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Nanoconfinement-Guided Construction of Nanozymes for
Determining H,0, Produced by Sonication

Tong Li, Yuting Wang, Wanling Liu, Houguo Fei, Cunlan Guo,* and Hui Wei*

Abstract: Nanomaterials with enzyme-like activities,
termed as nanozymes, have found wide applications in
various fields. It has been a long-term aim to rationally
design and synthesize highly active nanozymes and thus
to further improve their application performance.
Guided by the nanoconfinement effect, we confine
cytochrome ¢ (Cytc) within a mesoporous metal-organic
framework (MOF), PCN-222 nanoparticle (NP), form-
ing a protein/MOF hybrid nanozyme, termed as
Cytc@PCN-222 NP. The confined Cytc exhibits around
3-4-fold higher peroxidase-like activity than free Cytc.
Due to the increase in the activity of Cytc, the
Cytc@PCN-222 NPs exhibit a quite low limit of
detection (~0.13 uM) towards H,O,. Sonication-in-
duced H,0, formation in water by using a lab-quipped
ultrasonic cleaner can be sensitively probed, which
suggests that H,O,-sensitive materials should be care-
fully handled during the utilization of ultrasonic equip-
ment. We speculate that this nanoconfinement strategy
can broaden our synthetic methodology for the rational
design of nanozymes. )

Introduction

Nanozymes, the functional nanomaterials exhibiting en-
zyme-mimicking activities, have attracted increasing interest
in diverse fields."! Nanozymes have been widely used to
mimic a series of enzymes, including peroxidase,” oxidase,”
superoxide dismutase,” catalase,” hydrolase,® and so on.
Among them, the peroxidase-mimicking nanozymes, cata-
lyzing the peroxidation of a colorimetric or fluorescent
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substrate, have been successfully employed to detect a
variety of targets from small biomolecules and proteins to
cells.” The biosensing performance of nanozymes is highly
dependent on their activity. Therefore, much effort has been
devoted to constructing highly active enzyme-mimicking
materials.

Confinement of biomolecules, including enzymes, widely
exists in cells, which enables biochemical transformation to
proceed efficiently. Inspired by nature, a lot of nano-
materials possessing nanoscale pores, cavities, and channels,
such as carbon nanotubes,® zeolites,”) and metal-organic
frameworks (MOFs),'” have been employed to confine
catalysts. Such a nanoconfinement has achieved delicate
control over catalytic reactions.""! Among these materials,
MOFs stand out due to the excellent designability of metal
nodes and organic linkers. The pores or channels in MOFs
can be finely tuned from microscale to mesoscale, which
enables small molecules and macromolecules to be well
confined within the pores or channels.? A number of
natural enzymes and metalloproteins with intrinsic enzyme-
mimicking activities have been successfully confined within
the pores or channels in mesoporous MOFs for improved
catalytic reactions.”

Guided by this nanoconfinement effect, we construct a
hybrid peroxidase-mimicking protein/MOF nanozyme by
confining a peroxidase-mimicking metalloprotein, cyto-
chrome c (Cytc), within the channels of a PCN-222 (PCN =
porous coordination network) nanoparticle (NP). The
formed nanozyme is termed as Cytc@PCN-222 NP (Fig-
ure 1a). PCN-222 exhibits a channel size of 3.7 nm,'* which
is expected to encapsulate Cytc in an efficient manner. In
addition, due to the nanoconfinement effect, PCN-222 NPs
can increase the peroxidase-mimicking activity of Cytc. The
Cytc@PCN-222 nanozyme can be employed to sensitively
probe the H,O, formation induced by sonication. This
nanoconfinement strategy offers an insight into the design
and fabrication of highly active nanozymes, which can
further find wide applications in the field of molecular
sensing.

