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Understanding biological mechanisms operating in cells is one
of the major goals of biology. Since heterogeneity is the
fundamental property of cellular systems, single cell measure-
ments can provide more accurate information about the
composition, dynamics, and regulatory circuits of cells than
population-averaged assays. Electrochemiluminescence (ECL),
the light emission triggered by electrochemical reactions, is an
emerging approach for single cell analysis. Numerous analytes,
ranging from small biomolecules such as glucose and cholester-

ol, proteins and nucleic acids to subcellular structures, have
been determined in single cells by ECL, which yields new
insights into cellular functions. This review aims to provide an
overview of research progress on ECL principles and systems for
single cell analysis in recent years. The ECL reaction mecha-
nisms are briefly introduced, and then the advances and
representative works in ECL single cell analysis are summarized.
Finally, outlooks and challenges in this field are addressed.

1. Introduction

Electrochemiluminescence (ECL), also called electrogenerated
chemiluminescence, is the light emission triggered by electro-
chemical reactions.[1] For example, upon applying a voltage to
the electrode in a solution containing the luminophore, reactive
intermediates are produced to form excited states that emit
light. ECL studies originated in the 1920s,[2] while the first
detailed ECL studies were reported in the mid-1960s.[3] After
being extensively studied for decades, ECL has become a
powerful technique with applications ranging from light-
emitting devices, environment detection, genotoxicity screen-
ing to bioanalysis.[4] Luminol, tris(2,2’-bipyridine)ruthenium (II)
(Ru(bpy)3

2+) and nanoparticles are the most frequently used
ECL luminophores in recent studies. In particular, Ru(bpy)3

2+

-based ECL system has been successfully commercialized and
used worldwide in clinical immunoassays for in vitro diagnosis
(IVD).

Photoluminescence (PL), chemiluminescence (CL) and ECL
are three typical types of luminescence. Compared with the
most popular PL methods for investigating cellular contents,
ECL is produced in the absence of scattered light or interference
from fluorescent impurities, which avoids the autofluorescence
of biological samples and decreases the background.[5] Both CL
and ECL undergo highly energetic electron-transfer reactions to
produce light. However, CL is initiated by mixing necessary
reagents and controlled by careful manipulation of fluid flow.
While ECL is initiated and controlled by electrical signals, which
occurs only in the vicinity of the electrode surface, allowing the

duration and position of light emission to be precisely
modulated. The elegant combination of electrochemical and
spectroscopic methods brings ECL remarkable advantages such
as extremely high sensitivity, near-zero background, superior
spatiotemporal control and wide dynamic range.[6] Benefiting
from these unique features, it is particularly suitable for
biosensing.[7] Metal ions, small biomolecules, proteins and
nucleic acids have all been determined by ECL assays.[8]

Single cells are the minimal functional unit of life. Under-
standing how individual cells process information and respond
to perturbations is a central goal of biology.[9] After decades of
probing, heterogeneity has been recognized as a universal
property within cellular populations and is critical for cell fate
decisions. For instance, variation in cell phenotypes within a
tumor is the major obstacle to effective cancer treatment.[10]

Single cell analysis has challenged prevailing ideas obtained by
population-averaged assays and opened new ways of under-
standing the development and progression of diseases.[11]

However, the analysis is quite challenging. First, the typical size
of a mammalian cell is only a few picolitres. Second, the
absolute number of target molecules is tiny while the number
of different molecules is large. In addition, highly dynamic intra-
or intercellular processes impose additional complexity.

Fluorescence microscopy, mass spectrometry, electrochem-
ical analysis and microfluidics are major techniques capable of
measuring single cells.[12] Some excellent reviews have summar-
ized these methods and new analytical methods are constantly
being developed.[13] Benefiting from its low background, facile
spatiotemporal control, robustness, versatility and high surface
sensitivity, ECL has manifested itself as a powerful tool in single
cell analysis. In this review, the recent advances in single cell
analysis by ECL will be highlighted. After introducing briefly the
main ECL systems and mechanisms involved in ECL cytosensors,
we shall summarize the applications of organic systems,
inorganic systems and nanoparticle systems in single cell
analysis. Finally, remaining challenges and future perspectives
in this field will be discussed.

