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ABSTRACT: The hybrid coupling of biocatalysts and chemical catalysts plays a vital role in the fields of catalysis, sensing, and
medical treatment due to the integrated advantages in the high activity of natural enzymes and the excellent stability of nanozymes.
Herein, a new nanozyme/natural enzyme hybrid biosensor was established for ultrasensitive glutamate detection. The MIL-88B(Fe)-
NH2 material with remarkable peroxidase mimic activity and stability was used as a nanozyme and carrier for immobilizing glutamate
oxidase (GLOX) through Schiff base reaction to construct a chem-enzyme cascade detector (MIL-88B(Fe)-NH2@GLOX). The
resultant MIL-88B(Fe)-NH2@GLOX exhibited a wide linear range (1−100 μM), with a low detection limit of 2.5 μM for glutamate
detection. Furthermore, the MIL-88B(Fe)-NH2@GLOX displayed excellent reusability and storage stability. After repeated seven
cycles, MIL-88B(Fe)-NH2-GLOX (GLOX was adsorbed on MIL-88B(Fe)-NH2) lost most of its activity, whereas MIL-88B(Fe)-
NH2@GLOX still retained 69% of its initial activity. Meanwhile, MIL-88B(Fe)-NH2@GLOX maintained 60% of its initial activity
after storage for 90 days, while free GLOX only retained 30% of its initial activity. This strategy of integrating MOF mimics and
natural enzymes for cascade catalysis makes it possible to design an efficient and stable chemo-enzyme composite catalysts, which are
promising for applications in biosensing and biomimetic catalysis.
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■ INTRODUCTION

Glutamate, as a flavoring agent and nutrient, widely exists in a
variety of foods such as meat, eggs, milk, and vegetables,1−3

which plays a vital role in the physiological and pathological
process of the brain.4−6 In addition, glutamate is a biomarker
of diseases such as cardiomyocytes, hepatocytes, and cancer
cells.7−9 Under normal physiological conditions, the level of
glutamate in blood and brain tissue cell fluid is in the range of
150−350 and 50−350 μM, respectively.5 Therefore, the
accurate detection of glutamate concentration is very
necessary. Up to now, methods for detecting glutamate mainly
include chromatographic, spectrophotometric, capillary elec-
trophoresis techniques, optical, potentiometric, chromato-
graphic techniques, liquid chromatographic, titration, and
fluorimeters.10−14 However, these methods are usually
expensive, time-consuming, poor selectivity, and complex to
operate. In comparison, colorimetric biosensing methods have
the advantages of fast response, simple operation, and high
sensitivity, which have been widely used.15−17 In recent years,
biosensors based on inorganic nanomaterials have attracted a
lot of attention due to their superior stability, easy preparation,
controllable structure, and tunable catalytic sites.18,19 Espe-
cially, biomimetic nanomaterials have been developed rapidly
for biosensor detection with the discovery of nano-
enzymes.20−25 Among them, biomimetic metal−organic frame-
works (MOFs) exhibit superior performances.26−28

MOFs, as a kind of porous coordination polymers, which
were constructed by self-assembly of organic ligands and metal
ions or metal clusters, have been used in the fields of gas
separation,29,30 storage and conversion,31−34 and drug delivery
and catalysis35−38 due to their large specific surface area,
permanent pores, adjustable topology, and superior structural
stability.39−41 Furthermore, MOFs have emerged as excellent
carriers for immobilized enzymes.42−44 Recently, some MOFs
have been proved with excellent peroxidase-like activity, which
promotes their combination with natural enzymes for
applications in biosensor detection.45−48 By coupling the
MOFs with peroxidase-like with natural enzymes, a nanozyme/
natural enzyme hybrid could be established, which could
greatly short the reaction time and show the protective effect
of the MOFs on the enzyme.49,50 Furthermore, the
combination of chemo- and enzyme catalysis not only reduces
the mass transfer resistance of the reaction but also improves
the stability of the enzyme and the sensitivity of detection.51,52

