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Abstract: The progress of nanotechnology has prompted the development of novel marine antifouling
coatings. In this study, the influence of a pristine graphene nanoplatelet (GNP)-modified surface in
cyanobacterial biofilm formation was evaluated over a long-term assay using an in vitro platform
which mimics the hydrodynamic conditions that prevail in real marine environments. Surface
characterization by Optical Profilometry and Scanning Electron Microscopy has shown that the main
difference between GNP incorporated into a commercially used epoxy resin (GNP composite) and
both control surfaces (glass and epoxy resin) was related to roughness and topography, where the
GNP composite had a roughness value about 1000 times higher than control surfaces. The results
showed that, after 7 weeks, the GNP composite reduced the biofilm wet weight (by 44%), biofilm
thickness (by 54%), biovolume (by 82%), and surface coverage (by 64%) of cyanobacterial biofilms
compared to the epoxy resin. Likewise, the GNP-modified surface delayed cyanobacterial biofilm
development, modulated biofilm structure to a less porous arrangement over time, and showed a
higher antifouling effect at the biofilm maturation stage. Overall, this nanocomposite seems to have
the potential to be used as a long-term antifouling material in marine applications. Moreover, this
multifactorial study was crucial to understanding the interactions between surface properties and
cyanobacterial biofilm development and architecture over time.

Keywords: antifouling surface; biofilm architecture; cyanobacterial biofilm; graphene; marine biofouling

1. Introduction

The oil, gas, and maritime industry are significantly impacted by biofouling, either
through the costs related to the increased fuel consumption, hull cleaning, material de-
terioration, repainting, and corrosion [1], or even by the management intervention time
and incorrect measurements in the submerged and moored sensors [2]. Ecologically, foul-
ing events in marine environments promote species invasion and the establishment of
exotic biofouling species in ports [3]. Moreover, biofouling can be a major concern in
health-related problems since contamination of aquaculture facilities, such as fish cages,
can occur by toxin accumulation, and air pollution may be increased through greenhouse
gas emissions [4].
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The non-toxic marine antifouling approaches available in the market are often expen-
sive and not as effective as conventional biocides, which can accumulate in the marine
environment and affect non-target aquatic organisms. Inorganic ingredient-based coat-
ings have been used for biofouling prevention, including silver nanoparticles [5], carbon
nanotubes (CNTs) [6], graphene [7], and metal oxides semiconductors such as zinc oxide
(ZnO) [8] and titanium dioxide (TiO,) [9]. Overall, antifouling marine paints containing
nanomaterials have been reported to offer superhydrophobicity, microbial resistance, high
durability, water repellency, anti-sticking, and anti-corrosive properties [10], being novel
solutions for the sustainable development of the maritime industry. Advancements in
materials technology have introduced carbon nanomaterials such as CNTs and graphene
as a powerful approach for various applications in the marine and shipping industries [11].
Graphene consists of a single layer of carbon atoms arranged in a sp?-bonded hexago-
nal pattern. It is considered one of the strongest and thinnest materials available, which
shows high specific surface area, electrical conductivity, and thermal stability, making it
appealing for different applications [12,13]. Moreover, due to its high strength level [14],
this material is a breakthrough alternative in the naval industry. All these features make
the application of graphene in technical processes of maritime industries attractive, such
as in water management systems, desalination, removing toxic pollutants and filtering
gasses, and as a coating material [15-17]. As a coating on marine structures, besides the
anti-corrosive properties, graphene can also be used in de-icing surfaces for ship opera-
tions in extremely low-temperature regions, such as the Arctic and Antarctica, due to its
electrical conductivity [15].