2. ECL Systems

According to the types of luminophores, ECL systems can be
classified into three categories, namely organic systems,
inorganic systems and nanomaterial-based systems.
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2.1. Organic Systems

The early ECL studies originated with organic systems in the
1920s when Dufford et al. observed the light emission of
Grignard compounds from electrode surface for the first time.[2]

Later, Harvey reported the luminescence of luminol during
electrolysis.[14] Polyaromatic hydrocarbons (PAHs, such as ru-
brene and 1,10-diphenylanthracene), luminol and their deriva-
tives are typical luminophores in organic systems. A double
potential step was applied to an electrode by alternatively
pulsing the applied potential at a negative and a positive
enough value. During the potential pulsing, PAH is electro-
chemically reduced and oxidized, forming the radical anion
(PAH*� ) and cation (PAH*+) respectively, which are annihilated
to generate the excited state (PAH*) that emits light. This route
is called “annihilation ECL”. However, the potential window of
aqueous solution is too narrow to produce both radicals
necessary in annihilation ECL conveniently, which limits its
practical applications in bioanalysis.

Luminol is another classical organic luminophore that
continues to arouse interest. It can produce ECL under a wide
range of conditions, which include the presence or absence of
oxygen and/or hydrogen peroxide (H2O2), different electrode
potentials and potential scanning directions. The excited state
of luminol is formed by bond-breaking reactions. Figure 1
summarizes one possible mechanistic pathway of ECL gener-
ation by luminol and H2O2. Basically, luminol deprotonates and
then is oxidized to form luminol radical. This intermediate
undergoes further oxidation in the presence of H2O2 to produce
the excited species. The possibility of coupling ECL reactions
with enzyme-catalyzed reactions that generate H2O2 makes
luminol suitable for the detection of a variety of cellular
substances.[15] However, the luminescence of luminol is much
stronger in alkaline solutions than that in neutral or weakly
acidic ones. A compromise should be found between the basic
condition needed for luminol and that for the enzyme. Recently,
L012 (8-amino-5-chloro-7-phenylpyrido[3,4-d]pyridazine-1,4(2H,
3H)-dione), an analog of luminol that enables highly sensitive

ECL measurements in neutral conditions, is a promising
alternative to luminol, and has been successfully used in ECL
single cell analysis.[16] Besides, new concepts and principles such
as aggregation-induced emission (AIE) ECL and circularly-
polarized ECL have been developed, which opened a new range
of applications for organic luminophores.[17]

2.2. Inorganic Systems

Inorganic systems, which mainly contain metal complexes,[18]

have played a pivotal role in analytical chemistry. The most
widely used and most thoroughly studied metal complex is
Ru(bpy)3

2+, the benchmark among ECL luminophores since it
was first reported in 1972.[19] The advantages of Ru(bpy)3

2+

include the excellent properties in photochemistry and electro-
chemistry, strong luminescence and stability, and its solubility
in both aqueous and nonaqueous solutions. Ru(bpy)3

2+ is the
main competitor to luminol in analytical ECL. It can be
regenerated in ECL reactions while luminol undergoes irrever-
sible oxidation reactions. Ru(bpy)3

2+ can produce ECL by two
dominant pathways, namely the annihilation route and the co-
reactant route. Modern ECL applications of Ru(bpy)3

2+ are
almost exclusively based on the latter.

Figure 2 shows four possible reaction routes of Ru(bpy)3
2+/

tri-n-propylamine (TPrA) co-reactant system. Figure 2a presents
the classical oxidative-reduction ECL. Ru(bpy)3

2+ and TPrA are
both oxidized to generate Ru(bpy)3

3+ and a radical cation,
TPrA*+, which loses a proton to form the strongly reducing
TPrA*. This radical further reduces Ru(bpy)3

3+ into Ru(bpy)3
2+*,

which relaxes to the ground state and emits light. In a
concomitant pathway, Ru(bpy)3

2+ is reduced to Ru(bpy)3
+ by

TPrA* and the subsequent annihilation reaction produces
Ru(bpy)3

2+* (Figure 2b).
In the “catalytic route” (Figure 2c), electrogenerated Ru-

(bpy)3
3+ reacts with TPrA to produce TPrA*+. The contribution

of this route to the overall ECL process depends on the
concentration of Ru(bpy)3

2+. It is favored when relatively high
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concentrations of Ru(bpy)3
2+ are used. In contrast, the last ECL

pathway (Figure 2d), namely the so-called low-oxidation poten-
tial (LOP) ECL, is significant particularly in dilute Ru(bpy)3

2+

solutions with high concentrations of TPrA. Thus, the ECL
signals obtained in sensing systems with Ru(bpy)3

2+ as ECL
labels mainly originate from LOP ECL. In this case, only the co-
reactant is oxidized at low potentials. Ru(bpy)3

2+* is generated
via the reaction between Ru(bpy)3

+ and TPrA*+. LOP ECL is the
basis for commercial magnetic bead-based immunoassays.

