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Exploring the potential of iron-based
metal–organic frameworks as peroxidase
nanozymes for glucose detection with various
secondary building units†

Sivasankar Kulandaivel, a Hsin-Tsung Chen, *b Chia-Her Lin *a and
Yi-Chun Yeh *a

Finding materials in biosensing that balance enzyme-like reactivity, stability, and affordability is essential

for the future. Because of their unique peroxidase properties, including variable pore size, surface area,

and Lewis acid active sites, iron-based metal–organic frameworks (MOFs) have evolved as viable possibi-

lities. In this study, we constructed a Fe-MOF and tested its peroxidase-like activity and responsiveness

toward H2O2 colorimetric techniques. Using encapsulation, we incorporated glucose oxidase into the

ZIF-90 PVP MOF and conducted a sequential reaction with the Fe-MOF to detect glucose. The results

showed better peroxidase catalytic activity of the MIL-88B(Fe) (1,4-NDC) MOF and similar secondary

building unit (SBU) Fe-MOFs were studied in other peroxidase nanozyme studies. When combined with

an enzyme-encapsulating ZIF-90 PVP MOF, they could be sequentially employed for glucose detection

purposes. This study highlights the potential of nanozymes as an alternative to natural enzymes, with

promising applications in biosensing and beyond.

Introduction

Due to their remarkable specificity and mild reaction condi-
tions, enzymes are essential biocatalysts in various fields,
including medicine, biology, and industry.1–4 However, natural
enzymes have certain limitations, such as high costs, poor
operational stability, and environmental sensitivity, which have
hindered their widespread use. Researchers have sought alter-
native solutions and turned to synthetic nanozymes that exhibit
enzyme-like catalytic activity, exceptional stability, and pro-
grammable activity.5 Various methods utilizing different nano-
materials, including noble metals/metal–organic frameworks
(MOFs)/carbon-based materials, have been created for these
artificial mimetic enzymes.6 Compared to natural enzymes,
these biomimetic materials, known as nanozymes, offer several
advantages, including higher stability, more expansive opera-
tional windows, for example, various temperature/pH condition
operations, simple synthetic protocols, tunability of catal-
ytic activity, and lower costs.7 Furthermore, the distinct

physicochemical features of nanosized materials give nano-
zymes a plethora of structural and chemical functionalization
choices, providing a superior strategy for altering their catalytic
activity. Significant biotechnology and nanomaterial research
developments have resulted in rational design along with the
novel synthesis of nanozymes for biosensor applications in
recent years. Given these advantages, the developed nanozymes
can potentially overcome the inherent restrictions.8

Metal–organic frameworks (MOFs) are crystalline structures
that emerge from the self-assembly of organic ligands linked by
metal nodes.9–11 MOFs exhibit remarkable properties stem-
ming from their distinctive microstructure, such as an elevated
surface area, tunable porosity, and cavities.12 Consequently,
they have gained immense popularity and are being utilized in
various domains, varying from gas separation/storage to small-
molecule sensing and catalysis.13–15 In recent years, significant
advancements have been made in using MOFs as catalysts to
replicate enzymatic activities, leading to a revolution in catalysis.16

Specifically, Fe, Cu, Mn, Co, Ni, Mo, or Ce-based single or
bimetallic MOFs have been used to create peroxidase nanozymes,
with Fe-based MOFs and their nanocomposites showing particu-
larly remarkable enzyme-like performances.17–21

Fe-based MOFs have open, active sites that make them
suitable for reactant transfer. The Fenton reaction is an
advanced oxidation process that involves the redox cycling of
Fe(III)/Fe(II) by H2O2,22 to proceed. However, the rate-limiting
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step in this reaction is the reduction of Fe(III) by H2O2, which
ultimately affects the overall efficiency of the reaction. To
increase the efficiency of H2O2, utilization and accelerate the
redox cycling of Fe(III)/Fe(II), researchers are exploring new
strategies to develop more efficient Fenton catalysts. One
promising avenue of research involves the use of metal–organic
frameworks (MOFs) as catalysts. However, MOF metal nodes
are usually fully coordinated by organic linkers, which can
reduce the number of Lewis acid sites and make them unavail-
able for H2O2 activation.23 Despite this limitation, Fe-MOFs
have unique secondary building units and open metal sites,
which are coordinatively unsaturated (CUS) metal centers, also
known as Lewis acid sites. These Fe-MOFs have shown perox-
idase nanozyme activity and can be utilized as efficient Fenton
catalysts. Some examples of Fe-MOFs that have been explored
for their catalytic activity include MIL-88A(Fe), MIL-100(Fe),
Fe-MIL-88B-NH2, and MIL-101(Fe).24–31 Ongoing research in
this area aims to optimize these catalysts to further improve
their efficiency and practical applicability.

