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Tuning Atomically Dispersed Fe Sites 
in Metal–Organic Frameworks Boosts 
Peroxidase‑Like Activity for Sensitive Biosensing

Weiqing Xu1, Yikun Kang2, Lei Jiao1, Yu Wu1, Hongye Yan1, Jinli Li1, Wenling Gu1, 
Weiyu Song2 *, Chengzhou Zhu1 *

HIGHLIGHTS

• The two functional groups (nitro and amino) were introduced into MIL-101(Fe) for tuning the atomically dispersed metal active sites.

• Benefiting from both geometric and electronic effects, the nitro-functionalized MIL-101(Fe) shows a superior electronic structure of 
active sites and low reaction energy barrier for the HO* formation.

• Nitro-functionalized MIL-101(Fe)-based biosensor was successfully employed to detect acetylcholinesterase activity and organo-
phosphorus pesticide.

ABSTRACT Although nanozymes have been widely devel-
oped, accurate design of highly active sites at the atomic level 
to mimic the electronic and geometrical structure of enzymes 
and the exploration of underlying mechanisms still face signifi-
cant challenges. Herein, two functional groups with opposite 
electron modulation abilities (nitro and amino) were introduced 
into the metal–organic frameworks (MIL-101(Fe)) to tune the 
atomically dispersed metal sites and thus regulate the enzyme-
like activity. Notably, the functionalization of nitro can enhance 
the peroxidase (POD)-like activity of MIL-101(Fe), while the 
amino is poles apart. Theoretical calculations demonstrate that the introduction of nitro can not only regulate the geometry of adsorbed 
intermediates but also improve the electronic structure of metal active sites. Benefiting from both geometric and electronic effects, the 
nitro-functionalized MIL-101(Fe) with a low reaction energy barrier for the HO* formation exhibits a superior POD-like activity. As 
a concept of the application, a nitro-functionalized MIL-101(Fe)-based biosensor was elaborately applied for the sensitive detection of 
acetylcholinesterase activity in the range of 0.2–50 mU mL−1 with a limit of detection of 0.14 mU mL−1. Moreover, the detection of organo-
phosphorus pesticides was also achieved. This work not only opens up new prospects for the rational design of highly active nanozymes 
at the atomic scale but also enhances the performance of nanozyme-based biosensors.
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1 Introduction

Peroxidase (POD) with superior catalytic activity and 
selectivity has been widely applied in the fields of ana-
lytical sensing [1, 2]. The active site of POD contains a 
penta-coordinate heme iron, where adjacent atoms can 
directly affect the electronic structure of the central Fe site 
and contribute to the activity and selectivity [3, 4]. Nev-
ertheless, the main challenge in natural enzymes is poor 
stability, which limits the activity and lifetime of enzymes 
in complex environments [5, 6]. Recently, nanozymes, a 
series of nanomaterials with enzyme-mimicking charac-
teristics, have been selected as the substitutes for natural 
enzymes and applied in various fields because of their high 
stability, low-cost and mass production [7–11]. However, 
the catalytic activities of nanozymes are still much lower 
than those of natural enzymes [12–14]. Given the elec-
tronic and geometrical structures of enzymes are two key 
factors toward catalytic activities, accurately designing and 
tuning the electronic and geometrical structure of active 
sites at the atomic scale are important for the development 
of advanced nanozymes [15–18]. Specifically, the well-
defined structures and coordination features of atomically 
dispersed active sites are of great significance for under-
standing the activity–structure relationships in nanozyme 
systems and achieving vivid mimicking of natural enzymes 
[19–22].

Metal–organic frameworks (MOFs) have received 
widespread applications in various fields because of their 
attractive features including large surface area, high poros-
ity, structural diversity and functional tunability [23–26]. 
Significantly by virtue of the versatile organic linkers 
and atomically dispersed metal structural building units, 
the microstructure and the electronic structure of MOFs 
could be well regulated via various strategies [27–31]. In 
particular, the introduction of functional groups or het-
eroatoms in the MOFs can not only affect the electron 
density around the atomically dispersed metal centers but 
also change the nucleophilicity, redox potential and sta-
bility of the catalysts, making them own great potential in 
electrocatalysis, photocatalysis and biocatalysis [32–36]. 
Recently, the enzyme-like property of MOFs has attracted 
the extensive interest of the research community. However, 
their catalytic activities are still less than satisfactory com-
pared with other types of nanozymes [37–40]. Therefore, 

the regulation of active sites based on geometric and elec-
tronic effects has great potential for the enhancement of 
catalytic activities of nanozymes.

