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Background: Multidrug-resistant staphylococcus aureus infected wounds can lead to nonhealing, systemic infections, and even death.
Although advanced dressings are effective in protecting, disinfecting, and maintaining moist microenvironments, they often have
limitations such as single functionality, inadequate drug release, poor biosafety, or high rates of drug resistance.

Methods: Here, a novel wound dressing comprising glycyrrhizic acid (GA) and tryptophan-sorbitol carbon quantum dots (WS-CQDs)
was developed, which exhibit synergistic and long-lasting antibacterial and anti-inflammatory effects. We investigated the character-
ization, mechanical properties, synergistic antibacterial effects, sustained-release properties, and cytotoxicity of GA/WS-CQDs
hydrogels in vitro. Additionally, we performed transcriptome sequence analysis to elucidate the antibacterial mechanism.
Furthermore, we evaluated the biosafety, anti-inflammatory effects, and wound healing ability of GA/WS-CQDs dressings using an
in vivo mouse model of methicillin-resistant staphylococcus aureus (MRSA)-infected wounds.

Results: The prepared GA/WS-CQDs hydrogels demonstrated superior anti-MRSA effects compared to common antibiotics in vitro.
Furthermore, the sustained release of WS-CQDs from GA/WS-CQDs hydrogels lasted for up to 60 h, with a cumulative release of
exceeding 90%. The sustained-released WS-CQDs exhibited excellent anti-MRSA effects, with low drug resistance attributed to DNA
damage and inhibition of bacterial biofilm formation. Notably, in vivo experiments showed that GA/WS-CQDs dressings reduced the
expression of inflammatory factors (TNF-a, IL-1p, and IL-6) and significantly promoted the healing of MRSA-infected wounds with
almost no systemic toxicity. Importantly, the dressings did not require replacement during the treatment process.

Conclusion: These findings emphasize the high suitability of GA/WS-CQDs dressings for MRSA-infected wound healing and their
potential for clinical translation.

Keywords: tryptophan-sorbitol CQDs, glycyrrhizic acid, wound dressings, synergistic synergism, sustained release, methicillin-
resistant staphylococcus aureus-infected wounds healing

Introduction

Wounds infected with bacteria often result in nonhealing and serious complications, and in some cases, even death.'~
Globally, approximately 323,700 infections are caused by multidrug-resistant staphylococcus aureus, commonly known
as “super-bacteria” each year. This led to 10,600 deaths and an estimated $80 billion in total healthcare costs in global
spending by 2024.%7 In clinical settings, methicillin-resistant staphylococcus aureus (MRSA) bacteria are found in over
40% of chronic wounds.®” Unfortunately, MRSA is resistant to all known -lactam antibiotics and many other common
antibiotics, making the treatment of MRSA-infected wounds extremely challenging.”® Therefore, there is a pressing
need to develop antibiotic-free wound dressings with enhanced efficacy for the accelerated MRSA-infected wounds

healing.
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Hydrogels are three-dimensional (3D) networks consisting of physically or chemically cross-linked hydrophilic
polymers, which are the best choice as a dressing material.'® Their success as suitable wound dressings in the market
is attributable to their highly porous, biocompatibility and tunable degradation, maintaining moist microenvironments,
absorption of tissue exudates, and etc.''™'® The structure and physicochemical properties of hydrogels can be adjusted by
modifying the material composition, solution concentration, cross-linking method, and other factors.'*'> Additionally,
hydrogels can be functionalized by incorporating active antibacterial and anti-inflammatory substances.'®'” Especially in
recent years, related research has yielded many breakthroughs in enhancing the wound healing capacity of hydrogels.'*'®
The materials commonly used in the preparation of hydrogels include natural polymers such as chitosan, hyaluronic acid,
alginate, or gelatin, and synthetic polymers such as polyethyleneglycol and polyvinylpyrrolidone.'® At present, existing
antibacterial hydrogels include those containing inorganic nanoparticles (eg, Ag NPs), hydrogels loaded with ciproflox-
acin/gentamicin/vancomycin, and natural polymers with inherent antibacterial capabilities.'”'® However, further efforts
are still need to optimize the efficacy of hydrogels in MRSA-infected wound healing. For example, these limitations
include the acceleration of wound adaptation and self-healing, drug selection and reasonably controlled release systems,
enhancing antibacterial safety and ability, and improving the mechanical properties.'®2°

