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ARTICLE INFO ABSTRACT

Keywords: Restoring skin integrity after wound infection remains a tougher health challenge due to the uncontrolled
Gold nanoclusters antibiotic-resistant pathogens caused by antibiotic abuse. Herein, an injectable hydrogel with dual antibacterial
Hydrogel

and anti-inflammatory activities composed of gold nanoclusters (GNCs) and carbomer (CBM) is developed for
wound dressing to overcome multidrug-resistant infection. Firstly, both experimental investigations and molec-
ular dynamics simulation validate the protonation state of 6-mercaptohexanoic acid (MHA) ligands play an
important role in its antibacterial action of GNCs. The self-organizing GNCs-CBM composite hydrogel is then
spontaneously cross-linked by the dimeric hydrogen bonds (H-bonds) between the MHA ligands and the acrylic
acid groups of CBM. Benefitting from the dimeric H-bonds, the hydrogel becomes thickening enough as an ideal
wound dressing and the GNCs exist in the hydrogel with a high protonation level that contributes to the enhanced
bactericidal function. In all, by combining bactericidal and immunomodulatory actions, the GNCs-CBM hydrogel
demonstrated excellent synergy in accelerating wound healing in animal infection models. Hence, the dimeric H-
bonds strengthening strategy makes the GNCs-CBM hydrogel hold great potential as a safe and effective dressing
for treating infected wounds.

Wound infection
Hydrogen bond
MRSA

1. Introduction public health challenge [6,7]. Therefore, efficient and safe antibacterial

agents which do not readily develop resistance are urgently needed to

Skin wound repair is a vital process after injury during which it will
face many challenges in restoring skin integrity, where bacterial infection
is one of the trickiest problems to overcome [1,2]. Due to the lack of
integrated skin, bacterial and other pathogens have the capacity to
initiate the surface colonization on wounds, thereby invading the human
body [3,4]. In turn, the open wound with bleeding and exudation pro-
vides a breeding ground for bacteria, which aggravates infection and
leads wound healing to a slow stage [5]. However, due to a long time of
antibiotic ~ abuse,  antibiotic-resistant = pathogens  such as
methicillin-resistant Staphylococcus aureus (MRSA) have become a global
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deal with infections in the ‘post-antibiotic’ era [8,9].

Profiting from the unique physicochemical properties, nanomaterials
can easily contact or penetrate the bacterial cell membrane, hence fully
exerting their strikingly different antibacterial actions [10-12]. In recent
years, quantum-sized ultrasmall nanoparticles, such as nanoclusters,
have received much attention in biomedicine, catalysis, sensing, and
energy conversion [13-16]. Benefitting from the inertness of Aurum,
gold nanoclusters (GNCs) have high biocompatibility and hold tremen-
dous promise for clinical antibacterial applications [17-19]. Xie group
demonstrated that GNCs can generate intracellular reactive oxygen
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species (ROS) and destroy bacterial membrane to kill bacteria, which
showed that the GNCs were emerging as a wide-spectrum bactericide
[20]. Subsequent studies proposed that the antibacterial actions of GNCs
can be varied by adjusting ligand modification [21,22]. Recently, we
demonstrated that the protonation level of para-mercaptobenzoic acid
(pMBA)-capped GNCs can significantly affect their antibacterial abilities
[7]1. Therefore, it is of great importance to search for strategies to opti-
mize the antibacterial potency of GNCs.

Compared to Gram-negative bacteria (Gram™ ), Gram-positive
(Gram™) bacteria are bounded by a thick cell wall composed of multi-
ple peptidoglycan layers and negatively charged polyanionic teichoic
acids [23,24]. Therefore, decreasing the electrostatic repulsion between
the bacterial cell wall and GNCs may improve the antibacterial activity of
GNGs against Gram " bacteria. “Carbomer” is a generic name for a class of
cross-linked high molecular weight polymers of acrylic acid [25]. Among
them, Carbomer 940 provides excellent gel stability, bioadhesive prop-
erty, and rheological property, which has been widely used in clinical
practice and well-accepted by patients [26]. Currently, there are gener-
ally two different thickening mechanisms for carbomer (CBM) hydrogels:
neutralization or H-bonding. Neutralization with inorganic or organic
bases creates negative charges along the backbone, thereby uncoiling the
polymer into an extended structure by the electrostatic repulsion [27]. In
addition to the most common neutralization thickening, H-bonding of
acrylic acid of polymer molecule to the ingredients causes it to uncoil
[28,29]. Based on these theories, we hypothesized that CBM and GNCs
could be held together through the intermolecular dimeric H-bonds be-
tween the 6-mercaptohexanoic acid (MHA) ligand of GNCs and the
acrylic acid groups of CBM. The dimeric H-bonds not only make the CBM
hydrogel thickening as a suitable wound dressing, but also keep the li-
gands of GNCs at a high protonation level to reduce the electrostatic
repulsion from the bacterial cell wall and membrane, thereby improving
their antibacterial properties [30,31].

Recent research has highlighted the importance of controlling
inflammation in treating wound infections [32,33]. Macrophages are an
attractive therapeutic target because they participate in the inflammatory
response in the progress of wound healing. Macrophages display
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pro-inflammatory M1 polarization in early stages of infection and then
transform into the M2 phenotype for enhanced wound repair later [34].
Persistence of inflammatory induced by M1 macrophages may delay
wound healing. Several studies have reported that the gold nanoclusters
exerted a critical role in alleviating the inflammatory response by regu-
lating macrophages polarization in rheumatoid arthritis and spinal cord
injury [35,36]. Therefore, it is necessary to investigate the immuno-
modulatory effect of GNCs on macrophages in the progress of infected
wound healing, which would provide new insight into the development
of wound management strategies.

