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ABSTRACT: In the present study, a magnetic mimic multi-
enzyme system was developed by encapsulating the aryloxyphenox-
ypropionate (AOPP) herbicide hydrolase QpeH and alcohol
oxidase (AOx) in zeolitic imidazolate framework (ZIF-8) nano-
crystals with magnetic Fe3O4 nanoparticles (MNPs) to detect
AOPP herbicides. The structural, protein loading capacity and
loading ratio, porosity, and magnetic properties of QpeH/AOx@
mZIF-8 were characterized by scanning electron microscopy, X-ray
diffraction, Fourier transform infrared spectroscopy, thermogravi-
metric analysis, nitrogen sorption, and vibrating sample magneto-
metry. An AOPP herbicide colorimetric biosensor made with
QpeH/AOx@mZIF-8 had the highest sensitivity toward quizalo-
fop-P-ethyl (QpE) with a limit of detection of 8.2 μM. This system
was suitable to detect two other AOPP herbicides, including fenoxaprop-P-ethyl (FpE) and haloxyfop-P-methyl (HpE). The
practical application of the biosensor was verified through quantitative analysis of QpE residues in industrial wastewater and field
soils. Furthermore, QpeH/AOx@mZIF-8 exhibited excellent long-term storage stability (at least 50 days), easy separation by
magnet, and reusability (at least 10 cycles), supporting its promising role in simple and low-cost detection of AOPP herbicides in
real environmental samples.
KEYWORDS: aryloxyphenoxypropionate herbicides, magnetic nanoparticle, ZIF-8, colorimetric biosensor, detection

■ INTRODUCTION

Aryloxyphenoxypropionate (AOPP) herbicides are primarily
used as selective post-emergence herbicides to control annual
and perennial grass weeds in different broadleaf crops.1 AOPP
herbicides have been commercially manufactured and applied
in more than 100 countries worldwide since their discovery in
the mid-1940s.2 In 2014, the world AOPP herbicide
expenditure reached approximately $12.17 billion, accounting
for 4.6% of the global herbicide market.3 The new herbicide
market analysis has projected to the global herbicide sales to
increase by 2022.4 The increasing crop yield has optionally
contributed to large quantities of AOPP herbicides into the
environment, leading to severe contamination of groundwater
and distant surface water systems.5 AOPP herbicides and their
metabolites are abundant in natural water, soil, vegetables, and
fruits due to their extensive use, water solubility, and relatively
high mobility.6 Toxicological data demonstrated that low doses
of AOPP herbicides (100 μM) and frequent exposure even in
trace levels could induce DNA damage of non-target
organisms7 and liver and lung injury in rats and humans,
respectively.8,9 Except for the adverse impacts, AOPP herbicide
residues are also detrimental to rotation crops, leading to high
food safety risks.10 Therefore, establishing a routine monitor-
ing system with high sensitivity, specificity, and reliability is

highly necessitated to rapidly determine the AOPP herbicide
residue concentration in the environment.
Currently, AOPP herbicide detection is highly dependent on

the sensitivity and reliability of sophisticated instrumentations,
such as UV−vis absorption, high-performance liquid chroma-
tography−tandem mass spectrometry (HPLC−MS), and gas
chromatography−tandem mass spectrometry (GC−MS).11,12

However, these methods are time-consuming, expensive, and
complicated in terms of sample pre-preparation and trained
technicians. The enzyme-based electrochemical biosensors
have emerged as revolutionary strategies meeting the need
for rapid, low-cost, reliable, and one-site analysis of AOPP
herbicide residues in complex environmental samples.13

Generally, four types of biomolecules, including DNA,
antibodies or antigens, aptamer, and enzyme molecules, are
used in the electrochemical biosensors for analyte recognition.
Nevertheless, the DNA sensors, immunosensors, and aptasen-

Received: June 24, 2021
Published: September 8, 2021

Research Articlewww.acsami.org

© 2021 American Chemical Society
44329

https://doi.org/10.1021/acsami.1c11815
ACS Appl. Mater. Interfaces 2021, 13, 44329−44338

D
ow

nl
oa

de
d 

vi
a 

T
SI

N
G

H
U

A
 U

N
IV

 o
n 

N
ov

em
be

r 
4,

 2
02

2 
at

 0
0:

