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Nanozymes have been widely studied as substitutes for natural enzymes. However, the delicacy of their
structures and their unclear catalytic sites make it difficult to maintain their structural robustness and cata-
lytic durability. By mimicking active catalytic sites of natural enzymes and combining them with distinct
channels of metal organic frameworks (MOFs), an active copper mimetic oxidase enzyme (Cu-MOF) was
designed and synthesized with good structure and clear catalytic sites for improvement in catalytic
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activity. The Cu-MOFs showed excellent oxidase-like activity with a low K, of 1.09 mM and exogenous
ROS generation capacity. The Cu-MOFs exhibited antibacterial efficacy at a low concentration of 12.5 pg
mL~ by an oxidative stress response. These Cu-MOFs with their simple design and effective oxidase
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1 Introduction

Nanozymes have gradually become the preferred substitutes
for natural enzymes due to their low cost, stress resistance,
high-throughput preparation and ability to overcome the limit-
ations of natural enzymes.'™ Until now, many nanozymes
have been reported, such as metal oxides mimicking
peroxidase,”® and metal-organic frameworks (MOFs) mimick-
ing peroxidase.® Benefitting from applications of nanozymes,
significant advances have been achieved in catalysis science,
biosensors, therapeutic applications, environmental protection
and antibacterial agents.” Although impressive progress has
been made so far, it is still a challenge to fully realize the
potential of nanozymes in this field.® Most artificial enzymes,
such as Fe;0,, have been based on peroxidase-like activity and
unstable H,0, as a sacrificial oxidant.”'® The effect of loca-
lized field enhancement on electron transfer induced by
surface plasmon resonance (SPR) of noble metal nanoparticles
and its composites makes them an excellent candidate for
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mimicking show attractive application prospects in the field of antibacterial and enzyme catalysis.

nanozymes.'"'> However, the previously reported metal oxides

and noble metal nanomaterials still show peroxidase-like
activity in simulated oxidases,"®'* and their inferior enzyme
activity and high preparation cost restrict the practical appli-
cation of these materials. However, the widespread presence
of H,0, is severely restrictive, and the extra addition of easily
decomposable, volatile and highly toxic H,O, severely restricts
the promotion of nanoenzymes. Compared with H,O,, O,
naturally dissolved in solution is highly stable and mild, so
oxidase nanozymes have attracted extensive attention due to
their oxidation mechanism by directly activating O, to yield
reactive oxygen species (ROS), avoiding the participation of
H,0,,">'® and making them green catalysts."”

In recent years, some nanozymes have been reported to
imitate the structure of natural enzymes, which provide a poss-
ible solution for the design and synthesis of new artificial
oxidases."®'® In an oxygen-activating natural oxidase, a tran-
sition metal plays a wide variety of roles of a natural enzyme
on the basis of its generally accessible redox couple and bio-
availability,”® such as in hemocyanin,*' tyrosinases,”” dopa-
mine f-monooxygenase (DPM)** and catechol oxidase (CatO).**
Among many proteases, reactive copper is an important kind
of catalytically active center, which can catalyze
dehydrogenation.>>*® The electron transfer of an active copper
center overcomes the spin-forbidden-ness of O, binding and
controls electron transfer to direct catalysis, performing either
two-electron electrophilic aromatic substitution or one-elec-
tron H-atom abstraction.?”*® Therefore, by imitating a copper
catalytic site, it provides a feasible idea for the rational design

