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Antimicrobial and anti-adhesive properties
of carbon nanotube-based surfaces
for medical applications: a systematic review
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SUMMARY

Although high-performance carbon materials are widely used in surface engi-
neering, with emphasis on carbon nanotubes (CNTs), the application of CNT
nanocomposites on medical surfaces is poorly documented. In this study, we
aimed to evaluate the antimicrobial and anti-adhesive properties of CNT-based
surfaces. For this purpose, a PRISMA-oriented systematic review was conduct-
ed based on predefined criteria and 59 studies were selected for the qualitative
analysis. Results from the analyzed studies suggest that surfaces containing
modified CNTs, and specially CNTs conjugated with different polymers, ex-
hibited strong antimicrobial and anti-adhesive activities. These composites
seem to preserve the CNT toxicity to microorganisms and promote CNT-cell in-
teractions, as well as to protect them from nonspecific protein adsorption.
However, CNTs cannot yet compete with the conventional strategies to fight
biofilms as their toxicity profile on the human body has not been thoroughly ad-
dressed. This review can be helpful for the development of new engineered
medical surfaces.

INTRODUCTION

Carbon nanomaterials, such as carbon nanotubes (CNTs), graphene, fullerenes, and diamond-like carbon,
are an emerging class of novel materials with proven antimicrobial properties. Graphene is a single-layer
sheet of sp?-hybridized carbon atoms with a honeycomb structure. It is a two-dimensional material with
outstanding electrochemical properties compared with CNTs (Elmekawy et al., 2017), being one of the
strongest and thinnest materials available (Giler and Bagei, 2020). This review focuses on CNTs, which
were first fabricated in 1991 (lijima, 1991) and are formed by rolling up a single graphene sheet (single-
walled carbon nanotubes, SWCNTSs) or a series of concentric graphene sheets (multi-walled carbon nano-
tubes, MWCNTSs). CNTs have a diameter in the order of nanometers (depending on the number of walls)
and a length of several microns (100 um) extendable to up to a few millimeters (about 4 mm) (Upadhyayula
and Gadhamshetty, 2010).

In general, CNTs are recognized for their exceptional mechanical strength (very high values of the Young
modulus), high thermal conductivity, versatile applicability of electrical properties (armchair tubes are
metallic, whereas the chiral tubes are semiconducting), high surface area, excellent photoluminescence
properties, and high transparency, and structural stability (Al-Jumaili et al., 2017; Upadhyayula and Gad-
hamshetty, 2010). These unique properties make CNTs promising nanomaterials for applications in indus-
trial, environmental, and medical fields (Teixeira-Santos et al., 2020).

Since the beginning of the twenty-first century, CNTs have been particularly used in pharmacy and medi- LEPABE - Laboratory for
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linkages of biomolecules (genes, proteins, DNA, antibodies, vaccines, biosensors, cells, etc.) have been
also explored for gene therapy, immunotherapy, tissue regeneration, and diagnosis of different serious

diseases (He et al., 2013; Bekyarova et al., 2005). CNTs may also be promising antioxidants for health-pro- https://doi.org/10.1016/].isci.
tective effects and disease prevention in the future (Galano, 2010). Besides these main applications of 2020.102001
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CNTs, they have been shown as a powerful tool for enantiomer separation of chiral drugs and chemicals in
the pharmaceutical industry, as well as for the extraction of drugs and pollutants in different media by solid-
phase extraction before analysis. Additionally, CNTs have high antimicrobial activity (Maas, 2016). It has
been shown that they can inhibit bacterial adhesion and biofilm formation when anchored to a surface
(Malek et al., 2016; Yick et al., 2015), in suspension (Dong and Yang, 2014), or embedded in polymeric
matrices forming CNT-polymer composites (Goodwin et al., 2016; Vecitis et al., 2010; Ahmed et al,,
2012;Vagos et al., 2020). This CNT property is particularly important given the alarming worldwide increase
in morbidity and mortality due to multidrug-resistant bacterial infections. CNTs can be more effective and
cost-efficient than traditional antibiotic therapies (Mocan et al., 2017) and appear to have high potential to
solve the emergence of multidrug-resistant bacteria.

A significant part of human infections is associated with the establishment of biofilms by opportunistic
pathogens. Due to the increasing number of untreatable biofilms by conventional antimicrobial thera-
pies, there is a strong need for the development of novel strategies to prevent biofilm development
on biomedical surfaces. Surfaces coated with CNTs succeed in preventing bacterial adhesion and the
subsequent biofilm growth on medical devices and prosthetic implants (Aslan et al., 2010; Hirschfeld
et al., 2017). However, there are some concerns about the possible toxicity of CNTs in both human
and animal cells, and their hydrophobic nature and biocompatibility (Saliev, 2019; Upadhyayula and Gad-
hamshetty, 2010). These limitations of CNTs can be reduced with their functionalization and incorpora-
tion into polymeric matrices to enhance the use of these nanomaterials on antimicrobial and anti-adhe-
sive surfaces for medical settings.

Kang et al. (2007) provided the first evidence that SWCNTSs display strong antimicrobial activity and sug-
gest that severe cell membrane damage by direct contact with SWCNTs is the likely mechanism respon-
sible for the inactivation of Escherichia coli cells. Since then, a vast number of reports have shown that
both SWCNTs and MWCNTSs have powerful inhibitory effects against different microorganisms, even af-
ter short exposure times (Chen et al., 2013). Although several mechanisms have been proposed to
explain the bactericidal effect of CNTs (Figure 1A), these are not fully understood. Different factors influ-
encing the antimicrobial action of CNTs have been identified (Figure 1B), namely, the diameter, length,
residual catalyst, electronic structure, surface functional group, surface chemistry, and type of CNT nano-
composites (Kang et al., 2008). In their follow-up study, Kang et al. (2008) showed that SWCNTs exhibit
stronger antibacterial activity than MWCNTs, probably caused by their smaller size (diameter) that facil-
itates the partitioning and partial penetration into the cell wall, and by a larger surface area for contact
and interaction with the bacterial surface. Besides, whereas the shorter length of CNTs may increase the
chances for interaction between their open ends and a microorganism, leading to extra cell membrane
damage (Aslan et al., 2010), other authors found that longer SWCNTSs have stronger antimicrobial activity
due to their improved aggregation with bacterial cells (Yang et al., 2010). CNTs produced not only me-
chanical damage and consequent cell disruption and release of intracellular content (a primary killing
mechanism) but also generated oxidative stress (Kang et al., 2008). Another key factor regulating the
antimicrobial efficacy of CNTs is their electronic structure (Vecitis et al., 2010). The greater bacterial cyto-
toxicity of metallic nanotubes compared with semiconducting nanotubes indicates that, after SWCNT-
bacteria contact and physical perturbation of the cell membrane, the metallic tubes may induce the
oxidation of intracellular components (Vecitis et al., 2010).

Apart from depending on their composition, geometry, surface modification, and intrinsic properties, the
antibacterial activity of CNTs may also depend on the type and morphology of bacteria (Chen et al.,
2013; Liu et al., 2009), the mechanical properties of cell surfaces (Liu et al., 2009), and the growth state
(planktonic or sessile) (Rodrigues and Elimelech, 2010). The work of Chen et al. (2013) reinforced the hy-
pothesis that CNTs cause cell death by acting mainly as “nano-darts” that pierce bacterial membranes,
rather than inhibiting cell growth or oxidative stress. Bacteria with softer surfaces, including Gram-pos-
itive bacteria such as Bacillus subtilis and Staphylococcus aureus, are more vulnerable to SWCNT
piercing, which results in higher cell death rates (Chen et al., 2013; Liu et al., 2009). Moreover, due to
their shape, CNTs seem to have higher bactericidal action against spherical-shaped bacteria compared
with rod-shaped ones (Chen et al., 2013). Regarding the growth state of bacteria, when microorganisms
become protected within the structure of a biofilm, they are less susceptible to the effects of CNTs than
free-floating cells. The extracellular polymeric substances (EPS) that are secreted by microbial cells in the
biofilm play a key role in reducing the killing effects of CNTs (Rodrigues and Elimelech, 2010). It has been
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Figure 1. Antimicrobial activity of CNTs

(A) List and schematic representation of the mechanisms of action of CNTs against bacteria. The main mechanism consists
of physically piercing the microorganisms’ outer membranes, leading to membrane damage and release of cellular
components. Other modes of action include the generation of reactive oxygen species (ROS) and oxidative stress that can
damage and destroy cellular components such as DNA and proteins, resulting in cell death.