Nanotechnology-based technologies can be of great interest in creating novel low-
toxic antifouling coatings [18]. However, analysis of the literature indicates that there
is little information about the use of pristine graphene. Indeed, most in situ studies on
graphene-based surfaces were performed with functionalized graphene and graphene
oxide (GO) coatings [19-23]. Diatom adhesion was completely inhibited after 10 days by
surfaces containing 0.36 wt% GO [24]. In turn, GO-silver nanoparticle coatings improved
antibacterial and anti-algal properties [25], and showed more than 80% Halomonas pacifica
biofilm inhibition [26]. Since the current trend is to study the potential of modified and
functionalized graphene, the antibiofilm performance of graphene alone is poorly un-
derstood. Moreover, most in vitro studies are usually performed for short periods and
under hydrodynamic conditions that do not mimic the real marine environment [27]. In
fact, some of the in vitro studies have been performed until 24 h [6,23,25,28,29], most of
them between days and weeks [7,19,20,24,30-33], but only a study performed by Fazli-
Shokoubhi et al. [34] extended the assay period for 3 months to evaluate the antifouling
potential of graphene-based coatings. Moreover, these studies focus on organisms other
than cyanobacteria, namely diatoms, algae, and macrofoulers. Therefore, the main goal of
this work was to evaluate the potential of a graphene composite surface to prevent and
control the development of biofilms by marine microfoulers over a long-term assay and
using an in vitro platform that mimics the hydrodynamic conditions found in real marine
scenarios. Cyanobacterial biofilm architecture was evaluated by three different imaging
techniques: Optical Coherence Tomography (OCT), Confocal Laser Scanning Microscopy
(CLSM), and Scanning Electron Microscopy (SEM). Since the epoxy resin is a commercially
available coating generally used to coat the hulls of small recreational vessels [35,36] due
to its exceptional physical, chemical, and mechanical properties, no safety issues, and
low cost [37], pristine graphene nanoplatelets (GNP) were incorporated into this polymer
matrix. Furthermore, epoxy composites exhibited high durability and resistance to fatigue
and UV irradiation [38]. Surface characterization was also performed by water contact
angle measurements, Optical Profilometry, and SEM.

2. Materials and Methods

Figure 1 presents the flowchart of the experimental work fully described in the up-
coming sections.
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Figure 1. Scheme of the experimental steps of the present work.

2.1. Surface Preparation

Two control surfaces (glass, a commonly submerged artificial surface found on di-
verse equipment in aquatic environments, and epoxy resin, a commercially available
marine coating) and a GNP composite were tested to determine their performance against
cyanobacterial biofilm development. The epoxy resin-coated glass was prepared following
the protocol described by Faria et al. [39]. Briefly, HB Eposurf 2 resin and HB Eposurf
hardener, both from HB Quimica (Matosinhos, Portugal), were mixed in a ratio of 10:3
(v/v). To produce the epoxy resin-coated surfaces, 70 uL of the above mixture was placed
on top of 1 cm x 1 cm glass coupons (Vidraria Lousada, Lda, Lousada, Portugal) using a
spin coater (Spin150 PolosTM, Paralab, Porto, Portugal) at 6000 rpm for 40 s. After 12 h at
room temperature, the surfaces were dried for 3 h at 60 °C.

The methodology for the preparation of the GNP composite was adapted from Oliveira
et al. [40], in which the polydimethylsiloxane (PDMS) matrix was replaced by the epoxy
resin. Briefly, after mixing the two epoxy resin components, 5 wt% of GNPs aggregates
(Alfa Aesar, Thermo Fisher Scientific, Erlenbachweg, Germany) were incorporated into
the epoxy resin mixture. The specific surface area (Spgr), external surface area (Smeso),
micropore volume (Vpicro), and total pore volume (V) of these GNPs are 464 m? gfl,
363 m? g1, 0.045 cm® g, and 0.535 cm® g~ !, respectively [40]. In the same study [40],
5 wt% was demonstrated to be an effective load in reducing single- and mixed-species
biofilms of Pseudomonas aeruginosa and Staphylococcus aureus formation after 24 h. After the
incorporation step, 70 pL of the composite (5 wt% GNP /epoxy resin) was deposited on
glass squares by spin coating.
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2.2. Surface Characterization
2.2.1. Wettability

The measurement of water contact angles (6,,) was performed through the sessile drop
method using an SL.200C optical contact angle meter (Solon Information Technology Co.,
Ltd., Shanghai, China) as previously described [41,42]. At least 25 determinations for each
material at room temperature were performed.

2.2.2. Optical Profilometry

Optical profilometry was used to determine the average roughness (S;) of the glass,
epoxy resin, and GNP composite surfaces, as previously performed by Whitehead
et al. [43,44]. A MicroXAM surface mapping microscope (ADE Corporation, XYZ model
4400 mL system, Tucson, AZ, USA), with an objective of 50x and connected to an AD phase
shift controller (Omniscan, Wrexham, UK), was used to image five areas (167 um x 167 um)
of at least four different coupons. The MapView AE 2.17 software (Omniscan, Wrexham,
UK) was chosen to determine the (S,) values through extended range vertical scanning in-
terferometry, and the 3D images were extracted by SPIP™ 6.7.9 software (Image Metrology
A/S, Hersholm, Denmark).

