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The excessive and inappropriate use of antibiotics in clinical settings has led to bacterial mutations and the
emergence of drug resistance. This escalating problem presents a major challenge in the treatment of
infections, particularly those caused by Gram-negative and multidrug-resistant bacteria, for which
effective therapeutic options are increasingly limited. As a result, there is an urgent need to develop
novel antimicrobial agents. Recent studies have demonstrated that carbon nanomaterials, owing to their
potent antibacterial activity and low susceptibility to resistance, are emerging as promising candidates in
antimicrobial research. This review provides a comprehensive overview of recent advancements in the
synthesis strategies, antibacterial efficacy against Gram-negative bacteria, underlying antimicrobial
mechanisms, and biomedical applications of four main carbon nanomaterials (CNMs) of graphene
quantum dots (GQDs), carbon dots (CDs), carbon nanotubes (CNTs), and graphene. The preparation
methods and antibacterial mechanisms of CNMs with antibacterial properties are the main section.
Additionally, the review addresses the current challenges hindering their clinical translation and explores
potential future directions with a focus on efficacy and safety. By collating current findings, this review
aims to establish a theoretical foundation for the development of innovative antimicrobial agents
targeting Gram-negative bacteria.
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1. Introduction

Since the discovery of penicillin by Alexander Fleming in 1929,
the development of a vast array of antimicrobial agents has
significantly advanced global public health." However, the
widespread, excessive, and inappropriate use of antibiotics has
led to the emergence of antibiotic-resistant bacterial strains.” In
response to this growing threat, the World Health Organization
(WHO) published a list of priority antibiotic-resistant pathogens
in 2017, classifying them into critical, high, and medium
priority groups.® Alarmingly, some of these pathogens have
developed resistance to nearly all available antibiotics, posing
a severe threat to human health and survival.*

Owing to their unique structural characteristics, Gram-
negative bacteria exhibit a higher propensity for developing
antibiotic resistance compared to Gram-positive bacteria,
contributing to increased morbidity and mortality rates world-
wide.® Notably, the majority of the WHO-designated priority
resistant pathogens belong to the Gram-negative group. These
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bacteria possess a distinctive three-layered cell envelope, a key
factor in their resistance mechanisms. The outermost layer, the
outer membrane (OM), is a defining feature of Gram-negative
bacteria and serves as a protective barrier against external
threats.® The inner leaflet of the OM consists of phospholipids,
while the outer leaflet contains lipopolysaccharides (LPS),
which are known to trigger endotoxin shock in humans.”
Additionally, the OM is embedded with outer membrane
proteins (OMPs), which allow small molecules like amino acids
and sugars to pass through. Beneath the OM lies the peptido-
glycan cell wall, a rigid exoskeleton composed of repeating units
of N-acetylglucosamine and N-acetylmuramic acid, which
maintains cell shape and structural integrity.® The innermost
layer is the inner membrane (IM), a phospholipid bilayer that
not only offers structural support but also plays a crucial role in
molecular transport, biosynthesis, and cellular division by
anchoring DNA and facilitating sister-chromatid separation.’
The OM plays a pivotal role in bacterial resistance to a wide
range of antibiotics, including pB-lactams, quinolones, and
polymyxins. Structural modifications in the OM, such as alter-
ations in porin hydrophobicity or mutations in membrane
components, can significantly reduce antibiotic permeability
and enhance resistance.' In contrast, Gram-positive bacteria
lack this protective OM, rendering them generally more
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susceptible to antibiotics."*™** Consequently, treatment options
for infections caused by multidrug-resistant Gram-negative
bacteria are becoming increasingly limited.

Gram-negative bacteria are responsible for severe infections
in humans, particularly in individuals with weakened or
underdeveloped immune systems, such as neonates, the
elderly, and patients undergoing surgery or cancer treatments.
These infections are often associated with high morbidity and
mortality rates.” Antibiotic-resistant infections caused by
Gram-negative bacteria have emerged as one of the most
formidable challenges in clinical medicine.’* Notably, drug-
resistant Gram-negative bacteria are the primary pathogens
responsible for ventilator-associated pneumonia, catheter-
associated bloodstream infections, and other intensive care
unit (ICU)-acquired sepsis, including urinary tract infections.*®
Alarmingly, recent WHO reports on novel antibiotic formula-
tions indicate that of the 50 new antimicrobial agents currently
under development, only a small fraction exhibit efficacy
against Gram-negative bacteria. In response to the growing
threat of antibiotic resistance, various strategies have been
explored to combat Gram-negative and multidrug-resistant
bacteria via diverse molecular mechanisms. These approaches
include the development of novel antibiotics,"” derivatives of
existing antibiotics,'®" antibiotic adjuvants,*® antimicrobial
peptides derived from mammals and other organisms® and
lipopeptides and its assembly.”*** Among these approaches,
antimicrobial peptides designed from venom peptides have
demonstrated considerable promise due to their potent thera-
peutic properties.”>?>®

Nevertheless, despite initial efficacy, bacterial populations
eventually develop resistance, reinforcing concerns about the
so-called “post-antibiotic era”—a looming global health crisis
that underscores the urgent need for innovative antimicrobial
agents to combat drug-resistant Gram-negative bacteria.”” In
recent decades, rapid advances in nanotechnology have
provided promising alternatives for antimicrobial therapy.”®
Among these, carbon nanomaterials (CNMs) have attracted
significant attention due to their diverse synthesis methods,
unique structural features, favourable physicochemical prop-
erties, and relatively high biocompatibility. These materials are
primarily composed of carbon atoms, which can form single
bonds through sp® hybridization as well as stable double and
triple bonds through sp®> and sp hybridization, enabling the
formation of various allotropes with distinct structures and
properties.” Notable examples of CNMs include
dimensional graphene quantum dots, carbon quantum dots
(CQDs), one-dimensional carbon nanotubes, and two-
dimensional graphene. As research on CNMs has progressed,
their intrinsic physicochemical properties, such as large surface
area and nanoscale dimensions, have been found to confer
unique antibacterial capabilities. These attributes enable CNMs
to inhibit or eliminate microbial populations while minimizing
the risk of bacterial resistance. Consequently, their application
has broadened the scope of nanomaterial-based antimicrobial
research, offering novel strategies for the development of
effective antibacterial agents. Furthermore, CNMs are relatively
require inexpensive and abundantly
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easy to synthesize,
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available raw materials, and hold significant potential for
antimicrobial therapy.

Despite the growing body of research on the antibacterial
properties of CNMs, considerable challenges remain in their
clinical application, particularly in their use against Gram-
negative bacteria. Given the continuous advancements in anti-
microbial nanomaterials, it is essential to systematically review
and evaluate the potential of carbon-based nanomaterials for
addressing Gram-negative bacterial infections. This review
focuses on the research progress of four key CNMs—graphene
quantum dots (GQDs), carbon dots (CDs), carbon nanotubes
(CNTs), and graphene—with respect to their antibacterial
activity against Gram-negative bacteria. The discussion
encompasses their synthesis methods, physicochemical prop-
erties, antibacterial mechanisms, and current biomedical
applications. Finally, the challenges associated with the prac-
tical application of these CNMs in antimicrobial therapy are
examined, along with potential future research directions.

2. Preparation of antibacterial carbon
nanomaterials

The antibacterial properties of CNMs are intricately linked to
their microstructure and surface chemical characteristics,
which are primarily influenced by their preparation methods.
These methods can generally be categorized into two main
approaches: top-down and bottom-up.

2.1 Top-down preparation methods

The top-down method involves the breakdown of larger carbon
materials into nanoscale particles or structures through phys-
ical or chemical processes. The fundamental principle of this
approach is to begin with bulk materials and progressively
reduce their size via physical actions or chemical reactions,
ultimately yielding nanostructures.>

2.1.1 Laser ablation. The laser ablation technique utilizes
high-energy laser pulses directed at the surface of macromo-
lecular carbon-based materials. This process rapidly heats,
melts, and evaporates the material into a plasma state, followed
by vapor crystallization to form CDs.** This method offers
several advantages, including excellent adaptability, environ-
mental friendliness, and high purity.*> However, it also exhibits
certain drawbacks, such as high energy consumption, the
uncontrolled production of CDs with varying sizes, and low
quantum yields (QYs).** In 2006, Sun et al** first synthesized
GQDs via the laser ablation of graphite. Subsequently, Santiago
et al.*® successfully prepared nitrogen-doped GQDs using poly-
lactic acid and polyethylene glycol (PEG) as organic precursors.
These nitrogen-doped GQDs exhibited an average particle size
of approximately 3.4 nm and a nitrogen-to-carbon atomic ratio
as high as 26%. The incorporation of nitrogen significantly
enhanced the photoluminescence efficiency of the GQDs,
opening new avenues for their applications. With ongoing
research on CQDs, the influence of laser parameters—such as
laser intensity, pulse width, and ablation duration—on the
properties of CQDs has become a focal point of investigation. As
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aresult, there is a growing emphasis on developing efficient and
uniform CQDs preparation methods. For example, Nguyen
et al.*® achieved precise control over the size distribution and
photoluminescence characteristics of CQDs by finely adjusting
laser density, spot size, and irradiation time. To further improve
the efficiency and uniformity of CQDs preparation, Cui et al.’”
introduced a dual-beam pulsed laser ablation technique. By
splitting the laser beam using a beam splitter, this method
significantly reduced ablation time and markedly improved the
efficiency of CQDs production. Compared to the traditional
single-beam pulsed laser ablation, the CQDs produced by the
dual-beam method exhibited more uniform sizes, enhanced
monodispersity, and a QY of up to 35.4%, demonstrating the
clear advantages of this technique. In subsequent studies,
Nguyen et al.*® utilized dual-pulse femtosecond laser ablation to
synthesize CDs with an average size of only 1 nm, further
enhancing their potential applications in sensing and catalysis.
Additionally, Menazea et al.*® employed pulsed laser ablation
technology to embed silver nanoparticles (AgNPs) and CuO NPs
into graphene oxide (GO), thereby preparing AgNPs@GO and
CuONPs@GO composites. These materials exhibited significant
photocatalytic antibacterial activity against Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus), leading to bacterial
death through disruption of the bacterial cell membrane.
Furthermore, Khashan et al*® used pulsed laser ablation in
liquid to fabricate CNTs modified with iron oxide nanoparticles.
These composites demonstrated strong antibacterial activity
against various bacterial strains, inducing bacterial membrane
damage and cell death via the physical disruption of CNTs and
the chemical action of the iron oxide nanoparticles.