With frontier developments of nanotechnology, the introduction of carbon quantum dots (CQDs) endows hydrogels with
novel properties, such as improved mechanical strength, drug release, biological function, and etc.?’ CQDs, a class of zero-
dimensional carbon-based nanomaterials, can attract much attention due to their water-solubility, ultrasmall size for direct
renal excretion, and exceptional biocompatibility.?** The properties and functions of CQDs can be manipulated in the stage
of synthesis or post-modification. This enables outstanding advantages of CQDs for antibacterial applications and research.
For instance, the low toxicity and low risk of drug resistance make CQDs highly promising antibacterial agents.***
Importantly, CQDs contain many functional groups such as epoxy, carbonyl, hydroxyl, amine, and carboxyl on their surfaces
and/or edges.”®*’ These features make them ideal building blocks for constructing CQDs-based hydrogel delivery system,
where CQDs can interact with hydrogels through noncovalent interactions or chemically-linked networks.”*° Moreover,
these properties combine the advantages of both hydrogels (eg, pore sizes, hydrophilicity, mechanics) and CQDs (eg, high

surface area, chemical activity, aggregation-caused quenching, mechanics), presenting a win-win strategy.*' > While CQDs
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have been incorporated into hydrogels as main components of antibacterial hydrogels,***' but the combination therapy of
CQDs and hydrogels has rarely been reported or applied in clinical settings.

Tryptophan-sorbitol carbon quantum dots (WS-CQDs) were synthesized through a one-pot hydrothermal method
using natural tryptophan and sorbitol. Our team found that WS-CQDs exhibited good biocompatibility and great potential
in biomedicine.>> To our knowledge, it is crucial to possess both contact and release antibacterial capabilities to achieve
lasting and durable effects for an ideal antibacterial wound dressing.**** Additionally, their preparation, architecture,
biocompatibility, biodegradability, encapsulation property, and intelligence need to be considerations.*®*! In this study,
we supposed that developing a wound dressing incorporating glycyrrhizic acid (GA) and WS-CQDs could serve as an
effective strategy for improving the MRSA-infected wound healing process. GA, widely acquired from medicinal herbs,
can self-assembly form a supramolecular hydrogels.**** Furthermore, GA hydrogels possess excellent therapeutic
properties, including inherent anti-inflammatory and antibacterial effects.***® Notley, GA’s amphiphilic structure
makes it an ideal candidate for drug delivery systems.*’**® Thus, we present a novel wound dressing (GA/WS-CQDs)
with synergistic and long-lasting therapy, which significantly promotes the healing of MRSA-infected wounds.
Moreover, WS-CQDs released from the hydrogels demonstrate excellent anti-MRSA activity mainly via DNA damage
and inhibition of bacteria biofilm formation. The GA/WS-CQDs dressings exhibit suitable mechanical strength properties
for tissues, injectability, self-healing, excellent biocompatibility, sustained-release activity, efficient and lasting anti-
MRSA and anti-inflammatory effects.

Materials and Methods

Materials

Tryptophan was supplied by Sigma-Aldrich (T2610000, St. Louis, MO, USA). Sorbitol was purchased from Aladdin
Biochemical Technology Co., Ltd (S104834, Shanghai, China). Glycyrrhizic acid was supplied by Yuanye Biotechnology
Co., Ltd (S24734, Shanghai, China). All test kits were commonly used in the laboratory.

Bacterial Strains and Cells Culture

S. aureus (ATCC25923, ATCC29213), MRSA quality control bacteria (ATCC43300), MRSA clinical isolates (222,125,587,
223,116,824), P. aeruginosa (ATCC27853), and E. coli (ATCC25922) were provided by the Department of Clinical
Laboratory in Xiangya Hospital of Central South University. Human umbilical vein endothelial cells (HUVECs) and
Human skin fibroblasts (HDFs) were gifted by the Dermatology Department in Xiangya Hospital of Central South University.

