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ABSTRACT: Due to their permanent porosity, robust chemical stability, and
tunable structure, covalent organic frameworks (COFs) are very attractive in
the application of energy storage, catalysis, sorption, and sensing. However, the
very low conductivity of COFs severely restricts their application in
electrochemical sensing. Here, an aza-fused π-conjugated COFs with abundant
carbonyl groups (COF1) was synthesized and deployed as electrode materials
in electrochemical sensing for the first time. The current response of the
acetylcholinesterase biosensor based on COF1 increases three times when
compared to the electrode without COF1. The effects of carbonyl groups on
signal enhancement were proved in depth by a series of characterization and
comparison experiments with the prepared COF2 without carbonyl groups.
The results demonstrated that exposed carbonyl active sites of COF1 can
promote the effective immobilization and bioactivity preserving of enzyme
molecules and contribute to the enrichment of analytes. Together with the good conductivity of COF1 derived from a fully extended
2D aromatized π-conjugated system, all of which improve the biosensor performance. The COF1-based biosensor exhibited fast
response speed, high sensitivity, good selectivity and practicability, and robust stability for organophosphorus pesticide detection and
proved to be a promising tool for the rapid and onsite detection of organophosphorus pesticides in the environment.
KEYWORDS: acetylcholinesterase, biosensor, COFs, enrichment effect, organophosphorus pesticides

Covalent organic frameworks (COFs), an emerging type of
highly porous crystalline polymers with periodic

structures, are purely organic materials connected by strong
covalent bonds among the organic structural units.1,2 COFs
possess the characteristics of permanent porosity, high surface
area, robust chemical stability, and good biocompatibility.
More significantly, the backbone structure of COFs can be
designed at the atomic level. Therefore, these advantages have
facilitated the COFs as promising materials for a wide range of
applications, including energy storage,3,4 gas sorption and
separation,5,6 optoelectronics,7,8 catalysis,9,10 drug delivery,11,12

sensing,13,14 and so forth.
Electrochemical sensing is based on the measurable electrical

signal change produced by the interaction between analyte
molecules and electrodes. Electrochemical sensors have been
extensively studied for clinical diagnostics, biochemistry, and
environmental monitoring because they provide several
advantages over other analytical methods, such as fast
response, high efficiency, cost-effective, and simplicity of
operation.15−18 The advantageous characteristics of COFs
can lead to accumulation and rapid mass transfer of analyte
molecules, further amplifying the signal response and thus
increasing sensitivity, locating COFs as superior candidate
materials for electrochemical sensing. Unfortunately, COFs
have mostly been employed as fluorescent sensors19,20 and
scaffolds in biosensors21,22 rather than electrode modifying

materials due to very low conductivity. Therefore, from the
perspective of electrochemical sensing, exploring COFs with
good conductivity is essentially required.23

Recently, there is a narrow class of 2D aza-fused π-
conjugated COFs that has exhibited favorable conductivity
among the reported COFs.24−26 The completely extended 2D
aromatized π-conjugated system in these COFs, along with the
long-range π−π stacking, offers an uninterrupted channel for
the electrons, allowing the resulting material to conduct
electricity. Indeed, the fascinating capabilities of these COFs,
namely the conductive network related to an easily function-
alized pore structure, provide possibilities for their inves-
tigation in electrochemical sensing applications. Yet, to the best
of our understanding, no detailed research employing aza-fused
pure COFs as electrode materials for electrochemical sensing
has been reported.

Organophosphorus pesticides have been extensively used in
the agriculture business all over the world to eradicate insects
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and boost crop output. The excessive use of organophosphorus
pesticides in agriculture, on the other hand, invariably results in
pesticide residues in soil, water, and food, posing a major
hazard to the environment and human health. These
pesticides, even when exposed in vivo in a small amount, can
quickly bind irreversibly to the active site of acetylcholinester-
ase (AChE) and subsequently disrupt the metabolism of
neurotransmitters, which could result in the dysfunction of the
nervous system, respiratory failure, and even death.27,28 Hence,
there is an urgent need to develop a rapid, onsite, and reliable
analysis method for the detection of organophosphorus
pesticides.

