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ABSTRACT: Carbon nanotubes (CNTs), including single-walled carbon nanotubes (SWNTS), have been
integrated into pharmaceutical and medical domains as drug delivery systems since the turn of the twenty-first
century. Their capacity to effectively transport diverse therapeutics across membranes and into living cells has
sparked interest in medicinal applications encompassing enhanced imaging, antimicrobial solutions, tissue
regeneration, and targeted medication or gene delivery. Amidst the wealth of evidence showcasing the advantages
of CNTSs, such as heightened efficacy and reduced side effects, recent studies have unveiled unforeseen toxicities
linked to their usage. Notably, the antimicrobial potential of CNTs has garnered significant attention, promising
novel strategies for combating microbial infections. This mini review presents a synthesis and discussion of both the
antimicrobial attributes and potential toxicity associated with carbon nanotubes. Despite their promising potential,
several challenges stand as important considerations, deciphering the precise mechanisms through which CNTSs exert
their antibacterial effects remains a complex puzzle and ensuring the biocompatibility and safety of CNTSs, both in
terms of host cells and the environment, is paramount for clinical translation. Lastly, navigating regulatory pathways
and standardization efforts will be integral for realizing the scope of CNTs as antimicrobial agents. The multifaceted
nature of CNTS' antibacterial attributes underscores the complexity of their interactions within various systems.
Addressing challenges through surface functionalization to enhance hydrophilicity and biocompatibility underscores
a strategic approach for future exploration. As research progresses, carbon nanotubes hold the potential to emerge
as a pivotal tool in the fight against microbial infections while offering innovative pathways for therapeutic
advancements.
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In the pursuit of novel materials with versatile
applications, the field of nanotechnology continues to
expand (Ifijen ét al., 2023); Jonathan ét al., 2022);
Maliki ét al., 2022); Ifijen ét al., 2022). Positioned as
one of the most promising technologies of the 21st
century, nanotechnology has emerged as a
transformative force (Gnach et al., 2015); Sharma et
al.,, 2019); Allhoff 2007). Rooted in the ability to
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observe, measure, manipulate, assemble, and fabricate
materials at the nanoscale, nanotechnology bridges the
gap between theoretical nanoscience and practical
applications (Yuan et al., 2019); Petersen et al 2018);
Igbal et al 2012); Bayda et al., 2019). The National
Nanotechnology Initiative (NNI) in the United States
defines nanotechnology as "a science, engineering,
and technology conducted at the nanoscale (1 to 100


mailto:ejonathan@biu.edu.ng
https://orcid.org/
https://www.bioline.org.br/ja
mailto:ejonathan@biu.edu.ng
https://orcid.org/
mailto:aslemagbini@gmail.com
https://dx.doi.org/10.4314/jasem.v28i9.3
https://creativecommons.org/licenses/by/4.0/
https://www.ajol.info/index.php/jasem
https://www.ajol.info/index.php/jasem

Exploring Carbon Nanotubes as Antimicrobial Agents: Efficacy, Toxicity.....

nm), where unique phenomena enable novel
applications in a wide range of fields, from chemistry,
physics, and biology to medicine, engineering, and
electronics” (Malik et al., 2023; Patra, Das and Fraceto
ét al., 2018); Swierczewska et al., (2016); Wang, G.,
et al 2018). As scientific and technological
advancements surge forward, the demand for new
nanomaterials boasting advanced properties remains
unrelenting (Wong and Choi (2015); Ifijen et al.,
(2018); Ikhouria et al., (2020); Ifijen et al., 2020).

Among the array of nanostructures, carbon
nanomaterials (CNMs) and their derivatives shine,
showcasing exceptional properties and diverse
applications (Ifijen et al., 2020). The distinctive traits
of carbon and its allotropes, attributed to their sp2 and
sp3 bonds, underscore the uniqueness of these
nanomaterials. Notably, carbon nanotubes (CNTS),
graphite, graphene/graphene oxide (G/GO), and
fullerenes exhibit robust interatomic interactions
(Ifijen and Maliki, 2022). CNMs boast an array of

attributes, including substantial surface area,
mechanical  resilience, thermal  conductivity,
photoluminescence, transparency, and structural

durability, in addition to their remarkable antibacterial
potential against pathogens and outstanding electrical
conductivity (Eribe, et al., 2022). These properties
pave the way for CNMs to find utility in an array of
applications, encompassing nanocomposites like thin-
film transistors, transparent conducting electrodes,
photovoltaics, supercapacitors, biosensors, drug
delivery systems, tissue engineering, photothermal
therapy, and antimicrobial food packaging.