Herein, MIL-88B(Fe)-NH2 (a kind of MOF material, which
is composed of Fe3+ and 2-aminoterephthalic acid, named as
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Materials of Institute Lavoisior-88(Fe)-NH2) with excellent
peroxidase-like activity was used as a carrier to integrate GLOX
for constructing chemo-enzyme biosensors for glutamate
colorimetric detection (Scheme 1a). The working principle
of this work is as follows: first, GLOX catalytic oxidation of 1
μmol glutamate to produce 1 μmol H2O2, and then, the MIL-
88B(Fe)-NH2 nanoenzyme with peroxidase activity further
oxidizes H2O2 to generate •OH, which can oxidize colorless
TMB into blue ox-TMB. It has a strong absorbance value at
652 nm, and a linear relationship can be established between
the absorbance value and H2O2 (or glutamate) in a certain
concentration range. Therefore, the corresponding glutamate
concentration can be calculated. Owing to the nanoscale
proximity effects, H2O2 generated from the GLOX-catalyzed
oxidation of glutamate with O2 will immediately be in situ
oxidized by Fe-MOF, diminishing the effect of diffusion
resistance and minimization of the decomposition of H2O2
(Scheme 1b). The chemo-enzyme catalyst [MIL-88B(Fe)-
NH2@GLOX] not only realizes the rapid and highly sensitive
detection of glutamate but also improves the stability and
reusability of GLOX. Notably, the strategy of integrating
natural enzymes and chemical catalysts successfully retains
their excellent properties, which provides an efficient strategy
in colorimetric biosensor detection.

■ EXPERIMENTAL SECTION
Materials. GLOX was extracted and purified from recombinant

Escherichia coli BL21 (DE3) strain preserved in our laboratory.
Pluronic F127 was purchased from Sigma-Aldrich. 3,3′,5,5′-
Tetramethylbenzidine (TMB), 2-aminoterephthalic acid (NH2-
BDC), iron(III) chloride hexahydrate (FeCl3·6H2O), horseradish
peroxidase (HRP), and glutaraldehyde were purchased from Aladdin
(Shanghai, China). Acetic acid, H2O2, and FITC were purchased from
Shanghai McLean Biochemical Technology Co., Ltd. Glutamate was
purchased from Beijing Solarbio Technology Co., Ltd. 4-Hydrox-
yethyl piperazine ethanesulfonic acid (Hepes) was purchased from
Shanghai Yuanye Biotechnology Co., Ltd. All reagents were used
without further purification.

Characterization. UV−visible spectra were recorded using UV-
2550 PC (Shimadzu, Japan). Field-emission high-resolution scanning
electron microscopy (SEM) images were obtained by FEI-Apreo
(Czech Republic, USA). Transmission electron microscopy (TEM)
and energy spectrum measurements were performed on Talos F200X
G2 (Thermo Fisher, USA). X-ray diffraction (XRD) patterns were
obtained from U1TIMA IV (Rigaku Corporation, Japan). Fourier
transform infrared (FTIR) spectra were recorded using IS50 (Nicolet,
United States). Thermal gravimetric analysis (TGA) measurements
were Q50 (TA Instruments Waters LLC, United States). Laser
confocal fluorescence images were recorded by FV1000 (Olympus,
Japan). Pore sizes were analyzed by the Surface Area and
Microporous Analyzer ASAP 2020 (micromeritics, USA). Zeta
Potentials were measured by the zeta potential analyzer NanoPlus
(micromeritics, USA).

Synthesis of MIL-88B(Fe)-NH2. The synthesis of MIL-88B(Fe)-
NH2 was performed according to the previous report.53 Typically,
0.64 g of F127 was dissolved in 53.36 mL of deionized water and
mixed with 6.64 mL of 0.4 M aqueous solution of FeCl3·6H2O. After
stirring for 1 h, 0.9 mL of acetic acid was added. Subsequently, 240
mg (1.32 mmol) of H2N-BDC was added to the abovementioned
solution. After stirring for 2 h, the mixed solution was transferred to
an autoclave for reaction at 110 °C for 24 h. After natural cooling, it
was centrifuged and washed with absolute ethanol for three times and
then dried at 60 °C vacuum overnight to obtain a dark brown solid.