Herein, with the aid of the dimeric H-bonds between the GNCs and
CBM, we prepared the GNCs-CBM hydrogel to inhibit drug-resistance
bacterial infection for accelerated wound healing (Scheme 1). After
characterizing the rheology, morphology, cell compatibility, antibacte-
rial ability, and immunomodulatory effect of the GNCs-CBM hydrogel
dressing, we found that the as-prepared composite hydrogel demon-
strated outstanding anti-inflammatory and bactericidal effects in vitro.
Moreover, the results of wound contraction rate, bacterial count, histo-
pathological examinations, immunohistochemical and immunofluores-
cence stainings further corroborated the conspicuous acceleration of the
infected wound healing in vivo. Thus, these results indicated that the
GNCs-CBM hydrogels showed great clinical potential as an ideal dressing
for infected wound treatment.

2. Materials and methods
2.1. Materials

Gold (I11) chloride trihydrate (HAuCl4e3H20, 99%), sodium borohy-
dride (98%), methanol (99.9%), and ethanol (99.8%) were obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The
chemical compounds of 6-mercaptohexanoic acid (MHA, 90%),
Carbomer 940 (CAS. NO: 76050-42-5) were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China). Methicillin-resistant Staphylococcus
aureus (MRSA, ATCC 43300) was obtained from the Department of
Microbiology Laboratory, Shanghai Jiao Tong University Affiliated Sixth
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Scheme 1. Schematic diagram illustrating GNCs-CBM hydrogel for multi-drug resistant bacterial infected wound healing. (a) The GNCs-CBM hydrogel was cross-
linked by the dimeric H-bonds between MHA-GNCs and CBM-940. (b) The GNCs-CBM hydrogel eradicated multi-drug resistant bacteria and ameliorated the in-
flammatory microenvironment aroused by infection, which contributed to accelerating wound healing in vivo.
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People's Hospital. The CCK-8 reagent was purchased from Dojindo Mo-
lecular Technologies (Kumamoto, Japan). Rhodamine-labeled phalloidin
was purchased from Yeasen Biotechnology Co., Ltd. (Shanghai, China).
Tryptic soy broth was purchased from Solarbio Science & Technology
Co., Ltd. (Beijing, China). LIVE/DEAD Baclight bacterial viability kit and
Baclight bacterial membrane potential kit were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). All chemicals were used directly
without additional purification.

2.2. GNCs synthesis and characterizations

MHA-GNCs were synthesized according to previously published
procedures [7]. The MHA ethanol solution (0.1 M) and HAuCl, aqueous
solution (50 mM) were mixed in water to form the white Au(I)-MHA
complexes, which were dissolved in NaOH (1 M, 0.5 mL). Then, NaBH4
solution (150 mM) was added to the mixture and added additional
NaOH. Later, the above reaction mixture was stirred quickly for 3 h at
room temperature. After adding the NaCl and ethanol, the final product
was collected by centrifugation. The product was redissolved in water to
get water-soluble Aujs(MHA);g nanoclusters. The precipitated nano-
clusters were separated by centrifugation at 6000 g for 3 min and washed
with double distilled water three times to remove NaCl. The prepared
GNCs were then dispersed in water for future experiments.

2.3. Well-tempered metadynamics simulations of molecule—membrane
systems

The POPE/POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine/phosphoglycerol) (3:1) lipid bilayer was selected as model of
Gram-positive bacterial membrane. The bilayer membrane is composed
of 24 POPE lipids and 8 POPG lipids. The initial structure and topology of
pure lipid bilayer were created by using the CHARMM-GUI Membrane
Builder (http://charmm-gui.org/) [37,38]. To obtain equilibrated sys-
tem, pure POPE/POPG (24:8) lipid bilayer was simulated for 300 ns and
the last snapshot was used as the initial structure for molecule-
—membrane system. Each molecule—membrane system contains single
MHA-COOH or MHA-COO™ molecule, which was placed approximately
2 nm above the surface of the bilayer models with parallel orientation.

2.4. Production of GNCs-CBM hydrogel

For preparation of GNCs-CBM hydrogel, 1 g Carbomer 940 was added
to 100 mL deionized distilled water to get 1% (w/w) carbomer hydrogel
after standing overnight. Then, GNCs (8 mg) were dispersed in hydrogel
with gently stirring to get evenly distributed GNCs-CBM hydrogel.
Finally, after adjusting the pH of hydrogels with triethanolamine solu-
tion, GNCs-CBM hydrogel and Blank-CBM hydrogel (not doped with
MHA-GNCs) were stored at 4 °C for future use.

2.5. Characterization of GNCs-CBM hydrogel

The surface morphologies of GNCs-CBM hydrogel and Blank-CBM
hydrogel were examined by scanning electron microscopy (JSM-7800F,
JEOL, Japan). The rheological properties of GNCs-CBM hydrogel and
Blank-CBM hydrogel were analyzed using Discovery Hybrid Rheometer
(DHR-2, TA Instruments, USA). The strain amplitude sweep test was
conducted with strain amplitude ranging from 0.1 to 100% at a constant
frequency of 1 Hz. Frequency sweeps were taken at a constant strain of
1% from 0.1 to 10 Hz.

