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Point-of-care testing (POCT) technology is highly desirable for clinical diagnosis, healthcare monitoring,
food safety inspection, and environment surveillance, because it enables rapid detection anywhere, any-
time, and by anyone. Electrochemiluminescence (ECL) has been widely used in chemo-/bio analysis due
to its advantages such as high sensitivity, simplicity, rapidity and easy to control, and is now attracting
increasing attention for POCT applications. However, to realize the accurate on-site quantitation, it is still
challenging to develop portable devices which can precisely collect, analyze, transmit and display the ECL
signals. This review will focus on how to develop a portable ECL device by summarizing recent examples
and analyzing their key components part by part. Then the possible solutions to the existing challenges
in the development and applications of portable ECL devices are summarized and discussed in detail,
followed by offering future perspectives. We attempted to provide an appealing viewpoint to inspire in-
terested researchers to comprehend and explore portable ECL sensing systems for practical applications
and even commercialization.
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1. Introduction

The dramatically increasing needs for rapid, cost-effective, field-
deployable detection which can be performed by laypersons have
motivated and accelerated the development of point-of-care test-
ing (POCT) techniques. Since POCT techniques are featured with
minimized instrument size and procedures as well as the in-
creased integration of cutting-edge information technology, they
can work independently of medical infrastructures and thereafter
enable rapid diagnosis anywhere, anytime, and by anyone. This
is extremely important for timely clinical management decisions,
which plays an important role in improving patient safety and
clinical outcomes, especially during the emergence of pandemics
such as COVID-19 and H1NT1 flu, as well as prevalence of epidemic
diseases such as Zika, dengue and malaria [1-6]. POCT represents
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the most advanced concept and technique of laboratory medicine
around the world. With the sustained growth in vitro diagnostic
(IVD) markets around the world, POCT is one of the most devel-
oped areas. According to statistics, the global POCT market was
about 35.5 billion dollars in 2021 and is expected to exceed 96.0
billion dollars in 2025.

According to the reporting signals, POCT techniques can
be categorized into different types, for example, photochemi-
cal, electrochemical, magnetic, acoustic [7-10]. Among all the
well-established approaches, electrochemiluminescence (ECL), also
known as electrogenerated chemiluminescence, has emerged as a
promising reporting signal for POCT applications, since it combines
the high sensitivity from chemiluminescence and strong control-
lability from electrochemistry. ECL refers to an approach of light
emission generated by a highly energetic redox reaction on elec-
trode surface. Due to the perfect combination of electrochemical
trigger and optical readout, ECL exhibits outstanding features such
as ultrafast response speed, near-zero background and excellent
sensitivity, and provides a flexible sensing platform with both spa-
tial and temporal controllability for POCT applications.

However, to realize the accurate quantitation of analytes at the
points of need, it is still challenging to develop portable devices
which can precisely collect, analyze, transmit and display the re-
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Table 1
Key components for assembling an ECL device.
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Components for ECL detection
device

Non-portable

Portable

ECL detection chip/electrode
Power supply

Excitation voltage generator
Light shielding black box
ECL signal detectors

Classic three electrode system
The 220 V power supply
Electrochemical workstation

PMT, CCD [78]

Data analysis and result display Desktop

Metal shell of commercial ECL analyzer

SPE [58,90], LIG electrode [33], BPE [32,54], ITO electrode [83], etc.
Rechargeable battery [54,56], smartphone (USB [55,58,83]/NFC [84])
Portable potentiostat [53,90], DC-DC conversion PCB [54,59,84]
3D-printed black box [59,71], LEGO dark-box [64,73]

Opto-sensitive semiconductor device (PD [75-77], SiPM/MPPC [72,81]),
CMOS camera in smartphone [54,56,71]

Laptop [81,90], smartphone [56,59,71,83]

Note: SPE, screen-printed electrode; LIG, laser-induced graphene; BPE, bipolar electrode; ITO, indium tin oxide; FTO, fluoride-doped tin oxide; UBS, universal serial bus; NFC,
near-field communication; DC, direct current; PCB, printed circuit board; 3D, three dimensional; PMT, photomultiplier tube; CCD, charge-coupled device; PD, photodiodes;
SiPMs, silicon photomultipliers; MPPC, multi-pixel photon counter; CMOS, complementary metal oxide semiconductor.

porting signals. Regarding the importance of ECL in biomedical
diagnosis and biochemical analysis, a comprehensive review on
portable ECL sensing systems is highly appreciated. There are var-
ious good reviews covering novel luminophores and electrode de-
sign for ECL approaches as well as ECL concept and advance [11-
16], but to the best of our knowledge, there is no review pa-
per focusing on how to design a portable ECL sensing system for
POCT applications. In this review, key components for assembling
a portable ECL sensing system are explored in detail by summariz-
ing and analyzing recent examples. Considering the importance of
smartphones in recent development of portable quantitation sys-
tems, special attention will be put on how to develop smartphone-
based portable devices for ECL signal collection and analysis. We
attempted to provide an appealing viewpoint to inspire interested
researchers to comprehend and explore portable ECL sensing sys-
tems for biomedical applications and future possible commercial-
ization. At the end, challenges in the development and application
of portable ECL sensing systems are summarized, and future per-
spectives are offered.

2. Design of portable ECL devices

To precisely collect and process ECL signals, an ECL device
should contain the following key components (summarized in
Table 1): (1) an electrochemical system to trigger the luminescence
process; (2) an optical system to collect the luminescence; (3) a
laptop computer or a smartphone installed with specific software
to display, process and analyze the signals. Herein, in this section,
all three key components will be analyzed part by part.

2.1. Electrochemical system

ECL refers to a technique in which exited state molecules that
emit photons (optical readout) are generated by a potential applied
to electrodes (electrochemical trigger). Electrochemical systems in-
cluding electrodes and excitation voltage generator, are responsible
for triggering ECL signals. Specifically, electrodes on which electro-
chemical reactions happen, determine the sensitivity and stability
of the detection. While, excitation voltage generator is responsible
for outputting a voltage signal to initiate electrochemical redox re-
actions.

2.1.1. Electrode

To facilitate POCT applications, SPEs and ITO electrodes with
different setups such as single-electrode, two-electrode, three-
electrode, and bipolar-electrode electrochemical system are widely
used for ECL signal generation.

SPEs are fabricated by screen-printing conductive inks
such as carbon, graphite, gold, silver, platinum, and poly(3,4-
ethylenedioxythiophene) (PEDOT) onto various substrates in-
cluding plastic, paper or ceramic, and are the most widely used

electrodes in electrochemical detection [17]. Taking advantages
of screen-printing technique, electrodes can easily be manufac-
tured with different spatial distributions on any substrate with
different shapes such as discs, rings, and strips. Featured with
flexible design, simple structure, good consistency, low cost, easy
mass production, screen printing technique has been extensively
explored to fabricate electrode systems with different setups for
POCT applications in a highly reproducible and reliable manner.
More importantly, the electrochemical behavior of a specific ana-
lyte can be modulated by changing the printed inks or modifying
the surface of the working electrode (WE), endowing SPEs with
great versatility. For example, the electron-loss process of TPrA can
be substantially accelerated on TiO, nanoneedle-modified elec-
trode, thus promoting the reaction between Ru(bpy),(cpaphen)**
and TPrA as well as increasing the ECL signal [18].

Among various substrates for SPE fabrication, paper has pre-
sented itself as an appealing substrate for developing disposable
sensors, because of its unique advantages such as inexpensive,
foldability, low background signal, hydrophilia and capillarity
[19,20]. For example, multi-step ECL immunoassays have been im-
plemented using a rotational paper-based analytical device [21].
The device consisted of three paper discs: (1) the detection disc
containing four immune-zones that screen-printed with carbon
working electrodes, (2) the auxiliary disc containing four punched
holes and four hydrophilic zones on the surface of which the
reference electrode (RE) and counter electrode (CE) were screen-
printed, and (3) the washing disc. Through rotating the auxil-
iary disc manually, the typical three-electrode system could be
formed. Simultaneous analysis of carcinoembryonic antigen (CEA)
and prostate specific antigen (PSA) has been demonstrated with a
detection limit of 0.07 ng/mL and 0.03 ng/mL, respectively.