2.2.3. Scanning Electron Microscopy (SEM)

The surface morphology of the three surfaces used in this study was investigated
using SEM. The surfaces were placed on SEM stubs (Agar Scientific, Stansted, UK) and
sputter-coated with gold for 30 s in an SEM coating system (Polaron, London, UK). The
secondary electron detector of a Supra 40VP scanning electron microscope (Carl Zeiss Ltd.,
Cambridge, UK) was used to obtain images of at least three coupons for each surface at an
accelerating voltage of 2 kV.

2.3. Organism and Inoculum Preparation

A filamentous cyanobacterial strain Lusitaniella coriacea LEGE 07157 was obtained from
the Interdisciplinary Centre of Marine and Environmental Research (CIIMAR), Matosinhos,
Portugal [45]. Lusitaniella coriacea LEGE 07157 was isolated by rock surface scraping from
a zone tide pool at Lavadores beach, Porto, Portugal (41.12919 N 8.668578 W). It was
grown in Z8 medium [46] enhanced with 25 g L1 of synthetic sea salts (Tropic Marin) and
vitamin By (Sigma Aldrich, Merck, Saint Louis, MO, USA), and at 25 °C under 14 h light
(10-30 umol photons m~2 s~1, A = 380-700 nm)/10 h dark cycles, as recommended by
Ramos et al. [45].

2.4. Biofilm Formation

Cyanobacterial suspensions were adjusted to a chlorophyll a concentration of
1.22 £ 0.09 pg mL~! since this pigment is unique and predominant in all groups of
cyanobacteria and its quantification is a standard methodology to estimate the biomass in
marine environments [47,48]. Briefly, cyanobacterial cells were collected by centrifugation
(3202 g for 5 min) and a volume of 2 mL of 99.8% methanol (Methanol ACS Basic, Scharlau
Basic, Barcelona, Spain) was added. After 24 h of dark incubation at 4 °C, cyanobacterial
suspensions were centrifuged and absorbance measurements of the supernatant were
performed at 750 nm (turbidity), 665 nm (chlorophyll ), and 652 nm (chlorophyll b)
(V-1200 spectrophotometer, VWR International China Co., Ltd., Shanghai, China). The
values obtained were used to calculate chlorophyll a concentration (pg-mL~!) through
Equation (1) [49]:

Chla (ug : mL_l) —16.29 x A%5 854 x A2 )
Biofilm formation was tested on agitated 12-well plates (VWR International, Car-

naxide, Portugal) under previously optimized conditions for cyanobacterial biofilm de-
velopment [47]. All coupons and plates were subjected to UV sterilization, after which
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the coupons were fixed on double-sided adhesive tape [40,47]. A volume of 3 mL of the
adjusted cyanobacterial suspension was added to each well. To mimic the hydrodynamic
conditions found in marine environments, microplates were then incubated at 25 °C in
a shaker with a 25 mm orbital diameter (Agitorb 200ICP, Norconcessus, Ermesinde, Por-
tugal) at 185 rpm, resulting in an average shear rate of 40 s~! [47]. Biofilm formation
in this platform includes the shear rate valued for a ship in a harbor, 50 s~1[50], and it
was shown to predict the biofouling behavior observed upon immersion in the sea for
prolonged periods [51]. Moreover, to simulate marine biofilm formation on submerged sur-
faces, microtiter plates were kept under 14 h light (8-10 pmol photons m~2 s~1)/10 h dark
cycles [47,52,53]. The light intensity was decreased from 10-30 umol photons m~2s~! to
8-10 umol photons m~2 s~! because biofouling organisms have reduced access to light
when in immersion (either by the effect of the marine equipment/device/ship to which
they are attached, or by the influence of the biofilm structure in which the accumula-
tion of different organisms occurs, and some of them are located in the inners layers of
biofilm). Since a 2-month interval for maintenance is the minimum time for economically
viable underwater monitoring systems [47], biofilm development was followed for 7 weeks
(49 days), and during this incubation time, the medium was changed twice a week in the
sample and control wells.

