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Featured Application: Carbon nanotube composites produced in the scope of this work can
potentially be used as a starting point for designing urinary tract devices with inherent an-
tibiofilm activity.

Abstract: Several methodologies have been implemented with the intent of preventing or reducing
the formation of biofilms on indwelling urinary devices. The use of carbon nanotubes (CNTs) in the
biomedical field has been increasing, particularly in the production of antimicrobial and antifouling
coatings. Despite their proven antimicrobial properties, their use as coating materials for urinary
tract devices (UTDs) is still poorly documented. In the present work, CNT/poly(dimethylsiloxane)
(PDMS) composite materials containing different CNT loadings were prepared and further tested
against Escherichia coli under conditions prevailing in UTDs. Besides CNT loading optimization,
textural modifications were also introduced on the surface of CNTs to improve the antibiofilm
properties of the final composites. Material characterization included the textural evaluation of
CNTs and the assessment of surface morphology by scanning electron microscopy, while the surface
hydrophobicity was determined by contact angle measurements. Biofilm analysis was performed
by determining the number of culturable and total cells and by confocal laser scanning microscopy.
Results revealed that, by filling the PDMS matrix with 3 wt% CNT loading, a significant reduction in
cell culturability (39%) can be achieved compared to PDMS. Additionally, the textural modifications
induced by ball-milling treatment proved to be effective on the inhibition of biofilm formation,
reducing the amount of biofilm per surface area, biofilm thickness and surface coverage in 31, 47 and
27%, respectively (compared to surfaces where CNTs were not ball-milled).

Keywords: carbon nanotube composites; poly(dimethylsiloxane); Escherichia coli; antibiofilm activity;
urinary tract devices

1. Introduction

Urinary tract devices (UTDs), namely urinary catheters and ureteral stents, are com-
monly used in the treatment and mitigation of urinary tract diseases, improving the
patients’ quality of life. However, the use of these devices is associated with serious com-
plications, including the development of urinary tract infections (UTIs). UTIs account
for 36 and 27% of the healthcare-associated infections reported in the United States and
Europe, respectively [1,2], resulting in increased mortality rates and hospital costs [2–6].
Among hospital-acquired UTIs, 75% of cases have emerged from the insertion of urinary
catheters (catheter-associated urinary tract infections) [7,8], and 31% from ureteral stents [9].
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The insertion of these medical devices disturbs the local host defence mechanisms of pa-
tients, facilitating the access of microorganisms to the urinary tract and allowing their
colonization [5].

Most UTDs are fabricated with silicone-based polymers such as poly(dimethylsiloxane)
(PDMS) [10]. Despite its attractive properties, including the high mechanical and chemical
stability and low toxicity, PDMS is extremely hydrophobic and, like the majority of the
coating materials, is susceptible to bacteria and fungi adhesion [11,12]. In fact, UTDs are
very prone to microbial adhesion and, consequently, biofilm formation, which is the lead-
ing cause for most UTIs. Different microorganisms have been identified as colonizers of
UTDs, including Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Proteus spp.,
Klebsiella pneumoniae, Staphylococcus epidermidis, Enterococcus spp. and Candida spp. [13,14].
Following microbial adhesion and colonization on UTD surfaces, microorganisms form
biofilms, which protect them from the host immune system as well as from the action of
antimicrobial agents, contributing to the persistence and spread of infection [15–17].

To date, different alternative materials with antimicrobial and antibiofilm properties
have been developed to inhibit, or at least delay, biofilm formation. These strategies include
the release of antimicrobial agents, contact-killing and anti-adhesive coatings, as well as
surfaces that cause disruption of biofilm architecture by quorum sensing disturbance or
matrix degradation [10]. However, although several preventive strategies having been
proposed to reduce the incidence of UTIs, their application for coating UTDs is still ques-
tionable due to the resistance phenomena, low biocompatibility, and toxicity that derives
from the use of some of these coatings [18].

In recent decades, carbon nanotubes (CNTs) have gained much attention in the in-
dustrial, environmental and biomedical fields. Described as sheets of graphene rolled
up into cylinders (with several micrometres in length and nanometres in diameter), they
can be classified as single- (SWCNTs) and multi-walled CNTs (MWCNTs), accordingly to
the number of graphene layers [19,20]. Because of their outstanding properties, such as
electrical conductivity, high aspect ratio and mechanical strength, flexibility, high surface
energy density, chemical stability, and the possibility of functionalization with a wide vari-
ety of moieties (antimicrobial drugs and other bioactive molecules), CNT-based surfaces
have been widely applied in the medical field, and in particular for the manufacture of
medical devices [18,21]. Although there is still little consensus regarding the mechanisms
behind the CNTs’ antimicrobial activity, different influencing factors have been described,
including CNT diameter and length, purity, electronic structure, CNT aggregation and
surface functional groups, as well as CNT type (SWCNT or MWCNT) [22]. CNT activity is
related not only to the mechanical damage (by the direct piercing of the microorganisms’
outer membranes) and consequent cell disruption and release of intracellular content but
also to the generation of oxidative stress [22].