54
:4

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hengyan+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengya+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minghua+Xiong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c11815&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11815?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11815?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11815?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11815?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11815?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/13/37?ref=pdf
https://pubs.acs.org/toc/aamick/13/37?ref=pdf
https://pubs.acs.org/toc/aamick/13/37?ref=pdf
https://pubs.acs.org/toc/aamick/13/37?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c11815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


sors are reported to exert several demerits, such as low
selectivity,14 low stability,15 and fabrication difficulty.16

Recently, the enzyme-based biosensors have gained increasing
attention in pesticide detection due to their high activity and
selectivity under ambient conditions.
In enzyme-based biosensors, the enzyme molecules are

usually immobilized in the working electrode by a variety of
methods for ease of operation. However, practical applications
of natural enzymes are often hampered by the limitations of
low chemical and storage stability, high cost, and difficult
recovery and reusability.17 In this regard, enzyme immobiliza-
tion could be an alternative to overcome these challenges
during the immobilization method, nanotechnology, and
fabrication process. Metal−organic frameworks (MOFs), the
self-assembled metal ions and organic ligands, are the novel
hybrid crystalline nanomaterials. The MOF-supporting enzyme
immobilization possesses several unique properties, such as
tunable porosity, large surface areas, and post-synthetic
modifiability due to its diverse topological architecture.
These characteristics help to improve the loading capacity,
enzyme activity, and stability against adverse conditions.18

Accumulating studies have reported various biosensors using
MOFs as a support platform for monitoring pesticides.19,20

However, the analysis of most pollutants cannot be achieved
by one-step assay and requires a multi-enzyme system
equipped with a series of consecutive proceeding cascade
reactions. A recent study has reported rapid multi-enzyme co-
immobilization through biomimetic mineralization proce-
dures.21 In this process, the negatively charged enzyme
molecules in the aqueous solution bind with MOF precursors
and act as the nucleation center for MOF crystal formation.22

In a previous study, two model enzymes, glucose oxidase
(GOx) and horseradish peroxidase (HRP), were encapsulated
successfully into a zeolitic imidazolate framework (ZIF-8) to
form multiple enzyme-embedded composites for glucose
detection.21 It is worth mentioning that high dispersity and
low density result in difficult recovery and reusability of MOFs.
Therefore, magnetic Fe3O4 nanoparticles (MNPs) are
incorporated as seeds to prepare magnetic MOF composites
(mMOFs), defined as a “nanozyme”. These mMOFs exhibit
mimetic peroxidase activity.23 In recent years, nanozymes have
been widely explored for biomolecule sensing due to their
excellent robustness, simplicity, and cost-effective character-
istics.24 Hou et al. utilized embedded GOx and mimetic
peroxidase of magnetic ZIF-8 (mZIF-8) to develop a mimic
multi-enzyme system mZIF-8@GOx as a colorimetric

biosensor for detecting glucose. This model exhibited a linear
correlation at low concentration.25 Ricco et al. developed an
HRP/MNP@ZIF-8 composite in a one-pot synthesis without
adding the compatibilizing agents for detecting the pyrogallol
through H2O2-mediated oxidation.26 To the best of our
knowledge, one catalytic reaction is insufficient to detect most
of the herbicides, especially AOPP herbicides. Therefore, the
development of an enzyme-based biosensor for rapid
quantitative analysis of these target pollutants is still unex-
plored.
Herein, a facile one-pot synthesis was introduced to develop

a mimic multi-enzyme system based on mZIF-8 simultaneously
encapsulating the AOPP herbicide hydrolase QpeH and
alcohol oxidase (AOx) in an aqueous solution (Scheme 1).
In this system, a three-step cascade reaction was completed
orderly in a single magnetic nanoparticle QpeH/AOx@mZIF-
8 and achieved rapid detection of AOPP herbicides through
the naked eye in the lower concentration range, evading the
diffusion hindrance and decomposition of intermediates as well
as the cumbersome washing procedures such as ELISA. The
fabricated QpeH/AOx@mZIF-8 composite initially catalyzed
the hydrolysis of AOPP herbicides by embedded QpeH to
form the corresponding acids and alcohol and subsequently
oxidized the latter by an embedded second enzyme AOx to
produce H2O2. The peroxidase-like activity of mZIF-8 then
immediately catalyzed the oxidation of o-phenylenediamine
(OPD) in the presence of H2O2 to form an orange-colored
product 2,3-diaminophenazine (DAP). QpeH/AOx@mZIF-8
exhibited excellent analytical performances, such as low
detection limit, wide detection spectrum, high enzymatic
activity and storage stability, and ease of recycling for sensing
AOPP herbicides in environmental samples.