2.6. Bacterial strains and growth

In our experiments, MRSA was cultured in fresh tryptic soy broth
(TSB) medium. A single colony of bacteria was subcultured in TSB at 37
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°C and 250 rpm overnight. Bacteria in the logarithmic growth phase was
adjusted to obtain a bacteria count of ~108 CFU/mL (equivalent to 0.5
McFarland scale) for next use.

2.7. Bacterial colony counting assay

The obtained diluted bacteria liquid was diluted with TSB and mixed
with hydrogels. After an incubation of 12 h at 37 °C and 250 rpm, the
mixture was diluted 1 x 10*fold with PBS, and 100 pL of the diluted
bacterial solution was evenly spread onto the sheep blood agar (SBA)
plate. The numbers of bacterial colonies in the plate were quantified after
incubation upsetting down at 37 °C for 24 h. And the bacterial counts per
milliliter of bacterial solution were calculated. The bacterial viability can
be evaluated with the following equation:

N(’S
Bacterial Viability (%) = —< x 100 (¢))
ctrl
In this equation, N is the number of colonies in the control group
and Np is the number of colonies in the experimental group. All ex-
periments were performed 3 times.

2.8. Bacterial proliferation curve test

The overnight cultured MRSA liquid was diluted 100-fold with fresh
TSB medium at different pHs (pH 5.4 or 7.4) and added to the 96-well
plates cultured with or without MHA-GNCs at 37 °C. At different time
points (0, 2, 4, 6, 8, 10, and 12 h), the ODg( value of each hole was
measured to draw the growth curves.

2.9. Bacterial viability live/dead stain

The co-cultured bacterial solution was prepared for staining with
LIVE/DEAD Baclight bacterial viability kit. In brief, the centrifuged
bacteria were resuspended with 1 mM SYTO-9 and PI which were diluted
with PBS. After that, the mix was incubated at 37 °C for 30 min. Next, the
collected bacteria were washed and resuspended with PBS. Then, the
stained bacterial solution was dropped on the slides, which were viewed
with the confocal microscope after mount coverslips.

2.10. Transmission electron microscopy analysis of bacteria

To specify the interaction between GNCs and MRSA, their micro-
structure analysis was characterized by transmission electron microscopy
(TEM). The former bacterial was mixed with hydrogels incubation at 37
°C and 250 rpm for 12 h, and the untreated group was prepared as
control. The following steps are carried out in sequence. The samples
were fixation in 2.5% glutaraldehyde. Then, the fixed bacterial were
washed 3 times with PBS (0.1 M, pH = 7.0) for 15min each, followed
postfixed with 1% OsO4 (osmium tetroxide) for 90 min. The samples
were then dehydrated with graded ethanol (30, 50, 70, 80, 90, 95, and
100% [v/v]) for 15 min each. Later, samples were treated with acetone
for 20 min, the samples were embedded in epoxy resin to prepare ul-
trathin sections. After being stained with lead citrate-uranyl acetate by
standard methodology, the ultrathin sections were observed in the JEM-
2100F field emission TEM (JEOL, Japan).

2.11. Measurement of bacterial membrane potential

Baclight bacterial membrane potential kit was used according to in-
structions to measure bacterial membrane potential. In brief, 10 pL
cultured MRSA were diluted 1:100 in fresh TSB medium and mixed with
GNCs-CBM hydrogel cultured for 12 h. Then bacteria were stained with
3,3'-diethyloxacarbocyanine iodide (DiOCy(3)). Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) was added to depolarize the membrane
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as the positive control group. Dithiothreitol (DTT) played an anti-oxide
role in the test. After incubation for 30 min, the samples were analyzed
by flow cytometer (Beckman Coulter, Brea, CA, USA).

2.12. Antibiofilm assay

We diluted the obtained fresh bacteria liquid 100-fold with TSBG
(TSB with 0.25% glucose) and the diluted bacteria were added in a
confocal dish (diameter 15 mm, Nest) mixed with GNCs-CBM hydrogel.
After incubation at 37 °C for 24 h, biofilm formation was determined by
crystal violet staining. After discarding the medium, PBS was slightly
added to wash away the planktonic bacteria. Biofilms were dried for
20min in the air after being fixed in methanol. Then, the biofilms were
stained with 0.5% crystal violet. The stain dye was removed after 20 min
and each dish was washed twice with PBS. The stained biofilms were re-
solubilized in 33% ethanoic acid and measured at ODss5p using the
microplate reader.

2.13. Invitro cytocompatibility of hydrogel

HUVEC, 1929 and RAW 264.7 were cultured in high-glucose DMEM
(Sercicebio) containing 10% fetal bovine serum (Gibco) and 1% peni-
cillin/streptomycin (Sercicebio). In the 96-well plates, cells were seeded
with a density of 8000 cells per well. After culturing for 24 h, GNCs-CBM
hydrogel or the equal volume of Blank-CBM hydrogel was added to the
complete growth medium. The cell viability of GNCs-CBM hydrogel was
evaluated by CCK-8 assay after culturing 24, 48, and 72 h.

2.14. In vitro influence of hydrogel on cell morphology

After culturing in confocal dishes for 48 h, 1929 and HUVEC cells
were immunofluorescence stained by FITC-Phalloidin and DAPI to
visualize the cell morphology. The adherent cells on the confocal dishes
were washed 3 times using PBS and fixed with 4% paraformaldehyde for
15 min. Then, cells were treated with 0.1% Triton X-100 for membrane
permeabilization. Finally, the nucleus and cytoskeleton were stained by
DAPI and FITC-Phalloidin. Cell morphology was visualized by confocal
microscope.

