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HIGHLIGHTS

•	 Covalent organic frameworks (COFs) show enormous potential for building high-performance electrochemical sensors due to their 
high porosity, large specific surface areas, stable rigid topology, ordered structures, and tunable pore microenvironments.

•	 The basic properties, monomers, and general synthesis methods of COFs in the electroanalytical chemistry field are introduced, with 
special emphasis on their usages in the fabrication of chemical sensors, ions sensors, immunosensors, and aptasensors.

•	 The emerged COFs in the electrochemiluminescence realm are thoroughly covered along with their preliminary applications.

ABSTRACT  Covalent organic frameworks (COFs), a rapidly developing category 
of crystalline conjugated organic polymers, possess highly ordered structures, large 
specific surface areas, stable chemical properties, and tunable pore microenviron-
ments. Since the first report of boroxine/boronate ester-linked COFs in 2005, COFs 
have rapidly gained popularity, showing important application prospects in vari-
ous fields, such as sensing, catalysis, separation, and energy storage. Among them, 
COFs-based electrochemical (EC) sensors with upgraded analytical performance are 
arousing extensive interest. In this review, therefore, we summarize the basic proper-
ties and the general synthesis methods of COFs used in the field of electroanalytical 
chemistry, with special emphasis on their usages in the fabrication of chemical sen-
sors, ions sensors, immunosensors, and aptasensors. Notably, the emerged COFs in 
the electrochemiluminescence (ECL) realm are thoroughly covered along with their 
preliminary applications. Additionally, final conclusions on state-of-the-art COFs 
are provided in terms of EC and ECL sensors, as well as challenges and prospects 
for extending and improving the research and applications of COFs in electroanalytical chemistry.
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1  Introduction

Since the discovery of boron-containing covalent organic 
frameworks (COFs) by Yaghi’s group in 2005 [1], this new 
class of porous crystalline materials has attracted wide-
spread attention across several scientific communities [2–5]. 
Typically, COFs are formed via the polymerization of light 
elements, which are known to form robust covalent bonds 
in well-established and useful topologies [2, 3]. As a kind 
of porous polymer, crystalline COFs are characterized by a 
large specific surface area, high porosity, stable rigid topol-
ogy, and tunable pore structure [4, 5]. Thus, with the rapid 
development of synthetic strategies and the properties dis-
closure of COFs in all aspects, a huge surge has emerged in 
their research and usage, especially in the fields of sensing, 
catalytic technology, optoelectronic devices, energy storage, 
pollutants treatment, etc. [6–11].

Electrochemistry has been recognized as a versatile ana-
lytical tool over the past few decades and remains competi-
tive in the face of growing demands in life analysis, envi-
ronmental monitoring, and food inspection [12, 13]. Known 
for superiorities in high sensitivity, low cost, fast response, 
simple equipment, and easy miniaturization, electrochemi-
cal (EC) sensors are devices that convert EC data between 
target analytes or sensing elements into analytical signals 
with application values [14–16]. Electrochemiluminescence 
(ECL), an important branch of EC technology, describes 
the light-emitting phenomenon initiated by the reactions of 
electro-generated radicals [17, 18]. During this process, the 
EC signals are converted into optical outputs, effectively 
avoiding EC background interference [19]. Since the lumi-
nescence source comes from the redox reactions on the elec-
trode surface, ECL requires no external light source, display-
ing almost zero background [20]. Thus, ECL methodology, 
with characteristics of high sensitivity, outstanding control-
lability, and low-cost instruments, has aroused extensive 

research interest in clinical diagnosis, environmental moni-
toring, food analysis, etc. [17–20]. No matter the EC or ECL 
analysis, however, the essence is an EC reaction, that is, the 
electron-gain and loss reaction of electroactive species in 
the vicinity of the electrode [21]. Therefore, the established 
electrode surfaces afford the analytical performance of EC 
sensors, which is crucial for improving the key technical 
indicators such as sensitivity, stability, repeatability, and 
selectivity [17, 22].

It is known that EC sensors rely most on multifarious elec-
troactive or catalytic materials on the electrodes, even though 
the EC detection methods are much the same [22–25]. Thus, 
developing and searching for high-quality electrode materi-
als is particularly significant [26–28]. Microporous frame-
works, such as inorganic zeolites, metal–organic frameworks 
(MOFs) [29–34], and organic COFs with high porosity and 
crystallinity are demonstrated to significantly enhance the 
analytical performance of EC sensors [35, 36]. Each one 
has its own superiorities and unique selling points [37–42], 
and their comparisons are summarized in Table 1 [43–45]. 
Thereinto, COFs as a brand-new category of porous crys-
talline materials have rapidly become a study focus in this 
area. The essence is that the super-micropores, high specific 
surface area, excellent stability, and modest conductivity of 
COFs guarantee sufficient active sites and favorable energy/
mass transfer, while remarkable diversity and designability 
of the pore size, skeleton structure, and composition can 
regulate their EC behaviors.

Considering the great potential of the emerging COFs 
for building high-performance EC devices [45], this review 
primarily focuses on the corresponding analysis usages 
in electroanalytical chemistry (Fig. 1). To the best of our 
knowledge, there are only a few reviews partly regarding 
COFs in EC sensing [46–49], and no specific review that 
describes the role of COFs in the ECL domain to date. 
Hence, this review aims to make a comprehensive summary 

Table 1   Comparisons of the microporous frameworks of zeolites, MOFs, and COFs

Materials Micropore Crystallinity Stability Conductivity Diversity and 
designability

Solubility Unique selling points Research status

Zeolites Ultra-micropores Very high Good Poor Good No Low cost; stability; 
commercialization

Active

MOFs Ultra-micropores Very high Poor to good Poor Excellent No Precise control; ions 
centers

Hot

COFs Super-micropores Modest to high Excellent Modest Excellent No Easy regulation; 
stability; organic

Very hot
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of the reports on COFs in electroanalytical chemistry in the 
last few years. We summarize the basic characteristics, mon-
omers, and synthesis methods of COFs used in this field. 
Then, we introduce the EC analytical applications based 
on functional COFs systematically, including the fabrica-
tion of chemical sensors, ions sensors, immunosensors, and 
aptasensors. Also, COFs directly designed as ECL active 
emitters and non-ECL active matrixes, as well as their pre-
liminary ECL sensing applications, are further highlighted. 
Finally, we discuss the challenges and future trends that 
COFs will face in the field of electroanalytical chemistry.

2 � Basic Characteristics and Synthetic 
Methods

Thanks to several impressive reviews on the structural fea-
tures and synthesis of COFs [2, 3, 5], deep dives into this 
part will be attempted only regarding COFs in terms of elec-
troanalytical chemistry in this review. Generally, COFs are 
created by the polymerization of monomers with symmetric 
reactive groups following specific geometries. During con-
densation, covalent bonds are spatially confined in either a 
two- or three-dimensional (2D or 3D) manner or geometri-
cally directed to generate extended and ordered 2D or 3D 
crystal structures [50, 51]. Metal ions coordination or func-
tional groups can be predesigned into the motifs or intro-
duced through post-modification [6]. Moreover, the presence 
of heteroatoms within COFs creates special microenviron-
ments for redox-active centers or specific target binding [52, 
53]. As such, COFs will advance fundamental understanding 
and applications to shine in the field of EC analysis.

Nowadays, various types of COFs are reported based on 
their dynamic covalent bonds, such as boronate ester, imine, 
olefin, β-ketoenamine, hydrazine, azine, and enamine [2–5, 
54]. To the best of our knowledge, the formula of the mono-
mers and their abbreviations used for the construction of 
COFs-based EC sensors are collected in Fig. 2B, mainly 
containing aldehyde, amino, cyano, triazine, hydroxyl, 
carbonyl, and boronic acid groups. The earliest reported 
boroxine/boronate ester-based COFs might be not stable 
enough to obtain available EC sensors in aqueous solutions 
or humid environments because of the electron-deficient 
nature of boron [1]. Triazine-containing COFs, also referred 
as covalent triazine skeletons, can be created by cyclic tri-
merization/hydroxyl aldol condensation reactions of nitrile. 
In comparison with boron-COFs, they have better stability 
and several EC usages, but they are commonly synthesized 
under harsh reaction conditions and with poor crystallinity 
[55, 56]. The imine-linked COFs are Schiff bases formed 
by condensation of amino and aldehyde groups, which have 
excellent crystallinity and structural regularity [57]. In par-
ticular, COFs with the imine linkage exhibit good chemical 
and thermal stability [4, 23]. For example, Xu et al. designed 
a porous imine-based COF with remarkable stability against 
water, strong bases, and strong acids by incorporating meth-
oxy motifs into pore skeletons to enhance the interlayer 
interactions [4]. Until now, imine is still the most reported 
linkage in COFs preparation for EC sensing applications. 
Nevertheless, the electrical conductivity of these all-organic 
COFs is still limited due to the poor charge transfer abil-
ity of the linkages between the aromatic motifs [58]. The 
sp2 carbon-conjugated COFs with olefin linkages allow for 
acceptable electrical conductivity, beneficial to constructing 

Fig. 1   Flow chart representing the contents review article
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EC sensors [59]. For the reader’s convenience, Table 2 sum-
marizes the monomers and linkages of idiographic COFs in 
EC sensors.