Herein, MIL-101(Fe) (abbreviated as MIL-101 here) 
with the favorable POD-like activity was chosen as the 
model, where the Fe sites coordinate with five neigh-
bor atoms as the active sites of natural POD. Benefiting 
from predictable and designable functionality, two func-
tional groups, nitro and amino (–NO2 and –NH2) with 
opposite electron modulation abilities, are controllably 
introduced into MIL-101 (denoted as  NO2-MIL-101 and 
 NH2-MIL-101, respectively) to tune the structure of active 
sites. As expected, the functional groups can efficiently 
regulate POD-like activity. The  NO2-MIL-101 exhibited 
superior POD-like performance, followed by MIL-101 
and finally  NH2-MIL-101. The experiment results dem-
onstrate that the introduction of –NO2 efficiently enhances 
the affinity of MIL-101 toward the substrate, which dra-
matically promotes its catalytic activity. Furthermore, 
theoretical studies indicate that the strong electron-with-
drawing –NO2 can not only regulate the geometry of the 
adsorbed intermediates but also efficiently optimize the 
electronic structure of atomically dispersed Fe, leading 
to a significant reduction of energy barrier for the HO* 
formation and the enhancement of POD-like activity. 
Therefore, tuning atomically dispersed Fe sites in MOFs 
with synergistic geometric and electronic effects provides 
great opportunities to design advanced nanozymes and 
improve the catalytic activity at the atomic scale. As a 
concept application, the  NO2-MIL-101-based biosensor 
was established for sensitive colorimetric determination 
of acetylcholinesterase (AChE) activity and organophos-
phorus pesticides (OP), which holds great promise in bio-
sensing applications.

2  Experimental

2.1  Materials

Acetylcholinesterase (AChE), acetylthiocholine chlo-
ride (ATCh), 5,5-dimethyl-1-pyrroline 1-oxide (DMPO), 
invertase (INV) and bovine serum albumin (BSA) were 
purchased from Sigma-Aldrich. 3,3′,5,5′-tetrameth-
ylbenzidine (TMB) was obtained from Shanghai Dibai 
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Biotechnology Co., Ltd. Dihydroethidium (DHE), glu-
cose oxidase (GOx), alkaline phosphatase (ALP), laccase 
(LAC), horseradish peroxidase (HRP), 2-nitroterephthalic 
acid, terephthalic acid, and 2-aminoterephthalic acid were 
from Shanghai Aladdin Bio-Chem Technology Co., Ltd. 
Paraoxon-ethyl and other pesticides were from Dr. Ehren-
storfer GmbH (Augsburg, Germany). All the chemical rea-
gents obtained were of analytical reagent grade.

2.2  Evaluation of the POD‑Like Activity

The nanozymes (1 mg mL−1, 10 µL) were introduced into 
the HAc-NaAc buffer (0.1 M, pH 3.0, 150 µL) containing 
 H2O2 (100 mM, 100 µL) and TMB (1 mM, 50 µL). Then, the 
absorbance values of the reaction solution were obtained by 
a multimode reader after 5 min.

2.3  Kinetics Assay

The kinetics assay of the nanozymes evaluated the catalytic 
ability of nanozymes in different concentrations of TMB 
and  H2O2. In brief, the nanozymes (1 mg mL−1, 10 µL) were 
added into the HAc-NaAc buffer (pH 3.0, 150 µL) contain-
ing  H2O2 (0.5 M, 100 µL) and different concentrations of 
TMB (50 µL) to obtain the kinetic data toward TMB. Simi-
larly, the nanozymes (1 mg mL−1, 10 µL) were added into 
the HAc-NaAc buffer (pH 3.0, 150 µL) containing TMB 
(10  mM, 50  µL) and different concentrations of  H2O2 
(100 µL) to obtain the kinetic data toward  H2O2. Then, a 
typical Michaelis–Menten equation (V = Vmax[S]/(Km + [S])) 
was used to evaluate the kinetics of nanozymes. The V is the 
velocity, Vmax is the maximal reaction velocity, [S] is the 
substrate concentration, and Km is the Michaelis–Menten 
constant.