2.1.2 Electric arc discharge. The arc discharge method has
emerged as a prominent technique for the preparation of CDs
since its first application by Xu et al.** in 2004, and it has since
garnered widespread attention. The principle of this method
involves using pure graphite electrodes to generate an arc
discharge in distilled water, which results in the production of
CDs. During this process, bubbles formed around the arc act as
miniature reactors, thereby facilitating the reaction in an
aqueous environment isolated from atmospheric interference.
This unique preparation method yields products that can be
categorized into three distinct phases: floating materials,
suspensions, and precipitates. The suspensions predominantly
consist of CDs, along with a small amount of GO sheets.
Following synthesis, the floating materials are removed, and the
water is left undisturbed for 24 hours to allow larger particles to
settle. Subsequently, the suspended CDs are separated from the
precipitates.*” Despite the innovative nature of the arc discharge
method, several challenges persist. Firstly, the process is
labour-intensive, costly, and demands meticulous attention,
particularly during the purification stages.** The high temper-
atures and energies generated during the arc discharge can
introduce impurities, which may negatively affect the perfor-
mance of the CDs. Furthermore, while CDs synthesized via this
method exhibit excellent fluorescence properties, they often
suffer from uneven particle sizes and low overall yields, which
significantly limit their potential for large-scale production.****
In addition, Li et al* synthesized low-toxicity and
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biodegradable CDs using ascorbic acid (VC) via electrochemical
methods. These CDs demonstrated broad-spectrum antibacte-
rial and antifungal activity against various bacteria and fungi,
leading to microbial death by damaging cell walls and binding
to DNA/RNA to suppress gene expression. Meanwhile, Liu
et al.*” developed silver-iron/single-walled carbon nanotubes
(Ag-Fe/SWCNTs) through direct current hydrogen arc
discharge. These composites exhibited excellent antibacterial
activity against E. coli, with Ag" ion release and physical
disruption of the bacterial cell membrane contributing to their
antibacterial effects. The high crystallinity of the SWCNTs and
the high loading of Ag/Fe nanoparticles further enhanced the
antibacterial efficacy of the composites.

2.1.3 Ultrasonic synthesis. The ultrasonic synthesis
method generates microbubbles in solution through alter-
nating high-pressure and low-pressure waves. The cavitation of
these microbubbles induces strong fluid dynamic shear forces,
which fragment large carbon-based nanomaterials—such as
graphite, activated carbon, and CNTs—into nanoscale CDs.*
This method is widely recognized for its low cost, simplicity,
and non-toxic nature.*” In 2012, Zhuo et al.*® first synthesized
GQDs via ultrasonic exfoliation of graphene, demonstrating the
feasibility of this technique for nanomaterial fabrication. The
ultrasonic method has also been employed in the synthesis of
heteroatom-doped GQDs. For instance, Huang et al.>' success-
fully prepared chlorine-doped GQDs through ultrasonic exfoli-
ation of chlorinated carbon fiber (CF) precursors, providing new
insights into the functionalization of GQDs. Traditionally,
amine-functionalized CDs (NH,-CDs) have been synthesized
using hydrothermal methods, which are often complex and
costly due to challenges in controlling chemical reactions. In
contrast, Wu et al.>® developed a simplified ultrasonic synthesis
approach to produce NH,-CDs, significantly reducing produc-
tion costs while expanding potential applications in cellular
imaging and metal ion sensing. They employed anhydrous
ammonium citrate as the precursor, N,N-dimethylformamide
(DMF) as a modifier, and water as the solvent. Under the
synergistic influence of ultrasound, high temperature, and
pressure, the precursor solution underwent rapid condensation
and carbonization reactions, leading to the successful synthesis
of high-performance CDs. These CDs exhibited high fluores-
cence quantum yields, stable luminescence properties, and
tuneable spectral characteristics, highlighting their broad
application potential in lighting displays, bioimaging, photo-
catalysis, environmental monitoring, and information storage
and transmission. Additionally, the research team pioneered
the integration of biomimetic design with advanced numerical
simulation techniques to optimize microchannel structures,
significantly enhancing fluid flow uniformity and energy
transfer efficiency. Furthermore, they innovatively developed an
ultrasonic microreactor system, wherein a piezoelectric trans-
ducer was directly coupled with the microreactor to ensure
efficient and uniform transmission of ultrasonic energy into the
reaction system. This breakthrough method not only broadens
the application scope of CDs but also provides a novel pathway
for the large-scale, high-efficiency production of high-
performance CDs. In another study, Bi et al** employed an
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ultrasound-assisted, solvent-free method to synthesize antimi-
crobial carbon dots (LM-CDs) using PEG and liquid metals (LM)
as precursors. These LM-CDs exhibited remarkable antibacte-
rial activity against Gram-negative bacteria—including E. coli,
Pseudomonas aeruginosa (P. aeruginosa), Klebsiella pneumonia (K.
pneumonia), and Acinetobacter baumannii—as well as their
antibiotic-resistant strains, with a minimum inhibitory
concentration (MIC) as low as 0.63 ug mL . The antibacterial
mechanism of LM-CDs involves disruption of bacterial cell
membranes, interference with iron metabolism, and generation
of reactive oxygen species (ROS). Furthermore, animal studies
confirmed that LM-CDs exhibit low biotoxicity and significantly
accelerate wound healing, highlighting their potential for
biomedical applications.

To facilitate a comprehensive comparison of various top-
down synthesis techniques, Table 1 summarizes the charac-
teristics, applicable material types, and technical advantages of
several commonly used methods. The top-down methods for
preparing antibacterial CNMs each exhibit distinct character-
istics. For instance, laser ablation offers high precision and
purity but comes at the cost of being energy-intensive and
expensive. The arc discharge method, while particularly effec-
tive for producing CNTs with high crystallinity, is complex and
requires substantial energy input. In contrast, electrochemical
methods are notable for being environmentally friendly, cost-
effective, and efficient, though there is a need for further
improvements in QYs and purity. Ultrasonic synthesis, which is
simple, non-toxic, and inexpensive, also faces challenges
related to size control and yield consistency.*** Overall, each
preparation method possesses distinct advantages in terms of
product properties, controllability, and economic feasibility.
The choice of a method should be based on the specific
requirements of the intended application.
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2.2 Bottom-up synthesis methods

The bottom-up approach involves the synthesis of CNMs
through the aggregation or chemical reactions of atoms,
molecules, or smaller units. Compared to top-down methods,
this approach is more effective in producing CNMs with
uniform sizes and well-defined morphologies.**

2.2.1 Hydrothermal synthesis method. Among the various
methods for synthesizing CQDs, the hydrothermal method
stands out due to its simplicity, efficiency, and ability to
produce uniformly sized particles with high QYs while requiring
minimal equipment.®* The synthesis process begins with dis-
solving a carbon source in water or an organic solvent mixture,
which is then transferred into a high-pressure reactor. The
reaction occurs under high-temperature and high-pressure
conditions, typically lasting several hours. By precisely
controlling parameters such as steam pressure, temperature,
and reaction time, the size and morphology of the resulting
CQDs can be effectively tailored. To further enhance surface
properties and chemical stability, surfactants, carbon-based
materials, or other functional additives are often introduced
into the reaction system. These additives also facilitate the
removal of strong alkaline substances, such as ammonia,
improving the quality of the final product. The resulting CQDs
exhibit high QYs and tuneable fluorescence emission proper-
ties, making them suitable for diverse applications, including
bioimaging, sensing, and optoelectronics.*

The selection of carbon precursors plays a crucial role in
hydrothermal synthesis. These precursors range from natural
biomaterials, such as apple juice, hemicellulose, bamboo
leaves, cabbage, and black tea, to waste materials, including
discarded polytetrafluoroethylene (PTFE) from syringes and
hyaluronic acid.®*"*” Under high-temperature and high-pressure
conditions, these precursors undergo dehydration, polymeri-
zation, carbonization, and passivation, ultimately forming

Table 1 Common methods for the preparation of antimicrobial carbon nanomaterials via top-down approaches

Preparation method Main features Preparable nanostructures Advantages References
Laser ablation High-energy laser pulses Carbon dots, carbon High precision, high purity, 39 and 54
vaporize or decompose nanotubes, graphene good controllability
carbon materials, forming quantum dots
nanoscale particles
Electric arc discharge A high current between Carbon nanotubes, carbon High efficiency, high 55 and 56
graphite electrodes induces dots, graphene nanosheets product quality, simple
evaporation and re- equipment
condensation of carbon,
forming nanostructures
Electrochemical method Voltage applied to a carbon Carbon dots, carbon Environmentally friendly, 46 and 57
electrode in an electrolyte nanotubes, graphene oxide efficient, easy to operate
induces exfoliation, forming
carbon nanostructures
Ultrasonic synthesis Microbubbles generated by Carbon dots, graphene Easy to operate, non-toxic 53 and 58

pressure waves collapse,
creating shear forces that
break down carbon
materials into nanoscale
sizes. Forces, breaking down
large carbon-based materials
into nanoscale sizes

quantum dots

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CQDs.®** This approach underscores the economic, environ-
mentally friendly, and non-toxic nature of hydrothermal
synthesis by enabling the repurposing of waste materials.””*

Significant progress has been made in utilizing hydro-
thermal synthesis to produce antibacterial CDs. For instance,
Ghataty et al.” synthesized highly fluorescent bovine serum
albumin (BSA)-derived carbon dots (B-CDs) using BSA as
a precursor. These BCDs demonstrated strong antibacterial
activity, effectively inhibiting the growth of various wound-
infecting pathogens. Their antibacterial mechanism is likely
associated with the presence of hydroxyl functional groups on
the BCDs' surface, which disrupt the integrity of bacterial cell
membranes. Similarly, Wei et al.”® synthesized nitrogen-doped
carbon dots (N-CDs) using folic acid and acetamide through
hydrothermal synthesis. These N-CDs exhibited selective
recognition and inhibition of various microorganisms,
demonstrating particularly strong antibacterial effects against
E. coli. Their antibacterial activity is attributed to disruption of
bacterial cell membranes, which compromises bacterial
viability. Ma et al.”* employed a microwave-assisted glycolysis of
polyethylene terephthalate (PET) waste, combined with hydro-
thermal synthesis, to prepare N-CDs. These N-CDs exhibited
excellent fluorescence properties and broad-spectrum antibac-
terial activity against both Gram-positive and Gram-negative
bacteria. Their antibacterial mechanism is primarily attrib-
uted to electrostatic interactions between the positively charged
N-CDs surfaces and negatively charged bacterial cell
membranes, ultimately leading to membrane rupture.

The hydrothermal synthesis method holds great promise for
the production of antibacterial CDs. By carefully selecting
carbon sources and doping elements, both antibacterial activity
and fluorescence properties of CQDs can be tailored to meet
specific application requirements. These antibacterial CDs
exhibit significant potential in biomedicine, environmental
protection, and water treatment. However, due to the high-
temperature and high-pressure conditions involved in the
process, strict safety measures must be implemented to ensure
both effective and safety in large-scale applications.®*”

2.2.2 Microwave synthesis method. Microwave-assisted
synthesis is an environmentally friendly and cost-effective
method that enables the rapid and efficient production of
CQDs.* This technique utilizes microwave radiation to rapidly
heat the carbon precursor, triggering carbonization or pyrolysis
reactions that lead to CQDs formation. The method is charac-
terized by short reaction times, high yields, low energy
consumption, and the potential for solvent-free synthesis,
making it a sustainable alternative to conventional
approaches.*»”®

A key advantage of the microwave-assisted method is its
compatibility with a wide range of carbon sources, including small
organic molecules such as citric acid and urea, as well as natural
biomaterials like orange peel powder and mango leaves.”””” For
example, Lee et al.”” synthesized nitrogen-doped CQDs with a high
QY (22.26%) within 30 minutes using citric acid and urea as
precursors. The resulting CQDs demonstrated excellent photo-
stability and low cytotoxicity, making them particularly suitable
for fluorescent labelling of bacterial cells. Similarly, Yalshetti
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et al® utilized microwave-assisted synthesis with hibiscus leaf
extract as a carbon source to produce CQDs exhibiting antibac-
terial, anti-inflammatory, and wound-healing properties, thereby
expanding their potential for biomedical applications.