At present, most COFs applied in the EC sensing scope 
are still dominated by a traditional solvothermal synthetic 
method [105]. Figure 2A depicts the synthesis diagram of the 
first reported COF products with the triboronate ester linkage 

as an example [1]. Briefly, the reactant monomers, catalysts, 
and solvents are uniformly mixed in a Pyrex tube, possibly 
with the aid of sonication. Subsequently, this charged tube 
is flash-frozen with liquid nitrogen and degassed by a pump. 
Undergoing multiple freeze–pump–thaw cycles to remove 
oxygen, it was sealed under a vacuum. The crude products 
are produced at a suitable temperature for some time, and 

Fig. 2   A The synthesis diagram of the boronate ester-linked COFs via a traditional solvothermal method; Summary of the B1 aldehyde, B2 
amino, and B3 other monomers for the synthesis of COFs reported in electroanalytical chemistry
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Table 2   Summary of main basic characteristics of various COFs and their EC sensing applications

COFs Linkages Monomers Derived com-
posites

EC methods Analytes Limit of detec-
tion

Refs.

Chemical sen-
sors

COFTAPB-TPA Imine TAPB, TPA COF/NH2-CNTs DPV Furazolidone 77.5 nM [60]

COFBTH-Tp β-ketoenamine BTH, Tp COF/NH2-CNTs DPV Nitrofural 3.2 nM [61]
COFTAPB-Dva Imine TAPB, Dva COF@

graphitized 
MWCNTs

DPV Diuron 0.08 μM [62]

COFBD-TFPPy Imine BD, TFPPy COF/MWCNTs DPV Catechol, hydro-
quinone

0.36, 0.38 μM [63]

COFTAPB-TFPB Imine TAPB, TFPB COF/Ox-MWC-
NTs

DPV Dopamine, uric 
acid

0.073, 0.063 μM [64]

COFABH-TFPOT Imine ABH, TFPOT COF/polyaniline DPV Sulfamethoxa-
zole

0.107 μM [65]

COFTAPB-TPA Imine TAPB, TPA COF/AuNPs SWV Enrofloxacin 0.041 μM [66]
COFTAPB-DMTP Imine TAPB, DMTP COF/AuNPs DPV Chlorogenic 

acid
9.5 nM [67]

COFDP-TFPPy Imine DP, TFPPy COF/AuNPs DPV Theophylline, 
caffeine

0.19, 0.076 μM [68]

COFBD-Tp Imine BD, Tp COF/AuNPs DPV Bisphenol A 1 μM [69]
COFBD-Tp Imine BD, Tp COF/PtNPs/

MWCNTs
DPV Tanshinol 0.018 μM [22]

COFTAPB-DMTP Imine TAPB, DMTP COF/AuNPs/
MWCNTs

DPV Doxorubicin 16 nM [70]

COFDHzDS-TFPB Imine DHzDS, TFPB COF/PtNPs@
rGO

DPV Furazolidone 0.23 μM [71]

COFPDA-TFPPy Imine PDA, TFPPy COF/MWCNT-
NH2/AuNPs

DPV Dopamine, uric 
acid

0.21, 0.29 μM [72]

COFTABQ-TQ Pyrazine TABQ, TQ / DPV Guanine, 
adenine

0.20, 0.33 μM [73]

COFDABTZ-Tp Imine DABTZ, Tp COF/AChE DPV Methyl 
parathion, 
paraoxon, 
malathion

0.204, 0.794, 
5.37 pg mL−1

[74]

COFTTA-Tp Imine TTA, Tp Post-carboxy-
lation; COF/
AuNPs

DPV Gallic acid, uric 
acid

0.19, 0.25 μM [75]

COFPDA-Tp Imine PDA, Tp 2HP6@
AuNPs@
CP6@COF

DPV Sodium picrate 1.7 nM [76]

COFCTF-1 Triazine TPN COF/SOD i-t Superoxide 
radicals

0.5 nM [55]

COFBTH-DHNDA Imine BTH, DHNDA COF/AChE CV Carbaryl 0.16 μM [77]
COFETTA-TPA Imine ETTA, TPA COF/MPO-11, 

GOD
DPV Glucose 4.97 μM [78]

COFDBD-TFPB Imine DBD, TFPB COF/GOD, 
HRP, AChE

DPV Glucose, H2O2, 
malathion

0.85 μM, 
2.81 nM, 
0.3 pg L−1

[14]

COFTAPB-DMTP Imine TAPB, DMTP Co3O4@COF DPV Tert-butylhydro-
quinone

0.02 μM [23]

COFTAPB-DMTP Imine TAPB, DMTP FeNi@COF DPV Gallic acid 1.3 nM [79]
COFTAPB-DMTP Imine TAPB, DMTP CuO nanorods@

COF
DPV Dopamine 0.023 μM [80]

COFTAPP-TFB Imine TAPP, TFB COF/Fe2+ DPV H2O2 2.06 nM [81]
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Table 2   (continued)

COFs Linkages Monomers Derived com-
posites

EC methods Analytes Limit of detec-
tion

Refs.

COFTAPB-DMTP Imine TAPB, DMTP COF/β-CD poly-
mers/Pd2+

DPV Norfloxacin 0.031 μM [82]

COFThi-TFPB Imine Thi, TFPB COF/NH2-CNTs DPV Ascorbic acid 17.68 μM [83]
COFThi-TFPB Imine Thi, TFPB COF/3D-MC DPV Riboflavin 44 nM [84]
COFTTA-DHTA Imine TTA, DHTA COF/GOD DPV H2O2, glucose 1.70, 0.18 μM [85]
COFETTA-TPA Imine ETTA, TPA COF/Fc DPV H2O2 0.33 μM [13]
COF-LZU1 Imine PDA, TFB AgNPs/COF DPV Bisphenol A, 

bisphenol S
0.15, 0.15 μM [86]

Ions Sensors COFTAPB-DMTP Imine TAPB, DMTP / DPASV Pb2+ 1.9 nM [52]
COFMA-TPA Imine MA, TPA Fe3O4 NPs@

COF/bismuth 
film

SWASV Pb2+ 0.95 nM [87]

COFTAPB-Dva Imine TAPB, Dva TTC post-
modification; 
graphene

SWASV Cd2+, Pb2+, 
Cu2+, Hg2+

0.3, 0.2, 0.2, 
1.1 μg L−1

[53]

COFTTA-BTT Imine TTA, BTT / DPSV Hg2+ 0.18 nM [88]
COFMELE-BTDD Imine MELE, BTDD / SWASV Cd2+, Pb2+, 

Cu2+, Hg2+
4.74, 1.23, 1.14, 

1.07 nM
[89]

COFMA-Tp Imine MA, Tp / SWASV Cd2+, Cu2+, 
Pb2+, Hg2+, 
Zn2+

0.92, 0.45, 0.31, 
0.21, 0.53 nM

[90]

COFBTLP-1 Imine BDDH, TFB COF/3D-MC DPSV Cd2+, Pb2+, 
Cu2+, Hg2+

12.3, 11.8, 18.6, 
21.4 nM

[24]

COFTAPB-DMTP Imine TAPB, DMTP COF/TiO2-NH2 SWCSV Mn2+ 0.0283 nM [91]
Immunosensors COFTAPB-DMTP Imine TAPB, DMTP COF/AuNPs/

Ab/HRP
DPV Cardiac troponin 

I
1.7 pg mL−1 [92]

COF-LZU1 Imine PDA, TFB COF/AuNPs/
Ab/TB

SWV Cardiac troponin 
I

0.17 pg mL−1 [93]

COFBD-Tp Imine BD, Tp Fe3O4@COF/
AuNPs/MB/
Ab

DPV Prostate specific 
antigen

30 fg mL−1 [94]

COF-LZU1 Imine PDA, TFB COF/PtNPs/Ab DPV C-reactive 
protein

0.2 ng mL−1 [95]

COFTAPB-TPA Imine TAPB, TPA COF/AuNPs/Ab DPV Kidney injury 
molecule-1

2.0 fg mL−1 [96]

COFTAPB-DMTP Imine TAPB, DMTP COF/CuS NPs DPV Amyloid-β 
oligomer

0.4 pM [97]

Aptasensors COFTAPB-TPA Imine TAPB, TPA aptamer/
AuNPs@
ZnFe2O4@
COF

DPV Norovirus 0.003 copies 
mL−1

[98]

COFBpy-Tp Imine Bpy, Tp AuNPs@Ce-
COF/aptamer

i-t Zearalenone 0.389 pg mL−1 [99]

COFHHTP-BFc Imine HHTP, BFc COF/aptamer DPV Cardiac troponin 
I

2.6 fg mL−1 [100]

COFTAPB-DMTP Imine TAPB, DMTP COF/AuNPs/
aptamer

EIS Ciprofloxacin 2.34 fg mL−1 [101]

COFTAPB-DMTP Imine TAPB, DMTP COF/CNTs/
aptamer

EIS Atrazine 0.67 pg mL−1 [102]

COFMA-TFPPy Imine MA, TFPPy COF/aptamer EIS Ampicillin, 
enrofloxacin

0.04, 
6.07 fg mL−1

[103]
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the precipitates are collected, washed, and dried to obtain 
the final products [47]. Although COFs structure at the mac-
roscopic level can be regulated, this method involves tedi-
ous preparation procedures and harsh reaction conditions. 
Several simplified synthetic methods have been attempted, 
that are, for example, the preparation using a stainless-steel 
reactor lined with a Teflon vessel [2, 83, 88, 106], and direct 
polycondensation under ambient conditions without vacu-
uming and heating processes [60, 92]. Certainly, exploring 
facile and green synthetic strategies is a new trend in manu-
facturing COFs-based EC sensors, such as water-mediated, 
solid-phase, vapor-assisted, hydrothermal, and micelle-
assisted synthesis approaches [107].