(B) Factors that may affect the antimicrobial performance of CNTs associated with their inherent properties and the
characteristics of the target microorganisms.

reported that the mobility associated with longer immobilized nanotubes created unstable substrates,
thereby preventing bacterial settlement and biofilm growth (Malek et al., 2016). Also, vertically aligned
arrays consisting of tubes much smaller than the usual size of a bacterial cell were demonstrated to
reduce biofilm formation by preventing the penetration of microorganisms in between the nanotubes
(Yick et al., 2015).

The overall mechanisms by which CNTs prevent biofilm development have not been widely addressed.
More in-depth knowledge of how CNTs interact with biofilms is required to design robust and effective
coating materials to resist biofilm formation. This study provides fundamental findings on the antimicrobial
and anti-adhesive properties of CNTs and critically discusses the most important strategies and trends to
guide researchers on the development of engineered surfaces containing modified CNTs for medical
applications.

RESULTS AND DISCUSSION

Study selection and characterization

A total of 443 studies were found using the PRISMA (Preferred Reporting ltems for Systematic reviews and
Meta-Analysis) search methodology. After removal of duplicates, 377 studies were accepted for screening.
This number was increased to 403 with the inclusion of 26 studies found by reference list searching. During
the screening of titles and abstracts, 336 studies were excluded for not fulfilling the inclusion criteria and
the remaining 67 studies were selected for full revision. Afterward, eight studies were excluded according
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Figure 2. Summary of the literature search based on the PRISMA flowchart (Moher et al., 2009)

to the following criteria: seven studies did not evaluate the antimicrobial activity of CNT-based films and
one study was a non-original article. Therefore, 59 studies were included in the qualitative synthesis
(Figure 2).

CNTs found numerous applications in the medical field, having been used mainly for the development of
drug delivery systems, antimicrobial therapy, and development of medical devices and implants. Because
of their chemical stability, CNTs can bind with a broad diversity of therapeutic molecules, acting as vehicles
for drug delivery (Nie et al., 2016; Mohamed et al., 2019). Likewise, the combination of CNTs and antimi-
crobial drugs revealed to be a promising strategy to combat antimicrobial resistance and develop new
therapeutic options (Da Silva et al., 2019; Lee et al., 2018). Moreover, due to their intrinsic antimicrobial ac-
tivity, CNTs have been widely used for the construction of medical devices and prosthetic implants (Sivaraj
and Vijayalakshmi, 2018; Cho et al., 2019).

The increasing number of biofilm-related infections has motivated the development of effective strategies
to prevent microbial adhesion and biofilm formation on medical surfaces (Malek et al., 2016). CNTs are
attractive materials with proven antimicrobial and anti-adhesive activities against a broad range of
Gram-positive and -negative bacteria, including drug-resistant microorganisms and fungi (Mohamed
et al., 2019; Pangule et al., 2010; Kim et al., 2019).

In this systematic review, 42 studies addressed the antimicrobial and anti-adhesive properties of CNT-
based surfaces, whereas 17 studies referred to promising CNT composite solutions that may be immobi-
lized. Among the selected articles, 81% studies used MWCNTs, possibly because MWCNTSs have higher
toxicity for microorganisms than SWCNTSs (Young et al., 2012). Additionally, two studies focused on pristine
carbon nanotubes (p-CNTs) and five studies explored the potential of functionalized CNTs (f-CNTs). Be-
tween the studies addressing the association of CNTs with other compounds, 17 studies explored the
conjugation of CNTs with compounds displaying antimicrobial activity, 14 studies evaluated the efficacy
of CNTs in association with different formulations of silver and other metals, and 19 studies addressed
the efficacy of CNTs conjugated with different polymers.

Figure 3 summarizes the research progress on antimicrobial and anti-adhesive properties of CNTs and their

composites with potential applications in the medical field. The increasing number of studies in recent
years is notorious, especially for CNT-polymers and -antimicrobial compounds composites.
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Figure 3. Number of published studies addressing the antimicrobial and anti-adhesive properties of carbon
nanotubes with application in the medical field, by year

In this review, special attention was given to the CNT-based surfaces with application in the medical field
and their antimicrobial and anti-adhesive potential.

Pristine carbon nanotubes

In 2007, Kang et al. (2007) demonstrated for the first time the antimicrobial potential of p-SWCNTs,
revealing that bacterial cells in contact with p-SWCNT-deposited layers suffered membrane damage
and lost their viability by 80%. Since then, the antimicrobial activity of p-SWCNTs and p-MWCNTSs has
been demonstrated against a broad range of Gram-positive and -negative bacteria (Kang et al., 2007,
2008; Chen et al., 2013; Zhang et al., 2015; Hartono et al., 2018). However, despite the promising potential
of p-CNTs, their medical application may be limited by their hydrophobic nature and cytotoxicity on human
cells (Upadhyayula and Gadhamshetty, 2010), which possibly explains the lower number of studies in this
field.

According to collected data, only the p-MWCNT-based surfaces have been applied in the medical field.
Malek et al. (2016) showed that silicone surfaces immobilized with vertically aligned MWCNTs were able
to reduce bacterial biofilm formation by up to 60%, recommending the application of these contact me-
chanics-based surfaces for the construction of medical devices. In 2019, Vagos et al. (2019) demonstrated
that the incorporation of a small concentration of p-MWCNTs (0.1%) in a polydimethylsiloxane (PDMS) ma-
trix was able to reduce the E. coli adhesion by 20% under hydrodynamic conditions that simulated the flow
in the urinary tract, representing a step forward in the design of novel surfaces for urinary tract devices.
Recently, the same authors incorporated 1% p-MWCNTSs pre-treated by ball-milling in PDMS and achieved
a 60% reduction of E. coli adhesion (Vagos et al., 2020). These results suggested that even at low CNT
loading values, p-CNTs are promising compounds for the design of antibacterial surfaces for biomedical
applications.

Functionalized carbon nanotubes

CNTs can be functionalized to increase their interaction with microbial cells and thus improve their antimi-
crobial potential (Arias and Yang, 2009). Moreover, CNT functionalization is an excellent approach to
enhance their dispersion in different matrices, increase biocompatibility, and decrease toxicity for human
cells (Upadhyayula and Gadhamshetty, 2010). Table 1 describes different -MWCNT-based surfaces and
their antimicrobial and anti-adhesive efficacy against a broad range of bacterial species.

Narayan et al. (2005) synthesized MWCNT composite films by pulsed laser ablation of graphite and
bombardment of nitrogen ions. In vitro testing revealed that Staphylococcus sp. did not grow on f-MWCNT
films, suggesting that these films may be useful for inhibiting microorganism attachment and biofilm for-
mation in hemodialysis catheters and other medical devices.

