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Electrochemiluminescence devices for point-of-
care testing

Xudong Ying, Lin Zhou, Wenxuan Fu, Yafeng Wang and Bin Su (D}

Point-of-care testing (POCT) is also known as near-patient or on-site testing. Because of its speediness,
high efficiency, low cost, and excellent convenience, POCT has been widely used in clinical diagnosis,
infectious disease surveillance, drug screening, and food quality monitoring. Electrochemiluminescence
(ECL) is a powerful transduction technique in biosensing and immunodiagnostics, thus attracting more and
more research attention in POCT applications. In this article, we present an overview of various ECL-POCT
devices that have been developed so far. The article will begin with a short introduction of different types
of ECL-POCT devices. Then we shall discuss the categories, detection strategies, and application scenarios
of current ECL-POCT devices. The article finally ends up with a short conclusion and perspectives. We

rsc.li/sensors

1. Introduction

Point-of-care testing (POCT) is a method for real-time
analysis of patient specimens outside the laboratory, near or
at the site of the patient." Thanks to its speediness, high
efficiency, low cost, excellent convenience, and low operation
requirements, POCT has been widely used in clinical
diagnosis, infectious disease surveillance, drug screening,
food security, and many other fields.”* POCT devices are
highly desirable in the global market, especially for in vitro
diagnostics (IVD). They play a very important role in
improving patient safety and diagnostic efficiency, in
particular during a pandemic such as COVID-19 and H1N1
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hope this article is helpful for understanding, constructing, and designing ECL devices for POCT.

influenza.>™® As reported recently, the global POCT market

was about 35.5 billion dollars in 2021 and is expected to
exceed 96.0 billion dollars in 2025."

POCT devices can report the detection results by different
methods, such as electrochemistry (EC), high-performance
liquid chromatography (HPLC), electrochemiluminescence
(ECL), fluorescence (FL), etc.>"® Among them, ECL is an
ideal one for POCT, because of its advantages of high
sensitivity, low background, no requirement of an external
light source for excitation and high spatiotemporal
controllability.’®'” Therefore, in the last decade, a variety of
ECL-POCT devices have been developed, including
microfluidic paper-based analytical devices (uPADs), lateral
flow strips (LFS), and ECL cells (as summarized in Fig. 1),
and widely used in public or personal health caring and
disease diagnosis. Although numerous studies have been
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carried out to improve the sensitivity and integration of ECL-
POCT devices, it is still challenging to achieve full portability,
de-laboratory, de-specialization, and automation.

This review aims to discuss various ECL-POCT devices and
their applications. We shall first present the mechanism of
ECL and the detection strategies commonly used in ECL-
POCT devices. Subsequently, we classify and briefly introduce
ECL-POCT devices and discuss in detail the performance of
ECL-POCT devices in different application scenarios. The
article will end with a short conclusion and perspectives.

2. The testing strategy for ECL-POCT

The ECL process is very complicated, which involves not only
heterogeneous  electrochemical  reactions but also

homogeneous chemical reactions between electrogenerated
intermediates.

Understanding the mechanism of ECL
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generation is essential to the design and fabrication of high-
performance ECL-POCT devices. On the other hand, the
testing strategies of ECL-POCT are also very important for
constructing efficient devices and should be adjusted
elaborately according to the target species.

2.1 The mechanism of ECL

Generally, ECL can be produced by either the annihilation or
the coreactant pathway.”* In the former, the radical anion
and cation are electrogenerated on the cathode and anode,
respectively, which then react with each other to generate
excited state species. The excited state species relax to the
ground state and emit light. Meanwhile, in the coreactant
pathway, a positive or negative unidirectional step potential
or potential scan is applied on the working electrode to
electrochemically oxidize or reduce the luminophore and
coreactant. The electrogenerated intermediates undergo
homogeneous electron-transfer reactions to form the excited
state luminophore, followed by light emission through
relaxation of the excited state luminophore to the ground
state. Luminophores play an important role in ECL reactions.
Ruthenium(i) complexes, luminol, and quantum dots (QDs)
are frequently used in most previous studies.>*>°

2.2 Sensing strategies of ECL-POCT

Analytes can be generally divided into ions, small molecules,
nucleic acids, proteins, and cells.”” Different testing
strategies can be adopted depending on the nature of
analytes.

