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We have developed multifunctional nanogels with antimicrobial,
antioxidant, and anti-inflammatory properties, facilitating rapid
wound healing. To prepare the multifunctional nanogels, we utilized
quercetin (Qu) and a mild carbonization process to form carbonized
nanogels (CNGs). These CNGs possess excellent antioxidative and
bacterial targeting properties. Subsequently, we utilized the Qu-
CNGs as templates to prepare nanogels incorporating copper sulfide
(CuS) nanoclusters, further enhancing their functionality. Notably,
the CuS/Qu-CNGs nanocomposites demonstrated an exceptional
minimum inhibitory concentration against tested bacteria, approxi-
mately 125-fold lower than monomeric Qu or Qu—-CNGs. This
enhanced antimicrobial effect was achieved by leveraging near-
infrared Il (NIR-II) light irradiation. Additionally, the CuS/Qu—-CNGs
exhibited efficient penetration into the extracellular biofilm matrix,
eradicating methicillin-resistant Staphylococcus aureus-associated
biofilms in diabetic mice wounds. Furthermore, the nanocomposites
were found to suppress proinflammatory cytokines, such as IL-1§, at
the wound sites while regulating the expression of anti-inflammatory
factors, including IL-10 and TGF-1, throughout the recovery pro-
cess. The presence of CuS/Qu—-CNGs promoted angiogenesis,
epithelialization, and collagen synthesis, thereby accelerating wound
healing. Our developed CuS/Qu—CNGs nanocomposites have great
potential in addressing the challenges associated with delayed
wound healing caused by microbial pathogenesis.
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treatment of drug-resistant biofilms and

accelerated chronic wound healingt
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€ Chih-Ching Huang

*9 and Huan-Tsung Chang 2 *M

New concepts

This study presents the development of multifunctional quercetin carbo-
nized nanogels embedded with copper sulfide nanoclusters (CuS/Qu-
CNGs) with remarkable antimicrobial, antioxidative, and anti-
inflammatory properties. A unique feature of this research is near-
infrared II (NIR-II) responsiveness, which amplifies the antimicrobial
efficacy of the nanogels. The nanocomposites adeptly permeate the
extracellular biofilm matrix, enabling successful eradication of
formidable biofilms of methicillin-resistant Staphylococcus aureus
(MRSA) in wounds of diabetic mice. Moreover, the presence of CuS/Qu-
CNGs mitigates the production of pro-inflammatory cytokines and
modulates the expression of anti-inflammatory factors. This
immunomodulation promotes key steps in a wound healing process
such as angiogenesis, epithelialization, and collagen synthesis.
Consequently, the CuS/Qu-CNGs showcase vast potential as a skin
disinfectant for treating bacterial infections and hastening the healing
process of chronic wounds.

Introduction

Wound healing requires the tissue to undergo successive
hemostasis, inflammation, proliferation, and maturation
phases.” The process is more complex in chronic wounds,
owing to long-term infection and/or suppressed immune
response, resulting in slower wound healing.” In particular,
exudative fluid and necrotic tissues in the superficial wounds
provide a favorable environment for bacteria to form biofilms,
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causing chronic infections with an increased mortality risk.’
Moreover, multidrug-resistant (MDR) bacteria develop efflux
pumps, produce hydrolytic enzymes, modify the target, and
block binding sites and entry ports to withstand antibiotics.”
Current approaches to combat microbial pathogenesis include
antibiotics, skin disinfectants, and hydrogels. However, their
clinical indications in wound healing are not fully understood.”
Conventional broad-spectrum antibiotics are very effective but
have no role in wound healing.® In addition, continuous and
rapidly growing antimicrobial resistance has further reduced
the efficacy of conventional antibiotics.” Clinically used skin
disinfectants such as triclosan, triclocarban, and benzalko-
nium chloride often lead to contact dermatitis, mucous
membrane irritation, and in some cases, interfere with thyroid
metabolism or act as endocrine disruptors, mainly due to lower
immunocompatibility and severe toxicity at a higher dosage.®
Although hydrogels are the next-best alternative in wound
healing, faster dehydration rate in exposed wounds, poor
mechanical stability in the swollen state, and ability to cause
skin maceration have restricted their clinical use.” Neverthe-
less, altered levels of protein glycosylation in the wound site
impair the ability of macrophages and neutrophils to phagocy-
tose bacteria, further prolonging the inflammatory phase.'®
Non-regulated expression of cytokines in the inflammatory
phase can cause the production of cytotoxic enzymes and
elevated oxidative stress leading to severe tissue damage.''
Thus, antimicrobial activity combined with optimized antiox-
idant and/or anti-inflammatory response is critical for develop-
ing therapeutics with high wound healing potency.™
Nanomaterial-based antimicrobials have been developed to
disintegrate bacteria, primarily by releasing metal ions and
elevated oxidative stress.'>'* However, their stability in bio-
fluids and non-selective toxicity is still a major pursuit.'’
Several polymers and biocompatible organic molecules also
exhibit broad-spectrum antibacterial activity but possess intrinsic
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toxicity and are insoluble in aqueous.'® Alternatively, catalytic and
near-infrared (NIR) irradiation-based treatments feature stimuli-
triggered controlled elevation of oxidative stress (photodynamic
and catalytic therapy) and hyperthermia (photothermal therapy;)
to eradicate bacteria.'” For example, Xiao et al. demonstrated
ultrafast and broad-spectrum antimicrobial response through a
combined effect from photo- and chemo-dynamic therapy.'®
Recently, Li et al. reported NIR-II (1060 nm) activated hydrogel
for photothermal/thermodynamic synergistic ~antimicrobial
therapy.'® In another study, Tian et al. investigated perylene and
tetracyanoquinodimethane-based organic nanoparticles with
intermolecular charge-transfer complexes having programmable
optical absorption (1000-1350 nm) for photothermal (1064 nm)
antibacterial therapy.>® Although the authors achieved deeper
tissue penetration for localized photothermia against planktonic
cells, antimicrobial activity against biofilms was not investigated.
Furthermore, additional in vivo studies are necessary to fully
elucidate the wound-healing capabilities of these newly developed
biomaterials.

Our previous work showed that bovine serum albumin (BSA)
stabilized catalytic and photoresponsive copper sulfide (CuS)
nanoassemblies can effectively eliminate bacteria from the
wound site under NIR-II irradiation.”® These BSA-templated
CuS nanoassemblies, featuring variable oxidation states of
copper, offer excellent water dispersibility, efficient light-
harvesting capabilities, and robust reactive oxygen species
(ROS) generation. Additionally, their low cytotoxicity positions
them as a promising antimicrobial treatment option.>* How-
ever, the nanoassemblies did not exhibit antioxidant proper-
ties, and their efficacy in wound healing was not investigated.
Toward this end, we employed quercetin (Qu), a polyphenol
that belongs to a family of flavonoid compounds with strong
antioxidative properties, as a template for metal nanoclusters.””
Through a process of moderate carbonization and polymeriza-
tion, quercetin (Qu) was transformed into carbonized nanogels
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Fig. 1 Schematic representation of the properties of CuS/Qu—-CNGs and their role in the wound healing process.
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(Qu-CNGs). These nanogels subsequently acted as a scaffold
for the nucleation and growth of minuscule copper sulfide
(CuS) nanoclusters, culminating in the formation of CuS/Qu-
CNGs nanocomposites. The Qu-CNGs possess intrinsic antiox-
idant and catalytic (oxidase- and peroxidase-like) activities and
photoresponsive properties. The as-prepared CuS/Qu-CNGs
with enhanced physical interactions with bacterial membrane
amplify the synergistic bactericidal response from localized
catalytic and photoresponsive therapies. Relative to Qu-CNGs,
CuS/Qu-CNGs showed negligible cytotoxicity towards human skin
cells (HaCaT cells) and red blood cells (RBCs). Furthermore,
surgical wounds on diabetic mice infected with methicillin-
resistant Staphylococcus aureus (MRSA) were efficiently treated
with CuS/Qu-CNGs through destroying mature biofilm under
NIR-II (1064 nm) irradiation via enhanced contact with bacterium
membrane. The CuS/Qu-CNGs stimulated angiogenesis, epithe-
lialization, and collagen deposition by modulating pro- and/or
anti-inflammatory cytokines during the inflammatory phase,
which accelerated wound healing (Fig. 1). Biocompatible CuS/
Qu-CNGs with antimicrobial/oxidative/inflammatory activities
hold great potential as an effective therapeutic for the treatment
of bacterial infections and rapid healing of chronic wounds.

