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Bacterial infections pose a serious threat to human health, and antibiotic resistance has greatly hindered
their clinical application. Therefore, new antibacterial compounds or alternative approaches are urgently
needed. In recent years, nanoscience and nanotechnology have developed a number of antimicrobial
nanoparticles that can be used as new tools to fight deadly bacterial infections. Graphene-based
nanomaterials (GBNs), such as graphene oxide (GO) and reduced graphene oxide (rGO), have shown
great potential in the treatment and management of bacteria-induced infectious diseases due to their
outstanding biological properties. This review provides a comprehensive understanding of the
antibacterial application of GBNs via summarizing their classifications, structural features, antibacterial
mechanisms and concrete applications in the treatment of multidrug resistant (MDR) bacterial infection.

We highlight the advances in development of GBNs and GBNs-based treatment strategies, including
Received 25th February 2025

Accepted 16th July 2025 photothermal therapy (PTT), photodynamic therapy (PDT) and multiple combination therapies. In

addition, we conclude and discuss the challenges and problems in using these nanomaterials.

DOI: 10.1039/d5ra01352f Collectively, we believe that GBNs have the potential to be an effective clinical treatment for MDR
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1. Introduction

The situation in clinical microbiology has changed drastically
over the last decades. The wide use of broad-spectrum antibi-
otics unavoidably leads to the emergence of antibiotic-resistant
bacterial strains which threatens public health globally. Statis-
tical results show that 700000 people worldwide die from
antibiotic-resistant bacteria annually," and some experts indi-
cate that number might rise to 10 million by 2050 which would
exceed that caused by cancer. Drug-resistant bacteria could
fight antibiotics in complex channels, such as the formation of
biofilm, decreased cell permeability, inactivated enzyme
production like metallo-pB-lactamase (MBL), target mutation,
and increased efflux.>* Among them, bacterial biofilm plays
a crucial role in drug resistance which brings great difficulties
for clinical treatment of infectious disease. The bacterial bio-
film not only enhances the tolerance to robust attack from
microenvironment and immune system, but also prevents
antibiotics from penetrating into bacteria so that reduce
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efficacy of antibiotics. In addition, bacterial biofilm is able to
induce chronic and recurrent infection which prolongs antibi-
otic therapy, and then resulting in increased drug side effects.?
In order to solve the urgent crisis of antibiotic resistance, new
antibiotics need to be discovered constantly. However, some
factors limit the development of novel antimicrobials, such as
long-time consuming, large cost and faster emergence of new
drug resistance than new antibiotics.® Many pharmaceutical
companies are reluctant to develop antimicrobial agents
because they consider the market for new antibiotics is small,
and might not sell enough medicines to remedy their costs.
Therefore, it is essential to exploit alternate antibiotic-
independent approaches to combat multidrug-resistant (MDR)
bacteria.

In recent years, nanotechnology has provided a new insight
into the diagnosis and treatment of infectious disease. Nano-
materials are supposed to be an effective supplement to over-
come MDR bacteria due to their different antibacterial
mechanisms from traditional antibiotics.” Firstly, nano-
materials can directly destroy the bacterial membrane and
interact with DNA and proteins to obstruct proper functioning
of cellular machinery. Secondly, nanomaterials can execute
multiple bactericidal pathways, making it difficult for
bacteria to adapt to these therapeutics. Thirdly, they
could indirectly damage microbial cell components and
viruses through producing reactive oxygen species (ROS).?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Multiple antibacterial mechanisms of graphene-based nano-
materials against various pathogens. Reproduced with permission.*?
Copyright 2018, Elsevier.

Moreover, nanomaterials have been used as excellent antimi-
crobial delivery vehicles which can selectively transport drugs to
the infection site and increase their retention time in blood.’

Table 1 The antibacterial effect of graphene nanomaterials®
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Graphene, obtained for the first time through micro-
mechanical exfoliation of graphite in 2004, is a two-
dimensional (2D) layer of sp>-hybridized carbon atoms located
in a honeycomb lattice. Graphene-based antibacterial nano-
materials (GBNs), including graphene oxide (GO), reduced
graphene oxide (rGO), graphene quantum dots (GQDs),
graphite and graphite oxide have various derivatives with
different properties and functions, such as high mechanical
strength, excellent electrical conductivity, wide surface area,
zero band gap width, excellent electrical, thermal conductivity
and biocompatibility.'® Recent years, GBNs have found appli-
cation in many fields, such as antibacterial action, pathogens
bio detection, cancer therapy and drug and gene delivery. GBNs
can fight against Gram-positive and Gram-negative bacteria and
even fungal pathogens. Fig. 1 showed some of the representa-
tive bacteria. Among the various GBNs, GO showed the highest
antibacterial activity, followed by rGO, graphite and graphite
oxide.™

In this review, we focus on the recent advances in the design
of GBNs for applications in multidrug resistant bacterial
infection detection and treatment, which aims to provide
a guidance for subsequent research and clinical treatments.

