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Abstract

Due to the vast and inappropriate use of the antibiotics, microorganisms have begun to
develop resistance to the commonly used antimicrobial agents. So therefore, development
of the new and effective antimicrobial agents seems to be necessary. According to some
recent reports, carbon-based nanomaterials such as fullerenes, carbon nanotubes (CNTSs)
(especially single-walled carbon nanotubes (SWCNTs)) and graphene oxide (GO)
nanoparticles show potent antimicrobial properties. In present review, we have briefly
summarized the antimicrobial activity of carbon-based nanoparticles together with their
mechanism of action. Reviewed literature show that the size of carbon nanoparticles plays
an important role in the inactivation of the microorganisms. As major mechanism, direct
contact of microorganisms with carbon nanostructures seriously affects their cellular
membrane integrity, metabolic processes and morphology. The antimicrobial activity of
carbon-based nanostructures may interestingly be investigated in the near future owing to
their high surface/volume ratio, large inner volume and other unique chemical and physical
properties. In addition, application of functionalized carbon nanomaterials as carriers for the
ordinary antibiotics possibly will decrease the associated resistance, enhance their
bioavailability and provide their targeted delivery.

Introduction

The increasing resistance of the microorganisms towards
antibiotics has been led to serious health problems in the
recent years. Most infection-causing bacteria are resistant
to at least one of the antibiotics that are generally used to
eradicate the infection.” This problem encourages the
researchers to study the new agents which can effectively
inhibit microbial growth.

Nanomaterials have been considered for use in the
optical devices, superconductors, fuel cells, catalysts,
biosensors, drug and gene delivery and so on.*®
Nanomaterials as the novel drug delivery systems have
been also applied to improve the physicochemical and
therapeutic effectiveness of the drugs.®® Likewise,
nanotechnology in pharmaceuticals and microbiology
showed promising applications to overcome the problem
of antibiotic resistance.>*** Over the past few years,
various nano-sized antibacterial agents such as metal and
metal oxide nanoparticles have been evaluated by
researchers. Several types of metal and metal oxide
nanoparticles such as silver (Ag), silver oxide (Ag,0),
titanium dioxide (TiO,), zinc oxide (ZnO), gold (Au),
calcium oxide (CaO), silica (Si), copper oxide (CuO),
and magnesium oxide (MgO) have been known to show
antimicrobial activity.**®

It has been known that carbon-based nanoparticles
exhibit high antimicrobial activity as well. Early studies
indicated that fullerenes, single-walled carbon nanotubes
(SWCNTs) and graphene oxide (GO) nanoparticles

showed potent microcidal properties. These new
allotropic types of carbon have been discovered in the
last two decades, and, since then, they have used in many
field of science.’**

It has also been revealed that, the size and surface area of
carbon nanomaterials are important parameters affecting
their antibacterial activity; that is, increasing the
nanoparticles surface area by decreasing their size lead to
improving their activity for interaction with bacteria.?*?

Generally, the antimicrobial activity of the nanoparticles
depend on their composition, surface modification,
intrinsic properties, and the type of microorganism.”® %
It has been proposed that carbon-based nanomaterials
cause membrane damage in bacteria due to an oxidative
stress.”? According to recent studies the physical
interaction of carbon-based nanomaterials with bacteria,
rather than oxidative stress, is the primary antimicrobial
activity of these nanostructures.®*® In fact, the
interactions between bacterial cells and carbon-based
nanomaterials play an important role in their
antimicrobial mechanism.*! There is some evidence in
the literature that the aggregation between bacterial cells
and carbon nanomaterials cause direct contact between
the cells and carbon nanomaterials which in turn lead to
cell death.®*

It is clear that, prior to biomedical application of the
carbon-based nanostructures; some important issues
related to their toxicity should be clearly elucidated. In
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point of fact, they need to be purified and
functionalized®® and their solubility in physiological
media should be improved as well.*** In this article the
antimicrobial activity of carbon-based nanoparticles and
their mechanism of action were briefly reviewed.

Carbon nanotubes

CNTs are nano-sized hollow cylindrical form of carbon
which has been synthesized by Lijima in 1991.% Since
then, CNTs have been applied in many fields of science
and technology. Kang et al (2007) provided the first
document that showed SWCNTSs had strong antimicrobial
activity on Escherichia coli (E. coli). They demonstrated
that SWCNTSs could cause severe membrane damage and
subsequent cell death.* In other study (2008) they
presented the first evidence that the size of carbon
nanotubes was an important factor affecting their
antibacterial activity. They prepared SWCNTs and multi-
walled carbon nanotubes (MWCNTS) and investigated
their antibacterial effect against E. coli. Their results
indicated that SWCNTSs were much more toxic to bacteria
than MWCNTSs. The authors also reported that, direct cell
contact with CNTs influenced the cellular membrane
integrity, metabolism processes and morphology of E.
coli. According to the authors, SWCNTSs could penetrate
into the cell wall better than MWCNTs due to their
smaller nanotube diameter. Furthermore, the superior
surface area of SWCNTS initiated better interaction with
the cell surface.?