Results and discussion
Intrinsic and photoresponsive characteristics of CuS/Qu-CNGs

Upon pyrolyzing Qu at a temperature of 270 °C for a duration of
2 h, a brown residue is obtained, as depicted in Fig. S1A (ESIT).
A subsequent alkaline treatment further refines this residue,
resulting in the generation of highly dispersible Qu-CNGs.
Briefly, CNGs were synthesized through dehydration, polymer-
ization, crosslinking, and partial carbonization.>® During heat-
ing, polymers were formed through the dehydration-mediated
condensation of Qu, and their further crosslinking generated
micro-sized supramolecular structures.”® The gel-like struc-
tures undergo fragmentation upon prolonged heating, result-
ing in the assembly of irregular nanostructures (i.e., Qu-CNGSs).
Meanwhile, partially carbonized graphene dots are formed
in situ within close-knit polymeric nanonetworks during heat-
ing, as shown in Fig. S1B (ESIf). Insufficient carbonization
endows CNGs with the functional groups from precursor
molecules. To clarify, Qu-CNGs, even at concentrations as high
as 10 mg mL ', do not form a macroscopic hydrogel. Rather,
they exist as a colloidal solution with a viscosity of approxi-
mately 20 cP. We refer to these as “nanogels” due to their
polymeric nanonetwork structure comprised of carbonized
quercetin, observable at the nanoscale (Fig. S1B, ESIt). The
Fourier transform infrared (FT-IR) spectra of monomeric Qu
(mQu) revealed the characteristic bands at 1665, 1515-1614,
and 1360 cm ' corresponding to C=O aryl ketonic stretch
(weak; submerged), C=C aromatic ring stretch, and -O-H
phenol bending, respectively, whereas the peaks were broa-
dened after the formation of Qu-CNGs (Fig. 2B). Further, the
as-formed Qu-CNGs were incubated with CuCl, and Na,S at
90 °C for 15 min to prepare CusS nanoclusters in the GNCs (CuS/

1654 | Nanoscale Horiz., 2023, 8, 1652-1664

View Article Online

Communication

Qu-CNGs) (Fig. 2A). Transmission electron microscope (TEM)
images show tiny CuS nanoclusters (~2 nm) are uniformly
embedded on Qu-CNGs templates (Fig. 2C(a)). The CuS/Qu-
CNGs are highly crystalline, with d-spacing of 0.30 and 0.19 nm
assigned to the (102) and (110) crystal planes of covellite-phase
hexagonal Cu$ (Fig. 2C-b), respectively.”!

X-ray diffraction (XRD) pattern of CuS/Qu-CNGs exhibits
(101), (102), (103), (105), (106), and (110) planes, which are also
attributed to pure covellite-phase hexagonal CuS nanocrystals
(Fig. S2, ESI).>® Scanning transmission electron microscope
coupled energy-dispersive X-ray spectroscopy (STEM/EDS) ele-
mental mapping of CuS/Qu-CNGs indicates the coexistence of
Cu and S within networks of Qu-CNGs (Fig. S3, ESIt). After the
CusS nanoclusters deposited on Qu-CNGs, the zeta potential ({)
of Qu-CNGs changes from —11.6 + 2.9 mV (n = 5) to —40.2 +
0.8 mV (n = 5). The negative charge is mainly attributed to the
phenolic and ketonic groups in Qu. The UV-Vis absorption
spectrum of mQu show characteristic bands centered at 256
and 370 nm, attributed to A-C benzoyl and B-ring cinnamoyl
systems, respectively (Fig. S4, ESIT). In contrast to mQu, Qu-
CNGs exhibit a distinct peak at 320 nm, probably due to the
formation of the phenolic oxide o-quinone structure.”® Gradual
blue shift and a weakened shoulder (~370 nm) after carboni-
zation can be ascribed to the 1 — n* and n — r* transitions of
conjugated C—C and C—0/C=N bonds, respectively, support-
ing the formation of graphitic multilayer carbon clusters within
CNGs.?” Moreover, additional characteristic NIR broadband
(620-1060 nm) was observed in CuS/Qu-CNGs, attributed to
the formation of tiny-sized CuS nanoclusters within the Qu-
CNGs matrix.*® X-ray photoelectron spectroscopy (XPS) analysis
of C 1s reveals ~79% of C—C groups in CNGs, relative to mQu
(50.9%) (Fig. S5, ESIt). In contrast to mQu (C-O 42%), the
abundance of the C-O bond was significantly reduced to 6.23%
after pyrolysis to form Qu-CNGs. Deconvoluted O 1s XPS
spectra exhibit a much higher O—C in Qu-CNGs (~33%),
relative to mQu (~7%). Moreover, characteristic peaks of 2p
orbitals of Cu (Cu 2p,,, and 2ps,,) and S (chemisorbed sulfur) in
CuS/Qu-CNGs confirm the formation of CuS nanoclusters.

Our results suggest that Qu-CNGs are formed by partial
carbonization and subsequent polymerization. Hence, several
essential functional groups from the precursor with reducing
abilities are preserved (Fig. S6, ESIt). To substantiate the mild
carbonization, we employed the Folin-Ciocalteu reagent to
estimate the total phenolic content in the monomeric and
pyrolytic Qu products (Fig. S6B, ESIT).*® In contrast to mQu, the
phenolic content (reducing capability) present in Qu-CNGs was
slightly lower, which supports mild carbonization of Qu at 270 °C.
However, CuS/Qu-CNGs (Abs,¢;s ~ 0.77) exhibited comparable
antioxidant properties to that of ascorbic acid (Abs,es ~ 0.94)
or mQu (Abs;s ~ 0.73), which is higher than those produced by
Qu-CNGs (Abs;es ~ 0.60). Due to CuS, Qu-CNG’s structure
becomes looser, which results in higher scavenging activity, as
more phenols are exposed and available to undergo electron
transfer reaction. Although polyphenols are directly correlated
with antioxidant properties, we evaluated the radical scavenging
activity of CNGs through a well-known 2,2-diphenyl-1-picryl-

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nh00275f

Published on 19 Septhemba 2023. Downloaded on 11/3/2025 5:56:07 PM.

