Acta Biomaterialia 200 (2025) 591-609

FI. SEVIER

journal homepage: www.elsevier.com/locate/actbio

Contents lists available at ScienceDirect

Acta Biomaterialia

Full length article

Check for

Dextran guanidinylated carbon dots with antibacterial and | el
immunomodulatory activities as eye drops for the topical treatment of
MRSA-induced infectious keratitis

Menghan Zhang *', Yiyang Wang "“', Chenfang Miao ', Shuwei Lin ¢, Ying Zheng*,

Xiaoyan Lin?, Yao Wang“, Xinhua Lin?, Xiaofeng Zhu ", Shachuang Weng

a,*

& Department of Pharmaceutical Analysis, School of Pharmacy, Fujian Medical University, Fuzhou 350122, China

Y Department of Oral Maxillo-Facial Surgery, the First Affiliated Hospital, Fujian Medical University, Fuzhou, 350005, China

¢ Fujian Key Laboratory of Oral Diseases & Fujian Provincial Engineering Research Center of Oral Biomaterial & Stomatological Key Lab of Fujian College and University,
School and Hospital of Stomatology, Fujian Medical University, Fuzhou, 350004, China

4 School of Basic Medical Sciences, Fujian Medical University, Fuzhou 350122, China

ARTICLE INFO

Keywords:

Carbon dots

Bacterial biofilm

Antibacterial molecular mechanism
Immunomodulation

Bacterial keratitis

ABSTRACT

Bacterial keratitis (BK) develops rapidly and can cause serious consequences, requiring timely and efficient
treatment. As the main treatment strategy, antibiotic eye drops are still plagued by bacterial resistance by
biofilms and failure to modulate immunity. Herein, dextran guanidinylated carbon dots (DG-CDs) with anti-
microbial and immunomodulatory properties were developed. DG-CDs with the graphitized core-like structure
with the ordered arrangement of carbon atoms and surface groups of C—N, C—O—C, and -OH were thoroughly
characterized and modeled as a graphene-like sheet. DG-CDs exhibited strong antimicrobial and anti-biofilm
activities with a minimum inhibitory concentration (MIC) of 5 pg/mL against methicillin-resistant Staphylo-
coccus aureus (MRSA). Molecular docking based on well-characterized structures of DG-CDs revealed that DG-CDs
had strong affinity for key bacterial proteins including FtsA, IcaA and ArgA, which were confirmed by corre-
sponding RT-qPCR and transcriptomics. Furthermore, DG-CDs regulated macrophage polarization by inhibiting
the M1 subtype and promoting the transition to the M2 subtype. In vivo experiments illustrated that DG-CDs used
as eye drops significantly attenuated corneal infection, enhanced the expression of anti-inflammatory factors,
and effectively promoted corneal repair in MRSA-infected BK. Overall, this study provides a promising anti-
bacterial nanomaterial with clarified properties and acting mechanism for treating BK as eye drops.

Statement of significance: Besides bacterial invasion, bacterial keratitis (BK) also suffers from immune imbalance,
which further impairs corneal healing. Current antibiotic eye drops are plagued by bacterial resistance and their
inability to modulate immunity. Herein, dextran guanidinylated carbon dots (DG-CDs) with dual functions of
antimicrobial and immunomodulatory were developed for treating MRSA infected BK. DG-CDs, with clarified
structure and surface groups, exhibited strong antimicrobial activity and no detectable resistance. Molecular
docking, based on well-characterized structures of DG-CDs, was achieved to reveal the antibacterial mechanism,
which was subsequently confirmed by RT-qPCR and transcriptomics. In addition, DG-CDs exhibited an effective
healing ability in an MRSA-infected rat keratitis model by exerting antibacterial activity and regulating
macrophage polarization from M1 type to M2 type. DG-CDs represent a promising antibacterial nanomedicine
with clarified properties and acting mechanism for treating bacterial infection.

1. Introduction

inflammation caused by microorganisms, trauma, and external irritants
[1-3]. Bacterial keratitis (BK) is a serious infectious condition of the

As the outermost part of the eye, the cornea is susceptible to cornea with early symptoms including increased tearing, eye pain,
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decreased vision and photophobia [4]. Untimely controlled BK can
quickly progress corneal perforation and intraocular infection, and in
severe cases, can result in ocular atrophy or even blindness [5-7]. In
addition, bacteria activate the local immune response in the infectious
cornea [8-10]. Typically, immune cells, particularly macrophages,
rapidly accumulate at the site of infection and release various cytokines
and inflammatory mediators to eliminate the invading pathogens [11,
12]. Under normal circumstances, the immune system regulates the
intensity and duration of the inflammatory response to facilitate tissue
repair [13]. However, in infectious conditions or when there is an
imbalance in immune regulation, inflammation can persist at the site of
keratitis hindering tissue repair and causing further damage [14].
Therefore, in addition to the use of antimicrobials to control infection,
immunomodulation is necessary to reduce the inflammatory response
for repairing keratitis [15,16].

For BK, topical eye drops are a first-line and effective treatment due
to their high localized concentration and efficacy at the infection site
[17]. However, the rise of antibiotic resistance has diminished the
effectiveness of traditional antibiotic eye drops, contributing to the
emergence of multidrug-resistant pathogens associated with keratitis,
such as methicillin-resistant Staphylococcus aureus (MRSA). These
pathogens can form biofilms, evading both the host immune system and
the antimicrobial effect of drugs, leading to persistent infections [18,
19]. To combat antibiotic resistance, membrane-active antimicrobials
present a promising therapeutic strategy, as conventional antibiotics
often fail due to their limited biofilm penetration [20] and high sus-
ceptibility to resistance development [21]. Additionally, when MRSA
invades the cornea, it infects both the epithelial and stromal layers,
causing pathological changes such as corneal opacity, edema, and loss of
iris texture and pupil definition. The infection also triggers an inflam-
matory cascade, recruiting large numbers of immune cells to the site
[22]. Although the release of pro-inflammatory cytokines helps control
the infection stimulated by MRSA, an excessive immune response can
exacerbate corneal damage [23,24]. Consequently, modulating the im-
mune response—particularly by upregulating anti-inflammatory cyto-
kines like IL-10 and IL-4—is one of the key strategies for treating
keratitis [25]. Anti-inflammatory factors such as IL-10 not only effec-
tively balance the immune response and reduce corneal damage caused
by excessive inflammation, but also promote the regeneration and repair
of corneal epithelial cells to facilitate healing [26-28]. Therefore, the
development of eye drops with both antibacterial and immunomodu-
latory functions is critical for the control and treatment of BK, as they
can act quickly and effectively on the infected area of the eye to directly
inhibit and even eliminate bacteria, while modulating the immune
response to reduce inflammation for regeneration of the damaged
cornea.

Non-antibiotic strategies for the development of antimicrobial drugs
include the exploration of natural antimicrobial products, antimicrobial
peptides, vaccines, bacteriophages, and nanomedicines [29,30]. Among
these, nanomedicine holds particular promise for addressing bacterial
resistance due to its versatile mechanisms of action [30-32]. Specific
nanomaterials, such as metal and metal oxide nanoparticles [33-35],
carbon-based nanomaterials [36], polymer-based nanomaterials [37],
nanozymes [38], and light-sensitive nanomaterials [39,40], can combat
bacteria through multiple pathways, including reactive oxygen species
(ROS) generation [41], membrane disruption [42], photodynamic and
photocatalytic effects [43,44], gene disruption [45] and electron
transport inhibition [46]. Studies suggest that well-designed synthesis
strategies and surface modifications can yield nanomaterials with potent
antimicrobial activity, as exemplified by current nanotherapeutic for
keratitis in Table S1. However, few nanomedicines have demonstrated
dual functionality, combining antibacterial effect with immunomodu-
lation to enhance healing.

Carbon dots (CDs), zero-dimensional carbon nanomaterials with a
uniform sub-10 nm size [47], are particularly promising due to their
high surface area, which enables extensive interactions with biological
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and chemical molecules [48]. By optimizing precursor selection [49],
refining synthetic and purification methods [50,51], and modifying
surface functional groups [52,53] or charge properties [54], CDs have
emerged as promising alternatives to traditional antibiotics for antimi-
crobial applications [55]. Their antibacterial mechanisms include ROS
production, membrane disruption, DNA damage, and metabolic inter-
ference [56,57]. Nevertheless, research on antibacterial CDs faces some
challenges. The precise interaction between CDs and specific bacterial
membranes or proteins remains poorly understood, largely due to the
lack of knowledge regarding the specific structures of CDs [58]. The
diverse ranges of sources and synthesis methods of prepared CDs give
rise to a multitude of surface functional groups and physicochemical
properties, which in turn render the interaction between CDs and bac-
teria a highly intricate and challenging phenomenon for precise analysis
[59]. Thus, a deeper molecular-level investigation is needed to explore
the antimicrobial mechanisms of CDs more comprehensively. Encour-
agingly, recent studies demonstrate that CDs with different but
controlled functionalities can be engineered by adjusting feedstocks or
synthesis conditions [60]. For example, selectively tuning the hydro-
thermal synthesis approaches and raw materials can yield CDs with
specific fluorescence responses to hydroxyl radicals [61,62]. The feasi-
bility of creating CDs with different functionalities suggests that the
design and preparation of CDs with appropriate source materials and
methods will enable the development of biocompatible CDs with dual
antimicrobial and immunomodulatory properties—an underexplored
yet highly promising avenue for therapeutic applications.

