 used ECLM to observe a bimetallic material called the
Janus particle. Because the different electron transfer rate of Pt
and Au could lead to the fluid slip around the asymmetric
metal interfaces, the Janus particles were sheltered from
passivation and exhibited higher ECL intensity and were more
stable than single Pt and Au particles. Similar results can also
be obtained from bimetallic Pd−Au nanorods (NRs).69
Compared with Pd-tipped Au NRs and Pd-covered Au NRs,
anisotropic Pd−Au Janus NRs showed the best ECL catalytic
performance because of their unique nanostructure.
In addition to metal particles, the high spatiotemporal

resolution of ECLM allowed the evaluation of the catalytic
properties of materials ranging from two-dimensional materi-
als104−106 to lower-dimensional quantum dots (QDs).107,108

The underlying principle for these reports was similar, taking
advantage of the heterogeneous active sites on materials to
catalyze water or H2O2, followed by generating intermediates
that could act as co-reactants for luminol or its analogous L-
012 to emit ECL. Based on this basic paradigm, Chen et al.107

first compared the catalytic performance of different QDs (i.e.,
CdSe, CdTe, CdTeSe). The CdTeSe QDs had a more suitable
valence band position and more defects on the surface which
alter the surface energy and reduce the formation energy of
intermediates. Accordingly, the CdTeSe QDs exhibited the
strongest ECL intensity. Later, they synthesized a ZnO crystal
of different facets to show the correlation between electro-
catalytic performance and the exposed facets. The exper-
imental and theoretical results verified that the ZnO (002)
facets were superior to the ZnO (100) facets in terms of
catalytic rate.108 Zhu et al.105 controlled the generation of
redox-induced defects on the surface of reduced graphene

Figure 8. (a) Analysis of ECL bursts controlled by sulfur vacancy and oxygen doping. (i) ECL image of MoS2 after oxygen plasma treatment
(MoS2−P) in 10 mM PBS containing 200 μM L012 and 5 mM H2O2. Scale bar: 10 μm. (ii) Successive change of ECL intensity of three selected
particles. (iii) Corresponding dwell time of random ECL bursts. (iv) Corresponding ON events with dwell time in different H2O2 concentrations.
(v) ECL intensity change after H2O2 etching for 18 h. The inset shows the different ON events number between H2O2 etching and O2 plasma
treatment for 10 particles. (vi) Total ON events (black) and separate ON events (red) for 10 particles with different O2 plasma treatment time: 60,
120, and 240 s. The correlation between ON events and dwell time could also be found. (b) Schematic illustration of ECL bursts, where (i)
indicates the mechanic pathway and (ii) indicates the corresponding ECL intensity change. Reprinted with permission from ref 106. Copyright
2021 Wiley-VCH.
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oxide (rGO) nanosheets by changing the voltage applied.
Using the perturbation ECL imaging method, the fluctuation
of charge transfer resistance on individual rGO microsheets
with more redox-induced defects was revealed, i.e., more
defects contributing to a higher charge transfer resistance.
Inspired by this work, they subsequently introduced oxygen
plasma irradiation to modulate the surface defects on rGO.
Moreover, heterogeneous active sites adsorbing different
amounts of luminophores and co-reactants would produce
distinguished intensities of luminescence. By controlling the
exposure time to 0.2 s, the separated ECL emission region
could be successfully obtained to overcome the diffusion effect,
resulting in a high spatial resolution of 400 nm.104 Recently,
they focused on the ECL behavior of transition metal
dichalcogenides (TMDCs).106 In the case of molybdenum
disulfide (MoS2), oxidation can occur easily because the
strength of the oxidation bond was higher than that of the
sulfide bond. Coincidentally, oxygen-doped sites could
produce strong ECL luminescence while sulfur sites cannot,
making ECLM an excellent imaging tool to study kinetic
processes for the oxidation process. The authors observed the
ECL bursts generated on the surface of MoS2, together with
theoretical calculations, revealed that the oxygen doping
process was an intermittent process of millisecond scale and
also clarified for the first time the joint effect between the edge
and the basal plane on the oxidation process (Figure 8).
Despite the good catalytic ability of these entities