The introduction of ECL microscopy is an important break-
through to elucidate ECL mechanisms.[20] For instance, mapping
ECL reactivity on Ru(bpy)3

2+-labeled microbeads demonstrated
the generation of excited states at a micrometric distance from
the electrode surface, indicating the surface-confined nature of
“LOP route”.[21] Imaging the thickness of ECL layer by using
vertically aligned microtube electrodes proves the occurrence

of “catalytic route”, through which the ECL-emitting layer can
be extended.[22] These results contribute to the rational design
of ECL systems for single cell analysis.

2.3. Nanoparticle Systems

Nanomaterial-based ECL luminophores mainly include semi-
conductor quantum dots (QDs), carbon-based materials, and
noble metal clusters.[23] Although the structures of nanomate-
rials are complicated, the ECL of nanomaterials follows the
general annihilation and co-reactant ECL routes as discussed
above. One common feature of nanoparticles needed to notice
is the red-shifted ECL spectrum of nanomaterials with respect
to their PL one, which is because ECL probes the surface state
while PL provides information about the interior of
nanoparticles.[24]

3. Strategies and Applications

3.1. Luminol and Enzymes

As mentioned above, the main interest in luminol ECL is
coupling the light-emitting reaction with biological processes
and enzymatic systems that generate H2O2. In a pioneering
work reported by Ma et al., cells were incubated on the surface
of ITO electrode.[25] As shown in Figure 3a, a pinhole with a
diameter of 100 μm was prepared and placed between the ITO
electrode and the PMT window. The density of cells was
adjusted so that only one cell is exposed to the photomultiplier
tube (PMT). Cholesterol oxidase in solution reacts with active
membrane cholesterol to generate H2O2, which remarkably
promotes the ECL intensity of luminol. The differences between
ECL signals obtained before and after the introduction of
cholesterol oxidase indicate the amount of active cholesterol at
one cell. After removing active membrane cholesterol by
oxidases, the amount of inactive cholesterol can be also
determined, which provides valuable information about the
composition of membrane cholesterol and intracellular choles-
terol trafficking at single cell level.[26]

Figure 1. Mechanistic pathways of ECL generation by luminol and H2O2.

Figure 2. Schemes for the mechanisms involved in Ru(bpy)3
2+/TPrA co-

reactant ECL system.
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Enzyme cocktails are designed for ECL detection when
appropriate oxidase is unavailable. For example, by treating
cells with an enzyme cocktail, phosphatidylserine in the plasma
membrane is first converted to phosphatidic acid and serine by
phospholipase D. The product serine is subsequently oxidized
by L-amino acid oxidase to yield H2O2.

[27] In addition, cholesterol
and sphingomyelin on the cell membrane could be co-
monitored by serial enzymatic reactions which produce H2O2

successively.[28] This method is simple, low-cost, fast and
versatile for single cell analysis. Many biomolecules can be
detected, as long as there are corresponding oxidases or
enzyme cocktails to produce H2O2.

[29]

The “pinhole” setup allows only one cell to be detected in a
single run. To improve the throughput, a microelectrode array
consisting of eight electrodes was prepared.[16] As shown in
Figure 3b, single cells were directly incubated on the cell-sized
microelectrodes. The voltage was applied to eight micro-
electrodes sequentially with a multiplexer while the ECL
intensity was recorded by PMT. A relatively high throughput
was achieved by analyzing eight cells in 22 s. However, the
number of electrodes in such microelectrode arrays is limited,
so is the analysis throughput.