Dextran (DEX) is a natural polysaccharide with biocompatibility and
potential immune-regulating properties, and its structural features can
target extracellular polymeric substances (EPS) of bacteria to enhance
adsorption and permeation [63-65]. Polyhexamethylene guanidine
(PHMG) exhibits certain antibacterial activity through guanidine groups
but has cytotoxicity. Citric acid (CA), an eco-friendly carbon source, can
form a stable carbon core structure when combined with other pre-
cursors for preparing CDs. In general, the synthesized CDs is expected to
preserve the functional groups of the raw materials. Accordingly, DEX,
PHMG, and CA were chosen as raw materials for the design of functional
carbon dots in this work. As shown in Fig. 1, dextran guanidinylated
carbon dots (DG-CDs) were controllably prepared using a rapid,
controlled hydrothermal method. The synthesized DG-CDs exhibited
ultra-small size, positive zeta potential, and surface functional groups
(C=N/C—N, C—0—C, -OH), enabling strong bacterial adsorption,
broad-spectrum antibacterial activity, low drug resistance risk, and good
biocompatibility. In vitro experiments showed that DG-CDs effectively
inhibited and removed biofilms of S. aureus and MRSA. Molecular
docking, RT-qPCR and transcriptomic analyses preliminarily clarified
the molecular mechanisms underlying the antibacterial effects of
DG-CDs. Flow cytometry analysis demonstrated that DG-CDs promoted
the conversion of inflammatory (M1) macrophages to anti-inflammatory
(M2) macrophages, reducing the inflammatory response. In vivo,
DG-CDs administered as eye drops showed significant efficacy in treat-
ing MRSA-induced keratitis, owing to their combined antibacterial and
immunomodulatory activities that promoted corneal repair, high-
lighting their potential in topical therapeutic applications. These results
offer valuable conceptual framework for the development bioactive CDs
with well-defined therapeutic efficacy, structure, and mechanisms of
action.

2. Materials and experiment methods
2.1. Materials

Citric acid, phenol, acetic acid, vancomycin hydrochloride, meth-
anol, and ethanol were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. PHMG was purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. Dextran (Dex, MW 20,000) was pro-
vided by Beijing Wokai Biotechnology Co., Ltd. Sodium chloride,
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Fig. 1. Synthesis procedure, properties, mechanism and local application of DG-CDs.

sodium bicarbonate, dextrose, dibasic sodium phosphate, potassium
chloride, magnesium chloride, and calcium chloride were provided by
China National Pharmaceutical Group. Sodium hyaluronate eye drops
were provided by Chengdu Pusch Pharmaceutical Co., Ltd. Glutaralde-
hyde fixative (2.5 %, for electron microscopy) was purchased from
Nanjing Sembega Biotechnology Co., Ltd. Fetal bovine serum (FBS),
live/dead BacLight Bacterial Viability Kit (L7012), and minimum
essential medium (MEM) were purchased from Invitrogen Gibco (USA).
Lysozyme, rabbit serum and 0.1 % crystal violet staining solution were
purchased from Beijing Solepol Technology Co., Ltd. Trypsin, proteinase
K, and recombinant proteinase K were purchased from Sangon Bioen-
gineering (Shanghai) Co., Ltd. BCA kit and adenosine triphosphate
(ATP) assay kit were purchased from Shanghai Biyuntian Biotechnology
Co., Ltd. Tryptic soy peptone liquid medium (TSB), Mueller-Hinton
(MH) broth, and Mueller-Hinton agar were purchased from Qingdao
Haibo Biotechnology Co., Ltd and autoclaved at 121 °C for 20 min before
use.

2.2. Cell culture and bacterial solution configuration

Human renal cortical proximal tubule epithelial cells (HK-2) and
human lens epithelial cells (HLE-B3) were purchased from Wuhan Posay
Life Sciences Co., Ltd. and cultured in MEM supplemented with 10 %
FBS at 37 °C in a 5 % CO incubator. S. aureus (ATCC6538) and MRSA
(ATCC43300) were purchased from Shanghai Luwei Science and Tech-
nology Co., Ltd. Single colonies were streaked on agar plates and incu-
bated at 37 °C. Colonies were then inoculated into saline, adjusted to 0.5
McFarland turbidity, yielding a bacterial suspension of 1.5 x 108 CFU/
mL.
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2.3. Synthesis of DG-CDs

The 0.4 g CA, 0.4 g DEX, and 50 mg PHMG were dissolved in 20 mL
ultrapure water. The solution was transferred to a 50 mL PTFE hydro-
thermal reactor and heated at 150 °C for 6 h. After cooling, the solution
was filtered through a 0.22 pm PES membrane. The filtrate was dialyzed
using a dialysis membrane with a molecular weight cutoff of 500-1000
Da for 48 h, and subsequently freeze-dried to obtain solid DG-CDs.

2.4. Characterization of DG-CDs

The particle size and morphology of the DG-CDs were characterized
using a transmission electron microscope (TEM, JEM-2100F). The water
contact angle of the DG-CDs was determined using an optical contact
angle meter (Attension Theta Lite). The zeta potential was analyzed
using a Zetasizer Nano ZS90 instrument. UV-vis absorption spectra were
obtained using a UV-2450 spectrophotometer and the fluorescence
properties of the DG-CDs were analyzed using a Cary Eclipse fluores-
cence spectrophotometer. Characterization of the carbon structure was
carried out using a Bruker D8 advance X-ray diffractometer. The struc-
ture and defect states of the DG-CDs were determined using a LabRam
HR Evolution Raman spectrometer. The Fourier transform infrared
(FTIR) spectra of the DG-CDs were recorded using a Nicolet iS50
infrared spectrometer. The 'H and 3C NMR spectra of the DG-CDs in
D20 were recorded using an AVANCE III HD instrument. The X-ray
photoelectron spectroscopy (XPS) measurements were performed using
a Theta probe spectrometer (Thermo Fisher Scientific).

2.5. Determination of minimum inhibitory concentration (MIC)

The antimicrobial activity of DG-CDs was assessed using the broth
dilution method to determine the MIC against common pathogens,
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including Staphylococcus aureus (S. aureus, ATCC6538), Methicillin-
resistant Staphylococcus aureus (MRSA, ATCC43300), Staphylococcus
epidermidis (S. epidermidis, ATCC12228), Listeria monocytogenes
(L. monocytogenes, ATCC19115), Enterococcus faecalis (E. faecalis,
ATCC29212), Escherichia coli (E. coli, ATCC25922), Klebsiella pneumo-
niae (K. pneumoniae, ATCC10031), Pseudomonas aeruginosa
(P. aeruginosa, ATCC9027), Salmonella paratyphi B (S. paratyphi B, CMCC
(B)50094), and Serratia marcescens (S. marcescens, CMCC(B)41002).
Colonies cultured on agar plates for 18-24 h were picked and used to
prepare a bacterial suspension with 0.5 McFarland turbidity, yielding a
concentration of 1.5 x 10% CFU/mL by 1:100 dilution with MH broth.
Thirteen sterile test tubes were labeled and filled with 1 mL of MH broth
each. DG-CDs (1280 pg/mL) were added to tube 1 and mixed, then
serially diluted to tube 11. The negative control (2 mL MH medium) and
positive control (1 mL MH medium and 1 mL bacterial suspension) were
set up. The final DG-CDs concentrations ranged from 320 to 0.3125 pg/
mL. 1 mL of bacterial suspension was added to each tube, and incubated
for 24 h. The MIC was determined by visual inspection, as the lowest
concentration showing no visible bacterial growth.

2.6. Determination of the bacteriostatic curve

Different concentrations of DG-CDs (50 uL) were added to 96-well
plates (NEST, Wuxi, China), followed by 50 uL of bacterial suspension
(1.5 x 10° CFU/mL). The plates were mixed and incubated at 37 °C for
48 h. ODgqp values were recorded every 2 h during the first 24 h and
every 12 h thereafter until the 48-hour incubation ended.