■ EXPERIMENTAL SECTION
Materials. AOPP herbicides, FeCl3·6H2O, FeSO4·7H2O, 2-

methylimidazole (HmIm), Zn(NO3)2·6H20, and o-phenylenediamine
(OPD) were obtained from Aladdin Industrial Inc., China. Trisodium
citrate dihydrate (C6H5O7Na3·2H2O), ammonia solution (25%),
H2O2 (30%), ethanol, and other chemicals and solvents were
purchased from Shanghai Chemical Reagent Co., Ltd (China). All
the above chemicals used in this study were of analytical grade. The
AOPP herbicide hydrolase QpeH from Pseudomonas sp. J-2 was
expressed in Escherichia coli cells and purified by Ni2+ affinity
chromatography.27 Alcohol oxidase (AOx) from Pichia pastoris was
procured from Beijing Solarbio Science & Technology Co., Ltd
(China).

Scheme 1. Schematic Illustration of the One-Pot Synthesis of QpeH/AOx@mZIF Composite with Magnetic Collection and
Utilized as a Biosensor for the Rapid Detection of AOPP Herbicides
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Preparation of Fe3O4 MNPs. The citric acid coated Fe3O4 (CA-
Fe3O4) MNPs were prepared via co-precipitation of Fe(III) and
Fe(II) ions.28 Briefly, 3.25 g of FeCl3·6H2O and 1.67 g of FeSO4·
7H2O were dissolved in 50 mL of deionized (DI) water under
vigorous stirring at 50 °C for 30 min. After complete dissolution, the
mixture was heated to 75 °C, and ammonia solution (6.25 mL, 25%
w/w) was added dropwise under continuous stirring for 60 min.
Later, 1.5 M of trisodium citrate (6.25 mL) was added and stirred
continuously for another 90 min at 85 °C under N2 and allowed to
cool at room temperature. Afterward, the black precipitate was
separated by immersing a strong magnet into the solution for 5 min.
The resulting product was washed thrice with DI water and ethanol
and finally dried in a vacuum oven at 60 °C for 6 h.
Synthesis of mZIF-8 and QpeH/AOx@mZIF-8. mZIF-8 and

QpeH/AOx@mZIF-8 composite were synthesized according to the
method described by He et al.29 CA-Fe3O4 MNPs (20 mg) were
suspended in 2 mL of DI water and sonicated for 15 min to ensure
homogeneous dispersion. The MNP suspension was then mixed with
Zn(NO3)2 solution (0.4 M, 1 mL) and HmIm solution (1.25 M, 10
mL) under stirring for 30 min at room temperature. The mixture was
centrifuged at 6,000 g for 10 min, and the precipitate was washed
thrice with DI water. The final products were freeze-dried overnight
to determine the yield. The same procedure was followed for QpeH/
AOx@mZIF-8 or AOx@mZIF-8 composite synthesis, only using
QpeH (15 mg mL−1) and AOx (5 mg mL−1) solution or AOx (5 mg/
mL) solution instead of an equal volume of DI water. The pure ZIF-8
was also synthesized without the addition of MNPs and enzymes.

Characterization Methods. The morphologies of the samples
were characterized by field-emission scanning electron microscopy
(SEM, HITACHI Regulus 8220) equipped with energy-dispersive X-
ray spectrometry (EDS) and Fourier transform infrared (FT-IR)
spectroscopy (Thermo Nicolet 4700). The crystal structures of the
samples were recorded with powder X-ray diffraction (XRD, Bruker
D8 Advance) within the range of 2θ between 5 and 50°. The
magnetic properties at room temperature were measured by a
vibrating sample magnetometer (VSM, Lakeshore-7304) at 300 K.
Thermogravimetric analysis (TGA) was performed on a thermogravi-
metric analyzer (METTLER SDTA851) from 30 to 800 °C at a
heating rate of 10 °C min−1 under a N2 atmosphere. The specific
surface areas and pore sizes were determined by a Micromeritics
ASAP 2460 analyzer and calculated by the Brunauer−Emmett−Teller
(BET) equation and the Barrett−Joyner−Halenda (BJH) adsorption
method, respectively.