3 � COFs in EC Sensing

Crystalline COFs exhibit prominent advantages in achiev-
ing high-performance EC sensing compared with tradi-
tional covalent polymers and quite similar MOFs [2–5, 30, 
32, 108–111]. First, COF networks built by π-stacking or 
extended π-conjugated backbones allow fast charge trans-
port along the self-assembled molecular channel and show 
modest electrical conductivity. Second, the generally high 
specific surface area endows their high-load capacity of EC-
active substances and a large electrode active area. Third, 
their macrostructures and nanosized pores can be tailored to 
accommodate specific guests via the non-covalent interac-
tion (i.e., hydrogen bonds, π–π, hydrophobic, and electro-
static interactions), facilitating selective identification and 
enrichment of target molecules. Fourth, electroactive COFs 
with given redox patterns are utilized to develop accurate 
ratiometric EC sensing. Fifth, COFs with good flexibility 
are well distributed on the electrode surface without the 
assistance of membrane forming-reagents (e.g., Nafion and 
chitosan). Last but not least, COFs typically exhibit low tox-
icity, good biocompatibility, as well as high chemical and 

thermal stability, benefiting the development of repeatable 
and reproducible EC sensors, especially for the usages in 
biosensing. The relevant advances in COFs-based EC sen-
sors including electrode materials, EC methods, analytes, 
and the limit of detection (LOD) are summarized in Table 2, 
and several representative ones are described in detail below.

3.1 � Chemical Sensors

Chemical sensors are involved in all aspects of life, includ-
ing physiological check, drug evaluation, food testing, envi-
ronmental monitoring, etc. [112]. Most chemical molecules 
have their own characteristic EC redox activities, making 
them easy and convenient to be directly recognized accord-
ing to their electro-redox attributes. Thus, versatile sensors 
by means of EC technologies, especially differential pulse 
voltammetry (DPV), square wave voltammetry (SWV), and 
amperometry (i-t), have been widely designed for chemical 
sensing because of their superiorities of sensitivity, port-
ability, automation, and low price [83, 85]. Importantly, 
highly adaptable structural and functional design, specific 
recognition, electroactivity, unique catalytic capabilities, 
as well as inherent natures including high specific surface 
areas, ordered channels, and acceptable stability, make 
COFs promising electrode substrates for chemical detec-
tion. Thanks to the ample examples of chemical sensors, in 
this section, these improvement strategies of COFs-based 
analysis are further classified into the following four parts 
according to the improvement strategies.

3.1.1 � For Good Electroconductivity

Despite these advantages, current COFs as electrode mate-
rials are still limited due to their poor affinity and conduc-
tivity. Hybridization with carbon materials might be the 
simplest and most economical way to achieve conductivity 

Table 2   (continued)

COFs Linkages Monomers Derived com-
posites

EC methods Analytes Limit of detec-
tion

Refs.

COFTAPP-TPA Imine TAPP, TPA COF/aptamer EIS EGFR, MCF-7 
cells

7.54 fg mL−1, 
61 cells mL−1

[104]

COFCTF-1 Triazine TPN Co-MOF@COF/
aptamer

EIS Ampicillin 0.217 fg mL−1 [56]
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Fig. 3   Schematic diagrams of the synthesis route for COFTAPB-DMTP/AuNPs and the resulting EC sensing for chlorogenic acid. Reproduced with 
permission from Ref. [67]. Copyright (2018) Elsevier

improvement [113]. Carbon nanotubes (CNTs) contain 
sp2 hybridized carbon atoms in a graphite sheet-like man-
ner, owning large delocalized π orbitals and high electri-
cal conductivity [60]. Further, mainly through π–π stack-
ing, the conjugated COFs can be non-covalently assembled 
on the outer surface of CNTs. For instance, following an 
one-pot synthesis at a mild reaction condition, COFTAPB-TPA 
was immobilized in situ on an NH2–CNTs matrix with the 
building monomers of 1,3,5-tris(4-aminophenyl)benzene 
(TAPB) and terephthaldicarboxaldehyde (TPA). The result-
ant COFTAPB-TPA/NH2–CNTs presented nice conductivity 
and a large specific surface area, enabling the fabrication 
of a furazolidone EC sensor with a low LOD of 77.5 nM 
and acceptable recoveries ranged from 87.8 to 126.9% [60]. 
A similar work reported the growth of β-ketoenamine-
linked COFBTH-Tp on NH2–CNTs by dehydration condensa-
tion between benzene-1,3,5-tricarbohydrazide (BTH) and 
1,3,5-triformylphloroglucinol (Tp). Based on the composite, 
an EC sensor displayed excellent performances for nitro-
fural detection with a LOD of 3.2 nM [61]. Li et al. pro-
posed an ultrasonic-mediated method for the self-assembly 
of COFTAPB-Dva (Dva: 2,5-divinylterephthalaldehyde)@
graphitized multi-walled CNTs (MWCNTs) via the π–π 
conjugation effect. This silkworm-cocoon-like nanohybrid 
was further employed for the reliable detection of diuron in 
food samples, achieving a LOD of 0.08 μM and satisfactory 
recoveries from 96.40 to 103.20% [62]. Besides, conduc-
tive polymers can serve as conductive carriers for the in-situ 
loading of COFs. Using p-aminobenzoyl hydrazide (ABH) 

and 2,4,6-tris-(4-formylphenoxy)-1,3,5-triazine (TFPOT) 
as the monomers, Pan et al. accomplished a facile one-pot 
approach for in-situ growth of COFABH-TFPOT on the poly-
aniline, which amplified the response signal of sulfameth-
oxazole (SMX). This COFs-based EC sensor displayed a 
broad linear range (1–450 μM) and a low LOD (0.107 μM) 
for SMX, and was used for reliable testing of environmental 
water samples [65].

Nobel metal nanoparticles (NPs), known for excellence 
in conductivity, biocompatibility, and catalytic activity [66, 
67], can be controllably grown and confined within the 
regular pore channels of COFs in a well-dispersed manner, 
thus fully exploiting the capabilities of COFs. For exam-
ple, Lu and co-workers prepared COFTAPB-TPA/AuNPs via 
an in-situ growth method for enrofloxacin (ENR) detection. 
These loaded AuNPs-assisted redox reactions by lowering 
the overpotential, stabilizing reversibility, and accelerating 
charge transfer, thereby achieving a low LOD of 0.041 μM 
and good recoveries of 96.7–102.2% [66]. Similarly, Zhang 
and her colleagues fabricated an active and repeatable EC 
sensor for chlorogenic acid measurement based on COFs-
supported AuNPs. In this work, AuNPs were prepared by 
in-situ chemical reduction and landed on the COFTAPB-DMTP 
(DMTP: 2,5-dimethoxyterephaldehyde) surface due to the 
firm electrostatic absorption of the remaining –NH2 of COFs 
(Fig. 3) [67]. In another work, Guan et al. obtained a new 
COF by a Schiff-base reaction between 2,6-diaminopyridine 
(DP) and 4,4′,4″,4‴-(pyrene-1,3,6,8-tetrayl)tetrabenzalde-
hyde (TFPPy) through a tube oven heating program. Further 
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compounded with AuNPs, the resultant COFDP-TFPPy/AuNPs 
were directly utilized for the fabrication of a sensitive EC 
sensor to evaluate theophylline and caffeine in compound 
paracetamol capsules and black tea samples, and the LODs 
were 0.19 and 0.076 μM, respectively [68].

The synergy of multiple conductive species usually con-
tributes to better EC activity. For instance, Zhang et al. 
synthesized the spherical COFBD-Tp (BD: benzidine) by a 
facile solution-phase method and loaded PtNPs by in-situ 
chemical reduction of H6PtCl4. After further integration of 
MWCNTs, the resultant ternary composites exhibited out-
standing catalytic performance and electrical conductivity, 
affording effective drug sensing of tanshinol with a sensitiv-
ity up to 10.089 μA mM−1 and a LOD down to 0.018 μM 
[22]. Zhao and her colleagues developed an electrode matrix 
of COFTAPB-DMTP co-decorated with AuNPs and MWC-
NTs. This dual conductive species-supported COFs sensor 
exhibited excellent stability, reproducibility, and selectivity 
for doxorubicin detection with a low LOD of 16 nM [70]. 
Chen et al. fabricated a paper-based EC sensor for the fura-
zolidone detection based on the nanocomposites of PtNPs/
COFDHzDS-TFPB (DHzDS: 2,5-bis (3-(ethyl thiol) propoxy) 
p-benzoyl hydrazine; TFPB: 1,3,5-tris(p-formylphenyl) 
benzene)@reduced graphene oxide (rGO) [71]. In addi-
tion, Guan et al. established an EC sensing platform based 
on the composite of COFPDA-TFPPy, MWCNTs, and AuNPs. 
In this work, COFPDA-TFPPy was prepared by aminaldehyde 
condensation between 1,4-phenylenediamine (PDA) and 
TFPPy. The synergy of two EC active substances endowed 
this COFs-based biosensor with high conductivity, extraor-
dinary stability, and large specific surface area, thus achiev-
ing simultaneous detection of uric acid (UA) and dopamine 
(DA) with LODs of 0.29 and 0.21 μM, respectively [72].

