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MATERIALS SCIENCE

Nitrite reductase-mimicking catalysis temporally
regulating nitric oxide concentration gradient adaptive

for antibacterial therapy

Yonghai Feng', Yi Yu', Hui Shi', Jiaxiang Bai?, Liangliang Wang®*, Tianke Yang®*, Lei Liu"*

The unique bacterial infection microenvironment (IME) usually requires complicated design of nanomaterials to
adapt to IME for enhancing antibacterial therapy. Here, an alternative IME adaptative nitrite reductase-mimicking
nanozyme is constructed by in situ growth of ultrasmall copper sulfide clusters on the surface of a nanofibrillar
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lysozyme assembly (NFLA/CuS NHs), which can temporally regulate nitric oxide (NO) gradient concentration to
kill bacteria initially and promote tissue regeneration subsequently. Benefiting from a copper nitrite reductase
(CuNIR)-inspired structure with CusS cluster as active center and NFLA as skeleton, NFLA/CuS NHs efficiently boost
the catalytic reduction of nitrite to NO. The inherent supramolecular fibrillar networks displays excellent bacte-
rial capture capability, facilitating initial high-concentration NO attacks on the bacteria. The subsequent catalytic
release of low-concentration NO by NFLA/CuS NHs-mediated nitrite reduction remarkably promotes cell migra-
tion and angiogenesis. This work paves the way for dynamically eliminating MDR bacterial infection and promot-
ing tissue regeneration in a simple and smart way through CuNIR-mimicking catalysis.

INTRODUCTION

Developing efficient antibacterial agents is emergent due to anti-
microbial resistance (AMR), which poses a great threat to global
health. Notably, bacterial communities at infection sites are complex
systems with multiple types of bacteria and a unique metabolic
microenvironment, characterized by low pH, local temperature in-
crease, high reactive oxygen species (ROS), specific enzymes, and
nutrient deficiency (I, 2). Therefore, an ideal antimicrobial agent
should not only exhibit high antimicrobial activity but also have
good adaptability to the infection microenvironment (IME) to ef-
fectively promote tissue repair.

Antimicrobial nanozymes are enzyme mimics capable of catalyz-
ing endogenous substances to produce highly active antimicrobial
factors for efficiently killing bacteria (3). However, most current an-
timicrobial nanozymes are peroxidase or oxidase-like nanomateri-
als that convert H,O; or O, to ROS (e.g., «OH, O,") as antibacterial
agents. While ROS has high susceptibility to bacteria, their short life
span (<200 ns) and limited diffusion distance (approximately 20 nm)
(4) require excessive generation to disrupt bacteria, which is also
deleterious to normal cells (5, 6) and could trigger the macro-
phage polarization toward M1 macrophages (proinflammatory) (7),
hindering tissue repair. Although there are some proposed strate-
gies to construct carriers to contain antimicrobial agents and grow-
ing factor to treat the infected wound and wound healing, it is still
emergence to develop a simple way to tackle the complicated issues
by a smart manner. In comparison, nitric oxide (NO), a diatomic
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radical with a longer half-life (0.09 to 2 s) (8) and enhanced tissue
penetration capability, serves as a powerful antibacterial agent (9,
10). It also plays a crucial role in wound healing regulation and tis-
sue regeneration below a threshold of NO concentration (11, 12).
Therefore, developing nanozymes with dynamic NO generation as
an antimicrobial factor holds promise for achieving efficient antimi-
crobial activity and tissue repair promotion. However, several key
requirements need to meet, such as (i) to select a suitable natural
enzyme as the biomimetic model, (ii) to design nanozymes with
high enzyme-like activity, and (iii) to facilitate the nanozyme with
the adaptability to the IME, for instance, fast generation with high
concentration of NO initially for killing bacteria efficiently and
adapting to slow generation with low concentration of NO for tissue
regeneration.

In nature, nitrite reductases with heme, copper, and molybde-
num centers can catalyze the reduction of nitrite (NO;") to NO,
playing a crucial role in various physiological and pathological pro-
cesses, as well as the natural nitrogen cycle (13, 14). Among them,
copper-containing nitrite reductase (CuNIR) has an active copper(II)
center with (His);-H,O ligation, mediating the catalytic reduction
of NO,™ to NO (15, 16), which can be simply summarized as Egs. 1
and 2 (11, 17-19)

Cu(Il) + e~ - Cu(l) (1

Cu() + NO,~ + 2H* — Cu(Il) + NO + H,0 2)

However, designing nitrite reductases mimics is highly anticipat-
ed but still challenged. Inspired by Fe;O4 nanoparticles (NPs) as rep-
resented peroxidase-like nanozymes with Fe active centers and the
successful mimicking of natural horseradish peroxidase (3), we thus
envision that Cu(II)-based nanomaterials (e.g., CuO and CuS) might
have CuNIR-like properties due to the presence of Cu(II) species, as
the mimics of CuNIR. Although the concentration of production
(NO) is depended on the concentration of substrate, showing high
initially and becoming low with the decrease of substrate, it is still

10f16


mailto:m18862238837@​163.​com
mailto:yangtianke@​ustc.​edu.​cn
mailto:yangtianke@​ustc.​edu.​cn
mailto:liul@​ujs.​edu.​cn

SCIENCE ADVANCES | RESEARCH ARTICLE

challenged to exhibit the dynamic and dramatical difference of NO
releasing rate temporally (fast generation with high concentration of
NO and slow generation with low concentration of NO) to adapt to
the IME for killing bacteria initially and tissue regeneration sub-
sequently.

To meet the requirements of nanozyme design mentioned above,
we proposed a strategy to construct CuNIR mimics via biomineral-
ization (20-23), which immobilizes the copper-based clusters and
integrates the multiply copper active sites by peptide self-assembling,
and it can spatially confine and contain abundant surface-active
functional groups, further regulate the formation and distribution
of ultrasmall NPs. They also involve strong interactions with reac-
tion substrates and good electron transfer properties, akin to a natu-
ral enzyme cofactor, which are beneficial for enhancing catalytic
activity. In details (Fig. 1A), nanohybrids composed of nanofibrillar
lysozyme assembly (NFLA) confining ultrasmall copper sulfide NPs

A

Active center

(NFLA/CuS NHs) were fabricated as smart and highly efficient CaNIR
mimics. The ultrasmall CuS NPs with more exposed active sites are
designed to mimic the active copper(II) centers of CuNIR. Lysozyme
fibrils with more amino acids exposed can be chelated with copper
(II), mimicking the spatial structure of CuNIR. Moreover, the nano-
zymes with the mobilization of ultrasmall CuS NPs onto the NFLA
might be superior to the natural CuNIR, due to multiply protected and
stabilized active centers in the nanozyme. Furthermore, the “cofactor-
like” effect of NFLA facilitating substrate [nitrite and ascorbic acid
(AA)] adsorption on NFLA/CuS NHs synergistically enhances the
CuNIR-like activity, which was both verified in experiments and
theoretical simulations. We have successfully achieved temporal
regulation of NO concentration gradients dynamically and mark-
edly through precise control of enzymatic catalysis kinetics by the
proposed specific structure. It allows for a high concentration of
NO during the initial stages of catalysis, ensuring its efficacy in
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Fig. 1. Schematic illustration of NFLA/CuS NHs preparation and antibacterial mechanism and tissue repair. (A) Synthesis of NFLA/CuS NHs with CuNiR-like activity
for catalyzing the conversion of NO,™ to NO. (B) Mechanism of antibacterial therapy involving NFLA/CuS NH-based CuNiR mimetic catalysis by temporal regulation of the

nitrite oxide concentration gradient.
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antimicrobial action. Subsequently, there is a sustained release of
NO at lower concentrations in the later stages, contributing to the
facilitation and promotion of tissue repair (Fig. 1B). This work paves
the way for eliminating MDR bacterial infection and promoting
tissue regeneration in a simple and smart way through CuNIR-
mimicking catalysis to adapt the IME dynamically.