Antibacterial efficacy

Materials Combined therapy Loading drugs Bacterial species Parameter Value Ref.
GO — Kp IR (%) >95% 16
MRSA 64.3%
Go-Ag PTT MDR E. coli IR (%) >96% 17
TOB-GO-Ag PDT Tobramycin E. coli IR (%) Nearly 100% 18
GQDs-BC — MASA MIC 200 19
N-GQDs PDT MASA IR (%) >97% 20
GOD PDT/PTT MASA IR (%) 100% 21
rGO-Fe, 03 MRSA ZOI (mm) 18 + 0.25 22
VRSA 16 £ 0.65
CRSA 18 + 0.16
GO-Ag HN CRPA IR (%) Most 23
rGO/Ag PTT Ab, Kp and PA IR (%) 97.6 24
TG-NO-B PTT + NO Ab, Kp and PA IR (%) 55.6 + 9.0, 55.2 + 9.5 25
and 55.6 £+ 9.0
GO-NTA-Ce PTT MRSA IR (%) 99.9 26
GO-CS/ZnO Tetracycline MDR PA IR (%) 100 27
SGQDs-CORM@HA  PDT + CO MRSA IR (%) 100 28
GrZnO-NCs Curcumin MRSA ZOI (mm) 14.6 + 2 29
GO/CS/Cu-POM KR E. coli IR (%) 99.93 30
AR E. coli 97.94
rGO/AUNS PDT MRSA IR (%) 68 31
rGO-IONP PTT MRSA IR (%) 81 32
Eu-Van-rGO PTT KR E. coli, OR S. aureus IR (%) 100 33
>3
NGO-BSA-AIE PTT AMO-resistant E. coli IR (%) >99% 34
PDT
GAGO MRSA MRSA-pvl+ MIC 100 35
and MRSA-pvl— 150
150

“ Abbreviation: MRSA, methicillin resistant Staphylococcus aureus; KP: Klebsiella pneumoniae; PA: P. aeruginosa; VRSA: vancomycin-resistant S.
aureus; CRSA: ciprofloxacin-resistant S. aureus; CRPA: carbapenem-resistant PA; KR: kanamyclin resistant; AR: ampicillin resistant; AMO:
amoxicillin; OR: oxacillin resistant; ZOI: zone of inhibition (mm); MIC: minimum inhibitory concentration (ug mL™'); GA: gallic acid; IR:

inhibition rate.
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Table 1 reveals the GBNs with antibacterial activity against
different MDR and biofilm-associated pathogens.

2. Classification and their unique
properties

2.1. Graphene oxide (GO)

GO is a typical two-dimensional crystal structure with oxygen
functional groups and single atomic layer. This layer is
composed of sp” and sp® carbon atoms arranged in a hexagonal
grid as its basic skeleton, rendering GO with large surface area
and hydrophobic nature.” Oxygen groups such as hydroxyl
groups, carbonyl groups, and epoxy groups are distributed on
basal planes and edges of the skeleton.™ Distinctive nanosheets
and oxygen-containing groups confer GO not only a great
hydrophilicity and dispersity in aqueous solutions, but also the
great antibacterial potentials via multiple mechanisms.*® GO is
derived from graphite by various oxidation strategies, the most
commonly employed of which is the improved Hummers'
method.* Although GO derived from different synthesis
methods is basically consistent, they are prone to have some
differences in certain aspects or properties such as lateral
dimensions and the number of oxygen functional groups. A
variety of graphene derivatives have been synthesized based on
GO functionalized with abundant functional groups such as
brominated graphene (rGO-Br) and aminated graphene (rGO-
Am). Amine is known to be an electron-absorbing group, and
functionalization of graphene with amine can modify its elec-
tronic structure, particularly to improve electrical conductivity
and provide controllable work function engineering.** Ami-
nated graphene has excellent applications in photovoltaics, gas
sensing and biosensing, drug delivery, and composite material
formation.**®* TEM images (Fig. 2) demonstrate the
morphology of the initial GO, rGO-Br, and rGO-Am. No rips or
nanoscale holes are observed in the initial GO (Fig. 2a). After
bromination, rGO-Br exhibits a lamellar defect-free structure
and can be distinguished as a monolayer platelet (Fig. 2b). The
amination preserved a good crystalline structure with long-
range order up to tens of nanometers. However, rGO-Am
shows a tendency to roll and wrinkle the initially flat gra-
phene monolayer platelets, leading to the formation of localized
multilayer regions within a single rGO-Am platelet (Fig. 2c). ED
patterns consist of distinguishable hexagonal diffraction
patterns that rotate around each other (Fig. 2¢).*

Fig. 2 TEM images and corresponding selective area electron
diffraction (SAED) patterns of (a) the initial GO, (b) rGO-Br, (c) rGO-Am.
Reproduced with open access under Creative Commons.*® Copyright
2020, The Maxim K. Rabchinskii et al. Springer Nature.
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2.2. Reduced graphene oxide (rGO)