Despite the proven antimicrobial activity of CNT composites [18,21], their application
as a coating for urinary tract devices is still unexplored and supplementary investigations
are required to improve their antimicrobial properties. To the best of our knowledge, only
two studies have been devoted to the development of antimicrobial CNT composites for
application in urinary tract devices in controlled hydrodynamic conditions [23,24]. In these
studies, chemically and texturally modified MWCNT/PDMS composites efficiently modu-
lated E. coli adhesion under conditions that mimic the urinary tract environment. However,
there is a lack of knowledge about the efficacy of these composites in the prevention of
biofilm formation under this specific context (hydrodynamic conditions, biological fluid,
and temperature). Hence, the present study aimed to optimize MWCNT loading incorpo-
rated into a PDMS matrix and evaluate the performance of produced MWCNT/PDMS
composites in preventing E. coli biofilm formation. Additionally, ball-milled CNT/PDMS
composites were prepared as a strategy to evaluate the influence of CNTs dispersion pattern
on the antimicrobial activity of the final composites.
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2. Materials and Methods
2.1. Carbon Nanotubes

For the preparation of samples with different CNT loadings and milling times, com-
mercially available pristine multi-walled CNTs (CNT-O, NanocylTM NC3100, Sambreville,
Belgium), produced by catalytic chemical vapor deposition with an average length and
diameter of 1.5 µm and 9.5 nm, respectively, were used. According to data from the
manufacturer, these CNTs only contain residual traces of growth catalyst impurities [25].

To produce CNT samples with different milling times, CNTs-O were physically mo-
dified by ball milling (BM) treatment. BM is a common technique used to adjust CNT
length and open their closed ends, increasing their specific surface area [26]. Briefly, CNTs-
O were submitted to BM treatment (Retsch MM200, Haan, Germany) at 15 vibrations s−1

for 1, 2, 3 and 4 h.

2.2. CNT/PDMS Composite Synthesis

The CNT/PDMS composites were produced through a bulk mixing process by directly
incorporating CNT-O samples into the PDMS (Sylgard 184 Part A, Dow Corning, Midland,
Michigan, USA; viscosity = 1.1 cm2 s−1; specific density = 1.03) matrix as described by
Vagos et al. [23].

As the first aim of this study was to determine the most effective CNTs load to reduce
bacterial biofilm formation, CNTs-O were incorporated in the PDMS matrix at 0.1, 1, 2, 3, 4
and 5% (wt%). These CNT loading values were chosen in line with previous results [23,24]
that demonstrated a significant reduction in E. coli adhesion after incorporation of 0.1 and
1 wt% CNTs-O. Subsequently, in order to answer the second aim, 1, 2, 3 and 4 h ball-milled
CNTs (CNT-BM 1 h; CNT-BM 2 h; CNT-BM 3 h and CNT-BM 4 h, respectively) were
incorporated into the PDMS matrix at the optimal loading value to evaluate the effect of
milling times in the CNTs antimicrobial properties. The ball-milling periods were selected
based on the knowledge that CNTs surface area increases with increasing ball-milled
periods between 1 and 4 h [26], increasing the chance for CNTs to interact and penetrate in
the membranes of living bacteria [22].

The dispersion of CNT-O aggregates was first promoted by shear mixing with a
magnetic bar at 500 rpm for 30 min and then using a sonication procedure (Hielscher
UP400S, at 200 Watt and 12 kHz) for 1 h. The mixture was then placed in an ultrasound
bath (Selecta Ultrasons, Lisbon, Tecnilab Portugal) for 30 min to eliminate residual air
bubbles and the clusters of CNTs-O that remained. After that, the curing agent (Sylgard
184 Part B, Dow Corning, Midland, MI, USA) was added to the base-polymer (in an
A:B proportion of 10:1) and carefully stirred to homogenize the two components without
reintroducing bubbles. The composite materials were deposited as a thin layer (with a
uniform thickness of 31 ± 3 µm) on top of glass slides through the spin coating technique
(Spin150 PolosTM, Caribbean, the Netherlands) at 6000 rpm for 1 min. Coated coupons
were incubated overnight in an oven at 80 ◦C to induce the curing process. Bare PDMS
surfaces (with a uniform thickness of 29 ± 3 µm) were also produced to be used as control.

