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Nanozyme-based antibacterial therapy (NABT) has emerged as a promising strategy to combat bacterial anti-
microbial resistance. Engineering the noble metal nanozymes with strong bacterial capture and high catalytic
activity for enhanced NABT is highly anticipated but still challenged. Herein, we developed hybrid nanozymes by
engineering ultrafine bimetallic Au/Cu nanoparticles confined on the lysozyme amyloid-like nanofibrous net-
works (LNF). The introduction of copper in the nanozymes facilitates the HyO, adsorption and reduces the energy
barrier for activating the HoO2 decomposition to form eOH, meanwhile displaying the significantly enhanced
POD-like activity under NIR irradiation. Taking advantage of the inherent supramolecular networks inspired
from human defensin 6-trapping bacteria mechanism, the hybrid nanozymes effectively capture the bacteria and
allow the catalytic attack around the bacterial surfaces to improve the antibacterial efficiency. Finally, the as-
prepared nanozymes exhibit the preeminent bactericidal efficacy against bacteria, especially for drug-resistant

bacteria both in vitro and in vivo, and the effect on wound healing.

1. Introduction

Bacterial antimicrobial resistance (AMR) has emerged as one of the
top ten public health threats, which can be dominantly attributed to the
changes in bacteria with the characteristic of multidrug resistance
caused by the long-term overuse or misuse of antibiotics [1], leading to
the increasing difficulty in the treatment of bacterial infection. Recently,
nanozyme-based antibacterial therapy (NABT) has emerged as an
alternative promising strategy to combat AMR due to the
broad-spectrum antibacterial activity and no-resistance effect [2-7].
Particularly, profiting from the intrinsic enzyme-mimetic activity,
unique plasmonic feature, and good biocompatibility and stability,
noble-metal nanoparticles (e.g., Au, Pt, Pd NPs) are burgeoning for
NABT [8-15]. For instances, Au NPs immobilized on mesoporous silica
can kill Gram-positive Staphylococcus aureus (S. aureus) and
Gram-negative Escherichia coli (E. coli) under physiological condition
based on the catalytic production of 10,, «OH™, and 03 in an acidic pH
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[16]. Some alternative Au nanostructures, such as Au nanoplates [15],
can take advantage of strong localized surface plasmon resonance
(LSPR) absorption in the near infrared (NIR) region to generate a great
number of hot carriers, which can burn the bacteria to death, and
simultaneously the photothermal effect is able to accelerate the pro-
duction of reactive oxygen species (ROS), thus synergistically enhancing
the antibacterial efficacy. In this case, the development of photothermal
nanozymes for antibacterial therapy has attracted great interesting [15,
17-20]. However, it is noted that the short lifetime (<200 ns) and
limited diffusion distance (ca. 20 nm) of reactive oxygen species (ROS)
[21], usually critically require the antibacterial nanozymes to possess
strong bacterial capturing capacity, so that it can maximize the oxidative
attack of ROS on the vicinal membranes of microbes. However, the
insufficient bacterial capturing capacity of noble-metal nanozymes
remarkably restricts the amplification of catalytic bactericidal effi-
ciency. Although the surface modification strategy can improve the
interaction between bacteria and nanozymes, it comes out at the cost of
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active sites blocking, especially for those highly-active ultrasmall metal
nanozymes (~2 nm). Therefore, it is imperative to explore a new way to
engineer smart noble metal nanozymes with strong bacterial capture
and high catalytic activity for enhanced NABT.

Although some strategies have been proposed, i.e., engineering
rough-surface hybrid nanozymes (defect-rich layered MoS; nanosheets
on the surfaces of 0D Fe304 nanospheres) by virtue of the intrinsic to-
pological interactions between bacteria and rough surface [2,22-25],
and spiky noble-metal nanostructures inspired by the bacterial trapping
mechanism of the pseudopodia of neutrophil in human immune system
[26], which has paved the ways for the design of smart nanozymes.
There is still some challenge in developing novel nanozymes. Never-
theless, either rough-surface or spiky noble-metal nanostructures such as
Au nanoflowers [27], and nanostars [28] are usually large size (>100
nm), of which the atom utilization efficiency is far lower than that of
ultrasmall Au NPs (~2 nm), undoubtedly decreasing the catalytic ac-
tivity. Therefore, it is highly anticipated to develop an efficient approach
to both improve the bacterial capturing and maintain the intrinsic high
enzyme-like activity of ultrasmall noble-metal NPs.

In this work, we proposed a strategy to form hybrid nanozymes by
engineering ultrasmall noble-metal NPs confined on the lysozyme
amyloid-like nanofibrous networks. It is inspired from the human
defensin 6 (HD6)-trapping bacteria mechanism by tangled nanofibrous
networks capturing microbial pathogens to block the invasion to host
cell [29], meanwhile, amyloid-like hierarchical supramolecular nano-
fibrous networks (HSNW) could control the growth of metal crystal to
small particles [30-32], with possible high catalytic activity comparable
to that of isolated metal NPs. In details, we first used the lysozyme
nanofibril (LNF) as an alternative HSNW template to confine and
modulate the formation and alignment of ultrafine bimetallic Au and Cu
(AupCuy, m and n represent the number of the mole ratio of Au/Cu, m =
1-4 and n = 1) alloyed NPs on the surfaces of LNF (LNF/Auy,Cu,
HSNW). Both experimental studies and theoretical calculation reveal
that the introduction of Cu species not only facilitates the HyO4
adsorption and reduces the energy barrier for activating the HyOq
decomposition, significantly enhancing the peroxidase (POD)-like ac-
tivity, but also improves the NIR absorption that could accelerate the
catalytic reaction rate. Taking advantage of the inherent supramolecular
networks, LNF/Au,Cu, HSNW effectively captures the bacteria and al-
lows the catalytic attack around the bacterial surfaces. Particularly, the
antibacterial performance can be significantly enhanced upon NIR
irradiation due to the synergy between the enhanced ¢OH production
and the photothermal ablation. Therefore, the LNF/Au,,Cu, HSNW ex-
hibits the preeminent bactericidal efficacy against drug-resistant bac-
teria both in vitro and in vivo, which would play a novel nanozyme for
combating AMR.