RESULTS

Synthesis and characterizations of NFLA/CuS NHs

The NFLA/CuS NHs were fabricated through a biomineralization-
inspired strategy, confining ultrasmall metal/metal oxide NPs on the
biotemplates (Fig. 1A). Fibrillar lysozyme assemblies (NFLAs) with
an average diameter of ca. 14.9 nm and a length of greater than 1 pm
(figs. S1A and S2A) were first prepared by the deep eutectic sol-
vent method, and these assemblies were subsequently redispersed
in water and incubated with Cu®* ions. After reacting with Na,S,

an alternative nanohybrid of NFLA confining ultrasmall CuS NPs
(NFLA/CuS NHs) was obtained. Both the transmission electron mi-
croscopy (TEM) bright-field and dark-field images (Fig. 2, A and B)
show that the NFLA/CuS NHs have one-dimensional (1D) nanofiber-
like structures with ultrasmall CuS NPs (dark dots in Fig. 2A or bright
dots in Fig. 2B) orderly allied and dispersed on the NFLA surfaces.
The CuS/NFLA ratio substantially affects the particle size of CuS NPs.
When the CuS/NFLA ratios are of 0.5:1 and 1:1, the average particle
size of CuS NPs is less than 4.4 nm (fig. S1, B and C). However, in-
creasing the CuS loading on NFLA (CuS/NFLA = 3:1) not only causes
the formation of larger-sized CuS NPs (ca. 7.7 nm) but also induces
the obvious aggregation of NFLA (fig. S1D). As distinguished by the
aberration-corrected high-angle annular dark-field scanning TEM
(AC-HAADF-STEM) images (Fig. 2C and fig. S3), a large number of
bright dots circled by red color are observed on the nanohybrid sur-
faces, attributed to the exposed Cu atoms. In addition, the ultrafine
NPs are dominant single-crystalline structures with lattice spacings
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Fig. 2. Morphology and structure of NFLA/CuS NHs. (A) TEM bright-field image of NFLA/CuS NHs. The inset is the corresponding enlarged TEM image. (B) TEM dark-field
image of NFLA/CuS NHs. (C) High resolution STEM image of NFLA/Cu$S NHs. (D to K) HAADF-STEM image of NFLA/CuS NHs and the corresponding Cu, S, N, O, and C distri-
butions. (L) XRD pattern of NFLA/CuS NHs. (M to P) Cu 2p, S 2p, N 1's,and C 1 s XPS spectra of NFLA/CuS NHs.
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of ca. 0.281 or 0.19 nm, similar to those of the (103) and (110) planes
of copper sulfide, respectively. The HAADF-STEM image (Fig. 2D)
and the corresponding energy-dispersive x-ray (EDX) elemental
mappings of Cu and S (Fig. 2, E and F) demonstrate similar distribu-
tions, while the mappings of N, O, and C (Fig. 2, G to I) are homo-
geneously distributed in the selected region. However, their good
merging (Fig. 2]) further reveals that CuS NPs are orderly and
evenly formed on the NFLA surfaces. Notably, the EDX spectrum
(Fig. 2K) shows that the ratio of S species is slightly greater than that
of Cu species, mainly due to the presence of sulfur in the lysozyme
nanofibers. The actual Cu content in the NFLA/CuS NHs is approx-
imately 30 weight %, according to the inductively coupled plasma-
optical emission spectrometry (ICP-OES) (table S1). In the x-ray
diffraction (XRD) pattern (Fig. 2L), typical crystalline peaks of CuS
NPs with much stronger intensities at the (103) and (110) planes are
presented, which is in line with the high-resolution STEM result
(Fig. 2C). The binding states of Cu detected by x-ray photoelectron
spectroscopy (XPS) reveal the coexistence of Cu** and Cu™ (Fig. 2M),
while the XPS spectrum of S 2p (Fig. 2N) demonstrates that in addi-
tion to the Cu—S bond, thiol groups (R-S-H) are also present in
NFLA/CuS NHs (consistent with the EDX analysis). Both the N 1s
and C 1s XPS spectra display the presence of NH;*, N—C=0, and
C—COOH groups (Fig. 2, O and P), which can serve as anchoring
sites for Cu” ions to stabilize ultrasmall CuS NPs on the surfaces of
NFLA/CuS NHs. In addition, it is found that NFLA/CuS NHs could
maintain a robust fiber network structure and a relatively narrow
size distribution when dispersed in aqueous solutions across differ-
ent pH (5.5 to 8.5) (fig. S2, C to ]). Even after 2 weeks of storage, they
retained their original morphology and favorable physicochemical
properties (fig. S4). Furthermore, NFLA/CuS NHs exhibited strong
optical absorption in the NIR region [fig. S5A; the ultraviolet-visible
(UV-vis) spectra], suggesting the promising 980-nm responsive
photothermal activity (fig. S5, B and C) with a photothermal con-
version efficiency of 30.7% (fig. S5, D and E). It can be an excellent
photothermal agent for photothermal therapy (PTT).

CuNIR-mimicking activities of NFLA/CuS NHs

The N-(1-naphthyl)-ethylenediamine dihydrochloride (NED) col-
orimetric method was used to detect the concentration of NO,~
during the CuNIR-mimetic reaction. Initially, NO,™ reacts with
4-aminobenzenesulfonic acid through diazotization, subsequently
coupling with NED to produce a distinct purple color (see inset in
Fig. 3A). Furthermore, UV-vis absorption spectra illustrate a linear
decrease in the intensity of the characteristic peak at 544 nm with
declining NO,~ concentrations (Fig. 3A), facilitating the quantita-
tive determination of NO,~ before and after the reaction, and re-
flecting the generated NO concentration indirectly. The generation
of NO was further confirmed by its special colorimetric reaction
with FeSOy (24), resulting in the formation of brown Fe(NO)SO,
(fig. S6). In addition, electron paramagnetic resonance (EPR) spec-
tra, using 2-phenyl-4,4,5,5-tetramethyl-imidazoline-1-oxyl 3-oxide
(PTIO) as the spin-trapping agent, unequivocally demonstrates the
catalytic release of NO radical (Fig. 3B) (25). Notably, only a mini-
mal amount of spontaneous NO release is observed in AA + NO,~
without NFLA/Cu$ NHs.

Figure 3C reveals the catalytic potential of several commercial
Cu-based materials—such as CuCl,, Cu, CuO, Cu,0, and CuS—in
reducing NO,~ to NO. The NO;,™ conversion at 20 min follows the
order of CuCl, (72%) > CuS (46.6%) > CuO (43.1%) > Cu,O
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(32.4%) > Cu (20.4%) (Fig. 3D), indicating that homogeneous and
soluble CuCl, exhibits the highest activity due to maximal utiliza-
tion efficiency of active Cu(II) sites in aqueous solution. Conversely,
solid CuS and CuO with exposed Cu(II) sites demonstrate superior
activity compared to Cu,O, primarily due to their facile generation
of protons (H") via AA reduction. Although Cu$ exhibits higher
NO;,~ conversion than CuO, it remains substantially lower than
CuCl,. Consequently, a nanostructure of NFLA/CuS NHs was fabri-
cated as a highly efficient CuNIR mimic, yielding a NO,™ conver-
sion of 61.9%. Despite a slightly lower NO,~ conversion, NFLA/CuS$
NHs boast a turnover frequency (TOF) based on Cu content that is
approximately twice as high as CuCl, and 5.5 times greater than
pure CuS (Fig. 3D and table S1), underscoring their remarkable
catalytic efficacy.