Herein, we synthesized a kind of 2D conductive COFs with
abundant carbonyl groups (COF1) via a simple hydrothermal
method. The distinctive structure and superior properties of
COF1 make it an ideal electrode material for enzyme-based
biosensors. As a demonstration, AChE was chosen as a model
enzyme to prepare an electrochemical biosensor in which
COF1 was used as electrode material. Interestingly, the
resulting biosensor showed a significantly enhanced electro-
chemical response compared to the biosensor without COF1.
To better study the structure−property relationship in COF1,
we prepared COF2 without carbonyl groups for comparison.
Through a series of characterization and comparative experi-
ments in terms of biocompatibility, enrichment effect,
conductivity, and surface area, the key role of carbonyl groups
in signal enhancement was proved. Inspired by the attractive
performance of the biosensor, we next used it to detect
paraoxon, an organophosphorus pesticide that is highly toxic
and widely used in agriculture. Under the optimized
experimental conditions, the biosensor demonstrated fast
response speed, high sensitivity, good selectivity, robust
stability, and good recovery rate for paraoxon in real samples,
which showed a promising method for the rapid and onsite
detection of organophosphorus pesticides in the environment.

■ EXPERIMENTAL SECTION
Chemicals and Materials. AChE from electrophorus electricus,

acetylthiocholine chlorine (ATCh), and nafion were purchased from
Sigma-Aldrich (Shanghai, China). 2,3,5,6-Tetraaminobenzoquinone
CAS: 1128-13-8 (TABQ) and 5,5′-dithiobis-(2-nitrobenzoic acid)
(DTNB) were purchased from Shanghai Haohong Scientific Co., Ltd
(Shanghai, China). Hexaketocyclohexane octahydrate CAS: 527-31-1
(HKH), 1,2,4,5-tetraaminobenzene tetrahydrochloride CAS: 4506-
66-5 (TAB), ethylene glycol (MEG), acetic acid (AcOH), anhydrous
DMF, glucose, and urea were purchased from Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). Paraoxon was purchased
from Tan-Mo Technology Co., Ltd (Beijing, China). Deionized water
(18 MΩ cm), obtained from a Milli-Q purification system (Millipore,
MA, USA), was used in all experiments. Phosphate buffer solution
(PBS, 50 mM, pH 7.0) was used in electrochemical measurements.
Synthesis of COF1. TABQ (0.14 mmol, 23.5 mg) and HKH

(0.09 mmol, 28.1 mg) were added in the mixed solution of MEG (10
mL) and AcOH (6 M, 10 mL) in a screw-capped Pyrex tube under a
nitrogen atmosphere. After sonication for 15 min, the tube was
transferred to a preheated oven at 65 °C for 1 day followed by 120 °C
heating for 3 days. The obtained COF1 powders were isolated by
centrifugation (8000 rpm, 5 min) and washed with deionized water,
acetone, and tetrahydrofuran several times and dried at 80 °C under
vacuum for 1 day.
Synthesis of COF2. TAB (1.875 mmol, 532.5 mg) was dissolved

in 15 mL of anhydrous DMF, and HKH (1.25 mmol, 390 mg) was
dissolved in 5 mL of anhydrous DMF. Two solutions were mixed and
refluxed for 2 days under a nitrogen atmosphere. The obtained COF2
powders were isolated by centrifugation (8000 rpm, 5 min) and
washed with deionized water, acetone, and tetrahydrofuran several
times and dried at 80 °C under vacuum for 1 day.
Preparation of Biosensors. All glassy carbon (GC) electrodes

were polished using 1, 0.3, and 0.05 μm alumina slurry on a polishing
pad, followed by sonication in deionized water and ethanol to give the
electrodes a mirror finish. The biosensor was prepared layer-by-layer
by drop-casting 4 μL of COF solution (0.2 mg mL−1, dissolved in
deionized water), 4 μL of AChE solution (0.1 U μL−1, dissolved in 50
mM PBS, pH 7.0), and 4 μL of nafion solution (0.5%, dissolved in
deionized water) on a freshly polished GC electrode. After each step,
the electrode was dried at room temperature, and the biosensor was

Figure 1. Structure and characterization of COF1. (a) Synthesis route of COF1. (b) Top- and side-view of the inclined stacking model of COF1.
(c) Experimental and simulated XRD patterns of COF1. (d) FTIR spectra and (e) UV/Vis spectra of HKH, TABQ, and COF1.
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bathed in PBS for 15 min prior to electrochemical experiments. The
biosensor was kept in a refrigerator at 4 °C while not in use.
Detection of Paraoxon. Paraoxon was detected using cyclic

voltammetry (CV) in the potential range of 0.3−1.0 V. The biosensor
was immersed in a solution containing varying amounts of paraoxon
for 15 min. Then, the biosensor was transferred into 1 mM ATCh
solution for CV measurements. The inhibition rate (I %) of paraoxon
was calculated as follows I % = (I0−I1)/I0 × 100%, where I0 and I1
stand for the current values before and after the exposure of paraoxon,
respectively.