2.3. Surface Characterization
2.3.1. Textural Properties

The evaluation of the textural properties of CNT samples (CNTs-O and CNT-BM)
was based on the N2 adsorption isotherms, determined at −196 ◦C with a Quantachrome
NOVA 4200e multi-station apparatus (Quantachrome Instruments, Boynton Beach, USA).
The surface areas of the CNT samples were determined according to the Brunauer–Emmett–
Teller method (SBET), and the total pore volume (Vp) was determined from the amount
of N2 uptake at a relative pressure close to unity, namely at p/p0 = 0.99 [27]. The pore
size distribution was calculated using the non-local density functional theory by applying
the kernel file provided by Quantachrome’s software, where a cylindrical-pore model
is assumed.
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2.3.2. Free Energy of Adhesion between Bacteria and Surfaces

The free energy of adhesion (∆GTOT
iwI ) between the E. coli and all tested surfaces was

assessed according to the procedure described by Gomes et al. [28]. Lawns of E. coli
were prepared as described by Busscher et al. [29] in order to ascertain the bacterial
surface hydrophobicity. Briefly, E. coli substrate was prepared by collecting bacterial cells
from an overnight culture (grown under the conditions described in Section 2.4) on a
cellulose membrane (pore diameter, 0.45 µm; Advantec, Tokyo, Japan) to a density of
1 × 108 cell mm−2. Strips (with a width of 1 cm) were cut from the membranes and fixed
onto a glass slide with double-sided adhesive tape for contact angle determination.

In the case of surfaces, the contact angle with water was determined before and after
24 h of exposure to sterile AUM, and very slight differences were observed (on average 4.4%
reduction in surfaces exposed to the culture medium; Figure S1 of Supplementary Material).

The static contact angles of the bacteria and the surfaces were determined using
the sessile drop technique (OCA 15 Plus, Dataphysics, Germany). The surface tension
components of the bacteria and the adhesion surfaces were obtained by measuring the
contact angles with three pure liquids. These measurements were carried out at room
temperature (25 ± 2 ◦C) using water, formamide and α-bromonaphthalene (Sigma-Aldrich
Co., St. Louis, MO, USA) as reference liquids (I). The surface tension components of the
reference liquids were obtained from the literature [30]. Then, the hydrophobicity of the
bacteria and the surfaces were evaluated by the method of van Oss et al. [31–33]. In this
approach, the degree of hydrophobicity of a given material (i) is expressed as the free
energy of interaction between two entities of that material immersed in water (w)—∆Giwi.
If the interaction between the two entities is stronger than the interaction of each entity
with water (∆Giwi < 0 mJ m−2), the material is considered hydrophobic. Conversely, if
∆Giwi > 0 mJ m-2, the material is hydrophilic. ∆Giwi was calculated from the surface tension
components of the interacting entities, according to Equation (1):

∆Giwi = −2
(√

γLW
i −

√
γLW

w

)2
+ 4
(√

γ+
i γ−w +
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γ−i γ+

w −
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w γ−w

)
, (1)

where γLW accounts for the Lifshitz–van der Waals component of the surface free energy
and γ+ and γ− are the electron acceptor and electron donor parameters, respectively, of
the Lewis acid-base component (γAB), with γAB = 2

√
γ+γ−.

The surface tension components were estimated by the simultaneous resolution of
three equations of the type of Equation (2):
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where θ is the contact angle and γTOT = γLW + γAB.
When studying the interaction (free energy of adhesion) between substances i and

reference liquids I that are immersed or dissolved in water, the total interaction energy,
∆GTOT

iwI , can be determined using Equation (3):
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Thermodynamically, if ∆GTOT
iwI < 0 mJ m−2, adhesion of the bacteria to the substratum

is favourable, whereas adhesion is not favourable if ∆GTOT
iwI > 0 mJ m−2.