2.4  Computation Details

Density functional theory (DFT) calculations were per-
formed by Vienna Ab initio Simulation Package (VASP) 
with the generalized gradient approximation (GGA) param-
eterized by Perdew, Burke and Ernzerhof (PBE) for the 
exchange correlation functional [41–43]. We used a local 
structural unit of MIL-101 with three equivalent Fe atoms 
to simulate the unmodified MIL-101. We replaced the 
hydrogen with six amino groups and six nitro groups at the 

same site to simulate the  NH2-MIL-101 and  NO2-MIL-101, 
respectively. We used a 30 × 30 × 30 Å3 cubic lattice to pre-
vent spurious interactions due to periodic boundary condi-
tions. An energy cutoff of 300 eV is used for all calculations, 
and the k-point meshes of 1 × 1 × 1 were applied for Brillouin 
zone integration. The atomic positions were relaxed until 
the force on each atom was less than 0.05 eV Å−1, and the 
convergence tolerance of the energy was set to be  10−4 eV.

2.5  Colorimetric Detection of AChE

ATCh (10 mM, 30 µL, pH 7.4) and different concentrations 
of AChE (50 µL, pH 7.4) were incubated for 30 min 37 °C. 
Then, the  NO2-MIL-101 (1 mg mL−1, 20 µL), HAc-NaAc 
buffer (0.1 M, pH 3.0, 1 mL) and  H2O2 (100 mM, 200 µL) 
were introduced into this reaction solution. After incubation 
for another 10 min, TMB (1 mM, 200 µL) was introduced 
into this system. The absorbance of this mixture (named 
A) was recorded after 5 min. A control group without the 
addition of ATCh was also carried out to obtain A0. A linear 
relationship between the (A0 − A)/A0 × 100 and activity of 
AChE was obtained for the evaluation of AChE activity.

3  Results and Discussion

3.1  Synthesis and Characterization of MOFs

The MIL-101 with POD-like characteristics, excellent 
stability and functional tunability was synthesized by 
using  Fe3+ as a coordination center and terephthalic acid 
as organic ligands [44], which is selected as the model 
to design the modified nanozymes. To regulate the elec-
tronic or microstructure of MOFs, the strong electron-
withdrawing –NO2 and electron-donating –NH2 groups 
are introduced to synthesize functionalized MIL-101, 
respectively. The detailed synthetic procedures are pre-
sented in Supporting Information. It is established that 
the nodes of MIL-101 are constituted by three octahedra 
sharing a µ3-O corner and one Fe at the center [45]. As 
shown in Fig. 1a–c, the theoretical models of the local 
structural unit of the different functionalized MIL-101 
are the same, except that the –NH2 or –NO2 replaces the 
–H of terephthalic acid. First, the morphologies of the 
as-prepared materials were characterized by transmission 
electron microscopy (TEM). As can be seen in Fig. 1d–f, 
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the MIL-101,  NO2-MIL-101 and  NH2-MIL-101 show 
uniform octahedron morphologies with a diameter of 
about 600–800 nm. High-angle annular dark-field scan-
ning TEM (HADDF-STEM) image and its corresponding 
energy-dispersive spectroscopy (STEM-EDS) mappings 
demonstrate the uniform dispersion of C, N, O and Fe 
in  NO2-MIL-101 (Fig. 1g). Moreover, the powder X-ray 
diffraction (XRD) patterns suggest that the MIL-101, 
 NH2-MIL-101 and  NO2-MIL-101 share a similar topol-
ogy (Fig. 1h). Also, compared with the Fourier transform 