2.5. Biofilm Analysis

Two coupons of each surface were analyzed every 7 days. For that, the culture
medium was removed and the wells were filled with 3 mL of sodium chloride solution
(8.5 g L71) [47]. The solution was carefully removed and the wells were filled again with
3 mL of sodium chloride to assess the cyanobacterial biofilm structure through Optical Co-
herence Tomography (OCT). The determination of biofilm wet weight was also performed
over 7 weeks, and at the end of the experiment (49 days), cyanobacterial biofilm architec-
ture and morphology were analyzed by Confocal Laser Scanning Microscopy (CLSM) and
SEM, respectively.

2.5.1. Optical Coherence Tomography (OCT)

Images from cyanobacterial biofilms were captured as reported by Romeu et al. [47]
through OCT (Thorlabs Ganymede Spectral Domain Optical Coherence Tomography sys-
tem with a central wavelength of 930 nm, Thorlabs GmbH, Dachau, Germany). Briefly,
for each coupon, 2D imaging was performed (with a minimum of 2 fields of view) and
evaluated through a routine developed in the Image Processing Toolbox from MATLAB
8.0 and Statistics Toolbox 8.1 (The MathWorks, Inc., Natick, MA, USA) [54]. The mean of
biofilm thickness was calculated according to Equation (2):

_ 1 N
Lp = NZi:l LF,i (2)

where L ; is a local biofilm thickness measurement at location i, N equals the number of
thickness measurements, and Lr is the mean biofilm thickness. The percentage of empty
spaces in the biofilm structure, as well as their average size, was also assessed [55].

2.5.2. Wet Weight Determination

The determination of the biofilm wet weight was performed as previously reported [56]
and considered as the difference from the initial coupon weight determined before inoculation.

2.5.3. Confocal Laser Scanning Microscopy (CLSM)

Biofilms with 49 days were stained with 6 uM SYTO®61 (Thermo Fisher Scientific,
Waltham, MA, USA), mounted on a microscopic slide, and observed in a Leica TCS SP5
II Confocal Laser Scanning Microscope (Leica Microsystems, Wetzlar, Germany) with a
40x water objective lens (Leica HCX PL APO CS 40.0x/1.10WATER UV) and 633-nm
helium-neon laser. Image stacking was acquired with a z-step of 1 um for each sample at a
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minimum of five random fields of 387.5 um x 387.5 um (equivalent to 512 pixels x 512
pixels. The “Easy 3D” tool of the IMARIS 9.1 software (Bitplane, Zurich, Switzerland) was
used to create 3D projections of the biofilms. Additionally, biofilm architectural parameters
such as biovolume (um?® pm~2) and surface coverage (%) were determined using the
COMSTAT image-analysis software [57].

2.54. SEM

After 49 days of incubation, Lusitaniella coriacea LEGE 07157 biofilms grown on the
three tested surfaces were observed by SEM. Samples were taken from the microplates,
dehydrated with increasing ethanol concentrations (10, 25, 40, 50, 70, 80, 90, and 100%
(v/v)), and left in a desiccator until microscopic analysis [58]. Then, they were sputter-
coated using the equipment and conditions described before and imaged in the Supra 40VP
scanning electron microscope.

2.6. Statistical Analysis

Two biological experiments with two technical replicates each were analyzed. Quan-
titative parameters obtained from biofilm wet weight, OCT, and CLSM were compared
using one-way ANOVA with Tukey’s multiple comparisons test (GraphPad Prism® ver-
sion 6.01, GraphPad Software, Inc., San Diego, CA, USA). Statistically significant dif-
ferences between the different surfaces for the same sampling day were considered for
p values < 0.05 (corresponding to a confidence level greater than 95%). The error bars
represent the standard deviation (SD) of the mean.

3. Results and Discussion
3.1. Surface Analysis

It is known that surface properties, including wettability, roughness, and morphol-
ogy, are important factors governing initial bacterial adhesion to surfaces and conse-
quently affect the development of mature biofilms [59]. Therefore, the three tested surfaces
(glass, epoxy resin, and GNP composite) were evaluated regarding (i) wettability by wa-
ter contact angle measurements, (ii) topography and roughness by Optical Profilometry,
and (iii) morphology by SEM.