Communication

(A)

Quercetin (Qu) Qu-CNGs
(B) ©)

View Article Online

Nanoscale Horizons

v Polymerized Qu
® Graphitic Carbon
* CuS

CuS/Qu-CNGs

-  CuS (102)
s ~ 030nm
8 \/\ :
£ ; T ' ' .
< S
E CuS (110)
E Qu-CNGs 0.19 nm
z , —— , L
S co: : ; ¢
G| mecssrls, lemimiNg
CuS/Qu-CNGs ;L:'n:; ring stretch bending C-H__ stretch
2000 1800 1600 1400 1200 1000
-1
(D) Wavenumber (cm )
. " —a— Control 600 —— DMPO — Qu-CNGs — CuS/Qu-CNGs
Q —o— Qu-CNGs ° o - °
L 60 | —*— CuS/Qu-CNGs ’;-‘ r .
E <400
50 ~
~—
2,40 Z200-
= <
=
%]
= 30 -
v 0
0 100 200 300 400 500 600 3440 3460 3480 3500 3520 3540

Time (s)

Magnetic Field (G)

Fig. 2 Synthesis and properties of CuS/Qu—-CNGs. (A) Schematic illustration of the preparation of CuS/Qu—-CNGs. (B) The FT-IR spectra of the mQu,
Qu—-CNGs, and CuS/Qu—-CNGs. (C) TEM (a) and corresponding HR-TEM (b) images of CuS/Qu-CNGs. (D) Temperature profile of Qu—CNGs or CuS/Qu-—
CNGs upon NIR-Il irradiation. (E) ESR spectra of DMPO (10 mM) without and with Qu-CNGs (50 pg mL™) or CuS/Qu-CNGs (50 pg mL™%; in terms of
Qu-CNGs) under NIR-Il illumination. Green dots in (E) show the signal intensity from DMPO-*OOH adducts (ay = 1.42 G af; = 1.135 G).

hydrazyl-hydrate (DPPH) assay.® The DPPH scavenging assay
further reveals the CuS/Qu-CNGs (5.0 pg mL™", in terms of Qu-
CNGs) have more excellent radical scavenging capability mainly
through electron and proton transfer processes.”’ Contrastingly,
ascorbic acid (positive control) at the same concentration, ie.,
5.0 pg mL ™", could not facilitate the electron transfer. The super-
ior antioxidant property of CuS/Qu-CNGs is mainly attributed to
the self-preserved phenolic groups within CNGs and the variable
oxidation states of Cu.

Intrinsic catalytic activities of CNGs dispersed in sodium
phosphate buffer (10 mM, pH 7.4) were investigated using
amplex red (AR).**** The CuS/Qu-CNGs catalyzed the efficient
O,-mediated oxidation of AR to produce highly fluorescent
resorufin (7-hydroxy-3H-phenoxazin-3-one; Aex/Aem: 540/585 nm)
(Fig. S7, ESIt). The oxidase-like activity of CuS/Qu-CNGs is 5-fold
higher than that of the mQu and Qu-CNGs. Tiny CuS nanoclus-
ters embedded in Qu-CNGs offer high specific surface area,
which endows abundant catalytically active reaction centers
to boost the intrinsic oxidase-like activity of CuS/Qu-CNGs.
Further, CuS/Qu-CNGs can effectively catalyze AR to yield

This journal is © The Royal Society of Chemistry 2023

resorufin in the presence of H,O, (1.0 mM) (Fig. S8, ESIt). The
CuS/Qu-CNGs exhibit comparable fluorescence to that provided
by HRP (0.1 unit mL™") and ~600-fold higher than the Qu-
CNGs. The stronger peroxidase-like activity is attributed to the
ability of Cu ions dissipated from the CusS surface to participate
in Fenton-like reactions (H,0, + Cu®* — *OH + OH + Cu").**
We then investigated the photoresponsive properties of CuS/
Qu-CNGs. Fig. 2D shows a quick rise in the temperature profile
of CuS/Qu-CNGs (~ 68 °C) within 10 min of NIR-II irradiation
(1064 nm, 0.94 W cm™?), which is drastically higher (< 40 °C)
than that of the control (DI water) or Qu-CNGs, attributed to
their characteristic and broad NIR photoabsorption (Fig. S4,
ESIY). In addition, CuS/Qu-CNGs manifest an apparent concen-
tration- and power density-dependent elevation in temperature
(Fig. S9, ESIt). Excellent photothermal performance of CuS/Qu-
CNGs is ascribed to intrinsic overlapping plasmon frequency
(1064 nm), which engendered a near-field enhancement effect.”
The increased temperature is associated with the kinetic energy
of the electron after collective and coherent oscillation and
collisions in space during vibrational transitions.*® Furthermore,

Nanoscale Horiz., 2023, 8,1652-1664 | 1655
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the photodynamic activity of CuS/Qu-CNGs was evaluated using
AR as a substrate under NIR-II laser (1064 nm, 0.94 W cm™ ?)
irradiation (Fig. S10, ESIt). The CuS/Qu-CNGs over Qu-CNGs
displayed significantly higher activity (> tenfold) towards oxygen
(O,)-mediated oxidation of AR after 10 min of NIR-II exposure.
The amount of ROS may be even higher; the presence of the
scavenger, i.e., Qu-CNGs in the same system, probably lowered
the actual intensity. In control experiments, only AR or Cu®" ions
(data not shown) were incapable of AR oxidation. In addition,
electron spin resonance (ESR) measurement with DMPO
revealed a distinctive sextet due to hydroperoxyl radicals (*OOH)
generated by CuS/Qu-CNGs (Fig. 2E). Under NIR-II irradiation,
CuS/Qu-CNGs facilitate the generation of superoxide (O, *)
induced *OOH formation (O, + e~ — O0,7; O, * + H,O —
*OOH + OH ) via type I photo-oxidative reaction.’” A negligible
signal was obtained from CNGs without NIR-II laser (Fig. S11,
ESIt). The amplified catalytic response mainly originated from
NIR-II irradiation-assisted faster electron transfer Cu®*/Cu*/Cu®
and O,/H,O on the surface of CuS nanoclusters on Qu-CNGs.
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Moreover, the indirect formation of *OOH through the Fenton-
like reaction of Cu®*/Cu" cannot be excluded.*®

Superior antimicrobial activity of CuS/Qu-CNGs coupled with
NIR-II irradiation and H,O,

By taking advantage of antioxidant, enzyme-like, and photo-
responsive characteristics, in vitro antibacterial performance of
CuS/Qu-CNGs was evaluated against S. aureus, S. enteritidis,
E. coli, and P. aeruginosa, and methicillin-resistant S. aureus
(MRSA) bacterial strains without and with NIR-II laser irradia-
tion (1064 nm, 0.94 W cm™?) (Fig. 3). Colony formation assays
of E. coli treated with CuS/Qu-CNGs (209 £ 12/45 £+ 3 CFU,
n = 4) revealed a significant reduction in bacterial colonies in
the absence/presence of NIR-II irradiation, as compared to
those of untreated (475 £ 27/403 + 16 CFU, n = 4) and Qu-
CNGs (413 =+ 31/390 £ 15 CFU, n = 4) treated groups (Fig. 3A).
Bactericidal effect of CuS/Qu-CNGs (71 £+ 11 CFU, n = 4) was
amplified in the presence of H,O, (10 uM), due to their intrinsic
peroxidase-like activity to transform H,0, into severely