rGO is the reduced form of GO and restores the conductivity and
absorbance of graphene to some extent and is more hydro-
phobic than GO due to the reduction of the oxygen-containing
groups.”” Different from the sheet shape of GO, rGO is
a circular particle with width obviously larger than height,
which is attributed to enhanced hydrophobicity.*® rGO is often
obtained by reducing GO, including chemical reduction, elec-
trochemical reduction and thermal reduction.** Among these
methods, hydrothermal reduction seems to be the most
convenient and environment-friendly approach since it only
requires an autoclave with a Teflon-lined container along with
a furnace. H. Huang et al.*® elucidated the structural, morpho-
logical and electrical changes during the reduction process
from the first 30 minutes to 10 hours at 200 °C. Before hydro-
thermal treatment, the GO samples showed a laminated struc-
ture (Fig. 3a). After dispersion in water, single or several layers
of GO were obtained, with the thickness of a single layer being
0.8-0.9 nm (Fig. 3e). SEM and TEM images of rGO reduced for
1 h, 4 h, and 10 h were shown in Fig. 3(b-d) and (f-h). SEM
images after 1 h reduction showed that rGO retained a layered
structure, while TEM images revealed the coexistence of GO and
rGO. The number of layers was reduced to less than 10 (Fig. 3f).
As the reduction time increased, the layering became disor-
dered, crumpled, and smaller. Compared to GO, rGO exhibited
higher conductivity, better mechanical properties, and stronger
photothermal effects, endowing it with significant potential for
applications in photothermal therapy (PTT) against cancer and
heat-induced controlled drug release.** Meanwhile, the photo-
thermal effect of rGO can also play important roles in antibac-
terial use.*

2.3. Fluorinated graphene

Fluorinated graphene (FG) is a new class of two-dimensional
materials formed by covalent bonding of carbon atoms and
fluorine atoms in graphene. The introduction of fluorine atoms
with the strongest electronegativity dramatically changes the
electron distribution of graphene, leading to a series of unique
changes in optical, electronic, magnetic, interfacial properties
and so on. In addition, the fluorine atoms in FG have the unique
property of improving dispersion and friction by increasing the

Fig. 3 SEM images of (a) GO, and its deoxygenated samples treated
under (b) 1 h, (c) 4 h and (d) 10 h. The corresponding TEM images are
shown in (e—h), respectively. The insets of TEM images showing the
sheets in low magnification. Reproduced with open access under
Creative Commons.*® Copyright 2018, The H. Huang et al. Springer
Nature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 AFMimages (a) and SEM images (b) of graphene and fluorinated
graphene with variable exposure time in the SFg atmosphere. Repro-
duced with permission.*® Copyright 2018, Elsevier.

interlayer distance of graphene.*® Various methods have been
used to synthesize FG, including XeF, etching, plasma-assisted
decomposition of CF,, SFs, or mechanical and chemical exfo-
liation of fluorographite.** From the AFM image of graphene in
Fig. 4a, it appears that the distinct wrinkles (indicated by blue
arrows) originating from the difference in thermal expansion
coefficients between the Ge substrate and graphene are retained
after fluorination. The SEM image in Fig. 4b shows that the
surface morphology of partially fluorinated graphene is similar
to that of the pristine graphene, while the fully fluorinated
graphene is changed. The pale morphology of F-Gr implies
poor electrical conductivity because of the small number of
secondary electrons in the SEM measurements. Partially fluo-
rinated graphene exhibited better antibacterial ability and
cytocompatibility than pristine graphene and fluorinated
graphene.*

2.4. Graphene quantum dots (GQDs)

GQD is a single layer of carbon atoms in a honeycomb structure
with large surface area and excellent thermal/chemical
stability.*” GQD can be synthesized by various top-down and
bottom-up approaches.*® Scattered evidence show that GQDs
themselves have no antibacterial property.*® But GQDs have the
characteristics of peroxidase or oxidase are able to transform
H,0, and 0, into highly active molecules (such as OH radicals,
'0,) under light irradiation. It is worth mentioning that GQD is
capable of producing higher singlet oxygen yield (>1.3)
compared to conventional photosensitizers (<1).*® These prop-
erties endow GQDs to be a candidate for photodynamic therapy
which can target and kill microbial pathogens even multi-drug
resistant bacterial.>* However, the special infection microenvi-
ronment of hypoxic and low H,0, concentration limit the ROS
efficiency. To enhance antimicrobial therapy, GQD could exert
antibacterial function via modifying or combining with other
materials, such as silver-based nanocomposite.

3. Antibacterial mechanisms of
graphene-based materials

Three main possible antimicrobial mechanisms of GBNs have
been proposed as follows. (i) ROS mediated oxidative stress. Wu

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Antibacterial mechanisms of N-GQDs. Differentially expressed
genes and differential metabolites in E. coli. (a) Oxidative stress and pH
related genes. (b) Oxidative stress and pH related metabolites.
(c) Membrane related genes. (d) Membrane related metabolites.
(e) Nucleic acid and energy metabolism related genes. (f) Nucleic acid
metabolism and energy related metabolites. Reproduced with
permission.>®* Copyright 2022, Elsevier.