2. Experimental section/methods
2.1. Materials

Acetic acid, glycine, choline chloride, hydrochloroauric acid
(HAuCl4-4H50), cupric chloride (CuCly), and sodium borohydride
(NaBH4) were purchased from Sinopharm Chemical Reagent Co., LTD.
Lysozyme, 3,3,5,5-tetramethylbenzidine (TMB), were bought from
Shanghai Aladdin Bio-Chem Technology Co., LTD.

2.2. Synthesis of lysozyme nanofibers

First, 10 mM hydrochloric acid solution and 1 mM acetic acid solu-
tion were prepared. 0.015 g of glycine and 0.1395 g of choline chloride
were weighed and dissolved in 10 mL of hydrochloric acid solution and
1 mL of acetic acid solution, respectively. Then, 0.01 g of lysozyme
monomer was added to the hydrochloric acid-glycine solution (4.75 mL)
and the acetic acid-choline chloride solution (250 pL). The whole system
was placed in an oil bath at 70 °C and stirred for 5 h. Finally, the reacted
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solution was washed twice by centrifugation (12,000 rpm, 20 min) and
then stored at 4 °C, obtaining 10 mg mL™! lysozyme nanofiber (LNF)
solution.

2.3. Synthesis of LNF/Aup,,Cu, nanostructures

First, HAuCl4 and CuCl, solutions with concentration of 1.5 mM,
respectively, were prepared. Then, 800 pL of HAuCly and CuCly mixed
solutions in different volume proportions of 4:1, 3:1, 2:1, 1:1, respec-
tively, were added into 800 pL of LNF solution (5 mg mL’l), and incu-
bated for more than 30 min. Subsequently, 800 pL NaBH4 solution (10
mM) was added into the mixture with appropriate shaking, allowing the
gas to escape. When no bubbles are generated, a bimetallic Au and Cu
alloying NPs supported by LNF HSNW (LNF/Aup,Cuy,) with different Au/
Cu ratios were obtained. The monometallic LNF/Au and LNF/Cu HSNW
were also prepared by following the same procedure but just with pure
HAuCly, or CuCl; solutions (800 pL) as the raw materials.

2.4. Characterizations

Transition electronic microscope (TEM) images showing the
morphology were captured using a JEM-2100(HR) transmission electron
microscope. The crystal structures of LNF/Au,Cu, nanostructures were
characterized using a Bruker D8 ADVANCE X-ray diffractometer. X-ray
photoelectron spectroscopy (XPS) spectra was carried out using a
Thermo Fisher-Nexsa instrument. Meanwhile, the UV-visible absor-
bance spectra were obtained by using a UV-1601 spectrophotometer.
The electron-spin-resonance (ESR) spectra were recorded using a Bruker
A300-10/12 spectrometer. The Au and Cu contents were measured by
the inductively coupled plasma spectrometer (ICP-MS, Agilent 7800).

2.5. Photothermal properties of LNF/Au,,Cuy, nanostructures

LNF/Au,,Cuy,, nanostructures with different metal ratios were irradi-
ated with an 808 nm laser (2.0 W crn’z) for 600 s at room temperature.
And an infrared thermal imager was used to record the temperature in
real time. Pure water was irradiated in the same way as a control group.
LNF/AupmCuy, nanostructures were irradiated at 2 W cm ™2 for 5 cycles.
Each cycle consisted of a 600 s heating period and natural cooling,
which was used to test the photothermal stability of LNF/Auy,Cu,
nanostructures.

2.6. Peroxidase-like activity of LNF/Au,,Cup, nanostructures

Peroxidase (POD)-mimetic assays for LNF/Aup,Cu, nanozymes were
performed in NaAc-HAc buffer solution (0.1 M) at pH = 5.5 with TMB as
substrate. After reacting for 30 min, the UV absorption spectrum of the
color reaction for each solution was recorded. All kinetic measurements
were performed in a time-sweep fashion at 520 nm by a Shimadzu UV
spectrophotometer. Steady-state kinetic analyses were performed at
room temperature. The final concentrations of H,O2 and TMB were 416
pM at 5 mM, respectively, with the LNF/Au,Cu, concentration of 8 pg
mL~". For kinetic parameters, the experiments were carried out in a 2
mL NaAc-HAc buffer containing 20 pg mL~! LNF/Au,Cuy, 832 pM TMB,
and a series of concentrations of HoO5 ranging from 0 to 150 mM, or
containing 20 pg mL~! LNF/Aug,Cu,, 150 mM H,0, and a series of
concentrations of TMB ranging from 0 to 832 pM. The molar concen-
tration of LNF/Au;,Cu, was calculated by using the NanoSight NS300
(Malvern Instruments, Malvern, UK) nanoparticle tracking analyzer. All
experiments were tested in triplicate. The Michaelis-Menten constant is
calculated according to the following formula:

1V = K/ Vinax[STH 1/ Vinax

where v is the initial velocity, Ky, is the Michaelis constant, [S] is the
substrate concentration, and Vmax is the maximum reaction velocity.
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For pH-dependent experiments, the enzyme-like activities of LNEF/
AusCu; were detected in buffer solutions with different pH ranges
(3.0-8.0). For temperature-dependent experiments, in buffer solutions
with pH = 5.5, the enzyme-like activities of LNF/AusCu; were measured
at different temperatures of 20~55 °C.

2.7. Invitro cytotoxicity assay

The in vitro cytotoxicity of LNF/AusCu; nanostructures was detected
by CCK-8 cell viability assay kit was detected with mouse fibroblasts
(L929) cells as the model cells. Briefly, L929 cells were seeded in 96-well
plates at a cell density of 5 x 10° per well, and cultured in 1640 medium
for 24 h. The blank group (n = 6) with only 1640 medium was defined as
0%. 1929 cells treated with PBS alone (n = 6) were defined as 100%.
After the cells were treated with LNF/AusCu; (0-160 pg mL™Y) for 24 h,
10 pl of CCK-8 solution was added to each well and incubated at 37 °C
for 4 h. Finally, the absorbance value at 450 nm was measured. Each
independent experiment was tested in triplicate.