(A) (B 1500 1200
Untreated Qu-CNGs CuS/Qu-CNGs CuS/Qu-CNGs+ H,0, | Qu-CNGs (a)
- — o p— e = I CuS/Qu-CNGs a
; = 1250]"  Qu-CNGs + NIR F1000 =
g CuS/Qu-CNGs + NIR £
e 10001 g0 2
& &
=
Z 750 L600 Z
= z
T2 500 L4002
$ g
p—
2 2504 _ - i F200 E
0 Il B RO
* * * * * 0
co\\ & L® .\6‘$ o
©) A
w/o NIR w/ NIR S W ‘\\Q/
< > < > o0 ¢
Bright field Fluorescence Bright field Fluorescence 3
= 4 3000 T qucNG 3000 o=
3 : - u S -
3 ‘ 27 2500 m CuS/Qu-CNGs (b) 2500 5
g = 2000 7 Qu—CNGs + NIR E2000 €
E 5)1500_ CuS/Qu-CNGs + NIR E1s00 &
; — : 10004 E 1000 'o?'
2 S 5004 F500
X 2 +
1 3 &
& <8 oz
! ; $ & e E
5 " 8 T ‘E’
P J - L3 - T E
3S! = i " R
58 ; 2 : ) s % SIS
% H i3 #* *: E
ON = - - 0 \,{\: g T " $| ?l’ 0
2 XY L AV
o ; Voo b +
Lz o v
o0 :

Fig. 3 In vitro antibacterial activity of CuS/Qu—-CNGs. (A) Representative colony formation of E. coli on LB agar plates untreated and treated with
0.20 pg mL~* of Qu-CNGs or CuS/Qu-CNGs without (w/o) and with (w/) NIR-II irradiation (1064 nm, 0.94 W cm~2) for 10 min in absence and presence
of hydrogen peroxide (H,O,; 10 uM). (B) MICqq values of Qu—CNGs and CuS/Qu-CNGs against five bacterial strains without and with NIR-II laser
irradiation in the (a) absence and (b) presence of hydrogen peroxide (H,O,; 10 puM). (C) Bright-field and fluorescence images of E. coli (107 CFU mL™)
stained with SYTO9/PI, untreated and treated with 0.20 ug mL™*of Qu-CNGs and CuS/Qu-CNGs without or with NIR-II laser (1064 nm, 0.94 W cm~2)
for 10 min in absence and presence of H,O, (10 uM). Scale bar in (2C) is 10 um. Error bars in (B) represent the standard deviations of four repeated
measurements. Asterisks indicate statistically significant differences of the CuS/Qu—-CNGs + NIR (B-a) and CuS/Qu—-CNGs + NIR + H,O, (B-b) groups
compared to those of CuS/Qu—-CNGs (B-a) and CuS/Qu—-CNGs + NIR, respectively (***p < 0.0001).
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cytotoxic *OH. Moreover, negligible colonies of E. coli were
counted when co-treated with CuS/Qu-CNGs and H,0, under
NIR-II irradiation. Contrastingly, in control experiments, only
H,0, (up to 500 puM) slightly inhibits bacteria (Fig. S12, ESIT).
The MICy, (minimal inhibitory concentration required to inhi-
bit >90% of the isolates) values were determined by a standard
serial dilution method. As shown in Fig. 3B, the MICy, values of
Qu-CNGs against tested bacterial strains were estimated to be
>750 ug mL™ ' in the absence and/or presence of NIR-II
irradiation and/or H,0,. As expected, NIR-II irradiation
reduced the MICq, values of CuS/Qu-CNGs to 6-9 pug mL ™"
(in terms of Qu-CNGs), which is ~35-fold lower than those
treated in the absence of photoirradiation (Fig. 3B(a)). H,0,
coupled treatment further decreased the MICy, values of CuS/
Qu-CNGs to ca. 4 and 0.2 ug mL " (in terms of Qu-CNGs) in
the absence and presence of NIR-II irradiation, respectively.
Moreover, the bacteriostatic activity of CuS/Qu-CNGs against
E. coli was determined through a well-known live/dead SYTO 9
(green (G) fluorescence)/propidium iodide (PI; red (R)) staining
assay (Fig. 3C).*? The results indicate that CuS/Qu-CNGs cause
the most effective disintegration (relative red-to-green fluores-
cence (R/G) ~ 4.1) of bacterial cell membrane upon co-
treatment with photoirradiation and H,0,, relative to untreated
(R/G ~ 0.1) or Qu-CNGs (R/G ~ 0.3) treated groups (Fig. S13,
ESIt). The R/G vale of CuS/Qu-CNGs coupled with photoirra-
diation and H,O, alone is 3.5 and 3.2, respectively.

The extent of bacteria aggregation demonstrates the strong
physical interaction between bacterial membrane and Qu-
CNGs, ascribed to polyphenolic and other self-preserved pyr-
olytic products of Qu (Fig. 3C).>* Literature suggested that
phenolic compounds exhibit a higher tendency to bind at the
cytoplasmic membrane of bacteria.’® The broad-spectrum anti-
microbial activity of CuS/Qu-CNGs is at least 3500-fold higher
than Qu-CNGs. The synergistic response from photodynamic
(*OOH) and photothermal (>45 °C) effects, along with the
strong intrinsic peroxidase-like ability to decompose H,0, into
hydroxyl radical (*OH) in situ to induce oxidative stress, are
probably the main contributors for membrane disruption. ROS
generating capacity of the CuS/Qu-CNGs was estimated
through 2',7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
acetylation and further oxidation to produce a fluorescent DCF,
and the fluorescence intensity accounts for the intra-
cellular ROS levels (Fig. S14A, ESIT).*" E. coli co-treated with
CuS/Qu-CNGs and H,0, under NIR-II irradiation (1064 nm,
0.94 W cm ™2, 10 min) exhibit comparable fluorescent intensity
to that of H,0, (positive control, 1.0 mM) and 20-fold higher
than that of Qu-CNGs treated bacteria (Fig. S14B, ESIt). A
similar trend of bacteria aggregation confirms that CuS/Qu-
CNGs facilitate their strong physical interactions with the cell
membrane. These results are consistent with the ESR measure-
ments, which also indicated the formation of ROS upon NIR-II
irradiation (Fig. 2E).

Subsequently, the bacterium membrane potential was
assessed using o-nitrophenyl-f-p-galactopyranoside (ONPG) as
a substrate.’® The CuS/Qu-CNGs over Qu-CNGs induced more
release of cytoplasmic p-galactosidase from E. coli to form
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o-nitrophenol (ONP; yellow color) (Fig. S15, ESIT). In addition,
TEM images of E. coli treated with both CuS/Qu-CNGs and
H,0, under NIR-II irradiation show disrupted bacterial mem-
branes; however, untreated bacteria exhibit intact morphology
with well-defined cell membranes (Fig. S16, ESIt). Polyphenolic
Qu promotes cellular attachment, whereas, in the presence of
H,0, and NIR treatment, it causes irreversible bacterial damage
by the continuous and localized heat and bombardment of
ROS. Moreover, the biocompatibility of CNGs was evaluated
through in vitro cytotoxicity (Fig. S17, ESIT) and hemolysis (Fig.
S18, ESIt) assay against HaCaT skin cell lines and erythrocytes,
respectively. In contrast to mQu (~15%), CuS/Qu-CNGs or Qu-
CNGs exhibit ~100% cell viability up to 200 pg mL ™", which is
~2500-fold higher than respective MICy, values. The higher
toxicity of mQu is ascribed to its poor aqueous solubility.** It is
reported that mQu often exhibits severe cytotoxic effects,
including proinflammatory properties, mitochondrial toxicity,
potential mutagenicity, and inhibition of essential enzymes
involved in hormonal metabolism, and also associated with
food safety concerns.***