Nonetheless, a key limitation of CNTs lies in their
limited solubility in many solvents (Eribe, et al.,
2022), curtailing their potential applications. To
surmount this challenge, researchers have explored
surface modification techniques to enhance the utility
of CNTs (Ifijen et al., 2020); Ifijen and Maliki (2022);
Eribe et al., 2022). The antimicrobial efficacy of
CNMs is influenced by factors including composition,
surface modification, target bacteria, and the reaction
environment (Salari and Jafari 2020). Mechanisms
underlying the antibacterial effects of CNMs span
from physically isolating microbial cells from their
supportive milieu to penetrating the microbial cell
wall/membrane and inducing structural damage (Su,
Gan, Liu and Yang (2020); Abd-Elsalam 2020). A
third category of processes involves the interaction of
CNMs with bacteria, engendering conditions of
oxidative stress through the generation of reactive
oxygen species (ROS). These interactions trigger
electron  transfers, yielding ROS-independent
oxidative stress and leading to cellular demise (Azizi-
Lalabadi et al., 2020).
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Through a comprehensive exploration of carbon
nanotubes' antibacterial attributes, toxicity concerns,
challenges, and future prospects, this review aims to
provide a holistic understanding of their potential as
antimicrobial agents. By shedding light on both their
remarkable capabilities and potential pitfalls, we strive
to contribute to the informed advancement of CNTS'
applications in the realm of infection control and
medical therapeutics. As we navigate the complexities
of harnessing CNTSs' potential, we remain poised to
leverage their unique properties for innovative
solutions that address microbial challenges with
precision and responsibility.

MATERIALS AND METHODS

The exploration of carbon nanotubes (CNTSs) as
antimicrobial agents and their associated attributes
encompassing efficacy, toxicity, challenges, and
future prospects was conducted through a systematic

methodology involving comprehensive literature
review and data analysis.
Literature Review: An extensive search was

performed across reputable scientific databases,
academic journals, and research repositories to gather
relevant publications focused on CNTs as
antimicrobial agents. The search encompassed articles
discussing CNTs' antibacterial efficacy, potential
toxicity concerns, challenges in their application, and
future prospects.

Data Collection and Analysis: Selected articles were
critically analyzed, and information pertaining to
CNTs' antibacterial properties, toxicity evaluations,
challenges, and potential applications was
meticulously extracted. Data were organized, and
relevant findings were categorized based on themes
related to the main focus areas of the review.

Antibacterial Attributes: Studies emphasizing CNTs'
antibacterial attributes were examined, with a focus on
elucidating factors influencing their efficacy against
various bacterial strains. Experimental methodologies
utilized to assess antibacterial effects, including
minimum inhibitory concentration (MIC) assays, disk
diffusion tests, and bacterial growth inhibition assays,
were documented.

Toxicity Evaluation: In-depth analysis of research
investigating potential toxicity associated with CNTs'
use was undertaken. Studies encompassing in vitro
and in vivo assessments of cytotoxicity, genotoxicity,
and immunological responses were considered.
Various experimental techniques, such as cell viability
assays, reactive oxygen species (ROS) measurements,
and histopathological examinations, were noted.
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Challenges and Future Prospects: An examination of
challenges in CNT application, such as mechanistic
elucidation,  biocompatibility = assurance, and
regulatory considerations, was conducted. Studies
providing insights into the future prospects of CNTSs,
including strategies for surface modification, targeted
delivery systems, and interdisciplinary collaborations,
were synthesized.

Sources on Which the Analysis of The Study Is Based
On: The analysis of the study is based on a
comprehensive review of relevant scientific literature
from reputable sources. The sources encompassed a
wide range of research articles, academic journals,
reviews, and studies that specifically addressed the
attributes of carbon nanotubes (CNTs) as
antimicrobial agents. These sources were selected
from established scientific databases, academic
journals, and research repositories, ensuring the
accuracy and credibility of the information presented
in the analysis.

Additionally, the analysis drew upon studies that
explored the potential toxicity of CNTSs, including
investigations into in vitro and in vivo assessments of
cytotoxicity, genotoxicity, and immunological
responses. These studies provided valuable insights
into the safety implications of CNT utilization.

Furthermore, the analysis integrated research that
discussed challenges associated with the application of
CNTs, such as deciphering mechanisms, ensuring
biocompatibility, and navigating regulatory pathways.
These sources shed light on the complexities and
considerations involved in harnessing the potential of
CNTs as antimicrobial agents.