2.7. Bacterial plate coating assay

Following the method in Section 2.6, DG-CDs at various concentra-
tions were prepared and incubated with the bacterial solution. A pipette
was used to transfer a specific volume of the bacterial solution, which
was evenly spread onto labeled agar plates using a sterile spreader. The
plates were incubated inverted in a constant-temperature incubator
under appropriate temperature and humidity conditions. After 24 h, the
morphology, number and distribution of colonies were observed and
recorded.

2.8. Antimicrobial stability testing

To evaluate the long-term antimicrobial stability of DG-CDs, the MIC
against S. aureus and MRSA was determined after storing the aqueous
solution of DG-CDs at 4 °C for 1, 7, 14, 30, 60, 90, 120, 180, 240 and 360
days using the broth dilution method. Additionally, the MIC was tested
after subjecting the DG-CDs solution to 2 h of continuous 365 nm UV
irradiation and to water bath treatments at temperatures ranging from
20 °C to 90 °C for 2 h. The stability of DG-CDs in protease and serum was
assessed by measuring their antibacterial activity in MH broth con-
taining trypsin, proteinase K, 50 % FBS, and 50 % rabbit serum. To
assess the antibacterial stability of the prepared DG-CDs in artificial tear
fluid, artificial tear fluid was first prepared with the following compo-
nents: sodium chloride (7.14 mg/mL), sodium bicarbonate (2.10 mg/
mL), dextrose (0.92 mg/mL), lysozyme (1.70 mg/mL), dibasic sodium
phosphate (0.42 mg/mL), potassium chloride (0.38 mg/mL), magne-
sium chloride (0.20 mg/mL), and calcium chloride (0.15 mg/mL).
Subsequently, the DG-CDs powder was dissolved in the artificial tear
fluid, and the MIC against S. aureus and MRSA was measured on days 1,
3, 5, 7, 14, 21, and 28. In addition, to simulate actual ophthalmic
application conditions, a commercially available sodium hyaluronate-
based eye drop solution was used as the base formulation. The DG-
CDs powder was dissolved in this eye drop solution. The MICs of DG-
CDs in the eye drop solution against S. aureus and MRSA were simi-
larly measured on days 1, 3, 5, 7, 14, 21, and 28.
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2.9. Assessment of drug resistance development

Bacterial resistance to DG-CDs was evaluated using the broth dilu-
tion method. The initial MICs of DG-CDs against S. aureus and MRSA
were determined as described above. The bacterial suspension from sub-
MIC tubes was spread onto agar plates and incubated at 37 °C for 24 h.
Colonies were picked, suspended in 1.5 x 108 CFU/mL, and used for the
subsequent MIC assay. This procedure was repeated daily, and MIC
values were recorded until the 30th day. The final MIC value was
compared with the initial MIC to assess the development of drug resis-
tance. A similar set of experiments was conducted with vancomycin to
evaluate the potential resistance of S. aureus and MRSA.

2.10. Bacterial biofilm inhibition and disruption assay

Each well of a 96-well plate was inoculated with 50 pL of S. aureus
and MRSA suspension (1.5 x 10® CFU/mL) cultured in TSB medium,
followed by 50 pL of different concentrations of DG-CDs (0 to 160 pg/
mL). The plates were incubated at 37 °C for 2 days to assess bacterial
biofilm formation. After incubation, the plate was washed three times
with PBS to remove non-adherent bacteria, then fixed with 100 pL
methanol for 10 min. After fixation, the plates were washed, air-dried,
stained with 0.1 % crystal violet, and rinsed until the negative control
wells were colorless. Crystal violet was dissolved with 33 % acetic acid,
and the ODsyg value was measured. The inhibition rate was calculated
using the formula:

Inhibitionrate(%) = (OD, — ODy;,)/0D, x 100%

For biofilm disruption, 100 pL of S. aureus and MRSA suspension (1.5
x 108 CFU/mL) was inoculated into 96-well plates and incubated for 24
h. DG-CDs were then added (0 to 160 pg/mL), and the procedure fol-
lowed the same steps as for inhibition. The elimination rate was calcu-
lated using the formula:

Eliminationrate(%) = (OD, — ODy)/OD, x 100%

Where OD, and ODy, represent the optical densities with and without
DG-CDs intervention.

2.11. Bacterial live-dead staining

To assess the biofilm destruction by DG-CDs, live/dead staining was
performed using SYTO 9 (6 pmol/L) and PI (30 pmol/L), and biofilm
changes in S. aureus and MRSA were visualized using CLSM. S. aureus
and MRSA suspensions were added to confocal Petri dishes and incu-
bated for 48 h to form biofilms. After biofilm formation, the dishes were
washed twice with PBS, and DG-CDs were added for 24 h of co-
incubation. The biofilms were stained in the dark at 37 °C for 30 min,
then washed three times with PBS. CLSM images were captured and
analyzed using LAS X software (Leica, Germany).

2.12. Scanning electron microscopy (SEM) of the bacterial morphological
differences

SEM was used to observe bacterial morphology before and after DG-
CDs’ treatment. Bacterial suspension (ODggp = 0.5-0.8) was mixed with
equal volumes of DG-CDs and MH broth for 6 h. After centrifugation, the
precipitate was washed with PBS, fixed with 2.5 % glutaraldehyde for 30
min at room temperature, then stored at 4 °C overnight. The bacteria
were dehydrated in a gradient ethanol series (10 min per step), freeze-
dried for 2.5 h, and coated with gold for observation.

2.13. Effect of DG-CDs on zeta potentials of bacteria
DG-CDs were added to S. aureus or MRSA suspensions and incubated

at 37 °C for 6 h to allow full interaction. The same volume of MH broth
without DG-CDs was served as a control. After incubation, both groups
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were centrifuged, and the bacterial precipitates were washed 2-3 times
with PBS to remove free DG-CDs. The zeta potential of the washed
bacteria was measured in PBS.

2.14. Effect of DG-CDs on bacterial ATP

1 mL of S. aureus or MRSA (1 x 10® CFU/mL) was incubated with
different concentrations of DG-CDs for 6 h at 37 °C. After centrifugation,
the supernatant was discarded, and the bacteria were resuspended.
Then, 200 pL of lysate was added and incubated at 4 °C. The supernatant
was centrifuged at 12,000 g for 5 min at 4 °C, and ATP was measured
using an ATP kit.

2.15. Determination of polysaccharide and protein content of EPS

EPS substrates were obtained by culturing S. aureus and MRSA bio-
films. 800 pL of bacterial suspension (1.5 x 10® CFU/mL in TSB medium)
was added to a 48-well plate and incubated at 37 °C for 24 h. DG-CDs at
different concentrations were then added and incubated for an addi-
tional 24 h. The medium was discarded, and the plate was washed three
times with saline to collect EPS. The EPS samples were vortexed and
sonicated for 5 min.

EPS polysaccharide content was determined using a modified sul-
furic acid-phenol method. 200 pL of EPS sample was mixed with 600 pL
of 98 % sulfuric acid and 200 pL of phenol, incubated at 50 °C for 30
min, and OD499 was measured.

Protein content in EPS was measured using the BCA protein assay kit.
20 pL of EPS samples were added and mixed with 200 pL of BCA working
reagent in the well of 96-well plates. The solution was allowed to stand
at 37 °C for 30 min for measuring ODsgy.

2.16. Monitoring the interaction of DG-CDs and ssDNA

100 pL of different concentrations of DG-CDs were mixed with 100
pL of PBS containing 100 nM Fluorescein Amidite-DNA (FAM-DNA) and
incubated at room temperature in the dark for 10 min. Then, the fluo-
rescence emission spectra were measured with excitation at 488 nm. The
fluorescence quenching rate of FAM was calculated using the equation of
(Fo-F)/Fy, F and F, represent the fluorescence intensities of F-DNA at
520 nm in the presence/absence of DG-CDs, respectively.

2.17. Molecular docking studies

Protein structures were downloaded from the Protein Data Bank
(PDB format), AutoDock vina 1.2.5 was used for molecular docking with
ligand molecules and molecular interactions were visualized using the
Pymol visualisation tool.

