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Metalloenzymes which employ metal species and organic ligands as central active sites play significant
roles in various biological activities. Development of artificial metalloenzymes can help to understand
the related physiological mechanism and promote the applications of metalloenzymes in biosynthesis,
energy conversion and biosensing. In this work, inspired by the active sites of ferriporphyrin-based

metalloenzymes, Fe-MOFs by using ferric as the metal center and a porphyrin analog as the organic
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ligand were developed as an artificial metalloenzyme. The Fe-MOFs exhibit high peroxidase-like catalytic
activity with excellent long-term stability. Moreover, highly sensitive biosensors were built to detect
H,0, and glucose based on the Fe-MOFs. Such MOFs-based artificial metalloenzyme offers an efficient
strategy for the development of highly stable and efficient metalloenzymes, showing great potential in
catalysis, energy transfer, biosensing and medical diagnosis.
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Metalloenzymes are proteins that employ metal ions as the
cofactor to regulate the configuration of active sites and further to
catalyze specific biochemical reactions [1]. Owing to the unique
physical and chemical properties of metal cofactors and organic
ligands, metalloenzymes can serve as the carriers of electrons,
atoms and functional groups to promote the catalysis process [2,3].
Benefitting from such properties, metalloenzymes have played
significant roles in a series of biological activities including
electron transfer [3,4], storage and transport of oxygen [5],
biosynthesis [6], and sensing of small molecules [7]. However,
because of their protein nature, metalloenzymes usually
suffer from fatal drawbacks such as easy denaturation, difficult
purification and high cost [8-11]. These disadvantages have
severely hindered the investigation of their functions and also
limited their practical applications. In this regard, construction of
artificial metalloenzymes with high stability and high efficiency is
of great importance to reveal related biological mechanisms and
promote their applications such as biosensing, biosynthesis,
diagnosis and disease treatment.

Metal-organic frameworks (MOFs) are a kind of stable
functional materials formed by the coordination of metal central
and organic ligands [12]. The metal central and organic ligands
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endow MOFs with various characteristics including catalytic,
photonic, electronic, and mechanical properties [13-17]. Owing to
these outstanding properties, MOFs have received enormous
interest in energy harvesting and conversion, biosensing and
biomedicine [18-22]. For example, since both the metal central
with variable valance and organic ligands with the electron-rich
group can serve as electron carriers, MOFs exhibit great advantages
in the catalysis of redox reactions [23,24]. More importantly, the
framework structures of highly ordered micropores make MOFs
with a high specific surface area which provides rich absorption
sites and enormous catalytic sites, ensuring the excellent catalytic
performance of MOFs [25-27]. In this regard, the similar chemistry
nature to metalloenzymes and excellent catalytic properties make
MOFs as ideal candidates for artificial metalloenzymes.
Ferriporphyrin is a kind of important molecules in metal-
loenzymes, playing significant roles in the catalytic properties of
peroxidase, heme oxygenase and cytochrome P450 monooxyge-
nase [28-31]. In this work, by using iron ions as the metal central
and porphyrin analogs as the organic ligands, a MOFs-based
artificial metalloenzyme with peroxidase-like activity was
developed (Fe-MOFs). The as-developed Fe-MOFs exhibit highly
ordered microporous nanostructure and can provide enormous
active sites for absorption and catalysis. Benefitting from such
structural properties, Fe-MOFs display excellent peroxidase-like
activities. Furthermore, highly sensitive colorimetric biosensors to
detect H,0, and glucose were constructed based on Fe-MOFs. Our
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demonstration of MOFs-based artificial metalloenzymes provides
an efficient strategy for the construction of bioinspired functional
nanomaterials and holds great promise in bioanalysis, disease
diagnostics and pollution treatment.