Recently, BPE-based ECL systems have attracted increasing at-
tention for POCT applications, because of their advantages such as
ease-of-use and high throughput [22]. Known as a “wireless tech-
nique”, BPE is operated as a conductor immersed in a uniform
electric field which is generated by two driven electrodes (DEs)
linked to the power source. The redox reaction of electroactive
chemicals in the solution will occur at the two ends of BPE when
the electric potential difference (AE) between the two ends of the
conductor reaches a particular value [23].

According to the structure type of electrolytic cell, there are
two different types of BPE, namely, open BPEs (O-BPEs) and
closed BPEs (C-BPEs). O-BPE can be facilely prepared by posi-
tioning a conductor in a single electrolyte between a pair of
DEs without any electric connection, while the electrolyte in con-
tact with each pole of BPE is physically separated by an insulat-
ing substance in C-BPE setup. There are two possible pathways
(namely, BPE and solution) for current to flow in O-BPE setup
(Fig. 1a), but only one pathway (namely, BPE) in C-BPE setup
(Fig. 1b). Therefore, for O-BPE, AE = E(Lgpg/Lc) [23]; for C-BPE,
AE =Eot[(Lee+Lae)[(Lec+Lac)] [24], where Eg is the total applied
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Fig. 1. Schematic diagram of (a) O-BPE, (b) C-BPE and (c) SEES.

voltage across DEs, Lgpg and L¢ are the length of the BPE and chan-
nel, Lce and Lge refer to the length of the cathode and anode of the
BPE, Lcc+Lac represents the sum of the lengths of two electrolytic
cells, respectively.

Compared with O-BPE, C-BPE offers various advantages for
biosensor development, including lower driving potential and 100%
current efficiency [25]. In addition, thanks to the physically sep-
arated two half-cells, mutual interference can be avoided [26],
and the ratiometric detection can be easily achieved [27-29]. In
a typical spatial-resolved ratiometric ECL example, the molecularly
imprinted polymer (MIP) which can specifically recognize ascor-
bic acid (AA) was decorated on the anode of the C-BPE, while
Ru(bpy);%* and ZnIn,S; served as anode-emitter and cathode-
emitter, respectively. Rebinding of AA at anode resulted in the
increase of the ECL signal of ZnIn,S; (440 nm) at cathode and
the decrease of the ECL signal of Ru(bpy);2* (605 nm) at anode
synchronously [27]. More importantly, ECL signal can be facilely
enhanced by modifying the BPE material, since the current only
flows through the BPE between two half-cells [30,31]. For exam-
ple, AuPd nanoparticles (AuPd NPs) catalyzed the reduction rate
of H,0, at the cathode, which indirectly accelerated the oxidation
rate of Ru(bpy);2* resulted in a low detection limit (0.67 pmol/L)
of miRNA-155 [30]. However, due to the multiple solid-liquid in-
terfaces and its own resistance, the power consumption of BPE is
higher than that of traditional two-electrode and three-electrode
systems.

In addition to screen printing, 3D printing technology and laser
processing technology are also extensively used for BPE fabrica-
tion. For example, fused deposition modeling (FDM) printing tech-
nology has been demonstrated to fabricate BPEs using conductive
graphene filament and white polylactic acid (PLA) filament [32].
In another attempt, the local heat generated by laser irradiation
is used to carbonize polyimide (PI) film to fabricate laser-induced
graphene BPEs via recombining carbon atoms from sp3 bond to
sp? bond and decomposing oxygen and nitrogen groups [33]. The
graphene produced by this technology is featured with high poros-
ity, high mechanical robustness, and excellent electrical and ther-
mal conductivity.

Featured with uniform thickness, good repeatability, stability
and durable, ITO electrode is another extensively used electrode
for ECL applications, due to its visible light transmittance of more
than 80% and sheet resistance as low as 10 2/sq [34]. ITO elec-
trode is fabricated by coating a layer of indium tin oxide film on
a transparent PET or glass substrate using electron beam evapora-
tion, chemical vapor deposition, magnetron sputtering, radio fre-
quency sputtering, and etc. [35]. Taking advantages of photolithog-
raphy and wet chemical etching technique, ITO electrodes can be

designed with different spatial distributions and different setups.
Noteworthy, ITO electrode alone, in the absence of any other elec-
trodes, can be used to generate ECL signals. This so-called single-
electrode ECL system (SEES) was first proposed by Guobao Xu
(Fig. 1c) [36]. An insulating material with holes is used to dis-
tinguish the electrolytic cell from the electrically connected parts
(DEs) on both sides, and external voltage is applied between the
two DEs. Due to the resistance of electrode itself and electrolyte
solution, a potential difference can be created to trigger the ECL
reaction [22]. As shown in Fig. 1c, the potential difference is cal-
culated according to the equation AE = Eot(Lc/Lpg), Where Eg rep-
resents total applied external potential and L. and Lpg refer to the
length of channel and DE, respectively [22,36].

Multiplexed detection is of great importance for more accurate
disease diagnosis, because a single biomarker cannot fully reflect
a patient’s illness condition. However, the cost, the workload and
error risks will significantly increase by parallelly performing mul-
tiple single-plex detection [37]. Therefore, the sensitive and high-
throughput detection of multiple biomarkers in a single test can
not only reduce the cost, the sample volume and the analysis time,
but also contribute to better diagnostic decision making. Actually,
the throughput of ECL detection can be easily improved by using
the electrode array, which is the most straightforward solution. To
this end, SPE, BPE and ITO electrodes are also extensively explored
to develop electrode array (Figs. 2a-c). The versatility of screen-
printing technique enables that SPEs with different spatial distribu-
tions can be facilely fabricated, even the electrode array. As shown
in Fig. 2a, a screen-printed carbon electrode which consists of four
carbon WEs, one Ag/AgCl RE, and one carbon CE, has been suc-
cessfully conditioned for sensing four different analytes. The pos-
sible cross-talk between the adjacent electrodes can be eliminated
by the sequential detection mode [38].

Because a pair of DEs can drive multiple BPEs wirelessly, high-
throughput ECL detection can also be easily achieved by fabricat-
ing multiple BPEs and a pair of DEs using lithographic and wet
etching technique [39-41]. In a typical example, 32 BPEs were fab-
ricated on a glass slide and controlled wirelessly using a pair of
DEs which can be functioned with only a single power supply
(Fig. 2b) [39]. This C-BPE electrode array has been successfully
demonstrated for real-time tracking the respiratory activities of in-
dividual MCF-7 cell aggregates by monitoring ECL signals. Obvi-
ously, the simple wiring setup makes the BPE electrode array more
suitable for high-throughput detection than SPE array, because of
the limitation of area for connecting electrodes.

Taking advantages of the principle of resistance induced poten-
tial difference which is proposed by Prof. Guobao Xu, ITO elec-
trodes can be conditioned for multiplexed detection by being at-
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Fig. 2. The development of electrode arrays for high-throughput analysis. (a) SPE array. Reproduced with permission [38]. Copyright 2011, Elsevier. (b) C-BPE array. Repro-
duced with permission [39]. Copyright 2020, American Chemical Society. (c) ITO electrode array. Reproduced with permission [36]. Copyright 2018, Royal Chemical Society.
(d) Array of ultramicro-BPEs. Reproduced with permission [44]. Copyright 2020, American Chemical Society. (e) Ultra-high-density gold microwell electrode array. Reproduced

with permission [47]. Copyright 2021, Frontiers.

tached with an insulating self-adhesive plastic film with a series
of holes (Fig. 2c) [36]. Each hole can serve as an independent mi-
croelectrochemical cell, and a potential difference between the two
ends of the microelectrochemical cell will be generated to initiate
faradaic reactions when an external voltage is applied to both ends
of ITO electrode. Multiplexed ECL analysis of glucose, uric acid and
H,0, is demonstrated using this SEES. Based on the same princi-
ple, a SEES was developed by attaching a plastic sticker with mul-
tiple holes onto a single carbon ink SPE for high-throughput ECL
immunoassay [42]. Obviously, it is quite simple to prepare elec-
trode arrays based on the principle of resistance induced poten-
tial difference. However, along with the increase of the throughput,
the size and resistance of the electrode will substantially increase.
More unfavorably, higher voltage needs to be applied to initiate the
electrochemical reaction in each microelectrochemical cell, which
might result in significantly increased energy consumption, possi-
ble electrode damage and evaporation of solution in microelectro-
chemical cell due to the thus generated heat.