2.15. Hemostatic ability of hydrogels

Fresh blood was obtained from BALB/c mice and heparinized to
protect the blood from clotting. Plasma was centrifuged at 1500 rpm at 4
°C for 10 min to isolate red blood cells (RBCs). The obtained RBCs were
washed by PBS 3 times until the supernatant became transparent. 100ul
of RBC suspension was diluted to 1000 mL in the 1.5 mL EP tube with
different treatments. Cellular lysis with Triton X-100 served as the pos-
itive control and normal saline served as the negative control. After
incubating at 37 °C for 1 h, the mixes were centrifuged at 1500 rpm at 4
°C for 10 min 100 mL of supernatant from each tube was analyzed to
verify the hemolysis rate using a microplate reader at 545 nm. The he-
molysis rates were calculated as the following equation:

. ODy;s — ODyye,
Hemolysis Rate (%) = m x 100 (2)

In this equation, OD is the value of the test group, OD,s is the value
of Triton X-100 group, and ODp is the value of the normal saline. All
experiments were performed 3 times.

2.16. Animals and treatments

All animal experiments were performed in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by Shanghai Jiao Tong University Affiliated
Sixth People's Hospital. Six-week-old male BALB/c mice were randomly
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divided into three groups and established full-thickness excisional cuta-
neous wounds (8 mm in diameter) on the back. 10 pL of bacterial sus-
pension with a concentration of 1.0 x 10® CFU/mL were added to the
wound. After the liquid was fully absorbed, three groups were respec-
tively treated with normal saline, Blank-CBM hydrogel, and GNCs-CBM
hydrogel. Then, animals were covered with Tegader Film (3 M, USA)
for 24 h. On day 3, 7 and 12, we observe the infection status and healing
progress of the wound and take the photos to record the results. Wound
healing rates were calculated as the following equation:

Sa - Sr

o

Wound healing rate (%) = x 100 3)

where S, indicated the original size of the wound and S, represented the
size of wounds at the indicated times. At the time of tissue collection (day
7, day 14), animals were euthanasia by injected sodium pentobarbital
overdose. The infected wounds with adjacent skin tissues were retrieved
for histology stain.

2.17. Bacteria counting of infected tissue

Briefly, equal amounts of wound tissues (1 g) of each group were
prepared with a tissue homogenizer and diluted 100 times using PBS.
Then, 100 pL of diluted homogenates was used for plating and subse-
quent counting.

2.18. Histological analysis

The collected specimens were fixed with 4% paraformaldehyde for
24 h, and then tissues were embedded in paraffin and sectioned serially
at 5 pm. These slides were subjected to H&E staining for routine analysis.
As for some special analysis, Giemsa staining was used to verify the re-
sidual bacteria in sections. Immunohistochemical staining of TNF-a and
CD31 were used to measure inflammatory response and neo-
vascularization level. Immunofluorescence staining of CCR7 and Arg-1
were used to examine macrophages polarization [39,40]. Immunofluo-
rescence staining of CD31 and a-SMA were used to examine the level of
angiogenesis [41]. The application of Masson's staining could evaluate
the level of collagen deposition. The sections were observed with an
inverted microscope (DMi8, Leica Microsystems, German) for quantita-
tive analysis.

2.19. Statistical analysis

All data were obtained from at least three replicate experiments and
analyzed with the Student's t-test in the GraphPad Prism 8.0.1 (La Jolla,
CA, USA). The data were shown as mean & SD (n = 3 or 5), and a dif-
ference of *p < 0.05 was considered statistically significant. All error bars
represented the standard deviations.

3. Results and discussion
3.1. Evaluation of bactericidal properties of MHA-GNCs

Firstly, the MHA-GNCs were synthesized according to previously
published procedures [7]. As shown in the UV-vis spectrum (Fig. 1a), the
MHA-GNCs demonstrated the characteristic absorption peaks of
Auys(MHA) g nanoclusters with a broader band at 670 nm and two
shoulder peaks at 400 and 450 nm [42]. Furthermore, by electrospray
ionization mass spectrometry (ESI-MS), we observed the most intense
peak at m/z ~ 2523 in the range of 2000-3000, which can be assigned to
[Au25(MHA)18—3H+]3’ species (Fig. 1b). The ESI-MS result was consistent
with the molecular weight of Auys(MHA);g nanoclusters. TEM image
demonstrated that the average core size of MHA-GNCs was around 1.8
nm (Fig. 1c). The protonation/deprotonation state of the ligands at
different pH values was additionally confirmed with the
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Fig. 1. Characterization and bactericidal properties of MHA-GNCs. (a) UV-vis spectrum of the Au,s(MHA);g nanoclusters. Inset is the diagram depicting the molecular
structure of Auys(MHA);g nanocluster. (b) Negative-mode ESI-MS spectrum of Aups(MHA); g nanoclusters. Inset is the simulated and experimental isotope patterns for
the 3" species. (¢) TEM image of MHA-GNCs. Scale bar, 50 nm. (d) pH-dependent FTIR spectra of MHA-GNCs in solid phase. Dashed red, green, and blue bands stand
for the positions of protonated -COOH groups, v,s and v; stretching modes of deprotonated—COO™ groups, respectively. Dashed orange bands represent the stretching
modes of ~-CH, groups. (e) Bacterial viability of MRSA in presence of MHA-GNCs with different concentrations. (f) Proliferation curves of MRSA cultured with or
without MHA-GNCs at different pHs (pH 5.4 or 7.4). (g) Ultrastructure observation of MRSA. Red and blue arrows point at the cell wall (CW) and cytoplasmic
membrane (CM), respectively. Red triangles indicate the cells with broken CW and CM. Scale bar, 200 nm.