Imaging methods could provide significant spatial informa-
tion that intensity-based measurements lack. Zhou et al.
reported the first ECL imaging work for the parallel measure-
ments of single cells.[30] As shown in Figure 3c, the basic setup
of an ECL microscopy consists of an electrochemical cell, a
voltage generator, and a microscope equipped with an electron
multiplying charge coupled device (EMCCD). When capturing
ECL images, external light sources are switched off and a
suitable potential is applied to the electrode to launch ECL
reactions. Owing to the adherence of cells on the electrode
surface, the diffusion of L012 is slowed down and therefore the
cells appear dark in ECL images. Comparing ECL images before
and after the introduction of cholesterol oxidases, the differ-
ence reveals the amount of cholesterol. Although the local
heterogeneity of membrane active cholesterol within single
cells is observed in ECL images, the diffusion of luminol, H2O2,
and ECL intermediates might delocalize the exact sites of
reactions. To solve this problem, silica nanochannel membrane
(SNM) is prepared on the ITO electrode, which restricts the
lateral diffusion and minimizes the crosstalk from nearby
microregions, thus improving the spatial resolution of ECL
imaging.[31] Compared with the microelectrode array, ECL
imaging could not only avoid the complex process of electrode
fabrication, but also offer intrinsic advantages including high
spatiotemporal resolution and compatibility for high through-
put analysis.

Owing to the steric hindrance and insulation of cells, they
are visualized as dark shadows in a negative manner by ECL. Liu
et al. modified the electrode with chitosan to image cells in a
positive mode.[32] The porous chitosan layer increases the
distance between the basal cell membrane and the underlying
electrode, allowing luminophores to diffuse into this space. The
amount of ECL reagents below cells is increased, which
guarantees the sensitivity of quantitative analysis. A luminous
cell image can be obtained after H2O2 is released by cells.

ECL generated on the micro- and nano-structures allows for
the local sensing of single cells. For example, using gold
microtube electrode ensembles as the working electrode, local
H2O2 efflux was measured and its heterogeneity at subcellular
level was revealed.[33] Steady-state ECL signals of L012 were
observed at single titanium dioxide nanoparticles, which allows
for the continuous and temporally resolved ECL analysis of
single cells.[34] LiFePO4 nanoparticles were employed to facilitate
the ECL emission of L012 at a low voltage of 0.5 V, thus
minimizing the electrochemical perturbation to living cells.[35]

Above works deal with molecules on cell membrane or
released by cells, while intracellular measurements have been
realized as well. Xu et al. prepared a microwell array to analyze
intracellular analytes.[36] Single cells were retained in cell-sized
microwells and treated with L012, triton X-100 and glucose
oxidase simultaneously. Triton X-100 breaks the cellular mem-
brane and releases intracellular biomolecules, which further
react with corresponding oxidases to yield H2O2. The microwells
could not only slow down the diffusion of H2O2 and thus avoid
the cross-interference reactions, but also improve the through-
put of analysis.[37] ECL signals from 64 cells can be read at once
in an ECL image. Zhang et al. designed a functionalized

Figure 3. Different setups of luminol ECL for the analysis of cholesterol on
cell membrane. (a) Analysis with a pinhole placed between the electrode
and the PMT window. Reproduced with permission from Ref. [25] Copyright
2013, American Chemical Society. (b) Serial analysis with a microelectrode
array. Reproduced with permission from Ref. [16] Copyright 2014, American
Chemical Society. (c) ECL imaging of cholesterol. Reproduced with
permission from Ref. [30] Copyright 2015, American Chemical Society.
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nanoprobe to detect intracellular microRNA.[38] The nanoprobe
can recognize microRNA and release drugs that stimulate cells
to produce H2O2. Therefore, cells with the target microRNA
become luminous in ECL images. A similar qualitative method
was also applied for detecting intracellular nucleolin.[39] The O2

consumption of cell spheroids can be analyzed by ECL imaging
indirectly.[40] Dissolved O2 is first electrochemically reduced to
H2O2, and consequently the ECL intensity of L012 is positively
related to the concentration of O2 and negatively related to O2

consumption. Recently, a voltage modulated ECL method was
reported to improve the sensitivity of L012/H2O2 system.[41] By
imposing a small voltage upon a constant potential, the ECL
intensity increased twofold, which is an effective way to
promote the ECL intensity.

In another design, a microelectrode filled with chitosan and
luminol is inserted into cells to probe the H2O2 inside cells.[43]

Compared with the method involving the lysis of cells, this
method is relatively safe for cells. Wang et al. decorated the tip
of a nanopipette with a porous Pt deposit that is used as an
open bipolar electrode (Figure 4).[42] The voltage drop is
confined within the nanopipette tip, which allows the bipolar
ECL to generate at a very low voltage. Inserting the nanopipette
filled with L012 and oxidases into a cell, intracellular molecules
can be loaded into the nanopipette and react with oxidases to
produce H2O2, which enhances the ECL signal of L012 at the
bipolar electrode. Intracellular H2O2, glucose and enzyme
activity were determined by the wireless ECL approach.