2.18. Real-time quantitative reverse transcription PCR (RT-qPCR) to
detect the expression of virulence genes

RT-qPCR was used to detect the expression of virulence genes (ftsA,
icaA, agrA, polA, dnaE, rpoB, rpoA) in S. aureus and MRSA. Bacteria
were cultured in TSB medium with or without DG-CDs for 48 h. After
centrifugation, the medium was removed, and the bacteria were washed
with PBS. Lysozyme (1 mg/mL) was added, and the mixture was incu-
bated at 37 °C for 15 min, followed by centrifugation to collect total RNA
using the Trizol method. RNA was reverse transcribed to cDNA, and RT-
gPCR was performed using an AB2720 PCR instrument (Applied Bio-
systems, USA) with a fluorescence quantification kit (Transgen). The
reaction mixture included 0.2 pL of each primer, 5 pL of 2 xPerfectStart
Green qPCR SuperMix, and 5.6 pL of cDNA. PCR conditions were: 94 °C
for 30 s (activation), 94 °C for 5 s (denaturation), 60 °C for 30 s
(annealing), cycling 40-45 times, and fluorescence data recording. Re-
sults were analyzed by the 2722€T method, with rpoA as the internal
reference gene (Table 1).
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Table 1
The primer sequence of the PCR of this work.

Name Sequence (50-30) Sequence (5-3")

icaA F:CAGTCAATACTATTTCGGGTGTCT
R:GCAAGCGGTTCATACTTAATACG
agrA F:CCTCGCAACTGATAATCCTTATGA
R:TGCTTACGAATTTCACTGCCTAA
ftsA F:-TGAAGCATGTGGTGTTGATGTATT
R:TAATATCACGCCCTGCCATTTC
polA F:GGCGTCCACCTTTATATTCACTAT
R:ACAAAGCAGGCATTCATACCA
dnaE F:TCGTTCGGCTTCAGTCATTG
R:CTACACATGCGGCAGGAATT
rpoB F:TCGGTGAGATGGAGGTATGG
R:TCGGAATGATTCTGGAACACTTG
TpoA F:CTGCTAATGCGTAACCTCTACC

R:CGTGATGAAGGCGAAGTAACA

2.19. Transcriptomic analysis

MRSA was cultured in TSB medium at 37 °C for 24 h. Subsequently, a
bacterial suspension (10® CFU/mL) was added to TSB medium con-
taining 80 ug/mL DG-CDs and incubated at 37 °C for an additional 4 h.
Transcriptomic analysis, including total RNA extraction and subsequent
bioinformatics data processing, was performed by WANCHENG
Biomedical Technology Co., Ltd. (Shanghai, China).

2.20. Flow cytometry to detect the pro-immunological properties of DG-
CDs

LPS stimulation was applied to simulate inflammatory conditions.
RAW264.7 cells were incubated for 24 h with either different concen-
trations of DG-CDs alone or in combination with 1000 ng/mL LPS. After
incubation, cells were collected with a scraper, centrifuged, and washed
with PBS. Cells were then fixed with 4 % paraformaldehyde for 30 min,
followed by washing and membrane permeabilization with 0.1 %
Triton-X100 for 10 min. Antibodies against CD86 and CD206 were
added, and cells were incubated in the dark for 30 min. After washing,
fluorescence intensity was analyzed using a flow cytometer.

2.21. ELISA for macrophage induction by DG-CDs

According to the experimental method described in Section 2.20,
RAW 264.7 cells were treated as described. Following incubation, the
cell culture supernatants were collected, and the levels of IL-4 and IL-10
were determined using ELISA Kits.

2.22. Cytotoxicity

A cell viability assay (CCK-8) was used to assess the cytotoxicity of
DG-CDs on HK-2 and HLE-B3 cells. A total of 100 pL of cell suspension (7
x 10® cells/well) was added to each well of a 96-well plate. For the blank
group, an equal volume of medium was added instead. Cells were
incubated at 37 °C with 5 % CO: for 24 h. Then, cells were exposed to
various concentrations of DG-CDs for another 24 h. 10 pL of CCK-8 so-
lution was added to each well and incubated for 1 h. Absorbance at 450
nm was measured using a microplate reader, and cell viability was
calculated accordingly:

Cellviability(%) = (ODexperiment — ODblank ) / (ODcontrol — ODplank) X 100%
Where the experimental group is DG-CDs treated cell samples. The

control group is untreated cell samples, while the blank group contained
only culture medium without cells.
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2.23. Hemolysis test

The blood samples were obtained from the First Affiliated Hospital of
Fujian Medical University based on the ethics committee approval
([2015]084-1). A hemolysis test for DG-CDs was conducted using red
blood cells (RBCs). The experimental conditions were based on the
blood compatibility assessment framework of ISO 10993-4:2017, with

Acta Biomaterialia 200 (2025) 591-609

incubation for 3 h under static conditions as recommended by ASTM
F756-17. Erythrocytes were suspended in saline to form a slurry. RBC
suspensions were incubated with various concentrations of DG-CDs at
37 °C for 3 h. Distilled water and saline were used as positive and
negative controls, respectively. After incubation, the samples were
centrifuged, and the absorbance of the supernatant at 540 nm was
measured. The hemolysis rate was calculated based on the absorbance
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Fig. 2. Preparation and characterization of DG-CDs. (a, b) TEM images with different magnification, and the insets are the statistical graph of particle size distri-
bution and HRTEM, respectively. (c) Water contact angle. (d) Zeta potential map. (e) UV-vis absorbance and fluorescence spectra, and images of aqueous solution
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difference:

Hemolysisrate(%) - (ODsample - ODnegative/ODpositive - ODnegative)

x 100%

2.24. Intervention in a rat model of keratoconus

This study was approved by the Institutional Animal Care and Use
Committee of Fujian Medical University (IACUC FJMU 2024-0250). The
in vivo efficacy of DG-CDs against MRSA infection was tested using a rat
corneal model. Following anesthesia, the rat corneas were scratched
using a 25-gauge needle, and 20 pL of MRSA suspension (1 x 10° CFU/
mL) was applied to induce keratitis. The infected corneas were examined
after 24 h using slit-lamp microscopy. Sprague-Dawley rats (300 g) were
randomly divided into three groups (n = 6 per group): the blank control
group received saline eye drops, the positive control group received 40
pL of vancomycin (16 pg/mL), and the experimental group received 40
pL of DG-CDs drops. Treatments were administered every 24 h.

Before treatment, bacteria were collected from the cornea using a
cotton swab to assess changes in bacterial colonization. Slit lamp ex-
aminations (SLE) evaluated corneal morphology, scoring parameters
included conjunctival congestion, oedema, iritis, and interstitial infil-
tration. At the end of the experiment, rats were euthanized, and their
corneas were harvested for hematoxylin and eosin (H&E) staining and
immunohistochemical analysis of IL-4 and IL-10 to evaluate therapeutic
effects. Additionally, heart, liver, spleen, lung, and kidney tissues were
collected for HE staining to assess potential systemic toxicity.

2.25. Statistical analysis

Data were presented as mean + standard deviation and analyzed
using one-way ANOVA followed by a t-test. Statistical significance was
defined as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001; P > 0.05 was considered not significant (ns). All graphs and
statistical analyses were performed using GraphPad Prism (version 9)
and OriginPro (2021). For histological evaluation, at least three fields
per tissue section were analyzed, followed by quantitative image anal-
ysis using ImageJ software.

3. Results and discussion
3.1. Characterization of DG-CDs

First, the morphology and size distribution of DG-CDs were charac-
terized by TEM. DG-CDs were monodispersed and quasi-spherical
nanoparticles with uniform size, with an average diameter of 3.84 nm
(Fig. 2a and b). High-resolution TEM (HRTEM) analysis (inset of Fig. 2b)
confirmed the crystalline structure of DG-CDs, displaying distinct lattice
fringes with a spacing of 0.21 nm, corresponding to the (100) crystal-
lographic plane of graphitic carbon [66]. The hydrophilicity and surface
charge of DG-CDs were also investigated. As shown in Fig. 2c, the water
contact angle value of DG-CDs was tested to be 16.5°, indicating hy-
drophilicity. The zeta potential of +22.6 mV indicated the positive
charge of DG-CDs (Fig. 2d). Appropriate hydrophilicity is a key deter-
minant in optimizing material properties to maximize biocompatibility
without compromising antimicrobial efficacy [67]. UV-vis absorbance
spectrum of DG-CDs (Fig. 2e) showed the absorption peak at 217 nm,
corresponding to the n-n* transition of C=C, and the shoulder peak
between 340 nm and 400 nm, attributed to the n-t* transition of C=0
and C=N. Fluorescence spectra demonstrated maximum emission at
450 nm under the optimal excitation of 380 nm. DG-CDs in water
appeared as a pale-yellow solution under natural light and showed blue
fluorescence under UV light. In addition, Fig. 2f shows that the emission
peaks of DG-CDs gradually red-shifted with increased excitation wave-
lengths from 310 nm to 400 nm, suggesting the excitation
wavelength-dependent fluorescence behavior.
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The carbonized structure and defect characteristics of DG-CDs were
studied. The XRD pattern (Fig. 2g) revealed a distinct diffraction peak at
approximately 27°, corresponding to the (002) crystallographic plane of
the graphite-like structure, indicating the presence of relatively ordered
graphitized core in DG-CDs [68]. Compared to the standard ordered
graphitic structure with 26 = 26.5° (d002 = 0.34 nm), the slight shift to
a higher angle can be attributed to a small amount of disordered carbon
(sp3) formed during the carbonization process [69]. In addition, the
broad peak near 42° is the d-spacing of 0.21 nm at the graphite (100)
plane [70], consistent with the HRTEM results that demonstrate the
crystallinity of DG-CDs. The Raman spectrum (Fig. 2h) showed charac-
teristic peaks at 1345 em™! (D band) and 1596 ¢cm™ (G band). The D
band corresponds to disordered carbon, indicating heteroatom doping
and surface defects in the graphene structure, while the G band repre-
sents graphitized carbon, reflecting in-plane vibration of sp? hybridized
carbon atoms. The intensity ratio (Ip/Ig = 0.55) suggests DG-CDs possess
high graphitization with moderate defects density, consistent with XRD
results [71]. In addition, Raman mapping also showed that DG-CDs had
higher peaks at 1090 cm™!, 1191 cm™! and 1729 cm™!. Together with
the reaction precursors, the peak at 1090 cm ™! was mainly related to the
stretching vibration of the C—O—C bond from DEX, the peak at 1191
cm ! may be related to the vibration of the C—N bond or the C—O bond
from the guanidine group in PHMG and the carboxylate group in CA.
The band at 1729 ecm ™! was the C=0 stretching vibration from the
carboxyl group in CA, suggesting the presence of group residues in
DG-CDs. The observed background noise and baseline drift were likely
due to the abundance of surface functional groups on DG-CDs [72].