Furthermore, microwave-assisted synthesis holds great
promise for the development of functional CQDs tailored for
specific applications. By precisely controlling synthesis condi-
tions, CQDs can be optimized for use in metal ion detection,
bioimaging, and drug delivery.®® For instance, Osman et al®
synthesized nitrogen and sulphur co-doped carbon quantum dots
(N-S/CQDs) from alfalfa biomass using a microwave-assisted
synthesis, which demonstrated high sensitivity for detecting
nitrofurazone in pharmaceutical samples. This process not only
ensures rapid synthesis but also aligns with the principles of
green chemistry by being environmentally friendly and cost-
effective. Despite the significant advancements achieved with
microwave-assisted synthesis, challenges remain in precisely
controlling the size and uniformity of the CQDs. Future research
should focus on elucidating the underlying mechanisms of
microwave-driven synthesis and optimizing reaction conditions
to achieve greater precision in CQDs size control.

2.2.3 Template synthesis method. The template-assisted
synthesis method utilizes the adsorption, reaction, or encapsu-
lation properties of carrier materials to anchor carbon precursors
onto the template surface. In this process, the carrier material
acts as a structural template, guiding the morphology, size, and
structural characteristics of the resulting CQDs. Following CQDs
formation, the template is removed through high-temperature
pyrolysis, solvent extraction, or acid/base etching. This method
enables precise control over morphology, particle size, surface
properties, and optoelectronic characteristics, making it particu-
larly suitable for the synthesis of CQDs with tailored functional-
ities for specialized applications. However, template-assisted
synthesis is often associated with complex and costly procedures,
as well as challenges such as incomplete template removal,
difficulties in separation and purification, and relatively low
yields.*> For example, Liu et al® utilized F127-functionalized
silica spheres as templates and phenolic resin as a carbon
precursor to achieve the efficient synthesis of highly uniform
CQDs with high water solubility and improved yields. By modi-
fying the carbon precursor composition—such as incorporating
resorcinol—they successfully synthesized multicolour photo-
luminescent CQDs, demonstrating the adaptability and
tunability of this approach. Additionally, these CQDs exhibited
good biocompatibility, making them highly suitable for high-
resolution bioimaging applications. Similarly, Zong et al®
employed mesoporous silica microspheres as templates, loading
citric acid as a carbon source, followed by pyrolysis and etching
steps to synthesize CQDs with precisely controlled sizes of
approximately 2 nm. These ultra-small CQDs exhibited excellent
optical properties, rendering them highly suitable for advanced
bioimaging applications.

Table 2 provides a comparative overview of the key charac-
teristics, commonly used template materials, and advantages of
various bottom-up synthesis methods. The bottom-up approach
for the fabrication of antibacterial CNMs involves the sponta-
neous formation of nanostructures under controlled chemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of common methods for the preparation of antimicrobial carbon nanomaterials via bottom-up methods

Preparation method Main features Prepared nanostructures Advantages References
Hydrothermal method Precursors dissolved in Carbon dots, graphene, Cost-effective, highly 85-87
water or organic solvents carbon nanotubes controllable, non-toxic,
undergo high-temperature, environmentally friendly
high-pressure reactions
Solvothermal method High-temperature, high- Carbon dots, graphene, Broad applicability, 88-90
pressure reactions in non- porous carbon materials controllable conditions,
aqueous or organic solvents cost-effective, eco-friendly
synthesize carbon
nanomaterials
Microwave method Microwave radiation Carbon dots, graphene High efficiency, controlled 91 and 92
uniformly heats organic particle size, scalable, eco-
matter, inducing friendly
carbonization for nanoscale
carbon production
Pyrolysis Thermal decomposition of Carbon dots, graphene, Cost-effective, versatile raw 93-96
carbon sources in a vacuum carbon nanotubes, porous materials, flexible, easy
or inert atmosphere carbon materials operation
Carbonization Organic materials Carbon dots, porous carbon Cost-effective, free of 97 and 98
decompose under high- materials harmful chemicals
temperature, anaerobic
conditions to form carbon
structures
Chemical vapor deposition Gaseous precursors Carbon dots, graphene, Scalable production, high 99 and 100

decompose at high
temperatures, depositing
carbon nanomaterials on
a substrate

reaction conditions. This method is highly versatile and
adaptable, offering a wide range of applications. Among the
various techniques, the hydrothermal and solvothermal
methods are favoured for their environmental benefits, low
cost, and tuneable reaction conditions. However, these
methods present challenges in terms of controlling the size of
the synthesized products and often require extended synthesis
times. In contrast, microwave-assisted synthesis is efficient,
scalable, and capable of producing high yields. However, it may
be hindered by high energy consumption, which could result in
increased operational costs. Pyrolysis and carbonization
methods are simple, cost-effective, and compatible with a broad
range of raw materials, but they require further optimization to
achieve uniformity in product size and yield. The chemical
vapor deposition method, while capable of producing high-
quality CNMs, necessitates advanced equipment and incurs
significant operational costs.”**® Overall, while the bottom-up
approach enables the controllable synthesis of various carbon
nanostructures with relatively lower energy consumption,
further research is required to enhance size control and reduce
production costs.

3. Structural properties of carbon
nanomaterials and their antibacterial
activity against Gram-negative bacteria
3.1 Graphene quantum dots

Graphene quantum dots are nanoscale fragments of graphene,
typically measuring only a few nanometers in all three

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

carbon nanotubes

quality, excellent
controllability

dimensions, classifying them as quasi-zero-dimensional mate-
rials.’®* GQDs integrate the exceptional physicochemical prop-
erties of graphene with the distinctive characteristics of
quantum dots. Unlike bulk graphene, GQDs exhibit
pronounced quantum confinement effects and surface defects,
endowing them with unique optical and electronic properties,
such as wavelength-dependent fluorescence emission, high
photostability, excellent biocompatibility, and ease of conjuga-
tion with biological molecules.’>'*® These attributes render
GQDs highly promising for a wide range of applications,
including nonlinear optics, magnetic media, catalysis, phar-
maceuticals, and functional materials.’'** Recent advance-
ments have further highlighted the potential of GQDs in
antimicrobial applications, particularly against Gram-negative
bacteria.

The antibacterial activity of GQDs against Gram-negative
bacteria underscores their potential as effective antimicrobial
agents. One key factor influencing their antibacterial efficacy is
functionalization, which enhances their physicochemical
properties. Luo et al.'® synthesized adenosine-functionalized
graphene quantum dots (A-GQDs) via a two-step microwave-
assisted method, yielding materials with strong fluorescence
characteristics. Notably, A-GQDs exhibited remarkable
biocompatibility and two-photon fluorescence for cell imaging.
Under white light illumination, A-GQDs displayed selective
antibacterial activity, showing no effect on S. aureus but almost
completely inhibiting the growth of E. coli, demonstrating their
specificity against Gram-negative bacteria.
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Moreover, multi-element-doped GQDs have exhibited
substantial antibacterial effects against Gram-negative bacteria.
Huang et al.’ developed halogen/nitrogen co-doped graphene
quantum dots (X/N-PGQDs) as light-emitting diode-assisted
bactericidal agents. These X/N-PGQDs demonstrated a MIC of
less than 0.5 ug mL™' against Gram-negative bacteria, indi-
cating their potent antimicrobial efficacy. Additionally, GQDs-
based composites have shown promise in combating Gram-
negative bacteria. For instance, Yu et al.'*® successfully conju-
gated AgNPs onto the surface of GQDs, forming a GQDs-AgNPs
composite with broad-spectrum antibacterial properties. Under
450 nm excitation, this composite exhibited significantly
enhanced bactericidal activity against Gram-negative bacteria
compared to GQDs alone.

Research further suggests that integrating GQDs with other
functional materials can significantly improve their antibacte-
rial efficacy. Yin et al.** synthesized GQDs using a bottom-up
approach and combined them with alendronate (ALN) and
AgNPs to create the composite material ALN-GQDs-Ag. This
composite exhibited strong antibacterial activity against Strep-
tococcus mutans biofilms, highlighting its potential for practical
antimicrobial applications. Furthermore, the antibacterial
performance of GQDs composites can be optimized by fine-
tuning the GQDs-to-material ratio. For example, Yang et al.**
synthesized a novel photocatalyst, GQDs/NH,-MIL-125, using
a solvothermal method. Their findings revealed that a 2% GQDs
loading in the composite achieved 92% antibacterial activity
against E. coli, underscoring the crucial role of GQDs concen-
tration in optimizing antibacterial performance.

3.2 Carbon dots

Carbon dots are fluorescent carbon-based nanomaterials char-
acterized by a core composed of sp>hybridized carbon atoms
and a surface composed of sp*>-hybridized carbon atoms. These
unique nanostructures exhibit exceptional electrical and
chemical stability, low biotoxicity, environmental friendliness,
and strong optical properties. Typically, CDs have a size of less

The antibacterial properties
of carbon dots were first
reported, revealing that they
possess inherent antibacterial
activity and can also serve as
drug carriers to enhance
antibacterial effects.

2014 2016 2018

Surface functionalization of
carbon dots was optimized to
improve their antibacterial
activity, leading to the
development of carbon dot-
metal oxide nanocomposites
with broad-spectrum
antibacterial properties.

carbon dots were explored,

effects.

Fig. 1 Research progress on antibacterial carbon dots *7-122
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than 10 nm, which enables them to closely resemble biological
entities such as proteins, DNA, ion channels, and glomerular
filtration barriers in the human body. Furthermore, the surface
of CDs, depending on the synthesis method, is often function-
alized with groups such as carboxyl, carbonyl, hydroxyl, and
other functional moieties derived from precursor materials.
These surface modifications contribute to their high-water
solubility and biocompatibility.”* Consequently, CDs are
increasingly favored for various biomedical applications,
including drug delivery, gene therapy, photosensitization, and
antibacterial therapies.’**'** Additionally, ongoing research
continues to highlight their potential in multifunctional diag-
nostic platforms, cellular and bacterial bioimaging, and the
advancement of nanomedicine."**"*¢

In recent years, there has been growing interest in the anti-
bacterial activity of CDs. As research has progressed, the
mechanisms underlying their antibacterial properties have
become a primary focus. Early studies emphasized light-
activated antibacterial properties, while more recent advance-
ments have successfully overcome the limitations imposed by
lightdependence. Moreover, strategies for functional modifica-
tion are being explored to address the emerging issue of anti-
biotic resistance. This evolving field has made significant
strides, as evidenced by the recent advances summarized in the
timeline of antibacterial CDs research (Fig. 1).