Additionally, conductive COFs can be built directly 
for chemical sensors. For example, Pan et  al. prepared 
COFTABQ-TQ via a condensation reaction of tetraaminoben-
zoquinone (TABQ) and triquinoyl (TQ). This nitrogen-rich 
COF presented high crystallinity and good electrical con-
ductivity (6.06 × 10−3 S cm−1), which was directly employed 
for the simultaneous analysis of guanine and adenine. The 
LODs were as low as 0.20 and 0.33 μM, respectively [73]. 
Wei and co-workers developed an interfacial perturbation 
growth method to obtain an ultrathin (≈ 1.95 mm) nitro-
gen and sulfur-rich bithiazole-based 2D-COF nanosheets 
(NSs) using the monomers of 2,2′-diamino-4,4′-bithiazole 
(DABTZ) and Tp. Owing to their remarkable electrical 

conductivity and abundant edge unsaturated sites, a high-
performance biosensor was fabricated with acetylcholinest-
erase (AChE) as the biometric element for effective monitor-
ing of organophosphorus pesticides [74].

3.1.2 � For Enhanced Hydrophilicity

Since COFs are mostly composed of hydrophobic units, their 
poor hydrophilicity hinders efficient dispersion and causes 
weak contact between substances and reaction centers, inevita-
bly affecting their EC activity and stability. To solve this prob-
lem, Lin’s group first prepared N, O-rich COFTTA-Tp through 
a condensation reaction of 4,4′,4″-(1,3,5-triazine-2,4,6-triyl) 
trianiline (TTA) and Tp. Post-carboxylation was adopted for 
enhanced hydrophilicity, supplying sufficient electron donors 
of O and N heteroatoms. Then, HAuCl4 was attached and 
reduced in situ to anchor highly dispersed AuNPs. Meanwhile, 
the decorated –COOH showed a greater affinity for gallic acid 
(GA) than for UA through hydrogen bonding, resulting in 
their oxidation peaks being separated on the sensor. Accord-
ingly, the constructed sensor realized simultaneous analysis 
of GA and UA, displaying wide linear responses (1–175 μM; 
1–150 μM) and low LODs (0.19 and 0.25 μM), respectively 
(Fig. 4) [75]. In another work, AuNPs were immobilized on 
COFPDA-Tp via supramolecular host–guest recognition of pillar 
[n]arenes. Specifically, macrocyclic hosts of dihydroxylatopil-
lar [6]arene (2HP6) decorated AuNPs (2HP6@AuNPs) were 
prepared via in-situ reduction. Next, 2HP6@AuNPs were 
recognized on the cationic pillar [6]arene (CP6)@COFPDA-Tp. 
The final heterogeneous composites of 2HP6@AuNPs@
CP6@COFPDA-Tp with enhanced hydrophilicity were utilized 
for rapid EC monitoring of sodium picrate by virtue of the 
electrocatalysis of AuNPs, the recognition and enrichment 
of 2HP6 and CP6, as well as the outstanding supporting of 
COFPDA-Tp [76].

3.1.3 � For High Catalytic Performance

Enzymatic EC biosensors have received special attention 
because of the high efficiency and specificity of enzymatic 
reactions [14]. Nevertheless, native enzymes are vulner-
able and prone to aggregation and inactivation during the 
construction and storage of sensors. Thus, immobilizing 
enzymes on COFs-supported matrices makes it possible to 
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act synergically for both properties and advantages, suffi-
ciently maintaining bioactivity, and distribution of enzymes. 
Yildirim et  al. synthesized 2D triazine-based COFCTF-1 
through cyclic trimerization using a single terephthaloni-
trile (TPN) monomer. Based on COFCTF-1 as the enzymatic 
support and superoxide dismutase (SOD) as the recognition 
element, an EC biosensor enabled the inspection of superox-
ide radicals in clinical samples with a 0.5 nM detection limit 
[55]. Xiao et al. covalently coupled AChE with the N, O-rich 
COFBTH-DHNDA (DHNDA: 2,6-dialdehyde-1,5-dihydrox-
ynaphthalene). Further using anionic [Fe(CN)6]3−/4− as the 
sensing indicator, a turn-off EC biosensor based on a flexible 
carbon paper electrode enabled the carbaryl detection with a 
low LOD of 0.16 μM [77]. Wang et al. utilized the dual-pore 
COFETTA-TPA (ETTA: 4,4′,4″,4‴-(ethane-1,1,2,2-tetrayl) 

tetraaniline) to carry double enzymes of microperoxidase-11 
(MPO-11) and glucose oxidase (GOD) for ratiometric EC 
biosensing of glucose, and the LOD was down to 4.97 μM. 
In this work, through pore encapsulation and hydrogen 
bonding, the two enzymes were well supported in differ-
ent-sized pores of COFETTA-TPA, further allowing their firm 
attachments onto the electrode surface [78].

Although COFs can indeed protect enzymes from harsh 
conditions, the micropores of COFs restrict the free confor-
mation of enzymes, which inevitably affects their catalytic 
activity. To improve the freedom of the enzyme configu-
ration, Liang et al. designed a multienzyme microcapsule 
with a COF shell and a 600 nm-sized cavity to encapsu-
late native enzymes. Specifically, three model enzymes of 
AChE, horseradish peroxidase (HRP), and GOD were first 

Fig. 4   Schematic illustrations of the synthesis route for hydrophilic COFTTA-Tp/AuNPs and the resulting simultaneous EC sensing of GA and 
UA. Reproduced with permission from Ref. [75]. Copyright (2021) Elsevier
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loaded into zeolitic imidazolate framework-8 (ZIF-8). Sub-
sequently, a robust COFDBD-TFPB shell was grown in situ 
outside the enzymes@ZIF-8 with 4,4′-diaminobiphenyl-
2,2′-dicarboxylic acid (DBD) and TFPB via amine-aldehyde 
condensation. Ultimately, ZIF-8 was etched away to form a 
cavity loaded with multienzymes capable of free conforma-
tion. In comparison with those enzymes roughly stacked on 
the electrode surface, the biosensor constructed with this 
multienzyme microcapsule displayed superior catalytic 
performances, and the LODs achieved 0.85 μM, 2.81 nM, 
and 0.3 pg L−1 for glucose, H2O2, and malathion detection, 
respectively (Fig. 5) [14].

Some transition metal oxides and complexes also possess 
mimic catalytic centers without being limited by the fragility 
of natural enzymes any more. To avoid aggregation, these 
centers can be doped into the COFs with good dispersion 
and unique catalytic activity for non-enzymatic EC sensing. 
For example, Chen’s group proposed a shape-tailored con-
trolled assembly method for growing COFTAPB-DMTP on the 
Co3O4 dodecahedrons. The core–shell composite exhibited 
uniform size, ultrahigh effective surface area, and excellent 
thermochemical stability, thus affording the tert-butylhydro-
quinone (TBHQ) EC sensing with a LOD as low as 0.02 μM. 
In this architecture, the Co3O4 core guaranteed the superior 
electronic and catalytic attributes, and 2D COFTAPB-DMTP 

with multilayered columnar channels facilitated the facile 
shuttling of TBHQ toward the active Co3+ sites (Fig. 6A) 
[23]. In addition, Zha et al. synthesized a core–shell struc-
tured FeNi@COFTAPB-DMTP nanocomposite with outstanding 
EC oxidation response toward GA and realized its sensing 
accordingly [79]. This group also prepared a similar CuO 
nanorods@COFTAPB-DMTP core–shell composite for DA 
detection with a LOD of 0.023 μM [80].

Iron-porphyrin with Fe3+/Fe2+ electroactive centers 
exhibits peroxidase biomimetic activity, which can cata-
lyze many EC reactions, such as the reduction of O2, H2O2, 
and phenolic oxides. For instance, Xie et al. prepared an 
iron-porphyrin-based COF with monomers of 1,3,5-trifor-
mylbenzene (TFB) and 5,10,15,20-tetrakis (4-aminophenyl)-
21H,23H-porphine (TAPP) via an aldehyde-ammonia 
reaction. After the post-chelation with Fe2+, the result-
ant COFTAPP-TFB/Fe2+ served as a mimic peroxidase with 
remarkable EC redox and proton activity, enabling enzyme-
free evaluation of H2O2 and pH (Fig. 6B) [81]. Chu et al. 
prepared three 2D metalloporphyrin COFs by altering the 
central metal atoms of Fe, Mn, and Cu. The authors dem-
onstrated that the Fe porphyrin-COF/GCE sensor displayed 
the best electrocatalytic performance in the EC sensing of 
butylated hydroxy anisole [114]. In addition to porphyrin, 
some metal ions can also act as catalysts directly. Zhang 

Fig. 5   Schematic diagrams of the synthesis and usage of a multienzyme microcapsule. Reproduced with permission from Ref. [14]. Copyright 
(2021) Elsevier
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et al. functionalized COFTAPB-DMTP with β-cyclodextrin 
(β-CD) porous polymers and the catalytic Pd2+ element 
to fabricate a non-enzyme EC sensor for norfloxacin drug 
checking, showing two linear ranges of 0.08–7.0 μM and 
7.0–100.0 μM with a LOD of 0.031 μM [82].