The structure and chemical composition of DG-CDs were further
investigated. As shown in Fig. 2i, the FTIR spectrum of CA exhibited the
characteristic peaks, including a C=O stretching vibration at 1710
ecm™!, a C—O stretching vibration at 1240 cm™!, and a C—O bending
vibration at 1150 cm . In addition, the FTIR spectrum of PHMG dis-
played an N—H stretching vibration absorption around 3500 cm™}, a
C=O0 stretching vibration peak at 1680 cm™', and the C—H bending
vibration absorption peak near 1460 cm ™! and C—N stretching vibra-
tion absorption peak at 1350 cm ™. The FTIR spectrum of DEX exhibited
the broad absorption peak of O—H stretching vibration in the range of
3200-3600 cm 1, a C—H stretching vibration absorption peak at 2900
em ™}, a C—C bending vibration absorption peak near 1350 cm™!, and a
C—O stretching vibration of ether bond in polysaccharides at 1000
cm L. The absorption peak of DG-CDs at 3370 cm ' was the typical
O—H or N—H stretching vibration. The C—H stretching vibration and
bending vibration were observed at 2870 cm™! and 1400 cml,
respectively. The peaks at 1650 cm ™! and 1570 cm ™! were attributed to
C=N stretching and C=O stretching, respectively. The peaks at 1270
em™! and 1050 em ™! were ascribed to C—N and C—O stretching vi-
brations, respectively. NMR was performed to further characterize the
molecular structure of DG-CDs. The peaks at 1.31 ppm and 1.53 ppm in
the 'H NMR of DG-CDs (Fig. 2j) can be associated with long-chain
methylene hydrogens (—CH=—) in PHMG, especially those located
away from the guanidine group. The peaks at 2.7-2.84 ppm were
attributed to methylene hydrogens in CA or methylene groups in PHMG
close to the guanidine group. The peaks in the range of 3.13-3.86 ppm
were attributed to sub methyl (—CH>—0—) and methyl (—CH—O-)
hydrogens from DEX. The 13C NMR (Fig. 2k) showed that the peaks in
the range of 39-44 ppm were probably due to the methylene carbon
near the guanidinium group, and part of the peaks may be due to the
carbon-nitrogen (C—N) bond attached to the guanidinium group. The
chemical shifts in the 60-76 ppm region were typically associated with
the carbon attached to the oxygen atom of —CH and —CHj; from DEX,
particularly the C—OH or C—O—<C structures, and the hydroxyl carbon
(C—OH) may also occur in this region. In addition, the peaks in the
range of 92-96 ppm and 155-157 ppm were typically corresponded to
the hemiacetal carbon (C1), and the guanidinium carbon (C=N),
respectively. The peaks in the 175-179 ppm were attributed to carboxyl
(—COOH) or carboxylic acid ester (C—=0) carbons. NMR results imply
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the inclusion of the molecular structure from the three precursors. The
percentage of each element and the chemical composition of DG-CDs
were analyzed by XPS. The full-wavelength XPS pattern of DG-CDs
showed three main typical peaks (Fig. 21) of C 1s at 284.8 eV, N 1s at
400.1 eV, and O 1s at 532.4 eV, with the contents of 59.64 %, 11.31 %,
and 29.05 %, respectively. The high-resolution C 1s XPS spectra
(Fig. 2m) can be fitted to four bands of C—C/C—H (284.3 eV), C—N
(285.6 eV), C—0O (285.9 eV) and O—C=O (288.4 eV). The high-
resolution N 1s XPS spectra (Fig. 2n) exhibited two peaks at 399.6 eV
and 400.1 eV. The peak at 399.6 eV represented the nitrogen or common
amine in the non-protonated guanidinium group and the peak at 400.1
eV was the nitrogen in the protonated guanidinium group (-NH3). The
high-resolution O 1s XPS spectra (Fig. 20) can be fitted to two peaks of
0O-C=0 (530.4 eV) and C—OH/C—O—C (532.0 eV), indicating the
presence of carboxyl, hydroxyl, and ether functional groups in the DG-
CDs.

Overall, combined with the above characterization and the carbon
core structure of CDs [73,74], the carbon nuclei of DG-CDs can be
identified as small graphene lamellae or graphene-like structural fea-
tures (Fig. 3(2)). Furthermore, the surface-active groups of DG-CDs,
including C—N/C=N, C—0/C=0, C—0—C, —OH, —COOH, and
—NH,, were confirmed by FTIR, NMR, and XPS analysis. Correspond-
ingly, Fig. 3(3) showed the molecular formulae constructed based on the
core properties and possible surface functional groups of DG-CDs
inferred from the characterization.

3.2. Invitro antibacterial activity of DG-CDs

The MICs of DG-CDs against various bacterial strains were deter-
mined for evaluating the antibacterial activity, as shown in Figure S1
and Table S2. DG-CDs demonstrated strong broad-spectrum antibacte-
rial efficacy (Figure S1). For example, the MIC values against MRSA,
S. aureus, and S. epidermidis were 5, 5, and 1.25 pg/mlL, respectively.
Moreover, the inhibition curves of DG-CDs were investigated. As shown
in Fig. 4a and b, the antimicrobial activities of DG-CDs against S. aureus
and MRSA illustrated a concentration-dependent effect with prolonga-
tion of time. When the concentration of DG-CDs was lower than MIC, no
significant inhibitory effect was observed after 24 h of exposure. When
the concentrations of DG-CDs reached or exceeded its MIC of 5 pg/mL, a
significant inhibitory effect was observed. The viabilities of S. aureus and
MRSA were further assessed by plate counting method. The expected
dose-dependent inhibitory activity of DG-CDs on both bacteria were
observed (Fig. 4c). Increased DG-CDs caused less survival of S. aureus
and MRSA, and there were no bacterial colonies after treatment with 10
pg/mL DG-CDs (Fig. 4d and e), confirming the good antibacterial effect
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of DG-CDs. Related studies have shown that there is a risk of the storage
stability of antibacterial nanomaterials [75]. Correspondingly, the sta-
bility of the antimicrobial performance of DG-CDs was evaluated in
several storage conditions. As shown in Figure S2a, the MIC values of
DG-CDs against S. aureus and MRSA remained unchanged during
long-term storage (360 days). In addition, the DG-CDs still exhibited
highly stable antimicrobial activity under a variety of environmental
conditions, including treatment with varied temperature from 20 to 90
°C and continuous irradiation with UV lamps (Figure S2b and S2c).
Moreover, the antimicrobial efficacies of DG-CDs were unaffected when
interfering by 50 % fetal bovine serum, 50 % rabbit serum, trypsin, and
proteinase K, respectively (Figure S2d). Considering the practical
application of DG-CDs in treating keratitis, the antibacterial stability
was evaluated in artificial tear solution and eye drop. As shown in
Figure S2e and S2f, DG-CDs maintained stable MIC values throughout
the 28-day testing period. These results confirm the storage stability of
DG-CDs in a simulated ocular physiological environment (artificial
tears) and in an actual medication context (eye drops). These findings
indicate that DG-CDs can maintain effective therapeutic activity even
when exposed to multiple environments and a prolonged period. The
possible progressive development of bacterial resistance of DG-CDs was
also evaluated. Using vancomycin as reference control, DG-CDs were
successively exposed to sub-inhibitory concentrations of bacterial sus-
pensions. As shown in Fig. 4f and g, the MIC values of DG-CDs against
S. aureus and MRSA are kept after 30 transmissions, indicating no
detectable resistance development. In contrast, vancomycin showed
16-fold higher MIC values against S. aureus and MRSA, implying the
detectable resistance in the strains. The major advantages of DG-CDs are
the stable antibacterial ability with the little potential to induce bacte-
rial resistance.

