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An artificial catalyst (Fe-COFs) with peroxidase-like activity was
successfully synthesized at room temperature and applied to catalyze
the reaction between TMB and H,O,. This catalytic system can be used
not only to detect residual hydrogen peroxide (H,O,) in milk effi-
ciently, but also to degrade rhodamine B (RhB) in waste water.

With the deterioration of the environment and the continuous
shortage of resources and energy, environment-friendly enzymatic
catalysis has become more and more popular. Artificial enzymes
are a new kind of synthetic material with enzyme-like properties,
which are more stable and economical than natural enzymes, and
they can be widely used in biological, agricultural, medical, envi-
ronmental and other fields as alternatives to enzymes."” To date,
a large number of artificial enzymes such as metal oxides,>* noble
metal nanoparticles,>® metal sulfides,”® metal-organic frameworks
(MOFs),** and their derived nanocomposites’®* have been
explored to exhibit enzyme-like activity.

Covalent organic frameworks (COFs) are constructed with
lightweight elements (i.e., H, B, C, N, and O) by covalent
bonding, and they have emerged as a new kind of material.*>**
The multiple advantages of COFs make them applicable in
diverse fields like sensing," gas storage," optoelectronics,'® and
catalytic fields.””*® The imine-type ligand was one of the most
versatile ligands studied in coordination chemistry. The imine-
linked metal-ion-incorporated COF material Pd/COF-LZU1 had
been synthesized and used as a catalyst in the Suzuki-Miyaura
coupling reaction, which showed excellent catalytic activity,
high stability and easy recyclability.*® Co/Co(OH), embedded in
the pores of COFs was also prepared and exhibited excellent
catalytic activity in the hydrogenation of nitro compounds and
nitrile to amine reactions.' According to previous reports,'*>>
imine-type (Schiff base) ligands coordinate with a variety of
noble metal ions and imine-based metal complexes had also
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been used as catalysts. Compared with MOF mimics, COF
mimics possessed higher chemical stability and outstanding
structural stability under different harsh conditions. However,
there are fewer reports on the synthesis of non-noble metal-COF
materials as an artificial enzyme via a simple method at room
temperature (Scheme 1).

In this work, Fe based COFs (Fe-COFs) were prepared under
mild conditions at room temperature, and the entire operation
process was simple and convenient.*® To our surprise, the ob-
tained Fe-COFs possess high peroxidase-like activity and excel-
lent stability under harsh conditions and show great potential
in other fields.

According to a previous report, the host COF* (denoted as
RT-COF-1) was synthesized and then the Fe-COFs were
prepared. The procedure is described in the ESI.f SEM images
showed the flakes of RT-COF-1 (Fig. S1at), and Fe-COFs showed
the formation of uniform aggregates of flakes (Fig. Sibf).
Compared to RT-COF-1, the morphology of Fe-COFs remained
basically intact, which indicated that the introduction of iron
did not break the skeleton of RT-COF-1. The TGA curves of RT-
COF-1 showed that its weight loss started from 500 °C, which is
the same as that in previous reports* (Fig. S2t). In addition, the
weight loss of Fe-COFs also started at 500 °C, indicating that the
introduction of Fe atoms did not have an obvious influence on
the framework structure. The pore volume and surface area of RT-
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Scheme 1 A schematic illustration of the synthesis and catalytic
reaction of Fe-COFs.
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COF-1 were measured by nitrogen adsorption-desorption analysis
at 77 K (Fig. S111). The Brunauer-Emmett-Teller (BET) surface
areas were found to be 302 m*> ¢! and the pore volume was
calculated to be 0.199 cm® g *; these results were close to those of
previous reports.* The FT-IR spectra of RT-COF-1 and Fe-COFs are
shown in Fig. 1a. Compared to the spectrum of RT-COF-1, the shift
in the peak of v for Fe-COFs could be attributed to the coordi-
nation bond between Fe and N atoms. The Raman spectra of the
RT-COF-1 and Fe-COFs are shown in Fig. S10.7 The strongest G*
peak at 1633.1 cm ™" is an indication of a well-ordered sp> planar
structure. The G~ peak at 1589.2 cm ™" is related to the distortion.
The D peak at 1353.2 cm ™ is related to carbon defects in the layer
structure. Comparing the Raman results of RT-COF-1 and Fe-
COFs, it can be observed that the G band shifts from 1633.1 to
1631.7 cm ™! and 1589.2 to 1594.7 cm™ %, and the D band shifts
from 1353.2 to 1349.0 cm ™, which could be attributed to the
coordination bond between Fe and N atoms.?***?* The XPS results
(Fig. S31) confirmed the existence of the Fe element. The XPS
spectra of Fe 2p showed that the peaks of Fe 2p,,, and Fe 2pz/,,
which could be split into two signals, and the two satellite peaks
(Fig. 1d). The peaks at 715.9 eV and 727.2 eV were the satellite
peaks. The peaks at 724.1 eV and 712.2 eV correspond to Fe(m), the
other peaks at 722.6 eV and 709.6 eV are assigned to Fe(i).>”°
The N 1s spectrum with RT-COF-1 indicated that the nitrogen peak
was at 398.5 eV (Fig. 1b). The measurements with Fe-COFs showed
characteristic peaks at 398.5 eV and 401.3 eV (Fig. 1c). The peak at
398.5 eV could be assigned to the imine bond (C=N) and the
peaks at 401.3 eV indicated that iron was coordinatively bonded
(Fe-N) to the imine nitrogen atoms of the RT-COF-1."*** All these
results confirmed that Fe-COFs were successfully prepared.