3.1.4 � For Accurate Sensing Strategy

Ratiometric EC sensors based on two electrical signals are 
considered a significant advance due to their self-calibration, 
which can effectively avoid the errors caused by environ-
mental or human factors, ensuring accurate target quanti-
fication [115]. It is exciting to note that the multiple redox 
peaks derived from electroactive COFs can directly serve 
as the response or reference signals for ratiometric sensing. 
For example, 2D COFThi-TFPB was synthesized from thionine 
(Thi) and TFPB via dehydration condensation and was fur-
ther enwound by CNTs. With the improved stability and dis-
persibility, the COFs-supported CNTs exhibited prominent 
catalytic activity toward the oxidation of ascorbic acid (AA). 
Meanwhile, a pair of redox peaks assigned to electroactive 
COFThi-TFPB were inert to AA. As a result, a ratiometric strat-
egy using the reference EC signal of COFThi-TFPB allowed for 
accurate AA sensing with a low LOD of 17.68 μM [83]. This 
group also grew COFThi-TFPB vertically on 3D macroporous 
carbon (3D-MC) to fabricate a carbon paste electrode for 
dual-signal ratiometric EC assays of riboflavin (RF) with 
a LOD as low as 44 nM. In this work, target RF molecules 

were first oxidized at + 0.6 V, and the partially formed oxi-
dized RF (RFox) further oxidized COFTFPB-Thi (COFox). 
During the negative potential scanning (+ 0.6 ~ − 0.6 V), 
the reduction pattern of the composite remained unchanged 
at − 0.23 V, whereas COFox and RFox were successively 
reduced at − 0.08 and − 0.45 V. Therefore, both the ratio 
results of j−0.08/j−0.23 V and j−0.45/j−0.23 V can be 
considered as the response signals, which complemented 
each other and made the quantification more accurate and 
reliable (Fig. 7) [84]. In another work, COFTTA-DHTA pre-
pared via aminaldehyde condensation between TTA and 
2,5-dihydroxy terethaldehyde (DHTA) was also discovered 
with multiple redox-active states. Using COFTTA-DHTA as 
the active material for H2O2 electrocatalysis, the reduction 
responses at − 0.3 V and − 0.5 V were gradually increased 
with the continuous addition of H2O2, while the reduction 
peak at 0.3 V was nearly kept constant. Thus, both j−0.3 
/j+0.3 V and j−0.5/j+0.3 V can serve as ratiometric results 
for H2O2 sensing [85].

Additionally, extra electroactive molecules can be intro-
duced into the COFs-based EC system to accomplish the 
ratiometric analysis. For example, ferrocene (Fc) dicarbo-
xylic acid molecules were directly introduced into the syn-
thetic process of COFETTA-TPA nanospheres. The enwrapped 
Fc molecules not only increased the interlayer distance of 
COFETTA-TPA but also promoted the self-disproportionation 
of H2O2. Then, the produced O2 was electro-reduced by 
COFETTA-TPA at − 0.5 V. Meanwhile, the reduction response 
at + 0.45 V assigned to Fc molecules lowered with the 

Fig. 6   Schematic illustrations of the preparation routes and EC sensing applications of A Co3O4@COFTAPB-DMTP and B COFTAPP-TFB/Fe2+. 
Reproduced with permission from Refs. [23, 81] Copyright (2021, 2020) Elsevier
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increasing dosage of H2O2. Thus, an “on–off” nonenzy-
matic ratiometric EC platform enabled the H2O2 detection, 
showing a high sensitivity of 0.009 μM−1 and a low LOD of 
0.33 μM [13]. Pang et al. electrodeposited AgNPs on a flex-
ible carbon cloth and drop-coated COF-LZU1, which was 
prepared via the aminaldehyde condensation between PDA 
and TFB. Based on this, a stable EC response derived from 
AgNPs served as a standard signal, and COF-LZU1 enriched 
the targets, affording sensitive ratiometric responses toward 
bisphenol A (BPA) and bisphenol S (BPS) with a same LOD 
of 0.15 μM [86].

3.2 � Ions Sensors

Accurate and selective ions sensing is of great importance 
in both environmental and biological fields [20, 116]. Given 
the different electro-redox properties of heavy metal ions 
(HMIs), anodic stripping voltammetry (ASV) is attractive 
for HMIs sensing because of its high sensitivity, simplicity, 
rapidity, and ease of online monitoring [52, 53]. Although 
ASV can play to its strengths, common problems such 
as poor stability and scarce identification elements still 
limit the detection of trace HMIs. By virtue of rich and 

diversiform absorption sites, COFs have attracted increasing 
attention in decorating high-quality HMIs sensing surfaces. 
For example, COFTAPB-DMTP, together with graphite powder 
and paraffin oil, was applied to manufacture carbon paste 
electrodes as ECL sensors, which achieved a remarkable 
current response to Pb2+ [52]. In another work, the sensitiv-
ity toward Pb2+ was significantly improved by modifying a 
glassy carbon electrode with an in-situ electroplated bismuth 
film and the nanocomposite of melamine (MA)-based COFs/
Fe3O4 NPs [87].

The presence of COFs greatly enlarges the electroactive 
surface area, and these edge-terminal amino groups can 
serve as adsorption sites. However, marginal sites that rely 
on incomplete condensation of COFs are far from sufficient, 
while post-synthetic modifications with special functional 
groups can provide enough absorption sites. For instance, 
hydrosulphonyl functionalized COF (COF-SH) was syn-
thesized via a solvothermal method with TAPB and Dva, 
followed by trithiocyanuric acid (TTC) post-modification. 
Using this COF-SH as the electrode substrate, abundant S 
and N sites accumulated HMIs, affording their sensitive EC 
quantification. The LODs were down to 0.3, 0.2, 0.2, and 

Fig. 7   The synthesis process of 3D-MC/COFThi-TFPB and the fabrication of carbon paste electrode for ratiometric EC sensing of RF. Reproduced 
with permission from Ref. [84]. Copyright (2022) Elsevier
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1.1 μg L−1 for Cd2+, Pb2+, Cu2+, and Hg2+ detection, respec-
tively [53].

Moreover, to avoid laborious and time-consuming post-
processing, the N- or S-rich monomers of benzo [1,2-b:3,4-
b′:5,6-b″] trithiophene-2,5,8-tricarbaldehyde (BTT) and 
TTA were selected for building rod-like COFTTA-BTT through 
one-step amine-aldehyde condensation. COFTTA-BTT was fur-
ther employed for sensitive EC sensing of Hg2+, showing a 
low LOD of 0.18 nM due to its significant enrichment [88]. 
Also, COFMELE-BTDD with multiple active sites (N–S–N, 
–C=N) was prepared for the HMIs measurement by amine-
aldehyde condensation of 2,5,8-triamino-s-heptazine 
(MELE) and 4,4′-(benzo[c] [1, 2, 5] thiadiazole-4,7-diyl)
dibenzaldehyde (BTDD) [89]. The same group also synthe-
sized lamellar COFMA-Tp using monomers of MA and Tp, 
and each unit displayed six adsorption sites (–C=N, –NH2, 
–C=O) for the selective capture of HMIs [90].

In order to increase the solubility of large-sized COFs, 
controlled assembly of COFBTLP-1 on 3D-MC derived from 
kenaf stem was achieved by directly introducing 3D-MC 
into the amine-aldehyde polymerization process between 
1,4-benzenedithiol-2,5-diamino-hydrochloride (BDDH) and 
TFB. The resultant COFBTLP-1/3D-MC composite contained 
regular transport channels and twelve adsorption sites for 
both the transfer and adsorption of HMIs, which was further 
exploited for simultaneous detection of HIMs [24]. Besides, 
COFTAPB-DMTP was also selected for controllable growth on 
the surface of TiO2–NH2 via Schiff-base condensation. The 
nanocomposite was successfully employed for the determi-
nation of Mn2+ in Chinese liquor, and the LOD was as low 
as 0.0283 nM [91].