A pioneering study on the visible and natural light-activated
antibacterial properties of CDs demonstrated that ethylenedi-
amine (EDA)-functionalized carbon quantum dots (EDA-CQDs)
could effectively inhibit E. coli both in suspension and on agar
surfaces under visible or natural light."*® Experimental results
revealed a significant reduction in bacterial colony counts on
agar plates following treatment with light-activated EDA-CQDs,
indicating a strong inhibitory effect on E. coli growth in culture
media. Subsequently, Pandey et al.*** synthesized antibacterial
CDs that exhibited antimicrobial activity independent of light
activation. Using citric acid as the carbon source and B-alanine
as the surface passivating agent, they successfully produced

CDs via microwave-assisted synthesis. Their findings

A new artificial antibacterial
photosynthetic system was
constructed by combining
hydrogen-bond-modified covalent
organic frameworks with zero-
dimensional carbon dots.
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Copper-doped carbon dots were developed
to modify bacterial cellulose composite
membranes. These membranes release
copper ions to interact with bacterial
membranes and regulate inflammation
factor levels, exhibiting dual functions of
antibacterial activity and immune
modulation.
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Table 3 Effect of different functional groups on the antimicrobial properties of carbon dots

Type Functional group formula Antimicrobial mechanism Antimicrobial effect References
Quaternary ammonium -NR," Positively charged nitrogen Fast sterilization, most 127 and 128
group interacts with negatively effective at pH = 9

charged bacterial surfaces,

disrupting membranes and

causing cell death
Quaternary phosphonate -PR," Larger ionic radii and Broad applicability, effective 129 and 130
group stronger polarization of in pH range 2-12

phosphorus enable better

adsorption to bacterial

surfaces
Guanidino group —-C(=NH)NH, Protonation of the guanidine Highly effective against 131 and 132

group allows electrostatic drug-resistant strains

interactions, rupturing

bacterial membranes and

leading to cell death
N-Halamine group -NX (X = Cl, Br) Positively charged halogens Renewable, efficient, broad- 133 and 134

transfer to bacterial

spectrum sterilization

receptors, inhibiting growth

demonstrated that these CDs inhibited the growth of several
Gram-negative bacterial strains, including E. coli, Salmonella,
Pseudomonas, Agrobacterium, and Pectinobacterium. Notably,
these CDs retained their antibacterial efficacy even after pro-
longed incubation in the absence of light, addressing the need
for CDs with inherent antibacterial properties that do not rely
on external light activation. Furthermore, unlike conventional
antibiotics, these CDs exhibited a significantly lower tendency
to induce bacterial resistance, offering a promising strategy to
mitigate the global challenge of antibiotic resistance. Further
advancing this field, Wu et al'® synthesized levofloxacin-
functionalized carbon dots (L-CDs) using a simple one-pot
hydrothermal method. These L-CDs exhibited potent antibac-
terial activity, with a MIC of 0.125 pg mL ™" against E. coli, and
demonstrated strong inhibitory effects against antibiotic-
resistant bacterial strains. Moreover, L-CDs displayed excel-
lent biocompatibility both in vitro and in vivo, effectively over-
coming the limitations associated with traditional antibiotics in
clinical applications. The antibacterial properties of CDs can be
attributed not only to their nanoscale size and unique surface
chemistry but also to the presence of various functional groups
introduced during synthesis. To enhance both antibacterial
efficacy and biocompatibility, CDs must be functionalized with
specific chemical groups. These modifications play a critical
role in determining the primary antibacterial mechanisms,
thereby optimizing their effectiveness.'*® Based on the distinct
properties of different functional groups, researchers have
developed a wide range of functionalized CDs to address the
diverse challenges associated with combating Gram-negative
bacterial infections. Table 3 provides a summary of the effects
of various functional group modifications on the antibacterial
performance of CDs.

3.3 Carbon nanotubes

Carbon nanotubes one-dimensional nanomaterials

composed of graphene sheets, where carbon atoms are

are

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

arranged in a sp> hybridized structure. These sheets are coiled
around a central axis at a specific helical angle, forming
seamless, hollow tubes. Depending on the number of graphene
sheets, CNTs can be classified as single-walled carbon nano-
tubes (SWCNTSs) or multi-walled carbon nanotubes (MWCNTS).
Due to their exceptional tensile strength, mechanical durability,
large surface area, light-weight, chemical stability, superior
transmembrane ability, and remarkable electronic, optical, and
magnetic properties,”* ™’ CNTs have significant potential for
applications in drug delivery,”® biosensors,” and tumour
hyperthermia.'*® Furthermore, the discovery of their antibacte-
rial activity has sparked growing interest in their use for envi-
ronmental and human health applications.***

The antibacterial efficacy of CNTs, particularly against Gram-
negative bacteria, is closely related to their physicochemical
properties. The synthesis method significantly influences the
types and concentrations of impurities in CNTs, which in turn
affect their antibacterial performance. For example, Kang
et al.** investigated the interactions between purified and raw
SWCNTs and the model strain E. coli K12. Their results
demonstrated that highly purified SWCNTs exhibited stronger
antibacterial activity than raw CNTs. Additionally, factors such
as surface area, dispersibility, and other physicochemical
characteristics influence the antibacterial activity of CNTs.
CNTs with better dispersibility and larger surface areas are
more effective in interacting with bacteria, enhancing direct
contact and uptake. For instance, SWCNTs, with smaller
diameters and lengths compared to MWCNTSs, offer a larger
surface area, making them more efficient in inhibiting E. coli
growth.'® Functionalization plays a pivotal role in modulating
the antibacterial properties of CNTs. Pasquini et al.*** examined
nine different functionalized SWCNTs and their interactions
with E. coli. Their findings revealed that functionalization could
indirectly influence the antibacterial activity of CNTs by altering
their physicochemical properties, with the effects varying
depending on the functional group applied. Additionally,
combining CNTs with other materials to create composite
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structures has proven to be an effective strategy for enhancing
their antibacterial properties. For example, Khalil et al>*
synthesized AgNPs-CNTs using an arc discharge method. These
composites exhibited significantly enhanced antibacterial
performance compared to individual AgNPs alone.

Furthermore, optimizing the loading ratio of metal nano-
particles in CNT-based composites is essential for maximizing
antibacterial activity. Assis et al'® employed a microwave-
assisted hydrothermal synthesis to load various concentra-
tions (1, 5, and 10 wt%) of copper nanoparticles (CuNPs) onto
MWCNTs. Their findings indicated that CNT-Cu 10, with
a 10 wt% copper load, exhibited the highest antibacterial effect,
with a MIC of 64 ug mL™" against E. coli. Additionally, novel
synthesis methods aimed at optimizing the structure and
surface properties of CNTs have been shown to significantly
improve their antibacterial performance. For instance, Yan
et al.**® used a sacrificial template method to prepare oxygen-
modified nitrogen-doped CNTs (O-NCNTs-6), which demon-
strated excellent antibacterial properties, achieving inactivation
rates of 96% and 93% for S. aureus and P. aeruginosa, respec-
tively, when tested on stainless steel electrodes in PBS.
Furthermore, external factors, such as the dispersing medium,
bacterial species, and the interaction method between CNTs
and bacteria, can also impact the antibacterial activity of CNTs
against Gram-negative bacteria.

3.4 Graphene

Graphene is a two-dimensional carbon nanomaterial composed
of a single layer of carbon atoms bonded via sp> hybridization,
forming a hexagonal crystal structure. It serves as the funda-
mental structural unit for other carbon allotropes, including
fullerene (zero-dimensional), CNTs (one-dimensional), and
graphite and diamond (three-dimensional). The thickness of
a single graphene layer is approximately 0.35 nm, conferring
exceptional stability and endowing the material with unique
physical properties. These properties include outstanding
thermal and mechanical performance, exceptional electronic
conductivity, and remarkable optical characteristics.**”**®
Additionally, graphene possesses a high surface area, excellent
catalytic activity, and notable antibacterial properties,
rendering it highly suitable for applications across diverse
fields, including electronics, information technology, energy,
physics, biomedicine, and materials science.'**"*** Among these
applications, graphene-based nanomaterials have garnered
significant attention in the field of biomedicine. Graphene
derivatives, such as GO, reduced graphene oxide (rGO), GQDs,
and graphene-based nanocomposites, have been extensively
explored for use in biosensors,”>** bioimaging,****® drug
delivery,””**® and photothermal therapy'*® among other appli-
cations. Furthermore, graphene nanomaterials have shown
considerable promise as antimicrobial agents. To date,
numerous studies have demonstrated the effective antibacterial
activity of graphene-based nanomaterials against Gram-
negative bacteria. The first reports on the antimicrobial prop-
erties of graphene nanomaterials specifically targeted Gram-
negative bacteria. In 2010, Hu et al.*® were the first to report
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the antibacterial properties of graphene, discovering that GO
and rGO could inhibit E. coli growth by over 90%. Since then,
research has expanded to include a variety of graphene
composites engineered to target Gram-negative bacteria. For
instance, Liu et al.*** prepared GO coatings on polymer matrices
and investigated their antibacterial activity against both E. coli
and S. aureus. The results indicated that thinner GO coatings
exhibited stronger antibacterial activity against E. coli, while
thicker coatings were more effective against S. aureus. In
another study, Matharu et al.'®® successfully fabricated anti-
bacterial polymer nanocomposite fibers containing GO nano-
sheets using a pressure-assisted spinning method. These GO-
based nanocomposites demonstrated significant antibacterial
potential, with bacterial reduction rates ranging from 46% to
85%, and the nanocomposite containing 8% GO showing the
highest biological activity. This highlights the importance of
combining novel fabrication techniques with material
composites to enhance the antibacterial performance of
graphene-based nanomaterials. Thangaraj et al.®** employed
onion peel waste to prepare rGO through a one-step pyrolysis
method. The study demonstrated that rGO-WiC, produced with
the aid of a ferrocene catalyst, exhibited an inhibition zone of
566 mm® against K. pneumoniae at a concentration of 200 pg
mL~", with the largest antibacterial effect observed against E.
coli (inhibition zone area of 647 mm?). Notably, the antibacte-
rial activity of rGO-WiC was found to be 38.5% greater than that
of rGO produced without a catalyst. Moreover, optimizing the
structure and functionalization of composite materials has
proven to be an effective strategy for enhancing the antibacterial
properties of graphene-based nanomaterials. For example, Guo
et al.*® utilized GO as a template to develop a copper-iron
sulfide nanocomposite (GO/CuFeS, NC) and tested various Cu/
Fe ratios to identify the most effective antibacterial nanoenzyme
combination. Under near-infrared (NIR) light stimulation, at
a temperature of 45 °C, the GO/CusFe;S, nanocomposite at
a concentration of 40 pg mL~', combined with 100 pM
hydrogen peroxide (H,0,), completely eradicated E. coli,
demonstrating remarkable antibacterial activity.