■ RESULTS AND DISCUSSION
Characterization of COF1. As depicted in Figure 1a, we

synthesized COF1 by a hydrothermal method using HKH and
TABQ at 120 °C. The powder X-ray diffraction (PXRD)
pattern was used to analyze the crystalline architecture of bulky
powder of COF1 (Figure 1c). There are two broad peaks
visible at nearly 2θ = 8.9 and 27.8°, which could be assigned to
(100) and (001) planes. Due to the π−π stacking between the
adjacent layers, COF1 exhibited a typical layer structure with a
small layer spacing of 3.2 Å. However, COF1 was not an ideal
eclipsed stacking model because of the steric hindrance and the
charge repulsion from polar heteroatoms (nitrogen and
oxygen). By comparing different simulated stacking models,
we determined that the experimental XRD data match the
inclined stacking model better (Figure 1b,c).29,30

The as-prepared COF1 was further investigated using
Fourier transform infrared (FTIR) spectroscopy, 13C solid-
state nuclear magnetic resonance (13C NMR) spectroscopy,
and UV/Vis spectra, in which the complete conversion of
reactive groups and formation of linkage were confirmed. The
active reaction groups of HKH and TABQ, carbonyl and
amino group, were probed in FTIR spectra (Figure 1d) by the
appearance of the C�O stretching vibration (1644 cm−1) and
the N−H stretching vibration (3300−3500 cm−1), respec-
tively. After the carbonyl and amino groups of monomers
disappear during polymerization, COF1 exhibited a new
absorption peak at 1626 cm−1 for the characteristic vibration
of the C�N bond, indicating the presence of imine linkages.
Besides, the inert reactive carbonyl groups of TABQ were
retained in COF1 causing the band at 1682 cm−1. The solid-
state 13C NMR spectrum of COF1 showed the chemical shifts
at around 149 and 172 ppm (Figure S1), demonstrating the
formation of imine linkages and the retention of carbonyl
groups. The abundant carbonyl of COF1, which in principle
can form hydrogen bonds with the amino and carboxyl groups
in the enzyme molecules, could offer a favorable biocompatible
microenvironment for the enzyme, thereby sustaining its
catalytic activity and stability. Moreover, the UV/Vis spectra of
COF1 show a broad band from 400 to 1000 nm compared
with HKH and TABQ (Figure 1e), which confirmed that the
π-electron of COF1 cloud delocalize.31,32 The highly ordered
conjugation systems enable COF1 to have the ability to
conduct electricity.

The microstructure of COF1 was examined by scanning
electron microscopy (SEM) and high-resolution transmission
electron microscopy (HRTEM). Figure 2a shows a typical
SEM image and TEM image (inset) of COF1, in which it is
agglomerated as nanorods. The stacking multiple layers of
COF1 were evident in the HRTEM image of Figure 2b. The
Raman spectrum of COF1 in Figure S2 shows a G band at
1522 cm−1, which represents the sp2 type carbon atoms in the
2D honeycomb structure, further confirming the graphene-like
2D structure of COF1.33 Furthermore, the elemental mapping

from SEM images validated the uniform spatial distributions of
C, N, and O across COF1 (Figure 2c). The chemical
composition of COF1 is further exhibited in the wide-scan
X-ray photoelectron spectroscopy (XPS) spectra in Figure 2d.
The high-resolution C 1s spectra confirmed the presence of the
π−π* satellite peak, which is due to the strongly interlayer
stacking in COF1 (Figure S3a). The abundant C=O and
anticipated C=N functionalities were also confirmed from the
high-resolution C 1 s and N 1 s, respectively (Figure S3b,c).
Electrochemical Performance of the Biosensor. To