2.3.3. Scanning Electron Microscopy (SEM)

The surface topology and the distribution of CNTs into the PDMS matrix were as-
sessed by SEM. SEM analyses were performed using a high-resolution environmental
scanning electron microscope with X-ray microanalysis and electron backscattered diffrac-
tion analysis (Quanta 400 FEG ESEM).
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2.4. Bacterial Strain and Culture Conditions

E. coli CECT 434 expressing the green fluorescent protein (GFP) was used as a model
pathogen to perform the antibiofilm assays. For the construction of E. coli CECT 434 GFP,
the previously described pCM11 plasmid (Pmid19610092) carrying the gene encoding
superfolder GFP (sGFP) and conferring ampicillin resistance was introduced in the CECT
434 strain by the heat shock method [34]. Besides this strain having a growth rate and
biofilm formation capacity similar to the reference strain (E. coli CECT 434), it allows
biofilms to be analysed by confocal microscopy without invasive sample preparation. The
bacterial strain was preserved at −80 ◦C in Luria-Bertani Broth (Thermo Fisher Scientific,
Waltham, MA, USA) containing 30% (v/v) glycerol, streaked on Plate Count Agar (PCA;
Merck KGaA, Darmstadt, Germany) plates, and incubated for 24 h at 37 ◦C. Single colonies
were collected from PCA plates, inoculated in 250 mL of artificial urine medium (AUM) [35]
and incubated at 37 ◦C and 120 rpm for 16 ± 2 h to prepare a starting culture. Ampicillin
at 0.1 g L−1 final concentration was used to maintain pCM11 in E. coli CECT 434. The
overnight culture was centrifuged (Eppendorf Centrifuge 5810R, Hamburg, Germany)
at 18 ◦C, 3772× g for 10 min, and resuspended in fresh AUM in order to obtain a final
suspension with an optical density at 610 nm (OD610 nm) of 0.15. This OD610 nm corresponds
to approximately 1 × 108 colony-forming units per mL (CFU mL−1), as confirmed by the
retrospective count of CFUs.

2.5. Antibiofilm Assays

Antibiofilm assays were performed in 12-well microtiter plates (VWR International,
Carnaxide, Portugal). Sterilized surfaces of PDMS, 0.1, 1, 2, 3, 4 and 5 wt% CNT-O/PDMS,
and 3 wt% CNT/PDMS containing 1, 2, 3 and 4 h ball-milled CNTs were placed on
the microplate wells and inoculated with 3 mL of E. coli suspension at a density of
1 × 108 cells mL−1. Negative controls with 3 mL of AUM were prepared to evaluate
the surface sterility throughout the experiments. Plates were incubated at 37 ◦C for 24 h
under shaking conditions (100 rpm).

Biofilm formation assays were performed in three independent assays, each one with
three technical replicates.

2.5.1. Biofilm Cell Quantification

After 24 h of biofilm formation, cell suspensions were obtained by dipping each surface
in 2 mL 0.85% (v/v) NaCl and vortexing for 3 min. The number of biofilm culturable cells
was assessed by spreading the biofilm suspension on PCA followed by manual counting
of CFUs, while the biofilm total cell number was determined by staining the biofilm
suspension with 4′-6-diamidino-2-phenylindole (Merck KGaA, Darmstadt, Germany) and
analysing in an epifluorescence microscope (Leica DM LB2, Wetzlar, Germany) [28].

2.5.2. Confocal Laser Scanning Microscopy (CLSM)

To assess the biofilm spatial organization of the most promising surfaces, E. coli
biofilms formed on PDMS, 3 wt% CNT-O/PDMS, 3 wt% CNT-BM 3 h/PDMS and 3 wt%
CNT-BM 4 h/PDMS surfaces were observed using a 40× water objective (Leica HCX PL
APO CS, Leica Microsystems, Wetzlar, Germany) in an inverted microscope Leica DMI6000-
CS with a 488-nm argon laser. The emitted fluorescence was recorded within the range
of 500 to 580 nm to collect the GFP emission fluorescence. A minimum of five stacks of
horizontal plane images (512 × 512 pixels, corresponding to 387.5 µm × 387.5 µm) with a
z-step of 1 µm were acquired for each biofilm sample.

Three-dimensional (3D) projections of biofilm structures were reconstructed from
the CLSM acquisitions using the blend mode of the “Easy 3D” function of IMARIS 9.1
software (Bitplane, Zurich, Switzerland). The plug-in COMSTAT2 associated with the
ImageJ software was used to determine the biovolume (µm3 µm−2), biofilm thickness (µm)
and surface coverage (%) [36].
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2.6. Statistical Analysis

Descriptive statistics were used to calculate the mean and standard deviation or error
for the number of culturable and total cells, biovolume, biofilm thickness and surface
coverage. Differences between the number of culturable cells obtained for PDMS, 0.1, 1, 2,
3, 4 and 5 wt% CNT-O/PDMS, and 3 wt% CNT/PDMS surfaces containing 1, 2, 3 and 4
h ball-milled CNTs were evaluated using Kruskal-Wallis and Mann-Whitney tests since
the variables were not normally distributed. For the number of total cells and quantitative
CLSM analysis (biovolume, biofilm thickness and surface coverage), which were normally
distributed, differences between the surfaces were determined using one-way analysis of
variance followed by Tukey’s multiple-comparison test.