Results and Discussion

PCN-222 NPs were fabricated according to a reported
method.™ As shown in Figure 1b, the synthesized PCN-222
NPs exhibited a rod-like shape. The length and width of
PCN-222 NPs were measured to be 569457 nm and 93+
11 nm, respectively, by the ImagelJ software according to the
SEM image. Moreover, the XRD pattern of PCN-222 NPs
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Figure 1. Synthesis and characterization of Cytc@PCN-222 NPs.

a) Schematic illustration of the confinement of Cytc within the
channels of PCN-222 NPs. b), ¢) SEM images of PCN-222 NPs and
Cytc@PCN-222 NPs, and their corresponding photographs (inset) and
size distribution histograms. d) STEM image of Cytc@PCN-222 and
elemental mappings of Zr from PCN-222, and S and Fe from Cytc.

e) N, adsorption/desorption isotherms and f) pore size distribution of
PCN-222 and Cytc@PCN-222, respectively.

was also measured, which corresponded well with that of the
simulated PCN-222 (Figure S1). For comparison, we also
fabricated PCN-222 microparticles, termed as L-PCN-222
MPs, to investigate the effect of the size of PCN-222 on the
encapsulation of Cytc. The fabricated L-PCN-222 MPs also
showed a rod-like shape (Figure S2). The length and width
of L-PCN-222 MPs were measured to be 4.3+0.6 ym and
0.59£0.06 pm, respectively, which were about 7-8 folds of
those of PCN-222 NPs. The XRD pattern of L-PCN-222
MPs was also in accordance with that of simulated PCN-222
(Figure S1). It is known that Cytc has a characteristic
absorption peak at 409 nm. Hence, we measured the

Angew. Chem. Int. Ed. 2023, 62, €202212438 (2 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

standard curve of Cytc using a microplate reader based on
its optical density at 409 nm (Figure S3).

We further incubated PCN-222 NPs and L-PCN-222
MPs with an identical mass concentration of Cytc solution
with or without stirring for varying times. The concentration
of free Cytc in the supernatant was quantified based on the
standard curve. As shown in Figure S4, the concentration of
unconfined Cytc in the supernatant after incubation with
PCN-222 NPs was much lower than that after incubation
with L-PCN-222 MPs, which means that PCN-222 NPs could
encapsulate much more Cytc than L-PCN-222 MPs. The
amount of Cytc in the supernatant reached a plateau after a
3-h incubation with PCN-222 NPs. More than 80 % of Cytc
could be loaded within PCN-222 NPs, while no more than
20 % of Cytc was encapsulated within L-PCN-222 MPs. This
might be because PCN-222 NPs have much more exposed
windows, which offer more accessibility for Cytc into the
channels than L-PCN-222 MPs. The shorter distance of the
channels in PCN-222 NPs than L-PCN-222 MPs also makes
it easier for Cytc to diffuse inside particles. In addition,
stirring increased the encapsulation efficiency of Cytc.

Combined, we loaded Cytc within PCN-222 NPs through
a 3-h incubation under stirring. The obtained Cytc@PCN-
222 NPs exhibited an identical morphology to PCN-222 NPs.
The length and width of Cytc@PCN-222 NPs were measured
to be 567+55 nm and 109 £+ 13 nm, respectively, which were
almost the same as those of PCN-222 NPs (Figure 1c). This
proved that PCN-222 NPs remained essentially intact after
Cytc loading. The XRD pattern of Cytc@PCN-222 NPs also
corresponded well with the pattern of simulated PCN-222
(Figure S5). The color of PCN-222 NPs changed from purple
to brown after Cytc encapsulation, which indicated that
Cytc was successfully immobilized (inset photos, Figure 1b
and c). Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectra also proved the successful
loading of Cytc within PCN-222 NPs based on on the amide
I band peak at approximately 1650 cm™' (Figure S6).
Furthermore, the elemental mappings of Cytc@PCN-222
NPs showed that elements S and Fe from Cytc were
distributed homogeneously coupled with the element Zr
from PCN-222 NPs (Figure 1d), proving that Cytc was
uniformly distributed within PCN-222 NPs. In addition, the
N, uptake and pore volume of PCN-222 NPs decreased
obviously after Cytc loading (Figure le and f). The BET
surface areas of PCN-222 NPs and Cytc@PCN-222 NPs
were measured to be 2115m?g ! and 1120 m’g "', respec-
tively. The BET results proved that Cytc was successfully
confined within the channels of PCN-222 NPs.