This journal is © The Royal Society of Chemistry 2022
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of new and improved biomimetic catalysts.>**° However, the
macroscopically rough preparation process of artificial oxi-
dases leads to the loss of nanoscale fine structure, which
makes it difficult to imitate the natural enzyme’s inherent cata-
lytic structure such as catalytically activity centers as well as
substrate binding sites.*"*? Finding an artificial oxidase with a
fine secondary structure and cost advantages is urgent.*?
MOFs, a kind of multifunctional porous coordination
polymer,® are composed of organic bridging molecules
(ligands) and metal ions or metal clusters.>®*” The internal
structure and surface physicochemical properties of MOFs can
be controlled by the selection of metal ion centers or organic
ligands.*®*° In addition, the size and shape of a MOF crystal
can be reasonably adjusted by the selection of temperature,
solvent and reaction time in the synthesis process.’®*' The
diversity of metallic nodes, bridging ligands, and a wide array
of coordination interactions in all possible directions make
MOFs direct surrogates for artificial oxidases,** where the well-
defined tailorable cavities and channels can offer a hydro-
phobic coordination environment similar to that of natural
enzymes.*® Until now, there have been few submissions about
MOFs applied to artificial oxidases.** Through the pre-struc-
tural design and regulation of the preparation process, the
catalytic activity and substrate selectivity of a nanozyme can be
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reasonably adjusted; therefore, MOF-based artificial nano-
materials are expected to improve the performance of
nanozymes.

Herein, we have designed and synthesized an active copper
artificial oxidase based on Cu-MOFs which can catalyze the
oxidation of 3,3',5,5-tetramethylbenzidine (TMB) with the
absence of additional H,0,. 3-Amino-5-mercapto-1,2,4-triazole
(AMTA)* not only has potential biological activity (treating
viral as well as bacterial infection) due to nitrogen and sulfur
heterocyclic systems but also has potential as a multifunc-
tional ligand in coordination chemistry which can bind
strongly to Cu®" ions via N-Cu coordination to afford a cata-
Iytic center. As a result, AMTA was selected as a ligand in this
catalytic system. By incorporation of the triazole unit in the
structure of Cu-MOFs, the generation efficiency of reactive
oxygen species (ROS) was effectively improved.*® Cu-MOFs
show excellent oxidase-like activity at a very low concentration;
furthermore, the oxidase-like activity and exogenous ROS gene-
ration were used in research against E. coli and S. aureus bac-
terial strains. The antibacterial results showed that Cu-MOFs
have stronger antibacterial activity. To the best of our knowl-
edge, this is the first time that Cu-MOFs alone have shown
good oxidase activity in the absence of a second noble metal
component (Scheme 1).
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Scheme 1 Schematic illustration of the synthesis and oxidase-like activity of Cu-MOFs with their antibacterial presentation.
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2 Experimental section
2.1 Reagents

Copper(u) nitrate hydrate (Cu(NO;),-2.5H,0) was obtained
from Sigma-Aldrich Co., Ltd. AMTA and N,N-dimethyl-
formamide (DMF) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Anhydrous ethanol
(C,H50H), sodium borohydride (NaBH,, 96.0%) were of analyti-
cal grade (AR) and purchased from China Medicine (Group)
Shanghai Chemical Reagent Corp. All chemical reagents were
used as received without further purification. Deionized water
(18.4 MQ cm) was used for all experiments and was obtained
from a Milli-Q system (Millipore, Bedford, MA).

2.2 Instruments

The morphology and size of the sample were visualized using
a scanning electron microscope (SEM; Nova Nano SEM 450,
American). The crystallinity and the purity of the particles were
determined by X-ray diffraction (XRD; D8A25, Bruker,
Germany) using Cu Ka radiation (1 = 1.54051 and 1.54433 A)
over the 260 range of 3°-80°. Transmission electron microscope
(TEM) images were taken with a JEOL JEM 2100F at an acceler-
ating voltage of 200 kv. The JEOL JEM 2100F is also equipped
with an energy dispersive X-ray spectrometer (EDX) system,
allowing the elemental analysis of the samples. The copper
ions were measured by atomic absorption spectroscopy
(AA-6300 double-beam flame spectrophotometer; Shimadzu,
Europe) and inductively coupled plasma mass spectrometry
(ICP-MS; Thermo Fisher, Shanghai). Fourier transform infra-
red (FT-IR) spectra were collected on a JASCO FT-IR 480 Plus
spectrophotometer. UV-visible spectra were recorded on a
Shimadzu UV2501 spectrophotometer. Zeta potential (Zeta;
Malvern, UK) was measured to detect the positive and negative
charges of the sample solution. Dynamic light scattering (DLS;
Malvern, UK) was utilized to detect the particle size distri-
bution. Cyclic voltammetry (CV) was performed with an
electrochemical workstation (CHI660C) and a typical three-
electrode system.