infrared spectroscopy (FT-IR) spectra of MIL-101, 
the presence of characteristic peaks of –NH2 and –NO2 
in  NH2-MIL-101 and  NO2-MIL-101, respectively, verify 
that the –NH2 and –NO2 have been successfully introduced 
into the MIL-101 (Fig. 1i). Moreover, X-ray photoelectron 
spectroscopy (XPS) was performed to further verify the 
elemental compositions of the resultant MOFs. The peaks 
of C 1s, O 1s and Fe 2p were observed in the full-range 
XPS spectra (Fig. S1a). The significant peak of N 1s in the 
XPS spectra manifests the existence of –NH2 (399.67 eV) 
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and –NO2 (405.52 eV), which were well consistent with 
the observation from FT-IR (Fig. S1b) [46, 47].

3.2  POD‑Like Activity of MOFs

The introduction of the functional groups in MIL-101 was 
expected to rationally tune the POD-like activity. Based on 
the same content of metal active sites (Fe) (Table S1), a typi-
cal chromogenic reaction was conducted, in which the color-
less 3,3′,5,5′-tetramethylbenzidine (TMB) was oxidized to 
the blue oxidation state of TMB (oxTMB) in the presence of 
 H2O2 and nanozymes (Fig. 2a). It is found that the introduc-
tion of electron-withdrawing –NO2 enhances the POD-like 

activity of MIL-101, while the introduction of electron-
donating –NH2 weakens the POD-like activity of MIL-101 
(Fig. 2b). The specific activity (SA) was used to quantita-
tively evaluate the catalytic activity of these nanozymes 
under the optimal condition (pH = 3.0, Fig. S2) [48]. Fig-
ure 2c shows that the SA of the  NO2-MIL-101 and MIL-101 
is 7.91- and 2.77-fold higher than that of  NH2-MIL-101, 
respectively. Then, the electron paramagnetic resonance 
(EPR) spectroscopy verified the existence of hydroxyl radi-
cals (·OH) (Fig. 2d), and the intensities of the signal peaks 
reflecting the relative content of ·OH are in good consistency 
with their POD-like activities [49]. The same conclusions 
were reached by using the degradation rates of methylene 
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blue to indirectly monitoring the concentration of ·OH 
(Fig. S3) [50]. Moreover, the catalytic activities of these 
nanozymes were dramatically decreased upon the addition 
of isopropanol, which is a scavenger agent for ·OH [51], 
indicating that the ·OH was the main active intermediate 
(Fig. 2e). Then, the steady-state kinetics of these nanozymes 
was investigated to probe the enhanced POD-like activity of 
 NO2-MIL-101 (Fig. S4-S6). The Michaelis–Menten constant 
(Km) value of  NO2-MIL-101 for  H2O2 is lower than that of 
the other nanozymes, indicating the  NO2-MIL-101 has a 
higher affinity toward  H2O2 than that of the other nanozymes 
(Fig. 2f). Furthermore, the Vmax values of  NO2-MIL-101 for 
both  H2O2 and TMB are the highest among these nanozymes 
(Table S2). Based on these results, the introduction of –NO2 
is noteworthy to improve the POD-like activity of MIL-101, 
while the introduction of –NH2 exhibits the opposite effect. 
Notably, the excellent thermostability and reproducibility of 
the three MOFs were further verified, holding great promise 
for practical applications (Fig. S7).

3.3  Mechanisms for POD‑Like Activity of MOFs

To reveal the origin of the outstanding catalytic activity of 
 NO2-MIL-101, DFT calculations were used to illustrate 
the geometric and electronic effects of –NO2. The models 
were established based on the local structural unit of MIL-
101 with three Fe atoms, where the upper exposed Fe was 
employed as the reaction site (*). The reaction mechanism 
under acidic conditions was followed for calculations, in 
which the first adsorbed  H2O2* is cleaved into an ·OH and 
an adsorbed hydroxyl group (HO*) and then a protonated 
hydrogen approach OH* to form the  H2O* and subsequently 
desorb (Fig. 3a and Eqs. S1-S4). As we can see in Fig. 3b, 
the adsorption of  H2O2* is thermodynamically favorable, as 
well as the formation and desorption of  H2O*. Notably, the 
splitting of  H2O2*  (H2O2* → HO* + ·OH) acted as the rate-
determining steps (RDS) on the three investigated models, 
where the energy change of RDS is  NO2-MIL-101 (1.28 eV) 
< MIL-101 (1.55 eV) < NH2-MIL-101 (1.65 eV), which is 
consistent well with the experimental results of catalytic 
activity test. Obviously, the adsorbed  H2O2* and HO* inter-
mediates play important roles in the reaction. To explore the 
reason for the superior catalytic activity of  NO2-MIL-101, 
we first focus on the geometric effect of –NO2 on the 
adsorbed  H2O2*. Interestingly, on  NO2-MIL-101, the 