et al.>® demonstrated that N-GQDs produce ROS, which can
destroy enzymes, catalases (CATs), glutathione (GSH) systems
and non-enzymatic antioxidants (vitamin E, ascorbic acid, etc.)
in E. coli when exposed to solar irradiation. As shown in Fig. 5a,
12 differentially expressed genes (yggX, btuE, grxB, sodB, katE,
YfeG, yfcF, sodC, ybdK, aroG, aroA, and tkt) were found to be
related to oxidative stress in E. coli after N-GQD treatment.
Importantly, the up-regulation of the yggX gene suggested that
the N-GQDs could cause oxidative stress in E. coli. In addition,
down-regulated yfcG and ybdK genes associated with the GSH
antioxidant system resulted in decreased levels of vy-gluta-
mylcysteine, GSH and oxidized glutathione (GSSG), respectively,
in E. coli (Fig. 5b). As known, GSH is an important reductase in
bacteria, and its level can reflect the accurate extent of oxidative
stress. Therefore, it is believed that GBNs induced ROS is the
driver of bacterial oxidative stress. (ii) Nano knife effect: gra-
phene material can be inserted into the cell membrane,
destroying the phospholipid bilayer and thereby disrupting the
cell membrane structure. This mechanism is particularly rele-
vant for certain types of GBNs that exhibit sharp edges or flakes,
which can physically pierce the cell membrane.* In addition to
membrane disruption, some GBNs, such as N-GQDs, have been
shown to inhibit cell wall synthesis by down-regulating the
expression of genes involved in cell wall component synthesis
(e.g., slp, loiB, lapB, rfaC, mrdA, ansB, and ptuA in E. coli
(Fig. 5¢).°* (iii) Wrapping or trapping the bacteria, and limiting
physical movements and metabolism of bacteria. Cell entrap-
ment is recognized as an important antibacterial mechanism
which describes the bacterial cells trapped by GBNs sheets upon
their direct physical contact. Trapped bacteria are isolated from
the external environment and their access to nutrients is
restricted. The trapping effect only temporarily inhibits the
growth of the bacteria but does not kill them. Perreault et al.
found that bacteria trapped by Go sheets lost their viability but

RSC Adv, 2025, 15, 26728-26738 | 26731
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could regain their proliferation capacity after isolation by
sonication.”® GBNs also interfere with bacterial nucleic acid
synthesis and energy metabolism. For example, N-GQD inter-
feres with DNA semiconservative replication, pyrimidine
metabolism and purine metabolism through down-regulating
the genes involved in the replication of DNA, such as the
dnaC, holC, holA, rnhB, cytR, upp, guaB, and yjjG. Down-
regulation of the expression of AroA, ansB and ptuA may lead
to a decrease in the production of natural osmoregulators such
as r-isoleucine, r-phenylalanine, t-cysteine, r-histidine, r-aspar-
tate, L-tyrosine and r-glutamate (Fig. 5d and e). N-GQDs inter-
fere with bacterial energy metabolism by blocking the glycolytic
pathway, tricarboxylic acid (TCA) cycle and oxidative phos-
phorylation, leading to the accumulation of cytidine-5-mono-
phosphate (CMP), deoxycytidine monophosphate (dCMP),
cytosine, adenosine 5’-monophosphate (AMP), adenosine 5'-
diphosphate (ADP) and hypoxanthine (Fig. 5f).**

4. Factors affecting antibacterial
effect

Antibacterial efficacy of nanoparticles is correlated with the
structural and physical properties such as size, shape, surface
charge, concentration, and colloidal state.*® For instance, the
antibacterial activity of GO sheets was dependent on lateral size,
and larger GO showed stronger antibacterial activity than that
of small, which is due to the easy coating on the surface of
bacteria, thus damaging their cellular integrity.>” In addition,
the dissociation state and content of oxygen-containing func-
tional groups play an important role in the antimicrobial
properties. These functional groups not only contribute to the
negative surface charge of GBNs, enhancing electrostatic
interactions with positively charged bacterial cell membranes
and inhibiting bacterial adhesion through electrostatic repul-
sion, but also participate in redox reactions to generate ROS,
leading to bacterial cell death.*®* Furthermore, the antibacte-
rial activity of GBNs is related to the physiological state of cells
for both Gram-negative and -positive bacteria. The order of GO
susceptibility of E. coli to GO with respect to the growth phases
(exponential >> decline > stability) which associates well with
the changes in membrane ultrastructure of the cells.*®

5. Therapeutic applications

5.1. As independent antibacterial agents

Nanomaterials, leveraging their unique physio-chemical proper-
ties, offer a promising strategy to circumvent antibiotic-resistance
mechanisms by activating multiple novel bactericidal pathways,
thereby achieving robust antimicrobial activity.®**> GBNs have
a broad antibacterial spectrum and exhibit toxicity to both Gram-
positive and Gram-negative bacteria.*** Furthermore, the anti-
bacterial action of GBNs primarily hinges on physical mecha-
nisms, which are fundamentally distinct from the molecular-level
mechanisms by which traditional antibiotics operate. Conse-
quently, bacteria are considerably less likely to develop resistance
to graphene derivatives. However, most of these studies have

26732 | RSC Adv, 2025, 15, 26728-26738
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demonstrated the antibacterial activity of GBNs in vitro using
model bacteria. For example, Zmejkoski* constructed a novel
hydrogel composite (GQDs-BC) composed of bacterial cellulose
(BC) and graphene quantum dots (GQDs) for wound healing
treatment. GQDs-BC showed significant inhibition effect towards
Staphylococcus aureus and Streptococcus agalactiae and bactericidal
effect towards MRSA, E. coli, and PA in a dose-dependence
manner. GQDs-BC inhibited the bacteria growth at a concentra-
tion of 0.2 mg mL ™", and killed bacteria at a concentration of 2 mg
mL ", While Xu Wu et al* investigated the antimicrobial prop-
erties of graphene oxide (GO) both in vitro and in vivo. Their
findings revealed that GO effectively inhibited and eradicated the
growth and dissemination of MDR Klebsiella pneumoniae (Kp).
This treatment significantly enhanced cell survival rates, mini-
mized tissue damage, alleviated inflammatory responses, and
prolonged the survival of the mice with pneumonia. Mechanically,
GO decreased polymorph nuclear neutrophil (PMN) penetration,
the generation of ROS in alveolar macrophages (AM) and increased
the viability of AM. However, even after treatment with GO, Kp was
still able to cause infection to a certain extent compared with
untreated mice. This suggests that the antimicrobial activity of
GBNs differs between the bacterial and animal levels. This
phenomenon may be due to the complex in vivo environment,
where factors such as the immune system, pharmacokinetics, and
physiological barriers affect the efficacy of GBNs.