2.8. In vitro antibacterial experiments

Single colonies of Gram-negative bacteria Escherichia coli (E. coli) and
Gram-positive bacteria Staphylococcus aureus (S. aureus) streaked on
Luria-Bertani (LB) solid agar medium were transferred to about 20 mL of
liquid LB medium at 37 °C and incubated at 160 rpm for 12 h, which was
then centrifuged (4000 rpm, 1min) to collect bacteria. Bacteria were
resuspended in PBS (10 mM, pH = 7.4) and diluted to an optical density
of 0.1 at 600 nm (OD600 = 0.1). The antibacterial experiments were
then carried out in NaAc-HAc buffer solution (0.1 M) at pH = 5.5. The
bactericidal efficiency of LNF/AugCu; nanozyme on E. coli and MRSA

j:\: -

LNFs

-.‘-‘

Bacteria trapping

®cw ®aw ‘AumCu" NPs - heat

LNF-adsorped Au**/Cu®* complexes

Materials Today Bio 22 (2023) 100730

was detected by plate counting method, which were treated with seven
different groups: (1) NaAc-HAc, (2) LNF/AusCu;, (3) LNE/
AusCu;+H>0,, (4) LNF/AusCu;+NIR, (5) LNF/Au3Cu;+H02+NIR, (6)
NIR, (7) H20,. The final concentrations of LNF/AusCu; and HyO5 were
80 pg mL~! and 200 pM, respectively. After the mixed solutions of each
group were reacted for 10 min, the solution was transferred to LB solid
medium by the method of dilution plate coating for 24 h at 37 °C. All
experiments were tested in triplicate.

2.9. Healing efficiency for MRSA infected mouse wound model

First, MRSA infected wound model was established on the back of
ICR mice (6-8 weeks) by slashing the back of mice and injecting MRSA
bacteria with concentration of 1 x 10° CFU. Then, the mice were
separated into seven groups (five mice per group), treated with (1)
NaAc-HAc, (2) LNF/AusCu;, (3) LNF/AusCu;+H202, (4) LNE/
AusCu;+NIR, (5) LNF/AusCu;+H305+NIR, (6) NIR, (7) Hy0,, respec-
tively. The wounds were observed, photographed as well as Band-Aids
were replaced every day. After 3 days of therapeutic process, the mice
were examined and the wound tissues were collected and the numbers of
bacteria in them were determined by plate count methods. Back skins
were harvested on the day 14, the wound was isolated from the sur-
rounding skin and immobilized in a 4% neutral formalin solution. The
skin samples were embedded in paraffin, sectioned for HE histology and
immunohistochemistry. Noted that all animal procedures were
approved by Jiangsu University and carried out in accordance with the
Guidelines for Care and Use of Laboratory Animals of Jiangsu Univer-
sity, and conformed to the Animal Ethics Committees of both Chinese
legislation and the National Institutes of Health (NIH).

LNF/Au,Cu, HSNW

NIR

Localized hyperthermia and ROS

@ Jive bacteria ~ dead bacteria

Scheme 1. LNF/Au,,Cu, HSNW synthesis procedure and biomimicking catalytic antibacterial therapy. (a) Schematic illustration of LNF/Au,,Cu, HSNW synthesis.
(b) Bactericidal efficiency of LNF/Au,,,Cu,, HSNW synergistically enhanced by its bacteria trapping and NIR stimulus.
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3. Results and discussion
3.1. Preparation and characterizations of LNF/Au,,Cu, HSNW

Scheme 1 depicts the synthesis procedure of bimetallic LNF/Aup,Cu,
HSNW, and it is also similar for monometallic LNF/Au (as the control).
First, LNFs were prepared by the incubation of lysozyme monomer in
eutectic solvent composed of the mixture of hydrochloric acid-glycine
solution and acetic acid-choline chloride solution (v/v = 19/1). After
redispersed in water to form LNFs suspension, metal ions were added
subsequently and incubated for 0.5 h to fully form metal ion and LNFs
complexes through multiple interactions between metal ions and resi-
dues of lysozyme consisted of 139 amino acids (18 types of amino acids).
Therefore, LNF confined monometallic Au or bimetallic Auy,Cuy, hybrid
supramolecular fibrous networks were obtained after the reduction of
metal ions with different ratios of Au>*/Cu®" by NaBH, for 10 min.

The transmission electron microscopy (TEM) image (Fig. 1a) shows
the typical fibril-like structure of LNF/AusCu; HSNW, along with a
number of ultrasmall NPs densely and orderly allied on the surfaces of
LNFs, which can be ascribed to the excellent space confinement of 1D
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fibrous structure with an average diameter of 11.2 nm (Fig. S1), and the
inherently strong metal ion chelation, particularly the formation of Au-S
bonds [33]. Consequently, ultrafine monometallic Au or bimetallic
Aup,Cu, NPs with narrow size distribution can regularly grow and
scatter on the LNF surfaces (Fig. 1c and Fig. S2). Compared to that of Au
NPs, the Auy,Cu, NPs possess smaller particle sizes (2.2-3.0 nm vs 4.5
nm), which can be ascribed to the different reduction rate of Au®" and
Ccu®** ions during the co-reduction process [34], where the cu?t ions
with stronger oxidation capacity can be reduced faster, effectively
inhibiting the fast growth of Au NPs, thus resulting in smaller Aup,Cuy
NPs. From the high-resolution TEM (HRTEM) image (Fig. 1b), it is
observed that the ultrafine NPs on the LNF/Au3Cu; surfaces are domi-
nantly single crystalline structure with the lattice spacing of ca. 0.233
nm, close to that of the alloyed AusCu; (111) plane, and no metallic c®
lattice spacing is observed. In addition, Fig. 1d-k shows the high-angle
annular dark-field scanning transmission electron microscopy
(HADDF-STEM) images of LNF/Au3Cu; and the corresponding element
mappings of Au, Cu, C, N, S, and O, particularly the Au signal (Fig. 1e)
and Cu signal (Fig. 1f) share a similar dispersion region and can be well
merged together (Fig. 1g), suggesting their alloying interaction.
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Fig. 1. Morphology and structure characterizations of LNF/Au,,Cu, HSNW. (a) TEM image of LNF/AuzCu; HSNW. (b) HRTEM image of LNF/Au3zCu; HSNW. (c)
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Meanwhile, the presence of C, N, S, and O signals, especially the strong S (JCPDS NO. 34-1302), and three other peaks at 20 = 29.6, 60.3, 85.5°
signal with a 1D fibril-like and broader dispersion than that of Au or Cu can be assigned to the characteristic peaks of XRD pattern of the LNFs.
signal (Fig. 1j), reveal the LNFs well maintain their supramolecular No characteristic peaks are ascribed to crystalline Cu® or copper oxide,
fibrillar structure after binding metal NPs. implying that the copper species could be well alloyed with the gold