Lastly, the analysis incorporated research that outlined
the future prospects of CNTSs, including strategies for
surface modification, targeted delivery systems, and
interdisciplinary collaborations. These sources offered
valuable insights into the innovative directions that the
field of CNT-based antimicrobial applications could
take in the future.

Overall, the analysis is grounded in a diverse and
comprehensive selection of credible sources that
collectively contribute to a holistic understanding of
CNTs as antimicrobial agents, their potential efficacy,
challenges, and prospects.

Unveiling the Antimicrobial Potential of Carbon
Nanotubes: Research has indicated that single-walled
carbon nanotubes (SWCNTS) possess impressive
antibacterial properties, and the size of these
nanotubes plays a crucial role in their ability to

2603

deactivate microbes. Smaller carbon nanotomaterials
(CNMs) exhibit a heightened surface-to-volume ratio,
establishing stronger interactions with the cell walls or
membranes of microorganisms, thus enhancing their
efficacy (Eribe et al., 2022). The antibacterial action
of SWCNTs is rooted in their interaction with
microbes and their disruption of key cellular
components, including the cellular membrane,
metabolic processes, and overall morphology (Dizaj et
al., 2015). This mechanism results in bacterial cell
death due to the direct interaction between
microorganisms and the SWCNTSs, which damages the
microbial cell membranes. Scanning electron
microscope (SEM) analyses have unveiled noticeable
changes in the shape of microorganisms following
exposure to SWCNTSs, indicative of compromised
cellular integrity. Moreover, exposure to minute
SWCNTSs has demonstrated considerable increases in
the release of plasmid DNA and RNA, alongside the
leakage of cytoplasmic components (Ji, H., Sun, H.,
Qu, X 2016). The emerging understanding is that
CNTs possess bacteriostatic qualities, primarily
attributable to their substantial surface-to-volume ratio
and considerable internal volume. These attributes
render CNTs as promising carriers for targeted
delivery, enhancing the bioavailability of antibiotics
(Chong et al., 2017).

In a nutshell, SWCNTSs have been recognized for their
remarkable antibacterial properties, with their size
being a critical factor influencing their effectiveness.
Their interaction with microbes and subsequent
disruption of cellular elements underpin their
bactericidal mechanism. The demonstrated increases
in genetic material and cellular components after
exposure to SWCNTs reinforce their potential
antimicrobial efficacy. It is increasingly evident that
CNTs' bacteriostatic attributes can be attributed to
their unique structural properties, making them
valuable not only for direct antibacterial action but
also for facilitating drug delivery systems.

In a study by Hussan et al., (2021), multi-walled
carbon nanotubes (MWCNTS) were subjected to
chemical treatment involving a combination of acids
to create functionalized MWCNTSs. The researchers
aimed to explore the antibacterial properties of these
functionalized MWCNTSs (Khan et al., 2016). They
employed the well diffusion method, a commonly
used approach for rapid antibiotic capacity testing, to
assess the antibacterial activity of both raw MWCNTSs
(R-MWCNTs) and functionalized MWCNTSs
(FMWCNTS) against both gram-negative bacteria (E.
coli) and gram-positive bacteria (S. aureus). The
results of the antibacterial investigation indicated that
FMWCNTSs exhibited larger growth inhibition zones
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(12) against E. coli and Pseudomonas aeruginosa
compared to R-MWCNTSs. This suggests that the
functionalization process enhanced the antibacterial
effects of the MWCNTSs, particularly against these
specific bacterial strains.

In another study conducted by Dong et al., in 2012, the
antibacterial activity of single-walled carbon
nanotubes (SWCNTs) was investigated. These
SWCNTs were dispersed in surfactant solutions
containing sodium cholate, sodium dodecylbenzene
sulfonate, and sodium dodecyl sulfate (Maksimova
2019). The researchers chose sodium cholate as a
dispersing agent to evaluate the antibiotic activity of
the nanotubes, given its relatively mild antibacterial
effect on various bacterial strains, including
Salmonella  enterica, Escherichia  coli, and
Enterococcus faecalis. Notably, both S. entericaand E.
coli displayed resistance to the antibacterial properties
of SWCNTs. The growth curves of the bacteria
reached a plateau at lower absorbance values as
nanotube concentrations increased from 0.3 mg/mL to
1.5 mg/mL. However, changes in absorbance values
were not visibly affected by varying incubation times
between 5 minutes and 2 hours. The findings from this
study suggested that the bactericidal activity of
SWCNTs is primarily due to a physical mechanism,
which raises the possibility of carbon nanotubes being
utilized as a potent alternative to antibiotics in
combating drug-resistant and multidrug-resistant
bacterial strains. The authors emphasized the need for
further research to validate the efficacy of a mixture
involving SWCNTSs and sodium cholate, as well as to
delve deeper into the mechanisms that contribute to
both minimal human toxicity and significant
antibacterial efficacy. These studies collectively
contribute to the growing understanding of carbon
nanotubes' potential as antibacterial agents and
highlight the importance of functionalization and
dispersion methods in enhancing their effectiveness
against specific bacterial strains.