5.2. As drug carriers

It is an effective strategy to improve the antibacterial effect by
using delivery carriers to accurately deliver therapeutic drugs to
the infected site. Nanoparticle-based drug delivery systems have
some unique superiorities, such as prolong drug retention time
in blood, reducing nonspecific distribution and targeted deliv-
ering the therapeutics to the site of infections.*® Graphene and
its derivatives are able to conjugate with other aromatic mate-
rials on the surface through the m-m stacking, and the large
surface area of graphene makes multi-drug delivery possible. In
addition, GO and rGO have a large amount of carboxyl groups
and hydroxyl groups that are enough to form various chemical
interactions. Therefore, GBNs can be designed as drug delivery
carriers via combining with other substances. Nowadays,
functionalized graphene derivatives, such as GO, rGO, carbon
nanotubes, and graphite have been successfully applied to
develop stimuli-responsive nanocarriers that load various
molecules such as genes, small drug molecules, nucleic acid,
antibodies and proteins. For example, S. Sanaei-Rad et al.®
constructs a nanoparticle ZIF-8/GO/MgFe,O, for delivering
tetracycline towards bacteria, which improve the antibacterial
activities against both Gram-positive and Gram-negative
bacteria. Y. Ning et al.®® loaded a penicillin-binding protein 2a
(PBP2a)-targeted aptamer and berberine onto the surface of GO
which significantly inhibiting MRSA biofilm formation. GO-
immobilized titanium dioxide (TiO,) was developed to effi-
ciently carry and release doxycycline hyclate (Dox) via non-
covalent interactions, including electrostatic interaction, -7
stacking, hydrophobic interaction, and hydrogen bonds. The
amount of loaded drug was able to reach a maximum of 36 pg

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Therapeutic molecules loaded onto graphene-based materials®

Materials Delivered molecule Functionalization Target Ref.
Ly-PDA@GO/CS-Arg Lysozyme Dopmine E. coli and S. aureus 68
GO-AMOX-BROM hydrogel AMOX — E. faecalis 69
Dox/GOTA/TiO,, Dox — E. coli and S. aureus 67
GO-PEG-CEF Cephalexin PEG S. aureus and B. cereus 70
NO-doped F-PEG@GO NO F-PEG E. coli and S. aureus 71
pGO-TCH TCH PEI S. aureus and E. coli 72
GO-PEG Oxacillin, penicillin PEG MRSA 73
ZIF-8/GO/MgFe,0, Tetracycline MgFe,0, S. aureus and E. coli 74
65
GO-PEG Nigella sativa seed extract PEG S. aureus and E. coli 74
CMC/MOF-5/GO Tetracycline — E. coli 75

“ F-PEG: fluorinated poly ethylene glycol; PEI: polyethyleneimine; AMOX:

cm % The obtained results indicated that GBNs are effective
carriers for antimicrobial drug delivery. Table 2 summarizes
some antimicrobial agents that have been loaded onto
graphene-based materials.

5.3. Photodynamic therapy (PDT)

Photodynamic therapy (PDT), as a therapeutic technique with
low invasiveness and mild adverse effects that take effect
depending on photo-triggered generation of cytotoxic ROS, has
been proved to be an efficacious strategy to fight against
microbial pathogens.”®”® ROS-induced oxidative stress can
destroy the surrounding essential biomolecules, such as lipids,
proteins, and nucleic acids, and finally leads to bacterial
death.?*®' Nowadays, PDT has been utilized in clinical treat-
ment of refractory local infectious diseases, and retards the
development of MDR caused by switching antibiotics or
tapering their administration dose.?> GODs have been used to
improve the biocompatibility of organic photosensitizers for
bioimaging and even entirely replace organic photosensitizers
in PDT owing to their tunable optical and electronic proper-
ties.®*** GQD killed MRSA and Escherichia coli by generating
reactive oxygen species when photoexcited (470 nm, 1 W).
Neither GQD nor light exposure alone were able to cause
oxidative stress and reduce the viability of bacteria.®® However,
the low tissue penetrance of blue light and low absorbance of
GQDs at high wavelengths limit the application of photody-
namic therapy based on GQDs in bacterial infections.