4. Antimicrobial mechanism of
carbon nanomaterials

The antibacterial efficacy of CNMs against Gram-negative
bacteria is primarily attributed to their distinctive physico-
chemical properties, including specific morphology, size, and
surface functionalization. Extensive research has elucidated
several widely recognized antibacterial mechanisms, including
physical disruption of bacterial membranes, oxidative stress
induction, photothermal and photodynamic effects, lipid
extraction, inhibition of bacterial energy metabolism, suppres-
sion of nucleic acid synthesis, DNA damage, bacterial encap-
sulation and isolation, and catalytic sterilization (Fig. 2).

4.1 Physical/mechanical disruption

CNMs of varying dimensionality can induce mechanical
damage to bacterial outer membranes or cell walls, exhibiting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of the antibacterial mechanism of CNMs.

both bactericidal and bacteriostatic effects. Zero-dimensional,
one-dimensional, and two-dimensional CNMs interact with
bacterial membranes in ways analogous to point, line, and
planar interactions, respectively. The degree of mechanical
disruption is closely associated with the nanomaterials’ struc-
tural characteristics. Chatterjee et al'®* demonstrated that
carboxylated nanodiamonds, upon adhesion to the E. coli cell
wall, altered the structural integrity of membrane proteins,
ultimately leading to membrane rupture and bacterial cell
death. Similarly, Wang et al.*®® synthesized CQDs from Artemisia
argyi (A-CDs) using a simulated smoking method. Their find-
ings revealed that A-CDs exhibited selective antibacterial
activity by inhibiting enzyme functions essential for Gram-
negative bacterial cell wall synthesis. Notably, A-CDs selec-
tively compromised the cell walls of Gram-negative bacteria
without affecting those of Gram-positive bacteria, highlighting
their targeted specificity. Kang et al***'* investigated the
interaction between CNTs and bacteria, demonstrating that
direct contact with CNTs induced morphological deformations,
membrane disruption, intracellular leakage, and ultimately,
bacterial cell death. These findings underscore the potent
antibacterial properties of CNTs. For graphene materials (GMs),
Wang et al.**® employed molecular dynamics simulations to
investigate graphene's cutting action, revealing that graphene
sheets could disrupt phospholipid bilayers due to their sharp,
sheet-like structures. Subsequent studies confirmed that when
bacterial cells came into contact with GMs, the sharp edges of
graphene sheets physically lacerated bacterial membranes,
leading to cytoplasmic leakage and bacterial inactivation.'®”
Furthermore, the orientation and angle of graphene sheets
during contact significantly influenced their bactericidal

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

efficiency. Shangguan et al.'® reported that CDs synthesized
from branched polyethylenimine (bPEI25000-CDs) exhibited
notable antibacterial activity. Specifically, positively charged
ALA-bPEI25000-CDs strongly interacted with bacterial cell
membranes, leading to structural damage and cellular
dysfunction. Scanning electron microscopy (SEM) images
revealed that E. coli cells treated with these CDs displayed
rough, deformed surfaces, ultimately resulting in membrane
rupture. Similarly, Ruan et al.*® synthesized N-S/CQDs, which
exhibited broad-spectrum antibacterial activity. This activity
was closely linked to their nanoscale size, surface functional
groups, and the ability to generate ROS. Mechanical disruption
was identified as a key antibacterial mechanism, with N-S/
CQDs effectively penetrating bacterial membranes, inducing
structural damage, and inhibiting bacterial proliferation. The
incorporation of amine functional groups conferred a positive
charge to the N-S/CQDs, enhancing electrostatic interactions
with negatively charged bacterial membranes, and thereby
improving antibacterial efficacy. By fine-tuning the surface
properties and dimensions of N-S/CQDs, their antibacterial
performance was further optimized, offering new strategies for
developing advanced antimicrobial nanomaterials. Zhao
et al'”® observed pronounced morphological changes in S.
aureus cells treated with vancomycin-malic acid-amines carbon
dots (VMA-CDs), including pore formation and membrane
rupture, indicating severe bacterial damage. These findings
confirmed that VMA-CDs exert their antibacterial effects by
disrupting bacterial membrane integrity. Furthermore, Wang
et al.'’* synthesized CDs from ornidazole via microwave radia-
tion and investigated their selective antibacterial mechanisms
against Porphyromonas gingivalis (P. gingivalis). The study
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revealed that CDs with specific molecular weights (1-10 kDa)
exhibited strong antibacterial effects against P. gingivalis, while
having minimal impact on Streptococcus mutans. This selectivity
was attributed to the nanoscale dimensions of the CDs, which
facilitated membrane penetration, membrane integrity disrup-
tion, and the release of antibacterial functional groups, such as
nitro groups, effectively eliminating the target bacteria. Li
et al."”> showed that carbon dots with specific surface functional
groups could cause significant morphological changes in
bacterial cells. Their study revealed that the positively charged
carbon dots could strongly interact with bacterial cell
membranes, leading to structural damage and cellular
dysfunction. Scanning electron microscopy (SEM) images indi-
cated rough and deformed surfaces of E. coli cells treated with
these carbon dots, ultimately resulting in membrane rupture
and cell death. Furthermore, it was observed that carbon dots
with amine functional groups could enhance electrostatic
interactions with negatively charged bacterial membranes,
thereby improving antibacterial efficacy. By adjusting the
surface properties and dimensions of carbon dots, their anti-
bacterial performance could be further optimized, providing
new strategies for developing advanced antimicrobial nano-
materials. Mortimer et al'”® indicated that CNTs cause
mechanical damage to bacterial cells through direct contact,
leading to membrane rupture and cytoplasmic leakage. The
physical properties of carbon nanomaterials, such as their
sharp edges and high surface area, enable them to interact
closely with bacterial cell membranes and exert physical
disruption effects. This not only damages the bacterial cell
membrane but also compromises the integrity of the cell wall,
thereby enhancing the antibacterial efficacy of carbon-based
nanomaterials.

4.2 Oxidation stress

The induction of oxidative stress by CNMs is widely recognized
as an effective antibacterial mechanism. This process disrupts
the oxidant-antioxidant balance within bacterial cells, leading
to cellular damage. Oxidative stress can occur through two
primary pathways: ROS-dependent and ROS-independent
mechanisms. The ROS-dependent pathway is initiated by the
excessive accumulation of intracellular ROS, such as superoxide
anions ("O,7), hydrogen peroxide, hydroxyl radicals ("OH), and
singlet oxygen. Numerous studies have demonstrated that
elevated ROS levels can cause protein inactivation, lipid perox-
idation, mitochondrial dysfunction, and membrane degrada-
tion, ultimately resulting in bacterial necrosis or apoptosis.””* In
contrast, ROS-independent oxidative stress refers to the damage
or oxidation of essential cellular structures or intracellular
components without the direct involvement of ROS. This
pathway represents an alternative oxidative stress response that
does not rely on ROS generation. For instance, graphene and its
derivatives can induce oxidative stress by oxidizing intracellular
glutathione, thereby increasing ROS levels and promotes the
oxidation of fatty acids. This oxidation leads to the formation of
lipid peroxides, triggering free radical reactions, resulting in the
destruction and lysis of biological membranes and induce
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bacterial cell death. Gurunathan et al.'”® in their investigation of
the antibacterial properties of graphene against P. aeruginosa,
reported a 3.8-fold and 2.7-fold increase in intracellular ROS
levels in bacteria treated with GO and rGO, respectively. These
findings confirm that graphene exerts its antibacterial effects
via ROS-dependent oxidative stress. Similarly, other studies
have proposed that oxidative stress is a key mechanism
underlying the antibacterial properties of CNTs.'** Vecitis
et al.V’® demonstrated that the interaction between MWCNTSs
and E. coli led to an increase in glutathione oxidation within
bacterial cells. The degree of oxidation was directly proportional
to the concentration of metallic SWNTs, indicating that
enhanced oxidative stress was responsible for the observed
antibacterial activity. This suggests that CNTs interfere with
bacterial metabolism through oxidative stress, leading to
intracellular dysfunction and effective bacterial inhibition.
Further research by Bing et al.*”” explored the effects of CDs on
E. coli growth and their underlying antibacterial mechanisms.
The study revealed significant variations in ROS levels induced
by three types of CQDs (S-CQDs, C-CQDs, and G-CQDs), indi-
cating that endogenous ROS levels play a crucial role in trig-
gering bacterial apoptosis and determining the antibacterial
efficacy of these nanomaterials. Recent studies have provided
deeper insights into the oxidative stress mechanism of carbon
dots. Cui et al."”® demonstrated that spermidine-capped carbon
dots (S-PCDs) could effectively induce intracellular ROS gener-
ation in Staphylococcus aureus. Their experiments showed that
S-P/CDs, at a concentration equal to the MIC, elevated ROS
production to 5.25-fold that of the control group. As the S-P/
CDs concentration increased, ROS levels rose further, reach-
ing 6.52-fold the control at four times the MIC. The study
revealed that S-P CDs, with their high positive charge (+47.06
mV), could adsorb onto the negatively charged bacterial surface
via electrostatic interactions. This interaction not only facili-
tated the generation of ROS but also induced significant
oxidative stress, leading to cell membrane damage and eventual
bacterial cell death. The ROS generation pathways were found
to involve the activation of oxidative stress-related genes such as
dmpl, nar], and narK. The upregulation of these genes
promoted increased oxidative stress through non-photonic
pathways within the bacterial cells, further exacerbating
membrane damage and cell death. Similarly, Rosato et al.'”®
found that GQDs exposed to blue light exhibited significantly
enhanced antibacterial activity against E. coli. In their study,
GQDs were administered to E. coli suspensions and treated with
blue light. The results showed that blue light stimulation
enhanced GQDs' antibacterial activity in a time-dependent
manner attributed to ROS production by GQDs under blue
light irradiation. Sun et al.*® discovered that CDs can efficiently
generate ROS under irradiation, which can disrupt bacterial cell
membranes and proteins. They found that nitrogen-doped CDs
exhibited higher ROS generation efficiency when stimulated by
blue light, resulting in stronger antibacterial effects. The study
also highlighted the importance of CD-bacterial cell envelope
interactions in the antibacterial process. CDs can specifically
target and bind to bacterial cell surfaces, enhancing ROS
generation and improving antibacterial efficacy. Recently, Xia
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et al'® prepared nitrogen-doped carbon quantum dots to
inactivate antibiotic resistant bacteria through spontaneous
generation of extracellular and intracellular ROS, which was
supported by the significant regulation of genes related to
oxidative stress.