Antimicrobial surfaces are of paramount importance
in various applications within the healthcare industry.
Single-walled carbon nanotubes (SWNTs) have
emerged as potential candidates for antibacterial
agents; however, concerns persist about the impact of
tube bundling, a common consequence driven by the
hydrophobic nature of these materials. A study
conducted by Aslan et al., in 2013 delved into the
ramifications of bundling on the antibacterial
properties of resulting films, along with the layer-by-
layer (LbL) assembly of SWNTs with charged
polymers (Mohammed et al., 2019). The researchers
employed a poly(ethylene glycol) functionalized
phospholipid (PL-PEG) to disperse SWNTs in
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aqueous solutions. The study considered scenarios in
which SWNTs were dispersed as both small bundles
and nearly isolated entities.

Measurements utilizing quartz crystal
microgravimetry with dissipation (QCMD) and
ellipsometry unveiled that the adsorbed layers of the
bundled SWNT system were twice as thick when
hydrated and three times as thick when dried
compared to those of solitary SWNTs. Molecular
dynamics simulations indicated a decreased PL-PEG
density and solution extension on bundled SWNTSs,
suggesting that larger adsorbed layers could be
attributed to reduced steric repulsion among bundled
nanotubes. The enhanced van der Waals attraction in
the bundled system was also noted. Scanning electron
micrographs showed that Escherichia coli on films
with bundled SWNTSs were essentially absorbed by the
nanotubes, in contrast to bacteria resting on films with
separated SWNTSs. This observation suggested a swift-
acting mechanism, as the bundled SWNT system
exhibited a high inactivation rate within just one hour.
Both systems achieved a 90% bacterial inactivation
rate within 24 hours. The study offers an in-depth
analysis of the molecular interactions between
nanotubes, shedding light on the potential for rapidly
acting SWNT-based antimicrobial coatings that
envelop bacteria. Furthermore, it underscores the
significant influence of SWNT bundling on LbL
assembly and the resulting antimicrobial activity. This
research provides valuable insights into harnessing the
properties of SWNTs for developing effective
antimicrobial surfaces in healthcare and other related
fields.

A study conducted by Abo-Neima et al., in 2020
examined the potential of functionalized multiwall
carbon nanotubes (F-MWNTSs) as an alternative
antibacterial material to commercial antibiotics
(Hussan et al., 2021). The researchers utilized
Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) as model organisms to investigate the
antibacterial activity of F-MWNTS. The study aimed
to identify the optimal concentrations of F-MWNTSs
that would yield maximal inhibition and antibacterial
effects. The findings of the study indicated that the
optimal concentrations of F-MWNTSs for achieving
maximal inhibition and antibacterial activity were 80
pg/mL for E. coli and 60 pg/mL for S. aureus. To
understand the underlying mechanisms, the
researchers used transmission electron microscopy to
reveal morphological changes that compromised the
cellular integrity of these bacteria (Fig. 3-4). The
presence of F-MWNTSs appeared to disrupt the cell
membrane, leading to a separation of the cell from its
surroundings. This separation facilitated the
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generation of harmful chemicals, induced oxidative
stress within the cell, and ultimately led to cell death.

Comparative analysis with conventional antibiotics
showed that the effectiveness of F-MWNTs exhibited
an improvement in inhibitory action, with percentages
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reaching up to 85%. The study also involved
measurements of dielectric conductivity and bacterial
growth to further elucidate the bactericidal
performance of F-MWNTSs against these pathogens.