Fourier-transform infrared (FTIR) spectroscopy, the protonation state in
aqueous solution was preserved when the MHA-GNCs was dried. As
shown in Fig. 1d, the reliably identified of a strong, broad band close to
1634 cm™?, assigned to the C=0 stretching vibration mode of -COOH
groups, is indicative of the protonated carboxylic acid groups of MHA
ligand when the MHA-GNCs at pH 4.0. With increasing pH values, the
absorption of -COOH groups became weaker, which was accompanied
by the strikingly increase in the asymmetric (v,s) and symmetric (vs)
stretching modes of the -COO™ group at 1554 and 1404 cm ™, respec-
tively [43,44]. In the fully deprotonated states of MHA-GNCs at pH 12.0,
this signal attributed to ~-COOH groups was only faintly observed. The
band at 2926 and 2851 cm ™! associated with the v, and v, stretching
vibrations of CHy groups of MHA ligands [45].

The protonation/deprotonation state of the ligands determines the
macroscopic amphiphilic nature and surface charge of the MHA-GNCs,
which would affect their bactericidal performance. In this study, we
employed the MRSA strain, one of the most common obstinacy bacteria
in infected wounds, to evaluate the antibacterial activity of GNCs. The
GNCs exhibited antibacterial capability even at a low concentration
(Fig. 1e). Besides, it is necessary to verify whether keeping GNCs at a

higher protonation level with less negative charge is beneficial for their
antibacterial activities. To test our hypothesis, bacteria were cultured
with GNCs in TSB mediums at two different pH values (5.4 and 7.4),
achieving two different protonation levels (high and low) of MHA ligands
for bactericidal tests [46]. Interestingly, proliferation curves demon-
strated that the antimicrobial activity of GNCs against MRSA at acidic
conditions (pH 5.4) is much higher than that found at neutral pH (pH 7.4)
(Fig. 1f), most likely due to the increased hydrophobicity with more li-
gands protonated [47], which is in accord with the protonation states of
ligands at different pH values revealed by the FTIR spectra in Fig. 1d.
Therefore, keeping the MHA ligands of GNCs at a high protonation level
will help to exert the bactericidal effects. Furthermore, visual inspection
of GNCs-induced MRSA cellular damage was evaluated by TEM. As
shown in Fig. 1g, compared to the untreated MRSA with a smooth and
intact cytoplasmic membrane surrounded by thick cell walls, the MRSA
treated with GNCs appeared visibly lysed with damaged cell wall and
membrane.

To more precisely establish the essential role of carboxylic groups in
the antimicrobial activity of GNCs, we performed metadynamics simu-
lations and molecular dynamics simulations to elucidate the molecular
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Fig. 2. Molecular simulation study of the molecular basis of antibacterial activity. (a) One dimensional free energy for MHA-COOH and MHA-COO™ as a function of
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shown as yellow spheres. The lipid tails are shown as thin gray lines. Water is shown as red (oxygen) and gray (hydrogen) cylinders. (d) Deuterium order parameter
(Scp) profiles calculated for the Sn-land Sn-2 acyl chains in the pure bilayer and the MHA molecule—bilayer systems.

basis of this mechanism. For computational simplicity, only the molecule
(MHA)-membrane systems were used. Fig. 2a shows the one-dimensional
free energy (AG) of translocating two MHA molecules into the POPE/
POPG (3:1) bilayer (model of Gram-positive bacterial membranes) along
the z-directional distance between the center of the molecule and that of
the bilayer. As shown in the free energy profiles (FEPs), one main dif-
ference between these two molecules is the location of the free energy
minimum. The energy minimum of the MHA-COOH is located around
1.4 nm with the value of —13.0 kJ/mol. Comparatively, the energy
minimum of the MHA-COO™ is located around 2.2 nm with the value of
—4.9 kJ/mol. The binding free energies of MHA-COOH-bilayer and
MHA-COO™ -bilayer for two molecules at the energy minimum are
calculated by using g mmpbsa [48]. The calculated binding free energies
of MHA-COOH-bilayer and MBA-COO ™ -bilayer are —38 + 8 and 118 +
34 kJ/mol (Table S1), respectively. To further explore these results, the
binding free energy was decomposed into individual energies. The sum of
van der Waals interactions and nonpolar solvation energies of MHA--
COOH-bilayer and MHA-COO -bilayer are —62 + 9 and —9 + 2 kJ/mol
(Table S1), respectively. However, the electrostatic contribution (the sum
of electrostatic interaction energy and polar solvation energy) of

MHA-COOH-bilayer and MHA-COO™ -bilayer are 24 + 8 and 127 + 25
kJ/mol, respectively. The electrostatic contribution was more unfavor-
able for MHA-COO™ -bilayer system than MHA-COOH-bilayer system.