Preparation of MIL-88B(Fe)-NH2@GLOX and MIL-88B(Fe)-
NH2-GLOX. For preparation of MIL-88B(Fe)-NH2@GLOX, 10 mg
of MIL-88B(Fe)-NH2 was added to 10 mL of deionized water and
treated by ultrasound for 30 min. Then, 0.2 mL of glutaraldehyde
solution (50%) was added into the abovementioned solution and
stirred for 1 h. After the reaction, the precipitate was recovered by
centrifugation, washed twice with deionized water, and resuspended
in 7.5 mL of Hepes buffer (20 mM, pH 7.0). Subsequently, 2.5 mL of
GLOX solution (11.3 U/mL) was added to the abovementioned
Hepes buffer solution. After stirring for 1 h, the precipitate was
recovered by centrifugation, washed twice with Hepes buffer solution,
and resuspended in 10 mL of Hepes buffer solution for further use. As
a comparison, MIL-88B(Fe)-NH2-GLOX [GLOX was adsorbed on
the surface of MIL-88B(Fe)-NH2] was also prepared; apart from not
adding glutaraldehyde solution, other preparation conditions were

Scheme 1. (a) Schematic for the Synthesis Process of MIL-88B(Fe)-NH2@GLOX and (b) Cascade Catalytic Reaction of MIL-
88B(Fe)-NH2@GLOX for Glutamate Colorimetric Detection
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consistent with those of MIL-88B(Fe)-NH2@GLOX. See ref 53 for
the detection method of enzyme activity.
Synthesis of FITC-Labeled GLOX. 2.5 mg of FITC was dissolved

in 1 mL of DMSO and mixed with 5 mL of carbonate buffer (10 mM,
pH 9.8) containing GLOX. After stirring for 3 h, the residual FITC
was then removed by dialysis with carbonate buffer (10 mM, pH 9.8),
and finally, the labeled enzyme solution was immobilized and
observed by CLSM.
Peroxidase-Like Activity of MIL-88B(Fe)-NH2. The peroxidase-

like activity of MIL-88B(Fe)-NH2 was detected using TMB and H2O2
as substrates. First, 850 μL of HAc-NaAc buffer solution (0.2 M, pH
4.0) was mixed with 50 μL of TMB ethanol solution (25 mM) and 50
μL of H2O2 solution (2 mM). Subsequently, 50 μL of MIL-88B(Fe)-
NH2 solution (1 mg/mL) was added. After reacting at 37 °C for 5
min, the reaction solution was filtered by a 0.22 μM water filtration
membrane, and the absorbance value of the resultant filtrate at 652
nm was measured by a UV−vis spectrophotometer. The relative
activity was expressed as the ratio of each enzyme activity value to the
maximum value of total enzyme activity, and the maximum value of
total enzyme activity was defined as 100%. In addition, the optimum
reaction pH and temperature of MIL-88B(Fe)-NH2 were also tested.
Colorimetric Detection of Glutamate. For the colorimetric

reaction of glutamate, 100 μL of MIL-88B(Fe)-NH2@GLOX (1 mg/
mL) was mixed with 350 μL of HAc-NaAc buffer (0.2 M, pH 4.0), 50
μL of TMB (25 mM), and 500 μL of glutamate solution with different
concentrations. The mixture solution was incubated at 37 °C for 20
min. MIL-88B(Fe)-NH2@GLOX nanoparticles in the mixture were
removed by using a 0.22 μm PTEE microporous filtration membrane,
and the absorbance value of the supernatant at 652 nm was measured
by using a UV−vis spectrophotometer. As a comparison, MIL-
88B(Fe)-NH2-GLOX was also used to detect colorimetric reaction of
glutamate.
Real Sample Detection. Randomly selected three kinds of

common processed foods: salad juice, strawberry jam, and milk
powder and they were purchased from a local store. An appropriate
dissolution method with some modification was adopted according to
ref 54 for each sample to gain soluble L-glutamate. 0.5 g of salad juice
and strawberry jam was dissolved in 5 mL of Hepes solution (20 mM,
pH 7), then ultrasonicated for 10 min, and centrifuged at 8000 rpm
for 10 min to gain the supernatant. After filtering by 0.22 μm filter
membrane, dilute supernatant by a certain multiple for detection
according to colorimetric detection of glutamate. Then, according to
the standard detection curve obtained by the biosensor, the
concentration of glutamate in the corresponding product was
calculated. As for milk powder, taking 0.5g and dissolved it with
5ml boiling Hepes solution and incubated for 10 min. The subsequent
steps were the same as that of salad juice.
Effects of pH and Temperature on Cascade Enzymatic