Fig. 1. Scanning electron microscopy (SEM) images of (a) (PLL/SWNT-PLPEG bundled/ PGA)4, (b) (PLL/SWNT-PL-PEG
isolated/PGA)4, (c) sample (a) following 24 h Escherichia coli incubation, and (d) sample (b) following 24 h Escherichia coli incubation.
Red arrows identify some of the SWNT present. Escherichia coli are clearly visible as intact, black objects in (c) and (d). Bacteria appear to
be engulfed by the bundled (c) but not isolated (d) SWNT-PL-PEG (Mohammed MK, et al 2019).
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Fig. 2. Percent inactivation of Escherichia coli (K12) at 1 and 24 h on various substrates, as determined by LIVE/DEAD assay. Control
polymer films (PLL/PGA)4 do not induce significant toxicity. At 1 h, films containing isolated SWNT—PL-PEG samples are less effective
than those containing bundled SWNT-PL-PEG. At 24 h, all SWNT-PL-PEG containing films inactivate about 90% of bacteria. Asterisks
indicate statistical significance to p < 0.001, compared to the control film (Mohammed, MK, et al (2019).
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The ultimate objective of this investigation was to
assess the potential applicability of F-MWNTSs in
biological devices and systems, especially in the
context of hospital and industrial cleaning
applications. The results suggested that F-MWNTSs
could serve as promising antibacterial agents,
potentially offering advantages over traditional

antibiotics, and could contribute to the development of
effective and innovative solutions for addressing
bacterial contamination in various settings.

=~
7

Fig. 3. TEM images of E. coli (a) Untreated cells of E. coli, (b)-(d)
Treated samples with F-MWNTs at concentration of 8 pg/ml after
24 h of incubation (Hussan, NQA., et al 2021)

.
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Fig. 4. TEM images of S. aureus (a) Untreated cells of S. aureus,
(b)—(d) Compared to treated ones with F-MWNTSs at concentration
6 pg/ml after 24 h of incubation (Hussan, NQA., 2021).
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In a study conducted by Kang et al. in 2008, the
mechanisms underlying carbon nanotube (CNT)
cytotoxicity in Escherichia coli (E. coli) cells were
investigated using well-purified single-walled carbon
nanotubes (SWNTs) and multi-walled carbon
nanotubes (MWNTS) (Dong, L., Henderson, A., Field,
C 2012). The researchers aimed to elucidate how
direct contact with CNTSs affects the cellular integrity,
metabolic activity, and shape of E. coli. Molecular
analysis of DNA microarrays revealed that E. coli
experienced oxidative stress and stress associated with
cell membrane damage upon exposure to CNTs. This
was further supported by scanning electron
microscope (SEM) observations of severe cell damage
and the release of nucleic acids into the solution, which
corresponded with the expression of genes related to
cell damage. Notably, the detrimental effects observed
were more pronounced with SWNTs compared to
MWNTSs. Several factors were proposed to contribute
to the increased bacterial toxicity of SWNTSs,
including their smaller size, larger surface area for
interaction, and unique chemical and electronic
properties that enhance chemical reactivity. These
factors collectively facilitate greater interaction with
bacterial cells and penetration through the cell wall.

In a preceding study (Aslan, S., et al 2013), the
antibacterial activity of SWCNTSs in a deionized (DI)
water solution was investigated in relation to their
length. The research revealed that among three
different lengths of SWCNTSs (1 pum, 1-5 um, and 5
pum), longer SWCNTs exhibited stronger antibacterial
activity at the same weight concentration. The study
demonstrated that SWCNT length influenced their
direct interaction with bacterial cells, leading to the
formation of aggregates. Fluorescence and SEM
images indicated that shorter SWCNTSs tended to self-
aggregate without involving many bacterial cells,
whereas longer SWCNTSs efficiently aggregated with
bacterial cells, especially when a greater number of
bacterial cells were present.

The antibacterial activity of all tested SWCNTs was
found to be dependent on both concentration and time.
With longer SWCNTSs, this dependence was more
pronounced and intensified. These findings expanded
the potential applications of SWNTSs as antimicrobial
agents by providing a fundamental understanding of
the factors influencing interactions between SWCNTSs
and bacterial cells, as well as the mechanisms
underlying SWCNTs' antimicrobial activity. This
knowledge has significant implications for designing
effective antimicrobial strategies using carbon
nanotubes.
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Fig. 5. Representative images of Salmonella cells in DI water suspension (A) without SWCNTSs, and the aggregates formed by cells and
SWCNTs of different lengths (B) <1 pm, (C) 1-5 um, and (D) ~5 pm. Cells were stained with green fluorescence. Black spots in the aggregates
(indicated by arrows in B and C) were clusters of SWCNTSs (Aslan, S., et al 2013)

Fig. 6. SEM images of salmonella cells (A) without SWCNTSs, and theaggregates of cells-SWCNTs of (B) <1 um, (C) 1-5 um, and (D) ~5
um (Aslan, S., et al 2013)