2.3 Preparation of the Cu-MOFs

Cu(NO;),-2.5H,0 (697.8 mg, 3 mmol) and AMTA (522.6 mg,
4.5 mmol) were placed in 100 mL of a DMF/C,H;OH solvent
mixture (DMF : C,H;0H = 1:1) and heated for 12 h at 120 °C.
After centrifugation, the sediment was rinsed repeatedly with
C,H5;0H and DMF and heated for 24 h at 120 °C in a vacuum.
The obtained product was named Cu-MOFs.

2.4 Oxidase-like activity of Cu-MOFs

The oxidase-like activity of Cu-MOFs was evaluated by using
TMB as a substrate molecule for a colorimetric assay.
Typically, 2.5 mM TMB and 0.1 mg mL~" Cu-MOFs were mixed
with acetate buffer solution (pH = 4), followed by incubation at
40 °C with constant oscillation for 10 min in a thermostatic
mixed-metal bath. Finally, the absorbance of oxidized TMB at
652 nm was measured using a UV-vis spectrophotometer. As a
control group, the oxidase activities of (Cu(NOj3),-2.5H,0) and
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AMTA were investigated using the same experimental
procedure.

ABTS was also used to investigate the enzyme-like activity of
Cu-MOFs. 2.5 mM ABTS was added to 0.1 mg mL~" Cu-MOFs
with acetate buffer solution (pH = 4), followed by incubation at
40 °C with constant oscillation for 10 min in a thermostatic
mixed-metal bath. The absorbance of oxidized ABTS at 430 nm
was recorded on a UV-vis spectrophotometer.

2.5 Kinetic and mechanism analysis

The kinetics of TMB catalysis was monitored in a time-scan
mode with the absorption spectra at 652 nm. Cu-MOFs
(0.5 mg) and different concentrations of TMB (0.05, 0.1, 0.25,
0.5, 0.75, 1.0 mM) were mixed with acetate buffer solution (pH
= 4). After that, the reaction was monitored immediately. The
relevant kinetic parameters were calculated according to the
Michaelis-Menten equation:

_ VmaxX [S]
Km+[S]

(1)

where v is the initial velocity, vmax is the maximal reaction vel-
ocity, K, is the Michaelis constant, and [S] is the substrate
concentration.

To explore the mode of action for Cu-MOFs oxidase-like
enzyme activity, active species-scavenging experiments were
conducted. A scavenger of singlet oxygen ('O,) or hydroxyl
radical ("OH) was added to a mixed solution of Cu-MOFs and
TMB, followed by incubation for 10 min. Finally, the absor-
bance spectrum of oxidized TMB was recorded.

2.6 Verification of antibacterial ability

To examine the antibacterial ability of Cu-MOFs against Gram
bacteria, two strains were used as representatives of different
types of Gram bacteria. E. coli was used as an example of
Gram-negative bacteria, and S. aureus was used as the repre-
sentative of Gram-positive bacteria. All the bacterial strains
were stored at 4 °C and reactivated by incubating the bacteria
in 100 mL of medium at 37 °C with 150 rpm shaking overnight
until the density of the bacteria reached 10°® colony forming
units (CFU) per mL.

To assess the sterilization ability of Cu-MOFs, comparative
experiments were conducted. By setting the concentration of
Cu-MOFs at 0, 0.25, 0.5, 12.5, 25, and 50 pg mL™", bacterial
solutions and antibacterial material solutions were mixed at a
volume ratio of 1:1, followed by spreading of the mixture on
an agar plate and incubating overnight. The antibacterial
ability of Cu®" and AMTA was investigated by the same experi-
mental procedure. The structural stability of Cu-MOFs before
and after co-culture with bacteria was determined by measur-
ing the content of Cu®" in the supernatant.