Activity of MIL-88B(Fe)-NH2@GLOX. The effect of pH on the
cascade enzymatic activity of MIL-88B(Fe)-NH2@GLOX was
investigated at 37 °C under different pH values: 3.0−10.0. The effect
of temperature on cascade enzymatic activity of MIL-88B(Fe)-NH2@
GLOX was determined after incubation in HAc-NaAc buffer (350 μL,
0.2 M, pH 4.0) in the range of 35−70 °C. The rest of the procedures
were the same as the colorimetric detection of glutamate.
pH Stability. MIL-88B(Fe)-NH2@GLOX and MIL-88B(Fe)-

NH2-GLOX were added to different pH values (3−10) buffer
solution and incubated for 1 h at room temperature. Subsequently,
cascade catalytic activity of MIL-88B(Fe)-NH2@GLOX and MIL-
88B(Fe)-NH2-GLOX was determined based on the colorimetric
detection of glutamate.
Thermal Stability. MIL-88B(Fe)-NH2@GLOX and MIL-88B-

(Fe)-NH2-GLOX were added in pH 7 Hepes buffer solution (pH 7,
20 mM) and incubated for different times (0, 20, 40, 60, 80, and 100
min) at 50 °C, respectively. Cascade catalytic activity was detected
based on the colorimetric detection of glutamate.
Denaturant Stability. MIL-88B(Fe)-NH2@GLOX and MIL-

88B(Fe)-NH2-GLOX were added in different denaturant solutions
(50% ethanol solution, 6 M urea solution, 50% THF solution, and
50% DMSO solution) and incubated for 1 h at room temperature,

respectively. Cascade catalytic activity was detected based on the
colorimetric detection of glutamate.

Reusability and Storage Stability. The reusability of MIL-
88B(Fe)-NH2@GLOX and MIL-88B(Fe)-NH2-GLOX was tested by
repetitive measurements of cascade catalytic activity. After each
reaction, the MIL-88B(Fe)-NH2@GLOX or MIL-88B(Fe)-NH2-
GLOX was recovered, washed with Hepes buffer solution (pH 7,
20 mM), and then added to the next cycle. The storage stability of
free GLOX and MIL-88B(Fe)-NH2@GLOX was investigated at 25
°C for 90 days, and their cascade catalytic activities were assayed
every 10 days.

■ RESULTS AND DISCUSSION
Characterization of MIL-88B(Fe)-NH2@GLOX. SEM

images of MIL-88B(Fe)-NH2 and MIL-88B(Fe)-NH2@
GLOX are shown in Figure 1. It can be clearly seen that

MIL-88B(Fe)-NH2 exhibits a uniform spindle-shaped struc-
ture, which is consistent with the previous work.55 After GLOX
molecules were immobilized on the surface of MIL-88B(Fe)-
NH2 with abundant amino groups via aldehyde amine
condensation induced by glutaraldehyde, morphology of
MIL-88B(Fe)-NH2@GLOX did not change, and only the
surface of MIL-88B(Fe)-NH2@GLOX was not as smooth as
MIL-88B(Fe)-NH2. GLOX was from Streptomyces sp. X-119-
656 with the molecule size of 12.4 × 12.4 × 16.9 nm. Thus,
after immobilization of GLOX on MIL-88B(Fe)-NH2, the
morphology of the MIL-88B(Fe)-NH2@GLOX particle turns
rougher than that of the MIL-88B(Fe)-NH2 particle, which is
consistent with previous reports.52 The uniform spindle-
shaped structure of MIL-88B(Fe)-NH2@GLOX was further
confirmed by TEM (Figure 2a,b). It was indicated that the
presence of GLOX had no influence on the morphology of the
MIL-88B(Fe)-NH2.
EDS mapping of elemental distributions of MIL-88B(Fe)-

NH2 and MIL-88B(Fe)-NH2@GLOX is shown in Figures S1
and 2c, respectively. The C, N, O, and Fe elements can be
observed in both MIL-88B(Fe)-NH2 and MIL-88B(Fe)-
NH2@GLOX, which prove the formation of MIL-88B(Fe)-
NH2. However, only S and P elements were observed in MIL-
88B(Fe)-NH2@GLOX, indicating that GLOX was successfully
immobilized on MIL-88B(Fe)-NH2.
Besides, XRD was used to characterize the crystal structures

of MIL-88B(Fe)-NH2 and MIL-88B(Fe)-NH2@GLOX. As
shown in Figure 3a, the XRD pattern of MIL-88B(Fe)-NH2
was consistent with MIL-88B(Fe)-NH2@GLOX, further