As indicated in Fig. 2b, differences in electrostatic potential (ESP)-
mapped electron density of the carboxyl-terminal ligands highlight the
importance of protonation state of the ligands. Molecular dynamics
simulations further revealed that the short-range H-bonding play vital
roles in steering the MHA ligand toward the negatively charged mem-
branes (Fig. 2c). Bacterial membranes have been identified as the major
targets for the activity of most antibacterial molecules. Therefore, the
deuterium order parameters (Scp) of the acyl chains were calculated in
both pure POPE/POPG (3:1) lipid bilayers and the molecules—membrane
systems. As depicted in Fig. 2d, the order of acyl chains in all the mole-
cules—membrane systems was decreased compared to pure POPE/POPG
(3:1) membrane. For the simulations of molecules at the energy mini-
mum, there was a big difference of the Scp between MHA-COOH and
MHA-COO™. The order is MHA-COO~ < MHA-COOH. The results indi-
cated that MHA-COOH can induce further disordering relative to the
MHA-COO™.
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3.2. Preparation, characterization, and biocompatibility assessment of
GNCs-CBM hydrogel

After synthesizing the MHA-GNCs, a simple and convenient approach
has been developed to prepare injectable GNCs-CBM hydrogel via self-
organizing blend of GNCs and CBM hydrogels. The nanocomposite
hydrogel was more viscous and possessed brown color due to the content
of GNCs (Fig. 3a). The scanning electron microscope (SEM) images of the
freeze-dried GNCs-CBM hydrogel showed that electron-dense rough ag-
gregates were evenly distributed on the porous wall of the hydrogel, but
the blank carbomer (Blank-CBM) hydrogel was smooth without any ag-
gregates (Fig. 3b), which indicated that GNCs aggregates were uniformly
distributed within the hydrogel. Rheological experiments were carried
out to assess the viscosity change of hydrogels. The result of amplitude
sweep test demonstrated the higher storage modulus (G’) than loss
modulus (G”) (Fig. 3c), which confirmed the gel-like viscoelastic
behavior of GNCs-CBM hydrogel. As shown in Fig. 3d, the GNCs-CBM
hydrogel displayed higher modulus than the Blank-CBM hydrogel, indi-
cating the formation of a stronger hydrogel. Thus, it is reasonable to
assume that the presence of carboxylic groups in the GNCs could bring
about additional dimer H-bonding interactions with hydrogel, which
affects the final rheological properties of the hydrogel.

Good biocompatibility of hydrogels is the primary prerequisite for
their clinical applications. The biocompatibility of the GNCs-CBM
hydrogel was evaluated in HUVEC (vascular endothelial cells), L929
cells (fibroblasts) and RAW264.7 cells (macrophages) using CCK-8
cytotoxicity assay. The results demonstrated that insignificant toxicity
of GNCs-CBM hydrogel was observed with Balnk-CBM hydrogel, GNCs-
CBM hydrogel or GNCs (Fig. S1). Subsequently, hemolysis experiments
were carried out to evaluate the blood compatibility of hydrogels. After
co-incubating for 1 h, insignificant hemolysis of fresh blood occurred in
all groups (Fig. S2). Furthermore, tetramethyl rhodamine isothiocyanate
(TRITC) phalloidin staining showed that cells could attach to the surface
with typical normal morphology when treated with GNCs-CBM hydrogel,
where no obvious changes of actin cytoskeleton could be found (Fig. S3).

Blank-CBM
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Besides, the expression of HUVEC activation markers (including P-and E-
selectin), which contribute significantly to neutrophil recruitment and
promote the vicious circle of inflammation [49,50], were evaluated to
explore the impact of different treatments on the functions of HUVEC.
The quantitative real-time PCR (qRT-PCR) results in Fig. S4 demon-
strated that the MHA-GNCs and GNCs-CBM hydrogel induced the
down-regulations of SELP and SELE mRNA expressions in HUVEC, indi-
cating the limited inflammatory activation in the endothelial cell. Hence,
GNCs-CBM hydrogel exhibited outstanding biocompatibility.

3.3. Invitro antibacterial activity of GNCs-CBM hydrogel

To confirm the in vitro antibacterial activity of GNCs-CBM hydrogel,
the colony formation counts in plates were recorded with dilution sep-
aration methods (Fig. 4a). The Blank-CBM hydrogel showed no bacteri-
cidal activity (Fig. 4b). By contrast, the GNCs-CBM hydrogel
demonstrated an excellent bactericidal activity with only 8.89 + 1.11%
bacteria were survival, which was even more effective than only GNCs
treatment (17.13 + 2.24%). Furthermore, the live/dead staining was
performed with live bacteria stained green (SYTO9) and dead bacteria
stained red (propidium iodide, PI). As shown in Fig. 4c, the GNCs-CBM
hydrogel group exhibited widely spread red fluorescence. In contrast,
the control group and Blank-CBM group showed intense green fluores-
cent signal. Then, the stained bacteria were further quantitatively
analyzed with flow cytometer (Fig. 4d). The results showed that PI-
positive rates of the groups were 0.53 + 0.11% (Blank-CBM), 88.83 +
1.40% (GNCs-CBM), 80.98 + 1.44% (GNCs), respectively (Fig. 4e).
Altogether, these data demonstrated the enhanced bactericidal activity of
GNCs-CBM hydrogel. It is well known that biofilm was mainly composed
of the self-secreted extracellular matrix, which acted as the parclose for
inhibiting antibiotic penetration and induced the bacteria rapidly
develop drug-resistance [51]. We next evaluated the biofilm inhibition
and elimination effects of these hydrogels by using crystal violet staining
assay (Fig. 4f). The ODss¢ values indicated the amounts of biofilms bio-
masses (Fig. 4g) [52]. Among all the groups, the GNCs-CBM hydrogel
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Fig. 3. Characterization of GNCs-CBM hydrogel. (a) Representative photographs of Blank-CBM hydrogel and GNCs-CBM hydrogel that placed after 1 h. (b) SEM
images of freeze-dried Blank-CBM hydrogel and GNCs-CBM hydrogel. Scale bar, 20 pm. (c) Amplitude sweep test of GNCs-CBM hydrogel. (d) Frequency sweep test of