4.3 Photothermal effect

Under NIR irradiation, CNMs exhibit exceptional photothermal
conversion efficiency, rendering them highly effective in anti-
bacterial applications. Various photothermal CNMs have been
developed, characterized by strong NIR absorption and the
ability to efficiently convert light energy into heat. The localized
heat generation can effectively inhibit bacterial growth and
prevent biofilm formation. In 2007, Kim et al.*®* utilized E. coli
as a model organism to explore the potential of CNTs in pho-
tothermal antibacterial therapy. This study was among the first
to propose that CNMs exert antibacterial effects via photo-
thermal mechanisms. The findings demonstrated that CNTs
could self-assemble into clusters on bacterial surfaces and
exhibit responsiveness to NIR laser stimulation. Upon NIR
excitation, CNTs generated localized high temperatures,
significantly reducing E. coli viability.

Beyond CNTs, other CNMs, such as GO and rGO, also exhibit
photothermal antibacterial properties. However, rGO demon-
strates superior photothermal antibacterial efficiency compared
to GO, primarily due to its higher intrinsic thermal conductivity
and enhanced NIR absorption. Tan et al'®® investigated the
antibacterial activity of rGO/Ag nanocomposites against E. coli
and K. pneumoniae. Their results indicated that rGO/Ag nano-
composites exhibited enhanced synergistic antibacterial activity
through photothermal effects. Under NIR irradiation, these
nanocomposites not only generated heat but also induced
membrane disruption and ROS production, thereby signifi-
cantly improving antibacterial efficacy.

Additionally, in the case of CDs, modifying the core structure
through transition metal doping or forming composites with
metal nanoparticles has been identified as an effective strategy
to enhance their photothermal antibacterial performance.'®*

4.4 Photodynamic effect

The principle of photodynamic therapy (PDT) was first discov-
ered by Oscar Raab in Munich in 1900 through a serendipitous
observation. PDT is based on three essential components:
oxygen, a photosensitizer, and visible light (typically laser light).
Upon irradiation with light of a specific wavelength, the
photosensitizer becomes excited, initiating a photochemical
reaction. The photosensitizer transfers energy to surrounding
oxygen molecules, resulting in the generation of highly reactive
singlet oxygen. This singlet oxygen subsequently interacts with
nearby biological macromolecules through oxidative reactions,
leading to cytotoxicity and ultimately bacterial cell death. CNMs
have demonstrated efficacy as photosensitizers in PDT, exhib-
iting antibacterial activity through the light-dependent genera-
tion of ROS. Ristic et al'™ synthesized GQDs via
electrochemical reactions and observed ROS production upon
light excitation. These GQDs exhibited inhibitory effects against

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

View Article Online

RSC Advances

methicillin-resistant Staphylococcus aureus (MRSA) and E. coli,
confirming their potential as PDT agents for antibacterial
applications. In 2016, Kuo et al.**® utilized nitrogen-doped gra-
phene quantum dots (N-GQDs) as photosensitizers to eliminate
E. coli through PDT. Their findings revealed that GQDs with
higher nitrogen doping levels (5.1%) exhibited significantly
enhanced PDT effects and antibacterial activity compared to
those with lower nitrogen content (2.9%). Building upon this,
Kuo et al' further synthesized nitrogen-doped, amine-
functionalized graphene quantum dots (AN-GQDs). These AN-
GQDs demonstrated a higher capacity for ROS generation
compared to unmodified GQDs, effectively combating
multidrug-resistant bacteria through PDT. Ziihlke et al'®®
explored the use of amorphous carbon nanodots (CNDs) for
photodynamic sterilization. By controlling the irradiation
wavelength to exceed 290 nm, they minimized damage to
bacterial outer membranes while enhancing immune
responses. Due to their small particle size, CNDs were able to
penetrate bacterial membranes and generate ROS internally
under ultraviolet (UV) light, thus accelerating bacterial inacti-
vation. Experimental results showed that photodynamic inac-
tivation using UV light in conjunction with CNDs was ten times
more effective than UV treatment alone. Bacterial membrane
integrity was further confirmed through aggregation studies
and atomic force microscopy (AFM). In a study by Kadyan
et al.'® the unique properties of GQDs under UV and visible
light irradiation were investigated. The results indicated that
nitrogen-doped GQDs acted as efficient photosensitizers,
generating various ROS, including H,0,, "OH, "O, ", and singlet
oxygen. These ROS interacted with water and dissolved oxygen
(0,), inducing oxidative stress within bacterial cells and leading
to cytotoxic effects and bacterial death. Rosato et al.’”® demon-
strated that CNMs like GQDs exhibit excellent photothermal
conversion efficiency under NIR irradiation, inhibiting bacterial
growth and biofilm formation. Temperature increases
enhanced bacterial membrane permeability, facilitating anti-
microbial agent penetration. Simultaneously, the photody-
namic effect of CNMs can generate ROS under light irradiation.
For example, GQDs and CDs produce singlet oxygen and
superoxide anions under specific wavelengths of light, which
have strong oxidizing properties, causing oxidative damage to
bacterial cells.

4.5 Phospholipids extraction

CNMs can also interact with bacterial cells through lipid
extraction mechanisms. Bacterial membranes, particularly
those of Gram-negative bacteria, are composed of both an outer
and an inner lipid bilayer, which are essential for functions
such as nutrient uptake and the expulsion of toxic substances.
Disruption of the structural and functional integrity of these
membranes results in bacterial inhibition or cell death.”® In
contrast to mechanical damage, which physically disrupts the
bacterial cell wall or outer membrane, CNMs with abundant
surface-active sites can penetrate the bacterial lipid bilayers.
This penetration facilitates the extraction of phospholipids
from the lipid bilayer onto the surface of the nanomaterials,
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thereby compromising membrane integrity and ultimately
leading to bacterial death. In 2013, Tu et al.** conducted both
experimental and theoretical studies to elucidate the lipid
extraction effect of GO nanosheets on bacterial membranes.
Their findings revealed that GO nanosheets disrupted the
bacterial membrane by directly extracting significant quantities
of phospholipid molecules, leading to bacterial death. Molec-
ular dynamics simulations further demonstrated that the two-
dimensional planar structure of GO interacts with phospho-
lipids through van der Waals forces and strong hydrophobic
interactions, facilitating the adsorption of phospholipids onto
the GO surface. Liu and Yi et al.**>'* further confirmed GO-
phospholipid bilayer interactions, noting that lipid extraction is
size-dependent, with larger GO sheets exhibiting stronger
effects. Other studies identified lipid extraction as a primary
mechanism for CNT-induced lipid bilayer damage."**

4.6 Inhibition of bacterial energy metabolism

Bacteria rely on metabolic processes to convert nutrients into
energy and to eliminate metabolic waste, essential for growth
and survival. Unlike eukaryotic cells, bacteria lack mitochon-
dria. ATPases involved in energy metabolism are embedded in
the bacterial cell membrane. Many antibacterial agents exert
their effects by inhibiting the synthesis of peptidoglycan (PG),
a critical component of the bacterial cell wall, thereby disrupt-
ing bacterial energy metabolism. Recent studies show that
CNMs can induce bacterial cell death by suppressing energy
metabolism. Mashino et al.** reported that fullerene derivatives
accept electrons from the bacterial respiratory chain, reacting
with oxygen to generate H,0,. This reaction inhibits oxygen
uptake in the E. coli respiratory chain, suggesting that anti-
bacterial activity of fullerene derivatives is mediated by the
disruption of bacterial energy metabolism. In addition, the
ability of GQDs to inhibit PG synthesis has been extensively
studied. Xin et al?® demonstrated that p-glutamic acid-
functionalized GQDs (DGGs) can penetrate bacterial cell
membranes and specifically target MurD ligase, an enzyme
critical for PG biosynthesis. By inhibiting MurD's catalytic
activity, DGGs disrupt cell wall synthesis, leading to membrane
damage, cytoplasmic leakage, and ultimately bacterial death.
DGGs exhibited high antibacterial activity and selective toxicity
in vitro. In contrast, unmodified GQDs and r-glutamic acid-
functionalized GQDs, although capable of penetrating bacte-
rial membranes, showed weaker interactions with MurD ligase
and did not exhibit significant antibacterial activity.

4.7 Inhibition of nucleic acid synthesis and DNA damage

To effectively inhibit bacterial growth and reproduction at the
molecular level, various antibacterial agents have been developed
that target nucleic acid synthesis and DNA damage mechanisms.
In the context of CNMs, it has been demonstrated that these
materials can directly interact with DNA, thereby exerting anti-
bacterial effects. Wu et al'* demonstrated that GO can form
complexes with DNA through coordination interactions, which
protect the DNA from enzymatic degradation. However, in the
presence of copper ions, GO can disrupt the DNA structure,
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leading to damage.”” Subsequent studies have confirmed that
CNMs exhibit antibacterial activity by inhibiting nucleic acid
synthesis, binding to DNA molecules, impeding DNA replication,
and inducing DNA damage. Li et al*® synthesized positively
charged CQDs using a one-step electrochemical method with
vitamin C as the precursor. These CQDs exhibited broad-
spectrum antibacterial activity. Experimental results revealed
that the positively charged CQDs were capable of diffusing into
bacterial cells, disrupting the cell wall, and non-covalently
binding to bacterial DNA and RNA. This interaction resulted in
the loosening of the DNA structure, leading to the unwinding of
the double helix, fragmentation of the genetic material, and
subsequent cell inactivation, ultimately resulting in bacterial cell
death even at very low concentrations. Moreover, studies have
shown that spermidine-functionalized carbon quantum dots
(Spd-CQDs), which exhibit a high positive surface charge (zeta
potential of up to 60.6 mV), can interact multivalently with
negatively charged bacterial membranes. This interaction causes
severe cytoplasmic damage and leakage. Notably, at low concen-
trations, Spd-CQDs can bind to nucleic acids such as plasmid
DNA and small interfering RNA (siRNA), disrupting gene expres-
sion regulation and exerting antibacterial effects.”®® Nangan
et al.”” synthesized fluorescent carbon dots (S-CDs) via a hydro-
thermal method using waste PTFE from discarded syringes as the
precursor material. These S-CDs exhibited significant antibacte-
rial activity by adhering to bacterial cell walls, penetrating the
membrane, and binding to DNA. This interaction led to DNA
unwinding, compromising bacterial structural integrity, and
enhancing antibacterial efficacy. Furthermore, Yao et al.* high-
lighted that quantum dots can damage DNA either through their
intrinsic nanoscale morphology or via the release of metal ions.
Their antibacterial activity is also attributed to the generation of
ROS and the inhibition of DNA damage repair mechanisms.