aforementioned enabling single-particle ECL imaging, the
luminophores of the ECL system are still insufficient, mainly
limited to Ru(bpy)32+ and luminol. Therefore, there are also
works devoted to extending the application of ECL using other
nanoemitters. Among them, Ma et al.68 synthesized C3N4 as
the cathode luminophore, first observing the ECL blinking
phenomenon during electrocatalytic hydrogen evolution
reactions. The appearance of this ECL on/off phenomenon
obeys a power-law function distribution and correlates to the
generation, growth, and collapse of hydrogen nanobubbles
generated on C3N4 hollow nanospheres. Because of the
correlation between ECL blinking and hydrogen generation
rate, the authors loaded other catalysts such as AuPd, NiS, and
Pt on C3N4 and later successfully evaluated their catalytic
performance.
In addition to the exploration of the catalytic properties of

materials, the merits of ECLM can promote many novel
applications. One of them is to detect transient electrochemical
events. Conventionally, ultra-microelectrode techniques can-
not realize the high spatial and temporal resolution
simultaneously. In other words, ultra-microelectrode analysis
can provide spatial information but at the expense of temporal
resolution and vice versa. Ma et al.20 instead observed the
collision process of Ru(bpy)32+-doped silica nanoparticles
(RuDSNs) by ECLM. Unlike the electrode background that
may result from metal particle catalyzing ECL reactions, these
RuDSNs could achieve zero background ECL detection of
collision events. The authors investigated the variability in the
ECL emission of RuDSNs with different particle sizes and
Ru(bpy)32+ doping amounts by a homemade ECLM combined
with a scanning electron microscopy colocalization strategy.
The fast time-resolving capability of the ECLM allowed the
single-particle collisions to be divided into spike and staircase
types, corresponding to elastic and viscous collisions,
respectively. This visualization technique exemplified its great
potential in electrochemical analysis. Another interesting work

used ECLM to observe the crystalline molecular wires made of
cyclometalated iridium(III) complexes. These wires could act
as both ECL emitters and active waveguides, which allowed the
long-range ECL to propagate inside the molecule over 100 μm,
showing great potential in electrochemical analysis without
contact.109

6.4. ECLM-Based Application for Single Cells

As the ECLM technology on imaging single particles continues
to mature, extending it to the cellular domain has become a
major impetus for researchers. Although fluorescence micros-
copy is the most well-developed method for single-cell
imaging, the dependence on external light sources makes it
difficult to eliminate the background of the cell itself. At this
point, the advantages of ECLM that has a near-zero optical
background and simple equipment are proven. Currently,
ECLM reports in the field of single-cell imaging can be
classified into negative image mode and positive image mode.
Here, we will also follow this classification to briefly introduce
this technology at the single-cell level plus new trends to image
the intracellular structure by ECLM.
6.4.1. Positive Image Mode with Labeling Process.

The positive imaging mode tends to show a brighter ECL
distribution of the target cells to distinguish them from the
background electrodes. Gaining the experience for labeling PS
balls by immuno-sandwich modality, Valenti et al.79 first
applied this labeling process to cells in 2017. Compared to the
FLM, the ECLM did not show the entire cell surfaces but the
cell borders in the vicinity to the electrodes due to the limited
lifetime of TPA co-reactants (the ECL mechanism obeyed the
LOP pathway as discussed before) and the intrinsic cellular
blockage of co-reactant diffusion. Later, they added a
surfactant, Triton-X, to improve the permeability of cell
membranes so that the co-reactants could transport through
the cell membrane to create ECL images of whole basal
membranes. Because the ECLM had a special feature of surface
confinement, it provided more details of cell basal membrane
in contrast to FLM.18 This approach paved the new way for
ECLM to develop single-cell analysis, but its luminescence
intensity and stability were still in need of improvement. For
this reason, Wang et al.110 synthesized tertiary amine
conjugated polymer dots (TEA-Pdots) that inserted the co-
reactants (i.e., TEA) into the backbone of emitters (i.e., Pdots)
to shorten the distance between these two reactants. Through
a dual intramolecular electron transfer process, the TEA-Pdots
exhibited unprecedented high ECL intensity compared to that
of the classic ECL system of equivalent concentration, thus
extending the application to evaluate the specific protein on a
cell membrane. Han et al.110 discussed the pivotal role of the
adsorbed electrogenerated species on the electrode surface
after prolonged electrolysis. After imposing the cathodic pulse
to remove these species, the ECL intensity would be recovered
soon.
When such a labeling paradigm was developed taking