Mimic Peroxidase Activity of mZIF-8. The mimic peroxidase
activity of mZIF-8 was measured as follows: 5 mg of mZIF-8 was
dispersed in 1 mL of NaAC buffer (0.2 M, pH 4.0) and added into the
aqueous solution (4 mL) containing OPD (1 mL, 1 mM) and
different H2O2 concentrations (4.0−316.8 μM). The reaction solution
was incubated at room temperature for 10 min in the dark and then
separated by an external magnet to remove the mZIF-8 nanoparticles.
The absorbance of the obtained solution was examined immediately
by a UV−vis spectrophotometer (UNICO-4802, China) at 450 nm to
determine the produced DAP concentration. Kinetic parameters (Km
and Vmax) were calculated by Lineweaver−Burk plots of the
Michaelis−Menten equation from three independent tests.

Figure 1. SEM images of (a) CA-Fe3O4 MNPs and (b) QpeH/AOx@mZIF-8 composite and size distributions of (c) CA-Fe3O4 MNPs and (d)
QpeH/AOx@mZIF-8 composites.
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Detection of Quizalofop-P-Ethyl by QpeH/AOx@mZIF-8.
Quizalofop-P-ethyl (QpE) was used as a model analyte of AOPP
herbicides to determine the biosensor performance of QpeH/AOx@
mZIF-8. QpeH/AOx@mZIF-8 (5 mg) dispersed in 1 mL of NaAC

buffer (0.2 M, pH 4.0) was added to the reaction solution (4 mL)
containing OPD (1 mL, 1 mM) and various QpE concentrations,
followed by incubation at room temperature for 10 min in the dark.

Later, the absorbance at 450 nm was recorded after the removal of
QpeH/AOx@mZIF-8. Alcohol detection by AOx@mZIF-8 was
performed using ethanol as substrates according to the above
procedure.

Colorimetric Assay for Environmental Samples. The
industrial wastewater was collected from the wastewater treatment
facility of an AOPP herbicide QpE plant in the city of Wuhan, China.

Figure 2. (a) XRD patterns of ZIF-8, Fe3O4, mZIF-8, and QpeH/AOx@mZIF-8; (b) FT-IR spectra of Fe3O4, mZIF-8, and QpeH/AOx@mZIF-8;
(c) TGA curves of ZIF-8, mZIF-8, and QpeH/AOx@mZIF-8; (d) EDS analysis of QpeH/AOx@mZIF-8; (e) N2 sorption−desorption isotherms
of mZIF-8 and QpeH/AOx@mZIF-8; and (f) magnetic hysteresis loops of Fe3O4, mZIF-8, and QpeH/AOx@mZIF-8. The inset photograph
indicates the magnetic separation of QpeH/AOx@mZIF-8 by an external magnet.
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Surface soils (10 g, 0−20 cm) from a watermelon field long-term
contaminated by QpE were dispersed in 100 mL of DI water for 15
min. The wastewater and soil suspension samples were centrifuged at
12,000 rpm for 10 min before measurement. Later, the supernatant
was continuously diluted 10-fold by DI water and reacted with
QpeH/AOx@mZIF-8 in NaAC buffer (0.2 M, pH 4.0) and OPD for
10 min away from light, followed by UV−vis spectrophotometer
detection. Meanwhile, QpE quantification from the wastewater and
soil suspension was verified by HPLC as described previously.27

Detection of Various AOPP Herbicides by QpeH/AOx@
mZIF-8. The composite (5 mg) dispersed in NaAC buffer (0.2 M, pH
4.0) was added into the reaction solution in the presence of OPD (1
mL, 1 mM) and different concentrations of fenoxaprop-P-ethyl (FpE)
or haloxyfop-P-methyl (HpE) to evaluate the detection of various
herbicides by QpeH/AOx@mZIF-8. The total reaction volume was 5
mL. The concentrations of various analytes were determined at 450
nm absorbance following incubation for 10 min in the dark and
QpeH/AOx@mZIF-8 separation by a magnet.