4.8 Wrapping isolation

In addition to the previously discussed antibacterial mecha-
nisms, certain CNMs with large surface areas can inhibit bacterial
proliferation by enveloping the bacteria, thereby isolating them
from their environment. Researchers have found that GMs, with
their hexagonal two-dimensional crystal structure, can act as
a physical barrier, effectively separating bacteria from their
surroundings and preventing the proliferation of Gram-negative
bacteria. Although encapsulated bacteria retain their original
shape, the separation from the external environment restricts the
exchange of substances and information between bacterial cells.
This disruption reduces their intracellular metabolic activity and
vitality, ultimately inhibiting bacterial growth. Furthermore, the
encapsulation effect of GMs can also induce damage to the
bacterial cell membrane.>® Chen et al.>** proposed that GO exerts
its antibacterial effects by wrapping and entangling microorgan-
isms, which leads to depolarization of the bacterial cell
membrane or electrolyte leakage. Furthermore, it was observed
that graphene nanoplatelets (GNPs) larger than 5.2 nm can
adhere to bacterial membranes due to the strong hydrophobic
interactions between graphene and the lipid bilayer. Larger and
better-dispersed GO nanoplatelets can more efficiently envelop
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bacteria, blocking active sites on the bacterial membrane, thereby
inhibiting bacterial growth and reducing their survival poten-
tial.**> Studies on the antibacterial properties of CNTs have also
demonstrated a similar encapsulation effect. Chen et al**®
confirmed that the antibacterial mechanism of CNTs is associ-
ated with both diameter-dependent perforation and length-
dependent encapsulation of bacterial cell walls and
membranes. Longer MWCNTSs, by increasing the contact area
with the bacterial cell wall, are more likely to encapsulate
bacteria, thereby exhibiting enhanced antibacterial activity.

4.9 Catalytic sterilization

Certain CNMs have been found to exhibit enzyme-like catalytic
activities, enabling the conversion of H,0, into highly reactive
‘OH. As a potent oxidizing agent, "OH induces oxidative stress
responses that disrupt bacterial cell membranes, inactivate
proteins, and cause DNA damage, ultimately interfering with
bacterial growth and metabolic processes. This catalysis-based
antibacterial mechanism presents new opportunities for the
application of CNMs in antimicrobial research. Qi et al>**
synthesized iron-doped carbon dot nanozymes (Fe-CDs) using
Eucommia ulmoides (a traditional Chinese medicinal herb) as
a biomass-derived carbon source via a hydrothermal method.
The peroxidase-like (POD) activity of Fe-CDs was confirmed by
monitoring the oxidation of 3,3',5,5'-tetramethylbenzidine
(TMB). Furthermore, when Fe-CDs were combined with H,0,,
a significant reduction in the characteristic absorption intensity
of methylene blue (MB) at 665 nm was observed, further veri-
fying their ability to catalyze the conversion of H,0, into "OH.
Antibacterial experiments demonstrated that the combination
of Fe-CDs and H,0, produced a significantly larger inhibition
zone compared to either agent alone, achieving a bactericidal
rate of 94.82%. In another study, Wang et al.>** developed
copper-doped carbon dots (Cu-CDs) with exceptional POD
activity using cherry blossom biomass via a hydrothermal
process. UV-vis spectroscopy was employed to evaluate the
oxidation capacity of different CDs on TMB solutions. The
results demonstrated that Cu-CDs efficiently catalyzed the
decomposition of H,0, into "OH, achieving bactericidal rates
exceeding 90% against both E. coli and S. aureus. These findings
underscore the potent catalytic activity of metal-doped CDs in
antimicrobial applications. Additionally, Zhang et al**® engi-
neered multifunctional glucose oxidase/carbon dots@copper
metal-organic framework nanofibers (GOx/CDS@MOF NFs).
Their study revealed that glucose oxidase (GOx) catalyzed the
conversion of physiological glucose into gluconic acid and
H,0,, concurrently lowering the pH of the system. This acidic
environment effectively enhanced the POD activity of the Cu-
MOF, further validating the potential of CNMs to improve
antibacterial efficacy through catalytic mechanisms.

5. Antimicrobial applications of
carbon nanomaterials in medicine

In summary, CNMs, due to their remarkable antibacterial
properties, hold significant promise in the field of medical
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antibacterial applications. Their potential is increasingly
recognized across a wide range of medical domains, including
oral health, antimicrobial dressings, tissue engineering,
medical sutures, pneumonia treatments, and urinary catheters.
As research in this area progresses, these materials are expected
to play an increasingly pivotal role in combating bacterial
infections, providing innovative solutions for both infection
prevention and treatment within clinical settings.

5.1 Dentistry

In dental medicine, P. gingivalis, a non-glycolytic, Gram-
negative anaerobic bacterium, is a primary pathogen respon-
sible for periodontitis. CDs have emerged as promising anti-
bacterial agents, interacting with the negatively charged surface
structures of P. gingivalis via their positively charged surfaces.
This interaction aids in controlling infections and contributes
to the treatment of dental caries and periodontal diseases. Liu
et al.>” were the first to investigate the antibacterial effects of
fluorescent CDs on P. gingivalis, an obligate anaerobe
commonly found in the oral cavity. Using metronidazole as
a precursor, they synthesized fluorescent CDs via a one-step
hydrothermal method. Their findings revealed that at
a concentration of 1.25 pg mL ™", the fluorescent CDs achieved
an inhibition rate of 71.7% against P. gingivalis, with the anti-
bacterial effect increasing proportionally with higher concen-
trations of CDs. This discovery holds considerable promise for
the diagnosis, treatment, and prevention of dental caries and
periodontal diseases, paving the way in further exploration into
the application of fluorescent CDs for targeting oral bacteria.
Liang et al.®*® successfully synthesized therapeutic CQDs (T-
CQDs and M-CQDs) using sulfonyl metronidazole and metro-
nidazole as precursors through a hydrothermal process. These
CQDs demonstrated strong inhibitory effects against P. gingi-
valis, with TCDs exhibiting the additional ability to penetrate
bacterial biofilms, enhancing their efficacy in suppressing the
growth of P. gingivalis. This advancement represents a novel
strategy for improving periodontitis treatment outcomes,
offering new therapeutic options for managing oral bacterial
infections.

5.2 Antibacterial accessories

In the field of biomedical materials, the development of
biomaterials with antimicrobial properties plays a critical role
in medical applications, particularly in preventing microbial
infections associated with medical devices and wound care.
Recent studies have demonstrated the potential of polymer-
functionalized CNTs as effective antimicrobial agents for use
in biomedical coatings and wound dressings. Simmons et al.>”®
fabricated SWCNTs coatings functionalized  with
polyvinylpyrrolidone-iodine (PVP-I), which exhibited significant
antibacterial activity against E. coli. When incorporated into
conductive nanofiber bandages, these materials demonstrated
excellent flexibility and antimicrobial efficacy, effectively
reducing bacterial colonization at wound sites and accelerating
the healing process. Furthermore, CNTs functionalized with
amino acids such as arginine and lysine, as well as those
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modified with antimicrobial peptides, have shown exceptional
antibacterial performance, underscoring their potential for
development as advanced antimicrobial biomaterials.”**>**
Beyond CNTs, other CNMs have also exhibited promising
antibacterial capabilities. For instance, Wang et al.>** developed
an antibacterial composite film by incorporating lanthanum-
doped nitrogen and phosphorus co-doped carbon quantum
dots (La@N-P-CQDs) into a polyvinyl alcohol (PVA) matrix. This
composite film achieved an inhibition rate exceeding 99%
against E. coli. In addition to its strong antibacterial properties,
the PVA/La@N-P-CQDs composite film exhibited excellent
hydrophilicity, biocompatibility, and fluorescence intensity,
making it a multifunctional material with potential applica-
tions in biomedical settings. Notably, in vivo studies demon-
strated its ability to significantly enhance wound healing,
highlighting its potential as an effective antimicrobial adjunct
in clinical medicine.

5.3 Tissue engineering

Infectious bone defects present a significant challenge in the
treatment of orthopedic infectious diseases, particularly those
resulting from severe open fractures caused by high-impact
trauma. These injuries are often accompanied by varying
degrees of wound contamination, extensive soft tissue damage,
compromised blood supply, and substantial bone loss. As
a result, there is an urgent need for the development of bone
graft materials that not only possess robust antibacterial
properties but also enable controlled drug release and demon-
strate excellent osteogenic activity, thereby addressing both
infection and bone defect repair following open fractures.”**
Graphene-based nanocomposites have shown considerable
promise in promoting the growth of human and mammalian
cells, positioning them as potential candidates for use as scaf-
folding materials in tissue engineering applications. Mazaheri
et al.** fabricated graphene oxide-chitosan (GO-CS) compos-
ites as antibacterial scaffolds to support stem cell proliferation.
Similarly, Faghihi et al**® employed GO nanosheets as rein-
forcing agents in polyacrylic acid/gelatin composite hydrogels,
creating antibacterial scaffolds with enhanced suitability for
tissue engineering applications. Building on these advance-
ments, Weng et al.>"” incorporated antibiotics into graphene-
based three-dimensional composite scaffolds, creating local-
ized, controlled-release systems that combine both bone-filling
and antibacterial functions. This innovative strategy leverages
the superior properties of graphene to enhance local drug
concentrations while minimizing systemic side effects, offering
a promising solution for treating infectious bone defects asso-
ciated with open fractures.

5.4 Medical sutures

Medical sutures play a critical role in wound closure by
approximating tissue edges, stabilizing the wound, and facili-
tating natural healing. To minimize adverse reactions, suture
materials must exhibit excellent biocompatibility and biode-
gradability. However, despite advancements in sterile tech-
niques, suture materials remain susceptible to microbial
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adhesion, potentially leading to post-surgical infections.
Therefore, the ideal suture material should possess intrinsic
antibacterial properties to mitigate the risk of infection. Recent
advancements in nanotechnology have highlighted the poten-
tial of carbon-based nanomaterials, such as graphene and
CNTs, in enhancing the antibacterial properties of sutures,
thereby improving wound infection control. For instance, Ma
et al.”*® incorporated mechanically exfoliated graphene into
a PVA matrix to fabricate PVA/GO nanocomposite fibres using
gel spinning and stretching techniques. While PVA fibres alone
lack antibacterial properties, the incorporation of GO signifi-
cantly enhanced the antimicrobial activity of the composite
fibres. In wound healing experiments, nanocomposite fibres
containing 0.3 wt% GO exhibited a marked reduction in healing
time compared to conventional surgical sutures, suggesting
their potential as a novel alternative for surgical applications. In
another study, de Moura et al.** developed two antibacterial
nanocomposites by combining GNPs and MWCNTs with a pol-
y(lactic acid) (PLA) and thermoplastic polyurethane (TPU) blend
at a 60/40 ratio. The resulting composites, designated as 60/40/
GNP, and 60/40/MWCNTs/GNP,, demonstrated significant
antibacterial activity in agar diffusion assays, with distinct
inhibition zones, indicating their efficacy in preventing bacte-
rial colonization. Furthermore, recent research suggests that
integrating natural polymers with GO could provide an effective
strategy for developing next-generation antimicrobial suture
materials. Gayathri et al.**® fabricated suture materials using
cellulose, chitosan (CS), and GO. Their agar diffusion and
simulated body fluid (SBF) studies confirmed that these sutures
exhibited strong antibacterial activity, particularly against E.
coli, further underscoring their potential as advanced antimi-
crobial suture materials.