advantage of the specific binding of antigens and antibodies or
biotin and streptavidin, the idea of detecting targeted proteins
or antibodies at the single-cell level became clarified. Liu et
al.111 designed g-C3N4 and Au@L012 as two ECL emitters
functionalized by recognition units to specifically recognize
epidermal growth factor receptor (EGFR) and phosphatidyl-
serine (PS), respectively. When apoptosis occurred, the PS on
the cell membrane would be everted. Due to the separation of
ECL emission between g-C3N4 and Au@L012, the potential-
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resolved ECL images of the cell apoptosis process could be
achieved. Liu et al.112 enriched Ru(bpy)32+ into the RuDSNs,
which were decorated with Au nanoparticles to enhance the
conductivity and identify the targets (Figure 9). This
nanocomposite amplified the ECL emission so that even
single biomolecules on the cell membrane were visualized. In
addition, Ru(bpy)32+@SiO2/Au nanoparticles were also de-
signed for sensing the prostate-specific antigens in combination
with BPE at the single-cell level.113 Recently, Li et al.114

utilized the nanoconfinement effect of metal−organic frame-

works (MOFs) to obtain the Ru(bpy)32+-embedded MOF
complex (RuMOFs) with extreme bright ECL emission. With
the aid of RuMOFs targeted to single proteins of living cells,
even the dynamic imaging of single molecular movements
could be successfully achieved.
To extend the application of the ECLM with a limited

imaging range near the electrode surface, another type of
ECLM labeling method using the catalytic pathway was
developed. As mentioned above, in catalytic pathway, the ECL
layer will be mainly decided by the long life-span Ru(bpy)33+,

Figure 9. (a) Single-molecule ECL images of different concentrations of CK 19. The luminophores are RuDSN/AuNPs. The electrodes used are
ITO. Scale bar: 5 μm. (b) ECL counts of CK 19 from 0.01 to 100 ng/mL. The inset diagram indicates the linear relationship between ECL counts
and the logarithm of CK 19 concentrations (0.01 to 10 ng/mL). (c) Specificity tests with target CK 19 (0.4 ng/mL) and other proteins (40 ng/
mL). Reprinted from ref 112. Copyright 2021 American Chemical Society.

Figure 10. (a) Images of HeLa cells on ITO. (i) Bright-field (BF) image of HeLa cells. (ii) ECL image of the same HeLa cells in (i) with 200 μM
L012. (iii) ECL image of the same HeLa cells in (i) with 200 μM L012 after stimulating cells by PMA. (iv) ECL image by subtracting (ii) from
(iii). Scale bar: 100 μm. Reprinted from ref 117. Copyright 2015 American Chemical Society. (b) ECL images of MCF-7 (i), HepG2 (ii), and L02
(iii) cultured on the closed BPE system after stimulation by PMA (1μg/mL). The ECL system includes 1 mM Ru(bpy)32+ and 20 mM DBAE in
0.1 M PB (pH 7.0). Exposure time: 1 s, scale bars: 30 μm. Reprinted from ref 120. Copyright 2022 American Chemical Society.
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leading to a thicker luminescent region. Ma et al.115 prepared
nitrogen-doped carbon dots (NCDs) modified by the PSBP
peptide as the co-reactants to recognize PS externalization.
Through the catalytic route, the upper membrane of cells could
also be imaged by their homemade ECLM setup. Likewise,
Chen et al.116 synthesized biocompatible co-reactants
composed of Au nanoflowers loaded by guanine-rich ssDNA.
The DNA employed here could act as not only the co-
reactants because of its abundant guanine contents but also the
aptamer to target the carcinoembryonic antigen (CEA). After
incubation with different types of cells, these artificial DNA co-
reactants not only specifically differentiated the healthy and
tumor cells but also maintained the ability to image the cell
membrane far away from the electrode surface.
6.4.2. Positive Image Mode without Labeling Proc-

ess. ECL emission is generated by electrochemical reactions,
thus offering the possibility to get rid of relatively tedious
labeling processes. One of the keys is to find substances that
are relevant to the cellular physiological process and can act as
co-reactants or luminophores. H2O2 is a suitable target which
is correlated with many biological processes, such as enzyme
catalytic reactions, cell lysis and apoptosis, local efflux events
from living cells, etc., and can also be the co-reactants of
luminol or L012. After stimulated by phorbol myristate acetate
(PMA), HeLa cells could produce extra H2O2, resulting in the
H2O2 efflux. When luminol met with H2O2 in the space
between the cells and the electrodes, the ECL emission was
enhanced, leading to the mapping pictures of H2O2 efflux at
the single-cell level by removing the background signal. Using
this method, parallel analysis of the activated membrane
cholesterol could also be achieved by adding cholesterol
oxidase to the solution because H2O2 would also be generated
by the reaction between membrane cholesterol and the oxidase
(as shown in Figure 10a).117 However, the resolution of ECL
imaging was still limited owing to the molecular diffusion
effect, and then the same group tried to use vertically ordered
silica pore arrays to limit the range of ECL generation, which
improved the resolution to the submicron level.118