evaluate the charge-transfer performance of the modified
electrodes, CV and electrochemical impedance spectroscopy
(EIS) experiments were performed applying the commonly
used [Fe(CN)6]4−/3− redox probe. Figure 3a demonstrates that
by modifying COF1, the effective surface area and response
peak current of bare GC can be significantly increased.
Interestingly, the peak-to-peak separation of GC/COF1
decreased when compared to bare GC. Such a decrease in
peak separation suggested that the reaction kinetics have
improved, indicating quicker charge transfer.34 AChE was
effectively immobilized on the surface of GC/COF1, resulting
in a lower peak current (the red line, as shown in Figure 3a).
This result was due to the dielectric nature of enzyme, which
prevents electron transfer on the surface of electrodes. The EIS
curves in Figure 3b show a typical semicircle and straight line
in the high- and low-frequency scope. The lower electronic-
transfer resistance of the GC/COF1 electrode implied more
favorable kinetics and better conductivity compared to bare
GC. The electronic-transfer resistance of the biosensor
increased significantly after the modification of AChE,
demonstrating the successful modification of AChE. These
findings were in agreement with the findings of the CV
measurement.

To begin with, the GC/COF1/AChE electrode was
explored as an electrochemical biosensor for the detection of
ATCh, which is a derivative of acetylcholine. As shown in
Figure 3c, no redox peaks were observed in the absence of
ATCh. In the presence of 1 mM ATCh, the GC/COF1/AChE
electrode demonstrated an oxidation peak at 0.75 V with a
current density of 176 μA cm−2. This could correlate to the

Figure 2. Characterization of COF1. (a) SEM image of COF1, inset:
TEM image of COF1. (b) HRTEM image of COF1. (c) Elemental
mapping images of COF1. (d) XPS survey spectrum of COF1.
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direct oxidation of thiocholine (TCh), which is an electro-
active product of ATCh hydrolyzed by AChE. Moreover, the
GC/COF1 electrode showed no peaks in the presence of
ATCh (inset of Figure 3c), indicating the importance of
enzyme.

To further assess the functions of each biosensor layer and
to reasonably compare, (a) bare GC, (b) GC/AChE, and (c)
GC/COF2/AChE electrodes were constructed individually. As
shown in Figure 3d, the bare GC electrode exhibited no
current response for ATCh when compared to that of GC/
AChE electrodes, clearly revealing the lack of the catalytic
activity of enzyme. Interestingly, the GC/COF1/AChE
electrode outperformed the other modified electrodes in
terms of the electrochemical performance. The oxidation
current on GC/COF1/AChE electrodes increased three times
when compared to the GC/AChE electrode. To better study
the structure−property relationship in COF1, COF2 was also
prepared for comparison, through the polycondensation of
TAB and HKH (Figure S4). The different molecular structures
of COF1 and COF2 are shown in Figure 3e, in which COF2
lacks carbonyl when compared to COF1. The FTIR spectros-
copy monitored the polycondensation of the monomers

(Figure S5), and the XRD patterns of COF2 matched well
with the reports (Figure S6),24 indicating the successful
preparation of COF2. The superiority of COF1 with abundant
carbonyl was proved by the comparative evaluation of GC/
COF1/AChE and GC/COF2/AChE electrodes (Figure 3d).
The difference in the performance of the COF1 and COF2
based biosensors should not be attributed to carbonyl groups
alone but should also be fully considered in terms of
conductivity, specific surface area, and so forth, which will be
characterized and explored in depth below.
Mechanism of Signal Enhancement. A series of

experiments and characterization were further used to focus
on the structure−property relationship in COF1. We first
chose the centrifugal sedimentation method to prove the
interaction between COF and enzyme. As shown in Figure 4a,
if COF can adsorb AChE from the mixed solution of COF and
AChE, the COF/AChE complex can be easily separated in the
function of centrifugal force. Then, the enzyme activity of the
COF/AChE complex was evaluated through the following
color reaction. The procedure was based on the reaction of the
enzymatic product TCh with DTNB, which produces a yellow
product of 2-nitro-5-thiobenzoic acid (TNB), as shown in