5.5 Pneumonia

Bacterial pneumonia remains a prevalent respiratory infection
in modern medicine, with its treatment increasingly compli-
cated by the rise of multidrug-resistant bacterial strains.”** The
widespread use of antibiotics has contributed to the develop-
ment and dissemination of resistant pathogens, posing
a significant threat to global public health. Consequently,
traditional antibiotic therapies are often ineffective against
these resistant bacteria, highlighting the urgent need for novel
antimicrobial strategies and materials. Serrano-Aroca et al.>*?
identified carbon-based nanomaterials as promising candi-
dates for the treatment of bacterial pneumonia. These materials
exhibit potent antibacterial activity primarily through physical
mechanisms, such as disruption of bacterial cell walls and the
generation of ROS. Such mechanisms are particularly valuable
for targeting pneumonia-causing pathogens, offering substan-
tial clinical potential. Notably, carbon nanomaterials can
impair bacterial cell wall integrity and disrupt biofilm struc-
tures, thus increasing bacterial susceptibility to antibiotics.
This characteristic is especially significant for treating biofilm-
associated pneumonia infections, which are often more resis-
tant to conventional therapies. Furthermore, the biocompati-
bility and low toxicity of carbon nanomaterials make them
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highly attractive for clinical applications. For instance,
combining carbon nanomaterials with antibiotics has been
shown to enhance antibacterial efficacy, particularly against
drug-resistant bacterial strains responsible for pneumonia.
Research conducted by Wu et al.**® supports these findings,
demonstrating that carbon nanomaterials have promising
effects in controlling pneumonia infections caused by resistant
bacteria. When used in conjunction with antibiotics, carbon
nanomaterials significantly improve treatment outcomes.
These results suggest that carbon nanomaterials can serve both
as standalone therapeutic agents and as adjuncts to traditional
antibiotics, offering a synergistic effect that enhances treatment
efficacy against resistant pathogens. This interaction not only
improves overall treatment effectiveness but also provides
a valuable complement to conventional antibiotics, introducing
a novel approach to combating bacterial pneumonia. Despite
these promising results, clinical data remain limited, and large-
scale clinical trials are essential to further assess the safety and
efficacy of carbon nanomaterials in real-world medical settings.

5.6 Medical catheter

Catheter-associated urinary tract infections (CAUTIs) represent
a major category of hospital-acquired infections, accounting for
approximately 40% of such cases. These infections significantly
impact patients' quality of life and pose considerable risks to
their health and safety. Consequently, enhancing the antibac-
terial properties of urinary catheters is of paramount clinical
importance for the prevention of urinary tract infections.
CNMs, including CNTs, graphene-based materials, and CDs,
possess unique physicochemical properties and inherent anti-
bacterial activity, positioning them as promising candidates for
the development of antimicrobial catheters. Zhang et al.**
demonstrated that CNMs exhibit robust antibacterial properties
with a reduced propensity for inducing bacterial resistance,
contributing to their growing use in antimicrobial applications.
In particular, the integration of CNMs into medical catheters
has shown considerable potential, as these materials can
disrupt bacterial outer membranes through both physical and
chemical interactions, thereby slowing the development of
microbial resistance. The distinctive properties of CNMs make
them invaluable for the design of antibacterial composite
materials, with significant promise for reducing the incidence
of CAUTISs. Teixeira-Santos et al.*** further explored the poten-
tial of nitrogen-functionalized graphene composites for urinary
catheter applications. Their study revealed that nitrogen-
functionalized graphene nanoplatelets (N-GNPs), when incor-
porated into a polydimethylsiloxane (PDMS) matrix to form N-
GNP/PDMS composites, significantly inhibited the formation
of both single-species and multi-species biofilms, particularly
against S. aureus. Compared to pure PDMS, the N-GNP/PDMS
composite exhibited increased surface roughness and hydro-
phobicity, which effectively reduced the colonization of S.
aureus, P. aeruginosa, and K. pneumoniae, while also diminish-
ing S. aureus biofilm formation. In multi-species biofilms,
a reduction in total cell counts was also observed. Furthermore,
N-GNPs were found to alter membrane permeability in S. aureus
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and promote the generation of ROS, while primarily affecting
cellular metabolism in Gram-negative bacteria. Overall, the N-
GNP/PDMS composite demonstrated significant potential as
a urinary catheter coating material by effectively inhibiting
biofilm development. Given the escalating issue of antibiotic
resistance, the development of novel antimicrobial materials is
becoming increasingly critical. The discovery of N-GNP/PDMS
composites provides a promising direction for the design of
urinary catheters and could play a pivotal role in reducing the
risk of catheter-associated infections.

6. The toxicity about antibacterial
CNMs

6.1 Toxicity assessment and metabolism of CNMs

The increasing applications of carbon nanomaterials in
biomedicine necessitate a comprehensive understanding of
their toxicity profiles. Li et al.**® indicated those various carbon-
based nanomaterials, including carbon black nanoparticles,
nanodiamonds, fullerenes, and graphene quantum dots,
exhibit diverse toxicological behaviours depending on their
physicochemical properties. Researchers employ a range of in
vitro and in vivo assays to evaluate their cytotoxic effects,
encompassing MTT assays, flow cytometry, and confocal
microscopy, which provide insights into cell viability, cell cycle
progression, apoptosis, and autophagy. Comparative analyses
between different carbon nanomaterials reveal that dimen-
sionality significantly influences toxicity. For instance, Raja
et al** discovered that zero-dimensional carbon dots demon-
strate dose-dependent cytotoxicity in human lung epithelial
cells (A549), with IC50 values ranging from 200 to 500 ug mL ™,
whereas one-dimensional carbon nanotubes exhibit distinct
biological interactions. These disparities underscore the
importance of considering material dimensions in toxicity
assessments. Furthermore, surface functionalization emerges
as a critical determinant of biocompatibility. Ecological risk
assessments further refine safety thresholds, with Kim et al.**®
proposing 10 ug L™ " as an environmental safety limit for aquatic
systems based on Daphnia magna immobilization tests.

CNMs usually have high biological stability, which makes
them relatively difficult to degrade in vivo.”*”* CNMs typically
exhibit high biological stability, making them relatively difficult
to degrade in vivo. Although there is currently a lack of direct
research in the metabolic behaviour of CNMs against Gram
negative bacteria, the in vivo metabolism or distribution of
biological CNMs continues to attract significant interest. Kim
et al.”®® quantified this concern through comparative pharma-
cokinetic studies, revealing that carbon nanotubes exhibit 30%
slower clearance rates than gold nanoparticles in murine
models. Correspondingly, researchers are trying to overcome
non-biodegradability and stability challenges. Surface modifi-
cation and functionalization strategies effectively address
biodegradability limitations. Li et al.?** demonstrated that
carboxyl group incorporation enhances both water dis-
persibility and enzymatic degradation of carbon nanotubes,
significantly reducing accumulation risks. Chen et al*°
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developed poly(amidoamine) dendrimer-crosslinked nano-
tubes that maintain antimicrobial efficacy while improving
colloidal stability. Emerging research directions focus on
intrinsically biodegradable designs that retain antimicrobial
activity.

6.2 Balancing efficacy and biosafety

While carbon nanomaterials effectively combat Gram-negative
bacteria via membrane disruption and oxidative stress path-
ways, their potential cytotoxicity toward eukaryotic cells
requires meticulous evaluation. Nasirzadeh et al.>*' observed
a 60% viability loss in HEK293 kidney cells at 50 pg mL ™"
pristine graphene oxide exposure, attributing this toxicity to
lysosomal membrane destabilization. This finding underscores
the urgency of developing targeted antimicrobial strategies.
Advanced material design approaches demonstrate promising
solutions to this biosafety challenge. Li et al**® engineered
sulfur-doped reduced graphene oxide nanosheets that achieved
a 5-log reduction in Pseudomonas aeruginosa at 120 pg mL ™"
while maintaining 92% viability in L929 fibroblasts. Chiou
et al.*®* and Zhang et al**® designed and prepared biomass-
derived CNMs with excellent antibacterial activities and
balanced the enhanced biocompatibility and reduced hemo-
lysis at antimicrobial concentrations several times higher than
the effective dose. Thus, the preparation of CNMs from biomass
or the surface bioactivity modification are important strategies
to improve both antibacterial and biosafety properties of CNMs.

7. Summary and outlook

The emergence of multidrug-resistant (MDR) and extensively
drug-resistant (XDR) bacteria has made the development of new
antimicrobial agents an urgent priority. Gram-negative bacteria,
due to their unique biological structure, have long posed
significant challenges in the development of effective antimi-
crobial agents. Unfortunately, in recent years, the field of anti-
microbial drug development targeting Gram-negative bacteria
has remained largely confined to existing classes of antibiotics.
There remains a notable scarcity of new antimicrobial agents
with novel mechanisms of action in clinical development.
Carbon nanomaterials, with their inherent antimicrobial
activity and distinctive physical antibacterial properties, offer
new promise in an era characterized by widespread antibiotic
misuse. If effectively applied in infection treatment, these
materials may provide an innovative approach to combating
bacterial resistance. However, several unresolved issues remain
regarding the clinical application of carbon nanomaterials in
antibacterial therapy. These challenges and development
directions include: (1) the potential toxicity assessment of
CNMs on human cells and tissues is incomplete. It is necessary
to clarify the structure of CNMs and their interactions with
biological targets, as well as their antibacterial molecular
mechanisms. Furthermore, by precisely controlling parameters
such as material size, shape, and surface chemical properties,
and developing purification and large-scale preparation
methods, some CNMs with tuneable antibacterial activity and
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minimal toxicity can be achieved. (2) There is insufficient
understanding of the precise localization of CNMs in bacteria,
cells, and organisms, and it is necessary to conduct safety
evaluations and in vivo distribution research on antibacterial
CNMs. Animal models and evaluation indicators need to be
further studied for in vivo safety research to understand the in
vivo long-term safety and stability of CNMs in vivo. The imaging,
in vivo metabolism, and pharmacokinetics study methods of
CNMs are needed to determine the optimal dosage regimen. (3)
There is still a lack of consistency in the structure and proper-
ties of carbon dots across different production batches. Quality
control standards, safety standards, usage strategies, and
specialized guidelines and regulations need to be developed as
a regulatory framework for fair use of antibacterial CNMs. (4)
The combination of CNMs with other antibacterial drugs. For
example, deepening the combination strategy of CNMs with
traditional antibiotics, antimicrobial peptides, etc., and
enhancing antibacterial effects, reducing bacterial resistance
risks, and improving biosafety.

Despite ongoing debates about the mechanisms underlying
the antimicrobial activity of carbon nanomaterials, their
potential applications in the antimicrobial field remain highly
promising. As our understanding of the key functional param-
eters required for effective bacterial targeting at the molecular
level deepens, continued efforts to optimize the design of
carbon nanomaterials are expected. Moreover, advancing the
exploration of their antimicrobial mechanisms will contribute
to significant breakthroughs in both basic research and tech-
nological applications. In conclusion, this rapidly developing
field has already achieved notable progress. We are optimistic
that further exploration of the antimicrobial properties of
carbon nanomaterials will accelerate the development of new
agents against Gram-negative and resistant bacteria. In the near
future, carbon nanomaterials are poised to play a key role in the
clinical treatment of infections caused by Gram-negative and
resistant bacteria.
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