Figure 1. SEM images of (a,b) MIL-88B(Fe)-NH2 and (c,d) MIL-
88B(Fe)-NH2@GLOX.
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confirming that the immobilization of GLOX does not destroy
the crystal morphology of MIL-88B(Fe)-NH2.
To further prove that GLOX was successfully immobilized

on MIL-88B(Fe)-NH2, GLOX was first labeled with
fluorescein FITC and immobilized on MIL-88B(Fe)-NH2.
The resultant MIL-88B(Fe)-NH2@GLOX was tested by
CLSM. As shown in Figure S2, the green fluorescence could
be clearly observed in the CLSM images of the MIL-88B(Fe)-
NH2@GLOX, indicating that GLOX was successfully immo-
bilized to MIL-88B(Fe)-NH2. Furthermore, as shown in Figure
3b, characteristic peaks at 1707 cm−1 with slight shifting
compared with the free enzyme (1640 cm−1) in MIL-88B(Fe)-
NH2@GLOX were ascribed to the stretching vibration of the
protein-specific amide I bonds (CO).57 However, the
stretching vibration peak of the amide I bond (CO) was
not observed in MIL-88B(Fe)-NH2. Moreover, characteristic
peaks at 1203 and 1281 cm−1 were existed in MIL-88B(Fe)-
NH2@GLOX, indicating the existence of Schiff base.58 The
abovementioned results indicated the existence of GLOX in
MIL-88B(Fe)-NH2@GLOX. TGA results showed that the
main weight loss of MIL-88B(Fe)-NH2@GLOX occurred
from 220 to 550 °C can be due to thermal degradation of the
enzyme protein molecules and carriers. It is obvious that in the
range of 220−330 °C, the mass of MIL-88B(Fe)-NH2@GLOX
is significantly reduced, while the mass of MIL-88B(Fe)-NH2
is almost unchanged, further proving the presence of GLOX on
MIL-88B(Fe)-NH2 (Figure 3c). Zeta potential measurement
(Figure 3d) of MIL-88B(Fe)-NH2 and MIL-88B(Fe)-NH2@

Figure 2. TEM images of (a) MIL-88B(Fe)-NH2 and (b) MIL-
88B(Fe)-NH2@GLOX. EDS mapping of elemental distributions of
(c) MIL-88B(Fe)-NH2@GLOX for C, N, O, Fe, S, and P.

Figure 3. (a) XRD patterns of MIL-88B(Fe)-NH2 and MIL-88B(Fe)-NH2@GLOX. (b) FTIR spectra of MIL-88B(Fe)-NH2, GLOX, and MIL-
88B(Fe)-NH2@GLOX. (c) TGA curves of MIL-88B(Fe)-NH2 and MIL-88B(Fe)-NH2@GLOX. (d) Zeta Potential of MIL-88B(Fe)-NH2 and
MIL-88B(Fe)-NH2@GLOX.
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GLOX indicates that after GLOX being immobilized on MIL-
88B(Fe)-NH2, the apparent potential of MIL-88B(Fe)-NH2@
GLOX was changed from the positive potential of MIL-
88B(Fe)-NH2 to negative potential. The pore size analysis
result in Figure S8 shows that the immobilization of GLOX on
MIL-88B(Fe)-NH2 cannot obviously affect the pore size.
Peroxidase-Like Activity of MIL-88B(Fe)-NH2. Here, the

peroxidase-like activity of MIL-88B(Fe)-NH2 was tested by
performing a typical chromogenic reaction. MIL-88B(Fe)-NH2
catalyzes H2O2 to produce •OH (Figure S7), which would
further oxidize TMB into the oxidation state of TMB (ox-
TMB). Meanwhile, an obvious characteristic absorption peak
at 652 nm could be observed. However, no absorption peak at
652 nm was observed for individual TMB and TMB/H2O2,
suggesting the high peroxidase-like activity of MIL-88B(Fe)-
NH2 (Figure S3). Besides, effects of pH and temperature on
peroxidase-like activity of MIL-88B(Fe)-NH2 were also
studied. As shown in Figure S4, the optimum pH of MIL-
88B(Fe)-NH2 is pH 4.0. Meanwhile, within a certain range, the
absorbance increases with the increase of temperature.
Moreover, Michaelis−Menten curves (Figure S5) were tested
to confirm the peroxidase-like activity of MIL-88B(Fe)-NH2.
Kinetic parameters of MIL-88B(Fe)-NH2 including Michaelis
constant (Km) and maximum reaction velocity (Vmax) are
shown in Table S1. MIL-88B(Fe)-NH2 exhibits smaller Km
(Km is 0.23 and 2.39 mM using H2O2 and TMB as the
substrate, respectively) than other peroxidase-like materials

(e.g., MOF-808,49 Km is 1.06 mM using H2O2 as the substrate;
Zn-CuO,59 Km is 10 mM using TMB as the substrate),
indicating the excellent peroxidase-like activity.