3.3 � Immunosensors

Immunosensors relying on the highly specific recognition 
between antibodies (Abs) and antigens are prominent tools 
for the effective measurement of biomarkers [21]. During 
the past decades, EC immunological detection has aroused 
considerable concern because of its high sensitivity, splen-
did selectivity, simple operation, rapid response, and low 
sample consumption [117]. Generally, sandwich-type immu-
nosensing has been recognized as one of the most popular 
modes, which utilizes captured Abs for target identification 
and reporter Abs tagged with probes or triggers to indi-
cate signal changes [20, 118]. Thus, signal labels are the 

key points for signal stability and amplification. Using the 
spherical COFTAPB-DMTP as a carrier to sequentially load 
AuNPs, Abs, and HRP, a COF-supported signal probe was 
formed for the sandwiched EC immunosensing of cardiac 
troponin I (cTnI), a reliable biomarker of acute myocardial 
infarction, with a low LOD of 1.7 pg mL−1. Here, due to the 
enzymatic capacity of HRP, hydroquinone (HQ) was oxi-
dized to benzoquinone (BQ) in the presence of H2O2, and 
BQ was then electro-reduced to output the amplified EC 
signals [92]. Also, COF-LZU1 was co-doped with AuNPs, 
Abs, and the electron mediator toluidine blue (TB) to behave 
as a signal probe. Further using polypyrrole-modified TiO2 
NPs as the sensing substrate, a sandwich-type EC immu-
nosensor realized the cTnI detection, exhibiting linearity 
ranging from 0.5 pg mL−1 to 10.0 ng mL−1 and a low LOD 
of 0.17 pg mL−1 [93]. Moreover, a magnetic COFBD-Tp car-
ried methylene blue (MB) for signal amplification. Briefly, 
magnetic COFBD-Tp was synthesized by encapsulating Fe3O4 
nanocrystals with an amorphous polyimine network through 
a Schiff-base reaction, which was further manipulated into 
crystalline imine-linked COFs under thermodynamic con-
trol. Through multi-noncovalent interactions, abundant MB 
molecules were incorporated into the macrocyclic supramo-
lecular hosts of COFBD-Tp. Hence, using black phosphorene 
as a highly conductive matrix and this magnetic COFs-based 
probe for signal amplification, a sandwiched EC immunoas-
say realized the sensitive measurement of prostate specific 
antigen (PSA), an available serum biomarker of prostate 
tumors. The fabricated sensor achieved high analytical per-
formance with a low LOD of 30 fg mL−1 (Fig. 8A) [94].

Another significant issue is to create a highly conduc-
tive, catalytic, and reusable sensing interface. The intrinsic 
properties of COFs make them favorable as an emerging 
class of electrode matrixes for supporting substances. In par-
ticular, 2D COFs with periodic layered arrays of π clouds 
can promote charge/carrier transport. For example, Liu et al. 
demonstrated the use of PtNPs-decorated COF-LZU1 as an 
EC platform for immunoassay. Meanwhile, AuNPs/MOFs 
(HKUST-1) complexes containing massive Cu2+ ions served 
as EC probes to show the expression of C-reactive protein 
(CRP), an effective indicator of infection, with a low LOD 
of 0.2 ng mL−1 [95]. Besides, Boyacıoğlu et al. fabricated 
a sandwich-typed EC immunosensor for kidney injury mol-
ecule-1 (kim-1) detection based on AuNPs/COFTAPB-TPA as 
the electrode substrate and NiCo2S4@CeO2 microspheres as 
the signal amplification tags. The prepared immunosensor 
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exhibited good specificity, desirable stability, and accept-
able reproducibility with a LOD down to 2.00 fg mL−1 [96]. 
Chen et al. developed a signal on–off ratiometric EC immu-
nosensor to detect Amyloid-β oligomer (AβO), a reliable 
biomarker for the early diagnosis of Alzheimer’s disease. 
In this work, ultrasmall CuS NPs-loaded COFTAPB-DMTP 
acted as the electrode substrate to catalyze HQ oxidation 
for detectable signals. At the same time, electroactive Thi-
decorated AuNPs served as another EC signal label. After 
AβO was introduced, the HQ signal decreased while the Thi 
signal increased, resulting in the ratios for the accurate AβO 
evaluation with a low LOD of 0.4 pM [97].

3.4 � Aptasensors

Aptamers represent synthetic single-stranded DNA or RNA 
oligonucleotides with unique 3D configurations, which can 
non-covalently bind to target molecules specifically [119, 
120]. Aptasensors have been excitingly exploited by virtue 
of the advantages of aptamers, such as easy synthesis, low 
cost, good stability, and specific recognition ability. It is 
worth noting that the attributes of COFs guarantee the high 
loading capacity of aptamers via multiple interaction forces, 
thus establishing effective EC aptasensing platforms [46].

Similar to the sandwich-type immunosensor, a “peptide-
target-aptamer” EC biosensor was constructed for noro-
virus detection based on Au@black phosphorous NSs@

Ti3C2-MXene nanohybrids as the electrode substance and 
Au@ZnFe2O4@COFTAPB-TPA as the magnetic tag. The redox 
probe TB can be further linked to the magnetic tags to output 
an increased EC signal. Thus, the biosensor achieved desir-
able selectivity, anti-interference, and stability with a low 
LOD of 0.003 copies mL−1

, and it was successfully utilized 
for norovirus detection in stool samples without complex 
pretreatment [98]. Moreover, aptasensor can directly utilize 
the high-impedance target biomass to hinder the electron and 
mass transfer, thereby causing the decreased EC signals in 
a non-label manner. For example, Chen and his colleagues 
prepared the AuNPs@Ce-COFBpy-Tp (Bpy: 2,2′-bipyridine-
5,5′-diamine) nanocomposite as the electrode matrix for 
aptamer immobilization. The sensors achieved the signal-
off determination of zearalenone (ZEN) toxin, showing a 
low LOD of 0.389 pg mL−1 and a recovery in the range of 
93.0–104.7% [99]. In another work, Song et al. synthesized 
Fc-based COFHHTP-BFc by connecting 2,3,6,7,10,11-hexa-
hydroxytriphenylene (HHTP) and 1,1′-ferrocenediboronic 
acid (BFc) via boronate esters linkages, and its Fc moiety 
displayed remarkable voltammetric response. Then, a sig-
nal-on aptasensing strategy allowed for the label-free cTnI 
detection, because the affinity between cTnI and the specific 
aptamers drove away the aptamers from the COFHHTP-BFc 
surface, recovering its EC response [100].

Electrochemical impedance spectroscopy (EIS), a sim-
ple, sensitive, label-free, and rapid method, has been widely 
used to collect signals generated by binding the analyte to 

Fig. 8   Schematic illustrations of A the preparation of Fe3O4@COFBD-Tp and the construction of an EC immunosensor for PSA detection, and 
B the synthesis of COFTAPP-TPA and the fabrication of an EC aptasensor for MCF-7 cells and EGFR sensing. Reproduced with permission from 
Refs.  [94, 104] Copyright (2019) Elsevier
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the specific aptamer-functionalized transducer interface. 
For example, Zhu et al. prepared COFTAPB-DMTP/AuNPs 
and COFTAPB-DMTP/CNTs as the covered substrates, which 
had a strong non-covalent affinity toward the aptamers of 
ciprofloxacin (CIP) and atrazine. Then, two EIS aptasen-
sor achieved the detection of CIP and atrazine, showing 
low LODs of 7.06  fM and 3.11 pM, respectively [101, 
102]. Wang et al. prepared an imine-linked COFMA-TFPPy by 
polycondensation of MA and TFPPy. COFMA-TFPPy showed 
strong immobilization of aptamers and fast charge-carrier 
mobility because of its high specific surface area, large pore 
cavities, rich surface groups, and extended π-conjugated 
frameworks. As such, a COFMA-TFPPy-based EIS aptasensor 
allowed for sensitive determination of antibiotics, ampi-
cillin (AMP) and ENR, yielding extremely low LODs of 
0.04 fg mL−1 and 6.07 fg mL−1, respectively [103]. This 
group also synthesized 2D porphyrin-based COFTAPP-TPA. 
The highly conjugated NSs structure not only possessed 
improved EC activity but also facilitated the attachment 
of aptamers and biomolecules. The COFTAPP-TPA-based 
aptasensor displayed remarkable analytical performance for 
living Michigan Cancer Foundation-7 (MCF-7) cells and 
epidermal growth factor receptor (EGFR) (Fig. 8B) [104]. 
In addition, a novel nanoarchitecture of Co-MOF@COF-
CTF-1 was synthesized by directly introducing the as-prepared 
COFCTF-1 into the Co-MOF synthesis process. This multi-
layered Co-MOF@COFCTF-1 was used for EIS detection of 
AMP, one of the most frequently used β-lactam antibiotics, 
with an ultra-low LOD of 0.217 fg mL−1 [56].

4 � COFs in ECL Sensing

A surge of interest in COFs has emerged in the ECL realm, 
but ECL research on COFs is still in its infancy. The coreac-
tant ECL mechanism describes an electro-triggered lumines-
cence with the assistance of appropriate coreactants, which 
is the most common route because of its high efficiency 
and easy implementation. Taking the example of potassium 
persulfate (K2S2O8), a representative “reduction–oxidation” 
coreactant for ECL-active COFs, the ECL emitting route is 
described as the Reactions 1–4. Briefly, S2O8

2− is electro-
reduced to produce the strong oxidant radical intermediate 
SO4

·−. Meanwhile, ECL-active COFs undergo electro-reduc-
tion to form COFs·−. As a result, the radiative recombination 
of SO4

·− and COFs·− generates high-energy COFs* to output 

ECL. To achieve high analytical sensitivity of ECL sensors, 
developing efficient ECL emitters and designing nanomate-
rials-based amplification strategies are the two main ways 
[31, 121–125], both of which can be realized by COFs.

Unlike MOFs with metal nodes that might extinguish the 
ECL [126–128], metal-free COFs seem to be more suitable 
as ECL luminophores [125, 129]. Likewise, their general 
properties, such as high specific surface area and porous 
structure, guarantee high loading capacity and easy mass 
transport. As such, COFs can be activated with strong ECL 
emission by constructing intra-reticular charge transfer 
(IRCT) using non-ECL active monomers [59, 129]. At the 
same time, the rigid framework can restrict the intramolecu-
lar rotations and vibrations of luminogens to achieve aggre-
gation-induced emission (AIE) effects [130]. Additionally, 
pore confinement and enrichment of COFs are also exploited 
as reliable substrates for special and sensitive ECL sensing 
applications [57, 131]. Therefore, COFs show great potential 
for designing next-generation ECL sensing devices. In this 
section, the reported COFs used in the ECL field will be 
discusssed as ECL and non-ECL active ones.