■ RESULTS AND DISCUSSION
Preparation and Characterization of QpeH/AOx@

mZIF-8. The mimic multi-enzyme@mZIF-8 composite was
prepared under mild conditions using the rapid self-assembly
of Zn2+ and HmIm ligands induced by Fe3O4 nanoparticles
and spontaneous encapsulation of a cascade enzyme system
consisting of QpeH and AOx (Scheme 1). The facile one-pot
synthesis approach affords enzyme immobilization within 30
min, unlike the formation of organic−inorganic hybrid
nanoflowers requiring slow crystallization in 3 days.30 It also
protects the embedded enzymes from adverse conditions and
prevents biomolecules from leaching. Here, QpeH/AOx@
mZIF-8 was conveniently recovered after a catalytic reaction
mediated by an external magnet for the next catalyst owing to
the introduction of Fe3O4 MNPs. Notably, the three-step
cascade reaction is accomplished in a single hybrid composite
utilizing hydrolase QpeH, oxidase AOx, and mimic peroxidase
of mZIF-8 to form a colored product for AOPP herbicide
detection. In this reaction, the intermediates migrate directly to
the catalytic site of the downstream enzyme to avoid their
decomposition and diffusion hindrance.
The CA-Fe3O4 MNPs were prepared by a modified

solvothermal reaction as described by Hou et al.28 The SEM
image of CA-Fe3O4 illustrated in Figure 1a indicates the
formation of spherical MNPs with an average diameter of
around 25.6 nm (Figure 1c), which was consistent with the
particle size of MNPs synthesized by Ricco using atomic force
microscopy (AFM) measurements.26 The SEM images of
mZIF-8 and QpeH/AOx@mZIF-8 demonstrated that the
composites had the same truncated rhombic dodecahedral
morphology with a mean diameter of about 494.5 nm and a
rough surface (Figure 1b,d). Compared to HRP/MNP@ZIF-8
prepared through a similar co-precipitation method, the
particle sizes of these two composites were smaller. The
reason might be because the sustained growth of HRP/MNP@
ZIF-8 for another 16 h leads to increased particle size.31

The XRD patterns of mZIF-8 and QpeH/AOx@mZIF-8
illustrated in Figure 2a exhibit all diffraction peaks typical of
magnetite (JCPDS card no. 19-0629) Fe3O4 and ZIF-8
crystal,32 suggesting no significant effect of MNP and enzyme
incorporation on the crystal structure and crystallinity of ZIF-
8. The FT-IR spectra illustrated in Figure 2b suggest that the
characteristic peaks at 1640−1660 cm−1 were assigned to the
CO stretching vibrations of the amide I band,22 and the
enzyme protein was embedded in ZIF-8. The characteristic
peak at 580 cm−1 was ascribed to the stretching mode of Fe−

O,33 which verified the presence of Fe3O4 MNPs in the
composites. The TGA profiles of mZIF-8 and QpeH/AOx@
mZIF-8 illustrated in Figure 2c indicate less than 7% weight
loss below 200 °C due to the evaporation of residual water and
solvent from the cavities. The second weight loss of mZIF-8
and QpeH/AOx@mZIF-8 was approximately 11 and 19%
between 250 and 350 °C, attributing to the decomposition of
MNPs and enzyme protein in ZIF.34 Compared to the weight
loss of the two composites, the loading capacity and loading
ratio of enzyme protein inside mZIF-8 were 8 and 86.6%,
respectively. The lower enzyme loading capacity and loading
ratio of QpeH/AOx@mZIF-8 with respect to catalase@ZIF-8
(12%)35 with rhombic dodecahedral morphology might be
explained by the presence of the competition between the
enzyme and MNPs as heterogeneous nucleation seeds.
Additionally, the EDS elemental mapping indicated the peaks
of the elements C, O, N, Zn, and Fe throughout QpeH/AOx@
mZIF-8 (Figures 2d and S1), in which Fe appearance could be
assigned to Fe3O4 MNP encapsulation within the composite.
The porosity characteristics of mZIF-8 and QpeH/AOx@

mZIF-8 were measured by an N2 sorption−desorption
isotherm at 77 K (Figure 2e). The results exhibited a typical
type I adsorption−desorption behavior for microporous
structure. The BET surface areas of mZIF-8 and QpeH/
AOx@mZIF-8 were 611.8 and 526.2 m2 g−1, respectively. In
contrast, QpeH/AOx@mZIF-8 (15.2 nm) had a larger pore
size than mZIF-8 (12.6 nm). The porous features of QpeH/
AOx@mZIF-8 suggest that the introductions of magnetic
content and multi-enzyme do not interfere with the micro-
porous structure of ZIF crystal. Moreover, the large surface
area and pore size enable the target analyte to easily cross
through the ZIF shell to interact with the enzymes.36 The
magnetic hysteresis loops of Fe3O4, mZIF-8, and QpeH/
AOx@mZIF-8 were investigated by VSM. As depicted in
Figure 2f, the saturation magnetization (Ms) values were 78.3
emu g−1 for Fe3O4, 51.1 emu g−1 for mZIF-8, and 44.7 emu g−1