Statistically significant differences were considered for p-values < 0.05 (corresponding
to a confidence level greater than 95%; * and ** indicate p < 0.01 and p < 0.001, respectively).

Data analysis was performed using the IBM SPSS Statistics version 24.0 for Windows
(IBM SPSS, Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. CNTs Characterization

The characterization of ball-milled CNT samples is of particular importance since it is
well known that particle morphology influences the porosity and the microstructure of the
final composites [27]. The textural properties of CNT samples were evaluated by the N2
adsorption–desorption isotherms for original and modified CNT samples (Figure 1).
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Figure 1. N2 adsorption–desorption isotherms at−196 ◦C for pristine and modified carbon nanotubes
(CNTs).

N2 adsorption isotherms of original and ball-milled CNT samples were type IV
isotherms (characteristic of carbon materials with some mesoporosity), according to IU-
PAC [37]. Despite the similarity between these isotherms, it is possible to notice a difference
in the amount of N2 adsorbed at high relative pressure, with lower amounts of N2 adsorp-
tion for higher exposure periods to BM technique. These results are in accordance with
previous studies, where the BM treatment by itself (4 h at a constant vibration frequency of
15 vibrations s−1) induced a decrease of about 40% of N2 adsorption at p/p0 = 0.95 [38].

The results of N2 adsorption–desorption isotherms are reflected in the specific surface
area (SBET) and total pore volume (Vp) of original and modified CNTs, represented in
Table 1.
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Table 1. Textural properties of pristine and modified CNTs.

Sample SBET (m2 g−1) Vp p/p0 = 0.99 (cm3 g−1)

CNT-O 197 1.917
CNT-BM 1 h 215 1.119
CNT-BM 2 h 219 0.825
CNT-BM 3 h 226 0.799
CNT-BM 4 h 227 0.661

From the results, it is possible to observe that BM treatment of CNTs resulted in an
increase in the specific surface area compared to CNT-O. This phenomenon is already
well-characterized and can be explained by the increase in the content of broken nanotubes
and sidewall openings in the milled samples [39], which is in concordance with high-
resolution transmission electron microscopy results reported elsewhere [40]. Taking into
consideration that SBET of CNT samples tends to be similar for milling times up to 1 h and
to decrease for BM periods greater than 4 h (probably due to CNT compaction and twisting
that limits the access of N2 molecules to their inner part) [26], this work was limited to the
study of CNT samples milled during 1, 2, 3 and 4 h. Although the SBET of CNT-BM 4 h was
higher than that of CNT-BM 1 h (227 and 215 m2 g−1, respectively), no relevant changes
were observed with increasing exposure periods of CNTs to BM treatment (with differences
within the experimental error). This is in accordance with N2 adsorption isotherms at low
relative pressure, where no major differences between samples were observed.

In addition to the changes in SBET, a decrease in the Vp of ball-milled CNT samples
was observed in comparison with CNT-O. This result can be explained by the differences
in the degree of entanglement of CNTs, as the major part of the pore volume results from
the space in CNT bundles [38]. During BM treatment, CNTs tend to compact and form
larger agglomerates due to the collision of CNTs with the balls [26,41], thus decreasing the
space between the tubes and, therefore, Vp. In fact, with increasing BM periods, a decrease
was observed in the Vp, and the lowest value was obtained for 4 h ball-milled samples.
According to previous studies, after this optimum value, the sample tends to present an
opposite behaviour [26].

The pore size distribution (PSD), which is a measure of the distribution of pore volume
concerning pore size (Figure 2), was also determined. The results obtained for ball-milled
CNT samples showed significant changes in PSD compared to the original CNT sample.
For the ball-milled samples, the number of pores with a half pore width higher than 80 Å is
notably lower than the original sample. At the same time, new contributions were observed
in the PSD of ball-milled CNTs for pore radius lower than 80 Å. The effect of BM treatment
is even more evident for pore radius around 18–40 Å, where the sample CNT-BM 4 h
presents larger peaks compared with the other ball-milled materials. This can be explained
by the opening of CNT tips during the BM technique [39].