The functionalization of CNTs with amine and carboxyl moieties has also been explored. Kumar et al. (2014)
demonstrated that amine-functionalized MWCNT (a-MWCNT) films significantly reduced E. coli optical density

¢? CellPress

OPEN ACCESS

iScience 24, 102001, January 22, 2021 5




¢? CellPress

OPEN ACCESS

iScience

Table 1. Studies demonstrating the antimicrobial efficacy of functionalized carbon nanotubes with application in the medical field

Medical
Functionalized CNTs Type application Species Major conclusions Reference
Pulsed laser deposition MWCNT  Medical devices  S. aureus Staphylococcus sp. did not (Narayan et al., 2005)
of graphite and bombardment Staphylococcus grow on f-MWCNT films
of nitrogen ions warneri
Surface groups MWCNT  Orthopedic E. coli Bacteria exposed to -MWCNT (Kumar et al., 2014)
-COOH, -NH, applications composites showed lower optical
density compared with control
(p < 0.01)
Ethanolamine MWCNT  Antimicrobial A broad range of  Based on MIC determination, the (Zardini et al., 2014)
agents Gram- antimicrobial activity of -MWCNTs
positive and - was higher than p-MWCNTs
negative (2.87 + 0.11-14.22 + 0.17 pg/mL
bacteria versus 6.12 + 0.16-36.41 + 0.06 pg/mL)
Surface groups MWCNT  Medical devices  E. coli The percentage of killed bacteria (Alizadeh et al., 2019)
-COOH S. aureus in -MWCNT membranes was over 98%

MWCNT, multi-walled carbon nanotubes; MIC, minimum inhibitory concentration.

compared with poly(e-caprolactone) (PCL) control (p < 0.01). The high bactericidal activity of a-MWCNT/PCL films
seems to be associated with an extensive cell membrane lysis on the composite surface induced by quaternary
ammonium groups (Kumar et al., 2014). Similar evidence was reported in another study, where CNTs were func-
tionalized with ethanolamine groups and evaluated against a broad spectrum of Gram-positive and -negative
bacteria displaying higher antimicrobial activity than p-MWCNTSs (Zardini et al., 2014). Amino groups present
in the chains of ethanolamine have a strong antimicrobial activity due to their cationic nature that increases the
interaction between CNTs and negatively charged cell walls of microorganisms (Zardini et al., 2014).

Alizadeh et al. (2019) improved the antimicrobial and anti-adhesive properties of nanoporous solid-state
membranes by modification with carboxylated MWCNTSs (c-MWCNTSs). Results showed that the percent-
age of killed bacteria in -MWCNT membranes was over 98%. Additionally, the inherent properties of c-
MWCNTs increased the roughness and hydrophilicity of membranes, conferring them a high resistance
to bacterial adhesion.

Altogether these results indicated that functionalized CNT surfaces can be successfully applied for the con-
struction of medical devices and bioimplants.

Carbon nanotubes associated with compounds with antimicrobial activity

Several authors have reported the synergic association between CNTs and different compounds with anti-
microbial activity. Table 2 lists studies reporting the efficacy of CNT and antimicrobial compound
conjugates.

In the last decade, the combination of CNTs with antimicrobial agents received great attention as an alter-
native to fight antimicrobial resistance and create new therapeutic options. Qi et al. (2012) demonstrated
that the covalent immobilization of cefalexin in MWCNT/poly(ethylene glycol) (PEG) films improved the
antimicrobial and anti-adhesive properties of CNTs against Gram-positive and -negative bacteria, inhibit-
ing bacterial adhesion and reducing cell viability between 50% and 80%. The conjugation of azithromycin
(AZ) with SWCNTSs also showed high antimicrobial activity against Micrococcus luteus. Besides, the AZ
release from these SWCNT composites was confirmed, thus supporting their potential for the develop-
ment of drug delivery systems (Darabi et al., 2014). Lastly, to decrease the incidence of prosthetic joint in-
fections, Hirschfeld et al. (2017) developed titanium discs coated with MWCNTs and impregnated with
rifampicin. Rifampicin-MWCNT surfaces significantly inhibited Staphylococcus epidermidis biofilm forma-
tion (approximately 50%) for up to 5 days (Figure 4).

Alternative approaches to inactivate microorganisms through physical damage may solve important prob-
lems associated with colonization of material surfaces, particularly by drug-resistant microorganisms (Oruc
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Table 2. Studies reporting the efficacy of single- and multi-walled CNTs conjugated with compounds displaying antimicrobial activity

CNT-
antimicrobial Medical
compounds Type application Species Major conclusions Reference
Antimicrobial agents
Cefalexin MWCNT Nonspecified B. subtilis MWCNT/cefalexin films reduced (Qietal., 2012)
E. coli bacteria viability by 50%-80%
P. aeruginosa
S. aureus
AZ SWCNT Drug delivery M. luteus SWCNT/AZ composites had a (Darabi et al., 2014)
significant in vitro activity against
M. luteus (p < 0.05)
Rifampicin MWCNT  Implant materials S. epidermidis MWCNT/rifampicin-coated surfaces (Hirschfeld et al., 2017)
caused a significant inhibition of biofilm
formation for up to 5 days (50%)
Photosensitizers
APT SWCNT Nonspecified S. aureus A high reduction of bacterial growth (Sah et al., 2018)
(=90%) was observed when bacteria
were exposed to porphyrin-SWCNT
composite
DTTC fluorophores MWCNT Nonspecified P. aeruginosa P. aeruginosa exposed to MWNT/DTTC (Oruc and Unal, 2019)
S. aureus hybrid films and irradiated with
NIR laser light were inactivated by 77%
Antimicrobial peptides
EP MWCNT Medical devices E. coli MWCNT/EP composites killed 97.6%, (Zhou and Qi, 2011)
P. aeruginosa 91.5%, and 88.5% of E. coli, P. aeruginosa,
S. aureus and S. aureus, respectively
PLL and PGA SWCNT Medical devices E. coli SWCNT/AMP films inactivated E. coli (Aslan et al., 2012)
S. epidermidis and S. epidermidis up to 90%
Nisin MWCNT Antimicrobial surfaces B. subtilis MWCNT/nisin composites showed up to (Qi et al., 2011)
E. coli 7-fold higher antimicrobial activity than
P. aeruginosa p-MWCNTs. Additionally, deposited films
S. aureus exhibited a 100-fold higher anti-biofilm
activity than the p-MWCNT deposited film
Enzymes
LSz SWCNT Medical devices M. lysodeikticus ~ Coatings terminating in SWNT/LSZ layer (Nepal et al., 2008)
S. aureus exhibited an antimicrobial activity of 84%
Lysostaphin MWCNT  Antimicrobial surfaces  B. cereus Enzyme-based composites were highly (Pangule et al., 2010)
E. coli efficient in killing MRSA (> 99%)
MRSA
S. epidermidis
Laccase MWCNT Antimicrobial surfaces B. anthracis The laccase-CNT films showed > 99% (Grover et al., 2012)
B. cereus bactericidal activity against E. coli
E. coli and S. aureus, and > 98% sporicidal
S. aureus activity against B. anthracis and B. cereus

APT, antimicrobial photodynamic therapy; AMP, antimicrobial peptide; APT, amine-functionalized porphyrin; AZ, azithromycin; DTTC, 3,3'-diethylthiatricarbo-
cyanine; EP, epsilon-polylysine; LSZ, lysozyme; MWCNT, multi-walled carbon nanotubes; PGA, poly(L-glutamic acid); PLL, polyelectrolytes poly(L-lysine); MRSA,

MRSA, methicillin-resistant Staphylococcus aureus; NIR, near-infrared; SWCNT, single-walled carbon nanotubes.
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Figure 4. Synergic effect of antimicrobial compounds, metals, and polymers associated with carbon nanotubes

and Unal, 2019). In this context, antimicrobial photodynamic therapy (APT) is gaining significant interest as
a non-antibiotic way of inactivating microorganisms. Nanocomposites based on SWCNTs and amine-func-
tionalized porphyrin were able to reduce S. aureus growth by 90% (Sah et al., 2018). The interaction be-
tween the porphyrin conjugated nanotubes and the bacterial cells in the presence of visible light led to
cell membrane damage, improving the CNT antimicrobial activity (Sah et al., 2018). Likewise, the associa-
tion of MWCNTSs with near-infrared (NIR)-absorbing 3,3'-diethylthiatricarbocyanine fluorophores (DTTC)
inactivated 77% bacteria through laser-activated heat generation (Oruc and Unal, 2019). The efficacy of
MWCNT/DTTC nanohybrids was improved when they were embedded in a waterborne polyurethane ma-
trix. The resulting surface presented temperatures reaching 120°C upon 2 min of laser irradiation, killing all
Pseudomonas aeruginosa cells attached to the surface (Oruc and Unal, 2019). These results support the
application of APT in the development of antimicrobial and anti-adhesive surfaces.