for QpeH/AOx@mZIF-8, respectively. Although QpeH/
AOx@mZIF-8 had a decreased Ms value due to the presence
of ZIF shell and enzyme molecules on MNP seed surface,
QpeH/AOx@mZIF-8 was suitable for simple magnetic
separation by an external magnetic field. The inset photograph
of Figure 2f demonstrates that a magnet could readily separate
QpeH/AOx@mZIF-8 from a liquid suspension in 2 min.
Besides, the absence of remanence and coercivity with no
hysteresis expressed a superparamagnetic behavior of the
prepared magnetic composites at room temperature,37

suggesting that these composites could be re-dispersed
immediately after the removal of the magnet. The above
results elucidate that QpeH/AOx@mZIF-8 is suitable for
AOPP detection with excellent recyclability and reusability in
practical application.

Determination of the Peroxidase-like Activity of
mZIF-8. Since the chromogenic reaction using mZIF-8
oxidizing OPD is critical for colorimetric detection of AOPP
herbicides based on the QpeH/AOx@mZIF-8 mimic multi-
enzyme system, the mimic peroxidase activity of mZIF-8 was
first evaluated by measuring the absorbance at 450 nm using
OPD as a substrate. As illustrated in Scheme 1, mZIF-8
catalyzed the oxidization of OPD to form orange-colored DAP
in the presence of H2O2. In a typical experiment, the
absorbance at 450 nm was monitored in 10 min after
incubation of mZIF-8 in 5 mL of NaAC buffer (0.2 M, pH
4.0) containing 118.8 μM H2O2 and 1 mM OPD at room
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temperature. With the increase of the reaction time, the
absorbance increased gradually. Finally, a value limit (A450 =
0.36) could be achieved at 7 min (Figure S2a). Furthermore,
the effects of temperature and pH on the peroxidase-like
activity of mZIF-8 were examined. mZIF-8 exhibited high
activity at 20−80 °C and an optimum at 50 °C (Figure S2b).
The optimal pH of mZIF-8 at room temperature was pH 4.0
(Figure S2c). Although this pH was significantly lower than the
optimal pH of free QpeH (pH 8.0)27 and AOx (pH 7.5), the
encapsulation of enzyme in ZIF-8 was confirmed to
substantially improve the pH stability due to the effective
protection of ZIF-8 scaffold preventing the conformational
changes of the embedded enzyme,38 which allowed QpeH/
AOx@mZIF-8 to efficiently execute cascade enzymatic
reaction at pH 4.0. Under optimal conditions, an excellent
linear relationship between the absorbance and H2O2
concentration within the range of 4.0−158.4 μM was observed
(R2 = 0.9962) (Figure 3). This result suggested that excess

H2O2 production through the cascade catalysis of QpeH and
AOx embedded in the QpeH/AOx@mZIF-8 biosensor had no
remarkable effect on the absorbance of OPD-H2O2 colori-
metric reaction.39 The steady-state kinetic experiments were
performed by diluting OPD and H2O2 to six different
concentrations. When the amount of H2O2 in the reaction
was excess, the kinetic values Km and Vmax of mZIF-8 for OPD
were 0.68 mM and 4.28 × 10−8 M s−1, respectively. When the
reaction was performed with an excess amount of OPD, the Km
value of mZIF-8 for H2O2 was 1.18 mM and the Vmax value was
2.65 × 10−8 M s−1. The decreased Km value of mZIF-8
regardless of OPD or H2O2 compared to the free HRP25,40

demonstrates that the prepared mZIF-8 possesses a higher
peroxidase-like activity toward each substrate.
To rule out the possibility that the leached ferrous ions

utilized their intrinsic peroxidase-like activity to catalyze the
oxidation of OPD, the Fe2+ ion concentrations leached from 5
mg of mZIF-8 in 1 mL of NaAc buffer (0.2 M, pH 4.0) for 20
min were investigated based on the coloration reaction
between Fe2+ and 1,10-phenanthroline.41 As displayed in
Figure S3a, the amount of Fe2+ ions leached from mZIF-8 was
almost ignored according to the absorbance at 508 nm.