The positive image in the works mentioned above relied on
the image difference before and after H2O2 release to subtract
cell background due to the spatial blockage of the cells.
However, this image processing operation may reduce the
image accuracy because living cells constantly change in their
morphologies and adhesions. The image difference is only
validated if spatial blockage of the cells remained unchanged
with time elapsing. To address this issue, Liu et al.119

developed a direct imaging strategy by modifying the chitosan
film on the electrodes. The chitosan film enlarged the distance
between the cell basal membrane and the electrode, thus
allowing more luminophores to accumulate below the cell.
After stimulating cells on the FTO electrode by N-
formylmethionyl leucyl phenylalanine (fMLP), the direct
positive images of targets were obtained immediately. Another
strategy to in situ image cells in the positive mode is to resort
to a bipolar nanoelectrode array.120 In a closed bipolar array
divided by gold nanoelectrodes, the authors platinized gold
electrodes in the cathode section and incubated the cells there.
The oxygen generated through electrocatalysis was temporarily
aggregated under the cells because of their steric hindrance and
thus was related to a higher ECL intensity at the anode and
achieved the positive images of the cell contours.120 Similarly,
through stimulating living cells to generate H2O2 efflux, the
ECL images of different cell types (i.e., HeLa, HepG2, MCF-7,
and L02 cells) correlated with the amount of H2O2 released, as
shown in Figure 10b.120

Although the cells could remain somewhat viable during
these efforts, the problems posed by electrical damage at high
voltages and a less stable ECL system were fatal. Thus, single
particles were used to ameliorate these problems. For example,
Cui et al.121 first synthesized semiconductor titanium dioxide
particles, which was difficult to passivate by electricity, to
achieve stable ECL luminescence. Then these particles
provided stable sensing signals for local efflux when applied
to the cells. Zhang et al.122 utilized single lithium iron
phosphate (LiFePO4, LFP) nanoparticles to realize the ECL
positive image of efflux at a relative low potential of 0.5 V,

Figure 11. (a) Typical schematic diagram of negative image mode in ECL system. The cell here was cultured on the SNM/ITO in Ru(bpy)32+ and
HEPES solution. (b) Schematic illustration and corresponding ECL image of cell adhesion showing the direction of collective migration. (c)
Corresponding bright-field images (i,iii) and ECL images (ii,iv) of cell adhesion in 10 mM PBS (pH 7.4) containing 50 μM Ru(bpy)32+ and 20 mM
HEPES. Scale bar: 20 μm. More detailed structure such as spikes and focal adhesions could only be seen in ECL images. Reprinted with permission
from ref 21. Copyright 2020 Wiley-VCH.
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owing to the promotion of the ECL reaction caused by lithium
migration.
Except for local efflux events, this imaging principle could

also be used to show other processes. Gao et al.123

encapsulated PMA and doxorubicin (DOX) in mesoporous
silica. When the carrier was specifically recognized by
nucleophiles inside the cell, PMA and DOX could then be
released, followed by the production of excess reactive oxygen
species to induce apoptosis and react with luminol, thus
enabling ECL imaging of the drug release process. Another
source of H2O2 could be the reduction reagent of oxygen by
imposing the negative potential. Based on sequential potential
steps, Hiramoto et al.124 realized the ECL imaging of cell
respiratory activity, demonstrating that the black areas
appearing near the cell spheroids were the result of oxygen
consumption by cellular respiration.
6.4.3. Negative Image Mode. A special image mode of