The X-ray diffraction (XRD) pattern of LNF/AusCu; shows four species to form the bimetallic AuzCu; nanocrystals. It is noteworthy that

characteristic peaks at 20 = 38.15, 44.35, 64.6, 77.8°, which can be the XRD pattern of LNF/Au is similar to that of LNF/AusCuy, revealing
indexed as the (111), (200), (220), (311) planes of fcc AuzCu; alloys their similar crystalline structure, which is consistent with the HRTEM
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results (Fig. 1b and Fig. S3). To distinguish their difference, X-ray
photoelectron spectroscopy (XPS) was further performed. For the XPS
survey spectra of LNF/Aup,Cuy, characteristic peaks of Au and Cu species
clearly present with the content-dependent intensities (Fig. S4), whereas
for LNF/Au or LNF/Cu, only Au or Cu characteristic peaks are observed.
More information was obtained from the high resolution Au4f, Cu2p3/2,
Cu LMM, and S2p spectra with LNF/Au, LNF/Au3Cu;, and LNF/Cu as the
representative samples. As shown in Fig. 1m, the Au4f spectrum of LNF/
AuszCu; shows two peaks at 83.88 and 87.68 eV, derived from Au4f;,,
and Au4fs; respectively, significantly shifting to higher binding energy
compared to that of LNF/Au, which can be attributed to the introduction
of Cu species leading to the electrons transfer from Au to Cu species,
being consistent with previously results of AuzCu; alloy [35]. Moreover,
for the Cu2ps/» spectra of LNF/Au3Cu; and LNF/Cu (Fig. 1n), two peaks
at 932.2 eV and 934.2 eV can be deconvoluted, assigned to metallic Cu®
and oxidative Cu®", respectively. As for the Cu2pss spectrum of
LNF/AusCuj, the peak located at 932.2 eV is absolutely higher and no
satellite is observed, suggesting the copper species in LNF/AusCu; are
mainly metallic cu® [35], and the observed small peak of cu®t species
may be derived from the formation of Cu-S bond due to the strong
chelation of LNFs. In contrast, the peak of the Cu2ps,» spectrum for
LNF/Cu shifts to higher binding energy, especially the presence of sat-
ellite, indicating more copper species with high oxidative states (Cu®* or
Cu™), which could be attributed to the easy oxidation of monometallic
Cu® NPs exposed in water. The Auger electron spectra (AES) of Cu LMM
for LNF/AusCu; (Fig. 10) displays a characteristic peak around 568.3
eV, further confirming the presence of Cu® and Cu?* species [36],
whereas for LNF/Cu only one broad peak around 570.4 eV is observed,
demonstrating the copper species are mainly Cu® species [36]. Fig. 1p
shows the S2p spectra of LNF/Au and LNF/AusCu; can be deconvoluted
into two peaks at 164.0 and 163.0 eV, corresponding to R-SH and Au-S
bonds, respectively [37]. In addition, characteristic peak of Cu-S bond
around 163.4 eV can be deconvoluted for the S2ps,» spectrum of
LNF/Cu [37]. It is suggested that there is strong interaction between the
metal NPs and the LNFs through the Au-S or Cu-S bonds, which is
important for stabilizing the bimetallic Au and Cu NPs on the LNF sur-
faces. The Cls, N1s, and O1s spectra mainly originating from the C, N, O
elements of LNFs for LNF/Au, LNF/AusCu;, and LNF/Cu are similar,
demonstrating the well hybrids of metal NPs and LNF. Furthermore, the
detected Au and Cu atom ratios in the bimetallic LNF/Aup,Cu, by XPS
are close to those of the quantitative Au/Cu ratio measured by induc-
tively coupled plasma-optical emission spectrometer (ICP-OES)
(Table S1).

3.2. Photothermal conversion performance of LNF/Aup,Cu, HSNW

Next, the plasmonic features of LNF/Auy,Cu, HSNW are further
explored, and Fig. 2a shows the ultraviolet—visible (UV-Vis) absorption
spectra of LNF/Au,Cu, HSNW with different Au/Cu ratios. As for
monometallic LNF/Au, the sharp surface plasmon peak around 515 nm
demonstrates the formation of metallic Au NPs. Meanwhile, it displays
broad absorption in the range from 700 to 1000 nm, which can be
attributed to the alliance of Au NPs confined by the 1D LNF [30]. The
bimetallic LNF/Au;,Cu, HSNW exhibit the surface plasmon peak at 535
nm, between that of Au (520 nm) and Cu (570 nm), confirming the
alloying structure and presence of Au and Cu NPs, which is consistent
with previous results [38]. Moreover, the Au and Cu alloying structure,
especially for LNF/AusCu; and LNF/AusCu;, remarkably promotes the
near infrared (NIR) absorption (700-1000 nm). It is noted that no
characteristic surface plasmon peak (570 nm) is observed for the
LNF/Cu spectrum, suggesting no metallic Cu presented in the LNF/Cu
HSNW, consistent with the results of XRD and XPS analysis. This may be
attributed to the easy oxidization of ultrasmall Cu® NPs in water because
of their inherently high activity. Taking advantage of their excellent NIR
absorption, the temperatures of LNF/Au,Cu, HSNW suspensions can be
obviously increased from room temperature to the maximum
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temperatures of 48.5, 61.7, 64.2, 61.4, 54.0 °C for LNF/Au,
LNF/Au4Cu;, LNF/AusCuy, LNF/AuyCuj, LNF/Au;Cu; HSNW, respec-
tively (Fig. 2b) under the 808 nm NIR light irradiation for 400 s. The
corresponding photothermal conversion efficiencies were determined to
be 18.8%, 21.6%, 25.1%, 21.2%, and 19.5% (Fig. 2c), suggesting the
Au/Cu ratio significantly affects the photothermal activity of
LNF/Aup,Cu, HSNW. This can be attributed to the intrinsic strong
interaction between Au and Cu in the Auy,Cuy, alloying NPs, varying
their local surface plasmonic resonance (LSPR) absorbance band [39].
With an optimal Au/Cu ratio of 3/1, the LNF/Au3Cu; HSNW has the
strongest LSPR absorbance around 808 nm, thus offering the highest
photothermal conversion efficiency when it is irradiated by an 808 nm
laser. It is noteworthy that most photothermal nanomaterials, especially
for noble-metal nanostructures (e.g., Au nanorods), with large size (>20
nm) and high stability, are hard to be degraded or removed by human
body. In contrast, ultrasmall NPs (<5 nm) can be easily removed by the
renal cycling, thus showing high biosafety. Considering the high pho-
tothermal conversion efficiency and the unique structure composed of
ultrasmall NPs, the LNF/Auy,Cu,, especially for LNF/AusCu; HSNW,
would be used as novel and biocompatible photothermal nanoagents.