Altogether, these results suggest that the mechanical treatment induced in CNT
samples was successful.

3.2. CNT/PDMS Characterization

The characterization of CNT/PDMS composites was initially performed through
contact angle measurements and the calculation of the respective ∆Giwi (Table 2). This last
parameter is an indicator of the hydrophobicity of the sample, as previously explained
(Section 2.3.2). From the final results, it is possible to observe that all the tested surfaces
were hydrophobic, contrarily to E. coli CECT 434 GFP that demonstrated a hydrophilic
character, similarly to previous studies with the same bacterial species [42].
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Table 2. Contact angles with water (θw), formamide (θF) and α-bromonaphthalene (θB), and free energy
of interaction (∆Giwi ) between two entities of a given material (i) (surface or bacteria) when immersed
in water (w). Values are means ± standard deviations (SDs) of three independent experiments.

Sample
Contact Angle (◦) Hydrophobicity

(mJ m−2)

θw θF θB ∆Giwi

Surface
PDMS 113.6 ± 1.7 111.2 ± 1.6 87.6 ± 6.1 −61.8

0.1 wt% CNT-O/PDMS 110.2 ± 1.0 101.3 ± 5.1 84.7 ± 1.8 −70.6
1 wt% CNT-O/PDMS 117.0 ± 2.4 110.4 ± 2.9 80.4 ± 2.5 −71.4
2 wt% CNT-O/PDMS 110.4 ± 1.9 104.5 ± 1.9 84.0 ± 3.8 −64.2
3 wt% CNT-O/PDMS 108.7 ± 2.4 105.9 ± 4.0 83.0 ± 2.8 −55.8

3 wt% CNT-BM 1 h/PDMS 107.9 ± 2.1 103.2 ± 2.5 81.5 ± 2.0 −58.3
3 wt% CNT-BM 2 h/PDMS 109.4 ± 1.8 104.9 ± 3.3 81.6 ± 3.5 −59.7
3 wt% CNT-BM 3 h/PDMS 114.8 ± 2.5 110.5 ± 2.9 88.7 ± 3.7 −67.5
3 wt% CNT-BM 4 h/PDMS 108.7 ± 2.0 106.7 ± 1.4 81.8 ± 1.9 −53.8

4 wt% CNT-O/PDMS 110.4 ± 3.0 104.0 ± 3.2 85.2 ± 3.1 −65.7
5 wt% CNT-O/PDMS 108.6 ± 2.2 105.6 ± 1.4 84.9 ± 2.7 −56.8

Bacteria
E. coli CECT 434 GFP 19.4 ± 5.0 78.1 ± 5.5 62.2 ± 4.9 131.2

Looking a little closer, it is not possible to observe a linear trend in the evolution
of hydrophobicity either with the incorporation of increasing CNT-O concentrations or
with the use of ball-milled composites. Although only slight differences were obtained
concerning the hydrophobicity of PDMS, it is interesting to note the lower hydrophobic
character of 3 wt% CNT-O/PDMS and 3 wt% CNT-BM 4 h/PDMS surfaces. These surfaces
presented, together with 3 wt% CNT-BM 1 h/PDMS and 5 wt% CNT-O/PDMS, lower
values for the contact angle with water (with significant differences comparatively with
PDMS and 1 wt% CNT-O/PDMS, p < 0.01).

As the free energy of adhesion (Table 3) is higher than 0 mJ m−2, from a thermody-
namic point of view, E. coli adhesion to PDMS and CNT/PDMS surfaces was not expected
to occur. Following the same line of interpretation, it is also possible to state that 3 wt%
CNT-O/PDMS, 3 wt% CNT-BM 4 h/PDMS and 5 wt% CNT-O/PDMS surfaces are less
prone to microbial adhesion from a purely thermodynamic standpoint.
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Table 3. Free energy of adhesion (∆GTOT
iwl ) between E. coli CECT 434 GFP and the different surfaces

when immersed in water (w ).