Nucleic acids, proteins, and cells are usually analyzed by
sandwich assays because they have specific sites for
recognition and functionalization. Sandwich assays typically
require simultaneous binding of recognition and signaling
probes. As shown in Fig. 2A, the most important step of the
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Fig. 1 Schematic summary of the main types of ECL-POCT devices
and their applications. The lateral flow strip (LFS, A)*® (Copyright 2020,
Springer Nature). Microfluidic paper analytical devices (uPADs)
including those based on an open bipolar electrode (B),*° (Copyright
2015, Elsevier), folding paper (C)?° (Copyright 2013, Elsevier) and a
dual-mode lab-on-paper platform (D)?* (Copyright 2020, American
Chemical Society). The full-featured ECL sensing platform based on a
multichannel closed bipolar system (E)?? (Copyright 2014, American
Chemical Society) and a three-dimensional (3D) printed microfluidic
array (F)** (Copyright 2017, American Chemical Society).

assay is to sandwich the analyte between recognition
molecule 1 and recognition molecule 2 labeled with a
signaling marker.>” Typically, the analyte and the labeled
recognition molecule 2 are pre-incubated for a period of time
to form a conjugated compound, which is then added to the
substrate immobilized with recognition molecule 1 to form a
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Fig. 2 (A) Scheme of sandwich assays. (B) Schematic diagram of a
typical structure of LFS. (C) Schematic diagram of a typical structure of
uPADs. (D) Schematic diagram of a typical structure of ECL cells.
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sandwich structure. ECL probes and enzymes are the most
commonly used signaling markers. Since ECL intensity is
proportional to the amount of ECL probe or enzyme, the
concentration of analytes can be determined. In addition to
the sandwich assay, hairpin nucleic acid structures and
specific cleaving enzymes can also be used in nucleic acid-
based analysis.

ECL probes or enzymes are usually needed for the
detection of small molecules and ions. Small molecular
species can be directly or indirectly involved in ECL reactions
and the relationship between their concentrations and
changes of ECL intensity can be established to accomplish
trace analysis. For example, NH; and H,0, can be directly
used as coreactants for ECL reactions.”®*° Dopamine (DA)
can function as a coreactant and can also quench the ECL
signal of Ru(bpy),>*.>** Pb*>" can drive specific DNA enzymes
to cut certain nucleic acid chains.”* Glucose can produce
specific molecules under the catalysis of oxidase or
dehydrogenase to participate in ECL reactions.*>** Thus, DA,
Pb>", and glucose can all be indirectly determined by ECL.

3. ECL-POCT devices

ECL-POCT devices basically can be classified into three types:
LFS, uPADs, and ECL cells (Fig. 1)."'®** Both LFS and uPADs
possess the ability to separate complex samples through the
capillary action of cellulose materials, but LFS have a specific
structure for sample addition, target recognition and capture.
ECL cells can emit light steadily for a long time, thus
avoiding the instability caused by solution evaporation. In
this section, we briefly describe these three types of devices.

3.1 LFS

The LFS, as the most widely used sensor in POCT devices,
has been employed in detecting a variety of target substances
in different bio-samples, including serum, blood, food, etc.™®
The operation of the LFS relies on the capillary flow of the
sample in a series of paper pads. The standard LFS consists
of a sample pad where the sample is dropped, a conjugate
pad with labeled biorecognition elements, a reaction
membrane where target DNA-probe DNA hybridization or
antigen-antibody interaction occurs on the test line and
control line, and finally an absorbent pad that reserves the
waste (Fig. 2B).>® Each pad is designed purposely to produce
a signal indicating the absence/presence or concentration of
the analyte of interest. The gold nanoparticle-based LFS is
the most widely used one, which, however, in most cases only
allows qualitative analysis."® Different from traditional LFS,
ECL-based LFS need electrodes and solutions for reaction, as
well as specific devices for ECL signal excitation and readout.
ECL-based LFS have significant advantages over other optical
detection methods due to their versatility and simplified
optical setup for light generation and detection.®® They
indeed have shown a high sensitivity and wide detection
range for quantitative analysis.>”~°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.2 pPAD