Figure 3. Electrochemical performance of the biosensor. (a) CV and (b) EIS of each modified layer of the proposed biosensor in 0.1 M KCl
solution containing 5.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1). Scan rate: 50 mV s−1. (c) CV profiles of the GC/COF1/AChE electrode in PBS
solution in the presence or absence of 1 mM ATCh. Scan rate: 100 mV s−1. Inset: a CV curve of GC/COF1 in 1 mM ATCh. (d) CV curves
recorded on different electrodes targeting the oxidation of 1 mM ATCh. Scan rate: 100 mV s−1. (e) Molecular structures of COF1 and COF2.
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Figure 4b. After the incubation of the COF/AChE complex in
5 mM ATCh, the clear supernatant contained TCh was
separated. The inset of Figure 4c shows that the supernatant of
the COF1/AChE sample turned DTNB into a deeper yellow
product compared to the other samples. The maximum
absorption in the UV/Vis spectra further exhibited superior
enzyme activity of the COF1/AChE complex among the as-
prepared samples (Figure 4c), proving their ability to
accommodate more AChE. However, as shown in Figure 4d,
the Brunauer−Emmett−Teller (BET) surface area SBET of
COF1 (47 m2 g−1) was smaller than that of COF2 (154 m2

g−1). These results revealed that the SBET value and adsorption
capacity of the materials were not positively correlated. Indeed,
the exposed carbonyl active sites of COF1 can promote the
interaction (hydrogen bonds) with the enzyme molecule and
effective immobilization of enzyme, leading to enhanced
biocompatibility and enzymatic activity, further generating a
stronger current signal.

We applied FTIR spectra to study the interactions between
COF and TCh, which is the electroactive substance of the
electrode reaction. Figure 4e shows typical peaks for SH at
3120 cm−1 and a red-shift of C�O, C�N, and C−O of
COF1.35 In the absence of carbonyl, there was only a weak
shift of C�N for COF2 (Figure S7). These phenomena
pointed to strong interactions between TCh and COF1, which
could contribute to the enrichment of TCh, culminating in the
superior electrochemical response of GC/COF1/AChE. Be-
sides, we explored the reaction process by the change of
current response at different scan rates. Figure S8 shows CVs
for the GC/COF1/AChE electrode at different scan rates in 1
mM ATCh. The oxidation potentials shifted to a more positive
position with the increasing scan rates, owing to the increased
internal diffusion resistance within the biosensor. At the same
time, the peak currents rose linearly with the scan rate,

indicating that the electrode reaction is a surface-controlled
process (inset of Figure S8). These results indicate that the
enrichment of TCh on the COF1-based electrode surface plays
a key role in improving the electrochemical response of
biosensors.

Conductivity should also be considered in the mechanism of
signal enhancement. As shown in Figure 4f, when compared to
GC/COF1, the smaller electronic-transfer resistance of the
GC/COF1 electrode predicted superior conductivity. This
phenomenon may be described to the larger conjugate systems
of COF1 originating from the abundant carbonyl groups.
According to the Randles−Sevcik equation,36 the effective
surface area of GC/COF1 was higher than that of GC/COF2
(Figure S9), which should also be considered in the signal
enhancement. Therefore, the mechanism of signal enhance-
ment of biosensors based on COF1 can be summarized in the
following aspects: first, exposed carbonyl active sites of COF1
can promote the effective immobilization and bioactivity
preserving of enzyme molecules; meanwhile, carbonyl groups
also contribute to the enrichment of analyte TCh; second, the
good conductivity of COF1 could facilitate electron transfer
and response signal capturing of the electrochemical GC/
COF1/AChE biosensor.
Determination of Paraoxon. We next used the GC/

COF1/AChE biosensor to detect paraoxon, a model pesticide,
because of its high toxicity and broad use in agriculture.37,38

AChE will lose its ability to hydrolyze ATCh due to the
blockage of the active site caused by the addition of paraoxon
(Figure 5a). After exposure to paraoxon, the same GC/COF1/
AChE electrode exhibited a significant drop in current,
inspiring the quantification of paraoxon by the inhibition rate
(Figure 5b). We next proceeded to optimize the inhibition
time as it is important to enable adequate time for paraoxon to
bind to the enzymes. As shown in Figure 5c, we found that