A new opportunity for direct comparison of single-
walled carbon nanotube (SWNT) activity in media
with varying effects on bacteria has emerged from the
work of Sloan et al. (Abo-Neima et al., 2020). They
recently discovered that tryptic soy broth (TSB), a
standard microbiological growth medium, can
disperse  SWNTs as individual units and small
bundles. This discovery enables a fresh perspective on
SWNT behavior in biological dispersants such as
DNA, lysozyme, and TSB, in addition to the
commonly used pure SWNT dispersants SDS and

pluronic (Kang, S., et al 2008). To investigate the
influence of these dispersants on SWNT activity,
researchers used colony forming unit (CFU) counts,
bacterial growth curve analysis, and optical density
measurements at 600 nm. The study focused on Gram-
positive Staphylococcus aureus and Gram-negative
Salmonella enterica. Notably, synergistic interactions
were highlighted as essential considerations in
assessing antibacterial activity. The five selected
dispersants were SDS, pluronic, lysozyme, DNA, and
TSB. The experimental model organisms were
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Staphylococcus aureus and Salmonella enterica, and
measurements included CFU counts and optical
density for activity assessment. Intriguingly, no
activity was observed against Salmonella in any of the
systems. However, Staph. aureus exhibited
susceptibility to SDS, proving lethal in the presence of
SWNTSs. Furthermore, SWNTs enhanced the anti-
Staph. aureus effects of pluronic and lysozyme.
Conversely, regardless of SWNT presence, DNA and
TSB dispersions exhibited no antibacterial effects.
These results underscore the necessity for further
research into the mechanisms through which
interactions between SWNTSs and dispersants lead to
antibacterial activity. The findings suggest that the
purported antibacterial activity of SWNTs might
exclusively manifest against bacteria sensitized by the
dispersant. In a distinct investigation, Jannati et al.

(Yang, et al., 2010) explored the impact of
functionalized multi-walled carbon  nanotubes
nanofluid (F-MWCNTsN) on S. aureus. They

functionalized multi-walled carbon nanotubes with
COOH groups to create the nanofluid. The Microplate
Alamar Blue Assay (MABA) method gauged bacterial
growth post-treatment with F-MWCNTsSN at
concentrations ranging from 0.1 to 1%. Subsequently,
TetM and TetO gene expression tests evaluated the
Nanofluid's drug delivery potential containing F-
MWCNTs. The outcomes revealed potential
antibacterial effects of multi-wall functionalized
carbon nanotubes on S. aureus (Fig. 7). Importantly,
the researchers successfully overcame S. aureus's
photogenic antibiotic resistance strain using nanofluid
with functionalized carbon nanotubes. This innovative
approach represents a novel avenue for nano
medication therapy and delivery to combat antibiotic-
resistant forms of bacteria like S. aureus, which
contribute to various nosocomial infections.

= ¢

% 4
o @
5 '.‘%‘a&',bw ‘.

Fig. 7. A and B in different magnifications exhibit the impression
mechanism from functionalized MWCNTS nanofluid on cell
membrane demolition and antibiotic delivery to bacteria (Yang, C.,
etal 2010)
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In pursuit of an efficient, secure, and rapid-acting
nano-drug with minimal side effects, Hassani et al.,
(Sloan, et al., 2017) embarked on the synthesis of a
novel nano-antibiotic by conjugating levofloxacin
(LVX) with  multi-walled carbon  nanotubes
(MWCNTS), resulting in MWCNT-LVX. This
groundbreaking work not only investigated the in vivo
antibacterial activity of the nano-antibiotic in a burn
wound model but also marked the pioneering
evaluation of its in vitro cell viability and antibacterial
effects. The drug-loading and release profiles across
various pH levels were determined using an
ultraviolet-visible spectrometer. The synthesis of
MWCNT-LVX was achieved through a simple,
reproducible, and cost-effective procedure, followed
by characterization using diverse techniques including
scanning electron microscopy, transmission electron
microscopy,  Brunauer-Emmett-Teller  analysis,
among others.

In vitro, the noncytotoxic nano-antibiotic exhibited
significantly enhanced antibacterial efficacy against
Staphylococcus aureus compared to Pseudomonas
aeruginosa. Notably, the synthetic nano-drug
displayed pH-sensitive release behavior alongside a
high loading capacity. This distinctive combination of
features translated into a notably more potent
bactericidal effect than LV X alone in a murine model
of S. aureus wound infection. The synergy of
antibacterial attributes was attributed to the surface-
modified MWCNTs to which the drug was
conjugated.