3.3. Anti-biofilm capability of DG-CDs

Biofilm penetration and eradication of biofilms are challenging due
to the protective barrier of EPS. The potentials of DG-CDs to inhibit and
eradicate S. aureus and MRSA biofilm were investigated. As shown in
Fig. 5a and b, DG-CDs inhibited biofilm formation dose-dependently,
reducing S. aureus and MRSA by 79.9 % and 62.8 % at 40 pg/mL,
respectively. The ability of DG-CDs to disrupt the mature biofilm was
further investigated. As shown in Fig. 5d and e, after treating by 80 pg/
mL DG-CDs, the residual biomass of preformed S. aureus and MRSA
biofilms were only 31.1 % and 40.6 %, respectively, indicating good
ability of removing biofilm. Moreover, bright green fluorescent signals
from SYTO9 were observed in the untreated biofilm (Fig. 5g), indicating
the complete coverage of live bacteria in the control group. While, the

(4) End product

Fig. 3. Simulated molecular structure and final product of DG-CDs based on the synthesis process.
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CDs and vancomycin.

treated biofilm showed obvious red fluorescent signals from PI with
little green field. Moreover, a significant decrease in biofilm thickness
and live/dead ratio were also found in the treated biofilms (Fig. 5h),
suggesting that DG-CDs can effectively inhibit and eliminate bacterial
biofilm. This can be attributed to the fact that the small-sized DG-CDs
possess the characteristic groups of dextran, which enhance the pene-
tration and diffusion of DG-CDs into bacterial biofilms through the
targeted binding of EPS, accelerating the degradation of the membrane
structure for destroy [76,77].

3.4. Evaluating the antibacterial mechanism of DG-CDs

The antibacterial mechanism of DG-CDs was investigated. The
morphology of treated bacteria was initially evaluated using SEM
(Fig. 6a). S. aureus and MRSA were spherical with a complete and intact
surface. However, the cell surfaces of treated bacteria appeared hollow
and some even ruptured and collapsed with extravasation of cell con-
tents, suggesting that DG-CDs destroy the structural integrity of the
bacteria. According to the positive zeta potential of DG-CDs (Fig. 2d),
the greatly changed zeta potentials of the incubated bacteria and DG-
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CDs confirmed that DG-CDs adhered to the negatively charged bacte-
rial surface through electrostatic interactions (Fig. 6b). Unlike eukary-
otic cells that use mitochondria to produce energy, bacteria do not have
mitochondria. Bacteria heavily rely on ATP as their main energy carrier
to drive and regulate complex biochemical processes that are closely
linked to energy metabolism within their cells [78]. As shown in Fig. 6¢
and d, the intracellular ATP of the treated bacteria showed a significant
decreased trend with increasing concentrations of DG-CDs. Such find-
ings indicate that DG-CDs can interfere with and even disrupt the normal
metabolic mechanism of the bacteria [78], which in turn triggers the
reduction of ATP level and ultimately constitutes an inhibitory effect on
the survival and reproduction of bacteria.

Bacterial biofilm communities are protected by the EPS matrix [79].
The polysaccharides and proteins in the EPS not only maintain the
morphology and structure of the biofilm, but also provide favorable
conditions for bacterial attachment, proliferation and protection, sus-
taining the survival of microorganisms in the biofilm against the pene-
tration of exogenous antimicrobial drugs and thus acquiring high
resistance to antimicrobial agents and the host immune system [20]. The
effects of DG-CDs on EPS in S. aureus and MRSA biofilms were
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investigated from both polysaccharide and protein aspects (Fig. 6e and
f). The contents of polysaccharides and proteins in treated biofilms were
reduced to different extents, indicating the differential interactions of
DG-CDs with various components of the biofilm. Compared to the con-
trol group, the levels of polysaccharides and proteins in S. aureus treated
with 10 pg/mL DG-CDs were reduced by 68.41 % and 46.7 %,

MRSA S.aureus+DG-CDs S.aureus

MRSA +DG-CDs
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respectively. The relative levels of the corresponding substances in the
EPS of MRSA treated with DG-CDs were reduced by 65.3 % and 18.7 %,
respectively. These results suggest that the antimicrobial effect of
DG-CDs and their inhibition and elimination of biofilms are mainly
achieved by disrupting the integrity of the cell membrane and blocking
the synthesis and expression of its polysaccharides and extracellular
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proteins.

The interaction between antimicrobials and DNA is directly related
to bacterial growth and reproduction [80]. Firstly, the potential inter-
action between DG-CDs and DNA was simulated and evaluated using
FAM labeled ssDNA (FAM-DNA) as probe (Fig. 6g). FAM-DNA had a high
fluorescence intensity at 520 nm, while the fluorescence of FAM-DNA
was gradually quenched with the addition of increased concentrations
of DG-CDs. After the addition of 20 pg/mL DG-CDs, the fluorescence of
FAM-DNA was almost completely quenched, indicating that DG-CDs
effectively adsorb and interact with DNA, thereby interfering with
normal bacterial gene function [81].

Based on membrane breaking results (Fig. 6a), ATP loss (Fig. 6¢, d),
biofilm inhibition and removal (Fig. 5), and the interacting and inter-
fering foundation of DG-CDs to DNA (Fig. 6g), it was predicted that DG-
CDs can interact with several key proteins closely related to bacterial
proliferation and virulence. Molecular docking technology, which pro-
vides detailed information on ligand-receptor interactions, is a theo-
retical modelling method for predicting intermolecular binding sites and
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binding forces [82]. Thus, the molecular docking analysis was carried
out to visualize the possible binding models of DG-CDs and specific
proteins. In S. aureus and MRSA, the cell division protein FtsA plays a
pivotal role in bacterial cell division, primarily involved in cell wall
synthesis and the formation of the division ring. The ABC transporter
ATP-binding protein, a key member of the ABC transporter family,
provides energy and regulates the transport of substances across the
bacterial membrane. The intercellular adhesion protein R, part of the Ica
gene cluster, mediates bacterial adhesion and biofilm formation. The
accessory gene regulator protein A, a component of the Agr system,
participates in the regulation of bacterial virulence and quorum sensing.
DNA primase is a critical enzyme in DNA replication, responsible for
initiating the replication process. Penicillin-binding protein mecA is
associated with antibiotic resistance in S. aureus. Based on the biological
functions of these key proteins, FtsA (PDB: 3WQT), ABC-ATPase (PDB:
6XJI), IcaR (PDB: 3GEU), AgrA (PDB: 4G4K), DNA primase (PDB: 4E2K),
and PBP2a (PDB: 1VQQ) were selected as targets to analyze their in-
teractions with DG-CDs using molecular docking. The docking results
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Fig. 7. Molecular mechanism of the antibacterial ability of DG-CDs. (a) Docking models of DG-CDs with specific proteins. (b) Binding energies and protein-ligand

interaction details of DG-CDs with specific proteins by AutoDock Vina. Quantitative analysis of relative expression level of related genes in (c) S. aureus and (d) MRSA
treated with DG-CDs.

(Fig. 7a, b) indicated that the binding energies of DG-CDs and target
proteins were approximately around -10 kcal/mol, suggesting a strong

thereby attenuating bacterial pathogenicity. DG-CDs also interfere with
DNA replication by binding to DNA primase, further inhibiting bacterial

affinity for these targets. Specifically, DG-CDs interfere with the function
of FtsA, inhibiting the cell division process and significantly suppressing
bacterial proliferation. Binding to ABC-ATPase may affect bacterial
transport processes, further limiting bacterial growth and resistance.
DG-CDs bind to IcaR, potentially impairing bacterial adhesion and bio-
film formation. Through interactions with AgrA, DG-CDs regulate the
expression of genes involved in virulence factors and biofilm formation,
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growth. Finally, DG-CDs may inhibit the function of the antibiotic
resistance protein PBP2a, reducing bacterial resistance to antibiotics. In
conclusion, the significant binding of DG-CDs to multiple critical targets
highlights their potential to inhibit bacterial proliferation, virulence,
adhesion, biofilm formation, and antibiotic resistance. This
molecular-level analysis provides theoretical support for the antimi-
crobial mechanisms of DG-CDs and offers valuable insights for
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optimizing the structure of CDs as antimicrobials.