Wound healing application of CuS/Qu-CNGs

The host’s immune system generally destroys pathogens on the
exposed wound at the early stage of the wound-healing
process.*® However, in a chronic wound, microbes attach to
the wound surface and proliferate to develop a biofilm which
becomes mature over time due to immunodeficiency of the
diabetic disease.*” To address this issue, Qu-CNGs and Cu$S/
Qu-CNGs were employed both to inhibit and eradicate MRSA
biofilms. The effectiveness of these treatments was assessed
through crystal violet staining assays, both with and without
NIR-II irradiation (Fig. S19, ESIt).*® Compared to CNGs (< 5%),
CuS/Qu-CNGs (1.0 ug mL™ ", in terms of Qu) coupled with NIR-
II laser irradiation (1064 nm, 1.20 W cm ™2, 10 min) suppressed
~95% of biofilm formation (Fig. S19A, ESIf) and eradicated
82% of full-grown biofilm (Fig. S19B, ESIt), while negligible
antibiofilm response was observed without NIR-II irradiation.
Interestingly, vancomycin (100 pg mL~") completely inhibited
the biofilm formation of bacterial suspensions of MRSA,
whereas it eradicated only ca. 50% of mature biofilm, even at
20-fold higher dosage than that of CuS/Qu-CNGs. Drug-
resistant bacteria tend to hinder or neutralize traditional anti-
biotics by activating intrinsic self-defense barriers, which
engenders acquired mutation.*® The superior antimicrobial
response can be ascribed to unique polymeric structures of
CNGs that facilitated substantial contact-mediated biofilm dis-
integration, followed by localized catalytic and NIR-assisted
phototherapeutic action.>

Owing to strong antibiofilm activity, we next investigated the
in vivo efficacy of CuS/Qu-CNGs using a mouse model of Type 2
diabetes mellitus (BKS.Cg-Dock7™+/+Lepr®®/]) infected with
MRSA. Contrary to in vitro study (externally supplied H,0,),
the H,O0, burst generated around wounded tissue was
employed as a substrate for peroxidase-like activity. Fig. 4A
shows the photographs (Fig. 4A(a)) and relative wound closure
area (Fig. 4A(b)) of postoperative wounds (~10 mm) untreated
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Fig. 4 Wound healing in diabetic mice. (A) (a) Digital photographs and (b) relative wound area, (B) (a) representative colony formation assays of MRSA
collected from the wound site on day 12 and (b) relative bacterial viability of MRSA on postoperative days from the wounds untreated and treated with 3 M
bandage and 25 ug mL~* of Qu~CNGs or CuS/Qu-CNGs (w/o and w/NIR-Il irradiation; 1064 nm, 1.32 W cm~2, 10 min). Scale bar in (A) is 5 mm. The error
bars in (A) and (B) represent the standard deviation of three repeated measurements. Asterisks in (A) indicate statistically significant differences of the CuS/
Qu—-CNGs and CuS/Qu—-CNGs + NIR groups compared to that of untreated ones on day 18 (*p < 0.05, ***p < 0.001). Asterisks in (B) indicate statistically
significant differences of the CuS/Qu—-CNGs + NIR groups compared to that of untreated groups (**p < 0.01, ***p < 0.001).

and treated separately with 3 M bandage, Qu-CNGs or CuS/Qu-
CNGs (w/o and w/NIR-II; 1064 nm, 1.32 W cm™?). The inability
of the control group to inhibit biofilm formation can be
attributed to the compromised immune response commonly
seen in diabetic mice. As a result, wound sizes in the control
group were observed to be slightly larger on the third day
compared to their initial sizes on day 0.>' Contrary to Cu$S/
Qu-CNGs, the untreated, 3 M bandage and Qu-CNGs treated
groups developed ulcers and edema on wound sites after 6 days.
On the 15th day, the relative wound area of CuS/Qu-CNGs
treated groups without and with NIR-II irradiation were 80%
and 52%, respectively, while control groups did not exhibit any
signs of recovery (Fig. 4A). Biofluids collected from CuS/Qu-
CNGs (w/NIR-II) treated wounds on day 12 show no conspic-
uous bacterial colonies, relative to those of untreated (850 + 36
CFU) and 3 M bandage (721 £+ 51 CFU), Qu-CNGs (695 + 62
CFU), and CuS/Qu-CNGs (w/o NIR-II; 515 + 45 CFU) treated
groups (Fig. 4B(a)). A further antimicrobial assessment revealed
that CuS/Qu-CNGs (w/NIR-II) significantly inhibited MRSA
from the 12th day onwards, while >90% and >50% bacteria
viabilities were recorded for untreated and other treated
groups, respectively, till the 18th day (Fig. 4B(b)). The CuS/
Qu-CNGs treated group displayed higher epithelialization
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(~55% wound closure) after day 15 and healed completely on
day 18 (Fig. 4A). Uncured MRSA infection in the control groups
caused severe inflammation and tissue damage and resulted in
delayed healing.>

The wound healing process is comprised of hemostasis
(blood clotting), inflammatory, proliferative (granulation), and
maturation (remodeling) phases.®® Fig. $20 (ESIt) shows the
histological evaluation of tissue specimens collected on post-
operative day 15 using H&E and Masson’s trichrome staining.
Antimicrobial CuS/Qu-CNGs mitigated the MRSA infection-
induced inflammation, which was quite prominent in the
untreated group, as indicated by the immune cells (yellow
arrow). In addition to the efficient bactericidal effect, the
CuS/Qu-CNGs with NIR-II irradiation also accelerated wound
healing by promoting angiogenesis, epithelialization, and col-
lagen deposition. Erythrocytes are less pliable to deliver oxygen
to the chronic wound for tissue metabolism and collagen
synthesis. The blue color represents collagen fibers in Masson’s
trichrome staining, and its intensity corresponds to the relative
collagen content in the tissue sections.>® Our results indicate
that more collagen is formed in the recovered dermal layers
after treatment with the CuS/Qu-CNGs under NIR-II irradia-
tion, and hence a more intense blue color compared to that in
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the untreated or without NIR-II laser-treated groups (Fig. S20,
ESIt). We also noted CuS/Qu-CNGs assisted in the develop-
ment of blood vessels (cyan arrow) and hair follicles (black
arrow) when coupled with NIR-II laser treatment (Fig. S20,
ESIYT). The formation of a new network of blood vessels allows
an adequate supply of oxygen and nutrients for the stimulated
growth of granulation tissue.® Moreover, we also observed
higher epithelialization (green arrow) in the CuS/Qu-CNGs
treated group under NIR-II irradiation relative to other
groups, which implies that the wound is completely recovered
(Fig. S20, ESIT).>*