A pPAD is a kind of microfluidic device that uses cellulose or
fiber as the substrate that can transport fluid from an inlet
through a porous medium to a desired outlet or region of the
device by means of capillary action.’® Through various
processing technologies, hydrophilic/hydrophobic micro-
channel networks and related analysis devices have been
designed to construct “lab on paper”. In comparison with
LFS, no specific patterns or regulations for pPAD
construction are needed (Fig. 2C). ECL-based uPADs have
several advantages, including low cost, high flexibility, and
ease of analyte immobilization.*** In addition, the
generation of ECL signals can be also potentially- and
spatially controlled.” Therefore, ECL-based pPADs have
received increasing attention in biomedical analysis, clinical
diagnosis, food processing, etc. In particular, the
combination of nPADs with screen-printed electrodes further
expands the detection range and shows a good prospect for
the detection of trace analytes.*

3.3 ECL cells

An ECL cell refers to a kind of device that has a specific area
for solution holding. Different from the other two types of
devices, ECL cells do not use paper as a carrier for holding
the solution. The cells are usually made by 3D printing
technology and can hold adjustable volumes of samples.>***
This kind of device can secure the effective use and stability
of the electrode and allow long-time stable ECL analysis. In
addition, they can be readily used for array analysis (Fig. 2D).
However, the sensitivity, selectivity and antifouling
performance of used electrodes must be improved for the
analysis of complex samples, such as interstitial fluid, serum
and blood.

4. Applications of ECL-POCT devices

In recent years, ECL-POCT devices have been widely used in
various fields, such as clinical diagnosis, infectious disease
surveillance, drug screening and food quality monitoring
(Table 1). These devices have advantages of high sensitivity,
high selectivity, rapid detection, and analysis of complex
matrices without extensive pretreatment.'®* In practical
analysis, ECL-POCT devices can solve the problem of real-
time detection of low concentration markers and the
dilemma of timely judgment. In this section, the applications
of ECL-POCT devices are summarized.

4.1 Cancer diagnosis

Nowadays, cancer-related markers can be successfully
detected by ECL-POCT devices. Three-dimensional paper
microfluidic devices have complex fluid networks and
detection zones for POCT. The Yu group®” proposed a 3D
WPAD ECL device for detecting multiple cancer markers in
human serum (Fig. 3A). This device can distribute samples
from a single-entry point to multiple detection areas to avoid

© 2023 The Author(s). Published by the Royal Society of Chemistry
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interference of ECL signals from adjacent working electrodes.
Later, the group reported a series of 3D uPAD ECL devices to
detect cancer markers in human serum with better assay
performance.®®”’" For example, as shown in Fig. 3B, they
fabricated a 3D pPAD ECL immunosensor for CEA using a
nanoporous gold-chitosan-modified paper working electrode
(NGC-PWE) and graphene QD (GQD) functionalized Au-Pt
NPs.*® These studies integrated the paper electrode with the
support, so that the device could achieve good electrical
contact. But the process of fabricating this type of device is
time-consuming. The devices are usually prepared via a layer-
by-layer assembly strategy, which is not suitable for large-
scale production. To overcome this limitation, the group later
developed a series of 3D folded uPADs for the detection of
cancer makers,”””’* which are more integrated than their
previous versions.