In addition, further recyclability remains a challenge,
despite their success in peroxidase nanozyme and glucose
oxidase cascade reactions. Various techniques have been
explored to preserve enzyme stability and activity using porous
materials, including enzyme immobilization, encapsulation,
pore infiltration, and surface-bound methods to address this
challenge.32–36 Encapsulation, also called enzyme@MOF, invol-
ves synthesizing a MOF in the presence of an enzyme, resulting
in a biocomposite where the enzyme is enclosed within MOF
crystals.32 Promising biocompatible synthesis conditions have
been developed at room temperature using H2O, and note-
worthy MOFs include ZIF-8 and ZIF-90. The enzyme@ZIF-8 and
enzyme@ZIF-90 MOFs have been studied and demonstrate
advantages in terms of reusability and stability.

This study indicates the better peroxidase catalytic activity of
the MIL-88B(Fe) (1,4-NDC) MOF and similar secondary building
unit (SBU) Fe-MOFs were studied in other peroxidase nanozyme
studies. First, glucose oxidase was immobilized into the ZIF-90
PVP MOF using the encapsulation method for detection. This
two-step process involved GOx@ZIF-90 PVP MOF converting
glucose into gluconic acid and H2O2. Then, the solution was
introduced into the Fe-MOF peroxidase reaction, where H2O2

oxidized the TMB substrate via Fe-MOF catalytic reaction
(Scheme 1).

The advantages of encapsulating enzymes into the ZIF-90
PVP MOF and utilizing peroxidase nanozyme (Fe-MOF) for
further analysis are evident in their stability and reusability.
Thus, this study highlights the potential of nanozymes as an
alternative to natural enzymes, with promising applications in
biosensing and beyond.

Experimental
Chemicals and materials

Unless otherwise specified, all compounds were obtained from
commercial suppliers and were not further purified.

Synthesis of MIL-88B(Fe) (1,4-NDC) MOFs

1.5 mmol of FeSO4�7H2O and 1.0 mmol of 1,4-NDC were placed
in a 25 mL Teflon-lined autoclave with 8 mL of N,
N-dimethylformamide (DMF), 1 mL of methanol, and 1 mL of
ddH2O. After adding a few drops of concentrated sulfuric acid
(H2SO4), the reactor was heated in an electric oven at 80 1C for
24 hours. After the reaction, the mixture was allowed to cool to
ambient temperature, and centrifugation was used to obtain a
solid product. The product was washed with DMF, ddH2O, and
methanol and then dried for 12 hours in a vacuum oven at
60 1C. The powder that resulted was saved in a sample vial for
future use.

Synthesis of the GOx@ZIF-90-PVP MOF composite

The enzyme@ZIF-90-PVP MOF was synthesized following a
modified version of the literature procedure.37 First, a solution
was prepared by dissolving 46 mg of 2-imidazolecarbo-
xaldehyde (2-ICA) and 5 mg of PVP (MW = 40 000) in 2 mL of
deionized water at 65 1C and named solution A. Once the
starting materials were dissolved, the solution was cooled to
42 1C. Then 2 mg of GOx in 0.2 mL of deionized water was
added to Solution A and stirred. Then, 0.3 mL of a 0.62 M zinc
nitrate hexahydrate solution was added to the mixture while
stirring at room temperature. After mixing, the reaction mixture
quickly became milky. After stirring for about 10 minutes, the
product was recovered by centrifuging at 14 000 rpm for
3 minutes and rinsed thrice with ddH2O. At last, the enzyme@
MOF composite was freeze-dried for 24 hours under liquid
nitrogen.