Performance of MIL-88B(Fe)-NH2-GLOX and MIL-
88B(Fe)-NH2@GLOX. Theoretically, GLOX can catalyze
glutamate to produce α-ketoglutarate and H2O2. Then, H2O2
was catalyzed by MIL-88B(Fe)-NH2 to yield •OH, which
would further oxidize TMB into the oxidation state of TMB.
Subsequently, the linear relationship between the oxidation
state of TMB and L-glutamate concentration was established.
Therefore, the cascade catalytic performances of MIL-88B-
(Fe)-NH2-GLOX and MIL-88B(Fe)-NH2@GLOX were com-
pared. As shown in Figure 4a, there are no obvious color
change and absorbance value at 652 nm for the MIL-88B(Fe)-
NH2@GLOX/TMB reaction system, indicating that MIL-
88B(Fe)-NH2@GLOX cannot catalyze this cascade reaction in
the absence of glutamate. However, when adding glutamate
into the MIL-88B(Fe)-NH2-GLOX/TMB or MIL-88B(Fe)-
NH2@GLOX/TMB reaction system, typical blue-green color
could be clearly observed. Furthermore, it was found that the
color intensity of MIL-88B(Fe)-NH2@GLOX/TMB was
obviously deeper than that of MIL-88B(Fe)-NH2-GLOX/
TMB. The relative activity (absorbance value at 652 nm) of
MIL-88B(Fe)-NH2@GLOX/TMB was 1.4 times than that of
MIL-88B(Fe)-NH2-GLOX/TMB (Figure 4b). The enhanced
catalytic efficiency of MIL-88B(Fe)-NH2@GLOX/TMB may
be due to the following reasons: (1) the close integration of

Figure 4. (a) UV−vis spectra and digital photograph (inset) of cascade reaction of the MIL-88B(Fe)-NH2-GLOX and MIL-88B(Fe)-NH2@GLOX
(2.5 mM TMB and 200 μM glutamate were incubated in 0.2 M pH 4.0 Hac-NaAc buffer solution at 37 °C for 20 min). (b) Relative activity of
cascade reaction for MIL-88B(Fe)-NH2@GLOX and MIL-88B(Fe)-NH2-GLOX. (c) Time−absorbance curve of MIL-88B(Fe)-NH2@GLOX and
MIL-88B(Fe)-NH2-GLOX in 200 μM glutamate. (d) Loading contents of GLOX on MIL-88B(Fe)-NH2 (1, 1.5, 2, 2.5, and 3 mL of enzyme
solution (140 μg/mL) were added to MIL-88B(Fe)-NH2 solution (1 mg/mL, total volume was 5 mL). After the reaction is complete, the protein
concentration (BCA method) was detected in the supernatant to calculate loading contents of GLOX on MIL-88B(Fe)-NH2). The data were
shown as mean ± SD (n = 3).
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MIL-88B(Fe)-NH2 and GLOX greatly reduces the mass
transfer distance between substrates. (2) The in situ generated
H2O2 was immediately catalyzed by the adjacent MIL-
88B(Fe)-NH2 to solve self-inactivation of GLOX by H2O2.
Furthermore, the velocity of the MIL-88B(Fe)-NH2@GLOX/
TMB system was significantly faster than that of the MIL-
88B(Fe)-NH2-GLOX/TMB system. Therefore, the strategy of
integrating natural enzymes and chemical catalysts could be an
efficient strategy in colorimetric biosensor detection.
Furthermore, through the measurement of the enzyme

loading contents (Figure 4d) and enzyme activity recovery
(Figure 5d) of the carrier, it was found that with the increasing
enzyme addition, the enzyme loading contents and enzyme
activity recovery increased continuously, and the maximum
value was 70.27 μg/mg and 75.25%, respectively. At low
loading contents, the low recovery of enzyme activity may be
caused by excessive glutaraldehyde on the surface of carriers.
Effect of pH and Temperature on the Catalysis

