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A B S T R A C T   

Electrochemical biosensors based on enzymes modified electrode are attracting special attention due to their 
broad applications. However, the immobilization of enzymes on electrode is always an important challenge 
because it’s not conducive to conformational expansion of enzymes and affects the bioactivity of enzymes 
accordingly. Although the imobilization of enzymes in micropores of crystalline covalent-organic framework 
(COF) and metal-organic framework (MOF) to construct electrochemical biosensors based on pore embedding 
can achive good reuslts, their micropores can still not guarantee that the enzyme’s conformation is well 
extended. Herein, a multienzyme microcapsules (enzymes@COF) containing glucose oxidase, horseradish 
peroxidase and acetylcholinesterase with a 600 nm-sized cavity and a shell of COF was used to construct elec-
trochemical biosensors. The 600 nm-sized cavity ensures free conformation expansion of encapsulated enzymes 
and the shell of COF with good chemical stablity protects encapsulated enzymes against external harsh envi-
ronments. And the specific catalytic substrates of the enzymes can infiltrated into the microcapsule through the 
pores of COF shell. So, the biosensor based on enzymes@COF microcapsules demonstrated preeminent perfor-
mances as compared with those of enzymes assembled on electrode. The detection limits were 0.85 μM, 2.81 nM, 
3.0×10− 13 g/L, and the detection range were 2.83 μM–8.0 mM, 9.53 nM-7.0 μM, 10− 12 g/L-10− 8 g/L for glucose, 
H2O2 and malathion detection. This work shows that it is feasible to fabricate electrochemical sensors using 
enzymes@COF microcapsules.   

1. Introduction 

Electrochemical biosensors have a broad application in environment, 
industrial analysis, new drug development and disease treatment (Bet-
tazzi et al., 2021; Liu and Huang, 2021; Mahshid et al., 2021) due to 
their fast detection speed, high sensitivity, good selectivity and conve-
nient operation. Enzymes (Hiraka et al., 2020; Jayathilake and Koley, 
2020; Yin et al., 2020), antigens (Chi et al., 2020; Li et al., 2020a; Xu 
et al., 2020), antibodies (Chen et al., 2020; Dong et al., 2020), nucleic 
acids (Fan et al., 2021; Zheng et al., 2020), cells (Chen et al., 2021; Wang 
et al., 2017) and so on can be applied as biorecognition elements of 
electrochemical biosensors. Enzyme electrochemical biosensors are 
attracting special attention for their high efficiency and specificity 
(Bounegru and Apetrei, 2020; Dalkiran, 2020; Hiraka et al., 2020). 
However, the immobilization of enzyme has a great influence on the 
enzymatic reaction in electrochemical biosensors because it’s not 
conducive to the free conformational expansion of the enzymes and the 
enzymes are easily detached from the electrode. Therefore, it is very 

urgent and necessary to find an effective enzyme immobilization way on 
electrode. (Scheme 1). 

Tremendous efforts have resulted in many enzyme imobilization 
methods, including encapsulation (Wang et al., 2016; Gkaniatsou et al., 
2017; Huang et al., 2020; Liang et al., 2020), pore embedding (Wang 
et al., 2019), adsorption (Huang et al., 2020; Wu et al., 2016), covalent 
bonding (Xu et al., 2021), crosslinking (Guo et al., 2020), etc. For these 
methods, it is difficult to ensure that the immobilized enzymes do not 
fall off, or the active center and conformation of immobilized enzymes 
are not destroyed. For example, most enzymes lost their bioactivity and 
only those in the diffusion layer can retain their bioactivity when they 
are immobilized on electrode via nanometrials based on adsorption 
method (Song et al., 2015). But enzymes in the diffusion layer are easy to 
fall off from electrode. Pore embedding and encapsulation methods have 
a relatively good immobilization effect. Thus, porous crystalline 
covalent-organic framework (COF) (Cui et al., 2020a, 2020b, 2020b; 
Wang et al., 2019) and metal-organic framework (MOF) (Nav-
arro-Sanchez et al., 2019; Oliveira et al., 2019; Wang et al., 2019) have 
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been used to immobilize enzymes to construct electrochemical bio-
sensors based on pore embedding and encapsulation. For example, a 
novel H2O2 biosensor was developed by encapsulating 
microperoxidase-11 (MP-11) into MOF grown on three-dimensional 
kenaf stem-derived macroporous carbon (Gong et al., 2017). A 
dual-pore COF was proposed to load MP-11 and glucose oxidase (GOD) 
for ratiometric electrochemical glucose biosensor (Wang et al., 2019). 
COF is a kind of porous organic crystalline material linked by covalent 
bond. MOF also is a new kind of porous crystal material self-assembled 
by metal ions and organic ligands through coordination bond. COF/MOF 
has the advantages of adjustable structure and function, highly ordered 
pores, rich functional groups, large specific surface area and adjustable 
hole size. The enzymes can be embedded into the pores of COF/MOF, 
which not only enhances the imobilization of enzymes on electrode 
greatly, but also improves the resistance of enzymes to some harsh 
conditions. Nevertheless, it still has some disadvantages and cannot be 
widely used in electrochemical sensing because the micropores of 
COF/MOF can still not guarantee that the encapsulated enzyme’s 
conformation is well extended. 