4.1 � ECL Active COFs

ECL depends on the charge transfer between luminophores 
and co-reactive groups or molecules [20, 132]. Thus, design-
ing functional blocks to modulate the charge-transfer behav-
iors of the long-range ordered COFs can activate effective 
ECL emission. It is a promising approach to achieve efficient 
IRCT by integrating electron-donor and acceptor units into 
a reticular skeleton via topology-templated conjugation. 
For example, Luo et al. designed a type of donor–accep-
tor (D–A) COFs with triazine and triphenylamine motifs as 
strong ECL emitters. A control COF with slight D-A con-
trast was also prepared by replacing the triazine units with 
analogous benzene ones. By comparison, the optimal D–A 
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COF regulated by strong IRCT displayed a 123-fold increase 
in ECL. Experiments and density functional theory (DFT) 
calculations confirmed that the ECL behaviors were related 
to the crystallinity and protonation of the COFs, indicating 
the presence of IRCT between the D–A units. Further, the 
IRCT-mediated competitive oxidation mechanism afforded 
the decoding of the dual-peak ECL pattern of this D–A COF 
[129]. In another work, Qiu’s group reported a general strat-
egy for assembling a series of olefin-linked D–A COFs as 
ECL emitters. These D–A COFs are composed of two key 
acceptor subunits of 2,4,6-trimethyl-1,3,5-triazine (TMT) 
and 2,4,6-trimethylpyridine-3,5-dicarbonitrile (DCTP) 
with C3v and C2v symmetry, respectively, exhibiting differ-
ent ECL responses. Through increasing chain length and 
blocks conjugation, the ECL efficiency was boosted. Fur-
ther, efficient IRCT allowed robust ECL output without the 
need for exogenous toxic coreactants [59]. Following this 
work, the same group also investigated highly aligned D–A 
COFs with olefin linkages by co-crystallizing four electron-
rich molecules (i.e., benzaldehyde,4,4′4″-phosphinidynetris 
(BAP), 2,4,6-tris(4-formylphenyl)-1,3,5-triazine (TAPT), 
TFPB, and tris(4-formylphenyl)amine (TFPA)) and two 
electron-deficient molecules (i.e., TMT and 2,4,6-trimeth-
ylbenzene-1,3,5-tricarbonitrile (TBTN)) separately. Among 
these COFs, a tunable ECL was activated, and COFBAP-TBTN 
displayed the maximum ECL efficiency (ФECL) of 32.1% in 
an aqueous solution with the coreactant of dissolved oxy-
gen (O2). Quantum-chemical calculations suggested that 
the outstanding ECL performance was attributed to the 
reduced band gap and the good overlap of carriers within 

the excited COFs (Fig. 9A) [133]. Soon after, this group 
also regulated IRCT within two other olefin-linked COFs, 
assembled with an acceptor of TBTN and two donors of 
4-[4-[3,5-bis[4-(4-formylphenyl)-phenyl]phenyl]phenyl]
benzoic acid (DAFB) and 4-[4-[4-(4-formylphenyl)-N-[4-
(4-formylphenyl)phenyl]anilino]phenyl]-benzaldehyde 
(BCBA), respectively. In a similar manner, the D-A couples-
powered IRCT aroused the ECL emitting out of these non-
ECL active monomers. With endogenetic O2 as the core-
actant, COFTBTN-BCBA achieved prominent ФECL of 63.7% 
in a water medium, which was further employed for accu-
rate ECL monitoring of UO2

2+ with a proportionable ECL 
increase (Fig. 9B) [134]. Following similar design concepts, 
in addition, this group also synthesized a class of ECL avail-
able COFs by conjugating BTT as a key electron donor and 
three electron receptors of TBTN, DCTP, and TMT via C=C 
bonding [130].

AIE refers to the fact that a material emits intense lumi-
nescence in the aggregated state, but no or weak light in the 
solution state [135, 136]. Developing AIE emitters is mean-
ingful because ECL luminophores in practical use are usu-
ally randomly aggregated on the electrode surface and easily 
cause ECL quenching [135–137]. As it is, the rigid skeleton 
of COFs can restrict intramolecular vibrations and rotations 
of the AIE luminogens via intralayer covalent bonds and 
interlayer non-covalent π-interactions, resulting in reduced 
nonradiative transitions and the enhanced AIE effects. For 
example, an AIE unit, 4,4′,4″,4‴-(ethene-1,1,2,2-tetrayl)
tetrabenzaldehyde (ETB), was utilized as a key monomer 
to prepare three olefin-linked COFs. These COFs exhibited 

Fig. 9   A Mechanism diagram of D-A fully conjugated COFs outputting ECL via IRCT. Reproduced with permission from Ref. [133]. Copy-
right (2021) American Chemical Society. B Schematic illustrations of the synthesis route for COFTBTN-BCBA and the ECL sensing application for 
UO2

2+. Reproduced with permission from Ref. [134]. Copyright (2021) American Chemical Society



	 Nano-Micro Lett. (2024) 16:3737  Page 18 of 28

https://doi.org/10.1007/s40820-023-01249-5© The authors

predominant framework-induced ECL in aqueous solution, 
far exceeding those of monomeric aggregated states, because 
the ordered framework not only promoted efficient charge 
transfer for an excited-state generation but also reduced 
the ETB rotation-caused nonradiative loss [138]. Li et al. 
designed an AIE-COF by a Schiff base reaction between 
TAPT and 4,4′-diamino-2,2′-bipyridine (DB), appearing 
to an excellent ECL performance in the presence of H2O2. 
Further coupled with Co3O4 nanozyme for amplifying the 
signal, a molecularly imprinted polymer (MIP) ECL biosen-
sor was constructed for antibiotic chloramphenicol testing 
with a LOD of 0.118 pM [139]. In another work, [(1,3,5-tri-
azine-2,4,6-triyl)tris(benzene-4,1-diyl)]triboronic acid 
(TTBT) was used to design an AIE-COF material via boric 
acid dehydration condensation, which was further employed 
for the construction of a MIP ECL biosensor [140]. Zhang 
et al. synthesized pyrene-based sp2 carbon-conjugated COF 
NSs by C=C polycondensation between 2,2′-(1,4-phenylene) 
diacetonitrile (PDAN) and TFPPy. In this structure, the AIE-
luminogens of cyano-substituted phenylenevinylene and the 
pyrene luminophores were topologically connected together 
to reduce the aggregation-caused quenching effect. Further 
using Bu4NPF6 as the coreaction accelerator of the COF 
NSs/S2O8

2− ECL system, an ECL genosensor enabled the 
microRNA-21 detection with a low LOD of 46 aM via three 
cascaded Exo III-mediated recycling processes for signal 
amplification [141].

Although COFs have a high assembling capacity for 
ECL phosphors or motifs, the intrinsic poor conductivity 
still limits the ECL performance (generally < 10−8 S m−1). 
To address this issue, Zhang et al. designed a conductive 
COF with a fully π-conjugated planar structure by con-
necting HHTP and 2,3,6,7,10,11-hexaaminotriphenylene 
(HATP) via pyrazine linkages. The splendid ECL emission 
was achieved as a result of the superior electronic conduc-
tivity (3.11 × 10−4 S  m−1), the luminophores directly as 
building blocks, and the porous structure that allows free 
diffusion of electrolyte. Based on COFHHTP-HATP after pre-
reduction electrolysis in S2O8

2− solution as an efficient 
solid-state ECL material, an “off–on” ECL platform was 
established for sensitive determination of thrombin through 
aptamer/target proximity binding-mediated 3D bipedal 
DNA walker for signal amplification [58]. Cui et al. pre-
pared a fully-π conjugated COFDMTP-TCPB with sp2 carbon-
linkage via Knoevenagel polycondensation of DMTP and 

1,3,5-tris(4-cynomethylphenyl)benzene (TCPB), exhibit-
ing high ECL efficiency for alkaline phosphatase detection 
[142].

Additionally, various ECL-active COFs are springing up, 
accompanying their ECL sensing applications. For instance, 
Yang et al. designed a stable Ru-complex-based metal-COF 
using a classic ECL luminophore, tris(4,4′-dicarboxylicacid-
2,2′-bipyridyl)ruthenium(II) (Ru(dcbpy)3

2+), as a build-
ing motif. Owing to the topologically ordered and porous 
architectures, this Ru-MOF displayed strong ECL emitting 
and remarkable chemical stability for the microRNA-155 
detection, achieving an ultralow LOD of 3.02 aM [143]. 
Song et al. demonstrated the synthesis of an aminal-linked 
COF using the luminescent monomers tetraphenylethylene 
(TPE) derivative and piperazine, which was further utilized 
to establish an ECL platform to selectively discriminate 
enantiomer of phenylalanine [144]. The same group also 
exploited this aminal-linked COF for glutathione (GSH) 
ECL assay with a LOD of 17 nM. In this work, target GSH 
can reduce the quencher of MnO2 NSs into Mn2+, restoring 
the ECL emission accordingly [145]. Lately, Qiu’s group 
designed structural isomerism of COFs with different ECL 
effects, which were further employed for the sensitive toxic 
As(V) detection with an ultralow LOD of 0.33 nM [146]. 
This group also constructed a COF-based host–guest system 
by guest molecular assembly with strong ECL emission and 
realized the nuclear contamination analysis of UO2

2+ [147]. 
Besides, ECL potential tunable COFs are realized by chang-
ing the electron and spatial in the precursor, and the gen-
erated COF skeleton with reduced potential and increased 
ECL intensity was used for the selective ECL detection of 
lutetium ion, showing a LOD as low as 1.6 nM [148].