The higher the processing resolution, the smaller the electrode
can be made. Therefore, the advances in micromanufacturing tech-
niques make possible the fabrication of electrodes with increasing
numbers in a limited area. For example, 4200 microelectrodes with
a diameter of 4pum and a pitch of 100 pum, have been successfully
fabricated on a 6 x 6 mm? Si wafer using a nanolithography tech-
nique. ECL detection at a single nanostructured electrode can be
performed in a cell with volume of ~40 pL under an optical mi-
croscope [43]. Similarly, more than 146,522 carbon C-BPEs with a
diameter of 8 ym were successfully fabricated in a 1 cm? Si wafer,

which enables that electrochemical reactions on hundreds of thou-
sands of individual electrodes with millisecond temporal resolution
can be simultaneously monitored (Fig. 2d) [44]. Besides the tradi-
tional lithography, micromanufacturing techniques such as thermal
drawing process [45] and electroless plating [46] can also be used
for the fabrication of C-BPE arrays.

Compared with planar electrodes, microwell electrodes are fea-
tured with high specific surface area, small volume and increased
collision frequency of reactants, which can enhance the ECL sig-
nal. For example, an ultra-high-density (1.15 x 108/cm?) microw-
ell electrode array (UMEA) fabricated by Su and co-workers using
micro-/nanofabrication and electroless deposition of Au, was used
for ECL imaging analysis (Fig. 2e). It is believed that the superpo-
sition of diffusion fields in both radial and longitudinal directions
results in the enhanced ECL generation in the confined microw-
ells [47]. In another example, a microwell BPE array was fabricated
onto optical fiber using wet-etching method to develop a remote
ECL sensing platform for determining nicotinamide adenine dinu-
cleotide (NADH). In this setup, light emission generated at the dis-
tal face of the optical fiber bundle will be detected at its proximal
face [48].

2.1.2. Excitation voltage generator

To initiate the electrochemical redox reaction on electrode, exci-
tation voltage generator which can output voltage signals is indis-
pensable. Various commercially available electrochemical worksta-
tions such as Gamry, CHI, Princeton, and Admiral, can satisfy this
requirement. However, to realize POCT applications in a more cost-



S. Xia, J. Pan, D. Dai et al.

@) |
1
VIN SW L1
Vin+ j_ 5 3 YTV
XL4015 | 7 RI
| I . I_— 4 2 at] . S
2V 25 T2 Ve 1 “|FB T ™
| N s
GND R
Vin-

Chinese Chemical Letters 34 (2023) 107799

Lithium battery

ii

Vout+

Digital tubes

33V

NFC antenna al to ‘

FPCB P rsaha;gllel i Battery
I l'stcr Control logic i management
P regi DAC chip DAC8552 :

SEE— T Mainconrol PCB |42
clerence chip oference 5V :
REF02 i Reference 5 sy

MCU

Electrical

T SPI Bus

P —
: W i1 | [sp1Control
aagceral ¢ Power
: i | o managemer
EEPROM | |FC Control [+-———+{I*C Control
I Nowe o

NFC Chip NT3H2111 MCU chip STM32F1

stimulation

Fig. 3. Diagrams and images of the excitation voltage generator for portable ECL sensing devices. (a) The electronic circuit powered by a rechargeable lithium-ion battery,

and (b) the smartphone-controlled potentiostat: i. Diagram of the electronic circuit;

ii. Photo of the PCB. (a-i) Reproduced with permission [54]. Copyright 2011, Elsevier.

(a-ii) Reproduced with permission [82]. Copyright 2017, Elsevier. (b) Reproduced with permission [59]. Copyright 2021, Elsevier.

effective manner, it is crucial to design and manufacture excitation
voltage generators with less functionality, smaller size and lighter
weight. Fortunately, various portable electrochemical workstations
have been developed for electrochemical analysis, providing guid-
ance to design excitation voltages generator for ECL applications
[49-53].

Different to classical electrochemical measurements which
record electrical signals fed back under electrical stimulation, ECL
measurements record the emitted photons generated by an elec-
trochemical trigger. Therefore, only portable potentiostats or even
DC-DC converter circuits are sufficient to provide excitation volt-
ages to trigger ECL reactions. In a typical example, an elec-
tronic circuit powered by a rechargeable lithium-ion battery which
is mainly composed of DC-DC step-down voltage regulator chip
XL4015, capacitor, zener diode, inductor coil, potentiometer, three-
bit digital tube and indicator LED, is designed for voltage control
(Fig. 3a) [54]. Using the designed circuit, the driving voltage from
0 V to 12.0 V can be output by adjusting the R2 potentiometer.
Similarly, other DC-DC voltage regulator chips such as LM317 [55],
LM2596S [56,57] have also been used in the development of volt-
age control circuits.

Besides battery, smartphones can also be used as a power sup-
ply to facilitate POCT applications. For example, the Universal serial
bus-on the go (USB-OTG) on the smartphone has been successfully
conditioned to output a fixed 5 V voltage for ECL signal generation,
and the output voltage can be further adjusted from 2.0 V to 3.0
V via a voltage divider circuit [58]. In order to further improve the
portability and accessibility of the portable ECL sensing platform,
the NFC function of the smartphone is used to wirelessly control
the output voltage of the portable potentiostat [59]. As shown in
Fig. 3b, the PCB is mainly composed of a high-performance con-

troller STM32F1 equipped with 12-bit A/D and D/A converters, a
potentiostat module including an operational amplifier AD8608, a
16-bit dual voltage output digital-to-analog converter DAC8552 and
an extended reference, and a power management module. The po-
tentiostat module can realize a controllable 0-5 V voltage output
for ECL signal generation, and can be wirelessly controlled by the
NFC module.

2.2. Optical system

In order to collect the luminescence signals generated on the
electrode in a reproducible and precise manner, it is indispensable
to design an optical system that should contain the following main
modules: (1) a dark box assembled with possible optical compo-
nents to prevent the influence of external light and precisely col-
lect ECL signals; (2) a photoelectric converter connected with sig-
nal processing circuits to convert optical signals into electrical sig-
nals for quantitation.

2.2.1. Dark box

External light will seriously interfere with the precise collec-
tion of ECL signal, since ECL is a weak luminescence phenomenon.
Therefore, how to design and manufacture a dark box with smaller
size and lighter weight is another key technical problem to be tack-
led. In recent years, 3D printing has presented itself as a robust
tool for the manufacture of various analytical devices. Especially,
the direct design-to-object workflow of 3D printing can facilitate
the one-step fast prototyping of devices with complex geometry,
thus accelerating the R & D process [60-63]. In our group, a se-
ries of specifically designed peripheral accessories for smartphone-
based sensing devices are fabricated using 3D printing techniques
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[6,64-69]. For example, a mini image dark box containing one chip
tray for positioning sensor chips and two optical element carriers
for assembling optical elements, is fabricated by a Form 1+ 3D
printer using EP Epoxy Resin (Fig. 4a). The special designs includ-
ing two parallel excitation light beams and a black paint-sprayed
device, ensure the accurate and highly reproducible collection of
fluorescence signals [67]. In another example, FDM 3D printing
technique is employed by Zenhausern and co-workers to fabricate
fluorescence microscope scaffolds to create a dark environment
using acrylonitrile-butadiene-styrene (ABS) polymer as the print-
ing material [70]. As a rapid, cost-effective and precision manu-
facturing technique, 3D printing will play a continuously growing
role in facilitating POCT applications [6,65,67,69,70], even for ECL
[59,71,72].