Surface ∆GTOT
iwl (mJ m−2)

PDMS 37.7
0.1 wt% CNT-O/PDMS 31.9
1 wt% CNT-O/PDMS 30.9
2 wt% CNT-O/PDMS 35.0
3 wt% CNT-O/PDMS 39.0

3 wt% CNT-BM 1 h/PDMS 37.6
3 wt% CNT-BM 2 h/PDMS 36.9
3 wt% CNT-BM 3 h/PDMS 34.0
3 wt% CNT-BM 4 h/PDMS 39.9

4 wt% CNT-O/PDMS 34.4
5 wt% CNT-O/PDMS 38.8

Surface characterization of selected CNT-filled composites was complemented by SEM
analysis (Figure 3). This microscopic technique allows the evaluation of the morphological
details of materials at nanometre resolution, providing information regarding the degree of
porosity and the presence of CNTs agglomerates.
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Figure 3. Scanning electron microscopy (SEM) images (magnification of 500×) of (a) poly(dimethylsiloxane) (PDMS);
(b) 3 wt% CNT-O/PDMS; (c) 3 wt% CNT-BM 3 h/PDMS; and (d) 3 wt% CNT-BM 4 h/PDMS; (e) SEM image of 3 wt%
CNT-BM 4 h/PDMS with a magnification of 100,000×.

From the observation of the SEM images, the presence of CNTs agglomerates forming
small elevations in the surface of the composite is evident (Figure 3b–d). Additionally, dis-
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tinct surface morphologies were detected. In fact, the improvement of CNT dispersion into
the PDMS matrix is notorious after mechanical treatment by BM, particularly for 3 h ball-
milled CNT/PDMS surfaces (Figure 3c), which is closely linked to CNT shortening [26,43].

On the other hand, when comparing 3 and 4 h ball-milled CNT/PDMS surfaces
(Figure 3c,d), the latter showed an increment in the size of CNTs agglomerates, which can
be explained by the increase of CNT compaction induced by the collision of CNTs with
the balls during the dry BM process [26,41], as previously elucidated. Still, concerning
the CNT-BM 4 h/PDMS surface, it was interesting to note some areas on the top of CNTs
agglomerates where CNTs were more exposed (Figure 3e).

3.3. Antibiofilm Assays

To evaluate the influence of CNT-O loading in the antibiofilm activity of CNT-O/PMDS
composites, a dynamic biofilm formation assay was performed with E. coli CECT 434 GFP.
The results of culturable and total cells quantification after 24 h of incubation with 0.1, 1, 2,
3, 4 and 5 wt% CNT-O/PDMS composites are presented in Figure 4.
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Figure 4. Percentage of E. coli CECT 434 GFP (a) culturable and (b) total cells after 24 h of biofilm
formation on PDMS (control) and CNT/PDMS composite surfaces with different CNT-O loading
(ranging from 0.1 to 5 wt%). The means ± standard error (SE) for three independent experiments are
illustrated. Significant differences were considered for p-values < 0.05 (** p < 0.001).

Despite the notorious increase in the percentage of culturable cells (Figure 4a) for
surfaces with CNT loadings between 0.1 and 2 wt%, a decrease in those values was
obtained for surfaces with higher CNT-O content. A total reduction of 39, 28 and 22%
were achieved for 3, 4 and 5 wt% CNT-O/PDMS surfaces, respectively. However, only
the surface with 3 wt% CNT-O loading presented a statistically significant reduction of
cell culturability (p < 0.001), being the most promising surface for the inhibition of E. coli
biofilms. The lower antimicrobial activity of 4 and 5 wt% CNT-O/PDMS surfaces may be
justified by the decrease of CNTs dispersion degree imposed by increased loading, once
the CNTs antimicrobial activity depends on their dispersion state [44]. Since no major
differences were observed in the total cell number (Figure 4b), it is possible to assume
that this decrease in cell culturability is a consequence of the antimicrobial activity of
CNT-O/PDMS composites (an anti-adhesive activity would lead to a higher decrease in the
total cell number). Indeed, an optimal CNT-O loading increases the availability of CNTs
to interact with microbial cells on the matrix, without decreasing their dispersion degree,
allowing CNTs to directly damage microbial membranes, with consequent cell death [22].
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These results were corroborated by the contact angle measurements, where the in-
troduction of distinct CNT-O concentrations only gave rise to slight changes in surface
hydrophobicity.

After the initial optimization of the CNT-O loading, where the antimicrobial activity
of 3 wt% CNT-O/PDMS composites against E. coli CECT 434 GFP stood out from the
remaining surfaces, a new assay was performed in order to assess the influence of the CNTs
dispersion pattern on the antimicrobial activity of the composites. In this particular case,
PDMS matrices filled with 1, 2, 3 and 4 h ball-milled CNTs (at 3 wt%) were prepared. The
results obtained for culturable and total cell counts are shown in Figure 5. After 24 h of
biofilm growth, no significant reductions in the total cell number were observed. However,
the number of culturable cells shows a statistically significant reduction in comparison
to PDMS (p < 0.001). An average reduction of about 44% was obtained, indicating, once
again, an antimicrobial effect against E. coli biofilms. A higher decrease in E. coli biofilm
formation was achieved for the surfaces whose CNTs were ball-milled during 3 and 4 h
(with a decrease of 54 and 53%, respectively, compared to PDMS).
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Figure 5. Percentage of E. coli CECT 434 GFP (a) culturable and (b) total cells after 24 h of biofilm
formation on PDMS (control), 3 wt% CNT-O/PDMS and 3 wt% CNT/PDMS composite surfaces
containing 1, 2, 3 and 4 h ball-milled CNTs. The means ± SE for three independent experiments are
illustrated. Significant differences were considered for p-values < 0.05 (** p < 0.001).