The catalytic properties of NFLA/CuS NHs were further elu-
cidated through Michaelis-Menten kinetics (Fig. 3, E and F).
The calculated kinetic parameters (listed in table S2) demonstrate
that among solid CuNIR mimics (CuO, CuS, and NFLA/CuS
NHs), NFLA/CuS NHs exhibit the lowest Michaelis constant (K,)
(31.4 mM) when NO;" serves as the substrate, even surpassing that of
CuCl,, indicating superior affinity for NO, . In addition, when AA
is used as the substrate, NFLA/CuS NHs display a lower Ky, value
(approximately 2.2 mM) and larger Vinex (3.0 X 107 M s7"), signify-
ing stronger AA binding affinity and greater catalytic performance
compared to CuO and CuS. Pure NFLA (CuS/NFLA = 0) exhibits
no catalytic activity (Fig. 3G). Increasing the CuS/NFLA ratio from
0.5 to 6 enhances the NO,~ conversion from 30.7 to 70.8%, confirm-
ing CuS as the active component. However, high CuS loading on
NFLA/CuS NHs (e.g., CuS/NFLA = 3, 6) results in elevated NO,~
conversion but diminished TOF (inset in Fig. 3G), indicating re-
duced activity. Furthermore, NO,™ conversion notably depends on
AA concentration (fig. S7), with sufficient AA (10 mM) maintaining
NO,~ conversion at approximately 80% across a range of NO,~
concentrations (2.5 to 10 mM) (fig. S8). Moreover, increasing the
NFLA/CuS NHs concentration also favors a substantial enhance-
ment in NO, ™~ conversion (fig. S9) due to more available active cop-
per sites for accelerating the reduction of NO,~ to NO. As depicted
by Egs. 1 to 2, the catalytic activity of NFLA/CuS NHs is also influ-
enced by the pH of solution (Fig. 3H). Within the pH range of 3 to
8, maximum catalytic activity occurs at pH 5, approximately twice
as high as at pH 7.0. Overall, a weakly acidic environment facilitates
reduction owing to the presence of sufficient H*. Furthermore, in-
creasing reaction temperature promotes NO, ™~ conversion (fig. S10).
Consequently, when exposed to an NIR stimulus (980-nm laser, 0.8 W
cm™2) for 10 min, NFLA/CuS NHs exhibit a ca. 30% decrease in
the maximum absorption peak at 544 nm (Fig. 3I) due to the heat-
ing effect, resulting in a final NO, ™~ conversion comparable to that of
CuCl, (Fig. 3D).

Furthermore, a dynamic and notable difference in NO release
rate over time is observed with NFLA/CuS NHs. Figure 3] illustrates
the relationship between NO,™ conversion and the corresponding
average release rate of NO over time. Within the initial 0.5 hours,
NO;,~ conversion reaches around 60% (at 0.5 hours), with a high
average release rate of NO at 120 pmol hour™". However, with pro-
longed reaction time, in the subsequent half-hour (at 1 hour), the
increased NO,~ conversion is only 6%, accompanied by a sharp
decrease in the average release rate of NO to 12 pmol hour™. As
the reaction progresses for an additional hour (at 2 hours), both the
increased NO, ™ conversion rate and NO average release rate further
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Fig. 3. Catalytic performance of NFLA/CuS NHs for NO,™ reduction. (A) UV-vis absorption spectra of NO,™ at different concentrations with chromogenic agents. The
inset shows the photograph of chromogenic solutions with different NO,™ concentrations. (B) EPR spectra of NO radicals generated by NO,™ reduction. (C) Changes in
nitrite absorbance with time over different Cu-based catalysts. (D) NO,™ conversion and TOF for different copper-based catalysts. The TOF is calculated at initial reaction
time of 1 min and based on the copper amount of all the catalysts by following the equation of TOF = Converted nitrite (mol)/Copper content in catalysts (mol)/Reaction
time (min). (E) Double-reciprocal plots for determining the kinetic constants for the NO,™ substrate. (F) Double-reciprocal plots for determining the kinetic constants for
the AA substrate. (G) Effect of CuS/NFLA ratio on the NO,™ conversion. (H) Relative activity at different pH values. (I) UV absorption spectrum of nitrite after the reaction
over NFLA/CuS NHs without and with NIR irradiation. (J) Variation of NO,~ conversion and NO release rate with respect to reaction time.

decrease to 5% and 5 pmol hour™, respectively. Despite this, cata-
lytic conversion of NO, ™ continues slowly over the following 54 hours
until reaching 100%, while the NO release rate further decreases,
not exceeding 1 pmol hour™. The findings suggest the feasibility of
achieving temporal control over NO release concentration by mim-
icking the nitrate reductase reaction. During the initial short period
(e.g., 0.5 hours), the catalytic system can efficiently release relatively

Feng et al., Sci. Adv. 10, eadp5935 (2024) 30 August 2024

high concentrations of NO. In contrast, during the subsequent ex-
tended period (e.g., 54 hours), a gradual release of lower concentra-
tions of NO is observed. This strategic temporal modulation aims to
achieve a dual-purpose effect, the effective provision of potent anti-
bacterial properties during the initial phase, followed by the facilita-
tion of tissue repair through the controlled release of NO dynamically
and markedly.
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Proposed mechanism of NFLA/CuS NHs enhancing catalytic
NO,™ reduction

The CuNIR enzyme is believed to operate through a five-step path-
way for catalyzing the reduction of NO,™ to NO (26), as depicted in
fig. S11. As a bioinspired CuNIR mimic, the NFLA/CuS NHs may
follow a similar catalytic mechanism (27). The exposed CuS (103)
planes on the surface of NFLA/CuS NHs are suggested to be the
active sites for activating NO,~ reduction. Thus, density functional
theory (DFT) calculations were performed to illustrate the proposed