Arias and Yang (2009) investigated the antimicrobial
activities of SWCNTs and MWCNTs with different
surface groups towards rod-shaped or round-shaped gram-
negative and gram-positive bacteria. According to their
results, SWCNTSs with surface groups of -OH and -COOH
indicated improved antimicrobial activity to both gram-
positive and gram-negative bacteria while MWCNTSs with
the same surface groups did not exhibit any significant
antimicrobial effect. Their results showed that, formation
of cell-CNTs aggregates caused to damage the cell wall of
bacteria and then release of their DNA content.*’

In a study by Yang et al (2010), the effect of SWCNTSs
length on their antimicrobial activity was investigated.
Upon their findings the longer SWCNTs indicated
stronger antimicrobial activity due to their improved
aggregation with bacterial cells.

Dong et al (2012) investigated the antibacterial properties
of SWCNTSs dispersed in different surfactant solutions
(sodium holate, sodium dodecyl benzenesulfonate, and
sodium dodecyl sulfate) against Salmonella enteric (S.
enteric), E. coli, and Enterococcus faecium. According to
their results, SWCNTs exhibited antibacterial activity
against both S. enterica and E. coli which was improved
with the increase of nanotube concentrations. The
combination of SWCNTs with surfactant solutions was
also found to be low toxic to 1321N1 human astrocytoma
cells, so they can be employed in biomedical applications
especially for drug-resistant and multidrug-resistant
microorganisms.® Figure 1 shows the schematic
mechanism of antimicrobial activity of carbon nanotubes.

Damage of cell membrane

Release of DNA content
Bacteria-CNTs aggregates

Figure 1. Mechanism of antimicrobial activity of carbon
nanotubes.

Fullerenes

Fullerenes are soccer ball-shaped molecules composed of
carbon atoms.* Fullerenes showed antimicrobial activity
against various bacteria, such as E. coli, Salmonella and
Streptococcus spp.*® The antibacterial effect was probably
due to inhibition of energy metabolism after
internalization of the nanoparticles into the bacteria.®** It
has also been suggested that fullerene derivatives can
inhibit bacterial growth by impairing the respiratory
chain.* In the beginning, a decrease of oxygen uptake
(at low fullerene derivative concentration) and then an
increase of oxygen uptake (followed by an enhancement
of hydrogen peroxide production) are occurred.**
Another bactericidal mechanism which has been proposed
was the induction of cell membrane disruption.”® As stated
by the literature, the hydrophobic surface of the fullerenes
can easily interact with membrane lipids and intercalate
into them.’**4 The discovery of fullerenes ability to
interact with biological membranes has encouraged many
researchers to evaluate their antimicrobials applications.**
Among three different classes of fullerene compounds
(positively charged, neutral, and negatively charged),
cationic derivatives showed the maximum antibacterial
effect on E. coli and Shewanella oneidensis; while the
anionic derivatives were almost ineffective.**? This could
be owing to the strong interactions of negatively charged
bacteria with the cationic fullerenes.*?

Deryabin et al (2014) compared the antibacterial activity
of two water-soluble derivatives of the fullerene. In their
work, protonated amine (AF) and deprotonated carboxylic
(CF) groups were added to the fullerene cage via organic
linkers. The former positively charged derivative bounded
effectively to the E. coli cells; however, the later
negatively charged one did not exhibit any significant
antibacterial activity. They concluded that the water-
soluble cationic fullerene derivative could be used in the
preparation of chemical disinfectants.’

Fullerenes can also be applied as photosensitizers in
photodynamic therapy (PDT) when their solubility is
increased via functionalizing with hydrophilic groups.*® In
fact, water soluble fullerenes in the presence of biological
reducing agents produce superoxide and this process is
relatively more cytotoxic towards microbial cells than
mammalian cells.** Tegos et al (2005) tested
antibacterial activity of fulleropyrrolidinium salts after
photoirradiation and their results showed that more than
99.9% of bacterial and fungal cells were killed.
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In the other study, Yu et al (2005) evaluated the
antibacterial activity of a sulfobutyl fullerene derivative on
environmental bacteria. They found that, the employed
derivative was able to inhibit environmental bacteria after
photoirradiation.”® Moreover, Mizuno and et al (2011)
reported that cationic-substituted fullerene derivative were
highly effective in killing a broad spectrum of microbial
cells after irradiation with white light. They evaluated a
new group of synthetic fullerene derivatives, which
possessed either basic or quaternary amino groups, against
gram-positive (Staphylococcus aureus (S. aureus)), gram-
negative bacteria (E. coli) and fungi (Candida albicans (C.
albicans)). They reported that the most important affecting
factor was an increased number of quaternary cationic
groups that were widely dispersed around the fullerene
cage to minimize aggregation. According to their results,
S. aureus was found to be most susceptible; E. coli was
intermediate, while C. albicans was the most resistant
species. The authors suggested that, the quaternized
fullerenes could effectively be applied in treatment of
superficial infections, e.g. in wounds and burns, where
light penetration into tissue is not problematic.*