Following the results of the above experiments and molecular
docking, RT-qPCR was used to examine the expression levels of relevant
genes in S. aureus and MRSA (Fig. 7c, d). The FtsA protein, encoded by
the ftsA gene, is essential for cell division of bacteria. The expression of
the ftsA gene was downregulated 4.19-fold in S. aureus and 1.29-fold in
MRSA treated by DG-CDs. In addition, polA and dnaE genes, which
encode DNA polymerases, are responsible for chromosome replication.
The genes of polA and dnaE were significantly downregulated in both
S. aureus and MRSA after treatment with DG-CDs. These results indicate
that DG-CDs have significant effects in interfering bacterial division and
DNA replication.

Polysaccharide intercellular adhesin (PIA), a key factor in biofilm
formation, is synthesized under the regulation of the icaA gene, which is
negatively regulated by icaR. The balance between icaA and icaR plays a
critical role in controlling biofilm production. AgrA, encoded by the
agrA gene, regulates biofilm formation and quorum sensing (QS),
influencing antibiotic resistance. As shown in Fig. 7c and d, the ex-
pressions of icaA and agrA were downregulated 4.13-fold and 9.36-fold
in S. aureus, and 6.51-fold and 3.43-fold in MRSA after DG-CDs treat-
ment, respectively. These results suggest that DG-CDs effectively inhibit
biofilm formation and disrupt AgrA-mediated signaling in the QS
system.

Considering the broad-spectrum antimicrobial activity of DG-CDs
and the severity of bacterial resistance, MRSA was selected as the
model bacterium to carry out the transcriptome sequencing assay to
further reveal the above clarified antibacterial mechanism of DG-CDs at
the molecular level. Volcano plot analysis (Figure S3a) identified a total
of 1151 differentially expressed genes (DEGs), including 549 signifi-
cantly upregulated and 602 significantly downregulated genes. To
further illustrate representative expression changes, a hierarchical
clustering heatmap of several key DEGs was generated (Figure S3b),
highlighting distinct expression patterns between the DG-CDs-treated
and control groups. GO classification at level 2 (Figure S3c) and KEGG
enrichment analysis of the top 20 pathways (Figure S3d), both based on
identified DEGs, comprehensively revealed the major biological func-
tions and signaling pathways involved. Further GO and KEGG enrich-
ment analyses suggest that the antimicrobial activity of DG-CDs is
closely associated with multiple essential biological processes and reg-
ulatory pathways (Figure S4a, S4b).

Specifically, DG-CDs interfere with cell division by downregulating
key genes related to cell division (GO:0051301) and the cell cycle
(GO:0007049), such as ftsA and ftsZ, thereby disrupting the normal
formation of the division ring and inhibiting bacterial proliferation.
Additionally, the impairment of the peptidoglycan biosynthesis
(ko00550) pathway weakens the stability of the cell wall, leading to
damage to membrane integrity (GO:0071840) and causing leakage of
cellular contents, ultimately significantly reducing bacterial survival.
DG-CDs significantly downregulate genes involved in DNA repair
(G0:0006281), nucleic acid metabolism (GO:0090304), and cellular
responses to DNA damage (GO:0006974), affecting pathways such as
mismatch repair (ko03430), base excision repair (ko03410), and
nucleotide excision repair (ko03420), thereby compromising genomic
stability. Transcriptomic analysis further reveals the downregulation of
polA and dnaE, key genes in DNA replication and repair, consistent with
PCR results. DG-CDs significantly downregulate metabolic pathways
such as carbon metabolism (ko01200), the pentose phosphate pathway
(ko00030), and one-carbon metabolism (ko00670), weakening bacterial
energy supply and metabolic capacity. Moreover, disruption of
aminoacyl-tRNA biosynthesis (ko00970) impairs protein translation
efficiency, broadly weakening bacterial physiological functions. DG-CDs
regulate processes involved in cell component organization
(G0O:0051128), significantly impairing key processes related to biofilm
matrix synthesis and intercellular adhesion. The downregulation of
specific elements, such as the agr system and the spa gene, indicates that
DG-CDs disrupt bacterial quorum sensing systems, weakening cell
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aggregation and hindering biofilm initiation and maturation. A down-
regulation of icaR expression was found in transcriptomic analysis. As
mentioned above, icaR acts as a negative regulator by binding to the
icaR operon and inhibiting the expression of icaA and other genes
related to biofilm formation. This result seems to contradict the
conclusion from RT-qPCR, where icaA expression was found to be
downregulated. It is speculated that DG-CDs indirectly influence the
expression of icaR and icaA by regulating their common upstream tar-
gets [83-85]. Further omics analysis indicates the upregulation of the fur
gene and the downregulation of the luxR gene. Both fur and luxR also
play important roles in the formation and regulation of bacterial bio-
films. Fur primarily regulates iron homeostasis and the expression of
related virulence genes, thereby influencing bacterial growth, patho-
genicity, and biofilm formation [86,87]. As a negative regulator, fur
typically suppresses the expression of genes associated with biofilm
formation, particularly by inhibiting the expression of the ica operon.
Therefore, the upregulation of fur may indirectly affect the formation
and stability of bacterial biofilms. On the other hand, luxR is a key
transcriptional regulator in quorum sensing systems. In various bacterial
species, luxR activates or represses downstream genes related to biofilm
formation, virulence, and motility by recognizing and binding to auto-
inducer molecules [88-90]. The downregulation of luxR expression
suggests that the presence of DG-CDs may interfere with the quorum
sensing pathways, thereby impairing the regulatory mechanisms of
biofilm formation and reducing both pathogenicity and biofilm struc-
tural integrity. DG-CDs significantly downregulate core genes related to
vancomycin resistance (ko01502), such as pbp2a, thus weakening
MRSA’s resistance to glycopeptide antibiotics and enhancing the syn-
ergistic bactericidal effect of antibiotics. Finally, the protein-protein
interaction (PPI) network of differentially expressed genes (DEGs) con-
structed based on the STRING database further reveals the interactions
among these genes (Figure S5). These results align closely with the in
vitro antibacterial experiments and offer crucial molecular evidence for
the antimicrobial mechanism of DG-CDs, affirming their ability to
disrupt bacterial physiological activities at multiple levels.

Based on in vitro antibacterial experiments, molecular docking re-
sults, RT-qPCR, and omics, the antimicrobial mechanism of DG-CDs
involves a multi-step process leading to bacterial damage. DG-CDs
adsorb onto the bacterial surface, enter the cells, and interact with key
intracellular targets, such as DNA and proteins. This interference dis-
rupts bacterial function with several significant physiological changes,
including structural damage, ATP leakage, and ultimate rupture and
apoptosis.

3.5. Immunomodulatory capacity of DG-CDs

The immune system plays a significant role in the pathogenesis and
repair process of keratitis. The potential immunoregulatory properties of
DG-CDs were assessed. As shown in Fig. 8a, under non-inflammatory
conditions, DG-CDs at different concentrations promoted macrophage
polarization toward the M1 phenotype. Additionally, the proportion of
M2 macrophages gradually increased with increased DG-CDs (Fig. 8a
and b). When the concentration reached 80 pg/mL, the proportion of M1
macrophages was approximately 39.4 %, while the proportion of M2
macrophages was approximately 7.9 %. These results suggest that, in the
absence of inflammation or during the early stages of infection, DG-CDs
promote the conversion of macrophages toward the M1 phenotype,
thereby enhancing inflammation, bacterial clearance, and the recruit-
ment of early immune cells. However, under simulated infectious in-
flammatory conditions (Fig. 8c and d), low concentrations of DG-CDs
still exhibited a modest promoting effect on M1 polarization. When
the concentration of DG-CDs reached 80 pg/mL, the proportion of M1
macrophages decreased, whereas the proportion of M2 macrophages
increased, resulting in a reduced M1/M2 ratio (Figure S6c¢), with
approximately 50.4 % of cells being in the M2 state or transitioning
toward the M2 phenotype (Fig. 8d). These findings suggest that, under
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Fig. 8. Immunomodulatory capacities of DG-CDs. The effect of DG-CDs on M1 and M2 polarization (a, c¢) of macrophages under normal (a) and inflammatory (c)
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inflammatory conditions, DG-CDs at 80 pug/mL facilitate the polarization untreated macrophage and LPS-treated macrophage, consistent with the
of M1 macrophages toward the M2 phenotype, thus promoting inflam- flow cytometry results of promoting macrophage M2 polarization. When
mation regulation and tissue repair. IL-4 and IL-10 are closely associated the DG-CDs concentration reached 80 pg/mL, the IL-10 concentration
with the polarization and secretion of M2 macrophages. Correspond- increased to more than twice that of the control group. Although IL-4
ingly, IL-4 and IL-10 were selected to further validate the immune- exhibited a similar trend to IL-10, its concentration was significantly
regulatory effects of DG-CDs. As shown in Fig. 8e and f, IL-10 gradu- lower (Fig. 8g and h). This may be because IL-4 is primarily secreted by T
ally increased with the elevation of DG-CDs concentration under both cells and mast cells in smaller amounts [91].
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3.6. Evaluation of the safety and in vivo treating effect of DG-CDs