structure of the adsorbed  H2O2* is different, where the ori-
entation of the O–H bond of  H2O2* biased to the oxygen 
on the –NO2 (Fig. 3c). In contrast, no significant shift was 
observed on MIL-101 and  NH2-MIL-101. The horizontal 
adsorption structure of  H2O2* on  NO2-MIL-101 caused 
by orientation shift of the O–H bond shortens the distance 
between H and –NO2 (H···O–N–O) to 1.950 Å and 2.122 Å, 
respectively, which is ascribed to the strong electron absorp-
tion effect of –NO2. Notably, this reasonable change in the 
absorbed  H2O2* structure on  NO2-MIL-101 is conducive to 
the breaking of the O–O bond and consequently reducing 
the energy change of the HO* formation.

To further uncover the effect of the –NO2 from the per-
spective of electronic structure, charge density difference 
on  NO2-MIL-101 was calculated for the –NO2. Figure S8 
depicts the change of electron density when the  NO2 ligands 
exist. Obviously, apart from the fact that electrons are local-
ized around the ligands to form the N–C bonds, the electron 
density at the Fe active site also changes significantly, that 
is, the electron decreases along the octahedral direction of 
the Fe–O bond (including the above dangling bond), while 
increases in the non-bond direction. We know that the dz2 
and dx2−z2 among the split d orbits are generally attributed to 
the anti-bond along the octahedral direction (Fe–O in this 
work) in the octahedral field (usually donated as, eg*), while 
dxy , dxz and dyz are attributed to the non-bond orbit (i.e., the 
t2g). To clarify the electron change of atomically disperse Fe, 
we calculated the project electronic density of states (PDOS) 
of the splitting 3d orbit ( dxy , dxz , dyz , dz2 and dx2−z2 ) of the Fe 
atoms on each investigated model. And the energy of PDOS 
was integrated into the Fermi level for each splitting 3d orbit 
to compare the electronic change quantitatively (Table S3). 
As shown in Fig. 3d, for  NO2-MIL-101, the integration of 
PDOS in d

xz
 direction increased and that in the d

z2
 direction 

decreased significantly, while no such a dramatic change 
occurred in  NH2-MIL-101. Consequently, we believe that 
the enhanced activity of  NO2-MIL-101 may stem from the 
decreased electrons on the dangling bond (the dz2 direction) 
at the Fe active site. For an in-depth understanding of the 
role of changed 3d orbital split during the catalytic reac-
tion, we calculated the projected Crystal Orbital Hamilton 
Population (pCOHP) to reveal the interaction between the 
adsorbed HO* and Fe atom at the active site (Fig. 3e) [52]. 
Moreover, we computed the integrated COHP (ICOHP) 
for the HO*–Fe bond on each model to explore the bond 
strength quantitatively through calculating the energy of 
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pCOHP integral up to the Fermi level (Table S4). As usual, 
the positive (red area) represents the bond contributions, 
and the negative (blue area) represents the anti-bond con-
tributions in the pCOHP diagram. The anti-bond orbital 
filling of the HO*–Fe bond (the blue area below Fermi 
level) in  NO2-MIL-101 is less than that in MIL-101 and 
 NH2-MIL-101, indicating the electrons in the anti-bond 
orbit are reduced. Moreover, the ICOHP of HO*-Fe bond on 
 NO2-MIL-101 (− 4.80) is more negative than that on MIL-
101 (− 4.11) and  NH2-MIL-101 (− 4.13), meaning that the 
reduced anti-bonding electrons increase the bond strength 

of HO*–Fe on  NO2-MIL-101 compared to the other two 
nanozymes, which facilitates the cleavage of  H2O2* and con-
sequently reduces the energy change of RDS.