The peroxidase-like activity of Fe-COFs was demonstrated by
using TMB as the substrate. The catalytic activities of Fe-COFs
used in five different reaction systems are shown in Fig. S4.F
It could be seen that the color change occurred only in the TMB
+ H,0, + Fe-COFs reaction system and the absorbance was
intense at 652 nm. However, the others were colorless and
exhibited no absorption peak, demonstrating that Fe-COFs
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Fig. 1 (a) FT-IR spectra of RT-COF-1 and Fe-COFs. (b) N 1s XPS

spectra of RT-COF-1. (c) N 1s XPS spectra of Fe-COFs. (d) Fe 2p XPS
spectra of Fe-COFs.
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possessed peroxidase-like activity and could oxidize TMB to
produce blue oxTMB,** while RT-COF-1 has no catalytic func-
tion. According to previous reports,* the peroxidase mimics
could catalyze H,0, to generate hydroxyl radicals ("OH), which
were able to oxidize TMB to produce oxTMB. To prove the
catalytic mechanism of Fe-COFs, terephthalic acid (TA) was
selected as a fluorescent probe that could connect with "OH to
form a fluorescent 2-hydroxyterephthalic acid.** As shown in
Fig. 2a, the fluorescence intensity increased with the increase in
the concentration of the Fe-COFs, which demonstrated that Fe-
COFs could catalyze H,O, to produce a large amount of "OH.
However, when Fe-COFs weren't added to the reaction system,
the fluorescence peak could not be observed at 425 nm. For
further verifying the role of “OH in the catalytic system, sulfite
was selected as the radical inhibitor, which could combine with
reactive oxygen species to prevent the oxidation of TMB.** As
shown in Fig. 2b, the reaction system turned into blue in the
absence of sulfite and a distinct absorption peak at 652 nm
appeared. However, after sulfite was added, the reaction solu-
tion became colorless and no absorption peak was observed at
652 nm. These results showed that 'OH plays an important role
in this catalytic system and the catalytic mechanism of Fe-COFs
could be attributed to the "OH, decomposed by H,0,.

Like the natural peroxidase, the reaction condition was crucial
for the chemical reactivity of Fe-COFs. As shown in Fig. S5a,T the
optimal pH for the catalytic activity of Fe-COFs was 3.5. However,
iron ions could be released from the Fe-COFs in the buffer solu-
tions of pH < 5.0. In view of the stability and catalytic activity of the
catalyst, 5.0 was selected for the following experiments.”® The
absorbance reached the maximum when the incubation temper-
ature was 35 °C (Fig. S5bt). Moreover, it could be seen (Fig. S5ct)
that the absorbance of oxTMB increased when more H,0, was
added to the reaction system, but it decreased when an excessive
amount of substrate was involved. Thus, the optimal concentra-
tion of H,0, was 100 mM. As seen in Fig. S5d,7 the catalytic activity
of Fe-COFs was improved with the increase of the reaction
concentration of Fe-COFs and reached the maximum at 800 ng
mL~". When the concentration was higher than 800 ug mL ™", the
catalytic activity reached a stable value. Accordingly, the optimal
conditions such as a pH of 5, incubation temperature of 35 °C,
catalyst concentration of 800 ug mL ™" and H,0, concentration of
100 mM were selected and used in subsequent experiments.
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Fig. 2 (a) The fluorescence emission spectra of terephthalic acid in

the presence of H,O, and different concentrations of Fe-COFs ((a—f)
400, 500, 600, 700, 800, and 900 ug mL™Y). (b) UV-vis absorption
spectra of the peroxidase-like catalytic system with Fe-COFs in the
absence and the presence of 300 uM sodium sulfite.
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The peroxidase-catalyzed steady-state kinetics of Fe-COFs
were investigated by varying the concentration of H,0, and
TMB. As shown in Fig. 3a—-d, the data were calculated with the
Lineweaver-Burk plot, and the results indicated that the reac-
tion followed the typical Michaelis-Menten equation. The
steady-state kinetics fitting parameters of K, and Vy,ax values
for H,0, and TMB were calculated and are listed in Table S1.} It
is known that a smaller K;,, value means that there is a greater
affinity between the enzyme mimics and substrate.** From
Table S1,7 it can be seen that the K, values of Fe-COFs were
much lower than the native HRP and the other artificial
enzymes, indicating that Fe-COFs had a higher affinity to TMB
and H,0, than the natural enzymes and the other enzyme
mimics. Moreover, the larger V;,,ax values further confirmed the
enhanced affinity of the composite.