Cancer cell detection is an important component and basis
of cancer diagnosis and treatment.”® Yu et al*® developed an
origami microfluidic device as an efficient platform for cancer
cell detection, in which an aptamer modified 3D microporous
Au-paper electrode was used as the working electrode (Fig. 3C).
The limit of detection can reach 250 cells per mL. The same
sandwich immunoassay mode and different probes were then
used in other works.”>”® The detection limit is as low as 40 cells
per mL. In addition, the activity of cancer cells can also be
studied by measuring the level of relevant molecules, such as
adenosine triphosphate (ATP)”” and H,S.”®

Innovation of the testing strategy can effectively improve
the sensitivity of detection. As shown in Fig. 3D, Wang et al.*’
developed an ECL-POCT device based on a constant resistance
closed bipolar electrode for detecting a prostate cancer marker,
namely, miRNA-141, allowing the readout by the naked eye.
The device consists of an indium tin oxide (ITO) glass with
screen-printed bipolar electrodes for ECL detection and
polydimethylsiloxane (PDMS) with a specific channel structure
for sample pre-treatment. This device provides a two-color
analysis mode, which can improve not only the resolution of
visual observation but also the sensitivity through ratio
analysis of the ECL intensity. Song et al*® reported a self-
reinforcing solid-state ECL system for in situ detection of the
activity of caspase-3 (Fig. 3E). In this system, the analyte was
used as a switch for ECL signaling. A peptide chain with
ferrocene (Fc) was then introduced, which could be specifically
cleaved by caspase-3. After the digestion reaction, the ECL
intensity increased due to the departure of the Fc quenching
group. This strategy can greatly reduce the steps and time
required for biomarker detection, in good consistency with the
concept of POCT. In addition, the detection limit of this solid-
state ECL system for caspase-3 is as low as 0.017 pg mL™, due
to the fixation of ECL probes on the electrode surface.

4.2 Public health surveillance

Public health sustains the security of a nation and covers the
extensive control of infectious diseases, environmental
pollution, food safety, and many other perspectives.

Sens. Diagn., 2023, 2, 480-491 | 483
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Application  Device Categories Analyte Limit of detection ECL system Ref.
Cancer “Color switch” ECL ratiometric ECL cell  miRNA-141 107" mol L™ Ru(bpy);>*/TPrA & BNQD/ 45
diagnosis biosensor $,05%
Self-enhanced ECL biosensor ECL cell ~ Caspase-3 0.017 pg mL™" Ru(dcbpy);>*/PEI 46
3D paper-based ECL device HPAD AFP 0.15 ng mL™ Ru(bpy);>*/TPrA 47
CA125 0.6 UmL™"
CA19-9 0.17 UmL™"
CEA 0.5 ng mL ™"
Supercapacitor-powered ECL protein  ECL cell ~ PSA 0.3 pg mL™" Ru(bpy)s>*/TPrA 44
immunoarray PSMA 0.535 pg mL "
PF-4 0.42 pg mL™"
3D origami device HPAD CEA 0.6 pg mL™" GQDs/H,0, 48
Microfluidic paper-based ECL pUPAD MCF-7 250 cells per mL 0,/8,05>" 49
origami cyto-device
Public health pBPE-ECL molecular switch system uPAD Listeria 10 copies per pL [Ru(phen),dppz]**/TPrA 50
monocytogenes
Microfluidic paper electrochemical uPAD Benzo[a]-pyrene 150 nmol L™" Ru-PVP/guanines 51
device
PCR-free ECL sensor ECLcell HBV 0.05 cps pL™" [Ru(phen),dppz]**/S,05>~ 52
Biosensor combining ECL cell HIN1 2.7 x 10” to 2.7 x 10° Ru(bpy);*/triethyl-amine 53
immunoliposome and ECL PFU mL™" (detection
range)
Smartphone-based ECL system ECL cell  E. coli 5 cfu mL™" Ru(bpy);>*/TPrA 54
Visual and ratiometric ECL UPAD Pb>* 3 pmol L™ Luminol/H,0, & CdS 21
dual-readout assay device QDs/H,0,
Personal Closed BPE-based ECL devices ECL cell  Choline 1.25 umol L™! Ru(bpy);**/TPrA & 55
health Dopamine 0.33 pmol L™* Luminol/H,0,
3D-printed portable system ECL cell Vitamin By, 0.107 nmol L™ & 0.094  Luminol/H,0, 56
nmol L™
64-Microwell ECL array ECL cell ~ 8-oxodG 0.15% Os-complexes/8-oxoguanine 57
Dual enzymatic sensor ECL cell  Glucose 25 pmol L [Ru(bpy)s]**/NADH 33
Choline 50 umol L* Luminol/H,0,
Single-electrode ECL system ECL cell H,0, 0.27 umol L™ Luminol/H,0, 58
Glucose —
Uric acid —
Smartphone based ECL analysis ECL cell  3-Nitrotyrosine 8.4 nmol L™ Ru(depy);>*/TPrA 59
device
Paper-based bipolar ECL biosensor UPAD Choline 0.573 pmol L™ Luminol/H,0, 60
Lactate 3.132 pmol L™
Cholesterol 7.418 umol L™
Acute Lateral flow immunosensor LFS ¢Tnl 0.81 pg mL™ Ru(bpy)s>*/TPrA 37,
diseases CRP 4.6 pg mL ™ 38
Dry chemistry-based ultrasensitive LFS cTnl 0.4416 pg mL™" Ru(bpy)s**/1-Cys 39
ECL immunosensor
Raspberry Pi-based ECL biosensor ECL cell CRP 0.05 pg mL™" Ru(bpy);>*/TPrA 61
Carbon ink SEES ECL cell c¢Tnl 0.94 ng mL™" Luminol/H,0, 62
Drugs ECL molecularly imprinted polymer ~ ECL cell  Nitrofurazone  0.09 nmol L™ CsPbBr;/S,05> 63
screening (ECL-MIP) sensor
ECL sensing platform based on deep ECL cell ~ Furosemide 0.25 umol L™* CdS QDs/S,04>" 64
learning-assisted smartphone strategy
Explosives Smartphone-based ECL system ECL cell  Nitroaromatic 2.3 pg mL ™" Ru(bpy),*'/TPrA 65
explosives
Toxin Portable ECL sensor based on SPE ECL cell ~ Abrin 5 pg mL™ Ru(bpy)s>*/TPrA 66
Degenerative Paper-based bipolar electrode ECL uPAD AB(1-42) 100 pmol L™ [Ru(phen),dppz]**/TPrA 67
diseases sensor
Food ECL based aptasensor ECL cell  B-Lactoglobulin 1.36 ug L™ Luminol/H,0, 68
allergies