We further compared the loading amount and loading
efficiency of Cytc between PCN-222 NPs with a pore size of
around 3.7 nm and other MOF NPs with varying pore sizes.
Four other Zrs,-based MOF NPs, including UiO-66 NPs,
MOF-808 NPs, PCN-224 NPs, and NU-1000 NPs, were
fabricated, and their pore sizes were around 0.6 nm, 1.8 nm,
1.9nm, and 3.2nm, respectively (Figure2a). The SEM
images demonstrated that UiO-66 NPs and MOF-808 NPs
exhibited an octahedral shape, while PCN-224 NPs and NU-
1000 NPs showed a cubic shape and rod-like shape,
respectively. The XRD patterns of the four MOF NPs
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Figure 2. Comparison of Cytc loading between PCN-222 NPs and other Zrs-based MOFs. a) Crystal structures, SEM images, and XRD patterns of
Zrg-based MOFs, including UiO-66 NPs, MOF-808 NPs, PCN-224 NPs, and NU-1000 NPs. b) Comparison of Cytc loading amount and loading
efficiency between PCN-222 NPs and other Zr-based MOF NPs demonstrated in panel a. Data are expressed as mean = standard error of 3

experiments.

corresponded well with their simulated counterparts, which
indicated the successful synthesis of MOF NPs. To gain an
insight into the effect of pore size on Cytc loading, we
employed an identical mass concentration of MOF NPs to
encapsulate Cytc. As shown in Figure 2b, UiO-66 NPs,
MOF-808 NPs, and PCN-224 NPs showed limited loading
amounts and loading efficiencies of Cytc compared with
PCN-222 NPs. For NU-1000 NPs with a pore size of 3.2 nm,
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Cytc can also be confined within NU-1000 NPs. The Cytc-
confined NU-1000 NPs, termed as Cytc@NU-1000 NPs,
showed the identical morphology and XRD pattern to those
of NU-1000 NPs (Figures S7 and S8). Though NU-1000 NPs
achieved a relatively high loading amount of 114 pg/mg and
a loading efficiency of 57 %, it was still lower than the
loading amount of 176 ug/mg and the loading efficiency of
88 % achieved by PCN-222 NPs. We further employed the
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BCA assay to assess the Cytc loading within NU-1000 NPs
and PCN-222 NPs. As shown in Figure S9, it was confirmed
that PCN-222 NPs encapsulated about 50 % more Cytc than
NU-1000 NPs. The above results demonstrate the superior
performance of PCN-222 NPs in Cytc loading, which can be
ascribed to the large pore size of 3.7nm. We further
monitored the release of Cytc from Cytc@PCN-222 NPs
during storage. It was shown that Cytc seldom escaped from
the pores in PCN-222 NPs (Figure S10). Cytc possesses
abundant amino groups and carboxyl groups on its surface,
which might bind to the PCN-222 scaffold through the
electrostatic interaction and coordinative interaction with
dangling carboxyl groups and zirconium clusters in PCN-
222, respectively. However, the addition of competing
reagents against the electrostatic interaction and coordina-
tive interaction, NaCl and sodium acetate (NaAc), hardly
influenced the loading amount and release of Cytc. We
therefore speculate that the confinement of Cytc within the
pores in PCN-222 comes from the increased entropy of
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Cytc-bound
ure S11).1"%

Considering that PCN-222 NPs exhibited a remarkable
capacity for Cytc encapsulation, we measured the
peroxidase-like activities of free Cytc and the confined Cytc
within PCN-222 NPs. Here, we employed a typical
peroxidase substrate, 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS), the peroxidation
product of which is ABTS™* and can be monitored by a UV/
VIS spectrophotometer (Figure 3a).'”! We monitored the
absorbance changes of ABTS solutions at 728 nm (A nm)
with the addition of free Cytc (or confined Cytc) of an
identical concentration in the presence of H,0O,. The initial
velocity of Cytc@PCN-222 NPs was about 4 folds that of
free Cytc (Figure 3b and c). We also measured the activity
of Cytc@NU-1000 NPs (Figure S12). The result showed that
PCN-222 NPs could achieve almost the same activity
improvement of Cytc compared with NU-1000 NPs, while
PCN-222 NPs exhibited a much higher Cytc encapsulation
efficiency than NU-1000 NPs. We further monitored the