Preparation and Characterization of Hydrogels

0.001-0.06 g of GA powder was added to WS-CQDs solution. The mixtures were placed in a 60 °C water bath for 10 min to
ensure that GA was completely dissolved. Afterwards, the mixed solution was naturally cooled at room temperature and finally
the different concentrations of GA/WS-CQDs hydrogels were obtained. This facile process is dependent on self-assembly of
GA hydrogels.****>° The GA hydrogels (GA-gel) and GA/WS-CQDs hydrogels (GA/WS-CQDs-gel) were lyophilized into
powders. The micro-morphologies of the samples were observed using a scanning electron microscope (SEM; Quanta 250
FEG, FEI Corporation). Fourier transform infrared spectroscopy (FT-IR, PerkinElmer Spectrum Two, Llantrisant, UK) was
performed on the samples in the 2000-400 cm ' range.

Oscillatory Rheology Test

The rheological properties of GA/WS-CQDs-gel were analyzed by frequency, amplitude, viscosity sweep and continuous
step strain tests using an MCR 302 rheometer (Anton Paar, Austria). The frequency (@) sweep test was conducted at ® =
0.1-100 rad/s with a fixed strain (y) of 0.5% at 25 °C. The strain amplitude sweep test was conducted at y = 0.01-1000%
with an oscillation frequency of 1 rad/s at 25 °C. The shear viscosity sweep test was conducted at © = 1 rad/s with a fixed
strain (y) of 0.5% at 25 °C, the rate of shear was enhanced from 0.1 to 100 s™" and then reduced from 100 to 0.1 s™'. The
continuous step strain test was conducted at a fixed frequency of 1 rad/s at 25 °C, with a low strain of 0.1% for 120 s and
a high strain of 100% for 12s. The continuous step strain test shall be conducted for at least three cycles.
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In vitro Sustained-Release Study

2 mL GA-gel or GA/WS-CQDs-gel (30 mg/mL) were prepared in a 5 mL glass. Then, added the 2 mL PBS (0.01 M, pH
= 7.4) as a release solution and incubated at 37 °C with shaking (100 rpm/min). At predetermined time points (0, 2, 4, 8,
10, 20, 24, 36, 48, 60 h), the supernatant solutions (200 pL) were taken out. Meanwhile, the same volume of PBS was
replenished into release system. Finally, the absorbance of the supernatant was measured at OD470 nm. According to the
linear relationship between WS-CQDs concentration and the OD470 value, the cumulative release rate of WS-CQDs at
the indicated time was calculated using the following equations:

C
The cumulative amount of release (%)= V x ZZ:le x 100 %

Cn was the concentration of WS-CQDs in supernatant for each determination (ug/mL). V was the volume of each
withdrawal sample (mL). W was the total amount of WS-CQDs additions (pg).

Evaluation of antibacterial Activity in vitro

Microdilution Standard Assay

Briefly, 10 pL of bacterial suspensions with a concentration of 1x10" CFU mL™' were resuspended in 990 uL MH
nutrient broth containing different concentrations of GA or WS-CQDs. Bacteria incubated with MH nutrient broth were
utilized as negative control. MH nutrient broth with non-bacterial as a blank. After incubation for 12 h at 37 °C and 200
rpm, bacterial survival rates were determined by a microplate reader at OD600 nm.

Standard Plate Counting Assay

The drugs treatment of bacteria is consistent with the above experiments. After incubation for 12 h at 37 °C and 200 rpm,
the bacterial suspension was diluted 100,000-fold. Then, 60 pL diluted bacterial solution was added to LB agar plate.
Incubate at 37 °C for 12 h and capture images of the clones.

Inhibition-Zone Test

Overnight cultures of MRSA were diluted to a concentration of 1x10* CFU mL ™. Soak the cotton swab and uniformly
applied to the MH agar plate. 14x10 x 6 mm® penicillin hydrogels, vancomycin hydrogels, GA-gel, GA/WS-CQDs-gel
were prepared and then placed on the plate. With reference to the antibiotic paper discs, the concentration of penicillin
and vancomycin in hydrogel is 10 pg/mL. Incubate at 37 °C for 12 h, the inhibition-zone diameters of each well were

measured.