3.3. POD-like catalytic performance of LNF/Au,,Cu, HSNW

Importantly, the catalytic reaction of LNF/Au,Cu, HSNW as the
novel POD-like nanozyme has been examined. The typically chromo-
genic reaction of 3,3,5,5-tetramethylbenzidine (TMB) oxidation cata-
lyzed by resultant LNF/Aup,Cu, HSNW with the introduction of H20,
was used to investigate their intrinsic POD-like activity (inset of Fig. 2d).
Note the absorbance values of the oxidized TMB (ox-TMB) catalyzed by
the bimetallic LNF/Au,Cu, HSNW are higher than those of mono-
metallic LNF/Au or LNF/Cu (Fig. 2d), demonstrating their enhanced
POD-like activity. Among those LNF/Au,Cu, HSNW, the LNF/Au3Cu;
HSNW exhibits the highest absorbance value, suggesting the best POD-
like activity. Fig. 2e further demonstrated the LNF/Au3Cu; HSNW could
still maintain the highest catalytic activity with prolonging the reaction
times. The Michaelis—Menten kinetics was employed to study the cat-
alytic property of LNF/Aup,Cu, HSNW (Fig. 2f and g). The calculated
kinetics parameters are listed in Table S2. Among the LNF/Aup,Cu,
HSNW, when using HyO> as a substrate, the LNF/Au3Cu; HSNW exhibits
the smallest Ky, value (15.94 mM), and the largest maximum rate (Vpax)
(8.3 x 1077 M s 1) indicating the best affinity toward HyO5 and catalytic
performance. While using TMB as a substrate, the smallest Ky, value of
0.24 mM for LNF/AusCu; HSNW demonstrates it also has the best TMB
binding affinity. The Vi« values of TMB for LNF/Au,Cu, HSNW are in
an order of LNF/AuyCuy (19.2) > LNF/AusCu; (12.4) > LNF/AusCu;
(8.6) > LNF/Au;Cu; (7.6) > LNF/Au (6.7), suggesting that the bime-
tallic LNF/Au,Cu, HSNW show higher TMB oxidation rate than
monometallic LNF/Au HSNW, probably due to the introduction of more
active copper species than gold species for the Fenton reaction. There-
fore, increasing the copper content in LNF/Auy,Cu, HSNW is beneficial
for promoting the TMB oxidation, but excessive copper content (Au/Cu
= 1/1) can reduce their activity. In this case, it is very important to
control the Au/Cu ratio of LNF/Au,,Cu, HSNW for optimizing the best
nanozyme. Compared to the kinetic parameters of commercial FesO4
(K of 62.5 mM and Vg of 0.58 x 1077 M s~! towards H,05), all the
LNF/Aup,Cu,, HSNWs exhibit smaller K, and higher Vp.x values,
resulting in much better affinity and higher catalytic performances.
Although the lower Ky, values of natural HRP demonstrates it has better
affinity towards HoO2 and TMB than those of LNF/Auy,Cu, HSNW, its
much lower Vpax and Kgo values indicates its relatively much lower
catalytic performances in comparison (Table S2). Electron paramagnetic
resonance (EPR) was further performed to probe the catalytic conver-
sion of HyO5 into ¢OH by LNF/AugCu; HSNW. Fig. 2h clearly shows the
oOH signal when LNF/AusCu; HSNW was introduced into the HyO9
solution. More importantly, upon NIR irradiation, the ¢OH signal can be
significantly enhanced, about 1.5 times higher than that without NIR
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irradiation (Fig. 2h). This enhancement is further demonstrated by the
catalytic oxidation of nonfluorescent terephthalic acid (TA), an indica-
tor for detecting eOH, into fluorescent 2-hydroxy terephthalic acid
(HTA). Fig. S5 clearly shows after NIR irradiation, the fluorescence in-
tensity of HTA is obviously enhanced as compared to that without NIR
treatment, meaning more generated eOH available, which can be
attributed to the photothermal effect of LNF/AusCu; HSNW triggering
the temperature elevation. Thus, we subsequently determined the effect
of temperature on the catalytic activity of LNF/AuzCu; HSNW using the
TA oxidation reaction. It is clearly shown in Fig. 2i, the relative catalytic
activity is increased from 20 to 48 °C, but then decreased with further
increasing the temperature to 55 °C. Moreover, it is found that in acidic
medium the LNF/AugCu; HSNW exhibited higher catalytic activity than
that in neutral medium, giving the best catalytic performance at pH
around 3 (Fig. S6), which provided the basis for catalytic killing bacteria
in the infected wound with the acidic micro-condition. In general, the
results demonstrate the bimetallic LNF/AuzCu; HSNW displays higher
H0, affinity and catalytic activity than the monometallic LNF/Au
HSNW, which significantly depends on the temperature and pH and can
be remarkably enhanced by external NIR stimulus.