The innovation of this nano-antibiotic holds
considerable  promise  for  commercialization,
facilitated by its facile production, lack of toxicity,
appropriate drug loading and release profiles, low
effective dosage requirement, and robust efficacy
against wound infections. Leveraging the unique
attributes of MWCNTS, such as controlled release and
drug delivery capability, the nano-antibiotic can
traverse biological barriers and membranes efficiently,
potentially enabling lower dosages than what would be
needed with the standalone active agent. This aspect,
in turn, contributes to minimizing side effects. Thus,
MWCNTSs emerge as a promising nano-carrier for
LVX, positioning them as a potential solution for
treating skin infections.

Carbon nanotubes' toxicity: The issue of toxicity has
presented a significant challenge for the incorporation
of carbon nanomaterials (CNMs) into sectors like
medicine and food, despite their diverse array of
applications (Salari, S., Jafari, SM 2020). The
literature on CNM toxicity has yielded somewnhat
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contradictory findings, adding complexity to the
matter. Some studies have indicated that exposure to
CNMs triggers apoptosis and inflammation (Noor et
al., 2022). Furthermore, these studies suggest that
CNM exposure can disrupt cellular stress responses, as
well as cellular transport and metabolism pathways.
Reports highlighting the detrimental effects of CNMs,
including nanotubes and nano-onions, have also
emerged (Jannati H., et al., (2021). Nanotubes, for
instance, have been linked to immunological and
inflammatory responses, while the effects of nano-
onions appear to be influenced by external stimuli.

Specifically, single-walled carbon  nanotubes
(SWCNTs) have demonstrated cytotoxic effects in
HaCaT cells, eliciting oxidative stress, generation of
free radicals and peroxides, antioxidant scavenging
activity, reduced cellular activity and viability, and
alterations in cellular morphology (Hassani et al.,
2022). Despite this understanding of the toxic effects
of CNMs like carbon nanotubes (CNTs) and fullerene
on animal cells and organs, the underlying
mechanisms of cellular toxicity remain incompletely
elucidated (Yan et al., 2011). Researchers have delved
into the molecular toxicity of these materials in both
human and animal contexts (Salari and Jafari 2020).
At present, CNTs are generally considered more
hazardous than fullerene (Noor et al., 2022). In-depth
gene expression studies have revealed that CNTSs,
particularly ~ multi-walled  carbon  nanotubes
(MWCNTS), can elevate both necrosis and apoptosis
in cells. Remarkably, the toxicity of CNMs in cellular
environments is influenced by factors such as their
structural characteristics, size distribution, surface
chemistry, concentration, charge, and aggregation
state (Ding et al., 2005) While certain experts have
raised concerns about the safety of CNMs, several
investigations have indicated that pure CNMs,
including pure SWCNTSs, exhibit minimal harm and
have not demonstrated adverse effects in mouse
models (Ding et al., 2005).

Challenges: The antimicrobial properties of carbon
nanotubes (CNTs) have garnered considerable
attention for their potential applications in various
fields, from medicine to industry. These nanomaterials
exhibit remarkable bactericidal capabilities, which
offer promising avenues for combating microbial
infections and enhancing hygiene (Dizaj et al., 2015).
However, the practical implementation of CNTs as
antimicrobial agents is accompanied by several
challenges that warrant careful consideration (Ji et al.,
2016).

One significant challenge lies in deciphering the
mechanisms underlying the antibacterial activity of

2609

CNTs. While their effectiveness against bacteria is
evident, the precise interactions and processes through
which CNTs neutralize microorganisms remain
intricate and not fully elucidated (Maksimova 2019).
Understanding these mechanisms is pivotal for
optimizing CNT-based antibacterial strategies and
minimizing unintended consequences (Khan et al.,
2016).

Another crucial concern revolves around potential
toxicity. While pure carbon nanomaterials (CNMs)
have demonstrated safety in various contexts, the
introduction of CNTSs as antibacterial agents demands
rigorous assessment of their impact on both microbial
targets and host cells (Abo-Neima et al., 2020).
Ensuring that the antimicrobial properties of CNTs do
not come at the expense of detrimental effects on
human health is of paramount importance (Hussan et
al., 2021).

Furthermore, the practical application of CNTs as
antimicrobial ~ agents  necessitates  addressing
challenges related to stability, dispersion, and delivery
(Yang et al., 2010). CNTs' insolubility in certain
solvents and their tendency to agglomerate can limit
their efficient dispersion within target environments,
hindering their interaction with bacteria (Noor et al.,
2022). Developing effective strategies to ensure
consistent dispersion and delivery of CNTs to
infection sites is essential for realizing their full
potential (Diza et al., 2015).