Activity of MIL-88B(Fe)-NH2@GLOX. The catalysis activity
of MIL-88B(Fe)-NH2-GLOX and MIL-88B(Fe)-NH2@GLOX
was studied at different pH values (pH 3.0−10.0) and
temperatures (35−70 °C). As can be seen in Figure S6a, the
optimal pH (4.0) of the cascade reaction is consistent with
MIL-88B(Fe)-NH2. However, the optimal temperature of
MIL-88B(Fe)-NH2@GLOX was higher than that of MIL-
88B(Fe)-NH2-GLOX (Figure S6b). The results could be
because the formation of the covalent bond between MIL-
88B(Fe)-NH2 and GLOX increases the rigidity of enzyme

conformation, thus improving the resistance of enzymes to
temperature. In addition, it was found that MIL-88B(Fe)-
NH2@GLOX exhibited higher pH stability and thermal
stability than MIL-88B(Fe)-NH2-GLOX (data not shown),
revealing that the integrated MIL-88B(Fe)-NH2@GLOX
possesses excellent ability against harsh conditions.

Glutamate Detection Using MIL-88B(Fe)-NH2@GLOX.
The performance of the MIL-88B(Fe)-NH2@GLOX for the
assay of glutamate was systematically investigated. As shown in
Figure 5a, with the increasing glutamate concentration, the
light absorption intensity of the reaction supernatant at 652
nm also increased gradually, suggesting that the MIL-88B(Fe)-
NH2@GLOX exhibited feasibility for the detection of
glutamate. Meanwhile, the glutamate concentration and the
reaction supernatant absorbance showed a strong linear
relationship (R2 = 0.993) in the range of 1−100 μM with a
limit of detection (LOD) of 2.5 μM (S/N = 3) (Figure 5b).
Compared this biosensor with other biosensors for glutamate
detection (Table S2), for example, Nakorn et al.S2 embedded
GLOX into an electrode and Kaivosoja et al.S3 immobilized
GLOX on the surface of the electrode by absorption, the linear
range and sensitivity of both are poor, which may be related to
the materials of the electrode and the enzyme immobilization
methods, while the established biosensor exhibited a lower
linear range and high sensitivity. However, the works of
Nakorn et al.S2 and Tseng et al.S5 show better reproducibility
than this work, while the relatively weak reproducibility of this
work was due to the loss of the immobilized enzyme during

Figure 5. (a) UV−vis spectra and digital photograph (inset) of cascade reaction with the glutamate concentration from 1 to 100 μM and (b) linear
calibration curve for glutamate detection at 652 nm. (c) Anti-interference of MIL-88B(Fe)-NH2@GLOX [from left to right: glutamate (0.2 mM),
histidine, blank, glutamine, aspartate, phenylalanine, and leucine]. (d) Recovery activity of GLOX after immobilizing on MIL-88B(Fe)-NH2 (by
detecting Figure 4d immobilized enzyme and free enzyme activity to calculate GLOX recovery activity). The data were shown as mean ± SD (n =
3).
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centrifugation. Furthermore, we found that these previously
reported electrochemical detection sensors show weak storage
stability, probably caused by the inappropriate enzyme
immobilization method. While the colorimetric biosensor
possessed excellent storage stability, we speculated that
covalent immobilization may maintain the structural stability
of enzyme molecules. In fact, this was the first time that the
chem-enzyme biosensor was used for colorimetric detection of
glutamate, which was different from the traditional electro-
chemical detection sensor and there were differences in related
performance between them naturally. In short, this detection
method showed considerable advantages.
Besides, the selectivity and anti-interference ability of MIL-

88B(Fe)-NH2@GLOX were assessed by detecting the
absorbance values (A652) in the presence of different
interferents such as aspartate, histidine, phenylalanine, and
leucine. Although the concentrations of aspartate, histidine,
phenylalanine, and leucine were 10-fold higher than that of
glutamate, no distinct signal interference was observed (Figure
5c), indicating that MIL-88B(Fe)-NH2@GLOX possesses a
specific response to glutamate.
Real Sample Detection. Many foods in life, especially

processed foods, contained a certain amount of glutamate. The
intake of glutamate needs to be maintained within a certain
range in order not to bring side effects. Therefore, it was
necessary to accurately detect the content of glutamate in food.
To verify the practicability of our biosensor, we randomly
selected several common processed foods as the detection
objects, the chemo-enzyme biodetector was applied in real
samples for L-glutamate detection. After the sample was
pretreated, it was tested, and finally, the concentration of
glutamate was converted into the mass percentage of the
sample. As shown in Table 1, the L-glutamate concentrations in

real samples were in good agreement with that given in the
nutrient composition table, and the relative standard deviations
(RSD) were less than 4%, suggesting that the biosensor
possessed potential possibility for commercial detection.