ECLM is the negative image mode, which has the simplest
imaging process. In the negative image mode, the cell could be
seen as a steric hindrance to block the ECL reaction, so the cell
outline appears as a black image under the ECLM compared to
the bare area of electrodes (Figure 11a). Because the reaction
layer of ECL always depends on the limited lifetime of
intermediates, it is more surface-confined to the electrode than
bright-field (BF) image and is therefore well suited to study the
dynamics of cell adhesion. In order to eliminate the effect of
electric stimulation and cytotoxicity from the ECL reaction
system, as shown in Figure 11, Ding et al.21 cultured PC12
cells on the silica nanochannel membrane (SNM)-modified
ITO electrodes (SNM/ITO) and used HEPES as co-reactants.
With the prerequisites that the cells remained viable, the
authors studied the variation of cell−matrix adhesion
associated with some physiology processes due to the natural
advantage for imaging the cell adhesion by ECLM at the
subcellular level. By adding trypsin, the spatial difference in
cell−matrix adhesion during digestion process were dynam-
ically demonstrated. Also, by a typical wound healing assay, the
direction change in cell−matrix adhesion during collective
migration was further identified by ECLM, showing that even
cells far from the scratch front tended to move forward. ECLM
here provided the feasibility to analyze the cell physiological
process and determine the specific molecular functions
through the transmutation of cell adhesion morphology.
Thus, they later changed the terminal groups tethered on
SNM/ITO to explore the specific recognition of integrins to
different surfaces. Through the morphology change of cell
adhesion, it was found that α6, α5, and α1 subunits sensed
SNM, RGD/OEG, and APTES electrode surfaces, respec-
tively.125 Gao et al.126 then observed the process of cell
shrinking, crumpling, and detaching from the electrode surface
by adding H2O2, along with the cell aggregation by electrical
stimulation. Chen et al.127 subsequently proposed a novel
method employing ECL to drive photodynamic therapy, where
ECL can be used both as an optical readout and as an internal
light source for the photosensitizer chlorin e6 (Ce6) by
effective energy transfer process. Similarly, the therapeutic
efficacy of the Ce6 was assessed by the clear identification of
deformation, expansion, detachment, and membrane blebbing
of PC12 and MCF-7 cells due to the capability of ECLM to
monitor cell adhesions.
Certainly this simple unlabeled strategy could be used to

image other physiological process or cellular components, such
as the tube formation of vascular endothelial cells on hydrogel

scaffold128 and subcellular organelles.22 Compared to the
imaging results of fluorescent dye, the negative imaging mode,
named the shadow ECLM method by Ma et al.,22 could detect
smaller mitochondria. However, these studies all benefited
from the fact that the ECLM imaging range is limited to the
vicinity of the electrode surface, making it difficult to observe
cell structures far from the electrode. To address this problem,
Ding et al.40 modulated the ECL layer by regulating the ratio
of luminophores and co-reactants. When the concentration of
luminophores increased to some extent, the catalytic pathway
appeared and thus extended the ECL layer away from the
electrode surface. In this context, the spatially resolved imaging
of cell−matrix and cell−cell junctions could be easily achieved.
Additionally, Ma et al.129 regulated the thickness of ECL layer
(TEL) through the heated electrodes. The electrode temper-
ature (Te) would increase from 20 to 60 °C. The increasing Te
not only extended the TEL because of the faster diffusion rates
but also accelerated the electrochemical kinetics, leading to
clearer cell contours. Thus, by simply tuning Te, the cell
topography at different heights could be achieved due to the
fine and reversible response of TEL to temperature under
different reaction paths.
6.4.4. New Trends for Intracellular Imaging. The

application of ECLM inside cells is hampered by the fact that
the reaction species must be electrically excited while being
hindered by the cell membrane. Scientists have been trying to
develop a strategy for ECLM that can achieve intracellular
imaging. A little earlier, in order to measure the intracellular
glucose contents, Xu et al.130 and Xia et al.131 introduced cell-
sized microelectrode arrays to ECLM system, making internal
glucose of individual cells flow into each microwells by
breaking the cells to obtain the corresponding ECL images.
Obviously, this method did not meet the expectation of in situ
imaging the interior of cells. And the electrical damage was
another serious problem blocking ECLM to image the
intracellular change of living cells. Using bipolar nanoelectrode
arrays, incubating the cells at one section can maintain the
cellular activity to some extent, as described previously.120