Recently, enzyme microcapsule with a shell of COF (enzymes@COF) 
was proposed (Li et al., 2020). Such core-shell structures also attract 
widespread interest among chemists (Zardkhoshoui et al., 2021a, 
2021b; Zardkhoshoui, and Davarani, 2020, 2021). The enzymes@COF 
microcapsule can provide a capacious microenvironment for enzymes, 
which will ensure conformational freedom of encapsulated enzymes just 
as they are in a solution. The shell of COF with excellent chemical 
stablity can protect encapsulated enzymes against external harsh envi-
ronment to ultimately boost the enzymatic activities. Highly ordered 
and adjustable pores can improve the mass transfer and selectivity based 
on molecular sieve selection. These inspires us to use enzymes@COF 
microcapsule to construct electrochemical biosensors. 

Here, a multienzyme microcapsule containing GOD, horseradish 
peroxidase (HRP) and acetylcholinesterase (AChE) were constructed as 
a model to test the applicaiton of enzymes@COF microcapsule in elec-
trochemical biosensors for the first time. The multienzyme microcapsule 
was prepared by using ZIF-8 as the sacrificial templating and COF as 
shell. Firstly, the GOD, HRP and AChE were encapsulated into ZIF-8 to 
form enzymes@ZIF-8 by one-step mehtod. The enzymes are confined in 

micropores of ZIF-8, which can resist some harsh conditions that will be 
used to prepare COF. Then the COF was grown around enzymes@ZIF-8 
to form a shell of COF. Finally, the core-shell enzymes@ZIF-8 was etched 
in phosphate buffered solution (PBS, pH = 5) to form enzymes@COF 
microcapsules. The ZIF-8 is etched away and Zn2+ and 2-methylimida-
zole diffuse into solution leaving a cavity about 600 nm in diameter. 
The encapsulated enzymes also are released and they can freely extend 
their conformation in such a large space just as they are in a solution. 
The proposed enzymes@COF microcapsules biosensor should show 
good detection results, stability and reusability and can be used for 
practical detection as compared with the enzymes assembled on elec-
trode directly. This work provides a feasible idea to fabricate electro-
chemical sensors using enzymes@COF microcapsules. 

2. Experimental 

2.1. Synthesis of COFTFPB-DBD 

The COFTFPB-DBD was prepared by amine-aldehyde condensation 
between 4,4′-diaminobiphenyl-2,2′-dicarboxylic acid (DBD) and 1,3,5- 
tris (p-formylphenyl) benzene (TFPB) for the first time (Fig. S1). To be 
specific, TFPB (39 mg, 0.1 mmol) and DBD (40.8 mg, 0.15 mmol) were 
dissolved into 6 mL 1,4-dioxane, followed by ultrasound. Then the 
catalyst of Sc(OTf)3 (0.25 mL, 4.8 mg/mL) was added to the above so-
lution, and the mixture was stirred at room temperature for 30 min. The 
yellow product of COFTFPB-DBD was centrifuged using N,N- 
dimethylformamide and tetrahydrofuran, and then dried at room 
temperature. 