Incorporating CNTs into existing medical and
industrial  practices also requires overcoming
regulatory and standardization challenges. Ensuring
the safe and effective deployment of CNT-based
antimicrobial solutions demands adherence to rigorous
regulatory frameworks and the establishment of
standardized protocols for their synthesis, testing, and
application (Hassani et al., 2022).

In a nutshell, while the antimicrobial properties of
carbon nanotubes offer promising solutions for
various challenges, their practical utilization faces
several hurdles. Addressing the intricate mechanisms,
potential toxicity concerns, dispersion issues, and
regulatory requirements is crucial for harnessing the
full potential of CNTs as effective and safe
antimicrobial agents. A comprehensive and holistic
approach is essential to navigate these challenges and
unlock the diverse benefits that CNTs can provide in
the realm of antimicrobial applications.

Future Prospects: The potential of carbon nanotubes
(CNTs) to revolutionize the field of antimicrobial
agents is increasingly being recognized as a gateway
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to innovative infection control strategies. As scientific
understanding and technological capabilities continue
to evolve, the future holds promising avenues for
CNTs to emerge as potent and versatile tools in the
fight against microbial infections.

Tailoring Antimicrobial Efficacy: The future of CNT-
based antimicrobial applications lies in the capacity to
engineer these nanomaterials to exhibit tailored and
amplified antibacterial efficacy (Hussain, Kabir, Sood
and 2009). By modifying factors such as size, surface
functionalization, and structural composition,
researchers can fine-tune the interactions between
CNTs and microbial entities (Zhao and Liu 2012).
This level of customization holds potential for
targeting specific pathogens and optimizing treatment
outcomes.

Multifaceted Approaches: Antimicrobial resistance
remains a global health concern. In response, future
strategies may integrate CNTs with traditional
antibiotics or other therapeutic agents (Vankoningsloo
etal., 2010). Combining CNTSs' inherent antimicrobial
properties with complementary treatments could lead
to synergistic effects, enhancing the overall efficacy
and potentially overcoming resistance mechanisms
(Vankoningsloo et al., 2010).

Precision Medicine: The development of personalized
antimicrobial treatments is on the horizon, where
CNTs could play a pivotal role. Leveraging
advancements in nanotechnology and diagnostics,
tailored CNT-based therapies could be designed to
target infections with precision, minimizing collateral
damage to healthy cells and tissues (Godoy-Gallardo
etal., 2021).

Targeted  Delivery  Systems:  The  unique
physicochemical properties of CNTs make them
excellent candidates for targeted drug delivery. Future
endeavors could involve loading CNTs with
antimicrobial agents and utilizing their high surface
area and transport capabilities to deliver therapeutic
payloads precisely to infection sites. This approach
could minimize systemic exposure, side effects, and
resistance development (Liu et al., 2023).

Beyond  Antibacterial ~ Applications: CNTs'
multifunctional nature extends their potential beyond
antibacterial applications. With their demonstrated
ability to modulate immune responses and promote
tissue regeneration, CNTs could find utility in wound
healing, implant coatings, and regenerative medicine,
addressing a broader spectrum of medical challenges
(Murugaiyan et al., (2022).
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Safety and Biocompatibility: The future outlook
emphasizes rigorous assessment of CNT safety and
biocompatibility. Advancements in toxicology studies
and comprehensive evaluations will ensure that CNT-
based therapies are both effective against infections
and safe for human use. This facet is integral to
gaining regulatory approvals and clinician confidence
(Alghamdi et al., 2022).

Sustainable and Eco-Friendly Approaches: As the
world embraces sustainability, the development of
eco-friendly CNT  synthesis methods and
environmentally responsible disposal strategies will be
pivotal. Ensuring the lifecycle of CNT-based
antimicrobial applications aligns with global
environmental concerns remains an integral aspect of
their future utilization (Murugaiyan et al., 2022;
Alghamdi et al., 2022).

In general, the future prospects of CNTs as
antimicrobial agents stand at the crossroads of
scientific innovation and practical solutions for
infection control. The coming years hold exciting
possibilities for the customization, integration, and
safe implementation of CNTs in diverse medical
applications, underlining their potential to reshape the
landscape of healthcare with cutting-edge strategies
that tackle microbial challenges head-on.

Conclusion: The exploration of carbon nanotubes
(CNTSs) as potential antimicrobial agents has shed light
on their remarkable attributes and potential challenges.
This study has delved into their antibacterial
properties, uncovering the intricate interplay of factors
that determine their efficacy. The comprehensive
analysis of existing literature underscores the
promising bactericidal capabilities of CNTs, which
can be tailored and harnessed for various medical
applications.
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