Iron(Ill)-based metal-organic frameworks (Fe-MOFs) were
prepared by a one-step solvothermal reaction with N,N-dimethyl-
formamide (DMF) as the solvent. In this reaction, the crystallization
of Fe-MOFs is dominated by the coordination of Fe** and carboxy
group in TCPP to promote the nucleation and growth. At the same
time, benzoic acid serves as a modulator to regulate the growth and
morphology of Fe-MOFs. Transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) were utilized to charac-
terize the morphology and structure of the obtained products. As
showninFig.1a, the nanoparticles exhibit good monodispersity and
a uniform spindle shape with an average size of 185 nm in length
and 100 nmin diameter. Itis worthy to note that the high-resolution
TEM image in Fig. 1b shows that a well-defined lattice fringe and the
interplanar spacing is 1.3 nm, corresponding to the micropore
diameters of the Fe-MOFs. Such a pore structure is highly ordered
and is helpful to improve the specific surface area and provide
enormous active sites of Fe-MOFs. SEM image in Fig. 1c further
confirms the spindle shape and excellent dispersity of Fe-MOFs.
Energy dispersive spectroscopy (EDS) was further used to investi-
gate the elemental composition of Fe-MOFs. The result is presented
inFig.1d, whichindicates that the as-obtained nanoparticles consist
of C, Fe,and O elements. All these findings suggest that the Fe-MOFs
with highly ordered structure were successfully prepared.

Next, the peroxidase-mimicking activity of Fe-MOFs was
investigated by using a chromogenic reaction with 3,3,5,5-
tetramethylbenzidine (TMB) as the substrate. As shown in
Fig. 2a, on the addition of H,0,, the H,0, is decomposed by Fe-
MOFs and the simultaneous TMB is oxidized. The oxidized TMB
(oxTMB) appeared with blue color and can be measured by UV-vis
spectrometer with a maximum absorption peak at 652 nm. As
presented in Fig. 2b, when Fe-MOFs were absent, the reaction
solution shows no obvious color change and the absorbance
variation at 652 nm is negligible. A similar result was observed
when H,0, was absent. In contrast, when both Fe-MOFs and H,0,
were present in the solution, the reaction solution quickly changes
to blue in a few minutes with strong absorbance at 652 nm,
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Fig. 1. (a) TEM image of Fe-MOFs. (b) High-resolution TEM image of Fe-MOFs. (c)
SEM image of Fe-MOFs. (d) Energy dispersive spectrum of Fe-MOFs. The signal of Cu
is from the Cu grid.
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Fig. 2. (a) Schematic illustration for H,0, detection with Fe-MOFs as catalyst. (b)
UV-vis spectra of (1) Fe-MOFs, H,0,, and TMB, (2) only H,0, and TMB, and (3) only
Fe-MOFs and H,0-. The inset photograph is the color changes corresponding to the
different reaction systems. (c) Time-absorbance curve of different reaction systems.
Conditions: Fe-MOFs (30 wg/mL), H,0, (0.1 mmol/L) and TMB (0.05 mmol/L) were
incubated in acetate buffer (pH 4.0) at room temperature.

suggesting that the catalytic reaction was carried out only
when both Fe-MOFs and H,0, were present. Furthermore, time-
dependent response curves of absorption intensity at 652 nm were
measured. As shown in Fig. 2¢, during the reaction, the solution
containing H,0, and TMB remains at the initial absorbance value,
and for the solution containing Fe-MOFs and TMB, the absorbance
increases slowly. However, the absorption intensity of the solution
with Fe-MOFs, H,0, and TMB increases rapidly and then saturates
slowly, indicating that the substrate TMB was oxidized. All these
findings demonstrate that Fe-MOFs possess peroxidase-like
catalytic activity toward TMB oxidation by H,0,. According to a
previous report [32], we speculated that the possible mechanism is
as follows: the O—O bond of the H,0, firstly is broken by the
ferriporphyrin analogue on the surface of Fe-MOFs to generate "OH,
and then TMB is oxidized by the ‘OH.