Peroxidase-like activity of MIL-88B(Fe) (1,4-NDC) MOFs

The following procedure was used to detect H2O2 and deter-
mine the peroxidase nanozyme activity: first, a reaction mixture
was prepared in a 1.6 mL microcentrifuge tube by sequentially
adding 200 mL of 1 mg mL�1 MIL-88B(Fe) (1,4-NDC) MOF in
10 mM NaAc–HAc (pH 3.6) buffer, 200 mL of 1 mM TMB, and
200 mL of H2O2 solution at different concentrations. The
mixture was then incubated at 37 1C for 5 minutes, followed
by centrifugation at 14 000 rpm for 2 minutes. The resulting
solution was then analyzed using UV-vis spectroscopy at ambi-
ent temperatures over 300 to 700 nm. For quantitative analysis,
the absorbance at 652 nm was measured.

Scheme 1 Schematic representation of glucose detection by the
sequential reaction.
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The nanozyme activity was validated by measuring the
reaction product using UV-vis absorbance at 652 nm, utilizing
the extinction coefficient of 16 300 M�1 cm�1. Additionally, the
peroxidase reaction kinetics were calculated using the Michae-
lis–Menten equation.

V ¼ Vmax �
S½ �

S½ � þ Kmð Þ

Detection of glucose using GOx@ZIF-90-PVP MOF

Sequential experiments were conducted to investigate the
GOx@ZIF-90-PVP MOF composite’s catalytic performance.
First, 50 mL of glucose with varying concentrations was added
to 50 mL of the GOx@ZIF-90-PVP MOF composite, followed by
incubation at room temperature for 10 min. Next, the reaction
solution was centrifuged at 14 000 rpm for 3 min to remove the
GOx@ZIF-90-PVP MOF composite. Next, the resulting 100 mL of
the solution was added to a reaction mixture containing 200 mL
of 1 mg mL�1 MIL-88B(Fe) (1,4-NDC) MOF in 10 mM NaAc–HAc
(pH 3.6) buffer, 100 mL of 10 mM NaAc–HAc (pH 3.6) buffer, and
100 mL of 1 mM TMB. The reaction was conducted for
5 minutes, and the absorbance at 652 nm was recorded in a
UV spectrum.

Characterization

The MOFs were characterized using various techniques to
investigate their crystal structure, morphology, elemental com-
position, surface area, and pore volume. Powder X-ray diffrac-
tion (PXRD) using CuKa radiation (l = 1.54178) on a Bruker D8
Advance Eco instrument was employed to determine the crystal
structure of the MOFs. Field emission scanning electron micro-
scopy (FE-SEM) was utilized to study the morphology of the
MOF samples, and elemental analysis was conducted using FE-
SEM coupled with energy dispersive X-ray spectroscopy (EDS)
on a JEOL JSM-7600F instrument with an Oxford X-Max
80 detector. The BET surface area and pore volume were
calculated using N2 sorption isotherms and evaluated on a
Micromeritics ASAP 2020 surface area and pore size analyzer at
77 K under liquid nitrogen. The non-linear density functional
theory (NL-DFT) model determined the pore size distribution.
Before testing, the samples were degassed for 12 hours under
high vacuum at 120 1C. X-ray photoelectron spectroscopy (XPS)
was performed using a system from Thermofisher Scientific,
Waltham, MA, USA, to determine the elemental composition of
Fe-MOF. UV-vis spectra were collected using a BioTek Synergy
HT microplate reader in a transparent 96-vial plate.

Computational methods

All density functional theory (DFT) calculations with spin
polarization were performed by using the DMol3 package.
The exchange–correlation functional in the Kohn–Sham equa-
tions used the generalized gradient approximation (GGA) in the
form of the Perdew–Burke–Ernzerhof (PBE). The DFT semi-core
pseudopotential (DSPP) and double-numerical plus polariza-
tion (DNP) function were applied to describe the core-electrons

and basis set treatment. The interaction energy was calculated
by the equation of Eint = EA/MOF � (EA + EMOF), where EA and
EMOF are the calculated total energies of the isolated TMA
molecule and MOF. EA/MOF is the total energy of the TMB
molecule in the MOF; wherein a more negative value denotes a
stronger interaction between the TMB molecule and MOF.