Prolonging the inflammatory phase due to microbial patho-
genesis and suppressed immune response of diabetic mice
significantly contribute to delayed healing.”” The inflammation
phase begins immediately after injury and induces localized
swelling to prevent bleeding and infection. During this phase,
compromised cells, invaded pathogens etc., are removed from
the wound site.”® Inflammation is a natural part of the wound
healing process, however, impaired neutrophil and macro-
phage phagocytosis of bacteria in diabetic wounds, due to
abnormal protein glycosylation may protract the inflammatory
phase.”” Moreover, higher consumption of complement
proteins in this phase due to bacterial infection may lead
to restrained chemotaxis.”® Thus, controlled regulation and
modulation of pro- and/or anti-inflammatory cytokine levels is
vital.’® Tissue specimens from the infectious wound sites were
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extracted on days 9 and 15 to quantify the levels of Interleukin
1 Beta (IL-1fB), IL-10, and transforming growth factor-beta 1
(TGF-B1) using a standard enzyme-linked immunosorbent
assay (ELISA) (Fig. 5).>° The CuS/Qu-CNGs under NIR-II irra-
diation show reduced levels of a pro-inflammatory cytokine,
i.e., IL-1B on day 9 (2.12 pg mL "), which were highly expressed
in the untreated group (control; 10.1 pg mL™~ ") due to bacterial
pathogenesis (Fig. 5a and 3B(b)). We observed that CuS/
Qu-CNGs not only suppressed proinflammatory IL-1§3 but also
up- and down-regulated anti-inflammatory IL-10 on day 9 and
15, respectively, which probably contributed to faster healing
(Fig. 5b). TGF-f1, a multifunctional housekeeping gene,
belongs to a class of anti-inflammatory cytokines.®® Fig. 5c
indicates CuS/Qu-CNGs under NIR-II irradiation spiked the
expression of TGF-B1 while recovering from infection (day 9),
and the same levels were maintained as those in control on
day 15 (after recovery). The anti-inflammatory response of CuS/
Qu-CNGs mainly originates from the intrinsic radical scaven-
ging capacity of self-preserved polyphenolic groups within Qu-
CNGs.®! Chronic wounds are mainly stalled due to the extended
stay of proinflammatory macrophages (M1) in the inflammatory
phase, restricting subsequent proliferation and remodeling pro-
cesses vital for systematic tissue regeneration and wound
closure.®> M1 macrophages promote the secretion of proinflam-
matory cytokines, including IL-6, 8, etc., and tumor necrosis
factor o (TNF-u), in response to which M2-like anti-inflammatory
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Fig. 5 Anti-inflammatory effects of CuS/Qu—-CNGs. Concentrations of cytokines in wound homogenates were determined using ELISA, including
proinflammatory cytokines (a) IL-1pB, healing-associated cytokines (b) IL-10, and (c) TGF-B1. Error bars represent the standard deviations of three repeated
experiments. Asterisks indicate statistically significant differences of the 3 M bandage, Qu—CNGs, CuS/Qu—-CNGs and CuS/Qu-CNGs + NIR groups
compared to untreated on day 9 and 15, respectively (*p < 0.01, **p < 0.005, ***p < 0.0001).
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phenotype is stimulated.”’ Our results indicated high-level
expression of IL-10 during infection in CuS/Qu-CNGs treated
groups (w/NIR-II), typically associated with accumulation of M2
macrophages (Fig. 5b).%* Further, M2 macrophages induce the
production of fibroblast and vascular endothelial growth factors
to enhance angiogenesis and tissue regeneration.®® Therefore,
therapeutic methods that facilitate the transition from M1 to M2
macrophages hold great potential to stimulate the healing
process in chronic wounds.®® We further employed DCFH-DA
staining assays to determine the lipopolysaccharide (LPS)
induced oxidative stress in RAW264.7 macrophages using two
different sets of experiments.®” Firstly, RAW264.7 macrophages
co-incubated with LPS for 18 h in the absence and presence of
Qu-CNGs or CuS/Qu-CNGs revealed anti-inflammatory action of
as-prepared CNGs (Fig. S21A, ESIY). In another study, LPS pre-
incubated with Qu-CNGs or CuS/Qu-CNGs for 6 h exhibit
similar fluorescence to those of untreated macrophage, suggest-
ing that the unique assembly of CNGs facilitates the LPS-binding
to inhibit oxidative stress-induced inflammation (Fig. S21B,
ESIt). Superior in vivo antimicrobial/oxidative/inflammatory
properties of CuS/Qu-CNGs effectively suppressed inflammation
and promoted wound healing in diabetic mice.

Furthermore, we have evaluated the potential in vivo toxicity
of CuS/Qu-CNGs by monitoring mice body weights, biochem-
ical levels in the bloodstream, and histological evaluation of
vital organs using H&E staining (Fig. S22, ESIt). The body
weights of mice before and after administration of CuS/Qu-
CNGs (~25 mg kg™ ') displayed no significant difference com-
pared to control groups (untreated ones) up to 18 days (Fig.
S22A, ESIt). In addition, the collected blood samples from
untreated and CuS/Qu-CNGs treated mice were analyzed for
several vital biochemicals responsible for inflammation in the
liver [aspartate transaminase (AST), alanine transaminase
(ALT), gamma-glutamyl transferase (GGT), and total bilirubin
(T-BIL)] and kidney (blood urea nitrogen (BUN). As shown in
Fig. S22B (ESIt), the levels of those indicators of treated groups
exhibit no significant change relative to the untreated ones.
Moreover, we also analyzed H&E stained tissue sections of
various important organs, including the heart, spleen, lung,
kidney, and liver (Fig. S22C, ESIt). The stained tissue slices
from CuS/Qu-CNGs treated mice at day 18 indicated no distin-
guishable tissue damage. Collectively, our results suggest that
CuS/Qu-CNGs exhibit substantial in vivo biocompatibility and
thus hold great potential as a safe antimicrobial agent.

In this study, we successfully used Qu-CNGs as a template to
incorporate CuS nanoclusters, introducing additional photore-
sponsive properties to the nanogels. The resultant CuS/Qu-
CNGs nanocomposites have significantly amplified their anti-
microbial effects when exposed to NIR-II light irradiation.
Besides superior antimicrobial response, the nanocomposites
demonstrated an exceptional ability to penetrate extracellular
biofilm matrices, leading to the eradication of formidable
MRSA biofilms in wounds inflicted on diabetic mice. Notably,
the nanocomposites suppressed proinflammatory cytokines
such as IL-1B while simultaneously boosting the expression of
anti-inflammatory factors, including IL-10 and TGF-B1. This
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duality aided the wound recovery process. Furthermore, CuS/
Qu-CNGs encouraged crucial wound healing processes, includ-
ing angiogenesis, epithelialization, and collagen synthesis,
thus accelerating overall wound healing. The CuS/Qu-CNGs
nanocomposites show immense potential in treating bacterial
infections and enhancing the healing process of chronic
wounds, especially those complicated by microbial pathogen-
esis. However, we acknowledge several areas that future work
can address to refine the clarity and applicability of CuS/Qu-
CNGs nanocomposites.

Our current findings suggest that Qu-CNGs enhance physi-
cal interactions with bacterial membranes, inflicting irreversi-
ble damage due to the synergistic catalytic and photoresponsive
properties of CuS. Our future work will focus on gaining deeper
insight into the precise mechanisms of these interactions and
resultant damage. We plan to further examine the potential
induction of oxidative stress to directly disrupt the cell
membrane. A comprehensive understanding of this mecha-
nism will enable better design and the use of similar materials.
While our study indicates that CuS/Qu-CNGs have higher
biocompatibility with HaCaT skin cells and erythrocytes com-
pared to mQu, we will further investigate potential cytotoxic
effects on various cell types and possible systemic toxicity
following application. Additionally, we believe there is room
to optimize the preparation process of CuS/Qu-CNGs for
improved efficacy or different applications. Determining parti-
cle concentration, size, and surface properties could yield
substantial improvements. Simultaneously, efforts to scale
the production process for CuS/Qu-CNGs could enhance the
research’s applicability to real-world scenarios.