2.2. Construction of enzymes@ZIF-8 

The enzymes@ZIF-8 was synthesized according to the following 
procedures (Li et al., 2020). Zinc acetate dihydrate (3 mg, 0.014 mmol) 
was added into ethanol (10 mL). 2-methylimidazole (98%) (9.85 mg, 
0.12 mmol) was dispersed into the ethanol with dropwise addition of 2 
mL mixed solution containing GOD (10 mg/mL), HRP (3 mg/mL) and 
AChE (0.5 mg/mL). Then the prepared zinc acetate dihydrate solution 
was added to the above stirred mixture. The mixed solution was stirred 

Scheme 1. Schematic illustration of preparation and application of enzymes@COF microcapsule.  
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for 10 min at room temperature. At last, the enzymes@ZIF-8 was 
collected using centrifugation at 5500 rpm, washed several times with 
ultra-pure water until the supernatant turned clear then dried at room 
temperature. 

2.3. Construction of enzymes@ZIF-8@COF 

TFPB (19.5 mg, 0.05 mmol) and DBD (20.4 mg, 0.075 mmol) were 
suspended into 6 mL of 1,4-dioxane. The resulting suspension was 
sonicated at room temperature until the monomers were fully dissolved. 
Thereafter, 5 mg of enzymes@ZIF-8 and 0.25 mL 4.8 mg/mL Sc(OTf)3 
were added in 6 mL of 1,4-dioxane. And then the solution of COFTFPB- 
DBD monomers was added into above solution and kept stirring for 30 
min. The resulted yellow enzymes@ ZIF-8@COF was collected by 
centrifugation for several times until the supernatant liquid was clarified 
and then dried at room temperature for further use. 

2.4. Construction of enzymes@COF microcapsules 

About 4 mg of core-shell enzymes@ZIF-8@COF was etched in 3.0 mL 
PBS (pH = 5, 50 mM) at room temperature. The yellow precipitate of 
enzymes@COF was collected using centrifugation at 5500 rpm with 
ultra-pure water until the pH of solution was neutral and then dried at 
room temperature to obtain enzymes@COF microcapsules. 

2.5. Construction of enzymes@COF/COFTFPB-DBD/glassy carbon 
electrode (GCE) 

The GCE was polished with 0.5 μm and 0.03 μm of Al2O3 polishing 
powder, respectively, and ultrasonicly cleaninged with ethanol and 
water, respectively. Then, the treated GCE was blow-dried with highly 
pure nitrogen to obtain a clean, dry and shiny surface. Subsequently, 10 
μL of 2 mg/mL COFTFPB-DBD suspension was dropped onto the pol-
ished GCE surface and dried at room temperature to obtain COFTFPB- 
DBD/GCE. Then, 10 μL of 2 mg/mL enzymes@COF suspension was 
dropped onto the COFTFPB-DBD/GCE and dried at room temperature to 
obtain enzymes@COF/COFTFPB-DBD/GCE. After stored under 4 ◦C for 
10 h, the prepared enzymes@COF/COFTFPB-DBD/GCE was rinsed by 

ultra-pure water to remove those unbound molecules. The enzy-
mes@COF microcapsules were covalently bonded on COFTFPB-DBD 
modified GCE based on amine-aldehyde condensation reaction. Based 
on the similar method, the enzymes modified COFTFPB-DBD/GCE was 
also prepared as a comparison. 

3. Results and discussion 

3.1. Materials characterization 

The chemical structure of COFTFPB-DBD was shown in Fig. 1a and 
schematic illustration of COFTFPB-DBD synthesis based on amine- 
aldehyde condensation between TFPB and DBD was shown in Fig. S1. 
Powder X-ray diffraction (PXRD) showed some strong diffraction peaks 
at 7.86◦, 9.10◦ and 11.96◦, corresponding to (110), (200) and (120) 
lattice plane (Fig. 1b). A broad peak at 2θ = 24.7◦ could be indexed to 
(001) plane of stacked two-dimensional (2D) COFTFPB-DBD nano-
sheets. Material Studio 2019 was applied to obtain simulated PXRD of 
COFTFPB-DBD which was very consistent with the experimental result 
with RWP of 5.73 % and RP of 4.36 % (The detailed calculation was 
shown in Supporting Information). According to the simulated PXRD, 
the symmetry space group was calculated to be P3 with optimized unit 
cell parameters of a = b = 22.5 Å, c = 3.61 Å (The distance between the 
layers), α = β = 90◦, and γ = 120◦. AA-stacked structure was verified 
with somewhat distorted hexagonal structure units due to some weak 
crystallization (Inset in Fig. 1b), and pore size was about 2 nm (Wang 
et al., 2020). Moreover, fractional atomic coordination for the eclipsed 
AA-stacked unit cell of COFTFPB-DBD was arranged in Table S1. 
Fourier-transform infrared spectroscopy (FTIR) (Fig. 1c) showed two 
characteristic peaks at 2836 cm− 1 and 2740 cm− 1 of CH=O bonds in 
TFPB (Sun et al., 2017), and two stretching vibration peaks of N–H 
bonds in DBD at 3376 cm− 1 and 3270 cm− 1 (Lin et al., 2017). 
COFTFPB-DBD was synthesized successfully after the amine-aldehyde 
condensation reaction between TFPB and DBD, which was character-
ized by the disappearance of characteristic peaks of amine and aldehyde 
as well as the formation of imine linkage (C=N) (Zhou et al., 2014) at 
1620 cm− 1. N2 adsorption-desorption isotherm (Fig. 1d) proved that the 
BET specific surface area of COFTFPB-DBD was 15.087 m2 g− 1 (Fig. S2), 