Blank-CBM hydrogel and GNCs-CBM hydrogel.
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group exhibited the lowest ODssg values (29.17 + 4.88%), which hydrogel via testing bacterial membrane potential [53]. The cyanine dye

demonstrated the best antibiofilm activity. Thus, the combination of DiOC2(3) could exist in all bacterial cells and emit green fluorescence.
CBM hydrogel and GNCs showed a synergistic antibiofilm effect. While, due to the formation of aggregates in the polarized bacterial
To clarify the bactericidal mechanism of GNCs-CBM hydrogel, we membrane, this dye exhibits red-shifts in the fluorescence emission in

subsequently validated the membrane destruction of GNCs-CBM intact bacteria. CCCP played as positive control which could depolarize
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the membrane potential, while DTT played as a reducing reagent which
could reverse the effects of produced ROS [54]. As shown in Fig. S5, the
GNCs-CBM group presents an obvious membrane potential decrease
similar to that of the CCCP group, which indicated the destruction of
membrane and was congruent with our above results. When bacteria
were treated with DTT and GNCs-CBM hydrogel, the membrane potential
was recovered due to the reducing environment created by DTT. Thus,
GNCs-CBM hydrogel-induced ROS generation has been one of the main
reasons for the antibacterial effect.

3.4. In vitro imnmunomodulatory effects of GNCs-CBM hydrogel

We subsequently investigate the effects of the GNCs-CBM hydrogel to
modulate the phenotype and function of macrophages using RAW 264.7.
As shown in Fig. 5a, Western blotting analysis was used to detect influ-
ence in the expression of polarization relevant proteins such as CD86 (M1
phenotype marker) and CD206 (M2 phenotype marker) [55]. The rela-
tive quantitative results in Fig. 5b demonstrated that the expression of
CD86 was inhibited while the expression of CD206 was activated after
the GNCs-CBM hydrogels treatment, indicating a shift toward M2
macrophage polarization. These results were consistent with our
qRT-PCR results (Fig. S6) and flow cytometry result (Fig. 5¢). In addition,

CD86
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we verified the potential of the composite hydrogels on the polarization
of macrophages by immunofluorescence staining with another pair of
markers, CCR7 (M1 marker) and Arg-1 (M2 marker). As shown in Fig. 5d,
the GNCs-CBM group showed higher expression of CCR7 (green) and
lower expression of Arg-1 (red) than the Blank-CBM group, indicating the
critical regulatory function of composite hydrogel in inducing
anti-inflammatory M2 polarization.

Subsequently, based on the pivotal role of M2-polarized macrophages
in wound angiogenesis, we detect the expression level of proangiogenic
cytokines, such as VEGF and PDGF [56,57]. As shown in Fig. S7, The
Vegfa and Pdgfb gene expression in the MHA-GNCs group and the
GNCs-CBM group were notably upregulated in comparison with the
control group and the Blank-CBM group, which indicated that
MHA-GNCs can promote angiogenesis. These results demonstrated the
GNCs-CBM hydrogel exerted anti-inflammatory and immunomodulatory
effects.

3.5. Invivo anti-infection and wound healing effects of GNCs-CBM
hydrogel

Bacterial infected wounds are common after injury due to the lack of
the protection of skin. In this research, we designed the GNCs-CBM
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hydrogel as wound dressing for preventing and treating wound infection.
To verify the therapeutic effects in vivo, we tested the performance of the
hydrogels in infected wound healing in BALB/c mice (Fig. 6a). At the
indicated time point (day 0, 1, 3, 7, and 14), the healing progress of the
infected wounds was recorded by digital photos (Fig. 6b). The GNCs-CBM
group presents the most obvious accelerated wound closure result by
comparing the relative wound areas (Fig. 6¢). It is worth noting that the
areas of wound contraction treated by GNCs-CBM hydrogel was 15.31 +
2.68% on day 7, but the control group even took twice as long to achieve
similar results (16.01 + 2.53%, on day 14) (Fig. 6d). At the early (day 7)
and late (day 14) post-treatment points, the cutaneous samples around
the wound were stained for further analyses.

As shown in Fig. 6e, the H&E staining result indicated that the
damaged dermis and epidermis were regenerated under the scab. Among
all the groups, the wound treated with GNCs-CBM hydrogel (61.87 +
4.78%) presented a significantly wider range of epithelial proliferation
under the scab than that of control (27.30 £+ 4.59%) and Blank-CBM
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group (26.95 + 5.55%) (Fig. 6f). Granulation tissue is mainly
composed of fibroblasts and capillaries where fibroblasts are involved in
tissue repair post-injury and capillaries delivered growth factors. The
thickness of the granulation tissue in the GNCs-CBM group (549.3 +
39.35 pm) was much thicker than that of other groups (183.91 + 15.24
pm, control group and 194.90 + 25.33 pm, Blank-CBM group) (Fig. 6g),
which is a sign of better wound healing. Besides, bacteria in sections were
monitored by Giemsa staining, which revealed that bacteria were only
scarcely seen in the GNCs-CBM group (Fig. S8). Moreover, the variation
tendency of CFU counts of wound tissues homogenates was consistent
with the results of Giemsa staining (Fig. 6h). Quantitatively, the GNCs-
CBM group exhibited an average 20-fold decrease in CFU when
compared with the Blank-CBM group (Fig. 6i).