Most of the luminol-related ECL systems aim to detect small
molecules, yet Zhang et al. reported an interesting work in
which ECL-based capacitance microscopy was established to
analyze antigens on cell membrane.[44] Upon the binding of
antibodies to carcinoembryonic antigen (CEA) on cell surface,
local capacitance decreases, resulting in a relatively higher
potential drop across the electrical double layer (Vdl). Since the
ECL intensity of L012 is positively related to Vdl, the antigen is
visualized as bright spots in ECL difference image. Using this
method, 1 pg of CEA can be determined. This work not only
achieves the label-free imaging of antigens on cell surfaces, but
also provides a new principle for the detection of low-content
biomarkers.

3.2. Ru(bpy)3
2+-based Single Cell Imaging

In contrast to luminol ECL system, the majority of bioanalytical
applications of Ru(bpy)3

2+ are based on immunolabelling. By
attaching a suitable functional group to Ru(bpy)3

2+, it can be
linked to proteins or nucleic acids for specific analysis. In 2009,
Dolci et al. coated polystyrene microbeads with Ru(bpy)3

2+

using a biotin-streptavidin interaction and achieved the ECL
imaging of single microbeads, which demonstrated the possi-
bility of ultrasensitive imaging of single cells by ECL.[45] Valenti
et al. reported the first work for the spatially resolved ECL
imaging of single cells in 2017.[46] As shown in Figure 5, they
labeled streptavidin with ruthenium complex, which can react
with biotin-labeled cells. The whole cell becomes luminous in
FL image, while ECL signals are localized only at cell borders.
Such an interesting result is intrinsically associated with the ECL
generation mechanisms. The electron tunnelling distance is
only a few nanometers. Therefore, most of the ruthenium
complex labeled on cell membrane cannot be oxidized directly.
LOP ECL is the main route contributing to ECL generation. As
the lifetime of the key intermediate TPrA*+ in LOP is limited, its
diffusion distance is estimated to be several micrometers. Thus,
ECL can only generate on the cell border. This work demon-
strates the surface-confined nature of ECL microscopy and
contributes to a better understanding of ECL mechanisms and
operating conditions for cell imaging.

In a later work, Voci et al. further studied the vertical
resolution of ECL imaging.[47] The focal plane of ECL imaging is
found to be ca. 1.2 μm below that of FL imaging. The
subwavelength vertical resolution of ECL is reminiscent of total
internal reflection fluorescence (TIRF) microscopy. In addition,
the whole basal membrane becomes luminous after destroying
the membrane, suggesting the cell membrane acts as a physical
barrier that blocks the diffusion of co-reactant. The effect of

Figure 4. Representation of the bipolar ECL detection for intracellular wire-
less analysis (a). The bright field image (b) and ECL image (c) of the
nanopipette for the detection of intracellular hydrogen peroxide. Repro-
duced with permission from Ref. [42] Copyright 2020, Wiley-VCH.

Figure 5. Schematic illustration of imaging single cells by ECL microscopy
(a). PL (b), ECL (c) and the overlay (d) images of the same region of interest.
Reproduced with permission from Ref. [46] Copyright 2017, American
Chemical Society.
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photobleaching on ECL emission was investigated in the same
configuration.[48] A linear correlation between the ECL decrease
and the PL loss was obtained, which indicated the same excited
state in PL and ECL. The combination of ECL and photo-
bleaching might offer opportunities to investigate the molec-
ular dynamics within cell membrane. Besides, the loss of ECL
signals during successive recording was observed, which was
proved to be related with electrochemical steps and can be
effectively avoided by a cathodic regenerative treatment.[49]

Despite the achievements in ECL imaging with ruthenium
as tags, the visualization of low-content biomolecules is still
challenging. Continuous efforts are devoted to amplifying ECL
signals. Prostate specific antigen (PSA) at single cells was
imaged by using Ru(bpy)3

2+-doped silica/Au nanoparticles as
ECL tags.[50] Liu et al. prepared a silica/Au nanoparticle to load
Ru(bpy)3

2+ and amplify the ECL signals. The average number of
active Ru(bpy)3

2+ embedded in each particle was calculated to
be ca. 3.6×104 and single membrane protein was visualized by
ECL for the first time.[51]