Fig. 1. Chemical structure (a), XRD pattern and AA-stacked model (b), FTIR spectra (c), N2 adsorption-desorption isotherm and the pore size distribution (d), TEM 
image (e), High-resolution lattice fringe pattern (f), SAED pattern (g) and AFM image (h) of COFTFPB-DBD. 
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and the pore size of COFTFPB-DBD was 2.46 nm which is close to 
simulation result of PXRD. Transmission electron microscopy (TEM) 
image (Fig. 1e) showed that the COFTFPB-DBD was an ultrathin nano-
sheet, which was consistent with the theoretical morphology. High 
resolution TEM (HRTEM) image indicated that COFTFPB-DBD was 
crystalline material with the regular lattice fringe distribution and the 
lattice fringe spacing was 0.431 nm (Fig. 1f). Moreover, a series of 
regularly arranged diffraction bright spots in selective area electron 
diffraction pattern (SAED) further revealed that the COFTFPB-DBD was 
single crystal (Fig. 1g). The thickness of COFTFPB-DBD was measured to 
be about 1.4 nm using atomic force microscopy (AFM) (Fig. 1h). All of 
those results demonstrated the successful synthesis of COFTFPB-DBD. 

The successful synthesis of ZIF-8 was confirmed by FTIR and scan-
ning electron microscopy (SEM). As shown in Fig. S3a, peaks at 3133 
cm− 1 and 2925 cm− 1 were assigned to C–H, peak at 1580 cm− 1 corre-
sponded to C=N, and peaks at 1145 cm− 1 and 990 cm− 1 came from C–N. 
SEM image showed regular dodecahedral ZIF-8 with a diameter of about 
600 nm (Fig. S3b). The results clearly demonstrated the successful 
synthesis of ZIF-8. As shown in Fig. S4a, the enzymes@ZIF-8 had blur-
ring edges as compared to that of ZIF-8. After the enzymes@ZIF-8 was 
wrapped with COF, the enzymes@ZIF-8@COF obviously became larger 
(Fig. S4b). Some boundaries between the enzymes@ZIF-8@COFs were 
not so far apart, and several enzymes@ZIF-8@COF were also fused 
together. As shown in Fig. S5a, the ZIF-8 contained the C, N, O and Zn 
elements. After the ZIF-8 loaded with enzymes (Fig. S5b), the Fe element 
belonging to HRP was detected. The result clearly indicated that the 
enzymes were successfully loaded into ZIF-8 to form enzymes@ZIF- 
8@COF composites. Besides, TEM image clearly showed dodecahedral 
ZIF-8 with enzymes to be encased in COFTFPB-DBD shell with the 
thickness of COF shell measured to be 35 nm (Fig. 2a and c). HRTEM 

image showed the lattice structure of ZIF-8 and the lattice fringe spacing 
was 0.625 nm in enzymes@ZIF-8@COF (Fig. 2a). After the HRTEM 
image was enlarged, the lattice fringes of both the crystal materials of 
ZIF-8 and COFTFPB-DBD were clearly displayed simultaneously 
(Fig. 2b). SAED pattern of enzymes@ZIF-8@COF showed the typical 
polycrystalline structure from crystals of ZIF-8 and COFTFPB-DBD 
(Fig. S6). The results clearly demonstrated the successful synthesis of 
enzymes@ZIF-8@COF nanocomposites. 