3.4. Catalytic mechanism of LNF/AusCu; HSNW

To further explore the enhanced enzyme-like activity of bimetallic
LNF/AugCu; HSNW as compared to monometallic LNF/Au HSNW,
density functional theory (DFT) calculations were conducted to simulate
the catalytic mechanism. The computational details are provided in the
supporting information. For metal nanozymes, the metal NPs are the
active component for activating the enzyme-like catalytic reaction.
Thus, as for the monometallic LNF/Au and bimetallic LNF/Au3Cus, it is
certainly believed that metallic Au and AugCu; NPs supported on LNF
are the active components. Based on the results of HRTEM images (Fig. 1
and Fig. S3) and XRD (Fig. 11) analysis, Au (111) and AusCu; (111)
planes are dominantly exposed on the surfaces of Au and AuzCu; NPs.
Therefore, it is reasonable to build Au (111), Cu(111) and AusCu; (111)
planes as the model catalysts for catalyzing the HyO, decomposition
(Fig. 2j). The reaction of HoO5 decomposition into ¢OH catalyzed by Cu,
Au, or AuzCu; planes was supposed to follow a three-steps pathway [40]
as depicted in Fig. 2j. The HoO5 molecules are first adsorbed by Cu(111),
Au (111), or AuszCu;(111) planes, forming *H,02, where the asterisk (*)
can be considered as the catalyst. This initial step (I, IS) is very important
for the activation of HyO, molecules. Then, the activated *Hy0- is
homogenously dissociated into two hydroxyl groups at one single active
site (*20H), which can be the key transition step (I, TS) for the for-
mation of hydroxyl radicals. Finally, one of the two hydroxyl groups
desorbs from the adsorbed site to form the hydroxyl radical (éOH). The
generated eOH can be easily re-adsorbed by another active site of the
catalyst to form another hydroxyl group intermediate (*OH) if it doesn’t
react with other substrates. Thus, it can be considered as the final step
for the reaction of HyO, decomposition (III, FS). Fig. 2k shows the cor-
responding free energy diagrams of the HoO5 decomposition catalyzed
by Cu (111), Au (111), or AusCu; (111) planes. Comparing with
monometallic Cu and Au, the bimetallic AusCu; exhibits the lowest
adsorption energy towards H2O5 (—0.515 eV), indicating the highest
capacity of HoO, adsorption. Moreover, the homogeneous dissociation
of Hy0, into hydroxyl groups can be the rate determining step (RDS)
with the energy barriers of 0.632, 1.534, and 0.976 eV for Cu, Au and
AuzCuj models, respectively. It is observed that the bimetallic AuzCu; as
active sites exhibit higher POD-like activity than Au alone, which can be
attributed to the introduction of the more active metallic Cu into the
bimetallic AusCu; due to the lowest energy barrier of Cu. Thus, the
enhanced POD-like activity for LNF/AusCu; can be attributed to the
higher capacity of adsorbing H>O2 molecules (lower absorption energy)
and faster ¢OH generation (lower energy barrier) for AusCu; active sites
as compared to those for LNF/Au. It is worthy to note that the LNF/Cu
might possess the highest POD-like activity due to the metallic Cu owing
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the lowest energy barrier in theory, but it displays the lowest activity in
the practical catalytic HyO2 decomposition, which can be attributed to
no metallic Cu® observed in the LNF/Cu due to their instability as
declared by XPS and XRD analysis.

Therefore, based on the above experimental and theoretical calcu-
lation results, a reasonable reaction route of LNF/Au3Cu; HSNW cata-
lyzing H;0, decomposition into eOH under acidic condition was
proposed (Fig. 21). The AugCu; active sites exposed on LNF surfaces first
interact with the HoO, molecules and activate them. Subsequently, the
H30, molecules decompose homogeneously to form two hydroxyl
groups, one of which desorbs to form the hydroxyl radicals that could
trigger the oxidation of a series of substrates (e.g., TMB, TA, proteins,
DNA, peptides, etc.). The other finally reacts with H" derived from the
acidic mediate to form the HyO molecules. During the reaction, besides
the synergic effect between Au and Cu in AugCu; alloying structure, the
strong binding interaction between the LNF and AusCu; NPs also plays
an important role in promoting the catalytic reaction due to their elec-
tron transfers [32].

3.5. Antibacterial performance of LNF/AusCu; HSNW

The POD-like catalytic performance of LNF/AusCu; HSNW has been
well evaluated, and it could be further applied in catalytic antibacterial
therapy with overwhelming superiority of reducing the amount of HyO,
which is a common reagent for disinfection, but the inhibitory concen-
trations could be 3-18 mM, hampering wound healing and even
damaging normal tissues [41]. In contrast, ¢OH derived from the cata-
lytic decomposition of HoO5 by LNF/AusCu; HSNW can be much more
effective for killing bacteria with the HyO» concentration only ranging
from 0.1 to 0.5 mM, which is less than thirtieth of inhibitory concen-
tration of HoO,. Meanwhile, combined with the photothermal activity of
LNF/AugCu; HSNW and the fibrillar network structure, they potentially
contribute to the excellent antibacterial properties. As shown in Fig. S6,
it confirms that H,O5 alone at concentrations of 100-500 pM hardly kills
the bacteria, including E. coli and S. aureus as the Gram-negative and
Gram-positive bacteria, respectively. In contrast, the introduction of
LNF/AusCu; HSNW at a metal concentration of ca. 80 pg mL™!, with
non-cytotoxicity (Fig. S7), could kill the bacteria with the viabilities
decreased obviously (<30%), especially at the concentration of HyO»
>200 pM, which can be attributed to the catalytic production of eOH. It
is noteworthy that S. aureus possess thicker cell wall than E. coli, making
them more tolerable to eOH, so that it requires higher HoO5 concen-
tration to achieve similar bactericidal efficiency as compared to that for
E. coli (Fig. S6). For instance, as shown in Fig. 3a-b, when the bacteria
are treated with LNF/Au3Cu; HSNW at 100 pM H30; for 8 min (group
III), the viabilities of E. coli and S. aureus, calculated on the basis of the
corresponding plate count method (Fig. 3c and d), are 48.3% and 54.8%,
respectively. Nevertheless, under NIR irradiation (808 nm, 1.5 W cm™?)
(group V), the bacterial viabilities are remarkably decreased to be about
0%, demonstrating neither E. coli nor S. aureus are survived, which can
be attributed to the synergy between the enhanced ¢OH production with
external NIR stimulus, and the localized photothermal ablation gener-
ated by LNF/Au3Cu; HSNW. This can be proved by group IV that upon
NIR irradiation the LNF/Au3Cu; HSNW can heat the bacteria suspension
(ca. 48 °C) and kill part of the bacteria, giving corresponding viabilities
of E. coli and S. aureus of 56.3% and 43.8%, respectively. No obvious
bacterial inhibition is observed for the treatments of group II, VI, and
VII, indicating single LNF/Au3Cu; HSNW (80 pg mL™1), NIR (808 nm,
1.5 W em™2), or Hy05 (100 pM) treatments for 8 min hardly affect the
bacterial viabilities.