When 3D-printers are not available, LEGO is an excellent alter-
native. With the assistance of LEGO Digital Designer software, it is
quite easy to construct a dark box with all the necessary compo-
nents embedded for luminescent signal collection (Fig. 4b) [64,73].
In an example of LEGO-based dark box for photoluminescence sig-
nal collection, the dark box was equipped with a DC-DC converter
to provide steady output voltage for LED which triggers the lumi-
nescence, and an optical filter for light homogenization and diver-
gency [64]. LEGO edges with any shape can be easily assembled on
the top to guide any kind of photoelectric converter. LEGO-based
dark boxes exhibit the distinguish advantages such as rapid recon-
figuration and on-the-go satisfaction of the design needs [64,73].

Although optical components are eliminated in most dark boxes
designed for ECL signal collection, it has been reported by Li and
coworkers that the detection sensitivity can be increased by 10
times if only low-cost optical lenses are used [74]. Well integra-
tion of dark boxes with cost-effective optical components for better
performance in ECL signal collection deserves further exploration.

2.2.2. Photoelectric converter

ECL signals can be collected in two different technical ways,
namely, direct photoelectric conversion mode and imaging mode.
Typical photoelectric converters include PDs [75-77] and PMTs. PD,
the simplest photoelectric sensor, is composed of a PN junction
and can directly convert optical signals into electrical signals. PD
is cost-effective, operated at a low voltage, and can be easily inte-
grated with portable devices. For example, by serving as a light-to-
current converter, PD is integrated with a potentiostat to develop
a portable reconfigurable ECL reader by Carvajal et al. (Fig. 5a). A
field programmable analog array (FPAA) which can real-time re-
configure filter and gain stages, is included in this ECL reader for
analog conditioning [75]. Although limited in sensitivity, this ECL
reader offers an inexpensive and versatile mean of ECL measure-
ments. However, due to lack of internal gain, PDs still suffer from

relatively low sensitivity, although operational amplifiers can be in-
tegrated.

PMTs themselves have high internal gain and can detect ultra-
weak optical signals, but they fail to synchronously collect optical
signals in multiple regions [78]. Because of its extremely high sen-
sitivity, PMTs have been extensively used in desktop instruments
such as fluorescence spectrophotometers and luminometers. Actu-
ally, Roche Cobas series automatic ECL immunoassay systems, such
as Cobas E411, Cobas E601 and Cobas E801, which has monopo-
lized the market for years, use PMTs as the detector. However, the
features of PMTs such as high supply voltage, poor seismic resis-
tance and high price, restrict their applications in POCT systems.
Fortunately, with the development of microelectronics technology,
low supply voltage PMTs, for example, the PMT (H10722) module,
which can be operated at an input voltage range of +4.5 ~ +5.5V,
is becoming commercially available and successfully used to de-
velop miniaturized ECL devices (Fig. 5b) [79].

Recently, the advances in silicon solid-state photoelectric tech-
nology have enabled photosensitive devices with micro-packaging
and high sensitivity. For example, SiPM, also called MPPC, which
consists of multiple avalanche PD (APD) pixels operated in Geiger
mode, exhibits excellent photon counting capability and various
advantages over PMT including cost-effectiveness, smaller size, op-
eration at lower voltage, and insensitivity to magnetic fields [80].
In a recent study, an MPPC with a sensitive area of 3 mm x 3 mm
and 40,000 pixels was used as the ECL signal detector by Dai
and co-workers to develop a portable ECL instrument [81]. This
portable instrument consisted of a control circuit with potentio-
stat for triggering the electrochemical reaction on the SPE, a light
shielding box with MPPC detector for collecting ECL signals gen-
erated on electrodes, and a laptop computer installed with spe-
cific software for data processing and analysis [81]. Very recently, a
handheld ECL device using a SiPM module for ECL signal collection
is developed for sensing dopamine. As shown in Fig. 5¢, besides a
SiPM, this handheld ECL device is composed of a flexible PCB for
electrical stimulation, signal processing and data transmission; a
smartphone installed with a self-developed Android application for
parameters setting and results display via Bluetooth; and a light-
tight box [72]. Same as PDs and PMTs, a single SiPM also cannot
realize simultaneous detection of multiple zones.

In contrast, various imaging equipment such as CCD and CMOS
cameras, is featured with multi-channel detection, high spatial res-
olution, and instant image management, although their sensitivity
is not as good as PMTs [78]. In a CCD camera, based on the pho-
toelectric effect, a photosensitive element is stimulated by pho-
tons to release charge which will be converted into an output
voltage. Thanks to its excellent signal-to-noise ratio, CCD camera
is extensively used in developing portable ECL instruments. Using
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the same configuration as Dai’s work but replacing MPPC detector
with CCD camera, Liu and co-workers designed and assembled a
portable ECL instrument for POCT applications (Fig. 5d) [82].
CMOS image sensor shares the same photoelectric conversion
principle as CCD image sensor, but their signal readout process is
different. In CCD image sensor, only one or a few output nodes are
read out uniformly, ensuring the consistency of its signal output.
While, in CMOS image sensor, each pixel has its own signal am-
plifier which performs charge voltage conversion respectively, re-

sulting in poorer signal output consistency than CCD image sensor.
In addition, compared with CCD image sensor, CMOS image sen-
sor exhibits advantages of lower power consumption and manufac-
turing cost, faster imaging speed, although its sensitivity is not as
good as CCD image sensor. Actually, most of current smartphones
are equipped with CCD or CMOS cameras. Therefore, CCD or CMOS
camera-equipped smartphones are becoming appealing platforms
to develop portable ECL devices [56,58,59,71,83]. Fig. 5e illustrates
a typical example, where CMOS camera on the smartphone serves
as the ECL signal detector [56].
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Notably, thanks to their advanced computing capability, pow-
erful built-in sensors, wireless connectivity, safety data manage-
ment and user-friendly operation interface, smartphones can serve
as not only detector, but also laptop computer as well as monitor.
In the example illustrated in Fig. 5c, the smartphone serves as a
laptop computer for parameters setting and results display [72].
Obviously, smartphones can simplify and facilitate the design of
quantitation devices for POCT applications [6,84-86]. Besides ECL
signals [56,58,59,71,83], smartphone-based devices have been suc-
cessfully conditioned to precisely collect and analyze electrochem-
ical [49], colorimetric [87], fluorescent [67], surface plasmon reso-
nance (SPR) [88] signals, etc.

In the typical example of smartphone-based ECL devices, smart-
phones simultaneously serve as the ECL signal detector, the power
supply for potentiostat, and the laptop computer for data analy-
sis and result display. For example, to develop a smartphone-based
ECL device, CMOS camera and universal serial bus-on the go (USB-
OTG) on smartphone have been successfully conditioned as the
ECL signal detector and electrical stimulation [33,55,58,83], respec-
tively. As shown in Fig. 6a, smartphone USB have five lines, namely,
GND, ID, D+, D- and V. In this USB-OTG stimulated luminescence
system, V¢ is the power line which is linked with WE, GND is
electrical ground line which is linked with both CE and RE, and
ID is used to identify the host device or slave device during USB-
OTG communication [58]. Through a divider circuit, the fixed 5V
voltage outputted by smartphone which serves as the host device
can be divided into adjustable voltages for triggering electrochem-
ical reactions on WEs. After being captured by phone camera, ECL
images are analyzed using various methods such as red-green-blue
(RGB), hue-saturation-brightness (HSB), and Gray analysis [58].

In another example, smartphone-based ECL sensing system is
operated by a PCB which consists of STM32F1 microcontroller serv-
ing as the central process unit, a battery management module for

power distribution and voltage regulation, a potentiostat module
for triggering electrochemical reaction on electrodes, and an NFC
communication module for data sending and command receiv-
ing (Fig. 6b) [59]. To ensure system alignment and ambient light
shielding, all components, including the PCB, NFC antenna, battery
and electrode, were placed in a 3D-printed dark box. An NFC en-
abled smartphone was used for setting parameter, collecting and
displaying results, and further data analysis. Open-source software,
OpenCV and FFmpeg, were integrated into the user-friendly cus-
tom application (APP) for image processing. On site quantitation of
3-nitrotyrosine was successfully achieved using this portable ECL
sensing system.