However, in fact, conventional BPE needs strict size limitations
for conductive objects,132 and thus a higher voltage may be
required for micro- and nanoscale objects, which can still cause
damage when directly used in biological systems. Fortunately,
wireless nanopore electrodes offer the hope.133−135 Thanks to
the confinement effect of nanopipettes, the polarization at the
tip is locally enhanced, thus reducing the applied potential and
narrowed down the range of electrical damage significantly.
Even 90% of the voltage drop of the nanoelectrode designed by
Ying et al.135 would occur at the tip, and using this asymmetric
BPE amplification strategy, they achieved the monitoring of
electron transfer process in living cells. He et al.136 first
developed an ultra-microelectrode with a tip of 1−2 μm,
containing luminophores inside and sputter-coated with Au to
enhance conductivity. The tip could then break through the
cell membrane barrier and met with the internal H2O2. Due to
the contact with gold and the application of positive voltage,
the ECL images could be recorded, showing the possibility to
visualize the intracellular H2O2 in situ. Later, they developed
more sophisticated platinum-deposited nanopipette tips in
combination with bipolar ECL to realize the wireless detection
of intracellular components, i.e., H2O2, glucose, and the activity
of sphingomyelinase.137 The porous structure of the tip not
only effectively reduced the voltage required for bipolar
electrochemistry but also generated electro-osmotic flow to
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promote the inflow of cytosol. However, in situ imaging of the
internal cell structure is still challenging by these devices. Ma et
al.115 invented a bio-co-reactant-enhanced ECLM which
efficiently exploited the difference in the intrinsic content of
amino-rich biomolecules of intracellular structures. Through a
catalytic pathway, the Ru(bpy)32+ luminophores could electro-
oxidize at the electrode surface to create the stable enough
Ru(bpy)33+, which could transport to the inside of cells and
react with amino-rich DNA as co-reactants. As time elapsed,
substructures richer in co-reactants such as the nucleus would
show stronger ECL emission, displaying the hierarchical ECL
spatial distribution. This tool could also be used to observe the
dynamic electroporation process since the co-reactants were
separated by the cell membrane, promoting the novel use of
ECLM in single-cell analysis.
6.5. Other ECLM-Based Strategies

The development of a technology is inseparable from the
reference of other technologies. For ECLM, inspired by the
existing techniques of electrochemical microscopy, thin film
interferometer, FLM, etc., it has developed many other new
crossover strategies with excellent performance.
Generally, to obtain a positive ECL image of specific

antigens distributed on cell membrane, the labeling methods
would be processed. However, Zhang et al.138 creatively
integrated ECLM with electrochemical capacity method,
utilizing the potential drop across the double layer (Vdl) to
image the CEA antigens on cell membrane with the detection
limit lower to 1 pg. The binding area caused a drop in specific

capacity and resulted in a higher Vdl, corresponding to a higher
ECL intensity. In this way, the nonlabeling ECL images of
CEA distribution could be achieved easily.
In addition to drawing on electrochemical-related techni-

ques, ECL can also be combined with interference spectros-
copy to reach the vertical nanoscale resolution.139 ECL
emission from luminophores and that from the electrode
surface reflection could induce self-interference phenomenon,
which was then analyzed by matrix propagation model to
derive the thickness of ECL layer. With the increase of
Ru(bpy)32+ concentration, the ECL layer varied from ∼350 nm
to nearly 1 μm, which was inaccessible using conventional ECL
measurements.
For Ru(bpy)32+, its ECL emission is at the same excited state

as fluorescence, so some development of ECLM originates
from the reference of fluorescence microscopy. Han et al.140

discovered the ECL loss during the photobleaching, showing
the linear correlation of these two phenomenon, which also
implied the possibility for developing ECLM with photo-
bleaching methods. Later, Dong et al.24 achieved super-
resolution ECLM according to single-molecule fluorescence
localization technique (Figure 12). When applying to the cell
imaging, the motion of cell adhesion with the temporal
resolution of 12 s and spatial resolution of 150 nm was
recorded. This work first breaking the diffraction limit in
ECLM paved the way for super-resolved ECLM, which
removed the tedious labeling process and the intervention of
an excitation light source compared to the super-resolution
FLM. Later, the same technique was processed on the single