Then, the etching process of the sacrificial template of ZIF-8 was 
monitored within 30 min through TEM method. When the 
enzymes@ZIF-8@COF was left in the PBS (pH = 5, 50 mM) for 10 min, it 
was obvious that ZIF-8 had gradually broken off from the COFTFPB-DBD 
shell and the regular dodecahedral shape of ZIF-8 had been destroyed 
(Fig. 2d). With the etching time advanced to 20 min, only a small part of 
ZIF-8 was left (Fig. 2e). Finally, the enzymes@COF was formed, because 
ZIF-8 completely disappeared after about 30 min, and what’s left was a 
microcapsule with a 600 nm-sized cavity, a shell of COF and GOD, HRP 
and AChE (Fig. 2f). As shown in Fig. S7, two enzymes@ZIF-8 wrapped 
by a COF shell could form a microcapsule with two cavities after the ZIF- 
8 was etched away. The principle of ZIF-8 digestion was also shown in 
Fig. S7. 

3.2. Electrochemical biosensor based on enzymes@COF/COFTFPB-DBD/ 
GCE 

Nowadays, with the continuous improvement of people’s living 
standard, diabetes caused by hyperglycemia is severely threatening 
human health. H2O2 is a very important active intermediate in clinical 
medicine and environmental chemistry. Organophosphorus insecticides 
(OPS) such as malathion have been widely used due to their high 

Fig. 2. High-resolution lattice fringe pattern (a) and enlarged high-resolution lattice fringe pattern of enzymes@ZIF-8@COF (b). TEM images of enzymes@ZIF- 
8@COF after etching for 0 min (c), 10 min (d), 20 min (e) and 30 min (f). 
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insecticidal efficiency (Zhao et al., 2020a and b). However, OPS has 
strong neurotoxicity and can inhibit the activity of AChE in the nervous 
system causing serious health problems. Therefore, it is very necessary 
and urgent to develop a simple and sensitive biosensor to detect glucose, 
H2O2 and malathion. Here, the enzymes@COF microcapsule was used 
to construct electrochemical biosensor for sensing glucose, H2O2 and 
malathion not only because the detection of these substances is impor-
tant, but also because the results can be compared with biosensors that 
have been developed to evaluate the feasibility of enzymes@COF 
microcapsule in electrochemical biosensors. 

As shown in Fig. S8, the enzymes@COF/COFTFPB-DBD/GCE did not 
block electron transfer of [Fe(CN)6]3-/4- seriously, indicating it is 
possible to use enzymes@COF microcapsule to modify electrode. Then 
the enzymes@COF/COFTFPB-DBD/GCE was used to detect glucose, 
H2O2 and malathion. As shown in Fig. 3a and b, glucose was detected in 
0.2 M O2-saturated PBS (pH = 7.0), in which GOD catalyzed the 
oxidation of glucose along with the consumption of O2 thus resulted in 
the decrease of the reduction peak of O2 at − 0.65 V. Since Fe2+ in HRP 
was oxidized to Fe3+ by H2O2, the reduction peak of Fe3+ at − 0.21 V 
increased with the addition of H2O2 and the H2O2 sensing was estab-
lished accordingly (Fig. 3c and d). In addition, malathion sensing was 
also constructed. The enzymes@COF/COFTFPB-DBD/GCE was firstly 
impregnated in PBS containing different concentrations of malathion for 
30 min, and then AChE’s substrate of 1.0 mM acetylthiocholine (ATCl) 
was added to N2-saturated PBS when test was performed. With the in-
crease of malathion concentration, the oxidation peak current of thio-
choline produced from ATCl catalyzed by AChE decreased gradually, 
which can be attributed to the binding of malathion to the active target 
group in AChE that inhibited the hydrolysis reaction of ATCl (Fig. 3e and 
f). And inhibition effect was shown in Fig. S9. The detection limits of the 
multifunctional biosensor were 0.85 μM, 2.81 nM, 3.0×10− 13 g/L, and 
the detection range were 2.83 μM–8 mM, 9.53 nM − 7 μM, 10− 12 g/L- 
10− 8 g/L for glucose, H2O2, and malathion, respectively. Moreover, the 
electrochemical biosensor was superior to some previous sensors in 
detection limit and linear range (Aghoutane et al., 2020; Bai et al., 2014; 
Dai et al., 2017; Guler et al., 2017; He et al., 2018; Li et al., 2014; Liu 

et al., 2016; Quintero-Jaime et al., 2021; Ren et al., 2017; Thenmozhi 
and Narayanan, 2017; Xu et al., 2019; Zhang et al., 2015) 
(Tables S2–S4). The test results of real sample also confirmed the 
practicability of the biosensor for three substances (Tables S5–S7). 