and pore-bound water molecules (Fig-

a b c
ABTS e N ——free Cytc 2.5%1074
N N 0.16 Cyt c@PCN-222 T
eI, = g 200']
“0,8 s s S0; . 2
o 0124 =
& 2 1.5x107
H,0, | Cytc £ 2
& 0.084 S .
& S 1.0x107
ABTS* N < >
N - 0.041 5.0%10%4
OH--QQ.
08 N ) o 0
0 10 20 30 40 50 60 70 free Cytc  Cytc@PCN-222
Time (s)
d 0.020 € oo h
H,0, concentration H,0, concentration 10
0.016 1mM 0.0204 0.5mM
~ 2mM —~ 1mM 81
S 5mM S 2mM =
8 00129 5 qomm © 00154 O 5mm 26
£ O 20mM £ O 10mM =
£
g 0.008 g 0010 44 _
< <
0.004 0.005 1 2
0 ==S S-S aum= A" 0 0
0 1 2 _ 3 4 5 6 0 1 2 3 4 5 6 free Cytc Cyt c@PCN-222
Time (s) Time (s)
f g I
5x1074 free Cytc Cyt c@PCN-222 1.2x1074
2.0%107A -
7
s e — 16x107 @ 9.0x107
= h
B 3x107 B4 o107 £
o > X 6.0x1074
= 2x107 2 %
~ 8.0x10° =
1107 3.0x107%4
4.0%10°
0 R?>0.99 R?>0.99
00 02 04 06 08 10 00 05 10 15 20 freeCytc  Cyt c@PCN-222

1/H,0, (mM~")

1/H,0, (mMM™")

Figure 3. Activity improvement through nanoconfinement and kinetics studies. a) Schematic illustration of ABTS peroxidation catalyzed by Cytc.
b) Time evolution of the absorbance at 728 nm (A;43 ) for monitoring the peroxidase-mimicking catalytic activities of free Cytc and Cytc@PCN-
222 NPs. The concentrations of Cytc, H,0O,, and ABTS were 2.5 pygmL™", 0.5 mM, and 0.2 mM, respectively. c) The initial velocities corresponding
to panel b. d), e) Time evolution of A, .., for monitoring the influence of H,0, concentrations on the initial velocities of peroxidation reactions
catalyzed by free Cytc and Cytc@PCN-222 NPs. The concentrations of Cytc and ABTS were 0.5 pgmL™" and 0.2 mM, respectively. f), g) Double-
reciprocal plots of reciprocal initial velocities versus reciprocal H,0, concentrations corresponding to panels d—e and their linear fittings. h) K,
values and i) vp,,,/K,, values of free Cytc and PCN-222@Cytc. Data are expressed as mean =+ standard error of 3 experiments.
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intrinsic peroxidase-like activity of NU-1000 NPs and PCN-
222 NPs. Both MOF NPs showed nearly no activity (Fig-
ure S13). This result proved that the activity improvement
resulted from the unique nanoconfinement effect rather
than the intrinsic activity of MOF NPs. Besides, we did not
observe obvious activity decrease in Cytc induced by the
inhibition of substrate diffusion. We speculate that when
Cytc is confined within the 3.7-nm hexagonal pore in PCN-
222, the triagonal pore is large enough to guarantee the
efficient transport of substrates (Figure S14). Considering
the activity enhancement of Cytc achieved by nanoconfine-
ment, we compared the activity of Cytc@PCN-222 NPs with
that of other nanozymes, including graphene oxide, Fe;O,
NPs, NH,-MIL-88B NPs, and Pt NPs, using an identical
mass concentration. The result showed that Cytc@PCN-222
NPs exhibited higher activity than those nanozymes (Fig-
ure S15). Furthermore, the confinement strategy can also
effectively improve the storage stability of Cytc (Fig-
ure S16).