Results and discussion
Structural characterization of MIL-88B(Fe) (1,4-NDC) MOFs

In this study, MIL-88B(Fe) (1,4-NDC), MIL-100(Fe), MIL-88B(Fe)
(1,4-BDC), and Fe-1,4-NDC MOF were synthesized using proce-
dures reported in the literature.38–40 However, the MIL-88B(Fe)
(1,4-NDC) MOF was synthesized using a solvothermal method
with a specific combination of dimethyl formamide (DMF),
methanol, and water. DMF played a crucial role in controlling
the rate of deprotonation and nucleation during the synthesis
of MIL-88B(Fe) (1,4-NDC) MOF, and an appropriate amount was
added to the reaction mixture. The aqueous solution’s high
dispersity and stability are crucial for the reliable application of
MOF-based peroxidase mimics. The Fe-based MIL-88B(Fe)
(1,4-NDC) MOF is highly compatible with aqueous environ-
ments due to its hydrophobic bridging ligands, which make it a
suitable candidate for such applications. MOFs such as MIL-
100(Fe) and MIL-88B(Fe) (1,4-BDC) MOFs possess peroxidase-
like activity due to their porous structure exposing many Fe(III)
and Fe(II) activity centers on the surface.29,41 At the solid or
liquid interface, these activity centers accelerate heterogeneous
Fenton-like reactions.42 In aqueous acidic solutions, the water
or hydroxide molecules bridging the SBUs can terminate and
become unsaturated open iron sites. Fe(III) can be reduced to
Fe(II) by substituting non-bridging ligands with the Lewis base
H2O2, which can then react with H2O2 to generate hydroxyl
radicals.23 Solid MOF structures with Fe-based reaction sites
can limit the rapid diffusion of iron ions and radicals in the
surrounding environment during Fe(III)/Fe(II) conversion cycles,
improving the catalytic activity.42

Characterization techniques, including SEM imaging, PXRD
analysis, and nitrogen adsorption studies, were used to study
the resulting MOF. The PXRD patterns of both the synthesized
and incubated in an acidic buffer of MIL-88B(Fe) (1,4-NDC)
MOFs are presented in Fig. 1(a) and Fig. S1–S3 (ESI†), indicat-
ing that the synthesized MOF matched the MOF incubated in
the acidic buffer condition MIL-88B-Fe structure. Our results
showed that the synthesized and incubated in the acidic buffer
of MIL-88B(Fe) (1,4-NDC) MOF particles had a rod-like mor-
phology with an average length of 1 mm and width of 5.37 mm
and were highly crystalline (Fig. 1(b) and (c)). These results
indicate that the MOFs are very stable under acidic conditions.
The MIL-100(Fe), MIL-88B(Fe) (1,4-BDC), MIL-88B(Fe) (1,
4-NDC), and Fe-1,4-NDC MOF structure, particle morphology,
PRXD, N2 sorption isotherm, and pore size distribution are
shown in ESI,† Fig. S4–S14.

The N2 adsorption–desorption isotherm (Fig. S13, ESI†)
revealed that the MIL-88B(Fe) (1,4-NDC) MOF has a surface
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area of less than 22 m2 g�1, indicating a non-porous structure.
In comparison, the BET-specific surface areas of MIL-88B(Fe)
(1,4-BDC) MOF, MIL-100(Fe), and Fe-1,4-NDC MOF were found
to be 66, 1693, and 4 m2 g�1. Additionally, the surface area and
the pore size distribution shown in Fig. S11–S14 (ESI†) indi-
cated that the MOFs had arranged the order of porous to non-
porous structure, MIL-100(Fe) 4 MIL-88B(Fe) (1,4-BDC) 4
Fe-MIL-88B (1,4-NDC) Z Fe-1,4-NDC, which could be advanta-
geous for catalytic reactions. The MIL-88B(Fe) (1,4-NDC) acti-
vated MOF shows non-porous properties in N2 sorption and
PXRD shows the closed form of the MIL-88B(Fe) structure. The
dried form of MIL-88B(Fe) (1,4-NDC) has pores that are likely
comparable to or smaller than the diameters of nitrogen gas
(3.8 Å), implying that the gas may be unable to permeate the
cavity. PXRD characterization was conducted for the as-
synthesized MOF, after immersion in acidic buffer solution
and the MOF was dried using acidic buffer solution (Fig. S15,
ESI†). The as-synthesized and dried MOF shows a closed form
and in solution shows an open form of MIL-88B(Fe) (1,4-NDC).
These findings provide a comprehensive understanding of the
structure and characteristics of Fe MIL-88B and highlight its
potential applications in catalysis. Therefore, comparing dif-
ferent Fe-MOFs with their unique secondary building units can
determine their peroxidase-like activity.