The peroxidase-like catalytic reaction mechanism was further
investigated by a steady-state kinetic model performed with H,0,
and TMB as substrates in acetate buffer (50 mmol/L, pH 4.0) at
room temperature. For the steady-state kinetic assays, the
Michaelis-Menten curve of TMB was obtained by changing TMB
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Fig. 3. Steady-state kinetic analysis of Fe-MOFs by using (a, b) Michaelis-Menten
model and (c, d) Lineweaver-Burk plots. (a, ¢) The concentration of TMB was varied
from 0.05mmol/L to 1.10 mmol/L and the concentration of H,0, was fixed at
0.1 mmol/L. (b, d) The concentration of H,O, was varied from 0.05 mmol/L to
0.80 mmol/L and the concentration of TMB was fixed at 0.1 mmol/L. Conditions:
Fe-MOFs (30 g/mL) in acetate buffer (pH 4.0) at room temperature.
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concentration and fixing H,O, concentration at 0.1 mmol/L
(Fig. 3a). Similarly, the Michaelis-Menten curve of H,O, was
obtained by changing H,0, concentration and fixing TMB
concentration at 0.1 mmol/L (Fig. 3b). Then, the Michaelis-Menten
curves were fitted to the corresponding Lineweaver-Burk plots
(Figs. 3cand d). According to the Lineweaver-Burk plots, the kinetic
parameters such as maximum initial velocity (Vax) and Michaelis-
Menten constant (K;,) were obtained to assess the peroxidase-like
activity of the Fe-MOFs (Table S1 in Supporting information).
Generally, the K, value is an important indicator for assessing
enzyme affinity to its substrates and a lower K;;, value represents a
higher affinity [33,34]. The K, value for Fe-MOFs with H,0, as the
substrate was 0.17 mmol/L, which was significantly lower than of
HRP (3.70 mmol/L). When using TMB as the substrate, the K, value
for Fe-MOFs was 0.31 mmol/L, which was also lower than of HRP
(0.43 mmol/L). All these findings suggest that the Fe-MOFs have a
higher affinity toward H,0, and TMB than HRP. Furthermore, the
Vmax value of the Fe-MOFs is comparable to HRP with TMB and
H,0, as substrates. All these results suggest that Fe-MOFs can be
considered as a remarkable peroxidase-like nanozyme.

Owing to its strong oxidizing property and high reactivity, H,O,
is prevalent in biological systems as a reactive oxygen species
and plays significant roles in cellular signal transduction [35]. The
abnormal concentration of H,0, in vivo would lead to the
imbalance of oxidation environment, and further development
of diseases including cancer, neurodegenerative disease, and
inflammation [36]. Therefore, the quantitative detection of H,0,
plays significant roles in various applications including
environmental monitoring, disease diagnosis and mechanism
investigation. Based on the peroxidase-like catalytic reaction of the
Fe-MOFs, a colorimetric biosensor was designed for the quantita-
tive determination of H,0,. Fig. 4a presents the absorbance of the
systems with varied H,0, concentrations. It can be clearly
observed that the absorbance intensity at 652 nm increases with
the H,0, concentration increasing. In addition, Fig. 4b shows a
typical response curve between the absorbance at 652 nm and the
H,0, concentration. A linear relationship (inset in Fig. 4b) is
observed in the range of 0-100 wmol/L with a detection limit of
1.2 pwmol/L. Meanwhile, the color changes of the reaction solution
can be observed by the naked eye with different concentrations of
H,0, (Fig. 4c). All these results indicate that based on the Fe-MOFs,
the sensitive biosensors were successfully constructed for H,O,
colorimetric detemination.