Figure 4. Mechanism of signal enhancement. (a) Principle of centrifugal sedimentation of different samples. (b) Color reaction scheme for the
detection of the enzyme activity. (c) UV/Vis spectra of different samples for the color reaction. Inset: photograph showing AChE activities of
different samples. (d) N2 adsorption (solid) and desorption (hollow) curves of COF1 and COF2. (e) FTIR spectra of COF1 and COF1-TCh. (f)
EIS of COF1 and COF2 in 0.1 M KCl solution containing 5.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1).
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remarkable changes in the inhibition rate could be observed
within 15 min. A further long inhibition time produced a stable
inhibition rate, which means the saturation of the binding
interaction between paraoxon and AChE. Therefore, 15 min
was chosen in the next study because a shorter time was an
important criterion for being an effective point-of-care analysis
device. Inspired by these results, the GC/COF1/AChE
electrode was employed to determine different concentrations
of paraoxon. Figure 5d shows that there was a linear
relationship between the inhibition rate and the concentration
of paraoxon, ranging from 10 to 1000 ng mL−1. The limit of
detection (LOD) was determined to be 1.4 ng mL−1 through
the equation LOD = 3σ/S (σ is the standard deviation of the
current response in the paraoxon blank, and S is the slope of
the standard curve). The LOD was significantly lower than the
previous reports and the permissible maximum level (10 ppb)
in the European Union pesticides database.39−42 In addition,
the sensitivity was determined to be nearly 41% per log
concentration, much higher than that of biosensors modified
with other nanomaterials, including Ag nanoparticle-modified
MXene (9%),43 AuPt hydrogels (19%),44 and 2D fluoride-free
Nb2CTx MXene (10%).45 Thus, the GC/COF1/AChE
biosensing system possessed a remarkable sensitivity and
detection limit for paraoxon determination.

Selectivity, Practicability, and Stability of the Bio-
sensor. Some potential interfering species were examined to
assess the selectivity of the biosensor. As shown in Figure 5e,
these compounds have been successfully verified to have no
obvious effect on the electrochemical performance of the
biosensor, which greatly demonstrated the reliability of the
proposed paraoxon detection method. Tap water and
cucumber were utilized as model samples in recovery
experiments to further evaluate the practical use of the
proposed biosensor. The recoveries of 100 ng mL−1 paraoxon
obtained from tap water and cucumber were 102.9 and
117.6%, respectively, which were comparable to that of the
LC−MS/MS method (Table S1), indicating the acceptable
practicability of paraoxon monitoring from real samples.
Besides, stability is also essential for the actual use of
biosensors. In order to determine the stability of the biosensor,
seven consecutive tests were taken. The rather steady
biosensor responses were confirmed and are shown in Figure
S10 by the relative standard deviation value of 1.9%.
Furthermore, as shown in Figure S11, the biosensor retained
96.8% of the initial current response after 5 weeks of storage in
a refrigerator at 4 °C, demonstrating the good long-term
stability of the biosensor. The structural tunability and good
conductivity of COFs make it attractive to investigate the

Figure 5. Determination of paraoxon. (a) Inhibition mechanism of GC/COF1/AChE electrodes by paraoxon. (b) CV of the GC/COF1/AChE
electrode before and after incubation in 200 ng L−1 paraoxon. Scan rate: 100 mV s−1. (c) Time-dependency of the inhibition rate increase. (d)
Calibration plot showing the inhibition of the biosensor toward different concentrations of paraoxon, 10, 50, 100, 200 ng mL−1, and 1 μg mL−1. (e)
Ratio of CV current of the biosensor after (Ia) and before (Ib) incubation in common interferents.
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potential applications for signal amplification or monitoring of
multiple contaminants.46,47

■ CONCLUSIONS
In summary, we synthesized 2D conductive COF1 with
abundant carbonyl groups via a simple hydrothermal method.
Its periodic aza-fused 2D π-conjugated structure could offer
good chemical stability and high conductivity, inspiring us to
investigate the possibility of using COF1 as electrode materials
to prepare electrochemical enzymatic biosensors. The prepared
COF1-based biosensor displayed a significantly enhanced
electrochemical response compared to the biosensor without
COF1. After a series of characterization and comparison
experiments with the prepared COF2 without carbonyl groups,
we proved the mechanism of signal enhancement. The exposed
carbonyl active sites of COF1 can promote the effective
immobilization and bioactivity preserving of enzyme molecules
and contribute to the enrichment of TCh simultaneously.
Besides, the good conductivity of COF1 also improved the
biosensor performance. The research could pave the way for
the significant potential applicability of 2D conductive COFs
in electrochemical sensing applications. After optimizing
experimental conditions, the biosensor demonstrated fast
response speed, good selectivity and practicability, robust
stability, and a low LOD of 1.4 ng mL−1 for paraoxon
detection, which proves to be a promising method for the rapid
and onsite detection of organophosphorus pesticides in the
environment. We believe that our study paves the way for the
enormous potential use of 2D conductive COFs as electrode
materials in different sensing applications. Future work should
focus on the development of novel conductive COF materials
and new signal enhancement mechanisms to enable more
sensitive electrochemical measurements.
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