To further demonstrate the antibacterial performances of LNF/
AusCu; HSNW, the variations of bacterial morphology were observed by
scanning electron microscope (SEM). As shown in Fig. 3e and f, for
control (group I), both E. coli and S. aureus exhibit intact cell wall with
smooth surfaces, while incubated with LNF/Au3Cu; HSNW (group II), it
is observed that the whole bacterial surfaces are almost covered by
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Fig. 3. Catalytic antibacterial performances of LNF/AuzCu; HSNW. (a) Viability of E. coli treated under different conditions. (b) Viability of S. aureus treated under
different conditions. (c) Photographs of E. coli colonies growth by spread plate method. (d) Photographs of S. aureus colonies growth by spread plate method. () SEM
images of E. coli treated under different conditions. (f) SEM images of S. aureus treated under different conditions. Conditions: (I) NaAc-HAc (pH = 5.5); (II) Bacteria
incubated with LNF/AusCu; HSNW; (III) Bacteria treated with LNF/AusCu; HSNW and H,0,; (IV) Bacteria treated with LNF/AuzCu; HSNW under NIR irradiation.
(V) Bacteria treated with LNF/AuzCu; HSNW and H,0, under NIR irradiation; (VI) Bacteria treated with NIR irradiation alone; (VII) Bacteria treated with HyO,

alone. Data were expressed as mean + SDs (n = 3). *p < 0.05, ***p < 0.001.

fibril-like materials, which can be ascribed to the strong adherence of
LNF/AusCu; HSNW towards the bacterial surfaces, but they hardly
impact the bacterial morphologies since the intact and smooth surfaces
of the bacteria are still maintained. However, after the addition of HyO4
(group III), the bacterial surfaces become wrinkly and rough but the
bacteria can still maintain their original cell morphology, which can be
caused by the attack of eOH. As for LNF/AugCu; HSNW upon NIR
irradiation (group IV), the single heat treatment triggered by LNF/
AuzCuy HSNW also causes the wrinkle and rough of the bacteria sur-
faces, and even some holes generated on the surfaces of E. coli, sug-
gesting the different damages to bacteria between heat and eOH attacks,
but the cell membrane integrity can be maintained as well. For bacteria
treated by the combination of catalytic and photothermal actions
(group V), it is clearly observed that the cell membrane integrities of

both E. coli and S. aureus cannot be maintained any more, becoming
rather wrinkly, and some are even broken, indicating a much stronger
antimicrobial performance compared to that of single catalytic or pho-
tothermal actions, thus resulting in completely bacterial death.

The bacterial interaction and enhanced damages to bacterial mem-
branes of LNF/AusgCu; HSNW are further investigated by the TEM and
SYTO 9/PI staining fluorescence analyses (Figs. S8, S9, S10). Fig. S9b
clearly shows the S. aureus surfaces are covered by a number of nano-
fibrils when they incubated with LNF/AusCu; HSNW, which is consis-
tent with the SEM analysis. In contrast, the S. aureus surfaces are only
decorated with a few particulates when they incubated with pure
Au3Cuj nanoparticles prepared without LNF as the template (Fig. S8c).
Compared to the small and well dispersed green fluorescent spots in
Fig. S10a, the presence of large green fluorescent spots in Fig. S9b
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further demonstrates the strong aggregation of the bacteria due to the
strong bacterial adhesion of LNF/AusCu; HSNW. Fig. S10 show the TEM
images of S. aureus treated by single mode of catalysis (Fig. S10b) and
dual modes of catalysis and PTT (Fig. S10c), respectively. Fig. S10a
clearly shows normal S. aureus have clean, intact and spherical cell
membranes. After single POD-like catalysis treatment, the bacterial cell
membranes become ambiguous but their integrity still maintains
(Fig. S10b). However, with the treatment of POD-like catalysis and PTT,
the cell membranes of S. aureus become wrinkle and even holes generate
(Fig. S10c), demonstrating more serious damages occur on bacterial
surfaces compared to that with catalysis treatment alone. The red fluo-
rescent spots present in Fig. S9c further confirms the membrane rupture
of the S. aureus because the PI dye can interact with the DNA inside the
bacteria.

3.6. Antibacterial mechanism of LNF/AusCu; HSNW

On basis of the above results, a possible antibacterial mechanism of
LNF/AugCu; HSNW killing bacteria have been proposed, as depicted in
Scheme 1b. Owing to the intrinsic soft, fine and long fibrous nano-
structure of LNF, the LNF/AugCu; HSNW can strongly bind with the
bacteria surfaces when they meet the bacteria. After the addition of
H0,, the HyO5 molecules can be adsorbed and decomposed into the
highly active eOH due to the high POD-like activity of the ultrafine
AugCuy NPs on LNF/AusCu; HSNW. Subsequently, the generated ¢OH
are able to locally and directly attack the bacterial membranes, causing a
series of oxidative damages. Particularly, with external NIR stimulation,
the LNF/AusCu; HSNW is capable of absorbing the light and generate
plentiful hot carriers, which can combine with the ROS to synergistically
enhance the damages of the bacterial membranes, meanwhile the
accompanying thermal effect certainly accelerates the HyO, conversa-
tion into eOH, further increasing the damages to the bacteria (Fig. 3e, f
and Fig. S10c), and finally leading to the complete death of the bacteria
(Fig. S10c).