Glucose is an essential energy source in living cells and plays
important roles in the metabolism process of organisms [7,37]. The
abnormal glucose concentration is usually a precursor of many
diseases such as diabetes, high blood pressure and cancers [37-40].
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Fig. 4. (a) UV-vis spectra of catalystic systems with Fe-MOFs-based biosensor
where the H,0, concentrations were 0, 20, 40, 60, 80, 100, 200, 300, 400, 500, 600,
700 and 800 pwmol/L. (b) Absorbance at 652 nm with different H,O, concentration.
The inset shows the linear response between the absorbance and H,0,
concentration. (c) Corresponding photograph of reaction solutions with different
H,0, concentration. Conditions: Fe-MOFs (30 pg/mL) and TMB (0.05 mmol/L) in
acetate buffer (pH 4.0) at room temperature.
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Fig. 5. (a) Schematic illustration of colorimetric detection of glucose with Fe-MOFs-
based biosensor. (b) Corresponding photograph of reaction solutions with different
glucose concentration. (c) Absorbance at 652 nm with different glucose concentra-
tions. The concentrations of glucose were 0, 10, 20, 30, 40, 50, 60, 80, 100, 200,
300 wmol/L. The insets show the linear response between the absorbance and
glucose concentration. (d) Selectivity tests of glucose detection. The concentrations
of glucose and glucose analogs are both at 1 mmol/L. Conditions: Fe-MOFs
(30 pg/mL) and TMB (0.05 mmol/L) in acetate buffer (pH 4.0) at room temperature.

On the basis of the superior activity toward H,0, of Fe-MOFs, a
colorimetric biosensor based on Fe-MOFs was constructed for the
quantitative detection of glucose. The scheme for the detection of
glucose based on Fe-MOFs is illustrated in Fig. 5a. Glucose is oxidized
by glucose oxidase (GOx) in the presence of dissolved oxygen, and at
the same time, gluconic acid and H,0, are produced. Subsequently,
the formed H,0, is decomposed by Fe-MOFs and simultaneously
TMB is oxidized with the generation of a strong absorbance at
652 nm. Photograph of the solutions color as a function of glucose
concentrations is shown in Fig. 5b and suggests that the
glucose concentration can be easily discriminated by naked eyes.
Such visualized detection holds great promise in on-site tests and
point-of-care tests. Also, it can be observed from Fig. S6 (Supporting
information) that the absorbance intensity of the reaction solution
increases gradually with the glucose concentration increasing.
Besides, a dynamic range of glucose detection is observed in the
concentration from 0 to 300 pmol/L (Fig. 5c). The inset in Fig. 5¢
further shows that the linear relationship for glucose detection is in
the range of 0-50 wmol/L with a detection limit of 0.6 wmol/L,
indicating that the biosensors based on Fe-MOFs exhibit excellent
sensitivity towards glucose detection. Furthermore, the selectivity of
the Fe-MOFs-based biosensor for glucose detection was tested. To
conduct the selectivity assays, control experiments were carried out
under the same conditions using glucose analogs such as sucrose,
fructose, galactose, and maltose. As shownin Fig. 5d, only glucose can
generate a significant variation in absorbance. In contrast, there was
no significant variation in the absorbance with all of these glucose
analogs, which demonstrated that the Fe-MOFs based biosensor
shows high selectivity toward glucose. All of our results confirmed
that the constructed biosensors exhibited high sensitivity and
selectivity for H,0, and glucose colorimetric detection.

In conclusion, an artificial nanozyme with the metalloenzyme-
like activity was constructed based on Fe-MOFs. The Fe-MOFs were
synthesized based on iron(lll) and porphyrin analogs with a similar
composition to natural metalloenzymes. The as-prepared Fe-MOFs
exhibit highly-ordered micropore structures and display excellent
peroxidase-like catalytic activity with high long-term stability.
Benefitting from the excellent activity, the artificial nanozyme was
utilized to construct highly sensitive and selective colorimetric
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biosensors to detect H,O, and glucose, holding great promise in
the detection of metabolites. This work opens a new way for the
construction of artificial metalloenzyme with high activity and
high stability and offers great potentials in biosensing, medical
diagnosis and disease therapy.
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