Reusability and Stability of the Immobilized Enzyme.
The reusability of MIL-88B(Fe)-NH2@GLOX and MIL-
88B(Fe)-NH2-GLOX was determined, and results are shown
in Figure 6a. After seven repetitions, MIL-88B(Fe)-NH2@
GLOX could still maintain 69% of its initial activity, whereas
MIL-88B(Fe)-NH2-GLOX only retained 20% of its initial
activity, indicating that MIL-88B(Fe)-NH2@GLOX has better
reusability than MIL-88B(Fe)-NH2-GLOX. The excellent
reusability of MIL-88B(Fe)-NH2@GLOX could be due to
the fact that GLOX molecules are immobilized on MIL-
88B(Fe)-NH2 by covalent binding. Furthermore, free GLOX
lost most of its activity after 90 days of storage, whereas MIL-
88B(Fe)-NH2@GLOX still retained 60% of its initial activity
(Figure 6b), suggesting that the biosensor possessed good
storage stability.
Besides, the stability of MIL-88B(Fe)-NH2@GLOX against

high temperature, extreme pH, and chemical denaturant was
investigated. As shown in Figure 7a, MIL-88B(Fe)-NH2@
GLOX retained higher enzyme activity than MIL-88B(Fe)-
NH2-GLOX under strong acidic/alkaline conditions (pH 3.0
or 10.0), indicating that MIL-88B(Fe)-NH2@GLOX possesses
higher stability against extreme pH than MIL-88B(Fe)-NH2-
GLOX. Meanwhile, MIL-88B(Fe)-NH2@GLOX maintained
40% of its initial activity after being treated for 100 min at 50
°C, while MIL-88B(Fe)-NH2-GLOX only retained 8% of its
initial activity (Figure 7b). Furthermore, as shown in Figure 7c,
MIL-88B(Fe)-NH2@GLOX exhibited higher stability against
the chemical denaturant than MIL-88B(Fe)-NH2-GLOX. For
example, MIL-88B(Fe)-NH2-GLOX only maintained 10% of
its initial activity after being treated with 6 M urea for 1 h,
whereas MIL-88B(Fe)-NH2@GLOX still retained 50% of its
initial activity (Figure 7c), suggesting high tolerance of MIL-
88B(Fe)-NH2@GLOX to urea. These results showed that the
integration of MIL-88B(Fe)-NH2 and GLOX could protect
form the enzyme and improve the stability of the enzyme,
which was conducive to practical application.
In summary, a new nanozyme/natural enzyme hybrid

biosensor was established for ultrasensitive glutamate detection
based on peroxidase-like MIL-88B(Fe)-NH2 and GLOX,

Table 1. L-Glutamate Contents of Real Samples and RSD
Obtained by the Biosensor

real sample
real concentration

(%)
biosensor detection

(%)
RSD %
(n = 3)

salad juice 9−13 11.27 2.7
strawberry
jam

1.5−1.8 1.75 2.5

milk powder 0.2−0.4 0.33 3.2

Figure 6. (a) Reusability of MIL-88B(Fe)-NH2-GLOX and MIL-88B(Fe)-NH2@GLOX. (b) Storage stability of free GLOX and MIL-88B(Fe)-
NH2@GLOX. The data were shown as mean ± SD (n = 3).
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which integrated the advantages of enhanced activity of the

nanozyme and selectivity of the natural enzyme. Compared

with the free GLOX, MIL-88B(Fe)-NH2@GLOX displayed

excellent reusability, storage stability and tolerance to high

temperature and was an extreme pH and chemical denaturant.

Furthermore, the MIL-88B(Fe)-NH2@GLOX exhibited ex-

cellent performances for glutamate detection. Consequently,

this strategy of integrating MOF mimics and natural enzymes

for cascade catalysis makes it possible to design an efficient and

stable chemo-enzyme composite catalyst, which are promising

for applications in biosensing and biomimetic catalysis.
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