3.4  Construction of Biosensors

AChE, as one kind of important enzymes in biological nerve 
conduction activity, is wildly used as biomarkers in clinical 
diagnosis and biosensing areas [53, 54]. Hence, the con-
struction of a simple and highly sensitive biosensor for the 

−0.8
dxy dyz dxz dz2 dx2−z2

−0.6

−0.4

−0.2

10

5

0

−5

−10

0.0

0.2

0.4

In
te

gr
at

io
n 

of
 P

D
O

S 
to

 F
er

m
i l

ev
el refer to MIL-101

−1.0

−0.5

0.0

0.5

1.0

1.5

1.55 eV

1.28 eV

Reaction coordinates

En
er

gy
 (e

V)

*

*

*

1.65 eV

H+ HO·

H2O (b))a(
H2O2

H2O2

H2O*

HO*

O
H
N
C
Fe

(c)

(d)

(e)

2.998 Å

2.830 Å 2.722 Å

3.275 Å

1.950 Å

2.122 Å

−COHP

En
er

gy
 (e

V)

−COHP−COHP

dangling bond

MIL-101
NH2-MIL-101

NO2-MIL-101

NH2-MIL-101
NO2-MIL-101

EF

−3 −2 −1 0 1 2 3

10

5

0

−5

−10

EF

−3 −2 −1 0 1 2 3

10

5

0

−5

−10

EF

−3 −2 −1 0 1 2 3

Fig. 3  a Schematic diagram of the elementary step of reaction in an acidic environment on  NO2-MIL-101. b Energy change diagram of reac-
tion on MIL-101,  NH2-MIL-101 and  NO2-MIL-101, respectively. c Geometry structure of  H2O2* adsorbed on MIL-101,  NH2-MIL-101 and 
 NO2-MIL-101 (from left to right). The solid arrows represent the orientation of the O–H bond, and the dotted line represents the distance from 
H on the adsorbed  H2O2 to the ligand. d Integration of the PDOS to Fermi level of each split Fe 3d orbit on MIL-101,  NH2-MIL-101 and 
 NO2-MIL-101, where the unmodified MIL-101 is taken as a reference. Inset: the local view near the Fe active site, yellow (blue) isosurfaces 
denote an increase (decrease) of 0.01 e/Å-3 for electronic density. e Schematic diagram of HO*-Fe bond and the corresponding pCOHP (from 
left to right: MIL-101,  NH2-MIL-101 and  NO2-MIL-101, respectively)



 Nano-Micro Lett.          (2020) 12:184   184  Page 8 of 12

https://doi.org/10.1007/s40820-020-00520-3© The authors

detection of the AChE activity is extremely urgent. AChE 
can specifically hydrolyze acetylthiocholine (ATCh) into 
thiocholine (TCh), a mercapto molecule, which can inhibit 
the POD-like performance of nanozymes [55]. Based on this 
phenomenon, a real-time colorimetric  NO2-MIL-101-based 
biosensor was applied to determine AChE activity (Fig. 4a). 
As shown in Fig. 4b, the extent of oxTMB decreased signifi-
cantly in the presence of ATCh and AChE. To improve the 