Checkerboard Synergy Technique

The antibacterial interaction was assessed using the checkerboard synergy technique with small modifications.”" Serial 2-
fold dilutions of WS-CQDs and GA were mixed in each well of a 96-well microtiter plate. Stock solutions of WS-CQDs
and GA were diluted in an appropriate volume of MH broth. The concentrations of WS-CQDs ranged from 5 to 160 pg/
mL, while GA concentrations ranged from 0.4 to 6.4 mg/mL. Well with only medium was used as control. The fractional
inhibitory concentration index (FICI) explains the interaction between WS-CQDs and GA, which is calculated with the
following equation:

FIC of WS — CQDs = MIC of WS — CQDs in combination/MIC of WS — CQDs in alone

FIC of GA = MIC of GA in combination/MIC of GA in alone

The FIC index (FICI) was calculated with the following formula:
FICI = FIC of WS — CQDs + FIC of GA

The results were interpreted as follows: FICI < 1 is defined as synergy, 2 > FICI > 1, additive, 2 < FICI < 4, indifferent,
while antagonism is considered when FICI > 4 indicates antagonism.
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Calcein-AM/PI Assay

HUVECs and HDF cells were seeded into 24-well plates at a density of 5x10* cells/well overnight, followed by
incubation with the exudate of different GA/WS-CQDs-gel concentrations for 24 h. The preparation of hydrogels
exudate was following: the sustained-release system was prepared and incubated at 37 °C with shaking (100 rpm/
min), then the supernatant solutions (200 pL) were taken out at predetermined time points (0, 12, 24, 48, 60 h).
Meanwhile, the same volume of PBS was replenished into release system for next time. The collected supernatants were
mixed together and diluted with culture medium. The medium-treated cells served as the control. Finally, cells were
stained according to the calcein-AM/PI assay Kit instructions and observed by fluorescence microscope (Leica, DMiS8).
The dead (PI-positive) and live (calcein-AM-positive) cells appeared red and green fluorescence, respectively.

In vivo Toxicity Evaluation

The whole blood, serum and organ tissues (liver, spleen, lung, kidney and heart) of the mice on 15th days after the topical
application of GA/WS-CQDs-gel were harvested. Blood routine and biochemical test were conducted on automated
instruments in the Department of Clinical Laboratory in Xiangya Hospital. The tissues were stained with hematoxylin-
eosin (H&E) and the photographs of stained sections were taken by using an optical microscope (Leica, Germany).

In vivo MRSA-Infected Wound Models and Treatments

BALB/c mice (8 weeks, 22 £ 0.5 g) were purchased from Changzhou Cavens Laboratory Animal Company. Following 5
days acclimation, the full-thickness incision (5 mm diameter) in normal mice back after anesthesia with isoflurane were
established. Then, 20 uL of 3.5x10% CFU mL™' MRSA bacterial suspension was coated on the wounds. All mice were
randomly divided into 3M film, GA dressing and GA/WS-CQDs dressing group. Observed wounds every day and
recorded the healing time. Meanwhile, the mice were euthanized and the tissues of the wound skin were collected after
the treatment 5 days. Then, the tissues of the wound skin were stained with immunohistochemistry (IHC), H&E and
Masson’s trichrome. The primary antibody TNF-a was 1:200 dilution (bs-2150R, Bioss), IL-1p was 1:200 dilution
(16,806-1-AP, Proteintech) and IL-6 was 1:100 dilution (bs-6309r, Bioss). The photographs of stained sections were
taken by using an optical microscope (Leica, Germany).

Statistical Analysis

Statistical graphs were drawn by GraphPad Prism 8.0.1 or Origin software. Statistical analysis was performed by SPSS

20.0 software. Data were expressed as means = SD. Differences between the two groups were analyzed using Student’s

t-test or two-way ANOVA. Otherwise, comparisons were analyzed using nonparametric Mann—Whitney test.
Additional details regarding the methods were available in Supplementary Material 1.