Results obtained from water contact angle measurements are shown in Figure 2a.
Contact angle determination provides information about the wettability of the surface, i.e.,
the tendency of the fluid to spread on a surface, and the hydrophobicity of the surface,
which describes the tendency of non-polar molecular aggregation and, consequently, water
molecule repulsion [60]. Surfaces can be classified as superhydrophilic, hydrophilic, hy-
drophobic, or superhydrophobic, if the contact angle of water with the surfaces is lower
than 10°, between 10° and 90°, between 90° and 150°, or over 150°, respectively [61]. While
glass is considered hydrophilic (8, = 40.9° £ 7.4°), the GNP composite (6, = 68.6° £ 2.4°)
and epoxy-coated surfaces (6, = 76.3° & 2.5°) are slightly more hydrophobic than glass.
The wettability of the epoxy resin was weakly affected by the incorporation of graphene on
the coating; the GNP composite is slightly more hydrophilic than the resin. Similar results
were observed in previous studies [40,62]. In fact, in a study performed by Rafiee et al. [62],
the water contact angle of a copper substrate coated with graphene was up to 90.6°, while
that of the pure copper substrate was about 85.9°. Oliveira and her coworkers [40] also
verified that 5 wt% GNP /PDMS and PDMS surfaces presented similar water contact angles,
121.8° and 110.2°, respectively. Since the wetting properties at the water—graphene interface
had little effect on the water—substrate interaction, this peculiar wettability of graphene has
been described by the term “wetting transparency of graphene” [62]. In the present study,
as dispersed GNPs were used instead of graphene layers, it is conceivable to assume that
the wettability of the substrate may be even less affected by the presence of graphene.
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Figure 2. Water contact angles (a) and average roughness (S;) (b) of the tested surfaces. The means & SD
are shown.

Results obtained from roughness analysis are shown in Figures 2b and 3. The GNP
composite was the roughest surface (S; = 1351 nm), followed by the epoxy resin (S, = 13 nm)
and glass (S; = 10 nm). Therefore, the average roughness values of both control surfaces are
on the nanometric scale, being about 1000 times lower than the roughness value determined
for the GNP composite (Figure 2b). The difference in roughness and topography between
the graphene composite and both control surfaces (glass and epoxy resin) is particularly
evident in the 3D images of the surfaces given by profilometry (Figure 3). While glass
and resin without incorporated carbon material were homogeneous and smooth surfaces
(Figure 3a,b, respectively), the nanocomposite presented some irregularities distributed
along the analyzed surface area (Figure 3c). Looking at the SEM images (Figure 4c,d), it
was possible to confirm that these surface elevations correspond to agglomerated graphene
nanoplatelets in the polymer matrix. Some of the larger agglomerates had sizes ranging
from 7-30 pum.

(c)

Figure 3. 3D profilometer images of glass (a), epoxy resin (b), and GNP composite (c).
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20 um 2.00kV SE2 500 X 20 um 2.00 kV SE2 500 X
-— WD =4.3 mm — WD =4.1mm

20um  2.00kV SE2 500 X 2 um 2.00 kV SE2 10.000 KX
— WD =4.3 mm — WD =43 mm

Figure 4. SEM images of glass (a), epoxy resin (b), GNP composite (c), and magnified GNP
composite (d). The micrographs have a magnification of 500, except for (d), which corresponds to a
higher magnification image (10,000x) of the surface area marked in red in (c).

It is a challenge to disperse GNPs, especially compared to other carbon materials such as
CNTs, due to the van der Waals forces and a strong m—m interaction between the individual
GNP sheets, which are responsible for their layer-stacked compact structure [40,63]. Their
incorporation in the polymeric resin may facilitate graphene dispersion, thus reducing
the tendency to aggregate [64]. In the higher magnification image of the GNP composite
(Figure 4d), it was interesting to detect some areas on top of the embedded GNP clusters
where this carbon material was more exposed. It is described that one of the factors
directing the antimicrobial activity of graphene is the agglomeration tendency, which
causes a reduced surface area and shape alteration [65,66]. However, the presence of more
exposed GNPs in the epoxy resin may facilitate their interaction with the microorganisms
that come in contact with the surface, triggering the predominant antimicrobial mechanisms
of this carbon nanomaterial—oxidative stress, mechanical damage of cell membrane/wall
by nanoknives, and wrapping/trapping [66,67].