To determine the elemental composition and surface
chemical state of MIL-88B(Fe) (1,4-NDC) MOF, XPS analysis
was conducted. The XPS survey spectrum in Fig. 2(a) confirmed
the presence of Fe, C, and O elements in the MIL-88B(Fe)
(1,4-NDC) MOF. The C 1s XPS spectra (Fig. 2(b)) were deconvo-
luted into three peaks at 284.7, 286.3, and 288.7 eV, represent-
ing the C–C, C–O–C, and O–CQO bonds, respectively. Similarly,
the O 1s XPS spectrum (Fig. 2(c)) was fitted into three peaks at
530.1, 531.9, and 533.7 eV, which were assigned to Fe–O–Fe,

C–O–Fe, and HO– bonds, respectively. After curve fitting, the
peaks of Fe 2p1/2 and Fe 2p3/2 for MIL-88B(Fe) (1,4-NDC) MOF
(Fig. 2(d)) were observed at ca. 710.8, 713.5, 723.7, and 726.2 eV,
which are assignable to Fe(III),43,44 and the additional peak at
709.4 eV was observed, which is assigned to Fe(II).45 The XPS
quantitative analysis was performed to determine Fe(II) and
Fe(III) atomic percentage (%), Fe 2p3/2 (Fe2+: 10.03, Fe3+: 29.3,
sat: 26.27) and Fe 2p1/2 (Fe2+: 10.2, Fe3+: 11.96, sat: 12.23)
demonstrate that the Fe in MIL-88B(Fe) (1,4-NDC) MOF is
predominately Fe(III). These results provide valuable informa-
tion on the surface chemistry of the MIL-88B(Fe) (1,4-NDC)
MOF and confirm its composition for further potential
applications.

Peroxidase-like catalytic activity of MIL-88B(Fe) (1,4-NDC)
MOFs

TMB was used as a mimic peroxidase substrate to assess the
catalytic efficacy of Fe-MOFs. Fig. 3(a) demonstrates that the
MIL-88B(Fe) (1,4-NDC) MOF added to the H2O2/TMB system led
to significant absorption at 652 nm, while TMB solution with
H2O2 or MIL-88B(Fe) (1,4-NDC) MOF did not produce notice-
able absorption at 652 nm. We evaluated the peroxidase activity
of four different iron-based metal–organic frameworks (MOFs) –
MIL-88B(Fe) (1,4-NDC), MIL-100(Fe), MIL-88B(Fe) (1,4-BDC),
and Fe-1,4-NDC – as peroxidase-like nanozymes. Our results
show that MIL-88B(Fe) (1,4-NDC) exhibited better peroxidase
activity among the four MOFs, with a reaction time of only
5 minutes (Fig. 3(b)). Therefore, we conclude that MIL-88B(Fe)
(1,4-NDC) has significant potential as a peroxidase-like
nanozyme.

The catalytic activity of MIL-88B(Fe) (1,4-NDC) MOF on TMB
and H2O2 substrates was assessed, considering the impact
of temperature and pH. The optimal conditions of the
MIL-88B(Fe) (1,4-NDC) MOF were 28 1C, pH 3.6, and a reaction
time of 5 minutes (Fig. S16–S18, ESI†). Moreover, the MOF

Fig. 1 (a) The PXRD pattern shows the as-synthesized MIL-88B(Fe) (1,
4-NDC) MOF. The FE-SEM images show (b) the as-synthesized MOF and
(c) the MOF after incubation in an acidic buffer for 24 hours at pH 3.6.

Fig. 2 (a) The XPS spectra of MIL-88B(Fe) (1,4-NDC) MOF. (b)–(d) XPS
spectrum of C 1s, O 1s, and Fe 2p.
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demonstrated excellent catalytic activity with over 90% relative
activity achieved in less than 5 minutes. However, for consis-
tency in data evaluation, the total reaction time of 5 minutes
was deemed appropriate. As a result, subsequent studies were
conducted under these conditions, at room temperature (28 1C)
and pH 3.6.

Michaelis–Menten kinetic curves of MIL-88B(Fe) (1,4-NDC)
with a constant TMB concentration and a varying H2O2 concen-
tration are presented in Fig. 3(c). Using two apparent kinetic
parameters, where Km is 160 mM and Vmax is 12.5 � 10�8 M s�1

for MIL-88B(Fe) (1,4-NDC) MOF, the values reveal that this MOF
had a lower Km value for H2O2 indicating stronger bond
between the nanozyme and the substrate are better than other
nanozymes, and HRP enzyme.24,46–48 Using the MIL-88B(Fe)
(1,4-NDC) MOF nanozyme instead of HRP may result in better
H2O2 and glucose detection sensitivity. Meanwhile, as the H2O2

concentration increased, the absorbance at 652 nm increased
linearly, and the LOD value was determined to be 2.07 mM
(3s/S) (R2 = 0.996) (Fig. 3(d)).