Apart from conventional co-reactant such as TPrA, some
intracellular molecules can also function as sacrificial co-
reactant. Ma et al. reported the ECL generation of Ru(bpy)3

2+

with intracellular amino-rich moieties, such as guanine in DNA
and RNA.[52] In this case, only Ru(bpy)3

2+ is oxidized on the
electrode surface and the catalytic route accounts for the light
emission. As shown in Figure 6, cells display hierarchical signals
in ECL images, which reflect the spatial distribution of DNA and
RNA. Nucleolus, nucleoplasm and endoplasmic reticulum can
be distinguished due to different densities of DNA and RNA.
Unlike the short-lived TPrA*+ in surface-confined ECL micro-
scopy, the electrogenerated intermediates Ru(bpy)3

3+ in cata-
lytic ECL is stable. Therefore, if cells are labeled with co-
reactants while the emitter Ru(bpy)3

2+ is freely diffusing, the
analysis of the whole cell rather than basal cell membrane
could be achieved.[53] Chen et al. fabricated gold nanoparticles
and loaded them with guanine-rich single-stranded DNA as co-
reactants. By labeling CEA with the nanoparticle, the entire cell
membrane was imaged.[54]

In above-mentioned works, either Ru(bpy)3
2+ or the co-

reactant is constrained on cell surface or specific cellular

structures, which is unable to diffuse and be oxidized at the
electrode surface. The heterogenous ECL is triggered exclusively
by the anodic oxidation of the other ECL specie, whose
diffusion from the electrode surface is thus critical for light
generation. In addition, cells are usually fixed and permeabilized
in the labeling process. In contrast, both luminophores and co-
reactants are diffusive in homogenous ECL, which is intuitive
and easy to operate. For instance, cell-matrix adhesions can be
visualized in a label-free manner by ECL microscopy.[55] Single
cells incubated on the SNM coated ITO electrode form close
adhesions with the underlying electrode surface. The adhesions
locally block both the ECL reaction and the diffusion of ECL
species while being highlighted as dark maps in ECL images.
Thanks to the surface confined feature of the direct oxidative-
reduction route and the enhanced ECL intensity on SNM,
distinct visual contrast was obtained. This idea is in principle
similar to the negative imaging of latent fingermarks by ECL.[56]

Since the method is label-free, it is rather suitable for living cell
analysis. Dynamic variations of cell-matrix adhesions and
collective migration of cells were analyzed by the method.

Based on the negative imaging strategy, Gao et al. analyzed
the morphological characteristics and states of single cells
during stimulation.[57] Variations in cell-matrix adhesions of
vascular endothelial cells during tube formation were analyzed
by Ino et al., in which different adhesion states between
monolayer and tube network cultures were highlighted.[58]

Apart from cells, mitochondria deposited on the electrode
surface hinder the diffusion of ECL reagents as well, which
produce negative optical contrast in ECL images.[59] The positive
ECL imaging of cell adhesions was achieved by using a bipolar
platinized gold nanoelectrode array.[60] Cells are incubated at
the cathodic side, while ECL reactions occur at the anodic one.
In situ generated O2 confined beneath cells contributed to high
ECL intensity at the anodic side, allowing for the positive
imaging of cell adhesions. This method is expected to be
promising for imaging the redox activities of single cells.

By rationally regulating the concentrations of luminophore
and/or co-reactant, the ECL reaction pathways can be modu-
lated and the emitting layer can be controlled to match with
the spatial location of different cellular structures of interest.[61]

As depicted in Figure 7, at a low concentration of luminophore,
ECL is confined closely to the electrode surface and thus only
reveals events in the thin ECL layer, which is particularly suitable
for imaging cell-matrix adhesions. While at a high concentration
of Ru(bpy)3

2+, the ECL layer can be remarkably extended by
decreasing the concentration of co-reactants, thus allowing the
sequential imaging of cell-matrix adhesions and cell-cell
junctions in one sample. The results promise opportunities for
spatially selective microimaging by ECL.