The cytocompatibility and hemocompatibility of DG-CDs were
investigated. The effects of different concentrations of DG-CDs on HK-2
(human normal kidney cells) and HLE-B3 (human lens epithelial cells)
were assessed using CCK-8 assay kits. Fig. 9a and b showed the cell vi-
abilities of HK-2 cells and HLE-B3 cells after co-culturing with different
concentrations of DG-CDs for 24 h. Compared with the control group,
DG-CDs exhibited little impact on the viabilities of HK-2 cells or HLE-B3
cells. Even at a 40-fold MIC concentration, the 200 pg/mL DG-CDs
demonstrated good cytocompatibility, with the cell viability levels of
77.38 % and 78.43 %, respectively. This favorable biocompatibility can
be attributed to the low affinity of DG-CDs to mammalian cells [92].
Furthermore, as shown in Fig. 9c, the positive group was red due to the
release of hemoglobin, whereas the supernatant of DG-CDs was as clear
as that of the negative group. The hemolysis rate was significantly lower
than 5 % when introducing 320 pg/mL DG-CDs, suggesting the good

Acta Biomaterialia 200 (2025) 591-609

hemocompatibility of DG-CDs. In addition, before formally establishing
the MRSA-infected rat keratitis model (Fig. 9d and e), saline, vanco-
mycin and DG-CDs were administered to the eyes of normal rats by a
simulated eye drop method, and the ocular irritation of all three groups
were assessed by slit lamp microscopy within 24 h. Fig. 9e showed that
there was no significant ocular abnormality between the saline group
and the administered group. Sodium fluorescein staining under cobalt
blue light showed a clear and intact cornea, suggesting the little damage
of DG-CDs. The mean ocular irritation score in the vancomycin and
DG-CDs groups was lower than 3 (Table S3), which was not significantly
different from the saline group’s score. These results confirm that
DG-CDs have good in vitro and in vivo biosafety.

A model of MRSA-infected rat keratitis was established to evaluate
the in vivo therapeutic effect of DG-CDs as eye drops (Fig. 9d). The post-
infected rat eyes were examined by slit lamp under diffuse light and
cobalt blue light (Fig. 9¢). After 3 days of treatment in the saline group,
the cornea remained cloudy and edematous, and the iris texture and
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pupil contour were not recognizable. In contrast, the vancomycin and
DG-CDs effectively suppressed MRSA infection throughout the entire
treatment process. Although there was still a small amount of incom-
plete repair and slight edema in the corneal epithelial layer, the corneas
in the vancomycin and DG-CDs groups were significantly clearer than
those in the saline group. The treatment effect was further assessed
quantitatively using the clinical scores (Fig. 9f). These results indicate
that DG-CDs exhibit strong anti-infective activity and good therapeutic
effect on BK. To further verify the inhibitory and clearing effects of DG-
CDs on MRSA in BK models, agar plate colonies in daily corneal tissues
were coated (Figure S7) and quantitatively studied (Fig. 9g).The number
of MRSA colonies in all three groups gradually decreased with the
prolongation of the treatment time (Fig. 9g), indicating that the eye it-
self has a certain self-cleaning function. The bacterial counts in the
vancomycin and DG-CDs groups were significantly lower than those in
the saline group, suggesting that vancomycin and DG-CDs can sub-
stantially inhibit the ocular bacterial growth thereby controlling the
infection in the first instance of the bacterial transmission. Notably, DG-
CDs were more effective than vancomycin in terms of shorter disease
duration and reduction in colony size (Fig. 9e-g and S7).

The histological analysis was carried out. Compared with the illus-
tration and thickness of the normal cornea (Figure S8), H&E staining
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showed that the corneal interstitial tissue layer was significantly
edematous in the saline group (Fig. 10a), and the thickness of the
corneal interstitial layer was 406.43 pm, which was greater than that of
the normal cornea (Fig. 10b). Under infectious stimulation, a large
infiltration of immune cells, such as neutrophils, occurred in the corneal
stroma, while inflammatory cytokines promoted tissue edema and
stromal cell activation, leading to fluid accumulation and loosening of
the stromal structure. Additionally, the direct damage caused by bac-
terial toxins and metabolites further exacerbated these changes, result-
ing in significant thickening of the corneal tissue observed in H&E
staining (Fig. 10a). The vancomycin and DG-CDs groups showed
epithelial and stromal thicknesses comparable to normal corneas, indi-
cating the effects of both vancomycin and DG-CDs in alleviating infec-
tious corneal structural damage. Therefore, the saline group exhibited
more inflammatory cells and extensive inflammatory cell infiltration
through H&E staining. The vancomycin group restored normal corneal
thickness but still retained certain inflammatory cells, whereas the DG-
CDs group showed significantly fewer inflammatory cells (Fig. 10a).
This is because although vancomycin may indirectly reduce the over-
reaction of the immune system by removing the source of infection, the
toxins (e.g. endotoxin) released after bacterial death may continue to
stimulate the immune system, resulting in a persistent inflammatory
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response. Vancomycin, on the other hand, does not actively regulate the
function of the immune system and does not directly address the im-
mune overreaction or the inflammatory response itself. At this point,
antibiotics alone may not fully resolve the issue, as immune system
overreaction can still cause tissue damage of corneal stroma degrada-
tion, opacity, fibrosis, and nerve damage [93]. These effects are pri-
marily driven by proteases and reactive oxygen species released by
neutrophils, leading to further disruption of corneal transparency and
structural integrity, potentially resulting in permanent vision impair-
ment [94]. Therefore, in clinical practice, a combination of immuno-
modulatory drugs is often required to achieve optimal therapeutic
outcomes [95]. The dual function of DG-CDs can act as an antibacterial
agent to rapidly control inflammation and inhibit immune overreaction.

The expression levels of inflammatory factors in the cornea were
further investigated using immunohistochemical analysis (Fig. 10a). The
results showed that the saline group had significantly increased corneal
thickness with extensive inflammatory cell infiltration, indicating a
strong inflammatory response. The vancomycin group exhibited corneal
thickness close to normal but still showed some inflammatory cells,
suggesting partial relief of inflammation without complete resolution.
The DG-CDs group displayed near-normal corneal thickness with
significantly fewer inflammatory cells, demonstrating effective inflam-
mation reduction. These findings are consistent with H&E staining,
further confirming the differences in therapeutic effects and inflamma-
tion regulation among the groups. The quantitative analysis of IL-4 and
IL-10 in the corneal tissues (Fig. 10c) illustrated that the levels of IL-4
and IL-10 in the DG-CDs group were significantly higher than those in
the saline and vancomycin groups, and proved that DG-CDs had a better
therapeutic effect of reducing inflammation and promoting trauma
repair. Furthermore, H&E staining of the heart, liver, spleen, lungs, and
kidneys from the rats of different groups (Fig. 10d) implied that no
histological differences or toxic reactions were observed after treatment
with DG-CDs.

4. Conclusion

In this work, DG-CDs with dual functions broad-spectrum antibac-
terial activity and immunomodulatory properties were synthesized.
Besides the antibacterial activity, we elucidated the underlying mech-
anisms by demonstrating that DG-CDs disrupted key genes involved
bacterial cell division, quorum sensing, biofilm formation, and DNA
replication and repair. Moreover, the DG-CDs exhibited biocompati-
bility with normal cells and tissues. In vivo experiments illustrated that
DG-CDs not only significantly inhibited the growth of bacteria on the
corneal surface, but also promoted inflammation resolution and subse-
quent corneal healing in rat BK models by MRSA. Histopathological
analyses further confirmed that DG-CDs provided enhanced healing ef-
fects compared to conventional antibiotics, which was attributed to their
antibacterial and immunomodulatory capabilities. DG-CDs are expected
to become a strong competitor to traditional contact lens care solutions
or eye drops, not only because they can effectively prevent microbial
contamination that may occur during contact lens use, but also because
they can be applied directly to the eye as a safe and highly effective
treatment for bacterial keratitis.
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