Due to their built-in function modules and “smart” capabili-
ties, smartphones enable not only advanced POCT systems through
the simplification of instrument design, but also easy-to-use detec-
tion through user-friendly custom APPs. More importantly, smart-
phones enable truly affordable and accessible POCT systems at
low-resource settings, although those smartphone-based ECL de-
vices might exhibit lower sensitivity than the laboratory oppo-
nents. Obviously, advanced strategies of smartphone-based POC
testing have enabled laboratory-based detection to be performed
in plug-and-play stand-alone devices. In addition, the real-time
connectivity of smartphones also allows more and more people
to access digital health pathways. However, to take full advantage
of smartphone-based ECL devices, extensive research is still indis-
pensable.

2.3. Software for data processing and analysis

After ECL signals generated on electrodes are successfully col-
lected by photoelectric converters, the next step is to use a com-
puter or a smartphone installed with specific software to display
the reporting signals, and more importantly, process and analyze
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data. Different ECL detectors need to use different data processing
methods. Since PMTs are extensively used in large-scale ECL in-
struments, there is usually proprietary software designed by the
company to satisfy such requirements. However, for ECL signals
collected by CCD or CMOS cameras, customized or open resource
image processing software or APP is usually used to precisely ex-
tract information from ECL images. Since CCD or CMOS camera is
the preferred detector to design a portable ECL sensing system for
POCT applications, this section will focus on various image pro-
cessing software/APP as well as some image processing algorithms.

There are two different ways to collect ECL signals using cam-
eras, namely, to capture a single image or record a video which
is composed of several coherent pictures. Because the change of
ECL signal intensity with time can be recorded in real time, video
recording is becoming the favorite ECL signal collection method
when using cameras. As we know, ECL is a weak luminescence
phenomenon, always resulting in that the ECL images captured
by cameras are difficult to analyze. Image manipulation enhanced
algorithms might contribute to ECL image analysis, for example,
Msrcp, Msrcr, Automsrcr, Curve, Mapping, etc. [56,71]. In the study
carried out by Rao and Wang, barely any difference can be ob-
served in the original ECL images captured by smartphone’s cam-
eras. In contrast, after being applied with image manipulation en-
hanced algorithms, the differences among ECL images can be obvi-
ously observed by even bare eyes (Fig. 7a) [56].

After ECL signals are collected by cameras, various commercially
available image processing software such as Image] [54,57,89], Pho-
toshop [90], Python [91], MATLAB [32,90,92] can be used for ECL
signal processing and analysis. However, those software might not
be well suited for smartphone-based ECL sensing systems, espe-
cially for on-site data analysis. In order to provide the end-user a
stand-alone device, a customized APP with user-friendly interface
might be appreciated.

Currently, mainstream smartphones are usually equipped with
CMOS cameras which capture images or videos using RGB color
models. Therefore, the precise extraction of RGB information
from digital images is the most important function of the cus-
tomized APP. Two algorithms are extensively applied to convert
the RGB information extracted from digital images to grayscale
values, namely, the averaged RGB algorithm (the averaged
grayscale, AG=(R+ G+ B)/3) [68] and the weighted RGB algorithm
(the weighted average grayscale, WAG=0.299R + 0.587G + 0.114B)
[67,93]. After embedding the algorithm which is established based
on the relationship between the analyte concentration and design-
ing the user-friendly interface, the customized APP with the mini-
mum function is ready for use.

However, the psychological non-intuitive and perceptual incon-
sistencies usually result in individual differences in the visualiza-
tion of colors in RGB color models. In addition, the relationship
between the values of the three-color components and the gen-
erated colors is also not intuitive. To address this issue, another
color model, HSL/HSV (Hue, Saturation, Lightness/Value), is ex-
tensively used for the ECL analysis, because a single parameter,
namely, L or V is used to represent ECL intensity in HSL/HSV mode
[56,59,71]. L is calculated according to the equation L=mid(R, G,
B)=(max + min)/2 [59,94], where max is the maximum color com-
ponent of RGB and min is the minimum color component of RGB;
while V is calculated according to the equation V=max(R, G, B)
[94,95]. Specifically, the L or V value of 0 or 1 is fully black or
white, respectively.

Additionally, the Commission International Eclairage Lab
(CIELAB), also termed as L*a*b*, is a color space where equal dis-
tances are used to represent threshold or suprathreshold perceived
color differences of equal size. The color space expresses color as
three values: L* for the lightness from black (0) to white (100),
a* from green (—) to red (+), and b* from blue (-) to yellow (+).
CIELAB is a color system based on physiological characteristics,
which means that digital methods are used to describe human
visual induction. However, its calculation is quite complicated,
requiring conversion from standard RGB space to XYZ space, and
finally to L*a*b* space [94,96]. And it has been reported that HSV
color space performs better than L*a*b* with respect to color
image segmentation [96]. In a recent study, Liu and co-workers
creatively replaced chromaticity coordinates (x, y) with L*a*b*
through Egs. 1-3 [97]:

X ) 0.49 031 020 \ /R
v =-—— (017697 081240 0.01063 (G 1)
z) 017697\ 400 0.01 099 /\B
X

TX+Y+Z (2)
%

Y= X3 v+z 3)

When image color changes, coordinate (x, y) will also change,
then the relationship between the net color-shift distances and
targets would be formed. The net color-shift distance, d, is calcu-
lated according to the equation d = Ax% + Ay2, Ax=x—2xg, Ay =
Yy — Yo, Where xg and yy were the color coordinates without target,
respectively. In colorimetric detection, the chromaticity coordinates
can more clearly reflect the linear offset compared with two initial
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colors under the color caused by different conditions in the chro-
maticity diagram [97].

Recently, the integration of deep learning and smartphone has
achieved fast and accurate ECL image analysis and processing. For
example, convolutional neural networks (CNNs) is a class of feed-
forward neural networks (FNNs) with convolutional computation
and deep structure, enabling batch processing of images. CNNs can
be used to select the suitable ECL images for the subsequent ex-
traction of luminescence intensity for quantitative analysis, thus
eliminating the manual identification process and improving the
credibility of detection results (Fig. 7b) [56,71]. In addition, Hyun J.
Kwon’s research group utilized machine learning (ML) algorithms,
including support vector regression (SVR), decision trees, random
forest (RF), neural networks (NN), Gaussian Process Regression
(GPR), genetic algorithm (GA), to effectively analyze the nonlinear
and multidimensional sensor data [98-100]. As illustrated in Fig.
7¢, taking advantages of ML algorithms, multimodal data is unified
into a single predictive model using multiple key features extracted
from the time series data [98]. Results reveal that, compared with
the traditional single or two feature based-regression analysis, the
ML algorithm can maximize the use of the obtained information,
find some unforeseen interrelations, and achieve accurate predic-
tion of the compounds under test.

Unfortunately, there is no generic approach that can be applied
to all situations. But one thing is certain, namely, image manip-
ulation enhanced algorithms can make weak ECL signals easier to
observe and analyze. For a specific application, a thorough compar-
ison of available imaging processing methods should be performed
to determine which method is the most appropriate [56,58,83]. Ac-
tually, to make a smartphone-based ECL sensing platform more
practical and ease-of-use, contributions from researchers with ex-
pertise in image processing algorithms are highly apricated and
encouraged.

3. Challenges and possible solutions

The well-developed laboratory-based ECL sensing systems
which use high performance but expensive hardware, account for
more than half of the tests performed in clinical laboratories. In
contrast, although numerous portable ECL sensing systems have
been reported, no such systems have been commercialized or used
in clinical settings. For portable ECL sensing systems, challenges
still exist in improving detection sensitivity to satisfy the diagnos-
tic requirements, and in realizing “sample-in-result-out” detection
to satisfy the requirements at low-resource settings.

3.1. Enhancement of ECL signal intensity

Since portable ECL sensing systems usually use cost-effective
but low performance hardware, enhancing ECL signal intensity is
the best choice to satisfy the sensitivity requirements of clinical
diagnosis. Various strategies can be used to enhance ECL signal
intensity, including: (1) using ECL luminophores with higher effi-
ciency; (2) loading ECL luminophores into micro/nano materials to
increase the local concentration of ECL luminophores; 3) amplify-
ing the detection signal or analyte.