performance of biosensor, the incubation time, the concen-
tration of nanozymes and the temperature were optimized 
(Figs. S9 and S10). Under the optimized conditions, with the 
increasing amounts of AChE, the concentration of oxTMB 
weakens gradually (Fig. 4c). Accordingly, there is a good 
linear relationship between the activity of AChE and absorb-
ance values in the range of 0.2–50 mU mL−1 with a limit 
of detection (LOD) of 0.14 mU mL−1 (Fig. 4d). Notably, 
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compared with other biosensors reported previously, the 
resultant biosensor possesses higher sensitivity for the 
assay of AChE activity (Table S7). Furthermore, various 
proteins, including horseradish peroxidase (HRP), laccase 
(LAC), glucose oxidase (GOx), invertase (INV) and bovine 
serum albumin (BSA), were selected as interferents to esti-
mate the specificity of this biosensor. Although the reductive 
mercapto functional groups in BSA and LAC can influence 
the performance of biosensor, resulting in slightly higher 
response values (Fig. 4e), the inhibitions of these proteins 
were negligible compared with that of AChE, indicating the 
satisfactory selectivity of the proposed biosensor. Besides, 
both the result of parallel experiments at the same time and 
the good response of this biosensor after stored several days 
indicate that the developed biosensor exhibits good repro-
ducibility and stability (Figs. S11a and S12a). Furthermore, 
the AChE-spiked serum samples were used to investigate 
the feasibility of the developed biosensor in human serum 
samples. The corresponding recoveries ranged from 96.0 to 
102.1%, demonstrating that the proposed biosensors have 
good feasibility (Table S5). These results indicate that the 

developed biosensor exhibits great promises in practical 
application.

Organophosphorus compounds are used as pesticides all 
over the world. However, they can irreversibly inhibit the 
AChE in the body and further give rise to damages in the 
nervous system [56, 57]. Therefore, it is of great impor-
tance to trace the concentration of organophosphorus pes-
ticides (OP). Given the inhibition effect of OP, AChE was 
further integrated into  NO2-MIL-101-based biosensor to 
monitor the amounts of paraoxon-ethyl (a typical OP). As 
shown in Fig. 5a, the introduction of OP showed a negligi-
ble influence on the biosensing system. With the increas-
ing amounts of OP, the activity of AChE was inhibited 
gradually and the biosensor delivered the stronger absorb-
ance signals (Fig. 5b). This biosensor exhibits favorable 
linear relationships between the inhibition rate and con-
centration of OP from 8 to 800 ng mL−1 with a LOD of 
1 ng mL−1 (Fig. 5c). Compared with other methods, the 
 NO2-MIL-101-based biosensor possesses excellent per-
formance (Table S8). Due to the complexity of the actual 
testing environment, the specificity, reproductivity and 
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stability are important factors to evaluate the biosensor 
performance. Here, a series of related experiments demon-
strated that the as-prepared biosensor exhibits satisfactory 
selectivity, reproductivity and stability (Figs. 5d, S11b and 
S12b). Furthermore,  NO2-MIL-101-based biosensor was 
used to determine the concentration of OP in tap water, 
river water, rice and apple samples. The satisfactory recov-
eries verified this biosensor holds great application poten-
tial in environmental and agricultural analysis (Table S6).

4  Conclusions

In summary, rational design and synthesis of the func-
tionalized MOFs were realized by introducing the strong 
electron-withdrawing (or donating) substituent (–NO2 or 
–NH2) into the organic linker, achieving the fine regu-
lation in tuning atomically dispersed metal sites for 
boosted POD-like activity. As a result, the introduction 
of –NO2 significantly facilitates the POD-like activity of 
nanozymes and affinity toward  H2O2, while the –NH2 is 
poles apart. Furthermore, theoretical calculations suggest 
that the adjacent –NO2 can not only change the geom-
etry of adsorbed  H2O2* to enhance the binding strength of 
intermediates, but also optimize the electronic structure of 
atomically dispersed Fe to promote the adsorption of the 
intermediate HO* species. Benefiting from these geomet-
ric and electronic effects, the  NO2-MIL-101 possesses the 
optimal RDS energy change, which can markedly improve 
POD-like activity. Accordingly,  NO2-MIL-101 was suc-
cessfully used to construct biosensor for highly sensitive 
colorimetric detection of AChE activity and OP with 
a LOD of 0.14 mU mL−1 and 1 ng mL−1, respectively. 
Importantly, the constructed biosensor characterized 
with satisfactory selectivity, reproductivity and stability, 
showed potential applications in the analysis of practical 
samples. This work not only provides a strategy to develop 
high-efficiency nanozymes by combining the geometric 
and electronic effects, but also expands the application of 
nanozymes in biosensing.
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