Results show a further decrease in the number of culturable cells for the ball-milled
samples of around 24% when compared to the same loading (3 wt%) of CNT-O. This
result suggests that BM treatment increases CNT’s ability to disperse in the PDMS matrix,
inducing morphological changes in the CNT/PDMS composites [45], which may increase
the CNT surface contact with the microbial cells, leading to cell death [44]. Moreover, the
effect of ball-milled CNTs on the reduction of E. coli adhesion and its association with the
degree of dispersion of CNTs were already demonstrated [24].

Representative CLSM images of the E. coli CECT 434 GFP biofilms developed on
the different surfaces (Figure 6) clearly show an effect of the BM treatment on biofilm
architecture, while corroborating the cell quantification results obtained for 3 wt% CNT-
O/PDMS composites. In fact, while PDMS surfaces were completely covered by dense
biofilm, the presence of empty spaces on biofilm structure tends to increase with increasing
BM regimes.
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Figure 6. (a) Representative E. coli CECT 434 GFP biofilm structures on PDMS, 3 wt% CNT-O/PDMS, 3 wt% CNT-BM
3 h/PDMS and 3 wt% CNT-BM 4 h/PDMS. These images were obtained from confocal z-stacks using IMARIS software and
present an aerial view of the biofilms (shadow projection on the right). The white scale bar corresponds to 50 µm. (b–d)
Quantitative biofilm parameters obtained from the z-stacks: (b) biovolume, (c) thickness, and (d) surface coverage. The
means ± SD for three independent experiments are illustrated. Significant differences were considered for p-values < 0.05
(* p < 0.01).

Although all the tested surfaces presented significant reductions in the three param-
eters analysed—biovolume, biofilm thickness and surface coverage—the 4 h ball-milled
CNT/PDMS surface yielded the best results. In fact, when compared with 3 wt% CNT-
O/PDMS, 4 h ball-milled CNTs composites reduced the amount of biofilm per surface
area, biofilm thickness and surface coverage by 31, 47 and 27%, respectively. Although 4 h
ball-milled CNT decreases the dispersion degree of CNTs into PDMS matrix compared to
3 h ball-milled CNT, the toxicity imposed by the presence of exposed CNTs on the surface
of these particular composites, as demonstrated by SEM analysis (Figure 3e), may have
increased their antimicrobial effect. In fact, by being more exposed, the piercing effect of
CNTs on the membrane of bacterial cells [46,47] can be potentiated. Probably, by inducing
a more open structure on the 3 wt% 4 h ball-milled CNT/PDMS composites, biofilms could
be more susceptible to antimicrobial treatment [48], something that will be explored in
future work.

Overall, these results suggest that CNTs dispersed into the PDMS matrix preserved
their activity and increased microbial growth inhibition. Moreover, the use of polymers in
the fabrication of CNT composites allows the conservation of structural and mechanical
properties of the final composite in biological environments [49,50], limiting the release of
CNTs and, consequently, their human toxicity.
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4. Conclusions

Overall, this work demonstrated that the incorporation of a 3 wt% CNT-O loading into
a PDMS matrix significantly reduced E. coli biofilm formation. Additionally, by ball-milling
the original CNTs, an increase in the antibiofilm performance of these surfaces was achieved.
Although only slight differences were observed between CNT-O and CNT-BM and their
respective composites with PDMS (regarding the textural properties determined by N2
adsorption isotherms and the hydrophobicity obtained by contact angle measurements),
the results showed that 4 h ball-milled CNT/PDMS surfaces differ from the remaining
surfaces in their morphology and have higher antibiofilm activity against E. coli.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11094038/s1, Figure S1: Water contact angles before (�) and after 24-h exposure (�)
to artificial urine medium (AUM). Values are means ± standard deviations (SDs) of three indepen-
dent experiments. Significant differences before and after medium exposure were considered for
p-values < 0.05 (*).
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