In the last years, antimicrobial peptides (AMPs) have emerged as contact-killing coatings for diverse med-
ical surfaces and are currently one of the most promising alternatives to conventional antimicrobial agents.
Zhou and Qi (2011) synthesized a novel antimicrobial nanocomposite by the covalent attachment of
epsilon-polylysine (MEPs) on MWCNT surfaces. The deposited film of MEPs showed high antibacterial ac-
tivity against E. coli (97.6%), P. aeruginosa (91.5%), and S. aureus (88.5%), as well as excellent anti-adhesive
activity (Zhou and Qi, 2011). It is known that epsilon-polylysines display high stability, low toxicity, and
broad biocidal activity and are one of the best AMPs for covalent incorporation (Shih et al., 2006). In another
study, Aslan et al. (2012) investigated the antimicrobial activity of SWCNTSs layer-by-layer assembled with
poly(L-lysine) (PLL) and poly(L-glutamic acid) (PGA). The growth of E. coli and S. aureus was significantly
inhibited (up to 90%) upon 24 h incubation with SWCNT-based films compared with control (20%), suggest-
ing the potential usefulness of SWCNT/PLL and/PGA films as antimicrobial biomaterials (Aslan et al., 2012).
Also, the immobilization of nisin (a natural AMP) with PEG as a linker enhanced the antimicrobial and anti-
adhesive properties of MWCNTSs (Qi et al., 2011). MWCNT/nisin composite showed up to 7-fold higher
antimicrobial activity against E. coli, P. aeruginosa, S. aureus, and B. subtilis, and a 100-fold higher antibio-
film activity than p-MWCNT control film (Qi et al., 2011). These excellent results may be due to the strong
antimicrobial activity of nisin, which interferes with cell wall synthesis, increasing cell membrane permeabi-
lization (Peschel and Sahl, 2006). Overall, CNT/AMP composites display strong antimicrobial and anti-ad-
hesive activities (Figure 4), with the advantage of being less prone to the development of antimicrobial
resistance.

Cell lytic enzymes have also emerged as potential alternatives to antimicrobial agents in combating resis-
tant pathogens. Nepal et al. (2008) demonstrated that SWCNT/lysozyme films produced by layer-by-layer
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Table 3. Studies reporting the efficacy of single- and multi-walled CNTs conjugated with silver and other metals

Medical
CNT-metals Type application Species Major conclusions Ref.
AgNPs SWCNT  Drug delivery A broad range of The bactericidal ratio of the AgNP-nanofilm (Subbiah et al., 2011)
stabilized Gram-positive and - against the major pathogenic organisms was
with DNA negative bacteria between 57.78% and 78.89%
AgNPs MWCNT  Medical devices E. coli Bacteria viability on the Ag-CNT films (Jung et al., 2011)
S. epidermidis decreased by 32% and 13% for S. epidermidis
and E. coli, respectively
SWCNT  Nonspecified E. coli The number of bacteria colonies decreased by ~ (Misra et al., 2012)
4 log in the presence of Ag-CNT hybrid films
MWCNT  Medical implants  E. coli Polymer shielded with AGNP-CNT inactivated  (Nie et al., 2017)
S. aureus E. coliand S. aureus by 89.3% and 95%,
respectively, and reduced the number of
adhered bacteria by 80% for both species
MWCNT  Medical devices K. pneumoniae The Ag- plasma polymer fluorocarbon (Cho et al., 2019)
S. aureus nanocomposite films suppressed the growth
and proliferation of bacteria by up 92.2%
compared with uncoated films
Zn-HA MWCNT  Bioimplants B. subtilis Bacterial growth was clearly inhibited by Zn- (Sivaraj and Vijayalakshmi, 2018)
E. coli HA-MWCNT (inhibition zone >12 mm)
S. aureus
Shigella flexneri
PdNPs MWCNT  Nonspecified B. subtilis PANP-MWCNT composites deposited in a (Murugesan et al., 2018)
E. coli polypyrrole matrix showed 65-81.71% biofilm
K. pneumoniae inhibition

P. aeruginosa

AgNPs, silver nanoparticles; MWCNT, multi-walled carbon nanotubes; PANPs, palladium nanoparticles; SWCNT, single-walled carbon nanotubes; Zn-HA, Zinc-
hydroxyapatite.

assembly exhibited high antimicrobial activity against Micrococcus lysodeikticus and S. aureus (Nepal
et al., 2008). Likewise, Pangule et al. (2010) produced antimicrobial surfaces by incorporating CNT/lysosta-
phin conjugates and demonstrated that these enzyme-based composites were highly efficient in killing
methicillin-resistant Staphylococcus aureus (> 99% within 2 h). These results indicated that the conjugation
of CNTs with cell wall-degrading enzymes can be an advantageous approach to prevent biofilm formation
on medical surfaces. Moreover, enzymes able to catalyze halide oxidation may also act as potent biocides.
Grover et al. (2012) immobilized laccase and chloroperoxidase separately onto MWCNT surfaces and
mixed with a commercial paint to generate biocatalytic coatings. These enzyme-nanotube formulations
showed more than 99% bactericidal activity against E. coliand S. aureus and 98% sporicidal activity against
Bacillus anthracis and Bacillus cereus (Grover et al., 2012). In general, these results suggest that enzyme-
CNT composites have a promising self-decontamination activity with application in a wide range of med-
ical surfaces.

Carbon nanotubes associated with silver and other metals

Up to date, several studies have reported the effectiveness of silver and other metal-coated films in the pre-
vention of biofilm-related infections. Table 3 describes the studies reporting the efficacy of CNTs conju-
gated with metals.

Subbiah et al. (2011) produced a "bio-nanofilm” composed of silver nanoparticles (AgNPs) coated on
SWCNT surfaces, which were later hybridized with DNA and stabilized in poly(vinyl alcohol). This bio-
nanofilm displayed high antimicrobial activity (58%-79%) against a broad range of Gram-positive and
-negative bacteria (Subbiah et al., 2011). Ever since numerous studies have described the potential of
AgNP-CNT nanocomposites as a coating for medical devices and implants (Jung et al., 2011; Misra
et al., 2012; Nie et al., 2017; Cho et al., 2019). Data showed that these composites reduced bacterial
adhesion by 80% (Nie et al., 2017) and the viability of adhered bacteria up to 32% for S. epidermidis
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(Jung et al., 2011), 92% for E. coli and Klebsiella pneumoniae (Cho et al., 2019), and 95% for S. aureus
(Nie et al., 2017). These results demonstrated that the inherent antimicrobial activity of CNTs was
enhanced by their association with AgNPs (Figure 4). Indeed, the mechanisms of action of silver are
already well characterized and include loss of membrane potential, protein dysfunction, and oxidative
stress (Zhu et al., 2019).