Results and Discussion

Preparation and Characterization of GA/WS-CQDs Hydrogels

In our design (Figure 1A), we prepared a biofriendly and transparent hydrogel by simply mixing GA powder and WS-
CQDs solution. The hydrogel network formation is facilitated by hydrogen bond interactions between the hydroxyl and
carboxyl groups of GA and the functional groups (hydroxyl, carboxyl, amino, indole) on the surfaces of WS-CQDs.
Moreover, n-n stacking between indole groups of WS-CQDs contributes to the formation of the GA/WS-CQDs-gel. The
structure of GA/WS-CQDs-gel and GA-gel were characterized by Fourier transform infrared spectroscopy (FT-IR). As

! of the amide group and 1698 cm™' of the

shown in Figure 1B, compared with the GA-gel, the peaks at 1723 cm™
carboxyl group were both sharply increased in the pattern of the GA-gel loaded with WS-CQDs, which attributed to the
changes in hydrogen bond and non-covalent interactions. The 3D network skeleton formation of hydrogel with pore sizes
of about 20-200 nm (Figure 1C) provides an irregular and uneven structure favorable for substance transmission and
exchange when applied as wound dressings.’> Compared to GA-gels, the GA/WS-CQDs-gels exhibited a relatively dense

network structure, indicating that WS-CQDs increase the crosslinking density of the hydrogels.
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Figure | Preparation of GA/WS-CQDs hydrogels. (A) The schematic diagram of the GA/WS-CQDs-gel preparation. (B) FT-IR characterization. (C) SEM images of the GA-
gel and GA/WS-CQDs-gel. (D—G) Rheology test of the GA-gel and GA/WS-CQDs-gel. Frequency scan (D), Amplitude scan (E), Cycle scan (F), Complex viscosity scan (G).
(H) Schematic of GA/WS-CQDs-gel injectability. (I) Self-healing process of GA/WS-CQDs-gel after cutting.

4668 e International Journal of Nanomedicine 2023:18
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Fu et al

The rheological characteristics, such as mechanical strength, flow behavior, and viscoelasticity, are crucial for the application
and transformation of hydrogel materials.® The elastic behavior of the GA-gel and GA/WS-CQDs-gel was confirmed by the
storage modulus (G’) consistently larger than the loss modulus (G") (Figure 1D). The GA/WS-CQDs-gel exhibited a higher
mechanical strength, as evidenced by the destruction of the network structure at a lower strain (y = 50%) compared to the GA gel
(y = 200%) (Figure 1E). Both the GA-gel and GA/WS-CQDs-gel demonstrated good self-healing, as they could return to the
hydrogel state well after three transitions from high to low strain (Figure 1F). The shear thinning behavior observed in Figure 1G
indicated injectability of the hydrogels. The good self-healing and injectable properties of the GA/WS-CQDs gel were further
confirmed (Figure 1H and I). These features make GA/WS-CQDs hydrogels an ideal choice for wound dressings.

The Remarkable Anti-MRSA Synergism Between WS-CQDs and GA

WS-CQDs possess ultrasmall size, high water-solubility, good stability, multicolor fluorescence emission (Supplementary
Figure 1), outstanding biocompatibility (Supplementary Figure 2), and excellent anti-MRSA activity with low drug
resistance (Supplementary Table 1 and Supplementary Figure 3). The anti-MRSA activity of the different combination
between GA and WS-CQDs was tested, and heat maps were used to visually display the OD values obtained from
bacterial growth inhibition assays (Figure 2A and B). The results confirmed the excellent anti-MRSA activity of both GA
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Figure 2 The noticeable anti-MRSA synergism between WS-CQDs and GA. (A and B) Heat map visually displayed the growth inhibition of bacterial treated with different
combination between WS-CQDs and GA. The numbers in the heat map are the corresponding OD values. (C and D) Standard plate counting method, the representative
digital images of agar plates displaying results for WS-CQDs, GA, GA/WS-CQDs and PBS (control group) against MRSA. Combination | (low concentration of GA and high
concentration of WS-CQDs), combinations 2 (1/2 X MICs of GA and 1/2 x MICs of WS-CQDs), and combinations 3 (high concentration of GA and low concentration of
WS-CQDs).