Cu'-NO,

CuO(111) Cu'NO
N2

mechanism and reaction energy diagram on the CuS (103) plane
and the CuO (111) plane for comparison (Fig. 4A). Initially, NO,™ is
expected to bind to the active Cu(II) site of the CuS(103) plane,
forming a complex known as nitrite-bound Cu(II) center (Cu'l-
NO,). This process is spontaneous and exothermic, with an ad-
sorption energy of —1.1 eV. Subsequently, the Cu'-NO, complex
is reduced to a nitrite-bound Cu(I) center complex (Cul-NO,) by
AA, an endothermic reaction that could potentially serve as the
rate-determining step due to its higher energy requirement (0.8 eV)
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Fig. 4. Proposed mechanism for the reduction of NO,™ to NO over NFLA/CuS NHs in presence of AA. (A) Possible reaction pathway and corresponding energy dia-
gram for the reduction of NO,™ to NO catalyzed by the CuS (103) plane and Cu (111) plane. The relative energies are expressed in eV. (B) Schematic diagram of the MD
simulation for the interaction between lysozyme and AA. (C) Diagrams of the interaction energy variation over time for lysozyme binding to AA. (D) Schematic diagram
of the MD simulation for the interaction between lysozyme and nitrite. (E) Diagrams of the interaction energy variation over time for lysozyme binding nitrite. Mole ratio
of lysozyme to AA or nitrite molecules is 1/126. (F) Proposed mechanism scheme of the catalytic reduction of NO,™ to NO by NFLA/CuS NHs in the presence of AA.
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compared to other steps. Upon proton (H") transfer, Cu'-NO, may
further convert into the Cu'-NOOH™ intermediate, which is suscep-
tible to N—O bound scission, resulting in the formation of an in-
termediate comIposed of nitric oxide and hydroxide-bound Cu(I)
center (NO—CuI “OH). Last, NO is liberated from the NO-Cu"-OH
intermediate after another H* transfer, accompanied by the loss of
H,O and the regeneration of the original Cu(II) center. Compared
to CuO, CuS exhibits superior adsorption of NO,™ and a lower en-
ergy barrier (0.8 eV versus 1.43 eV), leading to enhance NO pro-
duction during the catalytic reduction of NO,™. In addition, NIR
irradiation remarkably promotes the NO,™ conversion to NO, pos-
sibly due to the local hyperthermia generated bly CuS, which facili-
tates the breakdown of the energy barrier of Cu"-NO, — Cu'-NO,.
Furthermore, the excellent substrate affinity with NFLA may also
contribute to the enhanced catalytic activity compared to pure
CuS. Amyloid peptide assemblies could function as “cofactors” for
enzymes, promoting catalyst activity by virtue of their strong inter-
actions with substrates (21, 28), such as NO, and AA (fig. S12).
Molecular dynamic (MD) simulation (Fig. 4, B to E) was used to
assess the interaction between lysozyme and nitrite, as well as AA
molecules, reflecting the real reaction system. After 100 ns, the two
calculation systems reached equilibrium (fig. S13), with several AA
molecules bound by the lysozyme molecule (Fig. 4B) via hydrogen
bonds (fig. S14). A similar phenomenon was observed for the nitrite
substrate system (Fig. 4, D and E). Notably, the interaction between
lysozyme and AA is considerably stronger than that between lyso-
zyme and nitrite, indicating the superior affinity of lysozyme with
AA. This affinity is crucial for accelerating the reduction of Cu(II) to
Cu(I) and the production of protons, ultimately facilitating the re-
duction of NO,™ to NO by the NFLA/CuS nanozyme. In summary,
the intrinsic CuNIR-like activity of CusS clusters and the cofactor-like
effect of NFLA synergistically contribute to the enhanced catalytic
activity, following a CuNIR-mimicking reaction pathway (Fig. 4F).

Catalytic antibacterial performance of NFLA/CuS NHs

The catalytic antibacterial efficacy of NFLA/CuS NHs against both
Gram-negative Escherichia coli (E. coli) and Gram-positive methicillin-
resistant Staphylococcus aureus (MRSA) was evaluated across six ex-
perimental groups: (I) control (buffer), (II) NFLA/CuS, (III) AA/
NO,™, (IV) AA/NO;™ + NFLA/CuS, (V) NFLA/CuS + NIR, (VI)
NFLA/CuS + AA/NO,™ + NIR. Fig. 5, A to D depicts bacterial colony
diagrams and fluorescence images of E. coli and MRSA following var-
ious treatments, alongside corresponding bacterial viabilities. Com-
pared to the control group, both E. coli and MRSA exhibited viabilities
exceeding 90% when treated with NFLA/CuS NHs or AA/NO, "™ alone
for 10 min. However, their viabilities dramatically decreased to 23.0
and 34.8%, respectively, when exposed to AA/NO,~ + NFLA/CusS,
which was attributable to the intrinsic antibacterial activity of NO
released from the catalytic reduction of NO, ™ over NFLA/CuS. Moreover,
NIR irradiation (980 nm laser irradiation at 0.8 W cm ™ for 10 min) no-
tably enhanced NO,~ conversion to NO, thereby accelerating bacterial
eradication due to the rapid initial release of NO (refer to Fig. 3I). Conse-
quently, viability plummeted nearly to zero after treatment with NFLA/
CuS + AA/NO,™ + NIR, primarily due to intensify NO release coupled
with mild PTT. However, in group treated with single PTT (group V), the
viabilities of E. coli and MRSA were only 50.6 and 55.4%, respectively,
likely due to inadequate heat generation (45°C). Thus, the excellent bac-
teria eradiation is ascribed to the combination of PTT and en-
hanced efficiency of generated NO under locally heating by NIR. It
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is noteworthy that MRSA is a typical drug-resistant bacteria, dis-
playing a strong resistance to oxacillin and clarithromycin (fig. S15).
However, it is obvious that they hardly survive when treated with
NFLA/CuS NHs in the presence of NO,™ and AA under NIR irra-
diation. This indicates that the nitrite reductase-mimicking cataly-
sis over NFLA/CuS NHs can be an effective antibiotic-free strategy
for eliminating drug-resistant bacteria.

Catalytic antibacterial mechanism of NFLA/CuS NHs
Bacterial capture

The long, fine, and flexible structure of biomimetic nanofibrous pep-
tide assemblies facilitates effective entrapment of bacteria, as dem-
onstrated in previous studies (29) and observed for NFLA (fig. S16).
In addition, NFLA/CuS NHs demonstrated notable bacterial en-
trapment, leading to a notable increase in the fluorescence signals of
E. coliand MRSA, as depicted in fluorescence images [Fig. 5A (group II)
and Fig. 5C (group II)], owing to bacterial agglutination. Scanning
electron microscopy (SEM) images [Fig. 5E (group II) and Fig. 5F
(group II)] illustrate that E. coli and MRSA are fully enveloped by
the fibrous network of NFLA/CuS NHs, which is in line with the
TEM images (fig. S17). The zeta potentials of NFLA/CuS NHs in
aqueous solutions with pH values of 5.5, 7.0, and 8.5 are all nega-
tively charged (fig. S18). Notably, in neutral aqueous solution, the
zeta potential value is similar to that of E. coli and MRSA, resulting
inlittle change when NFLA/Cu$ NHs interact with bacteria (fig. S18).
This indicates that the strong bacterial trapping ability of NFLA/
CuS NHs is due to their unique structure of lysozyme with multiply
interaction among the amino acids exposed outside of lysozyme fi-
brils. Short-term trapping (10 min) may not markedly inhibit bacte-
rial proliferation, it plays a crucial role in facilitating the localization
of the nanozyme and initiating catalytic attacks specifically on
bacteria rather than on normal tissues. However, extending the
trapping duration beyond 1 hour resulted in a notable decrease in
bacterial viability (fig. S19), indicating the potent inhibitory effect of
NFLA/CuS NHs on bacterial growth.