The association of CNTs with other metals also seems to generate promising results. Sivaraj and Vijaya-
lakshmi (2018) developed a hybrid zinc-hydroxyapatite/MWCNT film to improve the antibacterial activity
and corrosion resistance of stainless-steel implants. This hybrid composite clearly inhibited the bacterial
growth, possibly because Zn ions have a bacteriostatic activity, changing cellular permeability and causing
cell dysfunction (Sivaraj and Vijayalakshmi, 2018). Similarly, the modification of MWCNT surfaces with palla-
dium nanoparticles resulted in a composite film with high antibiofilm activity (65%-82%) (Murugesan et al.,
2018). The high bacterial biofilm reduction seems to be caused by reactive oxygen species (ROS) produc-
tion resulting from the catalytic behavior of palladium, which destroys the biofilm structure (Murugesan
etal., 2018) (Figure 4). Overall, these data indicate that the association of CNTs and metals successfully pre-
vents the microbial adhesion on medical surfaces.

Carbon nanotubes conjugated with different polymers

Several studies involving the use of CNTs as fillers in polymer matrices have been developed with the intent
to produce nanocomposites with improved antimicrobial and antifouling activity. Moreover, the use of
polymers during the fabrication of CNT composites allow (1) the improvement of structural, mechanical,
and degradation properties of the final composite; (2) increment of composite hydrophilicity and stability
in biological environments; and (3) the lower final cost (the use of pure CNT materials/surfaces is more
expensive) (Aslan et al., 2010; Liu et al., 2007). With the considerable number of available polymers, a
set of versatile and multifunctional biomaterials can be produced. Table 4 reports the efficacy of SWCNT
and MWCNT/polymer composites against different microorganisms.

Among all the studies included in this systematic review, only two refer to the antimicrobial properties of
SWCNT/polymer composites. However, in both cases, significant bacterial inactivation was achieved.
Aslan et al. (2010) reported an inactivation rate of E. coli and S. epidermidis of up to 98% after incubation
with SWCNT/poly(lactic-co-glycolic acid) composites, whereas Pangilinan et al. (2013) demonstrated a
decrease in the viability of Exiguobacterium sibiricum of about 85% after cell incubation with tempera-
ture-responsive c-CNT/poly(N-isopropylacrylamide) hybrid brush films.

Concerning the MWCNTSs, several studies have described their application in the production of compos-
ites that substantially hinder biofilm growth. The fact is, whether through the use of thin organic films of
MWCNT/poly(N-vinylcarbazole), MWCNT/polyethylene composite disks, or the application of drug-
loaded MWCNT-PEG/gelatin-chitosan nanocomposites, significant cell viability losses associated with
Gram-negative and -positive bacteria could already be achieved (Santos et al.,, 2012; Jing et al., 2018;
Sharmeen et al., 2018). Another study also demonstrated good antimicrobial properties of electrospun
nanofibers consisting of lignin-decorated thin MWCNTs (t-MWNTs) incorporated in poly(vinyl alcohol)
(Lee et al., 2018). In a different approach, Da Silva et al. (2019) evaluated the antibacterial activity of elec-
trically charged MWCNT/polypyrrole (PPy) composites, and the results have shown a decrease in the order
of 40% for E. coli and 90% for S. aureus. In this case, the use of the polymer PPy and the application of the
electric field brought an added value to the fabrication of antimicrobial composites. If on the one hand, PPy
has an intrinsic antibacterial activity (Da Silva et al., 2019; Varesano et al., 2009), on the other hand, the elec-
tric field has already proved its worth in the intensification of the antibacterial activity (Del Pozo et al., 2008;
Ronen et al., 2015; Zhang et al., 2014).

Early attempts to repress the initial adhesion of pathogens to the material surface have also been
reported. Wang et al. (2014) designed thin organic films through the application of layer-by-layer assembly
of poly(dopamine)-modified CNTs and poly(ethyleneimine), and the resulting composites showed effec-
tive inhibition of platelet adhesion and activation, along with excellent resistance against E. coli adhesion.
Later studies confirmed the previous findings regarding the antifouling activity of MWCNT/polymer com-
posites, either by incorporating carboxylated MWCNTs into poly(methyl methacrylate) (Kim et al., 2019) or
through the dispersion of chitosan-decorated MWCNTSs into a copolymer matrix of acrylamide and acrylic
acid (Bellingeri et al., 2018).
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Table 4. Studies reporting the efficacy of single- and multi-walled CNTs conjugated with polymers

CNT-Polymer composites Type Medical application Species Major conclusions Reference
PLGA SWCNT Medical devices E. coli Up to 98% bacteria were inactivated on (Aslan et al., 2010)
S. epidermidis SWCNT/PLGA versus 15%-20% on pure PLGA
PEI MWCNT Medical devices E. coli Almost no adhered E. coli were found on the (Wang et al., 2014)
superhydrophobic poly(dopamine)-modified
CNT/PEI films (p < 0.05)
Poly(ester amide) MWCNT Wound dressing B. subtilis Nanocomposites exhibited high antibacterial (Pramanik et al., 2014)
E. coli efficacy against B. subtilis (2-3 log reduction)
K. pneumonia and S. aureus (2 log reduction), when
Mycobacterium smegmatis compared with E. coliand K. pneumonia (1 log
S. aureus reduction)
PEG MWCNT Wound dressing E. coli CNT/PEG-grafted polyurethane/electrospun (Shi et al., 2016)
nanofibers reduced adherent bacteria by
85.3%
MWCNT Tissue engineering Gram-positive and - The inhibition zone for drug-loaded c- (Sharmeen et al., 2018)
of bone or cartilage negative bacteria MWCNT-PEG/gelatin-CS nanocomposite was
higher against all the bacterial species
compared with drug-loaded c-MWCNT/
gelatin-CS composite
PE MWCNT Nonspecified M. smegmatis After 56 days of biofilm growth, the number of (Jing et al., 2018)
Pseudomonas fluorescens cells for the 4% MWCNT/PE composites
decreased by 89.3% for P. fluorescens and
29.0% for M. smegmatis compared with the
pristine PE
Lignin in PVA MWCNT Wound healing S. aureus After 18 h of incubation with the lignin/PVA and (Lee et al., 2018)
lignin/t-MWCNT/PVA NFs, bacterial growth
decreased by 60% and 69%, respectively,
compared with the control
PMMA MWCNT Dental biomaterials Candida albicans Compared with the PMMA control group, the (Kim et al., 2019)
S. aureus CNT/PMMA composites showed a significant
Streptococcus mutans decrease in microbial adhesion (35%-95% less
adhesion) by all three microbial species
PNIPAM hybrid brush SWCNT Nonspecified E. sibiricum CNT/PNIPAM films showed > 85% bacterial (Pangilinan et al., 2013)
inactivation
PVK MWCNT Nonspecified E. coli The MWCNT/PVK- and MWNT-modified (Santos et al., 2012)