5.4. Photothermal therapy (PTT)

Photothermal therapy (PTT) has emerged as a promising
approach due to its controllable and tiny invasive mechanism
high efficiency, spatiotemporal controllability, and deep tissue
penetration.***® Unlike traditional antibiotics, PTT leverages
near-infrared (NIR) radiation to induce localized hyperthermia,
destroying bacterial membranes and effectively killing patho-
gens, while avoiding the emergence of bacterial drug resistance.
This characteristic makes PTT a compelling alternative to
conventional antibacterial therapies, especially when dealing
with drug-resistant infections.*® Specifically, PTT can trigger
changes in cell membrane permeability and fluctuations in

© 2025 The Author(s). Published by the Royal Society of Chemistry

amoxicillin; TCH: tetracycline hydrochloride; BROM: bromelain.

intracellular enzyme activity when the temperature is in the
range of 41 °C to 47 °C, while it can cause cell membrane
damage and protein denaturation when the temperature
exceeds 50 °C. P. Li. et al* synthesized highly graphitic-N-
doped graphene quantum dots (N-GQDs) with efficient NIR-II
photothermal conversion properties were synthesized for the
first time for PTT. The obtained N-GQDs exhibited strong NIR
absorption ranging from 700 to 1200 nm, achieving high pho-
tothermal conversion efficiency of 77.8% and 50.4% at 808 and
1064 nm, respectively. Outstanding antibacterial and anti-
biofilm activities against MDR bacteria were achieved by the N-
GQDs in the presence of an 808 or 1064 nm. Qu* designed
a novel near-infrared light responsive platform for targeted
imaging and photothermal killing of drug-resistant bacteria
based on multifunctional rGO via attaching vancomycin (Van)
and a europium (Eu’*) complex. Van functioned as a target
agent to capture bacteria by contacting with terminal p-Ala-p-
Ala moieties of peptide units located on the bacterial cell walls.
Eu®*" complex could emit strong red luminescence upon exci-
tation so as to act as an imaging agent for bacteria tracking.
Van-modified rGO (Van-rGO) could strongly absorb NIR radia-
tion and transfer this energy into the surrounding environment
as heat, thus resulting in the death of bacteria. All of the Gram-
negative bacteria (10° CFU mL ™) and less than 3% of Gram-
positive bacteria that survived were killed at a Van-rGO
concentration of 10 mg mL™' under NIR light irradiation for
3 min (808 nm, 1.5 W cm?). However, some drawbacks hinder
the practical application of PTT. For example, photothermal
nano-agents themselves cannot selectively target pathogenic
bacteria or biofilms, which may result in a limited therapeutic
efficacy and damage to the surrounding healthy tissues.’*'®
Besides, current operating temperature of PTT is too high (55-
60 °C), which may burn the normal skin and other tissues.”
Moreover, the curative effect of monotherapy is not equal to
expected in treating bacterial infections.®

6. Combining with other therapeutic
strategies

In order to improve the antibacterial properties of nano-
materials, researchers have developed manifold combinatorial
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therapies to effectively combat MDR, such as combining other
antimicrobial materials, traditional antibiotics, peptides and so
on. Nanocomposites transcend the limitations of single-
component materials by harnessing the synergistic effects and
composite functionalities of multiple components. They exhibit
remarkable advantages in combating drug-resistant bacteria,
primarily manifested in the diversity of antimicrobial mecha-
nisms, high efficacy, biocompatibility, targeting capabilities,
and multifunctional synergistic effects.

6.1. Combining with other nanometer to fight MDR bacteria

Due to the easily functionalized structure of GBNs, their anti-
bacterial activity can be enhanced via forming nanocomposites
with other nanomaterials or bioactive agents, such as metal or
metal oxide-based nanomaterials.”> It is reported that metal
nanoparticles (NPs) can interact with the GO sheets
through electrostatic binding, physisorption, and charge-
transfer interactions. Compared with pure rGO nanosheets
and AuNS, the rGO/gold nanopillar (rGO/AuNS)
composites not only improved the photothermal conversion but
also showed good intrinsic antibacterial activity and signifi-
cantly enhanced the interaction with bacteria.® Silver (Ag) is a
powerful antimicrobial material which can prevent
serious infections by inactivating enzymes related to bacterial
metabolism, disrupting bacterial membranes, and inhibiting
DNA replication.”® Ag nanoparticles have a wide antibacterial
spectrum and have high potential to solve multi drug
resistance bacterial like Acinetobacter baumannii, Kp, and PA.***
However, spontaneous aggregation of Ag nanoparticles
makes the antibacterial ability decrease.”® GO surface modifi-
cation and functionalization of NPs improve the stability and
dispersibility and thus solve the drawbacks of Ag NPs.”%%’
In turn, Ag enhances the antibacterial ability of GO nano-
materials. X. Guo et al.®® synthesized a binary graphene oxide
and copper iron sulfide nanocomposite (GO/CuFeS, NC) to
fight against the MDR bacteria and biofilm. Compared with
CuS NPs, iron decoration contributes to the favorable distri-
bution of bimetallic CuFeS, NPs on the GO surface, which
synergistically enhances peroxidase-like activity and intrinsic
strong near-infrared (NIR) light-responsive photothermal
activity in acidic media. The ultrathin and sharp structure of
the two-dimensional GO nanosheets enables GO/CuFeS, NCs
to strongly interact with bacteria and biofilms, thereby
facilitating catalytic and photothermal attacks on bacterial
surfaces. J. Liu et al”® synthesized a multifunctional two-
dimensional nanosheet (SGQDs-CORM@HA, SCH) which
conjunct CO-releasing molecules (CORM-401) and hyaluronic
acid (HA) onto single-layered graphene quantum dots (SGQDs)
for selectively eradicating MRSA via cascade-activated
photodynamic/CO gas therapy. Compared with PBS control,
vancomycin and “SGQDs + light” showed the fastest wound
healing, lowest neutrophil scattering in skin lesion and bacte-
rial CFU number. In summary, composite nanomaterials are
able to complement each other and combine multiple thera-
peutic strategies (PDT, PTT, gas therapy, etc.) to enhance anti-
microbial activity.