To understand the improved peroxidase-mimicking
activity through nanoconfinement, we further performed a
kinetics study to investigate the difference in the affinity
towards H,O, between free Cytc and the confined Cytc
within PCN-222 NPs. Several concentrations of H,0O, were
employed in the peroxidation of ABTS catalyzed by free
Cytc and Cytc@PCN-222 NPs with an identical Cytc
concentration (Figure 3d and e). The obtained initial veloc-
ities were further plotted against the corresponding H,O,
concentrations in a reciprocal way (Figure 3f and g). The
Michaelis constant (K,,) can be obtained based on the linear
fitting, which reflects the affinity of an enzyme towards a
substrate. As shown in Figure 3h, the K, values of free Cytc
and Cytc@PCN-222 NPs were calculated to be 9.6 mM and
3.7mM, respectively. The much lower K, value of the
confined Cytc within PCN-222 NPs compared with free
Cytc demonstrated the improved affinity towards H,O,
achieved by the nanoconfinement effect. In addition, the
maximal velocities (v,,,,) of free Cytc and the confined Cytc
were also obtained (Figure S17), which showed that the v,,,,
of Cytc was increased but not substantially after confine-
ment. The significant improvement in the activity of Cytc
through nanoconfinement can be mainly ascribed to the
increased affinity towards H,O,. In combination with K
and v, values, v.,/K, values, which reflect the catalytic
efficiencies of the enzymes, were calculated. As shown in
Figure 3i, Cytc@PCN-222 NPs exhibited an around 4-5 folds
higher catalytic efficiency than free Cytc. This result
corresponded well with the measurement of the peroxidase-
mimicking activities in Figure 3b.

After having improved the peroxidase-mimicking activ-
ity of Cytc through nanoconfinement for the substrate
ABTS, we evaluated the substrate scope by using three
other substrates, including 3,3'.5,5'-tetramethylbenzidine
(TMB), dopamine, and Amplex Red. The substrate TMB is
also widely used for colorimetric assays, and the product
TMB™** can be monitored based on its absorbance at 652 nm
(Ags2am)- As shown in Figure 4a, the confined Cytc within
PCN-222 NPs exhibited much higher activity than free Cytc.
In addition, we also observed an activity improvement for
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Figure 4. Activity improvement for other substrates. Time evolution of
the absorbance at 652 nm (Ags; o), 480 Nnm (A4go m), and 571 nm

(As7 nm) for monitoring the velocities of peroxidation of a) 0.2 mM
TMB, b) 2 mM dopamine, and c) 0.1 mM Amplex red catalyzed by free
Cytc, and Cytc@PCN-222 NPs in the presence of 0.5 mM H,0,, 5 mM
H,0,, and 0.5 mM H,0,, respectively. The concentration of Cytc was
2.5 pgmL". Data are expressed as mean + standard error of 3 experi-
ments.

the substrate dopamine (Figure 4b). Besides the two sub-
strates mentioned above, we also employed a classic
fluorescent substrate, Amplex Red. The peroxidation prod-
uct, Resorufin, can be monitored by both the absorbance
changes and fluorescence changes of the reaction solutions.
As shown in Figure 4c and Figure S18, nanoconfinement
also enhanced the activity of Cytc for the substrate Amplex
Red.

Ultrasonic cleaners play an essential role in laboratories,
which are widely utilized to disperse colloids, dissolve
chemicals, fabricate materials, and so on."s! Recently, some
scientists have shown that H,O, can be produced by a
commercial ultrasonic humidifier.'”” This might be because
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the ultrasonic waves can lead to the formation of a bubble in
the liquid, which is called cavitation. When the bubble
collapses, it results in high pressures and temperatures,
which further promote the formation of H,O, in aqueous
solutions.”™ We suppose that a lab-equipped ultrasonic
cleaner can also induce the H,O, formation during the
operation process, which may impose adverse impacts on
our experiments. For example, some chemical bonds, such
as phenyl borate esters, are very vulnerable to H,0,.*!!
Besides, the existence of H,0, may cause defects in
materials and deactivation of catalysts.”? Here, we em-
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ployed three widely used vessels in labs, including 1.5-mL
plastic tubes, 2-mL plastic tubes, and 2-mL glass bottles
(Figure 5a). Considering that PCN-222 NPs possess a better
Cytc loading capacity and a comparable improvement in the
peroxidase-like activity of Cytc compared with NU-1000
NPs, we employed Cytc@PCN-222 NPs to detect the H,O,
formation with utilization of the fluorescent substrate,
Amplex Red. Horseradish peroxidase (HRP) is a commer-
cial enzyme, which is used for H,0O, detection. Compared
with HRP, Cytc@PCN-222 is more stable under harsh
conditions (Figure S19). The standard curves of H,O, were