substrates inhibited bacterial growth by up to
83% and 87%, respectively

(Continued on next page)
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Table 4. Continued
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CNT-Polymer composites Type Medical application Species Major conclusions Reference
Polypyrrole MWCNT Wound dressing E. coli The anti-biofilm activity is field-dependent, (Da Silva et al., 2019)
S. aureus reaching a reduction of 40% for E. coliand 90%
for S. aureus
CS MWCNT Nonspecified Candida tropicalis CNT/CS hydrogels showed a strong (Venkatesan et al., 2014)
E. coli antimicrobial activity (~1 log reduction, except
S. aureus for Gram-negative bacteria)
MWCNT Drug delivery E. coli Bacterial killing efficacy of Ag-MWCNT/ (Nie et al., 2016)
S. aureus biopolymer composites was above 80%
MWCNT Nonspecified E. coli MWCNT/CMCS biocomposites exhibited high (El-Ghany, 2017)
S. aureus inhibition zone diameters: 22.3 + 0.21 mm
against S. aureus and 21.3 &+ 0.72 mm against
E. coli
MWCNT Nonspecified Aspergillus niger MWCNT/aminohydrazide cross-linked CS (Mohamed and Abd EI-Ghany, 2018)
Cryptococcus neoformans composites displayed high antimicrobial
C. tropicalis activity as demonstrated by their inhibition
E. coli zones for bacteria (>18.4 + 0.20 mm) and
Enterococcus faecalis fungi (>17.2 + 0.45 mm)
S. epidermidis
MWCNT Nonspecified A. niger MWCNT/aminosalicylhydrazide cross-linked (Mohamed and Abd EI-Ghany, 2019)
C. neoformans CS composites displayed high antimicrobial
C. tropicalis activity as judged by their inhibition zones for
E. coli bacteria (> 19.8 £+ 0.20 mm) and fungi (>
E. faecalis 20.1 + 0.20 mm)
S. epidermidis
MWCNT Nonspecified Gram-positive and - MWCNT/trimellitic anhydride isothiocyanate (Bellingeri et al., 2018)
negative bacteria; Fungi cross-linked CS hydrogel composites showed
high antimicrobial activity as demonstrated by
their inhibition zones for bacteria (>16.7 +
0.50 mm) and fungi (=18.4 £+ 0.63 mm)
MWCNT Drug delivery S. aureus The number of adhered cells in the hydrogel (Mohamed et al., 2019)

decreased sharply (4 log reduction) by the
incorporation of CS-MWCNT

CS, chitosan; CMCS, carboxymethyl chitosan; MWCNT, multi-walled carbon nanotubes; PE, polyethylene; PEG, Polyethylene glycol; PEI, poly(ethyleneimine); PLGA, poly(lactic-co-glycolic acid); PVA, poly(-

vinyl alcohol); PMMA, poly(methyl methacrylate); PNIPAM, poly(N-isopropylacrylamide); PVK, poly(N-vinylcarbazole); SWCNT, single-walled carbon nanotubes.
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The incorporation of MWCNTs into chitosan has been increasingly explored for the production of poten-
tially useful antimicrobial surfaces. An essential contribution to this is the unique physicochemical proper-
ties of chitosan that offer the final composite a huge potential in different biomedical applications,
including wound dressing, tissue engineering, biosensing, and drug delivery (EI-Ghany, 2017). In spite of
the inherent antibacterial activity of chitosans against bacteria and fungi (Kong et al., 2010), the incorpora-
tion of MWCNTSs constitutes an added value to the production of composites with improved antimicrobial
activity (Venkatesan et al., 2014). In a study combining Ag-loaded oxidized MWCNTs with chitosan, a sig-
nificant antimicrobial action against both Gram-positive and -negative bacteria was observed (with a bac-
terial killing efficacy of 80% and 100% for nanocomposite concentrations of 5 and 10 pg/mL, respectively)
(Nie et al., 2016).

Other authors have demonstrated the importance of the use of chemically modified chitosans and func-
tionalized MWCNTSs on the antimicrobial activity of the resulting nanocomposites. In a study carried out
by El-Ghany (2017), the incorporation of MWCNTs in a matrix of carboxymethyl chitosan (CMCS, a wa-
ter-soluble derivative of chitosans) showed significant antibacterial activity, as demonstrated by the inhibi-
tion zone diameters and the minimum inhibitory concentrations of the composite. Compared with CMCS,
MWCNT/CMCS composites with different MWCNT loading presented higher inhibition zone diameters
ranging from 17.3 + 0.12 to 22.3 + 0.21 mm and 14.3 + 0.58 to 21.3 + 0.72 mm for S. aureus and
E. coli, respectively (EI-Ghany, 2017). Furthermore, it was reported that aminohydrazide and aminosalicyl-
hydrazide-cross-linked chitosan hydrogels filled with MWCNTSs present stronger antimicrobial activity
against different microorganisms (Mohamed et al., 2019; Mohamed and Abd El-Ghany, 2019). In fact,
they exhibited equal or even better antimicrobial activity than the standard antimicrobial agents, a conse-
quence of the synergistic action between MWCNTs and the hydrazide/hydrazone derivatives (Mohamed
and Abd EI-Ghany, 2018; Mohamed and Abd EI-Ghany, 2019). Mohamed et al. (2019) have also recently
shown that by combining MWCNTs with chitosan and functionalized groups of trimellitic anhydride isothio-
cyanate (the incorporated cross-linker) in the same system, the original antimicrobial properties of the poly-
mer can be enriched. In general, MWCNT/chemically modified chitosan composites were more effective
against Gram-positive bacteria than Gram-negative ones (Venkatesan et al., 2014; EI-Ghany, 2017; Mo-
hamed and Abd El-Ghany, 2018; Mohamed and Abd EI-Ghany, 2019; Mohamed et al., 2019).

Other research studies combined the antimicrobial and anti-adhesive properties of CNT/polymer compos-
ites (Shietal., 2016). Pramanik et al. (2014) fabricated -MWCNT/hyperbranched poly(ester amide) (HBPEA)
thin films capable of efficiently reduce the cell viability of different species of bacteria. The bio-based f-
MWCNT/HBPEA nanocomposites exhibited pronounced antibacterial efficacy against Gram-positive bac-
teria when compared with the Gram-negative ones, possibly due to the release of a significant amount of
cytoplasmic constituents from the Gram-positive cells. A decrease in cell adhesion to the films with the
enhancement of the f-MWCNT content was also observed. Additionally, the importance of the use of
PEG into CNT biomaterials was addressed by Shi et al. (2016), who employed a chemical grafting modifi-
cation technique for the preparation of thermoplastic polyurethane (TPU)-PEG electrospun nanofibers
(TPU-g-PEG nanofibers). MWCNT/TPU-g-PEG nanofibers showed to combine both bactericidal and bac-
teria-repelling strategies (with a total reduction of 85.3% on E. coliadhesion) (Shi et al., 2016). Overall, these
two properties can be enhanced by increasing the CNT loading (Aslan et al., 2010; Schiffman and Elime-
lech, 2011; Goodwin et al., 2015). The role of polymer matrices on the overall antimicrobial activity of
CNT/polymer composites can be attributed not only to the preservation of the inherent cytotoxicity of
SWCNTs and MWCNTs (Goodwin et al., 2015) but also to the promotion of the contact between CNTs
and microorganism cell walls by reducing CNT autoaggregation (Mohamed et al., 2019) (Figure 4).
Regarding the anti-adhesive effect of CNT/polymer composites, it seems to be strictly related with the uni-
form layer of polymer that surrounds the CNT surface and protect them from nonspecific protein adsorp-
tion, as well as with the CH-7t interactions established between the polymer and the CNT surface (Upad-
hyayula and Gadhamshetty, 2010; Beigbeder et al., 2008), and the topographic structure of the CNT/
polymer composite surface (rough surfaces revealed to be more vulnerable to microbial adhesion than
smooth surfaces) (Kim et al., 2019; Schubert et al., 2019; Dantas et al., 2016).