Membrane damage

SEM images of bacteria treated with NFLA/CuS NHs under various
conditions revealed significant differences (Fig. 5, E and F). Healthy
E. coli and MRSA (group I) exhibited intact cell membranes with
smooth surfaces. Following treatment with NFLA/CuS NHs (group
II), bacterial surfaces are ensconced by fibrous networks. However,
upon exposure to NO (group IV), bacterial surfaces exhibit rough-
ness and wrinkles despite maintaining integrity. Moderate NIR
treatment alone (group V) had a minimal effect on bacterial cell
membranes, but when combined with catalytic reaction (group VI),
it induced pronounced surface deformations, indicating severe al-
terations in both E. coli and MRSA. TEM images of MRSA further
elucidated the extensive deformation (Fig. 5G). Short-term NO
treatment (5 and 10 min) yields little discernible difference in MRSA
cell membranes compared to the control group, with outlines re-
maining clear (fig. S20). However, after 15 min of catalytic NO at-
tack, membrane breakdown became evident, consistent with the
SEM results (fig. S21). In contrast, PTT treatment results in notable
deformations of entire bacteria under higher laser power density
(1.0 W cm ™), highlighting distinct mechanisms of bacterial era-
dication between catalytic NO attack and PTT (fig. S22). When
combined, PTT-generated heat enhances catalytic NO release and
accelerates NO diffusion into bacterial interiors (Fig. 5, H and I),
leading to oxidative and nitrosative damage to membrane lipids and
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Fig. 5. The antibacterial activity with different treatments. (A) Colony diagram of E. coli under different treatment conditions and the corresponding fluorescence
staining diagram of live dead bacteria. (B) Colony diagram of MRSA under different treatment conditions and the corresponding fluorescence staining diagram of live
dead bacteria. (C) Survival rate of E. coli under different treatment conditions. (D) Survival rate of MRSA under different treatment conditions. (E) SEM images of E. coli
under different treatment conditions. (F) SEM images of MRSA under different treatment conditions. The different treatment conditions used were as follows: control
group (1), NFLA/CuS group (Il), AA/NO, ™ group (Ill), NFLA/CuS + AA/NO;™ group (IV), NFLA/CuS + NIR group (V), and NFLA/CuS + AA/NO,™ + NIR group (V). (G) TEM im-
ages of MRSA under the treatment of NFLA/CuS + AA/NO;™ or NFLA/CuS + AA/NO;™ + NIR for different times. (H) Schematic diagram of the MD simulation for the inter-
action between bacterial membrane and NO under different temperature. (I) Corresponding diagrams of the interaction energy variation over time. (n = 6; ***P < 0.001).
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even intracellular substances (e.g., proteins and RNA). The intracel-
lular ROS levels of E. coli and MRSA were also measured following
various treatments, including phosphate-buffered saline (PBS), AA/
NO,™, NFLA/CuS, NFLA/CuS + AA/NO, ", and NFLA/CuS + AA/
NO,™ + NIR. The results indicate that the intracellular ROS levels
remained nearly unchanged before and after NFLA/CuS NH-based
antibacterial treatments (fig. $23). This suggests that NFLA/CuS
NH-based nitrite reductase-mimicking catalysis does not affect the
intracellular ROS levels of bacteria but can induce membrane dam-
age directly through generated NO attacks.

Intracellular interference

To investigate the impact of catalytic NO attacks on bacterial interi-
ors, transcriptome analysis was conducted on MRSA subjected to
treatments with PBS or NFLA/CuS + NO,~ + AA based on differ-
ential gene expressions (DEGs). Among the nearly 2726 genes ex-
amined, 684 were up-regulated, while 585 were down-regulated in
the NFLA/CuS + NO;~ + AA group compared to the control group
(Fig. 6A). Cluster analysis of the top 20 up-regulated and down-
regulated genes highlighted significant pathways (Fig. 6B). Up-
regulated genes such as dppE, yhfL, and dppC, which are associated
with quorum sensing and B-lactam resistance, suggest that MRSA
adapts to environmental stresses through an underlying transcrip-
tional regulatory network (30, 31), which can be induced by NFLA/
CuS + NO,™ + AA treatment, involving oxidative stress, pH varia-
tion, and upregulation of copper ion concentration. Moreover, genes
linked to amino acid biosynthesis, such as hom and dapA, indicate
intracellular amino acid deficiency, hindering bacterial accumula-
tion and biofilm formation. This is because amino acids for bacterial
growth are acquired from extracellular environment rather than
from bacterial synthesis (32, 33). Several down-regulated genes re-
lated to the cell cycle and cell wall organization—such as femB,
mraY, murD, murC, murAl, SAR1252, tig, and BSU29810—suggested
impaired bacterial proliferation. This is further supported by the
down-regulation of gene clusters (SAOUHSC_01232, purk, and
SAR1347), associated with ribosome function and purine metabo-
lism, respectively, which are essential for protein synthesis and nu-
cleic acid function necessary for bacterial growth. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genome (KEGG) en-
richment analyses (Fig. 6, C to F) revealed the up-regulation of
pathways involved in citrate cycle and glyoxylate and dicarboxylate
metabolism, which are important for fueling the production of sur-
face and secreted proteins for oxidant clearance (34, 35), further
demonstrating the influence of NO attacks. Genes associated with
copper ion binding (copA, qoxB, and qoxA) were significantly
up-regulated, indicating the strong bacterial binding of NFLA/
CuS NHs. Moreover, genes associated with iron-sulfur cluster as-
sembly (sufD, iscU, and sufB) were down-regulated, suggesting that
the inhibition of Fe-S cluster assembly is critical for virulence regu-
lation and metabolism in S. aureus (36, 37).

Opverall, because of their intrinsic bacterial binding, CuNIR-
mimicking activity, and NIR responsiveness, NFLA/CuS NHs gener-
ate ample NO surrounding bacteria. This exacerbates cell membrane
collapse and deformation while inducing intracellular interference,
ultimately leading to bacterial death and reduced AMR.

In vitro cytocompatibility and hemocompatibility of
NFLA/CuS NHs

Biocompatibility serves as the fundamental criterion for assessing
antimicrobial materials intended for biomedical applications. In this
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study, we conducted a hemolysis assay to evaluate the hemocompat-
ibility of NFLA/CuS NHs. As depicted in Fig. 7 (A and B), the rela-
tive hemolysis rate of all the tested groups, which did not exceed 200 pg
ml™}, was remarkably lower (<3%) than that of the positive con-
trol group (Triton X-100). This value falls well below the 5% al-
lowable limit for biomaterials. Consequently, a NFLA/CuS NH
concentration of 200 pg ml™! was selected for subsequent in vitro
studies. Furthermore, we performed a Cell Counting Kit-8 (CCK-8)
assay to assess the cytotoxicity of prepared NFLA/CuS NHs toward
human umbilical cord endothelial cells (HUVECs) and mouse em-
bryonic fibroblast (NIH-3 T3) cells (Fig. 7, C and E), which are pri-
mary cell models involved in wound tissue repair and healing. After
48 hours of incubation with NFLA/CuS NHs at concentrations
ranging from 0 to 200 pg ml™", cell viability exceeded 90% in both
cell types, with no significant difference observed among the groups.
These findings were further corroborated by LIVE/DEAD staining
tests (Fig. 7, D and F), demonstrating the nontoxic nature and bio-
compatibility of the NFLA/CuS NHs.

Angiogenic effects of NFLA/CuS NHs catalyzing the
reduction of nitrite

To enhance cell migration and angiogenesis for effective wound
healing, the precise modulation of the NO concentration released
from the reduction of NO,™ catalyzed by NFLA/Cu$ NHs is crucial.
The optimal range for promoting NO release typically lies within a
rate of 2 to 8 X 107'° mol min~" (38, 39). Consequently, in vitro cell
migration and scratch assays were conducted to evaluate cell behav-
ior under NFLA/CuS NHs catalysis. Visual inspection and analysis
of fixed and stained migrated cells revealed the following order of
cell migration ability: (I) PBS ~ (1) NFLA/CuS = (III) AA/NO,™ °
(V) NFLA/CuS + NIR = (VI) NFLA/CuS + AA/NO,” + NIR “ (IV)
NFLA/CuS + AA/NO,~ (Fig. 7, G and I). This suggests that NFLA/
CuS promotes HUVECs migration in the presence of substrate AA
and sodium nitrite. However, migration decreases upon NIR irra-
diation (NFLA/CuS + AA/NO;~ + NIR), possibly due to the rapid
production of a large amount of NO slightly inhibiting cell migra-
tion. Similarly, the scratch assay results exhibited a comparable
trend (Fig. 7H), with the cell migration rate calculated for group IV
within 24 hours reaching 51.2%, surpassing that of other groups
(Fig. 7K). These findings demonstrate that the low concentration of
NO catalytically released by NFLA/CuS NHs promotes cell mi-
gration. In addition, NFLA/CuS NHs exhibited a noticeable pro-
angiogenic ability in the presence of catalytic substrates (AA/NO;").
However, the tube-forming ability slightly decreased under NIR
light administration, indicating that a moderate concentration of
NO fosters pro-angiogenesis (Fig. 7, G and J).