In vitro assays showed that no detectable leaching occured under the conditions used
in this work as assessed by UV-Vis spectroscopy (data not shown).

3.2. Biofilm Development

As there are several mechanisms affecting the microbial response and the disruption
of biofilm architecture, the long-term antifouling properties of a given surface for marine
applications should be extensively studied. Although the Minimal Inhibitory Concentration
(MIC) of the studied GNPs could not be determined for Lusitaniella coriacea LEGE 07167 (it is
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a filamentous cyanobacterium and therefore cell numbers cannot be accurately determined),
it was found to be higher than 5% (w/v, in a VNSS suspension assay) for a model marine
bacterium (Cobetia marina). Cyanobacterial biofilm development was monitored over
7 weeks (49 days) and the quantitative results obtained from wet weight determination
and 2D OCT analysis are shown in Figure 5. The values regarding the biofilm thickness,
the percentage of empty spaces, and the average size of empty spaces on biofilm structure
(Figure 5b—d) are indicated from day 14 since the biofilm thickness was below the OCT
range on the first sampling day. Although a progressive increase in biofilm development
was observed from the results of wet weight (Figure 5a) and biofilm thickness (Figure 5b),
this evolution over the 7 weeks was more noticeable on glass and epoxy resin than on
the GNP composite. Indeed, for biofilm wet weight (Figure 5a), from day 7 to day 49, an
increase of 84 %, 77 %, and 67 % was observed for glass, epoxy resin, and GNP composite,
respectively, while for biofilm thickness (Figure 5b), from day 14 to day 49, an increase of
85 %, 86 %, and 58 % was observed for the same surfaces. This behavior was also seen
regarding biofilm architecture (Figure 5c) given that an increase of 92 %, 98 %, and just
28 % for the percentage of empty spaces was observed on glass, epoxy resin, and GNP
composite. This suggests that graphene-modified surfaces may delay biofilm development
(Figure 5a,b) and change its structure to a less porous arrangement (Figure 5c). Additionally,
on days 35, 42, and 49, a reduction of biofilm wet weight and thickness was observed on
the GNP composite surface when compared to the epoxy resin itself. In fact, on days 35, 42
and 49, the wet weight values obtained for the GNP composite were 46 %, 47 %, and 44 %
lower than those obtained on the epoxy resin surface, respectively (Figure 5a). For biofilm
thickness on the same days, the values obtained on the GNP composite were 46 %, 42 %,
and 54 % lower than those obtained on the epoxy resin surface, respectively (Figure 5b).
The delay effect caused by this carbon nanomaterial on cyanobacterial biofilm development,
as well as the greater antifouling effect on the maturation stage of biofilm development,
was also observed in previous work where CNT-modified surfaces were used as potential
antifouling surfaces [42]. In addition, in the maturation stage of biofilm development
(days 42 and 49), a lower percentage of empty spaces (Figure 5c) and an average size of
empty spaces on biofilm structure (Figure 5d) were detected for biofilms formed on the
GNP composite when compared with control surfaces (glass and epoxy resin).

Figure 6 shows representative 2D cross-sectional images of Lusitaniella coriacea LEGE
07157 biofilm development on glass, epoxy resin, and GNP composite after 49 days. These
images corroborate the quantitative data obtained from biofilm biomass (Figure 5a,b) and
empty spaces on biofilm architecture (Figure 5¢,d) since a lower amount of biofilm mass
and percentage of empty spaces and its average size were observed on the GNP composite
compared to the control epoxy resin. Although the reduced biofilm development on
the GNP-based coating may be beneficial for the performance of marine devices and/or
equipment, the efficacy of chemical methods to eradicate biofilms formed on this surface
material may be hampered. Given the lower percentage of empty spaces and their smaller
average size shown in biofilms formed on the GNP composite, the diffusion of chemical
compounds typically used for biofouling control through the inner layers of the biofilm may
be hindered [68]. The biofilm structure could also be compared between the three surfaces.
While a flatter and homogeneous biofilm was observed on glass (Figure 6a), biofilms
formed on the epoxy resin (Figure 6b) and GNP composite (Figure 6¢) had heterogeneous
shapes. Additionally, more streamers could be observed on top of the biofilm developed on
the epoxy resin surface (Figure 6b), which probably contributed to the higher thickness of
biofilms developed on this surface compared to the GNP composite (Figure 5b). Opposing
results were obtained in a previous study focused on CNT-based surfaces [42], in which
a flatter and homogeneous cyanobacterial biofilm was observed on the CNT composite.
However, this divergent finding may be related to the use of a different cyanobacterial
strain and carbon-based surface.
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Figure 5. Lusitaniella coriacea LEGE 07157 biofilm development on different surfaces: glass (black),
epoxy resin (grey), GNP composite (white). The parameters analyzed refer to biofilm wet weight (a),
biofilm thickness (b), average percentage of empty spaces (c), and their respective average size (d) on
biofilm structure. Mean values and SD from two biological assays with two technical replicates each
are represented. For each sampling day, different lowercase letters (a, b, and c) indicate significant
differences between surfaces (p < 0.05).