3.1.1. ECL luminophores with higher efficiency

The booming science of aggregation-induced emission (AIE)
also injects new possibilities into ECL analysis, especially in en-
hancing ECL efficiency and intensity [101,102]. During the process
of aggregation-induced electrochemiluminescence (AIECL) which
was put forward by Cola et al in 2017 [103], the rotation and vi-
bration of ECL luminophores are restricted, resulting in the sub-
stantially reduced quenching degree among molecules and there-
after the substantially enhanced ECL emission intensity. Plat-
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inum complexes [103] and iridium complexes [104] are the ex-
tensively explored inorganic AIECL luminophores. For example,
when Pt(Il) complexes were close enough to each other (<3.5 A),
the dz2-orbitals could interact, forming new molecular orbitals
and changing the HOMO and LUMO energies by self-assembly.
As a result, platinum complexes exhibited 20% higher emission
efficiency than Ru(bpy)s;2*/TPrA [103]. [Ir(tpy)(bbbi)] molecules
could self-assemble into nanoparticles in aqueous solution through
supramolecular interaction (7 -7 -stacking and hydrogen bonding).
As a result, molecular vibration of Ir complexes could be inhibited,
leading to the dramatic enhancement in its ECL emission efficiency,
which is 4.04 times of Ru(bpy);2*/TPrA under the same condi-
tions [104]. In another example, the AIECL luminophore, cyclomet-
alated iridium(III)-poly-4-vinylpyridine nanoparticles along with
aptamer-modified gold nanoparticles (AuNPs-Apt) and nitrogen-
doped graphene, were coated onto carbon SPE to fabricate a
biosensor for early diagnosis of acute myocardial infarction (MI).
Thanks to the AIECL phenomenon, the detection of MI biomarker,
troponin I (TI), can be realized with a LOD of 20 fmol/L [105].

In addition, polymers and small organic molecules whose struc-
tures can be finely modulated to increase the aggregation feasi-
bility and guarantee the AIECL property, represent the other clas-
sical AIECL luminophores. Especially, polymers and small organic
molecules could aggregate into dots, enabling elaborate modula-
tion and even higher emission efficiency [101,106,107].

Nanomaterial also presents itself as a promising type of highly
efficient ECL luminophore. Various nanomaterials including semi-
conductor quantum dots (QDs) [108,109], carbon quantum dots
(CQDs) [110,111], nanocrystals [112,113], nanocluster (NCs) [114-
116], nanosheets [117], polymer dots (Pdots) [118,119], have been
explored their ECL properties. The characteristics of nanoscale ECL
luminophores always afford them strong quantum size effect, pro-
pitious ECL process, good optical stability, and more importantly,
enhanced ECL efficiency. For instance, the crystallization-induced
enhanced ECL emission effects result in the ECL efficiency (®gcy) of
tetraphenyl alkene nanocrystals substantially increasing to 31.53%
[112]. And AuNCs with triethylamine (TEA) as a co-reactant exhib-
ited a high @ of 66%, because accumulation of oxidized species
induced by pre-oxidation treatment led to more effective electron
transfer between AuNCs and TEA [114].

The second advantage of nanoscale ECL luminophores is their
versatile synthesis methods, which enable fine modulation of
their ECL emission and electrical properties via various dop-
ing strategies, changing the co-reactants, and tuning the size
or surface states. For example, L-Pdots which emitted the blue
ECL (Amax =450 nm) in the presence of H,0, at +0.6 V, were
prepared by encapsulating luminol into poly (styrene-co-maleic
anhydride). While, N-Pdots which emitted the self-enhanced
red ECL (Amax =675 nm) under +1.0 V, could be prepared by
coupling diethylamine with poly[2,7-(9,9-dioctylfluorene)-alt-4,7-
bis(thiophen-2-yl)benzo-2,1,3-thiadiazole] [118]. In another exam-
ple, AuysNCs served as highly efficient bipolar ECL luminophores
for cathodic ECL detection of CEA using TiO, nanosheets as the
coreaction accelerator and anodic ECL detection of mucin 1 (MUC1)
using Cu,0@Cu nanoparticles as the coreaction accelerator simul-
taneously [116].

3.1.2. Increase of the local concentration of ECL luminophores

In addition to nanoscale ECL luminophores, nanomaterials
which have no intrinsic ECL emission property, for example, den-
drimers [120], mesoporous nanometer materials [121], MXene
[122,123], core-shell structured NPs [124,125], hydrogels [126],
have also been extensively used to load and concentrate ECL lu-
minophores to enhance ECL emission intensity. More importantly,
in addition to ECL luminophores, co-reactants and other auxiliary
components can also be incorporated into nanomaterials, result-
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ing in the shortened distance of electron transport, accelerated
electron transfer and thus enhanced ECL efficiency. For example,
poly(3,4-ethylenedioxythiophene) (PEDOT)-hosted AgNCs exhibited
a D of 69.56%, because PEDOT served a triple function as the
AgNCs stabilizer, interface electron injection accelerator and the
electro-catalyzer for AgNCs-S,0g2~ ECL system (Fig. 8a) [115]. In
another example, 6-aza-2-thiothymine (ATT) protected AuNCs with
TEA as a co-reactant were reported to exhibit a @gc of 78%,
enabling visual observation. A dual-enhancement mechanism was
proposed to account for this extremely high @gc;, namely, an elec-
trocatalytic effect and solid-state AIECL (Fig. 8b) [127].

Recently, DNA-based 3D nanostructures have attracted increas-
ing research attention in the development of biosensors, because of
their distinguishing characteristics including sequence programma-
bility, automated synthesis and modification, inherent functional-
ity and excellent biocompati-bility. Representative DNA-based 3D
nanostructures include DNA nanoclews [128], DNA nanoflowers
[129], DNA nanotubes [130], hybridization chain reaction-based
DNA polymers [131] and branched-DNA [132]. For example, sig-
nificant ECL signal enhancement has been successfully achieved
using Ru(phen);2t-embedded DNA nanoclews (Fig. 8c) [128],
Ru(bpy);%*-accumulated DNA nanoflowers [129] and Ru(phen);2+-
loaded DNA nanotube [130], because lots of Ru(ll) complexes are
readily embedded into the DNA duplex structures. Rolling circle
amplification (RCA) reactions can be conditioned to synthesize
DNA nanoclews and DNA nanoflowers by using palindromic se-
quences encoded in primers, and DNA nanotubes can be easily pre-
pared via self-assembly.

In recent years, many efforts have been devoted to design
metal-organic framework (MOF)-based ECL luminophores, because
it has been proven to be an effective strategy to improve ECL effi-
ciency [14]. MOFs which are synthesized using metal ions/clusters
and organic linkers, are emerging porous and crystalline materi-
als. The features of MOFs can facilitate ECL applications, because
their interconnecting pores and channels can concentrate ECL lu-
minophores, shorten diffusion paths of electrons, and thus en-
hancing ECL emission efficiency. However, the low water stabil-
ity and poor conductivity significantly restrain the application of
MOF-based ECL luminophores. Recent advances in the develop-
ment of MOF-based ECL luminophores demonstrate that such de-
fects can be remedied by integrating functional materials [133-
137]. MOF-based ECL luminophores can be prepared via three
main pathways [14], namely, (1) direct synthesis of MOF mate-

1

rials using ECL luminophores as ligands; (2) in situ encapsula-
tion of ECL luminophores during the synthesis of MOF materials;
(3) post-synthetic functionalization of MOF materials with ECL lu-
minophores.