2.7 Live/dead fluorescence assay

Gram-negative bacteria (E. coli) and Gram-positive bacteria (S.
aureus) suspensions were centrifuged at 2000 rpm and washed
with PBS three times, and finally resuspended in PBS. Cu-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 SEM images of uniform Cu-MOF nanoparticles (A). TEM image of Cu-MOF nanoparticles at low magnification (B). TEM image extracted from
a part of a Cu-MOF nanoparticle; inset is the corresponding FFT pattern of Cu-MOF nanoparticles (C). EDS mapping of Cu-MOF nanoparticles (D).

XRD and FTIR spectral analysis of bridging ligand, Cu-MOFs (E) and (F).

MOFs (0.5 pg) were added into 1 mL of E. coli and S. aureus
suspensions, respectively, and then incubated at 37 °C for
12 h. After that, the suspensions were pelleted at 2000 rpm to
obtain bacteria and resuspended in PBS. SYTO-9 and propi-
dium iodide (PI) were added to the treated bacteria and
stained in the dark with for 0.5 h. Fluorescence images were
achieved by using a fluorescence inverted microscope.

3 Results and discussion
3.1 Characterization of Cu-MOFs

The morphology of the prepared Cu-MOFs was characterized
by SEM. Fig. 1(A) shows that the Cu-MOFs have a good spheri-
cal structure. TEM images were collected to characterize the
obtained Cu-MOFs, as revealed in Fig. 1(B), where the overall
nanoparticle size is estimated to about 300 nm, and the clear
edge frame structure of Cu-MOFs shows that the nanoparticles
have become compact, which is conducive to an improvement

This journal is © The Royal Society of Chemistry 2022

in the stability of the Cu-MOFs. The fast Fourier transform
(FFT) pattern of the Cu-MOFs is shown in the inset to Fig. 1(C)
with a lattice spacing of ~0.206 nm (Fig. S1}), which is evi-
dence of the crystal structure of the Cu-MOFs. It can be
inferred that the formation of a good spherical structure is
based on the process of crystallization and the Ostwald ripen-
ing process.*” First, Cu®>" unite with the AMTA ligands to form
amorphous solid spherical particles. After a further solvo-
thermal reaction, the amorphous solid spherical particles tend
to crystallize under conditions of continuous high pressure
and high heat, and self-assembly to gradually form larger
spherical crystals.*® Elemental mapping by EDX (Fig. 1(D))
revealed that the Cu-MOFs consist of homogeneously distribu-
ted Cu, C, N, S elements. The crystal structure of the Cu-MOFs
was further characterized by XRD. After coordination between
AMTA and Cu”", the characteristic peaks belonging to AMTA
disappear. Due to the incomplete crystallization effect, the
pure Cu-MOFs did not show sharp and obvious diffraction
peaks, and exhibited characteristic diffraction peaks (20 = 30°)

Nanoscale, 2022, 14, 9474-9484 | 9477
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in agreement with previous reports.*” The FTIR spectra of
AMTA and Cu-MOFs are shown in Fig. 1(F). For pure AMTA,
the band at 3381 cm ™" is assigned to v(N-H) of the ligand, and
disappeared in Cu-MOFs; this observation demonstrates that
the amino group coordinated with Cu. The inconspicuous new
peaks of Cu-MOFs at 3323 cm™" also proved the effect of the
coordination process on AMTA. A band occurs at 1655 cm ™"
assigned to NH, bending vibration. As the nitrogen atom on
the imidazole ring is coordinated with a copper ion, similar
atoms outside the ring can be retained in Cu-MOFs. Similarly,
the triazole ring stretching band occurring at 1496 cm™" is
also retained. The C-N stretching vibration could be evidenced
by the band at 1134 cm™.