We also investigated the zeta potential of the Fe-MOFs
incubated in an acidic buffer with a pH of 3.6. Our findings
showed that MIL-100(Fe) had a negative surface charge with a
zeta potential of �2.4 mV, while MIL-88B(Fe) (1,4-BDC) and
MIL-88B(Fe) (1,4-NDC) MOF had positive surface charges with
zeta potentials of 22.25 mV and 8.65 mV, respectively (Fig. S19,
ESI†). In addition, we observed that MIL-100(Fe) had higher
catalytic activity compared to MIL-88B(Fe) (1,4-BDC), possibly
because the negatively charged MIL-100(Fe) MOF can easily
interact with cationic TMB.49 However, when comparing the
catalytic activity of MIL-100(Fe) and MIL-88B(Fe) (1,4-NDC)

MOF, we expected MIL-100(Fe) to have higher activity because
of its negative surface charge. Surprisingly, our results showed
that MIL-88B(Fe) (1,4-NDC) had higher activity. We hypothesize
that the strong electrostatic interaction and p–p interaction
between the 1,4-naphthalene dicarboxylic acid ligand in
MIL-88B(Fe) (1,4-NDC) and the TMB molecule contributed to
its enhanced catalytic activity. The DFT calculations (Fig. S20,
ESI†) were carried out and revealed that the interaction
(�73.59 kJ mol�1) between MIL-88B(Fe) (1,4-NDC) and TMB
molecule is stronger than that (�64.24 kJ mol�1) in MIL-100(Fe)
and TMB molecule. Overall, our findings demonstrate the
potential of MIL-88B(Fe) (1,4-NDC) as a highly efficient
peroxidase-like nanozyme, which could have significant impli-
cations for various biosensor applications. To illustrate this
non-porous Fe-MOF peroxidase-like catalytic activity, we further
conducted the sequential reaction method to evaluate its
applicability.

GOx@ZIF-90 PVP MOF characterization

The imidazole-2-carboxaldehyde solution was heated to 65 1C
with the addition of PVP for five minutes to dissolve the
starting materials quickly. After cooling to room temperature,
GOx and metal solutions were added, and the MOF nano-
particles were effectively stabilized. This stabilization technique
enabled the precise localization of GOx within the ZIF-90-PVP
crystal. The immobilization process was conducted gently and
was eco-friendly through co-precipitation in an aqueous
solution, preserving the enzymatic activity of GOx even after
encapsulation within the ZIF-90-PVP structure. Notably, the
XRD patterns of the nanocomposites GOx@ZIF-90 PVP were
almost indistinguishable from that of the ZIF-90 calculated
pattern, suggesting that the incorporation of GOx had minimal
impact on the phase of the ZIF-90 hosts Fig. 4(a). The FE-SEM
was used to analyze the morphology of the GOx@ZIF-90

Fig. 3 (a) The UV-vis absorption spectra of MIL-88B(Fe) (1,4-NDC) MOFs
catalyzing the oxidation of TMB by H2O2. The inset picture represents: (1)
H2O2 and TMB, (2) MOF and H2O2, (3) MOF and TMB, and (4) MOF, TMB,
and 250 mM H2O2. (b) The intensity of TMB oxidation using H2O2 for four
Fe-MOFs was measured at 652 nm. The MOF order from right to left is as
follows: (1) MIL-100(Fe), (2) MIL-88B(Fe) (1,4-BDC), (3) MIL-88B(Fe)
(1,4-NDC), and (4) Fe-1,4-NDC MOF. (c) Michaelis–Menten curves of
steady-state kinetic analysis were generated for the MIL-88B(Fe) (1,
4-NDC) MOF with varied H2O2 concentrations and a fixed TMB concen-
tration. (d) A linear relationship was found between the absorbance
intensity and H2O2 concentration (0.5–250 mM) at 652 nm.