It is an ideal way to incorporate organic ECL luminophores
into MOF scaffolds as ligands to prepare MOF-based ECL Ilu-
minophores. As typical organic ECL luminophores, porphyrins and
their derivatives have been extensively used as ligands for the
synthesis of MOF-based ECL luminophores. For example, meso-
tetra(4-carboxyphenyl)porphyrin (TCPP) [133] and zinc tetrakis
(carboxyphenyl)-porphyrin (ZnTCPP) [138] were successfully used
as ligands for the synthesis of MOF-based ECL luminophores for
quantification of proprotein convertase subtilisin/kexin type 9 and
protein kinase A activity, respectively. Through metal ion chela-
tion, Ru complexes, the most commonly used ECL luminophore,
could also be readily integrated into MOF structures. In a specific
example, 2D Ru-MOF nanosheets were successfully synthesized
by using Ru(dcbpy);%* as bridging ligand and Zn(NOs3), as the
metal center (Fig. 9a) [139]. A 2D nanostructure can form a
faraday cage on the electrode surface, allowing electrons to flow
freely between the signal unit and the electrode and thus im-
proving the sensing performance. In addition, AIE ligands, for
example, 1,1,2,2-tetra(4-carboxylbiphenyl)ethylene (H4TCBPE) and
4.4 4" A (ethene-1,1,2,2-tetrayl )tetrakis(([1,1’-biphenyl]-4-
oxylic acid)) (H4ETTC), were used to synthesize Hf-based MOF
(Hf-TCBPE) (@gc.=21.72%) [134] and 2D metal-organic layer
(DgcL=27.63%) [135], respectively. AIE ligands within rigid MOFs
result in substantial ECL enhancement.

In situ encapsulation of ECL luminophores during the syn-
thesis of MOF materials is an alternative approach to synthe-
size MOF-based ECL luminophores. Thanks to their tunable pore
sizes, the self-enhanced Ru(dcbpy);2+-polyethyleneimine-L-lysine
(Ru-PEI-L-lys) complex was successfully encapsulated into zeolitic
imidazolate framework-8 (ZIF-8). The resultant Ru-PEI-L-lys-ZIF-8
exhibited excellent ECL emission behavior and was success-
fully conditioned for sensing telomerase activity with a LOD of
0.02 amol/L [140]. Through this in situ encapsulation approach,
both the desirable ECL property of encapsulated luminophores,
highly efficient analyte accumulation performance and catalyst
property of MOF can be well preserved. For example, CdTe
QDs-encapsulated IRMOF-3 exhibited significantly improved ECL
efficiency, because IRMOF-3 promoted the transformation of
S,05%~ co-reactant into sulfate radical anion [136]. Similar to
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nanomaterials, MOF also provides a robust framework in which
both ECL luminophores and co-reactants can be incorporated. In
a typical example, ECL luminophore Ru(bpy),(phen-NH,)*+ was in
situ encapsulated and dual co-reactants of nitrogen doped carbon
nanodots (NCNDs) and SmS, QDs was decorated into MOF mate-
rial (Fig. 9b). ECL efficiency of the resultant MOF-based ECL lu-
minophores was 13.34%, increased by 8 folds [141].

Various functional groups enable MOF materials to use
the post-synthetic functionalization approach to load ECL lu-
minophores. PCN-777 [142], UiO-66 [143], MIL-53 [144] and ZIF-
67 [137] have been successfully conjugated with various ECL lu-
minophores for ECL sensing. For example, Ru(bpy),(mcpbpy)?t can
be grafted on the inner and outer surfaces of mesoporous MOF
(PCN-777) through the strong coordination bond between Zr*+ and
-COO~ (Fig. 9c) [142]. In another example, after conjugation onto
ZIF-67 surface via electrostatic interaction, luminol-capped AgNPs
exhibited ~115-fold enhancement in ECL efficiency compared with
individual luminol [137]. The substantially accelerated production
of oxygen radicals by ZIF-67 due to the atomically dispersed Co%*
and the porous structure should be responsible for this dramatic
enhancement.

3.1.3. Amplification strategy

For amplification strategy, there are two different ways: 1) am-
plifying the analyte and 2) amplifying the detection signal. Exam-
ples of amplifying the analyte can be easily found in the detection
of nucleic acid, because there are lots of well-established nucleic
acid amplification methods [145]. Polymerase chain reaction (PCR)
[146] and various isothermal amplification methods such as nucleic
acid sequence-based amplification (NASBA) [147], loop-mediated
amplification (LAMP) [148], RCA [119], and strand displacement
amplification (SDA) [128] have been well-integrated with ECL to
realize ultrasensitive detection.

Recycling of the analyte is another extensively used approach
for amplifying nucleic acids. Recycling of the analyte can be
achieved by designing the analyte as a switch to trigger the occur-
rence of a cycle event with the aid of nuclease cleavage [140,149]
and/or chain displacement [128,150]. For example, a chain dis-
placement reaction and DNA walker amplification strategy have
been designed for ratiometric ECL sensing of SARS-CoV-2 RdRp
gene [150]. As shown in Fig. 10a, the substrate with a toehold de-
signed for specific recognition of SARS-CoV-2 RdRp gene, consists
of three nucleic acids with different sequences, namely, the scaf-
fold chain for hybridization with the analyte, the bandage chain
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for subsequent DNA walker, and the blocker. The hybridization of
SARS-CoV-2 RdRp with the scaffold initiates the cycle amplification
by subsequently forming the intermediate 1, releasing the bandage
and transforming to the intermediate 2. Thereafter, fuel can hy-
bridize with the exposed toehold of intermediate 2 to produce
double-stranded waste, and in the meantime, release RdRp gene
which further initiates the next cycle.

Nucleic acid amplification methods can also be conditioned for
protein detection by using a reporter DNA [151,152]. For example, a
cascade recycling amplification technique which can be initiated by
a circular peptide-DNA nanomachine, is designed for ultrasensitive
detection of cytomegalovirus pp65 antibody (anti-CMV pp65) with
a LOD of 0.33 fmol/L [151]. As shown in Fig. 10b, an antigenic pep-
tide is designed to be labeled with a specific nucleic acid sequence
to serve as the capture probe (Cp) for anti-CMV pp65. The specific
recognition between Cp and anti-CMV pp65 results in the forma-
tion of target complex which triggers the formation of the circular
peptide-DNA nanomachine by the proximity hybridization of DNA
motifs in the presence of Fuel 1 and Fuel 2, two auxiliary DNA
strands. Two recycles are then implemented successively by the
circular peptide-DNA nanomachine: 1) phi29 DNA polymerase ac-
tivates the recycle I to generate the double-stranded DNA (dsDNA)
template and target complex, and 2) the endonuclease Nt.BbvCI
subsequently initiates recycle II by triggering strand displacement
amplification to output massive mimic targets which were used for
the ECL detection.

Similar to the increase of the local concentration of ECL lu-
minophores by using nanomaterials, the detection signal can be
amplified by introducing multiple ECL luminophores via chain re-
action. As a typical type of toehold-mediated strand displace-
ment reaction, hybridization chain reaction (HCR) is featured with
isothermal and enzyme-free amplification with excellent efficiency,
and has been extensively explored for sensing a wide variety of an-
alytes, including nucleic acids, small molecules, proteins and even
cells [153]. In the process of HCR, the analyte triggers the cross-
opening of two DNA hairpins, yielding a nicked double helix that
grows until the hairpin supply is exhausted. For example, Xu et al.
[131] developed a homogeneous ECL biosensor for highly sensi-
tive detection of miRNA-21 based on target-induced HCR (Fig. 10c).
miRNA-21 triggers HCR amplification to produce long strand ds-
DNA whose grooves can be embedded with Ru(phen);2+, leading
to strong ECL emission. Combined with magnetic enrichment and
separation, ultrasensitive detection of miRNA-21 in the urine of pa-
tients with acute kidney injury (AKI) was achieved.



S. Xia, J. Pan, D. Dai et al.

(@) SARS-COV-2 Dlocker
RdRp gene
vV N Au-g-C\N HS
Yo PRA-RRR 151 1 3 %4 3
[Wa%lt.v“_/ Sub;ﬁ'au CE ;gw : wwvgg
Vel e mnninonces . ) :
Intermediate2_ ,{ Intermediatel +MCH
RS
Nb.BbvCl 3 a
oor

\Nalkingl f/\(

N cycles

PEI-Ru@
Ti.C.@
AuNPs-S7
=
3. f,:"é‘:‘
— T N
A 2]
0"0 2 i:
=
Uoo’ pr
%2 I E(V)

N

‘/.