3.7. Infected wound healing performance of LNF/AusCu; HSNW

It is noted that methicillin-resistant S. aureus (MRSA) show strong
resistance to oxacillin but they hardly survive when treated with LNF/
AusCu; HSNW in the presence of HyO5 and NIR irradiation (Fig. S11). In
addition, Fig. S12 indicates that the LNF/Au3Cu; HSNW hardly shows
any cytotoxicity to normal cells. Therefore, to further demonstrate LNF/
AuzCuj; HSNW can be an efficient smart nanozyme against AMR asso-
ciated infection, a MRSA infected mouse wound model was used to
evaluate the disinfection performance in vivo and wound healing treated
by LNF/AusCu; HSNW, which follows a procedure as depicted in Fig. 4a.
The mice with a back wound diameter of ca. 8 mm were randomly
divided into 7 group: PBS, LNF/Au3Cuj, LNF/Au3Cu;+H05, LNF/
AuzCu;+NIR, LNF/Au3Cu; +H202+NIR, NIR, Hy0,. The wound healing
process were monitored for 14 days (Fig. 4b). As shown in Fig. 4b-d,
better crusting is observed on 3 days for the LNF/Au3Cu;+H02+NIR
group than for the other groups. Particularly, on day 7, scars are formed
for all groups but the wound size of LNF/Au3Cu;+H202+NIR group
presents the smallest, only 11.1% of day 0. By contrast, the wound sizes
for the LNF/Au3Cu;+H505 and LNF/Au3Cu;+NIR treatments are 20%
and 28%, respectively, while for the PBS, LNF/AusCu;, NIR, and H204
groups, the wound sizes are higher than 32% (Fig. 4d and Fig. S13). The
wound almost completely vanishes on day 14 for the LNE/
AuzCu;+H202+NIR group, while obvious wound border and dermal
incompleteness can still be seen in other groups (Fig. 4b). Fig. 4c-e
shows the Hy09, NIR, and LNF/Au3Cu; groups hardly kill the MRSA on
the wounds (>96% viability), while the MRSA viabilities for LNF/
AuzCu;+H204, LNF/Au3Cu;+NIR, LNF/AusCu;+H202+NIR groups are
significantly reduced, giving 16.2%, 26%, and 1.6%, respectively, which
can be attributed to their excellent antibacterial properties. The com-
plete death of MRSA for LNF/AusCu;+H202+NIR treatment verifies the
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enhanced in vivo antibacterial efficiency for the combination of nano-
zyme catalysis and PTT. In order to further verify the wound healing, we
used hematoxylin and eosin staining (H&E staining) to analyze the tis-
sue sections of the wound. As shown in Fig. 4f, the wounds treated with
LNF/Au3Cu;+H30,+NIR exhibits complete epidermis layer, revealing
the good healing, whereas fragmented epidermis layer and even obvious
tissue breakage are observed for other group, indicating their poor
wound healing efficiency. Furthermore, immunohistochemistry staining
was used to detect the expression of proliferating nuclear antigen pro-
tein PCNA. It is found that the expression level of PCNA in the untreated
group is low. For the LNF/Au3Cu; +H02+NIR treatment, the number of
PCNA-positive cells is enhanced. Compared to other groups, LNF/
AuzCu;+H>05+NIR treatment could proliferative activity of cells within
the skin tissue, especially for the basal cells that can promote the pro-
liferation and metabolism of keratinocytes, and the positive expression
of PCNA is enhanced (Fig. 4g). Furthermore, a histological analysis of
the main organs was done after treatment (Fig. S14). The H&E staining
images of the heart, liver, spleen, lung, and kidney for the LNF/
AugCu;+H202+NIR treatment groups show no obvious histological
changes compared to those of healthy mice, suggesting the safe appli-
cation of LNF/AusCu; HSNW for the treatment of infectious wounds.
This can be attributed to the intrinsic good stability (Fig. S15a) and
biodegradability of LNF/Au3zCu; HSNW since it can be easily degraded
into ultrasmall bimetallic NPs and lysozyme monomers by protease
(Fig. S15b). Therefore, it can be concluded that with the adjuvant of
Hy0, and NIR irradiation, the LNF/AusCu; HSNW exhibits a good
photothermal-enhanced POD-like activity, resulting in a high bacteri-
cidal efficiency against MDR bacteria and meanwhile accelerating the
wound healing in vivo.

4. Conclusions

In sum up, we developed a novel nanozyme (LNF/AusCu; HSNW)
exhibiting the enhanced POD-like catalytic activity for smart antibac-
terial therapy. The as-prepared LNF/AuzCu; HSNW with the specific
design of confined ultrafine bimetallic gold and copper nanoparticles on
the self-assembled amyloid-like nanofibrous network facilitates the
H»0; adsorption and reduces the energy barrier for activating the HyO4
decomposition to form eOH, displaying the significantly enhanced POD-
like activity under the NIR irradiation. As the candidate for smart
antibacterial therapy, it exhibits the advantages of highly efficient cat-
alytic reaction to decompose the much lower amount of Hy05 (~100
pM) to form eOH for bacterial attacking under NIR. Combined with
capturing microbial pathogens by the fibrous networks and synergistic
effects of the enhanced ¢OH attacking and the photothermal ablation by
LNF/AusCu; HSNW, it results in a high bactericidal efficiency against
MDR bacteria and the accelerated wound healing in vivo. The strategy
we proposed in this work could show three advantages, 1) as a template
on confining and aligning ultrasmall bimetallic NPs on the lysozyme
amyloid-like nanofibrous networks with the simple reduction, 2) the
collection and alignment of bimetallic NPs on the fibrils in a controlled
manner improving the NIR absorption for accelerating the catalytic re-
action rate, 3) the supramolecular fibrous networks effectively capturing
the bacteria and allowing the catalytic attack around the bacterial sur-
faces, which will shed light on the design of novel nanozyme for smart
antibacterial therapy, and the variety of other biomedical applications.
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