Figure 12. (a) (i) Schematic image of the single-molecular ECL setup. (ii) Cyclic voltammetry (CV) measurement and corresponding ECL signal
in 50 μM Ru(bpy)32+ with 50 mM TPA with exposure time of 0.507 ms. (iii) ECL emission spectrum of Ru(bpy)32+. (b) (i) Current density, (ii)
applied voltage, (iii) photon counts, and (iv) analog-to-digital (A/D) counts at the same time. (c) Corresponding (i) bright-field image and (ii)
super-resolution ECL image for the same HEK293 cell on an ITO surface. Scale bar (white): 5 μm. (iii) Diffraction-limited ECL image and (iv)
super-resolution ECL image of the same region. Scale bar (white): 2 μm. Reprinted with permission from ref 24. Copyright 2021 Springer Nature.
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gold plates141 to gain the structure−activity relationship of
catalysts. With the high spatial resolution, the heterogeneity of
the surface reactivities could be obtained. Moreover, the
dynamic catalytic hotspot changes when adding potassium
chloride to etch Au oxides could be recorded through time-
lapse, which may be helpful for designing the catalysts. Another
kind of super-resolution ECLM was based on super-resolution
radial fluctuation (SRRF).140 By processing the SRRF method,
the spatial resolution achieved 100 nm so that the different
catalytic ability at the subparticle level could be easily
visualized. After analyzing the reconstructed ECL images, the
variation at different parts of the gold plates was attributed to
the characteristics of high-index facets and growth-dependent
underlying surface defects. Meanwhile, the high temporal
resolution helped to dissect the relationship between catalytic
sites and stability. Most higher activity sites, however, showed
the lower stability, showing the opposite trend between
catalytic activity and stability.

7. CONCLUSIONS AND OUTLOOK
Due to the unique merits of ECL measurements and
microscopy devices, ECLM is equipped with high throughput,
high spatiotemporal resolution, and high sensitivity. Through
the understanding of basic mechanisms in the ECLM field,
device setup and diverse applications discussed in this review,
it is no doubt that the ECLM is growing fast. Until now,
ECLM has realized super-resolution imaging and single-
molecule imaging with the assistance of advanced devices
and sophisticated algorithms, showing the stunning potential of
this technique.
Nevertheless, there is still a long way to go for ECLM. One

problem is how to overcome the diffusion effect of dissolved
ECL species, which could be the key to improve the spatial
resolution. In some early papers containing microelectrode
arrays of ECL, the researchers reduced the collection time to
obtain the spatial isolated ECL spots, implying a solution to
this problem. The coupling of ultrahigh speed camera may be a
good choice, but there is another problem becoming the
stumbling block that ECL is always a weak emission process.
To solve this problem, new nanoemitters with high ECL
intensity needs to be developed. Dual intramolecular electron
transfer strategy is a good example, which shortened the
distance between reactants and finally magnified ECL intensity.
Along with advanced detection devices such as EMCCD or
sCMOS, the weak emission is expected to surmount in the
future. Third, the more practical and complexed (bio)-
applications should be achieved with tireless endeavor.
Currently, the high sensitivity and fast response to the surface
changes render ECLM an ideal method for detection of
fingerprints, which is most likely to put into practical use.142,143

However, the gap between experimental results and other
practical applications still requires to be bridged. The biggest
obstacle here is how to address the electrical damage and the
ECL toxicity for biological systems. Thus, modalities like
wireless ECL propagation, bipolar electrochemistry, etc.,
flourished in the past few years and will keep going in the
coming days. Meanwhile, other biocompatible ECL systems
with low applied potential along with the novel electrode
materials are also worth waiting for. In addition, the biological
exploration of ECLM nowadays mainly focus on the
microscopic biological structures (i.e., cells and organelles).
Upscaling metabolic processes from animals to humans and
macroscopic structures including tissues and organs is brand

new territory for ECLM, which may accelerate the
experimental findings to the clinical practice.
Indeed, the difficulties encountered when the technology is

budding always carry abreast opportunities and challenges. We
believe ECLM will continue to prosper in more creative realms
at single entity level and bring us new approaches to solve
more practical problems. We appreciate all the efforts in ECL
field that could make the world a better place.
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■ VOCABULARY
Electrochemiluminescence (ECL): A light emission process
initiated by electrochemical reactions
Co-reactant: Species that could generate the reductants or
oxidants to help the luminophores emit light in the small
potential window
Low-oxidation potential (LOP) route: A mechanism for
Ru(bpy)32+ and TPrA system that only co-reactant TPrA
involved in electrochemical reactions during ECL process
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Electron-multiplying CCD (EMCCD): The camera setup
that contains multiple gain registers behind the transfer
register of CCD to amplify the signal and further improves
the signal-to-noise (S/N)
TEL: The thickness of ECL layer usually decided by the
distribution of the excited state of luminophores
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