bpy = bipyridine, BNQD = boron nitride quantum dots, dcbpy/dcpy = 4,4'-dicarboxyl-2,2"-bipyridine, PEI = polyethyleneimine, AFP = alpha
fetoprotein, CA = cancer antigen, CEA = carcinoembryonic antigen, PSA = prostate specific antigen, PSMA = prostate specific membrane
antigen, PF = platelet factor, MCF-7 = human breast cancer cell line, phen = 1,10-phenanthroline, dppz = dipyrido[3,2-a:2’,3"-c|phenazine, PVP =
polyvinyl pyrrolidone, HBV = hepatitis B virus, 8-oxodG = 8-oxo-7,8-dihydro-2’-deoxyguanosine, NADH = nicotinamide adenine dinucleotide,
cTnl = cardiac troponin I, t-Cys = L-cysteine, SEES = single-electrode electrochemical system, SPE = screen-printed electrode.
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(A) The procedure for fabricating a simple homemade 3D paper-based ECL device. Paper sheets were firstly patterned using a wax printer,

then electrodes were screen-printed on sheet-A and sheet-B, respectively. Finally, sheet A and sheet B were cut into paper A and paper B with the
same size (30.0 mm x 30.0 mm).*” Copyright 2012, Elsevier. (B) Schematic illustration of the size, shape, and detection of a 3D origami ECL

device.*®

Copyright 2014, Elsevier. (C) The fabrication and operation procedures of an origami microfluidic device.*®> Copyright 2015, Elsevier. (D)

Structure and sensing result of the naked eye direct-reading ECL platform.*> Copyright 2022, American Chemical Society. (E) Sensing diagram of

the self-reinforcing solid-state ECL system.*® Copyright 2022, Elsevier.