Fig. 4 (a) The PXRD pattern of the synthesized GOx@ZIF-90 PVP MOF
was compared to the calculated pattern of ZIF-90 MOF. (b) A FE-SEM
image of the as-synthesized GOx@ZIF-90 PVP MOF is shown. (c) and (d)
The N2 sorption isotherm of the GOx@ZIF-90 PVP MOF and its corres-
ponding pore size are presented.
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PVP-based nanocomposites, as depicted in Fig. 4(b), revealing a
uniform size morphology. To assess its porosity, we measured
the nitrogen adsorption–desorption isotherms of GOx@ZIF-90
PVP at 77 K, as depicted in Fig. 4(c). At low relative pressure, the
adsorption of GOx@ZIF-90 PVP reached saturation. Our calcu-
lations indicate that the BET surface area of GOx@ZIF-90 PVP is
762 m2 g�1, and the pore size distribution curve (Fig. 4(d)) with
a maximum of 11 Å matches more precisely with prior
literature.37

GOx@ZIF-90 PVP MOF and MIL-88B(Fe) (1,4-NDC) MOF
catalytic activity

Using GOx@ZIF-90-PVP as a reusable catalyst, MIL-88B(Fe)
(1,4-NDC) MOF as a peroxidase nanozyme, and TMB as a
chromogenic substrate, glucose was detected with high cataly-
tic efficiency. In just 10 minutes, GOx@ZIF-90-PVP converted
glucose to gluconic acid. In addition, it generated H2O2 in the
reaction solution, which was then used as a substrate for
MIL-88B(Fe) (1,4-NDC) MOF to oxidize TMB, producing TMBox
that could be detected at 652 nm. The ZIF-90 PVP MOF failed to
convert glucose into gluconic acid without GOx (Fig. S21, ESI†).
The absorbance at 652 nm was measured following a total
reaction time of 15 minute at room temperature, (i) first step:
GO@ZIF-90-PVP composite containing glucose (2.5–125 mM)
10 minutes reaction, (ii) second step: MIL-88B(Fe) (1,4-NDC)
MOF and TMB (1 mM), exhibiting excellent linearity between
the absorbance and glucose concentration within the range of
2.5–125 mM (R2 = 0.998), with a low detection limit of 2.23 mM
(Fig. 5).

Moreover, to ensure reproducibility, the peroxidase-like
catalytic activity of MIL-88B(Fe) (1,4-NDC) MOF was detected
using a sequential reaction method for glucose detection across
multiple batches (Fig. S22, ESI†). It’s worth noting that in the
first step, GOx@ZIF-90-PVP MOF was centrifuged, washed, and
then reintroduced into the reaction system. However, due to
the small sample size in the reaction, the PXRD analysis
revealed partial crystallinity of MIL-88B(Fe) (1,4-NDC) MOF
after the sixth cycle (Fig. S23, ESI†). As seen in the XRD
data, the reaction involving TMB oxidation and subsequent

entrapment or attachment of some of the oxidized TMB mole-
cules into the pores or surface of the MIL-88B(Fe) MOF leads to
a decrease in crystallinity. This decrease in crystallinity may
affect the flexibility of the MIL-88B(Fe) MOF, which has pre-
viously been reported to demonstrate a breathing effect in the
literature. The presence of trapped or surface-attached oxidized
TMB molecules alters the long-range order of crystallinity,
causing the MOF’s crystallinity to diminish across several
cycles.

Conclusions

In conclusion, our study highlights the potential of different
Fe-based metal–organic frameworks (MOFs) as efficient
peroxidase-mimetic nanozymes. We observed that MIL-88B(Fe)
(1,4-NDC) demonstrated the highest catalytic activity among the
four MOFs tested. Its hydrophobic bridging ligands make it highly
compatible with aqueous environments, and its unique secondary
building units and surface charges could influence its peroxidase-
mimicking activity. Specifically, the MIL-88B(Fe) (1,4-NDC) MOF
exhibited higher activity than expected due to strong electrostatic
and p–p interactions. Additionally, our findings suggest that the
MOF encapsulation method for enzyme immobilization offers
reusability and stability advantages. Moreover, these findings have
significant implications for various biotechnology and environ-
mental monitoring applications and highlight the potential of
nanozymes as a promising alternative to natural enzymes.
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Fig. 5 The glucose detection by sequential reaction was performed, and
the absorbance intensity was measured at 652 nm. The resulting data
show a linear relationship between absorbance intensity and glucose
concentration (0.5–125 mM).
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