Meanwhile, the structural integrity of mZIF-8 was observed by
SEM after the acid treatment with no distinct difference in the
morphology before and after treatment (Figure S3b,c). The
above results confirm that mZIF-8 has excellent stability under
acidic conditions, suggesting that Fe3O4 nanoparticles have no
significant impact on the peroxidase-like activity of mZIF-8.

Performance Evaluation of AOPP Herbicide Biosen-
sor. The cascade reaction of QpeH/AOx@mZIF-8 resulted in
the oxidation of alcohols to H2O2 intermediate using oxygen as
an electron acceptor. Then, mZIF-8 catalyzed OPD with H2O2
to form DAP, which was monitored by a spectrophotometer.
Based on this catalytic principle, QpeH/AOx@mZIF-8 as a
colorimetric biosensor was found to be suitable for rapid
sensing of AOPP herbicides. In a typical detection of the
AOPP herbicide QpE, the absorbance at 450 nm was measured
10 min after the incubation of QpE, QpeH/AOx@mZIF-8,
and OPD in 5 mL of the reaction solution at room
temperature. As depicted in Figure 4a,b, the developed
biosensor offered a good linearity of 6.7−214.6 (R2 =
0.9912) between the absorbance and concentration of the
AOPP herbicide QpE and a clear color change was observed
(Figure 4a, inset). The limit of detection (LOD) was 8.2 μM
according to the equation: LOD = 3σ/S, where σ represents
the standard deviation of the biosensor response value with
regard to the blank (0.003) and S is the slope value of the
calibration curve (0.0011). The LOD of this biosensor is
comparable or better than those of the previously reported
enzymatic monitoring system based on the colorimetric
method for organic pollutants (Table 1). Most importantly,
the QpeH/AOx@mZIF-8 mimic multi-enzyme system is
simple, rapid, and cost-effective for detecting a complicated
AOPP herbicide QpE over a wide range of concentrations.
The applicability of QpeH/AOx@mZIF-8 in determining

the AOPP herbicide residues in industrial wastewater from a
QpE plant and the surface soils from a watermelon field was
verified using the composite. As summarized in Table 2,
though the results obtained from the QpeH/AOx@mZIF-8
biosensor were slightly higher than the corresponding
validations from standard HPLC analysis, both data were
well matched. AOx@mZIF-8 with the capability of alcohol
detection was utilized to determine the amount of alcohol and
verify whether the alcohol residues caused higher results of
QpeH/AOx@mZIF-8 in the tested samples. The absorbance
(at 450 nm) of the reaction solutions obtained from the
wastewater and soil samples was negligible (data not shown),
suggesting that the decreased value of HPLC validations might
be the reason for the small loss of the target analyte during the
samples pre-preparation, such as extraction and repeated
dissolution. Meanwhile, these results suggested that mZIF-8 as
a scaffold protected the embedded multi-enzyme’s catalytic
activity from adverse conditions.31 Thus, the cascade catalysis
of QpeH/AOx@mZIF-8 toward QpE was not significantly
affected in the wastewater and soil suspension, suggesting the
high specificity of the present multi-enzyme system toward
QpE.
The hydrolase QpeH from Pseudomonas sp. J-2 exhibited

high catalytic activity against six AOPP herbicides, especially
QpE, QpT, FpE, and HpE.27 Since one of the corresponding
hydrolytic products of FpE and HpE catalyzed by QpeH were
ethanol and methanol, which could be subsequently oxidized
by AOx to form H2O2, the potential of QpeH/AOx@mZIF-8
as a biosensor in determining FpE and HpE was also evaluated.
As depicted in Figure 4c,d, good linearity and sensitivity were

Figure 3. Absorbance at 450 nm of OPD oxidized by mZIF-8 using
H2O2 in the concentration of 4.0−316.8 μM. The inset photograph
indicates the corresponding fitted linear plot.
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observed in a broad range of 6.7−214.6 μM for FpE and 13.4−
268.2 μM for HpE. This demonstrates that the QpeH/AOx@
mZIF-8 system is a multifunctional colorimetric biosensor
rapidly achieving the visible detection of various AOPP
herbicides.
Stability and Reusability of QpeH/AOx@mZIF-8. The

long-term storage stability of biosensors is an essential aspect

to extend the application and reduce the usage costs. To
investigate the stability of the multi-enzyme system, the
QpeH/AOx@mZIF-8 composite was sealed, stored at 4 °C for
60 days, and the absorbance at 450 nm was measured 10 min
after the incubation of reaction solution containing QpeH/
AOx@mZIF-8, OPD, and QpE at room temperature. As
depicted in Figure S4a, QpeH/AOx@mZIF-8 retained above