Promising carbon nanotube composites

In this review, solutions of CNT composites with proved antimicrobial activity were addressed as promising
materials for surface immobilization (Table 5). Recently, Murugesan et al. (2020) reported for the first time
the application of heteroatom (NFB/P) doped-MWCNT nanocomposites to combat biofilms associated
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Table 5. Promising CNT composite solutions for medical applications

CNT composites Type Medical application Species Major conclusions Reference
Functionalized
Heteroatoms (N, F, P/B) MWCNT Wound healing K. pneumoniae f-MWCNT showed 82.53%, 80.98%, 76.83%, (Murugesan et al., 2020)
P. aeruginosa and 77.41% biofilm inhibition against
E. coli B. subtilis, E. coli, K. pneumoniae, and
B. subtilis P. aeruginosa, respectively
Compounds displaying
antimicrobial activity:
Surfactants
Sodium cholate SWCNT Antimicrobial agents E. coli Antibacterial effect increased with increasing (Dong et al., 2012)
S. enterica SWCNT concentration as demonstrated by the
optical density reduction from 0.8 to 0.4
Photosensitizers
Rose Bengal (RB) MWCNT Antimicrobial agents E. coli RB-CNT-mediated photodestruction resulted (Anju et al., 2018)
(APT) in 5.46 log reduction for E. coli
Malachite green (MG) MWCNT Medical devices P. aeruginosa Upon MG-c-MWCNT treatment, S. aureus and (Anju et al., 2019a)
(APT) S. aureus P. aeruginosa viability was reduced by 5.16 and
5.55 log, respectively
Methylene blue (MB) MWCNT Medical devices E. coli Photodynamic activation of MB-c-MWCNT (Parasuraman et al., 2019)
(APT) S. aureus resulted in 4.86 and 5.55 log reductions in
E. coliand S. aureus viability, respectively
Toluidine blue (TB) MWCNT Medical devices P. aeruginosa P. aeruginosa and S. aureus planktonic cells (Anju et al., 2019b)
(APT) S. aureus treated with TB-c-MWCNT and exposed to
light irradiation reduced their viability by 4.91
and 5.47 log, respectively
Antimicrobial peptides
AMPs: TP359, TP226, and TP557 SWCNT Antimicrobial agents S. aureus Non-treated 3D skin showed 4 log CFU/g (Chaudhari et al., 2019)

increase in 2 h after incubation with bacteria,
whereas the f-SWCNT-s-Ag-treated skin
showed only 1 log CFU/g increase in bacterial

counts

(Continued on next page)
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CNT composites Type Medical application Species Major conclusions Reference
Metals:
Silver nanoparticles-deposited MWCNT Drug delivery B. subtilis f-MWCNTs-AgNPs showed an inactivation (Murugan and Vimala, 2011)
f-CNT with an amphiphilic Bioimaging E. coli percentage of 99.8% + 0.2%, 99.7% + 0.1%,
poly(propyleneimine) dendrimer Medical devices S. aureus and 93.1% + 0.5%, for B. subtilis, S. aureus,
(MWCNTSs-APPI-AgNPs) and E. coli, respectively
Silver sulfide quantum dots (Ag;S) MWCNT Antimicrobial surfaces E. coli The bacteria killing ability of -MWCNT-Ag,S (Neelgund et al., 2012)
P. aeruginosa was 97.8% + 2.1%, 78.5% + 2.9%, and
S. aureus 55.7% + 1.5% for
E. coli, P. aeruginosa, and S. aureus,
respectively
AgNP-decorated c-CNT MWCNT Nonspecified Methylobacterium spp. Ag-MWCNT (40 or 50 pg/mL) completely (Seo et al., 2014)
Sphingomonas spp. inhibited bacterial growth
Silver and copper nanoparticles MWCNT Medical devices E. coli Ag-MWCNT and Cu-MWCNT exhibited 97% (Mohan et al., 2011)
and 89% growth inhibition against E. coli,
respectively
Copper nanoparticles MWCNT Nonspecified Gram-positive and - Cu-MWCNT showed an enhanced inhibitory (Yallappa et al., 2016)
negative bacteria; Fungi effect when compared with MWCNT
Titanium oxide-gold (TiO,-Au) MWCNT Drug delivery A broad range of Gram- More than 90% biofilm inhibition was observed (Karthika et al., 2018)
positive and -negative bacteria in the presence of TiO2-Au-MWCNT
Titanium dioxide (TiO,) MWCNT Antimicrobial agents E. coli TiO2-MWCNT displayed high antimicrobial (Sukkar et al., 2019)
S. aureus activity against both bacteria, as demonstrated
by the diameter of inhibition zones (>18 mm)
Cadmium quantum dots (CdS) MWCNT Antimicrobial agents E. coli The bacteria-killing ability of -MWCNT-CdS (Neelgund et al., 2012)

P. aeruginosa
S. aureus

was 87.2% + 4.1%, 68.9% + 2.5%, and
46.7% + 1.4% against

E. coli, P. aeruginosa, and S. aureus,

respectively

(Continued on next page)
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Table 5. Continued

CNT composites Type Medical application ~ Species Major conclusions Reference
Polymers:
Amphiphilic poly(propyleneimine) MWCNT Drug delivery B. subtilis MWCNTs-APPI hybrid inhibited bacterial (Murugan and Vimala, 2011)
Dendrimer (APPI) Bioimaging E. coli growth by 96.6% + 0.3%, 96.5% =+ 0.2%, and
Medical devices S. aureus 87% + 0.5% for B. subtilis, S. aureus, and
E. coli, respectively
Other compounds:
Antibodies to group MWCNT Antimicrobial Streptococcus pyogenes GAS-MWCNT induced 97%-100% killing of (Levi-Polyachenko et al., 2014)
A Streptococcus (GAS) agents planktonic cells, depending on the time of laser
exposure, and 99.99% killing of bacteria in
biofilm
Pyrazole and pyrazolone derivates MWCNT Antimicrobial S. aureus The antibacterial activity of MWCNTs (Metwally et al., 2019)
agents B. subtilis conjugated with pyrazole derivates ranged
E. coli between 17.5% and 95.2%
C. albicans
A. niger
Mannose derivates SWCNT Anti-adhesive Uropathogenic Mannose derivate-SWCNT induced a (Romero-Ben et al., 2019)

agents

E. coli

considerable reduction in the CFU (around

50%) when compared with the control

APT, antimicrobial photodynamic therapy; AMP, antimicrobial peptide; MWCNT, multi-walled carbon nanotubes; SWCNT, single-walled carbon nanotubes; CFU, colony forming unit.
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with wound healing. When compared with p-MWCNT, NFB-MWCNT and NFP-MWCNT revealed greater
effectiveness against K. pneumoniae, P. aeruginosa, E. coli, and B. subitilis, as well as exceptional healing
ability in Wistar rats. The capacity to inhibit biofilm formation is possibly related to the surface charge
created by the different electronegativity between the heteroatoms. This, together with the mineralization
provided by the presence of different atoms, helps in the formation of new tissue in the wound-healing pro-
cess (Murugesan et al., 2020).

The dispersion of SWCNTSs in a surfactant solution of sodium cholate, for example, has shown to exhibit an
antibacterial effect against both Salmonella enterica and E. coli (Dong et al., 2012). The importance of the
use of surfactants to disperse CNT relies on the capacity of these compounds to efficiently disperse
bundled CNTs into suspensions of individual CNTs (Moore et al., 2003).

Another interesting approach is the employment of APT, an alternative method of killing pathogens and
their biofilms through the generation of ROS. Anju et al. (2018) reported for the first time an efficient photo-
destruction of E. coli biofilms through the combination of rose Bengal (RB) with MWCNTs. After irradiation,
the reduction in the biofilm formation by RB and RB-MWCNT conjugates was measured to be 42.1% +
1.7% and 64.9% + 2.9%, respectively; a reduction in the EPS production of RB-MWCNT-treated cells
was also observed (about 50.2% + 2.0%). RB and RB-MWCNT photodynamic inactivation of planktonic
cells of E. coli has shown a reduction of 3.6 and 5.5 log, respectively. APT mediated by malachite green
(cationic dye of the triarylmethane family) and methylene blue (cationic phenothiazine dye)/ MWCNT com-
posites also proved to be efficient against planktonic and biofilm cells of Gram-positive and -negative bac-
teria (Anju et al., 2019a; Parasuraman et al., 2019). For the same radiant exposure (58.5 J/em?), toluidine
blue/MWCNT conjugates showed to be more efficient in the inactivation of P. aeruginosa (69.9%) and
S. aureus (75.5%) biofilms compared with the remaining photosensitizers (Anju et al., 2019b). It should
be noted that enhanced photoinactivation was observed in Gram-positive bacteria compared with
Gram-negative ones.