The thermal stability of the structure for the prepared Cu-
MOFs was explored by thermogravimetric analysis. The indi-
vidual ligands have an obvious thermally stable platform
(0-280 °C). Above 280 °C, the ligands will sublime. The quality
of the prepared Cu-MOFs is reduced due to the volatilization of
crystal water at 0-150 °C. Above 150 °C, the weight loss can be
attributed to degradation of the framework structure, and this
leads to the oxidation of some Cu. Although the quality of Cu-
MOFs is slowly reduced, they still have a mass retention rate of
more than 70% at 400 °C, indicating their relatively excellent
thermal stability (Fig. 2(A)). Due to the mild application
environment (nanozyme catalysis, antibacterial), the thermal
stability of Cu-MOFs guarantees their excellent stability in the
operating temperature range. As a typical porous material, the
porous structure brings about a larger accessible surface, which
is conducive to the adsorption of dissolved oxygen and the
generation of ROS, and the pores of Cu-MOFs provide active
sites similar to those of natural enzymes, which help increase
enzyme activity. As shown in Fig. 2(B), the N, adsorption-de-
sorption isotherm of Cu-MOFs belongs to the type IV isotherm,
corresponding to typical mesoporous materials. The BET
surface area was calculated as 212.793 m> g™, and the pore size
distributions for Cu-MOFs are shown in the inset to Fig. 2(B).

The surface chemical composition and oxidation state of an
enzyme have a significant effect on the catalytic ability of the
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enzyme. CV curves of bare electrodes and Cu-MOF-modified
electrodes are compared in Fig. 3(A). There are two character-
istic peaks at 0.11 and 0.38 V in 0.5 M H,SO,4 under 50 mV s™*
conditions, corresponding to the reduction peaks of Cu®>*. The
presence of Cu in the composites as well as the oxidation state
were confirmed using high-resolution X-ray photoelectron
spectroscopy (XPS). Fig. 3(B) reveals the spectra of Cu-MOFs.
The peaks of Cu 2p, N 1s, and S 2p appeared in the spectra.
Fig. 3(C) shows the core-level and shakeup satellite (sat.) lines
of Cu 2p.”° The Cu 2p3/2 and 2p1/2 core levels are located at
binding energies of 932.7 and 955.2 eV, and are close to the
data for Cu*', which shows the divalent nature of the Cu
atoms, which are thus expected to be effective active sites
during catalysis. Several strong satellite peaks (at 963.4, 943.4
eV) were easy to observe. Fig. 3(D) shows two peaks of N 1s at
400.5 and 402.1 eV. Pyrrole nitrogen (N-H) at 402.1 eV was sig-
nificantly lower than C=N at 400.5 eV, confirming the for-
mation of Cu-MOFs.