nano-
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6.2. Combining with antimicrobial peptides (AMPs)

As is known, AMPs, small peptide sequences that feature
a positive charge and hydrophobic residues, can target and kill
bacterial cells through various mechanisms, such as disrupting
the cell membrane by forming pores through depolarization.*®
Compared to traditional antibiotics, AMPs display several
distinct advantages, including a broad range of antimicrobial
activities, a quick mode of action, a relatively high degree of
target specificity towards microbial membranes, and, most
significantly, a low incidence of resistant bacterial strain
emergence.'” However, AMPs have limited clinical applica-
tions, mainly due to their high toxicity to mammalian cells.***
Recent studies have shown that the bactericidal efficacy of
AMPs can be improved by decorating them on the surface of
nanoparticles or by self-assembling AMP-based derivatives into
nanostructures.'®'®>*** Furthermore, immobilizing AMPs on
nanomaterials could enhance the long-term stability and
activity of AMPs.'® Ma et al. decorated melittin peptide on the
edges of graphene/GO nanosheets and achieved an up to 20-fold
enhancement in the antibacterial activity.'®* Tryptophan (Trp)
and arginine (Arg) are known to be necessary for antimicrobial
peptides to exert their antimicrobial effects. The Arg residues
confer cationic charge and hydrogen bonding properties to
AMPs and are able to interact with the abundant anionic
component of the bacterial membrane. Meanwhile, Trp resi-
dues show a distinct preference for the interfacial region of lipid
bilayers.'*'%1% N. A. Samak et al'® synthesized a cyclic
dodecapeptide peptide (Cdp) which added three additional
mutants to enrich the Arg and Trp residues in different ratios.
After, the dodecapeptides were immobilized on a rGO nano-
composite anchored with a hierarchical 8-MnO, (rGO/B-MnO5,)
hybrid. The immobilized Cdp-4/rGO/B-MnO, AMP showed
excellent properties against the multidrug-resistant PA ATCC
15692 planktonic cells with an MIC value of 0.97 ug mL™". In
addition, combining peptides with nanoparticles is expected to
achieve targeted identification of bacteria considering that
AMPs can specifically interact with bacterial membranes. S. K.
et al. functionalized rGO/Ag with poly-i-lysine (PLL), a natural
AMP, and achieved target specificity against the S. aureus bio-
film.*” To sum up, bioconjugation of peptides to nanoparticles
not only specifically identify bacteria, improve antibacterial
efficiency, but also protect peptides from being cleaved by
intracellular enzymes.**>*%

6.3. Combining with photosensitizer for bacterial tracking

Rapid, accurate and precise diagnostic methods possess great
importance to focus on appropriate antibacterial treatments.
Development of nanotechnology offers new possibilities for
bacterial tracing. Although GNBs themselves cannot act as
bacterial tracers, they can illuminate bacteria by combining with
other light-emitting materials. The unique properties of rare
earth (RE) complexes have been applied in the fields of LED
devices, optical coding, luminescence imaging/detection and
time-resolved luminescence detection due to their unique prop-
erties such as ligand-sensitized energy transfer, fingerprint-like
emission and long-lived emission. In vitro and in vivo imaging
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Bright field SYTO9 PABA-DCM M Bright field SYTO9 DCM

Fig. 6 Representative fluorescence images of bacterial in vitro.
Representative fluorescence images of different Gram-negative
bacterial strains incubated with (a) PABA-DCM (10 uM) and (b) DCM (10
uM) for 2 h and analyzed by a confocal-scanning laser microscope.
Reproduced with permission.'® Copyright 2022, American Chemical
Society.