4.2 � Non‑ECL Active COFs

In addition to being directly used as ECL emitters, COFs can 
also be made into microreactors to accumulate luminophores 
and coreactants, thus boosting ECL efficiency due to the 
confinement effect. For example, Zeng et al. loaded tris(2,2′-
bipyridyl) ruthenium(II) (Ru(bpy)3

2+) onto COF-LZU1, 
displaying increased nearly fivefold ECL intensity with a 
standard of classical Ru(bpy)3

2+/tripropylamine (TPrA) sys-
tem. In this work, COF-LZU1 can not only load massive 
Ru(bpy)3

2+ but also enrich a large amount of TPrA from 
the solution via the hydrophobic interaction. Thus, using 
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COF-LZU1 as an ECL microreactor, a confined microen-
vironment was well created for the redox and survival of 
coreactants. Through Nt. BbvCI restriction endonuclease-
powered DNA walker and T7 exonuclease-mediated target 
recycling for dual signal amplification, these microreactors 
were further employed for ultrasensitive ECL detection of 
aflatoxin M1, showing a low LOD of 0.009 pg mL−1 [131].

Microporous COFs can act as efficient adsorbents for 
small organic molecules due to the electrostatic, hydropho-
bic, hydrogen bonding, and π–π interactions [9, 57]. Thus, 
the presence of COFs can enrich target analytes and improve 
analytical behaviors. Our group designed a biomimetic hol-
low organic nanosphere by orderly hybridizing imine-linked 
COFs with hollow g-C3N4 nanosphere (Fig. 10). On the basis 
of the quenching effect of tetracycline (Tc) on the g-C3N4/
O2 ECL system, these bioinspired nanospheres served as 
nanoprobes for ultrasensitive detection of Tc, and the LOD 
achieved a sub-part per billion level of 0.031 μg L−1. Exper-
iments and theoretical derivation demonstrated that COF 
shells played an important role in enriching Tc, and the tar-
get amount is equivalent to being amplified around g-C3N4 
accordingly. Besides, the Tc quencher and the coreactant 
radials traveled and mutually reacted within the narrow and 
long nanopore channels, ensuring again high quenching 
effect. Furthermore, a novel ECL technology utilizing the 
biomimetic self-responsiveness of these nanoprobes realized 
the evaluation of the photodegradation process [57].

In addition, COFs with high specific surface area and 
porosity can also serve as excellent electrode matrixes to 
support catalytic centers in a well-dispersed manner for 
amplified ECL outputs. For example, a liquid–liquid inter-
face assembly strategy allowed for the polymerization of 
Zr-coordinated amide porphyrin-based COFs.  This Zr-por-
phyrin-based COF adopted a 2D multilayer structure with 
high conductivity and electrocatalysis performance toward 
the luminol/H2O2 ECL system, which was further utilized 
to construct a novel MIP ECL sensor for Tc detection based 
on the gate control effect [149]. Li and co-workers exploited 
COFTAPB-Dva as a carrier to load abundant Au nanoclusters 
for Pb2+ ECL sensing. In comparison with solid-state aggre-
gated Au nanoclusters, the COF-confined ones displayed a 
3.3-fold enhancement in anodic ECL efficiency. As such, 
the fabricated ECL biosensor obtained sensitive detection 
of Pb2+ down to 7.9 pM [150]. Ma et al. prepared a carbon 
dots (CDs)-based COF via the condensation reaction of alde-
hyde-CDs and TAPB, leading to the regular arrangement of 

CDs with efficient ECL emission in the presence of K2S2O8 
and Bu4NPF6. Further combined with a CRISPR/Cas12a 
trans-cutting strategy, a high-performance ECL biosensor 
realized the BPA sensing with a LOD as low as 2.21 fM 
[151]. Besides, N-(4-aminobutyl)-N-ethylisoluminol (ABEI) 
was also linked to COF-LZU1 as an ECL emitter for label-
free signal-off detection of cytochrome c. This sensor exhib-
ited a wide linear range of 1.00 fg mL−1–0.10 ng mL−1 and 
a low LOD down to 0.73 fg mL−1 [152].

5 � Conclusions and Perspective

This review primarily provides an overview of the state-of-
the-art COFs utilized in the field of electroanalytical chem-
istry, sketching the trajectory from basic characteristics and 
general synthesis strategies to the resultant sensing usages. 
The progress of elaborate COFs-based EC sensors is dis-
cussed systematically, including ions sensors, chemical sen-
sors, immunosensors, and aptasensors. These COFs-based 
EC sensors demonstrated superior analytical performance. 
(1) Until now, imine-linked COFs formed by aminaldehyde 
condensation remain the most reported COFs for EC sensing 
applications due to their facile synthesis, high crystallinity, 
and stability. (2) Their high specific surface area provides 
a large electrode active area and high loading capacity, and 
the super-micropores and ordered channels ensure favora-
ble energy/mass transfer. (3) Nano-sized pores and exist-
ing heteroatoms can trap guest targets through non-covalent 
interactions. (4) COFs generally exhibit flexibility, good bio-
compatibility, low toxicity, and high stability, beneficial for 
the fabrication of repeatable and reproducible EC sensors. 
(5) Framework networks designed by π-stacked or extended 
π-conjugated backbones, for example, that are COFs via 
pyrazine or olefin linkage, possess acceptable electrical 
conductivity. (6) Ratiometric EC sensing can be executed 
for accurate results based on the unique electroactive COFs.

In addition, ECL available COFs and their preliminary 
sensing applications are summarized in detail. (1) At pre-
sent, modulating the IRCT behavior of COFs is a common 
strategy to activate ECL from non-ECL active monomers. 
(2) AIE-ECL COFs can be facilely achieved because the 
rigid framework restricts the intramolecular rotations and 
vibrations of luminogens. (3) Designing COFs with a fully 
π-conjugated planar structure can improve the conduc-
tivity and achieve fast charge injection. (4) The inherent 
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characteristics of non-ECL active COFs make them the 
right microreactors, strong absorbents, and electrode matri-
ces with high specific surface area, thereby improving the 
performance of ECL sensors.

Therefore, we believe that COFs are capable of taking 
a place in the field of electroanalytical chemistry, accom-
panied by the development of advanced synthetic meth-
ods and the disclosure of unique attributes in future work. 
Despite impressive progress, various obstacles remain to 
be addressed for the wide applications of COFs in electro-
analytical chemistry. First, the solvothermal method still 
dominates the COFs preparation, but it usually requires 

tedious synthesis procedures and harsh reaction conditions. 
Second, COFs composed of non-conductive organic motifs 
are severely restricted as electroactive substances for EC 
sensing. The synthesis of highly conductive COFs is still 
relatively challenging work. Third, due to poor affinity, 
the assembly of COFs at the interface makes it difficult to 
achieve high efficiency and reproducibility. Most of the cur-
rent works focus on the direct use of COFs while ignoring 
the vital role of modification strategies. Fourth, theoretical 
prediction of the covalent ordered structure of COFs and 
their EC behaviors is an arduous task. Lastly, the potential 

Fig. 10   Schematic illustrations of the preparation progress of a biomimetic hollow organic crystalline nanosphere and the instrument and princi-
ple for Tc sensing. Reproduced with permission from Ref. [57]. Copyright (2022) Wiley–VCH
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biotoxicity of COFs may affect their further commercial 
applications.

A few shallow outlooks are only for the reference of 
readers. In terms of the EC sensing aspect, it is a promis-
ing direction to develop conductive COFs with completely 
π-conjugated planar structures. Assembling COFs-derived 
composites with particular architecture can also access good 
conductivity and affinity. Usually, COFs prepared through 
the traditional solvothermal method exhibit nonuniform 
bulky morphology, so it is meaningful to develop synthetic 
strategies for special structures, such as hollow nanostruc-
tures mimicking containers, vesicles, and cells. Certainly, 
developing facile, green, and mild synthetic methods is a 
must for the large-scale manufacture of COFs-based EC 
sensors. Pre-functionalized monomers or post-synthetic 
modifications to exploit the diversity of species and func-
tions of COFs have great potential for future development. 
Furthermore, most reported COFs possess only micropores, 
preventing guests (e.g., enzymes, quantum dots) from enter-
ing the active cavities or open channels, and creating hierar-
chical porosity in crystal COFs is highly desired accordingly. 
In particular, the in-situ interface assembly strategy of COFs 
awaits further exploration to establish stable and repeatable 
sensing platforms. In the ECL domain, although some ECL 
available COFs have been discovered, the ECL research on 
COFs is still in its initial stage. Future research is suggested 
to focus on the design of novel COFs emitters, the study 
of structure-related ECL behaviors, the dependence of their 
physicochemical properties and electronic structure on the 
ECL efficiency, the disclosure of underlying ECL reactions 
occurring in COFs, as well as expanding ECL assays.
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