3.2 Oxidase-like activity of Cu-MOFs

TMB and ABTS, as well-established chromogenic substrate
molecules, were utilized to investigate the oxidase-like activity
of Cu-MOFs without the help of additional H,0,.>" In the
model reaction of catalytic oxidation of TMB (Fig. 4(A)) and
ABTS (Fig. 4(B)), they are able to show a clear color change
from colorless to blue or green. Fig. 4(C) presents the results of
the oxidase activity analysis of Cu-MOFs. ROS generated by Cu-
MOFs can catalyze TMB to oxidase TMB (blue color) with
maximal absorbance at 652 nm, but the TMB or Cu-MOFs only
groups show no color change or absorption at 652 nm.
Similarly, oxidized ABTS shows a green color under the cataly-
sis of Cu-MOFs and has a maximal absorbance at 430 nm in
Fig. 4(D). For comparison, the single Cu-MOFs or ABTS groups
show no color change and the absorbance at 430 nm is unpre-
cedented. Cu(NOj3),-2.5H,0 and AMTA alone do not show any
enzymatic activity (Fig. S47). These results clearly verify the
strong oxidase-like activity of Cu-MOFs.
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Fig. 2 (A) TGA curve of Cu-MOFs (blue), AMTA (green). (B) N, adsorption—desorption isotherm; inset is the pore size distribution.
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Fig. 3 CV curves of the Cu-MOFs in 0.5 M H,SO, at 50 mV s~ (A). XPS survey scan of Cu-MOFs (B). Cu 2p (C) and N 1s (D) XPS spectrum of Cu-
MOFs.
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Fig. 4 Schematic illustration of the oxidase-like activity of Cu-MOFs for TMB (A) and ABTS (B). The UV-vis spectra of TMB (C) and ABTS (D) in the
absence and presence of Cu-MOFs. Inserts: the color change of the corresponding solution.
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The catalytic activity of a natural enzyme is affected by its
reaction conditions. Fig. S21 shows the effect of reaction con-
ditions on the oxidase-like activity of prepared Cu-MOFs, like
the pH, temperature, and concentration of Cu-MOFs. Fig. S2
(A)t shows the absorption at 652 nm of the Cu-MOFs + TMB
reaction systems under different pH from 3 to 8 and the
optimum pH was found to be 4.0. The Cu-MOFs presented
better catalytic activity over a wide temperature range
(4-60 °C), which is shown in Fig. S2(B).} The catalytic effect
was enhanced with increasing Cu-MOFs concentration (Fig. S2
(C)).T When the concentration of Cu-MOFs was 0.5 mg mL ™,
the absorbance reached its optimum. Therefore, the optimum
catalytic pH and Cu-MOFs concentration are nearly 4 and
0.5 mg mL ™", respectively. To investigate the stability over time
of Cu-MOFs in aqueous medium, the Cu-MOF dispersion was
stored at room temperature and the oxidase activity was tested
for 4 weeks continuously. As shown in Fig. S3,} there were no
remarkable changes in the oxidized TMB intensity after 28
days, indicating the satisfactory long-term stability of the Cu-
MOFs.

3.3 Kinetic and mechanism analysis

To verify the catalytic mechanism, a kinetic study was con-
ducted by steady-state kinetics experiments. According to time-
dependent absorbance at 652 nm with different concentrations
of TMB in the presence of 0.5 mg mL™" (Fig. 5(A)), the kinetics
plot was obtained and is shown in Fig. 5(B), which followed
Michaelis-Menten kinetics.”® V. and K., were calculated
from the kinetics plot as 17.06 uM s~ and 1.09 mM, respect-
ively. The V.« value represents the catalytic activity of Cu-
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MOFs, and the high value indicates stronger catalytic activity.
Compared with other nanozymes listed in Table S1,T Cu-MOFs
exhibited a higher catalytic activity and affinity, which may be
associated with the copper metal center and larger specific
surface area of Cu-MOFs.>*

As oxidase nanozymes, Cu-MOFs were assumed to have an
oxidase-type mechanism by activating O, to yield ROS. Fig. 5
(C) shows the effect of O, on oxidase-like activity. Compared to
the absorbance of control groups, the absorbance of TMB cata-
lyzed by Cu-MOFs was significantly inhibited in N,-saturated
buffer, indicating that O, plays an important role in this reac-
tion. To understand the catalysis mechanism of Cu-MOFs
between oxidase and peroxidase-like activity, a fluorescent
assay with terephthalic acid (TA) was conducted to investigate
the possibility of peroxidase-like activity. It is well known that
peroxidase-like nanozymes can catalyze H,O, to generate "OH
which converts non-fluorescent TA to highly fluorescent
2-hydroxy terephthalic acid (TAOH). In Fig. 5(D), the TA itself
and Cu-MOFs/H,0, have no fluorescence peak at 435 nm,
while a distinct fluorescence peak can be observed in H,O,/TA
due to the self-decomposition of H,0,. After the addition of
Cu-MOFs, there is no clear enhancement in the emission
peak, and this strongly indicates that Cu-MOFs did not
depend on peroxidase-like activity at the same time.