a
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e ea € s :
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. ol cens
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Figure 5. Detection of H,0, formation induced by a lab-equipped ultrasonic cleaner. a) Schematic illustration of H,O, formation in water in
different vessels after 30 min of sonication in an ultrasonic cleaner with a frequency of 40 kHz. Linear plots of the normalized intensities of 20 pM
Amplex red at 585 nm with A, of 560 nm in the presence of Cytc@PCN-222 NPs and H,0, with varying concentrations ranging from b) 0 yM to
10 uM and c) 0 pM to 2 pM after a 30-min incubation at room temperature. Detection of H,0, formation in water in d) 1.5-mL plastic tubes, e) 2-
mL plastic tubes, and f) 2-mL glass bottles using Cytc@PCN-222/Amplex red assay after 30 min of sonication. g) Detection of H,0, formation
corresponding to panel f without Cytc@PCN-222 NPs. h) Schematic illustration of the TA-OH formation, which is fluorescent, in the presence of
H,0, and Fe’* based on the Fenton reaction. i) Fluorescence spectra of TA with 4, of 315 nm after incubation with Fe** and water without or with

sonication. j) Fluorescence intensities at 425 nm corresponding to panel
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obtained by employing several known concentrations of
H,0,. A quite low limit of detection (LOD) of 0.13 uM was
achieved by the Cytc@PCN-222 NPs/Amplex Red assay
(Figure 5b and c).

We further monitored the concentrations of H,O,
formed in water in 1.5-mL and 2-mL plastic tubes after
sonication. We observed that some tubes did contain
detectable amounts of H,0,, which proved that the lab-
quipped ultrasonic cleaner can result in the formation of
H,0, (Figure 5d and e). It is noted that not all of the tubes
produced detectable H,0O,. The ultrasonic cleaner in this
study contains six distributed ultrasonic transducers under-
neath the bottom of the equipment. The ultrasonic waves
generated from the six transducers may produce complex
interferences, leading to large differences in the ultrasonic
intensities at different positions (Figure S20). This may
result in the difference in H,O, concentrations in different
tubes. We also observed the H,0, formation in 2-mL glass
bottles using the Cytc@PCN-222 NPs/Amplex Red assay
(Figure 5f). Furthermore, we measured the same samples
(labelled as numbers 1-5) without the addition of
Cytc@PCN-222 NPs. As expected, the absence of
Cytc@PCN-222 NPs led to no detection of H,0O, formation
(Figure 5g). This result ruled out that the potential metal
species from the environment can lead to the false positive
outcomes. Besides, sonication can lead to an increase in the
temperature of the water from room temperature to 44°C.
We also excluded the effect of heating water on the H,O,
formation (Figure S21). Furthermore, we employed TA to
monitor the H,O, formation based on the Fenton reaction.
The iron ions can produce hydroxyl radicals in the presence
of H,O,, which further react with TA to form TA—OH.
TA—OH can be monitored using a fluorescence spectropho-
tometer (Figure Sh). As shown in Figure 5i and j, the
sonication treatment led to significant fluorescence inten-
sities at 425 nm, while no fluorescence was observed without
any treatment. This result further proved that the utilization
of the lab-equipped ultrasonic cleaner can result in H,0O,
formation. Besides the ultrasonic cleaner, we also monitored
the H,O, formation during the utilization of an ultrasonic
probe, which offers researchers a reminder that H,O,-
sensitive materials may need to avoid sonication treatment
(Figure S22).

Conclusion

In summary, we have developed a nanoconfinement strategy
to fabricate a protein-confined MOF hybrid nanozyme,
Cytc@PCN-222 NP. Cytc can be encapsulated within the
channels of PCN-222 NPs in a very efficient way. Compared
with other MOF NPs, PCN-222 NPs exhibit a higher loading
amount and loading efficiency of Cytc due to the large
channel size of 3.7nm. The confined Cytc within the
channels of PCN-222 NPs exhibits a much higher activity
than free Cytc, which can be ascribed to the improved
affinity towards H,O,. Furthermore, the Cytc@PCN-222
NPs have been successfully utilized to detect the formation
of H,0, induced by a lab-equipped ultrasonic cleaner with
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an LOD of 0.13 uM. The detection results suggest that
H,0,-sensitive materials may need to avoid sonication
treatment.
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