The enzymes/COFTFPB-DBD/GCE was constructed with enzyme 
loading similar to the enzymes@ COF microcapsule/COFTFPB-DBD/ 
GCE as a comparison. The enzyme loading were calculated to be about 
0.42 mg/cm2 for enzymes@COF microcapsule/COFTFPB-DBD/GCE and 
enzymes/COFTFPB-DBD/GCE. Specifically, 10 μL of 2 mg/mL 
COFTFPB-DBD was firstly used to modify on GCE, then 10 μL mixed 
enzymes solution (2.22 mg/mL GOD, 0.66 mg/mL HRP and 0.12 mg/mL 
AChE) was modified on the COFTFPB-DBD/GCE to construct enzymes/ 
COFTFPB-DBD/GCE as control electrode. The detection limits and linear 
detection ranges were 0.56 μM and 1.86 μM - 3.0 mM for glucose (Fig. 4a 
and b), 4.6 nM and 14.7 nM - 5.0 μM for H2O2 (Fig. 4c and d), 
3.0×10− 13 g/L and 10− 12 g/L - 10− 10 g/L for malathion (Fig. 4e and f). 
The inhibitory effect of malathion on AChE on enzymes/COFTFPB-DBD/ 
GCE was shown in Fig. S10. The results were poorer than those of 
enzymes@COF microcapsule/COFTFPB-DBD/GCE, which clearly 
proved that the microcapsule structure had a powerful protective effect 
for the bioactivity of enzymes on electrode, which will promote the 
application of enzymes in electrochemical biosensors. 

In order to further prove the superiority of enzymes@COF micro-
capsules in electrochemical biosensors, the steady-state kinetics of 
HRP@COF and HRP/COF were studied, respectively (Fig. S11). The 
Michaelis constants for HRP@COF and HRP/COF were calculated as 
2.04 μM and 3.64 μM, respectively, and the maximum reaction rates for 
HRP@COF and HRP/COF were 20.4×10− 8 M s− 1 and 5.88 ×10− 8 M s− 1, 
respectively. The results indicated that HRP@COF had a higher affinity 
for the substrate because their conformational freedom was guaranteed, 
and the greatly reduced catalytic rate of HRP/COF on the substrate may 
be due to the restriction of the free conformation of the enzymes 
embedded in the holes of COF. 

The enzymes@COF/COFTFPB-DBD/GCE and the enzymes/ 
COFTFPB-DBD/GCE were used for the detection of specific substrates 
in harsh environments to test the resistance to external environment 

Fig. 3. DPV of enzymes@COF/COFTFPB-DBD/GCE in 0.2 M O2-saturated PBS (pH 7.0) with continuous addition of glucose (a). The calibration curve between the 
current density (j) and glucose concentration (b). DPV of enzymes@COF/COFTFPB-DBD/GCE in 0.2 M N2-saturated PBS (pH 7.0) with continuous addition of H2O2 
(c). The calibration curve between j and H2O2 concentration (d). DPV of enzymes@COF/COFTFPB-DBD/GCE in 0.2 M N2-saturated PBS (pH 7.0) with different 
concentration of malathion (e). The calibration curve between j and -lg(cmalathion) (f). 
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(Fig. 5a). The results clearly showed that the catalytic activity of both 
enzymes@COF/COFTFPB-DBD/GCE and enzymes/COFTFPB-DBD/GCE 
decreased after soaking in PBS (pH = 4), ethanol solution, urea solu-
tion for 1 h and 60 ◦C water for 10 min, but the catalytic activity of 
enzymes/COFTFPB-DBD/GCE decreased dramatically. Moreover, 
enzymes@COF/COFTFPB-DBD/GCE and enzymes/COFTFPB-DBD/GCE 
were placed at room temperature for 30 days for stability assessment. 
The current dropped only by 0.5% for glucose detection, 0.82% for 
H2O2 detection, and 0.8% for malathion detection after 5 days and these 
current responses remained above 97% after 30 days for 
enzymes@COF/COFTFPB-DBD/GCE. For enzymes/COFTFPB-DBD/ 
GCE, the current dropped by 1.27%, 1.47%, and 1.03% for 5 days. 
The time when the enzymes/COFTFPB-DBD/GCE started to stabilize 
was delayed, and the stable current was maintained between 96.3% and 
95.8% after 30 days (Fig. 5b). Moreover, the reusability of 
enzymes@COF/COFTFPB-DBD/GCE and enzymes/COFTFPB-DBD/GCE 
was tested. The response current of enzymes@COF/COFTFPB-DBD/ 
GCE to these target analytes basically remained, while the response 
current of enzymes/COFTFPB-DBD/GCE to these target analytes 
decreased gradually with the increase of the number of tests due to the 
gradual shedding of the enzymes from the electrode (Fig. 5c). And the 
relative standard deviation (RSD) of enzymes@COF/COFTFPB-DBD/ 
GCE for six testing cycles to glucose, H2O2 and malathion were 
0.53%, 0.86% and 0.62%, while those of enzymes/COFTFPB-DBD/GCE 
were 5.26%, 6.15% and 6.57%. Moreover, the reusability of 
enzymes@COF/COFTFPB-DBD/GCE was also better than that previ-
ously reported in literatures (Tables S2–S4). The comparison clearly 
proves that it is feasible to apply enzymes@COF microcapsule in elec-
trochemical biosensors. Furthermore, interference tests of 
enzymes@COF/COFTFPB-DBD/GCE and enzymes/COFTFPB-DBD/GCE 
were carried out (Fig. 5d). The concentrations of interferences were 
10 times as the concentrations of glucose (3 mM), H2O2 (5 μM) and 
malathion (10− 10 g/L). Current percentages of interferences were 2.0%– 
3.7% for glucose detection, 2.5%–4.6% for H2O2 detection and 1.8%– 
4.7% for malathion detection on enzymes@COF/COFTFPB-DBD/GCE, 