To figure out the model of action for the oxidase-like
activity of Cu-MOFs, an ROS-scavenging experiment was per-
formed. 1-Histidine and isopropanol were added into Cu-
MOFs + TMB reaction systems, as quenchers of single oxygen
(*0,) and hydroxyl radicals (‘OH), respectively. As shown in
Fig. 5(E and F), t-histidine effectively suppressed the oxidation
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Fig. 5 Time-dependent absorbance at 652 nm with different concentrations of TMB in the presence of 0.5 mg mL™* Cu-MOFs (A). Michaelis—
Menten kinetic assay for TMB (B). UV-vis absorption spectra of TMB in air-saturated and N,-saturated buffer with Cu-MOFs (C). The fluorescence
spectra of the TA assay for the detection of hydroxyl radicals (‘OH) (D). Absorbance at 652 nm of TMB to estimate the nature of the intermediates for
the oxidase-like activity of Cu-MOFs (0.5 mg mL™) in the presence of various quenchers (E and F).
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of TMB, but the absorbance of the group with isopropanol
showed no significant difference from the control, indicating
that the formation of 'O, is the prominent reason for the
oxidase-like activity of Cu-MOF instead of ‘OH. The result
further verified the oxidation mechanism of Cu-MOFs by acti-
vating O, to produce 'O,.

3.4 Antibacterial performance of Cu-MOFs

ROS is able to destroy the bacterial membrane to inhibit bac-
terial growth through oxidative stress. Based on their outstand-
ing oxidase-like activity, Cu-MOFs can induce O, to produce
'0,; therefore the antibacterial ability was studied. An antibac-
terial experiment was conducted to evaluate the antibacterial
efficacy of Cu-MOFs against E. coli and S. aureus. Fig. 6(A)
shows the relationship between antibacterial performance

(A) E. coli
50 125 05 025 )
’ | e O \ §
@ \ o 4 \ ]
S. aureus

(B)

Control

Cu-MOFs

©

Control

Cu-MOFs

Fig. 6 Antibacterial performance against E. coli and S. aureus (A) of Cu-
MOFs with concentrations from 0 to 50 pg mL™2. (B and C) Fluorescence
images of E. coli (B) and S. aureus (C) that had undergone Cu-MOFs
treatment. Live bacteria (green) and dead bacteria (red).

This journal is © The Royal Society of Chemistry 2022
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against E. coli and S. aureus with the concentration of Cu-
MOFs from 0 to 50 pg mL~". With the increasing concentration
of Cu-MOFs, the antibacterial rate increased from 0% to 100%,
which indicated that Cu-MOFs with higher concentration had
better antibacterial properties. When the concentration of Cu-
MOFs reached 25 pg mL ™", the antibacterial ratio could reach
99.9%. Compared with E. coli, the antibacterial efficacy against
S. aureus of Cu-MOFs is more obvious, owing to E. coli having
a multilayer outer membrane and strong drug resistance. The
above results indicated that Cu-MOFs displayed good broad-
spectrum antibacterial ability at low concentration. 12.5 pg
mL™" of Cu-MOFs was selected to verify the time-dependent
antibacterial properties against E. coli and S. aureus in the
time range of 0 to 40 minutes; the results are shown in
Fig. S5.7 The antibacterial rate increased with increasing incu-
bation time with Cu-MOFs. When the incubation time reached
40 min, the antibacterial ratio could reach 99.9%, which con-
firms that Cu-MOFs have satisfactory antibacterial ability
against E. coli and S. aureus within 40 min.

To further assess the effect of the Cu-MOFs on bacterial cell
viability and morphology, a live/dead staining experiment was
conducted and is revealed in Fig. 6(B) and (C). SYTO-9 (green
channel), as a cell-permeant nucleic acid stain, stains living
E. coli and S. aureus cells. PI (red channel) can enter bacterial
cells through broken membranes to stain dead E. coli and
S. aureus cells. In control images of bacteria alone without
added Cu-MOFs, a bright green (live) signal with high contrast
was observed in E. coli and S. aureus cells. When the bacteria
cells were treated with 0.167 mg mL™~" Cu-MOFs, the emission
in the red channel showed higher contrast in E. coli and
S. aureus cells, suggesting that bacterial cells in the image had
been effectively killed by Cu-MOFs. As mentioned above, this
illustrates the excellent antibacterial properties of Cu-MOF due
to an oxidative stress response, also revealing the antibacterial
mechanism of Cu-MOFs that may be caused by the destruction
of the cell membrane.