Figure 4. (a) Detection of AOPP herbicide QpE at concentrations of 6.7−214.6 μM by QpeH/AOx@mZIF-8. The inset photograph indicates
colorimetric detection of QpE; (b) UV−vis absorption spectra of OPD solutions 10 min after incubation of QpeH/AOx@mZIF-8 with different
concentrations of QpE; detection of AOPP herbicides (c) FpE at concentrations of 6.7−214.6 μM and (d) HpE at concentrations of 13.4−268.2
μM by QpeH/AOx@mZIF-8.

Table 1. Comparison of Various Enzymatic Biosensors for the Detection of Organic Pollutants

materials Pollutants LOD dynamic range stability reference

Sol−gel-immobilized alkaline phosphatase metam-sodium 36.5 μM 75.0−480.0 μM 42
tetradifon 4.9 μM 3.5−28.0 μM

Ni2+-modified nitrilotriacetic acid agarose methyl parathion 3.8 μM 1.0−100.0 μM 43
Tb-BTC methyl parathion 2.6 nM 0.1−1000.0 μM 60 days 20
HRP-MWNTs-GC 2,4-dichlorophenol 0.4 μM 1.0−100.0 μM 14 days 44
Cu3(BTC)2 2,4-dichlorophenol 9.0 nM 40.0−1000.0 nM 45
Cu-MOF-GN/GCE hydroquinone 0.6 μM 1.0−1000.0 μM 46

catechol 0.3 μM
SiSG-TYR/Fe3O4-MWCNTs/GCE hydroquinone 57.0 nM 1.5−40.0 μM 14 days 47

catechol 55.0 nM 1.5−30.0 μM
Cu-MOF/rGO nitrite 33.0 nM 3.0−40000.0 μM 48
QpeH/AOx@mZIF-8 QpE 8.2 μM 8.2−214.6 μM 50 days this work

FpE 6.7 μM 6.7−214.6 μM
HpE 13.4 μM 13.4−268.2 μM
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90% of the initial activity for at least 50 days with good
stability. The MNP utilization facilitates the reuse of
immobilized multi-enzyme systems. To assess the reusability
of QpeH/AOx@mZIF-8 as a biosensor, the magnetic nano-
particles were separated by a magnet and washed with
phosphate-buffered solution (50 mM, pH 7.5) after each
catalysis. Later, this solution was re-used in the next reaction to
detect the absorbance of the supernatant after centrifugation.
As depicted in Figure S4b, QpeH/AOx@mZIF-8 displayed
excellent reusability over 12 cycles. The residues activity
showed no significant decrease for five cycles and reached 85%
of the initial activity even after 12 times reuse. Notably, a
decline in the catalytic activity might be partially attributed to
the loss of QpeH/AOx@mZIF-8 during the repeated
separation. The above results suggest that mZIF-8 as a
promising support for enzyme immobilization could largely
improve the practical utility of QpeH/AOx@mZIF-8 for
AOPP herbicide detection.

■ CONCLUSIONS
In conclusion, a magnetic ZIF-8-based mimic multi-enzyme
system as a colorimetric biosensor was developed for AOPP
herbicide detection. The prepared QpeH/AOx@mZIF-8
composite showed a fascinating mimetic peroxidase activity
of nanozyme MNPs and simultaneously possessed AOPP
herbicide hydrolase and alcohol oxidase properties. The
cascade enzymatic reaction combined with QpeH/AOx@
mZIF-8 effectively avoided the diffusion hindrance and
decomposition of intermediates allowing rapid, sensitive, and
one-step assay of AOPP herbicides. The colorimetric biosensor
exhibited a wide detection range of AOPP herbicides QpE,
FpE, and HpE and a comparable or better limit of QpE
detection than the previously reported enzymatic biosensors.
The quantitative assay of QpE residues in the industrial
wastewater and field soils suggested that QpeH/AOx@mZIF-8
was potential enough for simple and reliable detection of
AOPP herbicide in real environmental samples. Furthermore,
the long-term storage stability, easy separation, and reusability
of QpeH/AOx@mZIF-8 make it promising for developing
low-cost and robust AOPP herbicide biosensors. This study
will provide insights into the development of an enzymatic
biosensor for rapid detection of the complex environmental
contaminants.
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