International Journal of Nanomedicine 2023:18 https: 4669
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=418671.docx
https://www.dovepress.com/get_supplementary_file.php?f=418671.docx
https://www.dovepress.com/get_supplementary_file.php?f=418671.docx
https://www.dovepress.com/get_supplementary_file.php?f=418671.docx
https://www.dovepress.com/get_supplementary_file.php?f=418671.docx
https://www.dovepress.com
https://www.dovepress.com

Fu et al Dove

Table | The Synergistic Interaction of Combined WS-CQDs with GA Against MRSA

Antibacterial MICs FIC FICI Interaction
Agents .

Alone Combination
WS-CQDs (ug/mL) 80 40 0.5 0.75 Synergy
GA-gel (mg/mL) 6.4 1.6 0.25

and WS-CQDs individually and indicated different combinations for efficient eradication of MRSA bacteria. Three
combinations were selected for further evaluation using the standard plate counting method (Figure 2C and D). The GA/
WS-CQDs-gel exhibited the minimum number of MRSA clones among the three combinations, indicating the strongest
anti-MRSA activity. The fractional inhibitory concentration index (FICI) value of 0.75 (< 1) confirmed the remarkable
anti-MRSA synergism between WS-CQDs and GA (Table 1). These results support the use of GA/WS-CQDs-gel wound
dressing as an effective strategy for eradicating MRSA bacteria due to their noticeable anti-MRSA synergism.

In vitro Sustained-Release Behavior of GA/WS-CQDs Hydrogels

The release of therapeutics from hydrogels can be controlled by various features such as size, shape, architecture, and physical/
chemical cross-linking.>* To observe the release behavior of GA/WS-CQDs hydrogels at the phosphate buffer solution (0.01
M, pH 7.4), we conducted in vitro experiments using Microplate Reader. The OD470 value exhibited a linear relationship with
the concentration of WS-CQD (Supplementary Figure 4). As illustrated in Figure 3, the GA/WS-CQDs hydrogels released
WS-CQDs quickly during the first 4 h, followed by a gradual release process. However, WS-CQDs began to release rapidly
again after 20 h, although at slightly lower rate than the initial 4 h. The release of WS-CQDs from GA/WS-CQDs hydrogels
continued for up to 60 h, with the cumulative release over 90%. Based on release kinetics,45 this sustained-release behavior at
stage I (0—20 h) and stage II (20-60 h) followed a first-order release pattern, reveling that WS-CQDs mainly released through
diffusion from the hydrophilic channel of GA hydrogels. GA hydrogels is self-assembly (Supplementary Figure 5 and 06),
which contributed to this sustained-release behavior. These results demonstrate that GA/WS-CQDs hydrogels can achieve
long-lasting release of WS-CQDs at wound sites, thereby extending the half-life of drugs, reducing the frequency of
administration, and minimizing the number of dressing changes required.

100
< 80 -
3
=
2 60
[
D
E
2 40
=
g
E 20 1
8]

O—I

T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (h)

Figure 3 In vitro the cumulative release curves of WS-CQDs from the GA/WS-CQDs hydrogel.

4670 e International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=418671.docx
https://www.dovepress.com/get_supplementary_file.php?f=418671.docx
https://www.dovepress.com/get_supplementary_file.php?f=418671.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Fu et al

In vitro Anti-MRSA Activity and Biocompatibility of GA/WS-CQDs Hydrogels

The anti-MRSA effect of GA/WS-CQDs hydrogels were determined using the modified Oxford cup method.>> As shown
in Figure 4, the inhibition-zone diameter of GA/WS-CQDs hydrogels against MRSA was significantly larger than that of
common antibiotics such as penicillin, vancomycin, as well as GA hydrogels. Notably, MRSA bacteria are resistance to
penicillin, which served as a negative control. Currently, vancomycin is the first-line approved agent for treating MRSA
infection,’® but its use in the clinic is associated with cytopenia, ototoxicity, and nephrotoxicity, necessitating caution.”
These findings indicate the promising prospect of GA/WS-CQDs hydrogels as a highly potent anti-MRSA material
surpassing the efficacy of vancomycin and GA hydrogels, making significant progress in the management of infected
wounds.