Above works use ECL as the indicating signal for target
biomolecules or structures, while in a very recent work, ECL was
applied as both the external light source for photodynamic
therapy (PDT) and in situ imaging tool for cell imaging.[62] The
photosensitizer chlorin e6 in cells could absorb the ECL emitted
on the electrode surface and sensitize O2 to produce reactive
oxygen species to kill cells. The variations in cell morphology,
cell-matrix adhesions, as well as the permeability of cell

Figure 6. Schematic Diagram for the bio-co-reactant-enhanced ECL Micro-
scopy. Reproduced with permission from Ref. [52] Copyright 2021, Wiley-
VCH.
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membrane during ECL-PDT were monitored. This work suggests
the potential of ECL in clinical applications.

3.3. Single Cell Analysis Based on Nanoparticles

The ECL signals of MIL-88B(Fe) nanocrystal-anchored Ti micro-
wires can be enhanced by H2O2, which was used for detecting
H2O2 released by single cells.[63] Labeling proteins with nano-
material-based luminophores, single cells can be determined by
ECL. Qiu et al. captured a single cell in the pipette and then
transferred it onto the electrode surface. CD44 on cell surface
was labeled with zinc-coadsorbed carbon quantum dots
(ZnCQDs) nanocomposites, and the heterogeneity of CD44
expression level on the same cell line was demonstrated.[64] In
this configuration, the ECL intensity can be enhanced after
propping up cells with 11-mercaptoundecanoic acid on the
electrode, indicating the significance of spatial architecture
design in ECL sensing interface.[65] The ECL intensity would
decrease if platelets adhere to a nanocomposites-labeled cell,
which was applied for analyzing intercellular adhesion.[66]

L012 and graphitic-phase carbon nitride (g-C3N4) generate
ECL at negative and positive potentials respectively. Using
functionalized Au@L012 and g-C3N4 to recognize epidermal
growth factor receptor (EGFR) and phosphatidylserine (PS) on
cell surface simultaneously, well-separated ECL signals during a
potential scanning can be obtained.[67] As both EGFR and PS are
biomarkers for apoptosis, the imaging analysis of the apoptosis
rate was achieved.

Wang et al. prepared tertiary amine conjugated polymer
dots (TEA-Pdots) as the ECL luminophore (Figure 8).[68] Due to
fast intramolecular electron transfer and the conjugated super-
structure, TEA-Pdots generate strong ECL emissions without co-
reactant in solution. By using human epidermal growth factor
receptor 2 (HER2) as the target, ECL imaging of membrane
protein on living cells was achieved. It should be noted that
only TEA-Pdots located at the cell bottom can be oxidized on

the electrode and emit light. Therefore, the basal membrane
was analyzed.

4. Summary and Outlook

The past few years have witnessed remarkable progress in ECL
single cell analysis. Diverse targets including intracellular and
extracellular small molecules, peptides and proteins, DNA, RNA
and cellular structures have been analyzed by different ECL
systems, which provides valuable information on cellular
heterogeneity. However, challenges remain in this field. First,
the spatial resolution should be further improved. When ECL
luminophores are dissolved in solution, the spatial resolution
can be affected by diffusional blurring. While in the labeling
strategy, its spatial resolution at the sub-micrometer level is
limited by the optical diffraction as conventional optical micro-
scopy. Second, ECL methods for living cell imaging are limited.
Given ECL is a weak light emission process, the exposure time
used for capturing ECL images of single cells is usually several
seconds or sub-seconds. It might lead to the lack of spatial-
temporal context, both of which are crucial to interpret the
precise state of a cell. In addition, multiplexing analysis is not
yet developed. As a myriad of substances control cellular
activities, high-parameter single cell technologies have partic-
ular potential for revealing biological mechanisms. Due to the
complexity of the cellular environment and processes, it might
be promising to combine ECL with different methods to provide
complementary information. Compared with the ongoing
fluorescence methods, single cell analysis by ECL is just
beginning. New reagents, mechanisms and facilities are
developed, showing additional promise in this field.[69] We
believe further innovations in ECL measurements will help to
achieve spatiotemporally resolved and high-throughput analy-
sis of single cells, enabling deeper understanding of cellular
behavior and functions.

Figure 7. Illustration of modulating the thickness of ECL layer for imaging an
epithelial cell island (a, b). The sequential imaging of cell-matrix adhesions
(c) and cell-cell junctions (d). Reproduced with permission from Ref. [61]
Copyright 2021, Wiley-VCH.

Figure 8. ECL mechanisms of TEA-Pdots for ECL microimaging of proteins on
single cells. Reproduced with permission from Ref. [68] Copyright 2021,
Wiley-VCH.
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