AMP-functionalized silver-coated SWCNTs (f-SWCNT-s-Ag) represent another promising alternative to
conventional antimicrobial agents. Using a 3D skin model, Chaudhari et al. (2019) have recently shown
that bacterial proliferation in -SWCNT-s-Ag-treated skin was significantly inhibited (10°> CFU/g) compared
with non-treated skin (10® CFU/g). SWCNTSs' activity was complemented by the synergic action of Ag nano-
particles and AMPs, the latter being well known for their antimicrobial activity against both Gram-negative
and -positive bacteria, fungi, and viruses (Zhu et al., 2019). The use of titanium, silver, and copper-coated
MWCNTs constitutes another potential alternative for the available antimicrobial composite surfaces
(Mohan et al., 2011; Yallappa et al., 2016; Sukkar et al., 2019). Along with the complete inhibition of Meth-
ylobacterium spp. and Sphingomonas spp. after treatment with silver nanoparticle (AgNP)-decorated
carboxylated MWCNTSs (Seo et al., 2014), the literature reports high inactivation rates of E. coli, B. subitilis,
and S. aureus (> 90%) after cell incubation with AgNP-deposited MWCNTs functionalized with an
amphiphilic poly(propyleneimine) dendrimer (Murugan and Vimala, 2011). Likewise, more than 90% biofilm
inhibition was observed after incubation of Shigella dysenteriae, Proteus vulgaris, K. pneumoniae, Strep-
tococcus pneumoniae, B. subtilis, S. aureus, and C. albicans with titanium oxide-gold (Karthika et al,,
2018). Silver sulfide and cadmium sulfide quantum dots immobilized on poly(amidoamine)-grafted
MWCNTSs have also shown to efficiently reduce the viability of E. coli, P. aeruginosa, and S. aureus (Neel-
gund et al., 2012).

Other compounds that are known to exhibit excellent antibacterial and antibiofilm activities when com-
bined with MWCNTSs include the antibodies to group A Streptococcus (GAS), pyrazole and pyrazolone der-
ivates, and mannose derivatives (Levi-Polyachenko et al., 2014; Romero-Ben et al., 2019; Metwally et al.,
2019).

Altogether, these data provide important findings that should be considered in the development of new
antimicrobial and anti-adhesive CNT-based surfaces.

Cytotoxicity of carbon nanotubes on human cells

Cytotoxicity is one of the major drawbacks of CNTs and is the main obstacle for their translation into med-
ical applications. As such, the clinical usage of CNTs and their composites have not yet been approved by
the US Food and Drug Administration or equivalent organizations (Kim et al., 2019). In the literature, there is
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still little consensus about this topic, with some studies revealing toxicity, whereas others showed different
levels of biocompatibility. Indeed, because SWCNT and MWCNT have their own structures and features,
they can exert different toxicity on human cells (Zeinabad et al., 2016). CNT cytotoxicity is influenced by
various factors including diameter, length, purity, functionalization moieties, and concentration (Karthika
et al., 2018; Kavosi et al., 2018).

Several in vivo and in vitro studies have demonstrated that CNTs cause cytotoxic effects via oxidative stress
induction (Kayat et al., 2011). A panoply of CNT side effects, from persistent or transient pulmonary inflam-
mation, cardiovascular diseases, to liver and spleen inflammation, have been demonstrated using animal
models and have been associated with their structure and concentration (Kavosi et al., 2018).

Although functionalization could indeed help to reduce CNTs' toxicity to human cells (Chaudhari et al.,
2019), not all treatments decrease the toxicity risks and only reactions that can render CNTs short and sta-
ble without aggregation in the human fluids can provide safe results (Shi et al., 2016).

Based on the reviewed studies, the conjugation of CNTs with silver or titanium plays an important role in
decreasing CNTs' toxicity (Subbiah et al., 2011; Seo et al., 2014; Karthika et al., 2018; Chaudhari et al., 2019).
Likewise, the incorporation of CNTs into polymeric matrices was also effective in suppressing its toxicity
(Subbiah et al., 2011; Nie et al., 2017; Sharmeen et al., 2018). However, although the results are promising,
further research is needed to clarify the effects of CNTs on biological systems.

CONCLUSIONS AND FUTURE PERSPECTIVES

The development of biomaterials capable of preventing biofilm-related infections is necessary for several
medical applications, including the construction of medical devices and implants. This review demon-
strated that there has been an increasing interest in the CNT composites for surface engineering due to
their outstanding properties. Most of the reviewed studies investigated the efficacy of CNTs conjugated
with different polymers, antimicrobial compounds, or metals. The modification of CNT surfaces was crucial
to increase their hydrophilicity and, consequently, biocompatibility. Data also indicated that surfaces con-
taining modified CNTs and in particular CNT/polymer composites exerted strong antimicrobial and anti-
adhesive activities against a broad spectrum of microorganisms. However, although CNTs showed an
evident efficacy to reduce biofilm formation, there is still little consensus about the CNTs mode of action.
Further scientific and empirical research is therefore required to clearly elucidate the exact antimicrobial
and anti-adhesive mechanisms behind the use of CNTs. Despite their antimicrobial activity, CNTs cannot
yet compete with the conventional antimicrobials as their toxicity profile on the human body has not
been thoroughly addressed, along with their environmental risks. Additionally, it should be noted that
the large-scale manufacturing of CNTs remains a challenge as the production process is slow, costly, and
highly energy consuming. Future research addressing the safety of CNTs, as well as their production in a
cost-effective way, can thus help to overcome these limitations, creating new opportunities in the biomed-
ical field. The implementation of in vivo assays is also needed for a better understanding of the clinical per-
formance of CNTs, allowing their translation into medical applications.

Overall, this systematic review provides important findings that should be considered to produce efficient
CNT-based surfaces with improved antimicrobial and anti-adhesive activities.

Limitations of the study

This study has demonstrated the antimicrobial and anti-adhesive activities of CNT-based surfaces in the
biomedical field. However, the CNT mode of action against microbial biofilms was not fully explored
due to the lack of sound knowledge in the literature regarding this topic. Additionally, although the tech-
niques used to synthesize CNT-based surfaces may influence their effectiveness, they were not addressed
in this work due to the very recent introduction of these materials in medical scenarios. These two limita-
tions highlight the need for further research to optimize the performance of CNT-based surfaces.
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SUPPLEMENTARY INFORMATION

TRANSPARENT METHODS

Search strategy, inclusion criteria and data extraction

This systematic review was conducted following the PRISMA statement (Preferred
Reporting Items for Systematic reviews and Meta-Analysis) guidelines (Moher et al., 2009).
The search was performed until 18 May 2020 in PubMed, Scopus, and Compendex libraries
through the combination of the following keywords: “carbon nanotubes”, “antimicrobial”,
“antifouling”, “adhesion”, “biofilm”, “antibiofilm” and “medical applications”. Peer-
reviewed full-text articles in English published since January 2000 concerning the
antimicrobial and anti-adhesive properties of CNTs with application in the medical field were
assessed for eligibility. The adopted inclusion criteria for qualitative synthesis were as
follows: (a) studies addressing the development of CNT composite films; (b) studies focused
on the antimicrobial and/or anti-adhesive activities of CNT, alone or in association with other
compounds. The exclusion criteria consisted in (a) articles that did not evaluate the
antimicrobial activity of CNT composites; and (b) non-original articles.

Two reviewers (RTS and MG) independently applied the inclusion and exclusion criteria,
and any differences were resolved by consensus.

Information regarding study design, CNT type (single- or multi-walled), CNT composites,

surface materials, medical applications, pathogens, used methodologies and obtained

outcomes were gathered.
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