Biocompatibility is a crucial consideration for biomaterials used in clinical applications. In order to assess the
cytotoxicity of GA/WS-CQDs hydrogels materials in vitro, we cultured cells with the hydrogel exudate and performed
calcein-AM/PI assay. The results (Figure 5A) showed the GA/WS-CQDs hydrogels exhibited no cytotoxicity for
HUVECs and HDF cells when compared to the control group, with almost 100% of cells showing green fluorescence
(indicating live cells). The hemolysis rate of 60 mg/mL hydrogels exudate was calculated to be only 2.79% (< 5%),
indicating good blood compatibility of GA/WS-CQDs hydrogels within the effective antibacterial concentration range
(Figure 5B). Furthermore, GA/WS-CQDs dressings had no obvious toxicity in BALB/c mice after 15 days of application
(Figure 5C and D). While Ag'-containing hydrogels have been used as wound dressings in clinic for their excellent
antibacterial effect, their clinical applications are limited due to significantly toxicity associated with heavy metals.

Additionally, their degradation curves observed in vitro experiments were shown in Supplementary Figure 7. Based on

these results, GA/WS-CQDs dressings demonstrate excellent biocompatibility with minimal toxicity and good degrad-
ability, making them highly suitable for medical applications.

GA/WS-CQDs Dressings for MRSA-Infected Wounds in vivo
In comparison to conventional hydrogel wound dressings, our design (Figure 6A) involved placing GA/WS-CQDs hydrogels

on 3M film to prepare the GA/WS-CQDs dressings, which are bio-friendly, low-cost, and hold great potential for clinical
translation. To evaluate the therapeutic potential of GA/WS-CQDs dressings for treating MRS A-infected wounds in vivo, we
utilized an MRSA-infected full-thickness incision mice model (Figure 6B). The experimental protocol involved dividing the
mice randomly into three groups: 3M film, GA dressing, and GA/WS-CQDs dressing. The commercial 3M film was used as
the control group and no dressings changes were required throughout the entire experiment. The hydrogels can thoroughly
spread over mouse wounds (Supplementary Figure 8) and be completely absorbed or degraded within 72 h after treatment
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Figure 4 The anti-MRSA activity of GA/WS-CQDs hydrogels. Inhibition-zone test for 10 pg/mL penicillin hydrogels, 10 pug/mL vancomycin hydrogels, GA-gel, and GA/WS-
CQDs-gel against MRSA, (A) Representative digital images and (B) statistical analysis showed antibacterial capacity by inhibition-zone test against MRSA (ATCC 43300). (C)
Representative digital images and (D) statistical analysis against MRSA (22,212,587). The data are mean * SD (n=3, statistical significance was analyzed via unpaired t-test, **p
< 0.01, ¥**p < 0.001).
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Figure 5 The biosafety assessment of GA/WS-CQDs hydrogels in vitro and in vivo. (A) Calcein-AM/PI staining images of cells treated with the exudate of different
concentrations hydrogels for 24 h. Green fluorescence (live cells), red fluorescence (death cells). (B) Hemolysis assay. Saline and ddH,O as negative and positive control
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(Supplementary Figure 9). It was found that the wounds treated with 3M film exhibited suppuration and were filled with

massive abscess, whereas the wounds treated with GA dressings and GA/WS-CQDs dressings showed gradual regeneration.
After 5 days of treatment, the wounds treated with GA/WS-CQDs dressings demonstrated significant progress towards
complete healing, while the GA dressings group exhibited slow wound healing (Figure 6C). Overall, GA/WS-CQDs dressings
significantly shorten the healing time compared to the 3M film and GA dressing group (Figure 6D). H&E staining showed that
the epidermis structure of control and GA dressing groups were incomplete and significantly thickened significantly, whereas
the GA/WS-CQDs dressings groups exhibited well-organized lamellar epithelium, orderly granulation tissue, blood vessels
and hair follicles. Mason’s trichrome staining showed the collagen fiber deposition areas of the control, GA dressings, and GA/
WS-CQDs dressings groups were 13.3%, 46.7% and 51%, respectively (Figure 6E). Immunohistochemistry revealed TNF-a,
IL-1pB, and IL-6 were lower expression in GA/WS-CQDs dressings group (Figure 7A and B). Additionally, GA/WS-CQDs
hydrogels led to a significant increase in the wound healing area in an MRSA-infected full-thickness skin mice model
(Supplementary Figure 10). Collectively, GA/WS-CQDs dressings demonstrated considerable therapeutic efficacy in treating

MRSA-infected wounds in vivo.