Cu** has a certain antibacterial effect. In order to verify that
the antibacterial effect of the prepared Cu-MOFs came from its
excellent oxidase activity rather than Cu®" or AMTA, the struc-
tural stability of Cu-MOFs was explored before and after anti-
bacterial treatment. The amount of Cu®" in the supernatant
before and after co-culture with bacteria was quantified by AAS
and ICP-MS. The Cu®* content in the supernatant before co-
culture with bacteria determined according to the standard
curve is 23.6 ng mL™" (Fig. 7(A)). Compared with the super-
natant before antibacterial treatment, there was no significant
increase in Cu®" (32.3 ng mL™") after co-culture with bacteria,
indicating that the Cu-MOFs had good structural stability, and
framework collapse would not occur. By changing Cu>* con-
centration, a dose-dependent study of antibacterial perform-
ance against E. coli and S. aureus of Cu®* (20 and 100 ng mL™"
prepared from Cu(NO;),) was conducted. As shown in Fig. 7
(B), compared with the control group without adding Cu®*, the
survival rate of the bacteria (E. coli and S. aureus) did not
decrease when the Cu”* concentration was 20 ng mL™", and
even at a very high concentration (100 ng mL™") it showed neg-
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Fig. 7 (A) The Cu?* content in the supernatant before and after co-incubation with bacteria. (B) Antibacterial performance against E. coli and

S. aureus in the corresponding different concentrations of Cu?* and AMTA.

(A)

Fig. 8 SEM morphological images of bacteria: normal and damaged E. coli (A and B); normal and damaged S. aureus (C and D).

ligible antibacterial activity, and for AMTA alone (5 mg mL™"),
no obvious antibacterial activity was found. That shows that
high-efficiency oxidase activity is the main reason for the excel-
lent antibacterial effect of Cu-MOFs.

In order to understand the morphological effects on
different kinds of bacteria in the presence of Cu-MOFs, the
morphological changes in E. coli and S. aureus cells were
observed by SEM. Fig. 8(A) shows that normal E. coli have a
complete and smooth outer membrane. After co-incubation
with Cu-MOFs (Fig. 8(B)), the ROS produced by Cu-MOFs
caused serious oxidative damage to the outer membrane, and
the outer membrane was seriously damaged with obvious
folds. Fig. 8(C) and (D) indicated that S. aureus could hardly
maintain their normal cell morphology after co-incubation
with Cu-MOFs. The cytoplasm of bacteria flew out after the
membrane was damaged, resulting in the death of the bac-
teria. Above all this showed that Cu-MOFs have a strong inhibi-

9482 | Nanoscale, 2022, 14, 9474-9484

tory effect on E. coli and S. aureus, and the oxidative damage to
the bacterial membrane leads to the death of the bacteria.

4 Conclusion

In this work, a novel strategy was adopted to construct an
oxidase-like nanozyme (Cu-MOFs) according to the blueprint
of a natural enzyme. The well-defined tailorable cavities of Cu-
MOFs can offer a hydrophobic coordination environment
similar to that of natural enzymes. Compared with natural
enzymes, Cu-MOFs with a reactive copper core have a stronger
oxygen activation ability without the addition of H,O, and
higher stability. Antibacterial test results indicated that Cu-
MOFs displayed good broad-spectrum antibacterial ability at
low concentration, strong oxidase activity leading to wrinkle
changes and functional inactivation of bacterial cell mem-

This journal is © The Royal Society of Chemistry 2022
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branes. Our work reveals that oxidase Cu-MOFs show potential
in catalysis and bacterial control.
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