Antibacterial evaluation in an MRSA-infected rat model

Encouraged by the temporal regulation of NO release based on
CuNIR-mimicking catalysis over NFLA/CuS NHs, a chronic wound
model was established with MRSA as model bacteria to investigate its
antibacterial and tissue regeneration effects. Figure 8 illustrates the
healing process (Fig. 8A) and outcomes (Fig. 8, B to M) of superficial
skin wounds under various treatments, including (I) PBS (control),
(II) NFLA/CuS, (III) AA/NO,~, (IV) NFLA/CuS + AA/NO;7, (V)
NFLA/CuS + NIR, and (VI) NFLA/CuS + AA/NO,~ + NIR. Wound
monitoring and size measurements were conducted on days 0, 3, 7,
10, and 14 after surgery. On day 7, compared to that of the other
groups, group VI, with NFLA/CuS + AA/NO,™ + NIR treatment,
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Fig. 6. Transcriptome analysis of MRSA after PBS or NFLA/CuS + AA/NO,™ treatment. (A) Volcano plot of DEGs. The blue dots and red dots represent downregulated and
upregulated DEGs, respectively; the gray dots represent undifferentiated expressed genes. (B) Cluster analysis of top 20 genes in up-regulated and down-regulated DEGs.
Each column represents a sample, and each row represents a gene. Heatmap values represent relative expression levels. (C) GO enrichment analysis of the upregulated
DEGs. (D) GO enrichment analysis of down-regulated DEGs. (E) KEGG enrichment analysis of up-regulated DEGs. (F) KEGG enrichment analysis of down-regulated DEGs.
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Fig. 7. Cytocompatibility, hemocompatibility of NFLA/CuS NHs and angiogenic effects with different treatments. (A) Hemolysis rate of NFLA/CuS NHs. (B) Photo-
graphs of hemolysis at different NFLA/CuS NHs concentrations. (C) Cell viability HUVECs after 24-hour incubation with different concentrations of NFLA/CuS. (D) LIVE/
DEAD staining of HUVECs after 24-hour incubation with different concentrations of NFLA/CuS, and both images in (D) are the same size with the same scale bar. (E) Cell
viability of NIH3T3 cells cultured with different concentrations of NFLA/CusS for 24 hours. (F) LIVE/DEAD staining of NIH3T3 cells cultured with different concentrations of
NFLA/CuS for 24 hours, and both images in (F) are the same size with the same scale bar. (G) Transwell migration and tube formation experiments of HUVECs after co-
culture with NFLA/CuS NHs in the presence or absence of AA and NO,", and all the images in Transwell group are the same size with the same scale bar of 50 pm but in
tube formation with the same scale bar of 100 pm. (H) Images of scratch assay of HUVECs cells after different treatments for distinct times (18 and 36 hours), and all the
images are the same size with the same scale bar of 50 pm. (I) Number of transwell migrated cells counted. (J) Tube formation (tube number/PBS) of HUVECs. (K) Healing
rate of cell scratches after 36 hours. (n = 6; **P < 0.01).
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Fig. 8. Therapeutic effect on a rat wound model of MRSA infection with different treatments. (A) Construction of the wound infection model and related treatment
process. (B) Photographs of infected wounds after different treatments: Control (1), NFLA/CusS (I1), AA/NO,™ (lll), NFLA/CuS + AA/NO,™ (IV), NFLA/CuS + NIR (V) and NFLA/
CuS + AA/NO;~ + NIR (VI). (€) Schematic diagram of the dynamic wound trajectories of different treatment groups. (D) H&E staining of wound tissues from the different
treatment groups on day 7, and all the images are the same size with the same scale bar of 1 mm, with the magnified ones of 200 pm. (E) Masson staining of wound tissue
from the different treatment groups on day 14, and all the images are the same size with the same scale bar of 1 mm, with the magnified ones of 200 pm. (F) Immunohis-
tofluorescence staining of VEGF and CD31 after 7 days of treatment, and all the images are the same size with the same scale bar of 30 pm. (G) Immunohistochemical
staining analysis of TNF-a and IL-6 after 7 days of treatment, and all the images are the same size with the same scale bar of 30 pm. (H) Quantification of epidermal thick-
ness. (I) Quantification of collagen deposition in the wound tissue. (J) Expression level of VEGF. (K) Expression level of CD31. (L) Expression level of TNF-a. (M) Expression
level of IL-6. (n = 6; **P < 0.01). DAPI, 4',6-diamidino-2-phenylindole.
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exhibited a notably reduced wound size (Fig. 8, B and C, and fig. S24).
This can be buted to its maximum decrease in residual bacteria
(fig. S25) due to the remarkably enhanced NO release stimulated by
NIR irradiation at initial stage of CuNIR-mimicking catalysis, as il-
lustrated by the photothermal images showing obvious temperature
elevation localized the wound surfaces (fig. 526). Hematoxylin and
eosin (H&E) and Masson staining (Fig. 8, D and E, and fig. S27) fur-
ther revealed obviously reduced inflammatory cells, increased epi-
dermal thickness (Fig. 8H) and collagen deposition (Fig. 8I) in group
VI, which were intensified on day 14, indicating an enhanced tissue
healing rate. Moreover, immunohistochemical staining (Fig. 8, F and
G) displayed an obvious decrease in the expression of interleukin-6
(IL-6) and tumor necrosis factor-o (TNF-a), along with enhanced
expression of angiogenesis markers [vascular endothelial growth fac-
tor (VEGF) and CD31] in groups IV and VI (NFLA/CuS + AA/
NO,™ and NFLA/CuS + AA/NO,~ + NIR), which exhibit sustain-
able low-concentration NO release. These results are consistent with
the enzyme-linked immunosorbent assay (ELISA) results (Fig. 8, ] to
M). Furthermore, the histologic analysis of major tissues (including
the heart, liver, spleen, lung, and kidney) (fig. S28) demonstrated the
good biocompatibility and biosafety of NFLA/CuS NHs. These find-
ings confirm the high IME adaptability of NFLA/CuS NHs, which
are capable of initially suppressing bacterial invasion and inflamma-
tion and then promoting neovascularization and collagen deposi-
tion, ultimately facilitating the repair of chronically infected wounds.

DISCUSSION

Together, these findings in this work suggest that NFLA/CuS NHs
have a superior ability to promote the healing of infected wounds,
which can be attributed to the following factors: (i) the elaborate
design of CuNIR mimics with multiple copper active sites integrated
and immobilized on lysosome fibers, (ii) dynamic and dramatic
temporal regulation of NO release rate to adapt to the IME for initial
bacterial killing and subsequent and tissue regeneration due to the
specific structural contribution in the catalytic reaction, and (iii) ex-
cellent biocompatibility. This system we constructed sheds light on
the precise design of enzyme mimics in a desired and controlled
manner and shows potential for the treatment of skin infections
caused primarily by bacteria and chronic infected wounds.