P. aeruginosa
P. aeruginosa

Gram-negative
Gram-negative
E. coli

<
8
<

E. faecalis  A. baumannii

Gram-positive
Gram-positive

S. aureus

using RE luminescent materials can easily eliminate the inter-
ference of autofluorescence and any background fluorescence of
the organism. X. Yang® functionalized Van-rGO with a europium
(Eu’") complex through EDC/NHS chemistry for targeted
imaging. Both of DR-E. coli and DR-S. aureus were illuminated
after10 min incubation with Eu-Van-tGO and red photo-
luminescence were observed by the naked eye upon UV excita-
tion. NGO-BSA-AIE NPs formulated by NGO, BSA and aggregation
induced emission fluorogen (AIEgen) via hydrophobic interac-
tions were developed as an antibacterial nanomaterial for dual-
mode phototherapy. AlEgen acted not only as a photosensitizer
for killing bacteria, but also as a fluorescent probe for tracking the
distribution of bacteria.** C. glomerata is one of the most wide-
spread filamentous green freshwater macroalgae found in
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Fig. 7 (a) Photos of wounds on both sides of implant-related mice
treated with viable bacteria (10° CFU mL™) (left wound) and heat-killed
bacteria (10" CFU mL™) (right wound). (b) Fluorescence imaging of
implant-related wound infection mice models treated with PABA-
DCM@GO (PABA-DCM/GO = 10 uM/100 ug mL™). (c) Fluorescence
quantification of the right and left wound of the mice treated with
PABA-DCM@GO. Reproduced with permission.’®® Copyright 2022,
American Chemical Society.
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eutrophic freshwaters and is capable of photosynthesis.'”” Zhong
et al.*® constructed a fluorescent imaging probe, PABA-DCM, via
conjugating p-aminobenzoic acid (PABA) with a long-wavelength
fluorophore, dicyanomethylene 4H-pyran (DCM). Then, a hydro-
gel-based dressing (PABA-DCM®GO) was prepared using
gelatin, GO and PABA-DCM for targeted fluorescence visualiza-
tion of bacterial infections on mouse wounds. The results showed
that intense PABA-DCM fluorescence was detected in all bacterial
species used for imaging (Fig. 6a), while almost no DCM fluo-
rescence was detected (Fig. 6b). As seen in Fig. 7a, five different
live bacteria including PA, E. coli, A. baumannii, E. faecalis, and S.
aureus were injected in the left wound and dead bacteria with
heat pretreatment were injected in the right wound to establish
infected and non-infected models. After 2 hours of applying
PABA-DCM®@GO hydrogel dressing, the fluorescence intensity of
the infected tissue on the left was significantly stronger than that
of the non-infected tissue on the right (Fig. 7b and c). Therefore,
modification of GBNs with fluorescent agent possesses signifi-
cant potential for bacterial distribution imaging.

7. Summary and outlook

The management of multidrug-resistant (MDR) bacterial infec-
tions has long posed a significant challenge in clinical settings.
The mechanisms underlying bacterial resistance are intricate and
multifaceted, encompassing the production of enzymes that
inactivate drugs (such as B-lactamases), modifications to drug
targets (for instance, alterations in penicillin-binding proteins),
diminished cell membrane permeability, and the formation of
protective biofilms.'***° Biofilms, in particular, act as a physical
barrier that obstructs the entry of antibiotics and facilitates
bacterial survival in adverse conditions. Consequently, there is an
urgent need for innovative, non-traditional therapeutic
approaches to combat drug-resistant bacteria.

The tunable surface function and antimicrobial properties of
graphene provide a versatile platform for designing novel
antimicrobial agents to combat multidrug resistant bacterial
infections. In this review, we attempt to summarize the recent
achievements and progress of GBNs for applications in the
antibacterial field. In this tutorial, we have discussed multiple
strategies that utilize GBNs as (i) self-therapeutic agents. (ii)
Carriers for antimicrobial cargo. (iii) Combined with a variety of
materials to detect bacterial infections and enhanced antibac-
terial effectiveness. As we know, the bacterial resistance to
antibiotics is largely due to the abuse or repeated long-term use
of antibiotics. Therefore, the antibacterial effects of GBNs are of
great importance for the effective antibacterial therapy since
their mechanisms are antibiotics-independent. GBNs can kill
pathogens through multiple mechanisms, including cutting
effect, oxidative stress and cell entrapment. However, there were
several challenges hinder their clinical usage, such as biosafety
issues, limited applicable organs and easy aggregation in
physiological environment. To solve these problems, experts
have attempted to modify GBNs using various substances,
including small molecules, nanoparticles and polymers. By
forming composites with these substances, GBNs can improve
biocompatibility and targeting effects, leading to improved
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biosafety and delivery efficiency. For instance, incorporating
other nanomaterials with GBNs can significantly enhance their
dispersion and stability within physiological environments.
This combination not only mitigates the tendency of GBNs to
aggregate but may also elicit synergistic effects, thereby aug-
menting their overall antimicrobial activity. Moreover, different
nanomaterials possess distinct antimicrobial mechanisms, and
their synergistic application offers multiple routes of bacterial
eradication, making it challenging for bacteria to develop
resistance. AMPs, despite their potent antimicrobial properties,
are prone to enzymatic degradation in vivo, which can rapidly
inactivate them. By immobilizing AMPs onto GBNs, these
peptides are shielded from enzymatic attack, thus extending
their functional lifespan and enhancing their therapeutic effi-
cacy. Photosensitizers, on the other hand, generate ROS upon
irradiation with specific wavelengths of light, exerting antibac-
terial effects while also emitting fluorescence that can be har-
nessed for bacterial tracking. Integrating GBNs with
photosensitizers enables the concurrent realization of bacterial
localization and treatment. Furthermore, GBNs' excellent light-
absorbing capabilities allow them to convert absorbed light
energy into heat, thereby amplifying the ROS production by
photosensitizers through a synergistic thermal effect. This
combined approach not only enhances the antimicrobial effi-
cacy but also ensures precise targeting of bacterial infections.
Another important difficulty is that the mononuclear
phagocytic system can eliminate nanoparticles from the blood
stream which resulting in reduced antimicrobial efficacy.
Therefore, the surface of the nanoparticles needs to be cleverly
designed to escape recognition by the immune system.
Although several studies have attempted to construct biomi-
metic nanoparticles, the results have been unsatisfactory. A
great deal of work remains to be done to explore the indications
of graphene in MDR bacterial infections and to further provide
rich theoretical support from laboratory to clinical applications.
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