Conclusions

We prepared Qu-CNGs through polymerization and subse-
quent mild carbonization. Further, CuS nanoclusters were
grown in situ to prepare CuS/Qu-CNGs. The Qu-CNGs inherit
antioxidant and anti-inflammatory activities, and CuS possess
peroxidase-like and photoresponsive properties. MICq, values
of CuS/Qu-CNGs (6-9 ug mL ") is ~125-fold lower than mQu
or Qu-CNGs under NIR-II irradiation and were further
improved by ~30-fold (ca. 0.2 pug mL™') in the presence of
H,0,. Qu-CNGs enhanced physical interaction with bacteria
membrane, causing irreversible damage to the bacteria through
synergistic catalytic and photoresponsive properties of Cus.
Over mQu, CuS/Qu-CNGs showed higher biocompatibility
towards HaCaT skin cells and erythrocytes. Furthermore,
administration of CuS/Qu-CNGs under NIR-II irradiation era-
dicated MRSA biofilms from diabetic mice wounds due to their
unique polymeric structure, facilitating direct contact with
bacterium membrane. The CuS/Qu-CNGs not only suppress
proinflammatory cytokines (IL-18) but also modulate the
expression of anti-inflammatory IL-10 and TGF-B1 during dif-
ferent stages of recovery from infection. Remarkable in vivo
antimicrobial/oxidative/inflammatory properties of CuS/Qu-
CNGs accelerate chronic wound healing. Our results revealed
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that CuS/Qu-CNGs hold great potential as a skin disinfectant
for treating bacterial infections and rapid healing of chronic
wounds.

Experimental section
Synthesis of quercetin carbonized nanogels (Qu-CNGs)

A glass vial containing 50 mg of quercetin dehydrate (Qu) was
heated at 270 °C for 2 h. The solid dark brown residue after the
thermal treatment was cooled to room temperature (25 °C) and
dispersed in 5.0 mL of NaOH (0.1 M) through sonication (1 h).
The solution was centrifuged at a relative centrifugal force
(RCF) of 5000g for 30 min to remove larger aggregates. The
supernatant containing Qu-CNGs was stored at —20 °C for
further experiments.

Synthesis of CuS/Qu-CNGs

Qu-CNGs (100 pL, 10 mg mL™") dispersed in 10 mM sodium
phosphate buffer (808 pL, pH 7.4) were incubated with CuCl,
(32 pL, 100 mM) for 10 min, to which Na,S (32 pL, 0.5 M) was
spiked, resulting in an immediate color change from brown to
black. The resulting solution was then heated at 90 °C for
15 min and cooled to room temperature. The as-formed CuS/
Qu-CNGs were purified through dialysis (molecular weight cut
off of membrane; 1.0 kD) against sodium phosphate buffer
(10 mM, pH 7.4) for 3 h, with the buffer being replaced every
30 min and stored at 4 °C when not in use.

Antioxidant assays

Radical scavenging abilities of Qu-CNGs and CuS/Qu-CNGs
were evaluated using a facile colorimetric-based 2,2-diphenyl-1-
picryl-hydrazyl-hydrate (DPPH) assay. 5.0 ug mL~" (in terms of
Qu) of mQu, Qu-CNGs, CuS/Qu-CNGs, or ascorbic acid (positive
control) dispersed in 10 mM sodium phosphate buffer was
directly reacted with DPPH (200 uM) at ambient temperature
under orbital shaking (150 rpm) for 1 h. Then, 200 pL from each
mixture was transferred to a 96-well flat bottom plate to record
the UV-Vis absorption spectra in the range of 300-900 nm.

Photoresponsive properties of CuS/Qu-CNGs

A continuous near-infrared laser (NIR-II, 1064 nm, 0.94 W
cm~ %) with DPSSL driver II (Tangyu Precision Machinery Indus-
try Co., Ltd, Taipei, Taiwan) coupled with a light guide was used
to investigate the photothermal and photodynamic activities of
CNGs. 50 pg mL ™" (in terms of Qu) of Qu-CNGs or CuS/Qu-
CNGs dispersed in 10 mM sodium phosphate buffer (0.5 mL,
PH 7.4) was irradiated with the NIR-II laser, and the tempera-
ture change was recorded over time using a TFC-305A Type K
single-input thermocouple thermometer (Yi Chun Electrics Co.,
Ltd, Taipei, Taiwan).

Typically, the photodynamic performances of Qu-CNGs and
CuS/Qu-CNGs were evaluated through the reaction of AR
(10 puM) with 50 pg mL™" (in terms of Qu) of Qu-CNGs or
CuS/Qu-CNGs dispersed in 10 mM sodium phosphate buffer
(0.5 mL, pH 7.4) in the dark and under photoirradiation at
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ambient temperature for 10 min. Then, 200 pL from each
sample was poured into 96-well microtiter plates to record the
fluorescence intensity at 590 nm upon excitation at 540 nm. 5,5-
Dimethyl-1-pyrroline-N-oxide (DMPO) was employed as a spin
trap to perform electron spin resonance (ESR) spectroscopy
analysis to detect the produced free radicals. The ESR para-
meters are as follows: modulation frequency, 100 kHz; g-factor,
2.00627; modulation amplitude, 0.1 mT; microwave power,
15 mW; microwave frequency, 9.8 gHz; scan range, 100 G; time
constant, 0.328 s; sampling time, 20 ms; receiver gain, 30.

Bacterial cultures and antibacterial assays

Colonies of P. aeruginosa (ATCC 27853), S. aureus (BCRC10781),
E. coli (BRBC 12438), S. enteritidis (BRBC 10744), and MRSA
(ATCC 43300) were plucked and grown in Luria Bertani (LB)
growth media. Each bacterial suspension was incubated at
37 °C until the absorbance at 600 nm reached 1.0 (optical path
length = 1 cm). The bacterial suspension (1.0 mL) was purified
by centrifugation (5000g, 27 °C, 10 min) and washed thrice with
phosphate-buffered saline (PBS, pH 7.4, containing 137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO,, and 2.0 mM KH,POy;
1 mL). Then, 200 pL of the bacterial suspension [1.0 x 10*
colony-forming unit (CFU) mL~ "] was spread over solidified LB
agar plates and allowed to grow overnight at 37 °C for the
colony formation assay.

The MICy, (minimal inhibitory concentration required to
kill >90% of the bacteria population) values were obtained
using the broth microdilution method. The bacterial suspen-
sions [1.0 x 10> CFU mL~"] were first incubated with Qu-CNGs
and CuS/Qu-CNGs in the presence and absence of H,O,
(10 uM) in PBS solution at room temperature for one hour.
Then, each of the mixtures was further incubated with or with-
out NIR-II laser (1064 nm, 0.94 W cm™?) irradiation at room
temperature for 10 min. Finally, 200 pL from each bacterial
solution was spread onto the solidified LB agar plates at 37 °C,
and CFUs were counted manually after incubating overnight.