Graphene oxide (GO)

A monolayer of carbon atoms which are tightly packed
into a two-dimensional crystal is normally called
Graphene.* GO nanosheets which could be readily
dispersed in water are produced by chemically
modification of the graphene with suspended hydroxyl,
epoxyl, and carboxyl groups. It is documented that,
membrane stress resulted from direct contact with sharp
nanosheets is the major antimicrobial mechanism of GO.*
Both graphene and GO were shown inhibitory effect on
the growth of E. coli. Akhavan and Ghaderi (2010) tested
the antibacterial activity of graphene sheets and verified
that direct interaction of the related extremely sharp
edges with bacteria caused RNA effluxes through the
damaged cell membranes of both gram-negative (E.) and
gram-positive (S. aureus) bacteria.*’ Gurunathan et al
(2012) also studied the antimicrobial activity of GO and
reduced graphene oxide nanowalls. Their results proved

that the direct contact of bacteria (S. aureus) with the
very sharp edge of the applied nanowalls led to the cell
membrane damage. According to the authors, the
antibacterial effect of the reduced graphene nanowires
was comparable with SWCNTs* The similar
antibacterial activity against E. coli were reported by Hu
et al (2010) for GO and reduced graphene oxide
nanosheets.*

In another work, Azimi et al (2014) testified the
antimicrobial effect of two functionalized GO
nanostructures  (grapheme oxide-chlorophyllin  and
graphene oxide-chlorophyllin-Zn) against E. coli. The
authors proposed that the functionalized GO led to cell
membrane damage of E. coli. Furthermore, their results
signified that the surface chemistry and metal toxicity
played a major role in antibacterial activity of graphene
oxide-chlorophyllin-Zn. The physical interaction of GO
with the cell membrane, hydrogen bonding of colorless
tetrapyrroles with a specific outer cellular component and
generation of intercellular hydroxyl radicals through
aqueous leaching of Zn?* were suggested as the possible
antibacterial mechanisms.*®

Carbon  nanocomposites composed of  carbon
nanostructures and metal nanoparticles (e.g. CNT-Ag
and GO-Ag nanocomposites) have recently been
revealed the appropriate antibacterial activity against
both gram-negative and positive bacteria. However, the
antibacterial activity of CNT-Ag was superior to GO-Ag
nanocomposites which could be due to good dispersion
of the Ag nanoparticles into the CNT.*

Ag-carbon nanocomplexes also showed efficient
inhibitory activity against some important pathogens
such as Burkholderia cepacia, methicillin-resistant S.
aureus, multidrug-resistant Acinetobacter baumannii and
Klebsiella pneumoniae. These nanostructures could
inhibit the growth of bio-defense bacteria such as
Yersinia pestis as well.*®

Different types of carbon-based nanoparticles used as
antimicrobial agent; their mechanisms of action as well
as the associated characteristics have been summarized
in Table 1.

Table 1. Types of carbon-based nanoparticles as antimicrobial agent, their mechanisms of action and characteristics

Type of
nanoparticles

Proposed mechanism of
antimicrobial action

The main factors that
influence antimicrobial
activity

Main characteristics as
antimicrobial agent

References

Stability; Photodynamic therapy

Inhibit bacterial growth by

activity; high ability to

Particle size; type of functional 15 21, 39.41, 24

Fullerene impairing the respiratory chain; functionalization; high
S . . . group; surface charge.
inhibition of energy metabolism. surface/volume ratio; large inner

volume
Physical interaction with cell Stability; high ability to Particle size; particle length;
SWTNs membrane; formation of cell- functionalization; high type of functional group; type 27,30,31, 38
CNTs aggregates; induction the surface/volume ratio; large inner of buffer; concentration;
cell membrane disruption. volume surface charge.
Physical interaction with cell Stability; high ability to
GO membrane; formation of cell-GO  functionalization, high Particle size; type of functional 35 34 35, 44,46

aggregates; induction the cell

membrane disruption. nanowalles.

surface/volume ratio; sharp edges of  group.
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Conclusion

A number of studies have reported effective
antimicrobial activity of the carbon nanostructures. The
size of these nanoparticles plays an important role in the
inactivation of microorganisms. Among  carbon
nanostructures,  fullerenes, SWCNTs and GO
nanoparticles and their derivatives were found to be
more efficient as antibacterial agents. The probable
mechanisms of their antibacterial activity were proposed
as follow: inhibition of bacterial growth by impairing the
respiratory chain; inhibition of energy metabolism;
physical interaction with cell membrane; formation of
cell-CNTs/ cell-GO aggregates; induction the cell
membrane disruption. In order to biological and
medicinal applications, carbon nanostructures should be
purified and functionalized. Their solubility should also
be enhanced in physiological media. Finally, application
of carbon nanocomposites composed of carbon
nanostructures and metal nanoparticles could be
considered as a hopeful approach for disinfection
purposes. However, further studies are necessary to
understand the exact mechanisms of the antimicrobial
activity of carbon nanostructures.
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