MATERIALS AND METHODS

Preparation of NFLA/CuS NHs

Lysozyme monomer (Shanghai Aladdin Bio-Chem Technology Co.,
Ltd.) (0.005 g) was first added to a mixture prepared by 4.5 ml of
hydrochloric acid (Sinopharm Chemical Reagent Co., Ltd.) (1 M)-
glycine (0.007 g) solution and 0.5 ml of acetic acid (1 mM)-choline
chloride (Sinopharm Chemical Reagent Co., Ltd.) (0.035 g) solu-
tion, which was incubated at 70°C for 5 hours. After twice centrif-
ugation and redispersion, ultrafine NFLA aqueous solution was
obtained. Subsequently, 5 ml of CuCl, (Sinopharm Chemical Re-
agent Co. Ltd.) aqueous solution was added in 5 ml of NFLA solu-
tion at 60°C for 20 min, followed by 5 ml of Na$S (Shanghai Aladdin
Bio-Chem Technology Co. Ltd.) aqueous solution with the same
concentration to Cu”* ions. After further reacting for 2 hours, dif-
ferent NFLA/CuS NHs with CuS/lysozyme mass ratios of 0:1, 0.5/1,
1:1, 3:1, and 6:1 could be obtained by altering the concentration of
CuCl; and NaS aqueous solution.
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Characterizations of NFLA/CuS NHs

The morphology of NFLA/CuS NHs was determined by TEM (Tec-
nai G2 F30), AC-HAADF-STEM (FEI), and atomic force micros-
copy (AFM) (MultiMode VIII SPM, Bruker). The crystal structure,
composition, and chemical state of NFLA/CuS NHs were measured
by XRD (Bruker) and XPS (ESCALAB 250). The Cu contents were
determined by using the coupled plasma optimal emission spec-
trometer (VISTA-MPX). UV-visible absorbance spectra were ob-
tained by using a UV-1601 spectrophotometer. The zeta potential
and particle size of NFLA/CuS NHs were measured with Zetasizer
Nano-ZS (Malvern Instruments, UK).

Catalytic reduction of nitrite

A 1 ml of NFLA/CuS NHs aqueous solution (0.1 mg ml™!) was
first added in 5-ml flask, followed by 1 ml of AA aqueous solution
(5 mM). When 1 ml of NaNO; aqueous solution (5 mM) was added
into the above mixture, the catalytic reaction began along with bub-
bling due to NO production. It could be confirmed by FeSO, chro-
mogenic reaction (24) with the procedure shown in fig. S6 and EPR
spectrometer with PTIO as a probe. The nitrite concentration was
monitored by NED colorimetric method with an absorbance band
at 544 nm. On the basis of the nitrite concentration variation, the
nitrite conversion and NO generation rate could be calculated. The
catalytic performances of CuCl,, CuO, Cu,O, and CusS (0.1 mg ml™h)
followed similar procedure. By detecting nitrite concentration [S]
after reacting for 10 s at different initial AA or NaNO, concentra-
tion (1 to 10 mM), the initial reaction rate could be calculated.
Michaelis-Menten constant is calculated by the following formula:
1/v = Kip/ Vinax[S] + 1/ Vinax, where v is the initial velocity, K, is the
Michaelis constant, [S] is the substrate concentration, and Vi, is
the maximum reaction velocity. Temperature and pH-dependent
assay were carried out in buffer solutions with pH range of 3.0 to 8.0
and at temperature range of 15° to 60°C, respectively. The effects of
AA (2.5 to 10 mM), NO,™ (2.5 to 10 mM), and NFLA/CuS NHs
(0.05 to 0.4 mg ml™!) concentration on the NO,™ conversions were
also investigated by following similar procedure. All the experi-
ments were replicated three times.

Theoretical simulations

All DFT calculations were conducted using the Vienna Ab-initio
Simulation Package. Electron-ion interactions were described us-
ing projected augmented wave potentials, while exchange-correlation
interactions were calculated using Perdew-Burke-Enzerhof pseudo-
potentials within the framework of generalized gradient approxima-
tion. The plane-wave energy cutoff was set to 480 eV. Convergence
thresholds were defined as 1.0 x 10™* eV for energy and 0.02 eV/A
for force. Brillouin zone sampling was performed using 2 X 2 X 1 k-
points. In addition, a vacuum space of 15 A was inserted in the
z direction to prevent interactions between periodic images. All
MD simulations were conducted using GROMACS 2020. The lipid
membrane and water molecules were modeled using the GRO-
MOS96 53a6 force field and the simple point-charge water mod-
el, respectively. Periodic boundary conditions were app'ied in all
directions. The NPT ensemble, with a temperature (T) of 298 K and
pressure (P) of 1 bar, was used, with pressure regulation achieved
using a Berendsen barostat and temperature control through a
velocity-rescale thermostat. Long-range electrostatic interactions
were computed using the particle mesh Ewald method. Cutoff dis-
tances for van der Waals and electrostatic interactions were set to
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1.2 nm. The visualization of snapshots was facilitated using the vi-
sual MDs program.

In vitro catalytic antibacterial assays

Bacteria (E. coli [American Type Culture Collection (ATCC) 25922]
and MRSA (ATCC 33591)] supplied from BioSci (Hangzhou, China)
were first resuspended and diluted in PBS (10 mM, pH = 7.4) with an
optical density of 0.1 at 600 nm (ODggo = 0.1). Then, 20 pl of bacterial
suspension was added into six different groups of reaction solu-
tion (180 pl), (I) PBS, (II) NFLA/CuS, (III) AA/NO, ™, (IV) NFLA/
CuS + AA/NO,™, (V) NFLA/CuS + NIR (980 nm, 0.8 W cm™?), and
(VI) NFLA/CuS + AA/NO,™ + NIR, respectively. The final concentra-
tions of NFLA/CuS, AA, and NO, ™~ were 50 pgml™", 5 mM, and 5 mM,
respectively. After reacting for 10 min, the solution was diluted and
transferred to LB solid medium, incubating for 24 hours at 37°C. The
bacterial viability was determined by calculating the number of bacte-
rial colonies. All experiments were tested in triplicate. The morpholo-
gies of bacteria treated under different conditions were observed using
SEM and TEM. After sterilization, bacteria were separated by centrifu-
gation at 4000 rpm and fixed in 400 pl of 2.5% glutaraldehyde fixative
(pH = 7.3), subsequently subjected to graded dehydration with etha-
nol. Last, concentrated bacteria were dropped onto a silicon wafer sur-
face and observed using SEM or onto copper grid and observed using
TEM. Further observation of bacterial death proportions was per-
formed using the LIVE/DEAD staining method with the Thermo Fish-
er LIVE/DEAD BacLight Bacterial Viability Kit (L7012), which consists
of SYTO9 and propidium iodide as dyes. Intracellular ROS levels was
measured by a multidetection microplate reader using the most com-
monly used and most sensitive 7-dichlorofuorescin diacetate (DCFH-
DA) as a probe, which can penetrate into cell and decompose into DA
and DCFH. DCFH cannot pass through the cell membrane and has
an excitation wavelength of 488 nm and an emission wavelength of
525 nm after being oxidized by ROS.

Transcriptome analysis

MRSA was subjected to treatment with PBS as a control, and a mix-
ture consisting of NFLA/CuS NHs (50 pg ml™), AA (5 mM), and
sodium nitrite (5 mM) in PBS at pH 5.5 for 20 min. Following treat-
ment, bacterial precipitates were collected via centrifugation. Total
RNA extraction from MRSA was conducted using an RNA extrac-
tion kit following the manufacturer’s protocol. RNA purity and
quantification were determined using a NanoDrop 2000 spectro-
photometer, while RNA integrity was assessed using the Agilent
2100 Bioanalyzer. Subsequently, libraries were prepared using the
VAHTS Universal V6 RNA-seq Library Prep Kit according to the
manufacturer’s instructions. Transcriptome sequencing and analy-
sis were performed by OE Biotech Co. Ltd. (Shanghai, China).
Three independent assays were conducted for each experimental
group. Libraries were sequenced on an Illumina NovaSeq 6000
platform, generating 150-base pair paired-end reads. Clean reads
were aligned to the reference genome using HISAT2. Fragments
Per Kilobase Million values for each gene were calculated, and read
counts for each gene were obtained using HTSeq-count. Principal
components analysis was carried out using R (v 3.2.0) to assess
sample biological duplication. Differential expression analysis was
conducted using DESeq2, with a threshold set at g value < 0.05 and
fold change > 2 or fold change < 0.5 for significantly DEGs. Enrich-
ment analysis of DEGs—including GO, KEGG pathway, Reactome,
and WikiPathways—was performed using R (v 3.2.0) based on
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hypergeometric distribution. In addition, Gene Set Enrichment
Analysis (GSEA) was performed using GSEA software.