Infectious diseases are caused by pathogens such as fungi,
bacteria, viruses and parasites. Viral infectious diseases are
the most concerning, which are characterized by adaptability
and rapid mutation, so that rapid screening and halting
transmission are crucial. Recently, numerous ECL-POCT
devices have been developed to detect viruses.’*>*798! For
antigen detection, Egashira et al.®® reported an ECL based
immunosensor for the detection of HIN1 (Fig. 4A), in which
an Au electrode modified with a hemagglutinin (HA) peptide
was used as the working electrode. The HA peptide can
compete with the HIN1 virus to bind with Ru(bpy),>*-
encapsulated immunoliposomes. When the concentration of
the virus is low, more liposomes will be trapped on the
electrode surface. After cleaning and pre-treating the
electrode, Ru(bpy);>" is released to generate a high ECL
intensity. For nucleic acid detection, Conoci et al.>* developed
a PCR-free ECL device to detect a synthetic HBV genome in
real samples. As shown in Fig. 4B, two probes were employed

to anchor the HBV gene simultaneously. The HBV genome

© 2023 The Author(s). Published by the Royal Society of Chemistry

can be detected by signal amplification of [Ru(phen),dppz]**
The limit of detection was 0.06 cps uL™'. The two
aforementioned methods significantly improve the detection
sensitivity through the strategy of signal amplification.
Moreover, the latter introduces two probes and exhibits a
higher selectivity to the virus, but it requires a long analysis
time and is not conducive to the immediate detection of the
virus.

With global industrialization, sewage pollution has been
a serious environmental problem. Some chemicals such as
ammonia and heavy metals are of particular concern. For
ammonia detection, Tamer et al’® reported an ECL gas
sensor to detect the total ammonia concentration in water
samples (Fig. 4C). The device was fabricated by 3D
printing and integrated with a paper electrode and an
optical fiber. After heating the sample, NH; in the sample
can be transferred to the paper electrode and participate
in ECL reaction as a coreactant to realize the detection.
The method is also suitable for environmental and
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biological samples.®” For heavy metal detection, Yu et al>'

developed a POCT device allowing visual readout and ECL
ratio analysis of Pb** in water samples (Fig. 4D). Although
the sensitivity of this ECL-POCT device can be further
improved, its quantitative and equipment-free testing
capability is very suitable for non-specialists.®®

Another threat in sewage is pathogenic bacteria, such
as Escherichia coli (E. coli) and Clostridium perfringens.”*®*
E. coli is used as a stool indicator to evaluate water
quality, since an excessive amount of E. coli will cause the
deterioration of water.®® Although most types of E. coli are
beneficial, some are dangerous and even fatal, such as E.
coli 0157:H7.%>%¢ The Liu group®™ has designed a
smartphone-based ECL system for the detection of E. coli,
in which GQD/AgNP nanocomposites were modified on
the ITO surface to amplify and stabilize the ECL signal

(Fig. 4E). The luminescence images could also be

486 | Sens. Diagn., 2023, 2, 480-491

processed using a smartphone. Eventually, a wide linear
range and a low limit of detection to E. coli
obtained. In this work, a simple device coupled with
smartphone data analysis better demonstrated the
advantages of POCT devices.

Few articles regarding food safety have been reported,
and tests for the preservative H,O, (ref. 87 and 88) and a
bacterium, Listeria monocytogenes,”® have been performed.
H,0,, as a commonly used preservative, will pose a threat
to human health if being added excessively. Listeria is a
foodborne pathogen that causes abortion, sepsis and
meningitis in animals and humans.***° It can still survive
and reproduce at 4 °C and is one of the main pathogens
threatening human health in refrigerated food. Therefore,
testing Listeria in refrigerators is especially important. For
this purpose, ECL-POCT devices have an absolute
advantage.

were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.3 Detection of physiological signs

There are many small molecules in the human body that
maintain normal physiological activities. High or low levels
of them can lead to abnormal changes in the body. Some
molecules, such as amino acids,”* vitamins,”®°* lactate,”®
dopamine (DA),*>°*% choline, cholesterol,*>*® uric acid
(UA),”” glucose,'*>871%1 and 3-nitrotyrosine (3-NT),>® have
already been detected by using ECL-POCT devices. Some
devices are also designed to achieve high throughput
analysis.>****®'%2 Among various molecules, glucose has
been intensively studied because it is the main energy
substance and can be easily detected, followed by dopamine
and choline. The advantage of a POCT device is that it can
detect these small molecules anytime, anywhere, so as to
monitor personal health.