Under the optimal experimental conditions, a simple color-
imetric method was developed for the detection of H,O, by
using Fe-COFs as the catalyst. As shown in Fig. S6,T the absor-
bance of oxXTMB at 652 nm increased gradually with increasing
the concentration of H,0, from 10 uM to 2000 uM (R* = 0.9998).
The limit of detection (LOD) was 5.6 uM (S/N = 3), lower than
that of the other peroxidase mimics (Table S27). The stability of
Fe-COFs under different harsh conditions was also evaluated.®”
The results indicated that more than 60% of the catalytic
activity of Fe-COFs was retained after 2 h of incubation under
different pHs (3-9), suggesting the good pH stability (Fig. S7at).
The effects of temperature (25-55 °C) were also examined. After
2 h of incubation, more than 59% of the catalytic activity of Fe-
COFs was retained (Fig. S7b¥). Furthermore, more than 80% of
activity can be retained for Fe-COFs even when soaked in
aqueous solution for 30 days at room temperature (Fig. S7ct).

The catalytic system of Fe-COFs could be used to detect
residual H,O, in milk samples.®***® As shown in Table S3, the
recoveries of H,0, in milk products were in the range from
96.27 to 100.70% and the relative standard deviation (RSD) was
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Fig. 3 Steady-state kinetic assay of the Fe-COFs composite by (a)
changing the concentrations of TMB, and (b) changing the concen-
trations of H,O,, and the double-reciprocal model of the concen-
tration of H,O, (c) and TMB (d).
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in the range from 0.71 to 4.55%, which indicated that no
residual H,O, could be detected in milk samples. These results
indicated that this catalytic system exhibited a high credibility
and could be applied to detection of H,O, in milk. In order to
investigate whether the potential interfering substances
including glucose, urea, alanine, glycine, r-cysteine, gluta-
thione, ascorbic acid, K, Ca®", Na*, Zn**, Cl~, SO,>~ and NO;~
might affect the determination of H,O, in milk samples, the
selectivity of Fe-COFs for the determination of H,0, was tested.
The results are shown in Fig. S8, and the system with added
H,0, had higher absorbance than that with these interfering
substances together with the blank sample at 652 nm. These
interferents had negligible effects on the determination of H,0O,
in milk samples, so this proved that the colorimetric sensor of
Fe-COFs had an excellent selectivity.

The Fe-COFs catalytic system could be used not only to detect
H,0, but also to degrade RhB.***' Fenton oxidation was usually
reported to have great potential in degrading dyes. The mech-
anism was used to accelerate the formation of ‘OH, which could
oxidize and degrade organic matter. As shown in Fig. S9,1 the
RhB solution turned almost colorless after adding Fe-COFs to
the system, and no absorption peak appeared at 554 nm. Fig. 4a
shows that the RhB degradation efficiency increased with the
increase of reaction time. After adding Fe-COFs, the degrada-
tion efficiency of RhB reached 89.45% within 30 min, which
indicated that Fe-COFs could effectively degrade dyes. The
natural logarithm of the real-time concentration and the initial
concentration ratio was fitted, which showed that the kinetics of
RhB degradation followed the pseudo-first-order kinetic model:

G
In o —kt
where C, means the initial concentration of RhB, C; represents
the concentration of RhB at time ¢, and k is the pseudo-first
order kinetics rate constant, as shown in Fig. 4b. According to
the fitted function relationship, In(C/C,) exhibited a good
linear relationship with the reaction time; the derived rate
constants (k) and the regression coefficient (R*) were 0.08031
and 0.9922, respectively.

In summary, Fe-COFs with superior peroxidase-like activity
was first synthesized at room temperature and were effective,
fast, and simple and could save energy and costs. Fe-COFs
exhibited a better stability and a stronger affinity to
substrates. Based on this peroxidase mimic, a simple, highly

sensitive and low-cost colorimetric assay method was

100

a S 004D
80 __H
: 0.5
< 60 ~
B 9 -1.04
£ 404 S
< = 15
& 20 y=-0.08031x-0.01887
& -2.0 R*=0.9922
o
. . . . r . . 254 T T T T T
0 5 10 15 20 25 30 0 5 1015 2025
Time (min) Time (min)
Fig.4 (a) Degradation efficiency of RhB at the times of O, 5, 10, 15, 20,

25 and 60 min by the Fe-COFs catalytic system. (b) RhB degradation
kinetics fitting curve.
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established for H,0, detection with a wide linear range (10 uM
to 2000 pM) and a low LOD of 5.6 puM. This peroxidase mimic
was further applied to detect H,O, in milk with superior
recovery and RSD values. In addition, the Fe-COFs catalytic
system was also used to degrade RhB, and the degradation
efficiency reached 88.9% within 30 min. We believed that the
Fe-COFs catalytic system has great potential in environmental
chemistry and food chemistry and might replace natural
enzymes in some fields in the future.
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