Biocompatibility of NFLA/Cu$S NHs in vitro

To assess the toxic effects of NFLA/CuS NHs, a CCK-8 assay was used.
Briefly, HUVECs (BNCC342387) and NIH-3 T3 cells (BNCC100843)
were provided by BNCC (Shangcheng, China). The cells (1 x 10* cells
per well) were plated onto 24-well plates in triplicate and then cocul-
tured with various concentrations (0 to 200 pg ml™) of NFLA/Cu$
NHs. After 24 hours, CCK-8 reagents were added to each well, and the
plates were incubated at 37°C for 2 hours. Cell viability was subse-
quently determined by measuring the ODs using a microplate read-
er (BioTek, Vermont, USA).

To evaluate the blood compatibility of NFLA/CuS NHs, a hemolysis
activity assay was conducted. Specifically, rat blood (500 pl) was col-
lected and processed at 4°C using a centrifuge at 3500 rpm for 5 min. A
clear supernatant was obtained after washing with water. Subsequently,
a mixture of various concentrations (0 to 1000 pg ml™") of NFLA/CuS
NHs and 1 ml of erythrocytes was incubated in a tube for 4 hours. Ster-
ile PBS served as the negative control, while pure water was used as the
positive control. The upper layer of solution was collected after cen-
trifugation, and absorbance was measured at 545 nm using a micro-
plate reader. All experiments were tested in triplicate.

Transwell cell migration assay

Matrigel matrix gel was diluted with serum-free cell culture medi-
um or PBS at 4°C (on ice). A total of 60 pl of the above mixture was
added vertically to the Transwell chamber to evenly coat the bottom
and then incubated at 37°C for 1 to 3 hours to polymerize the gel
into a thin film. After incubation, excess liquid in the upper cham-
ber was removed, and 100 pl of serum-free medium was added to
each well for 30 min to hydrate the basement membrane. A total of
200 pl of cell suspension (2.5 x 10° cells /ml) was added to the upper
chamber and incubated at 37°C for 16 hours. The culture medium
was removed, the chamber was removed, and the cells in the upper
chamber were gently wiped off with a cotton swab and washed with
PBS. Subsequently, the cells were fixed with 4% paraformaldehyde,
washed three times with PBS solution, stained with 0.1% crystal vio-
let solution for 15 min. The dye was removed, and the cells were
washed three times with PBS solution and observed and photo-
graphed under a microscope. All experiments were tested in tripli-
cate. Image] was used to calculate the migration data.

Scratch assay

Different groups of cells were seeded at a density of 4 x 10° cells per
well in six-well plates and cultured at 37°C in a cell culture incubator
for 24 hours. When the cell density reached 90%, a scratch was made
in the center of each well using the tip of a 200-pl pipette. The cul-
ture medium was removed, and the cells were washed with sterile
PBS solution to remove cell debris. The medium containing 0.5%
serum was replaced, and the cells were continued to be cultured. All
experiments were tested in triplicate. Images were captured using an
inverted microscope at 0, 18, and 36 hours, and the migration area
data were calculated using Image].

Tube formation assay

For the tube formation assay, 24-well plates and 200-pl pipette tips
were precooled at —20°C, and Matrigel matrix gel was thawed over-
night at 4°C. A total of 100 pl of basement membrane matrix was
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added to each well and incubated at 37°C for 30 min to solidify.
Subsequently, HUVECs were seeded at a density of 8 x 10* cells per
well according to the experimental groups, 500 pl of cell suspension
was added, and the cells were cultured in a cell culture incubator.
After 4 to 6 hours of culture, the tubes were observed and photo-
graphed with an optical microscope, and parameters such as tube
count were analyzed and statistically analyzed using Image]. All ex-
periments were tested in triplicate.

Wound healing in vivo

To investigate the antibacterial and wound healing properties in vivo,
wound models of SD rats were established by making full thickness
cutaneous skin wounds. All experimental procedures strictly fol-
lowed universally recognized guidelines and were approved by the
Ethics Committee of Jiangsu University (UJS-IACUC-AP-2023030905).
In brief, 36 6-week-old male SD rats (150 to 200 g) (Laboratory
Animal Center of Jiangsu University) were housed in a specific
pathogen—free environment and randomly divided into six groups. Spe-
cifically, the rats were anesthetized with 2.5% pentobarbital sodium
(2 ml kg_l), and the dorsal surface of the rats was depilated and
disinfected. Then, full thickness wounds were created on the backs
of rats, and the diameter was set at 1.5 cm. Infection was induced by
placing MRSA onto the wounds (200 pl, 10° colony-forming units
ml™"). The day after infection, the wounds were treated following
the protocol for each group, control (I), NFLA/CuS (II), AA/NO;~
(III), NFLA/CuS + AA/NO,™ (IV), NFLA/CuS + NIR (V), and
NFLA/CuS + AA/NO,~ + NIR (VI). The photothermal imaging
was conducted by an infrared camera (Brit IR, Wuhan Gold Infra-
red Co., Ltd.). These wounds were observed and snapped to visu-
alize the healing process. After 1 and 2 weeks, three rats were euthanized.
The wound tissues were harvested and fixed in 4% paraformalde-
hyde for subsequent histological analysis, and the numbers of bacte-
ria were evaluated by plate count methods as previously described.

Histology and histomorphometry analysis

After fixation for 48 hour, the histological skin tissues samples were
embedded in paraffin. H&E staining was then performed on the
sections to assess the local inflammation and calculate the number
of infiltrated inflammatory cells. Masson staining was also conducted
to evaluate collagen volume fraction. The stained sections were ob-
served and captured with a high-quality light microscope (Zeiss).
Histomorphometric analysis was performed by the Image Pro-Plus
6.0 software (Media Cybernetics).

Immunofluorescence histochemistry

After dewaxing, gradient hydration and antigen retrieval, the sec-
tions were incubated with rabbit anti-TNF-a (Abclone, A11534),
anti-IL-6 (Abclone, A11114), anti-CD31 (Abcam, ab182981), or
anti-VEGF (Abcam, ab32152) antibodies in the dark at 4°C for
12 hours. Then, the sections were washed followed by a 2-hour incu-
bation with the proper secondary antibodies at room temperature.
The number of positive cells in specific areas was determined by
fluorescence microscopy.

Expression of cytokines and growth factors

Regenerated skin tissues were excised on day 7 and analyzed for
protein quantification. Expression levels of angiogenic and inflam-
matory cytokines (VEGE, CD-31, TNF-a, and IL-6) were measured
by ELISA Kkits.
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Biosafety evaluation

To detect the biological safety of the material on vital organs, NFLA/
CuS NHs were injected under the skin of healthy rats. Biochemical
index evaluation of blood samples was performed after 2 weeks of
treatment. Specifically, the serum creatine kinase, aspartate transami-
nase, alanine aminotransferase, blood urea nitrogen, and uric acid
levels were detected. In addition, major organs (the liver, spleen, heart,
lung, and kidney) were stained with H&E to evaluate biological safety.

Statistical analysis

All data are expressed as the means + SD. Statistical significance was
measured by one-way analysis of variance (ANOVA) with Tukey’s
post hoc multiple comparison test. A value of P < 0.05 was consid-
ered significant.
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