This fast wound healing may be attributed to the excellent antibac-
terial effect of GNCs-CBM hydrogel. Additionally, to investigate the in
vivo safety of GNCs-CBM hydrogel, the main organs of mice were
collected and sliced for H&E staining at the end of the experiment. The
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results showed that there was no obvious tissue damage or inflammatory
lesion observed in all major organs (Fig. S9). Thus, GNCs-CBM is a highly
promising wound dressing with excellent biocompatibility.

3.6. In vivo therapeutic evaluation with GNCs-CBM hydrogel

Subsequently, we evaluated the level of inflammation and angio-
genesis in the wound area after treatment. The expression levels of tumor
necrosis factor-alpha (TNF-a), a critical inflammatory mediator during
wound healing, were evaluated by immunohistochemical assay (Fig. 7a).
The staining result in Fig. 7b showed that the GNCs-CBM group had the
lowest expression level of TNF-a among all the groups, which suggested
minimal inflammatory response in GNCs-CBM group. Furthermore, the
extent of neovascularization was assessed by staining with CD31, a pan-
endothelial marker to evaluate the degree of vessel formation. (Fig. 7c).
The result demonstrated that the new-born microvascular area ratio of
GNCs-CBM group was more than 10-fold higher than those of all other
groups (Fig. 7d). Thus, due to the lack of therapeutic neovascularization,
the Blank-CBM group and the control group showed impaired wound
healing process.

The suppressed inflammatory response and accelerated angiogenesis
in the wound after treatment reminded us the immunomodulatory effects

a Control Blank-CBM
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of GNCs-MHA hydrogel on macrophages polarization. Generally, mac-
rophages undergo a transition from a pro-inflammatory ‘M1’ state to an
anti-inflammatory ‘M2’ state in the wound healing progress [58]. The
appropriate timing of inflammation and its resolution in the wound
healing response is essential to proper wound closure, with persistent
inflammation inducing delayed wound healing [59]. Thus, to investigate
the possible effect of GNCs-CBM hydrogel on macrophage polarization in
vivo, wound tissues were double stained with CCR7 (green) and
Arg-1(red) immunofluorescence to assess the M1/M2 macrophage po-
larization pattern. As shown in Fig. S10, the proportion of M2 macro-
phages was significantly improved by GNCs-CBM hydrogel relative to the
other groups on day 3, which means that the wound healing has con-
verted the inflammatory phase into the repair phase at an early time. In
addition, the GNCs-CBM group exhibited extensive M2 macrophages
infiltration compared with the control group and the Blank-CBM group
on day 7 (Fig. 7e). The quantitative results in Fig. 7f supporting our
previous conclusion that the immunomodulatory effects of the
GNCs-CBM hydrogel played a key role in the wound healing process.
Thus, the outstanding wound healing properties of GNCs-CBM
hydrogel can be explained by these two factors. On one hand, GNCs-
CBM hydrogel with excellent bactericidal property effectively reduces
the level of inflammation caused by bacteria. On the other hand, we
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uncovered that GNCs-CBM hydrogel could induce M2 macrophage po-
larization for resolving inflammation in the early phase of healing and
facilitates the transition of the wound into the subsequent proliferative
phase.

The Masson staining of the GNCs-CBM group presented significantly
more regenerative dense collagen fibers depositing on day 14 compared
with that of Blank-CBM and control groups, which were presented with
loosened collagens (Fig. 8a). As shown in Fig. 8b, the percentage of
collagen deposition area in GNCs-CBM group (67.99 + 1.36%) was sta-
tistically significantly higher than that of control group (38.08 + 5.90%)
and Blank-CBM group (37.71 + 6.50%). Epidermal thickness at the
center of the wound increased significantly in the GNCs-CBM hydrogel
groups (47.15 + 1.93 pm) compared with that of Blank-CBM group
(23.17 + 2.64 pm) and control group (26.67 + 3.92 ym) (Fig. 8c). Be-
sides, the GNCs-CBM group possessed substantial higher blood vessel
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densities at the late stages of wound healing (Fig. 8d), which was sup-
ported by the quantitative result of double immunofluorescence staining
with CD31 and a-SMA (Fig. 8e). All the above results suggest that GNCs-
CBM hydrogel can be potentially used for infected wound therapy in vivo.

4. Conclusion

In conclusion, the injectable self-organizing GNCs-CBM hydrogel
crosslinked by dimeric H-bonds was prepared to overcome the predica-
ment of infected skin wounds healing. The synthesized MHA-GNCs with
the amphiphilic feature played both 1) a structural role in hydrogen
bonding with the carbomer to increase the viscosity of the hydrogel as an
ideal wound dressing, and 2) a functional role in providing excellent
bactericidal activity and anti-inflammatory property for accelerating
wound healing. Infected wound healing experiments verified the
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excellent anti-infection and immunomodulatory activities of GNCs-CBM
hydrogel, which markedly potentiated the wound closure process and the
deposition of collagen. These results verify our strategy of increasing the
antibacterial activity of GNCs by keeping them at a high protonation
level. We envision that the GNCs-CBM hydrogel with antibacterial and
immunomodulatory function has a promising prospect as a wound
dressing for infected wound healing.
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