Antibiofilm activities of CuS/Qu-CNGs

For biofilm inhibition assay, MRSA suspensions (1 X
10° CFU mL ") dispersed in Tryptic Soy Broth (TSB) were
individually incubated with vancomycin (100 ug mL~"; positive
control), Qu-CNGs, and CuS/Qu-CNGs (1.0 pg mL™ ", in terms
of Qu) without and with NIR-II laser irradiation (1064 nm,
0.94 W Cm™?; slightly higher power density was used due to
apparent potency of biofilms) for 10 min in a sterile 96-well flat
bottom plate at 37 °C for 24 h under mild shaking (100 rpm).
After washing three times with 5.0 mM sodium phosphate buffer
(0.2 mL, pH 7.4), as-formed biofilms were fixed using parafor-
maldehyde (~4%) for 20 min before staining with crystal violet
(0.1%, 10 min). Lastly, biofilms were then solubilized in acetic
acid (0.2 mL, 30%) to measure absorbance values at 595 nm.
On the other hand, biofilms of MRSA bacterial cultures (1 x
10° CFU mL ') dispersed in TSB were formed first in a sterile
96-well flat bottom plate (37 °C, 48 h). Mature biofilms were
washed thrice with 5.0 mM sodium phosphate buffer (0.2 mL,
pH 7.4) and then treated with vancomycin (100 pg mL %
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positive control) and 5.0 pg mL ™" (in terms of Qu) of Qu-CNGs
and CuS/Qu-CNGs without and with NIR-II laser irradiation
(1064 nm, 0.94 W cm™?). Post-treatment biofilms were further
incubated for 24 h at 37 °C. After washing three times with the
same buffer, the biofilms were fixed by paraformaldehyde
(~4%) for 20 min, followed by staining with crystal violet
(0.1%, 10 min). Finally, the biofilms were dissolved in acetic
acid (0.2 mL, 30%) and subjected to absorbance measurement
at 595 nm.

Wound healing and histology

The wound healing capacity of the CNGs was investigated using
an MRSA-infected diabetic mouse model. All the animal-related
experimental procedures were in agreement and approved by
the Institutional Animal Care and Use Committee of the
National Laboratory Animal Center (NLAC; Permit No.
IACUC2012-037). A gas mixture of Zoletil (5 mg kg™") and
Xylazine (117 mg kg™') was employed to anesthetize the
BKS.Cg-7™+/+Lepr®®/J (db/db) male mice weighing (ca. ~35 g).
The skin around the dorsal area was trimmed and disinfected
using 70% ethanol before aseptic surgery. Circular-shaped
wounds of diameter ~10 mm were created through incision of
the dorsal skin with sterile surgical scissors. Then, 50 puL of
MRSA suspension [1 x 10® CFU mL "] dispersed in sterile PBS
solution was transferred onto the wound site to induce the
infection, followed by dressing in a sterilized cotton gauze
moistened in PBS to avoid cross-contamination. After 24 h, the
wound site was smeared using a sterile swab and cultured on LB
agar plates for 24 h at 37 °C to confirm the MRSA infection. To
evaluate the in vivo antimicrobial action of as-prepared CNGs,
biofluid from infected wound site untreated and treated with
25 pg mL ™! (in terms of Qu) of Qu-CNGs or CuS/Qu-CNGs in the
absence and presence of NIR-II laser (1064 nm, 1.32 W Cm?)
was swabbed on day 0, 3, 6, 9, 12, 15, and 18 and cultured on LB
agar plates to monitor the bacteria growth through colony
formation assay. In addition, the infection site covered with a
conventional antimicrobial bandage, i.e.,, 3 M, was used as a
control group to determine the relative efficacy of CNGs. Alto-
gether, wound healing was also monitored by capturing the
digital photographs of real-time wound size on days 0, 3, 6, 9,
12, 15, and 18 post-surgeries. The relative wound size was
calculated using the following equation: Relative wound area
(%) = A,/Ay x 100, where 4, and A, are the wound area on day 0
and on the nth day, respectively.

Skin histology and collagen formation in the infectious
wounded tissue were examined by Hematoxylin and eosin
(H&E) and Masson’s trichrome staining, respectively. The tissue
specimen containing the entire wound, including surrounding
healthy skin (dermis and subcutaneous tissue), was surgically
removed and fixed with 10% formaldehyde solution.

Determination of cytokine levels using ELISA

To quantify interleukins (ILs) on the infectious wound site to
monitor inflammatory response, the overdose of anesthesia
euthanized animals and the tissue specimens containing
wounded and surrounding skin area were collected and frozen
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in liquid nitrogen. Upon thawing, the tissue samples
(100 mg mL™") were homogenized in a solution containing
NaCl (400 mM), Tween 20 (0.05%), BSA (0.5%), phenylmethyl-
sulfonyl fluoride (PMSF; 0.1 mM), benzethonium chloride
(0.1 mM), EDTA (10 mM), and aprotinin (20 KI; ~33 pug mL™")
through bath sonication for 30 min. Each of the suspensions was
then centrifuged (15000g, 10 min, 4 °C), and supernatants were
collected to estimate the concentrations of IL-1f, IL-10, and TGF-
B1 using ELISA kits as per the manufacturer’s standard proto-
cols. All samples were assayed in triplicates.

In vitro anti-inflammatory response

Lipopolysaccharides (LPS) induced inflammation in RAW264.7
was employed to investigate the anti-inflammatory response of
as-prepared CNGs through two different sets of experiments.
Briefly, RAW264.7 macrophages (1 x 10> cells per well) in
DMEM (5% FBS) were seeded in a 96-well plate in 5% CO, at
37 °C for 24 h. Then, LPS (1.0 pg mL ') was incubated with the
macrophages for 18 h at 37 °C in the absence and presence of
25 ug mL™" (in terms of Qu) of Qu-CNGs and CuS/Qu-CNGs.
Subsequently, growth media was replaced with DCFH-DA
(100 uM) dye solution to capture bright field and fluorescence
images of cells.

In another study, 25 pg mL™" (in terms of Qu) of Qu-CNGs
or CuS/Qu-CNGs pre-incubated with LPS (1.0 ug mL™") at room
temperature for 6 h were purified using Amicon Ultra Centri-
fugal Filters (UFC800308, Merck KGaA, Darmstadt, Germany)
with a molecular weight cutoff (MWCO) of 10 K. Solutions at
the top were collected after centrifugation (10000g, 10 min,
4 °C) includes LPS, LPS/Qu-CNGs and LPS/CuS/Qu-CNGs,
which were incubated with the RAW264.7 cells for 18 h 5%
CO, at 37 °C to induce inflammation, then replaced with the
fresh DMEM (10% FBS) to further grow for 24 h. Eventually, the
growth media were removed, and DCFH-DA (100 uM) solution
was added into each well and further incubated at 37 °C for
30 min before fluorescence observation. Fluorescence intensi-
ties at 530 nm were recorded with a fixed excitation at 490 nm
using a monochromatic microplate spectrophotometer.

Please see the ESIf for the details on the following contents:
materials, characterization of CNGs, determination of total
phenolic content, enzyme-like activities of CuS/Qu-CNGs, bac-
terial viability assays, ROS assays, bacterium membrane
potential assays, TEM images of bacteria, in vitro cytotoxicity
assays, hemolysis assays, and in vivo biocompatibility.
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