Because various small molecules can indicate the health
level, high throughput analysis is particularly attractive. Sojic
et al.*® have developed an ECL sensor based on wireless
bipolar electrodes (BPE) to detect glucose and choline
simultaneously (Fig. 5A). The quantitative analysis of two
analytes was achieved by exploiting the intrinsic enzymatic
selectivity, namely, the detection of glucose with a
[Ru(bpy);]**/GDH system and that of choline with luminol/
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ChOx. Because the reactions at both poles of BPE occur in
the same solution, the electroactive compounds may react
with electrogenerated coreactant intermediates and thus
inhibit the ECL emission. To avoid this problem, the Wang
group reported an ECL sensing platform based on a
multichannel closed bipolar electrode system for detecting
H,0,, ascorbic acid (AA), glucose, tripropylamine (TPrA), and
blood sugar. This design exhibited similar properties to those
of a keypad lock. Using the correct order of introduced inputs
and increasing the driving voltage can provide a visible ECL
signal.*®> Multicomponent assays and cross-reactivity were
both satisfied for analysis. Moreover, Xu et al. developed a
SEES for detecting H,0,, glucose, and uric acid (Fig. 5B).®
The device is simple, cheap and versatile. Multicomponent
analysis can save time and provide repeated data to
demonstrate data reliability. Our group has developed a
biosensor array with a wheel-like pattern for glucose, lactate,
and choline.’®® The biosensor array was constructed by
integrating a patterned ITO glass plate with PDMS covers.
The separated electrochemical micro-cells enabled
simultaneous assay of multiple analytes or samples.

Highly integrated ECL-POCT devices have also been
developed to meet the demand of portability and automation
in recent years. For instance, Chen et al.>® fabricated a highly

i
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Fig. 5 (A) ECL sensor based on wireless bipolar electrodes (BPE) and suspended carbon microbeads for the detection of glucose and choline
simultaneously.>® Copyright 2016, American Chemical Society. (B) An image of the SEES and a schematic diagram of the SEES with nine micro-
electrochemical cells from the top view.>® Copyright 2018, Royal Society of Chemistry. (C) Structure, principle and operation process of the
handheld ECL analysis device (HED).® Copyright 2022, Elsevier. (D) Schematic illustration of the ECL-LFS for immunoassay and the structure of
the strip device.*® Copyright 2020, Wiley-VCH Verlag. (E) Closed bipolar electrode-ECL (CBP-ECL) immunosensor consisting of a fiber material-
based chip and an outer shell for the detection of cTnl.>*® Copyright 2022, Elsevier.
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integrated handheld ECL analysis device (HED) for the
detection of DA (Fig. 5C). The device consists of an ITO glass
modified with a silicon nanochannel membrane (SNM), a
flexible printed circuit board for electrical stimulation and a
silicon photomultiplier for optical signal readout. The SNM
allows the electrode to analyze complex biological samples
such as urine and rat brain homogenates because of its anti-
contamination properties. Besides, Wachsmann-Hogiu et al.®’
also developed a device based on a single electrode system for
UA, integrating it with a complementary metal-oxide-
semiconductor (CMOS) and a touchscreen liquid crystal
display (LCD). Sample handling and data collection can be
accomplished on the same platform. It is worth mentioning
that a highly integrated device has an extremely simple
operating procedure, which enables POCT without
specialized training.