{ 'af
)

\

-
—-
>
2 =
’ w
’ =
’a 23
ot 2
e =
g
O
=

E (V)

micrtoRNA-21

Chinese Chemical Letters 34 (2023) 107799

@a

®)

Circular peptide-DNA
nanomachlm.
Phi 29

e

N

Recycle

an BbeCl
x

Fuel 1 Target complex
Fiig] Ze———— .\\\nhll
ap I Target antibody
—Cp 1]IQIIIHEEE1IEE}I
Sulfo-SMCC ol L — T
DNA-SH % ux~Peptide = Mimic target (MT)

SnS, Ql)s/\{, le\‘ I:

1 gy §

DNA-F c\w

Signal on,

MT

Signal off Signal on,

. tripedal DNA walker

Ru(ﬁlm)f

Fig. 10. Different nucleic acid amplification strategies. (a) Dual wavelength ratiometric ECL biosensor with target recycling by chain displacement reaction and bipedal DNA
walker amplification strategies. Reproduced with permission [150]. Copyright 2022, Elsevier. (b) Testing of cytomegalovirus pp65 antibody via smart circular peptide-DNA
nanomachine amplification and silver nanoflowers loaded with luminophores. Reproduced with permission [151]. Copyright 2018, American Chemical Society. (c¢) HCR and
magnetic assisted enrichment. Reproduced with permission [131]. Copyright 2021, Elsevier. (d) Tripedal DNA Walker. Reproduced with permission [154]. Copyright 2020,

American Chemical Society.

DNA walker, a sort of dynamic DNA nanomachine, has been
widely employed in bioanalysis because of its superior motility
and controllability. 3D-DNA walker is based on a highly localized
entropy-driven reaction, which is a simple, isothermal, enzyme-
free, and quick detection technique. Wang et al. [154] reported a
tripedal DNA walker biosensor for sensing miRNA-21 with a supe-
rior LOD of 4 amol/L. As shown in Fig. 10d, the Y-shaped tripedal
DNA walker formed by three well-designed hairpins (HP1, HP2 and
HP3), was synthesized by an enzyme-free target-triggered catalytic
hairpin assembly (CHA) reaction. On the surface of the Au elec-
trode, abundant hairpin DNA strands (HP4) were conjugated to
serve as DNA tracks, the “legs” of the tripedal DNA walker would
open HP4, then the exposed part of HP4 could hybridize with
Au@luminol-HP5 and release DNA walker through strand displace-
ment reaction. With the binding and release of DNA walker, a large
amount of Au@luminol-HP5 was fixed on the electrode surface to
increase the ECL signal.

3.2. Detection in a “sample-in-result-out” manner

In order to simplify operation steps and realize foolproof de-
tection, POCT should be designed as one-step detection, namely
sample-in-result-out. This is a highly integrated and automated
process that requires a combination of various technologies. For-
tunately, microfluidic technology is a promising way for realizing
“sample-in-result-out” detection [155,156]. Highly integrated mi-
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crofluidic chip can realize various analytical steps such as reagent
pre-storage, sample pre-treatment, reagent mixing and biochemi-
cal reaction, with advantages of automatic operation, low reagent
consumption and rapid detection. As to the signal display, ordi-
nary electronic display screens, computers or smartphones are our
choices. But smartphones are obviously superior to the other two
options in terms of excellent human-computer interaction inter-
face, small and portable, signal processing and storage. The fixtures
are usually made by 3D printing, but can also be built in other
ways.

Ganguli et al. [157] reported a lab-on-chip device for simul-
taneous detection of zika, chikungunya, and dengue viruses in a
“sample-in-result-out” manner. In the device, the flow of liquid
was driven by capillary action, and the positive temperature co-
efficient (PTC) heater was used to realize LAMP temperature set-
ting. The Arduino Gemma microcontroller board was used to re-
alize the power supply and operation of the light source module.
The 3D printing technology was used to fabricate the housing and
fixing bracket of each component, which also played a role in light
protection. In order to realize the automatic control of microflu-
idics, valve switches and other electronic devices, the Arduino open
source electronic platform has become an outstanding choice due
to its flexibility, ease of use, open source and sharing. In addi-
tion, the smartphone was used to collect fluorescence signals and
communicate with the external computing system through a cloud
connection for data processing.
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More importantly, as shown in Fig. 11a, microfluidic chips
can also be integrated with electrodes for designing ECL sensors
[158,159]. Kadimisetty et al. [159] bonded the end of the microflu-
idic chip with graphite microwell electrode (WE) through adhe-
sive. The microfluidic channel reserved the grooves for insertion
of RE and CE, forming a three-electrode system. The front part of
the microfluidic chip was prefilled with various reaction reagents
and buffers (Fig. 11b), and an electronic control system costing
about $120 was built independently to control the switch of the
micropump and the on/off of the excitation voltage to achieve
automatic detection (Figs. 11c and d). The electronic control sys-
tem consisted of a touch screen, an Arduino Mega microcontroller
board, and automated programming, was used to control the dif-
ferent steps of immunoassays. The independent micropump micro-
controller was connected to the Arduino automation platform to
control the on/off cycle of the micropump to perform the incuba-
tion washing step and complete the formation of immune sand-
wich structure on the electrode surface. This electronic control sys-
tem was also connected to a potentiostat to apply an excitation
voltage to the electrode surface. The entire system was powered
by a 4.5 V rechargeable lithium battery and could also be pow-
ered by other devices (such as smartphones) via a USB port on the
Arduino Mega microcontroller board. CCD camera and computer
software were then used for the subsequent ECL signal acquisition
and processing. Beyond all doubt, the integration of microfluidics,
electrode system, micro-electronic circuit control system, 3D print-
ing technology and smartphone is a feasible solution to achieve
“sample-in-result-out” detection.

4. Conclusion

The convergence of ECL sensor for POCT applications offers an
appealing screening method for on-site detection at low-resource
settings. This paper summarizes the design rationale of portable
ECL devices from electrochemical system (including electrode and
excitation voltage generator), optical detection system (including
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light shielding black box and photoelectric converter) and signal
processing. Especially, smartphone-based ECL sensing systems en-
able traditional laboratory-based detection, which suffers from ex-
pensive instruments and insufficient skilled technicians, to be per-
formed anywhere, anytime, and by anyone.

Though the enormous advantages are clearly manifested, sev-
eral critical issues concerning the practical applications of portable
ECL sensing systems remain. Due to the use of cost-effective but
low performance hardware, portable ECL sensing systems always
suffer from insufficient sensitivity. The best choice to satisfy the
sensitivity requirements of various practical POCT applications, is
to develop ECL sensing strategies with higher sensitivity to com-
pensate for sensitivity insufficiency of the device itself. Extensive
research efforts have been dedicated to this research area, lead-
ing to various good strategies such as: (1) using ECL luminophores
with higher efficiency; (2) loading ECL luminophores into mi-
cro/nano materials to increase the local concentration of ECL lu-
minophores; (3) amplifying the detection signal or analyte. An-
other challenge faced by portable ECL sensing systems for practi-
cal applications is the foolproof detection performed by laypersons.
The most promising way is to develop “sample-in-result-out” de-
tection to simplify operations, thus reducing dependence on skilled
technicians. Extensive research efforts have been dedicated to de-
sign and fabricate various microfluidic chips to accomplish this.

Additionally, to make smartphone-based ECL sensing systems
more practical and easy-of-use, contributions from researchers
with expertise in image processing algorithms and artificial intelli-
gence are highly appreciated and encouraged. Through taking ad-
vantages of wireless connection of smartphones, highly efficient
ECL image recognition and data processing can be realized in the
cloud, thanks to powerful cloud computing and storage capac-
ity. This will greatly improve data processing efficiency and break
through the limitations of computing capacity of smartphone itself.

Undoubtedly, in order to bring portable ECL sensing systems
into full play, constant research efforts should be made in de-
veloping portable ECL sensing devices with higher performance,
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ECL sensing strategies with higher sensitivity, and microfluidic
chips with versatile functions, and etc. We believe this review can
help interested researchers to comprehend the design rationale of
portable ECL sensing systems and push the development of mobile
detection forward, leading to more valuable sensing systems and
their diversified applications, even future commercialization.
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