but 2.6%–6.3% for glucose detection, 3.3%–7.4% for H2O2 detection 
and 3.7%–7.7% for malathion detection on the enzymes/COFTFPB- 
DBD/GCE. The results showed that interferences on the enzymes/ 
COFTFPB-DBD/GCE were generally higher than those on the 
enzymes@COF/COFTFPB-DBD/GCE. The interference of metal ions was 
relatively large for the enzymes/COFTFPB-DBD/GCE because metal ions 
will affect the immobilization of enzymes and conformation of enzymes. 
The above results certified that the enzymes@COF/COFTFPB-DBD/GCE 
had good resistance to the external environments. 

4. Conclusion 

In short, a multienzyme microcapsule containing GOD, HRP and 
AChE were constructed to test the applicaiton of enzymes@COF 
microcapsule in electrochemical biosensors. The enzymes@COF 
microcapsule provides a capacious microenvironment cavity about 600 
nm in diameter for enzymes, which ensures the conformational freedom 
of encapsulated enzymes just as they are in a solution. The shell of COF 
with good chemical stablity protects encapsulated enzymes against the 
external harsh environments to ultimately boost enzymatic activities. 
Highly ordered and adjustable pores improve the mass transfer and 
selectivity based on molecular sieve selection. The biosensor based on 
enzymes@COF microcapsule showed the lower detection limit of 0.85 
μM for glucose, 2.81 nM for H2O2 and 3.0×10− 13 g/L for malathion as 
well as the wider detection range of 2.83 μM–8.0 mM for glucose, 9.53 
nM-7.0 μM for H2O2 and 10− 12 g/L-10− 8 g/L for malathion as compared 
to that of enzymes/COFTFPB-DBD/GCE. Although the preparation of 
enzymes@COF microcapsule is slightly complicated and enzymes@COF 
microcapsule cannot guarantee that the bioactivity of enzyme 
completely under harsh environments, this work makes a great contri-
bution to the application of enzymes@COF microcapsules in electro-
chemical biosensors and provides a new idea for designing biosensors. 

Fig. 4. DPV of enzymes/COFTFPB-DBD/GCE in 0.2 M O2-saturated PBS (pH 7.0) with continuous addition of glucose (a). The calibration curve between j and 
glucose concentration (b). DPV of enzymes/COFTFPB-DBD/GCE in 0.2 M N2-saturated PBS (pH 7.0) with continuous addition of H2O2 (c). The calibration curve 
between j and H2O2 concentration (d). DPV of enzymes/COFTFPB-DBD/GCE in 0.2 M N2-saturated PBS (pH 7.0) with different concentration of malathion (e). The 
calibration curve between j and -lg(cmalathion) (f). 
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