4.4 Diagnosis and monitoring of acute diseases

Acute myocardial infarction (AMI) is generally considered to
be intractable, because it is asymptomatic, rapid, and fatal. It
has the highest proportion of mortality and morbidity among
cardiovascular diseases worldwide. Cardiac troponin I (cTnlI)
is a standard biomarker for both the early diagnosis of AMI
and postoperative continuous monitoring, due to its
characteristics of early appearance, slow disappearance, and
a long diagnostic window period,*® but its basal level in
serum is less than 0.1 ng mL™."**'%* In addition to cTnl, the
highly C-reaction protein (hs-CRP) with a
concentration of pug mL™ has been found to be a novel
marker for AML'% During stroke and myocardial infarction,
CRP is elevated with concentrations ranging from 1 to 500 pg
mL ™. Therefore, full-range CRP testing is essential to identify
patients who require close follow-up or intensive treatment
after a heart attack.””

Kim et al.*® have reported an ECL-based LFS to detect ¢Tnl
in human serum with a short test time (Fig. 5D). The
electrode was attached to the strip using a cover plate.
Ru(bpy);>*-loaded mesoporous silica nanoparticles (RMSNs)
were used as probes, which improved the detection sensitivity
by three orders of magnitude compared with traditional
fluorescence detection. In another work of this group, the
probe in the ECL-LFS was replaced with Ru(bpy);>"-labeled
gold nanoparticles, achieving full-range detection of serum
CRP with a detection limit of 4.6 pg mL™ within 15 min.*’
These studies demonstrate that the ECL-LFS shows high
precision and good linearity in the detection of real samples.
In order to further improve the sensitivity, Zhang et al.*° used
a cloth with a screen-printed electrode as the reaction
membrane in a CBP-ECL (Fig. 5E).
Meanwhile, Ru(mu)-1-Cys, as a self-enhanced ECL probe, was
introduced into the immunosensor, which promoted the
generation of much stronger ECL signals and avoided the
cumbersome procedures for addition of extra-molecular co-
reactants and the influence of the microenvironment. This
immunosensor gave rise to a detection sensitivity toward

sensitive

immunosensor
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cTnl as low as 0.4416 pg mL™". Compared with traditional
LFS, such sensing platforms significantly improved the
detection sensitivity. Upon further integrating with mobile
devices, such as smartphones, paper-based ECL-POCT is
expected to be widely used in the future.

5. Conclusions and future
perspectives

Ease of control, high reliability and sensitivity, high
throughput, real-time analysis and low sample volume
requirements make ECL-POCT devices particularly
attractive. More recently, the performance of ECL-POCT
devices have been greatly improved, thanks to the
development of fabrication techniques, miniaturized and
portable platforms, and detection mechanisms. Therefore,
ECL-POCT devices have been widely used for immunoassay,
food and environment monitoring, bioanalysis, clinical
diagnostics, and many other purposes. However, to further
promote the real applications of ECL-POCT devices, it is
necessary to conduct multidisciplinary research to realize
their full portability, de-laboratory, de-specialization and
automation.

First, it is not hard to see that most research studies
are devoted to the development of new materials to
modify the electrode or new strategies to amplify the
signal to improve the sensitivity of ECL-POCT devices.
One of additional key issues is how to improve the
antifouling ability of the electrode in complex samples. In
the case of ECL-LPS devices, the other one is how to
fabricate the electrode directly on the cellulose paper
substrate and meanwhile maintain the capillary flow of
liquid samples. Second, a micro-electrochemical system
that consists of electrochemical stimulation, signal record
and transmission, and data analysis units is needed to
realize the full portability of ECL-POCT devices. Wireless
control via Bluetooth or near field communication is
definitely the preferential choice. Indeed,
continuous effort being made to exploit smartphones or
intelligent devices with a wireless control function for
ECL-POCT. For instance, smartphones can power devices,
capture ECL signals and analyze them through a specific
app to automatically give the desired results. Last but not
least, a smart combination of different techniques and
elements to fabricate fully integrated, miniaturized,
automated and multi-functional devices is still challenging
and remains to be the direction of future research.
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