The Antibacterial Mechanism of WS-CQDs
In order to better understand how the GA/WS-CQDs-gel plays an anti-MRSA synergy, it was necessary to

investigate the antibacterial mechanism of WS-CQDs. As shown in Supplementary Figure 11, WS-CQDs with

positive charge actively entered bacteria, and internalization of WS-CQDs was the primary condition for exerting
antibacterial ability. Transcriptome sequence analysis was conducted to investigate its potential antibacterial
mechanism. The Gene Ontology (GO) database showed significant changes in bacteria molecular function upon
exposure to WS-CQDs, with most differentially expressed proteins (DEPs) being related to nucleic acid and DNA
binding (Figure 8A). Nucleic acid is not only essential for protein biosynthesis, but also serves as the material
basis of biological function.”® It is widely accepted that endocytosed nanomaterials directly or indirectly interfere
with DNA replication to achieve antibacterial effects.’”®® To assess the possibility of DNA damage, The
electrophoretic mobility of DNA bands was analyzed. Overall, the damage degree of DNA framework in S.
aureus and MRSA treated with WS-CQDs was similar (Figure 8B). The electrophoresis pattern clearly showed a
bright and compact DNA band (Lane 1) for control group, whereas almost no DNA bands were observed when
the concentration ratios of DNA to WS-CQDs was 1: 0.6 (Lane 3). Furthermore, transmission electron microscope
also observed the change of chromatin, the heterogeneous division, and the breakage of cell wall and membrane
(Supplementary Figure 12). These results indicated that WS-CQDs could directly damage DNA framework against
S. aureus and MRSA.

Moreover, the Kyoto Encyclopedia of Genes and Genome (KEGG) database identified the enrichment of the first two

pathways, including ABC transporters and two-component system (Figure 8C). Both systems have demonstrated their
ability in drug antibiotic transport and resistance.®' Previous reports have shown that 80% of bacterial infections and drug
resistance are associated with bacterial biofilms formation.' As shown in Figure 8D and E, WS-CQDs effectively
inhibited the biofilm formation of S. aureus and MRSA, which is conducive to reducing the risk of drug resistance.
The anti-MRSA mechanisms of GA mainly involve the down-regulation of virulence genes, the inhibition of o-
hemolysin production, and anti-biofilm formation.***>%* GA derivative hydrogels initially adhere to the surface and enter
the bacteria, then affect arginine biosynthesis and metabolism, ultimately leading to bacteria death.**> Thus, we propose
that the highly effective anti-MRSA of GA/WS-CQDs hydrogels possibly operates following three aspects. (a) sustained-
released WS-CQDs that translocate into bacteria via electrostatic attraction, directly damaging bacterial DNA and
affecting related gene expression, leading to bacterial death, (b) both GA and WS-CQDs inhibit the formation of bacteria
biofilms, and (c) GA adheres to the surface of the bacteria, enters the bacteria, then downregulates the virulence genes
and metabolism-related genes of MRSA, leading to bacterial death. However, the detail mechanisms require further

exploration.
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Conclusions

In conclusion, we have presented the design principles of biocompatible wound dressings that combine the structural and
functional characteristics of WS-CQDs and GA hydrogels to achieve synergistic and long-lasting anti-MRSA and anti-
inflammatory effects. The mechanical performance and compatibility with cells and tissues make GA/WS-CQDs
dressings meet the key requirements for next-generation wound dressings. The most remarkable feature of GA/WS-
CQDs dressings are their simple preparation, visual monitoring, biodegradability, significant anti-MRSA synergism, and
long-lasting release properties, making a breakthrough in bacteria-infected wound care management. In addition, in vivo
experiments have confirmed that the GA/WS-CQDs dressings reduce the expression of inflammatory factors (TNF-a, IL-
1B, and IL-6) and significantly promote MRSA-infected wound healing without causing systemic toxicity. This study
highlights the highly promising potential of GA/WS-CQDs dressings for treating MRSA-infected wound healing in
clinical settings.
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