I 100 pm

Figure 6. Representative 2D cross-sectional OCT images obtained for Lusitaniella coriacea LEGE 07157
biofilms on glass (a), epoxy resin (b), and GNP composite (c) after 49 days. The empty spaces on the
biofilm structure are indicated in blue (scale bar = 100 um).

Comparing the biofilm structure over the 49 days (Figure 5b,c), it was possible to
observe different patterns between biofilms formed on the epoxy resin without and with
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embedded GNPs. In the early stages of biofilm formation (days 14 to 28), biofilms formed on
the GNP composite were thicker and presented a higher percentage of empty spaces when
compared to the epoxy resin surface, while in the maturation phase (days 35 to 49) these
parameters became lower. These findings suggest that the higher roughness of the GNP
composite may initially promote the development of a porous and thicker biofilm, and at
the maturation stage, a biofilm structural arrangement may occur. In fact, 2D cross-sectional
OCT images obtained for Lusitaniella coriacea LEGE 07157 biofilms after 28 days (Figure S1
in Supplementary Material) revealed that biofilms formed on the GNP composite presented
a higher number of streamers than the older biofilm (Figure 6¢). Initially, to avoid the direct
contact with GNP present on epoxy resin, cyanobacterial cells may have adapted their
adhesion for vertical biofilm growth rather than a homogeneous development along the
surface, contributing to the higher values of thickness between days 14 and 28. Although
some previous studies revealed that the first dead cells could prevent the direct contact
of live cells with graphene oxide (GO) surfaces, serving as a nutrient for live cells and
consequently enhancing biofilm formation [69], the differences in architectural adaptation
observed over time may provide an additional explanation for the antibiofilm mechanisms
of the GNP composite. Indeed, values obtained from the biofilm roughness coefficient
(Figure S2 in Supplementary Material) showed that all biofilms formed on day 28 presented
a higher roughness compared with biofilms developed on day 49 (p < 0.05), including
biofilms formed on the GNP composite.

Moreover, it was also hypothesized that the inability of Lusitaniella coriacea LEGE 07157
to form a dense and robust biofilm on the GNP composite was related to the damaging
effect of graphene in the first cells adhered to the surface. These bacterial cells could be
affected by the higher roughness of the graphene-based nanocomposite since the surface
peaks corresponding to GNP clusters may directly affect bacterial viability by increasing the
surface contact area and, consequently, the piercing action of exposed graphene particles.
These initial adhered cells would become more fragile, probably leading to the improper
adherence of the following layers of cells and hindering long-term biofilm formation.
In previous work, Oliveira et al. [70] showed that 5 wt% GNP /PDMS surfaces reduced
the number of total (57%), viable (69%), culturable (55%), and VBNC cells (85%) of 24-h
S. aureus biofilms compared to PDMS [40]. Besides cell death, the increased permeability
of cell membranes caused by nanoparticles may affect extracellular polymeric substances
(EPS) production, resulting in a disrupted 3D structure of biofilm.

The CLSM analysis was performed to analyze structural differences between the
biofilms formed on the three tested surface materials (glass, epoxy resin, and GNP compos-
ite; Figure 7). While the 49-day-old biofilm developed on glass was dense, preventing the
observation of individual filaments on the cyanobacterial cells in the top view (Figure 7a),
the biofilms formed on epoxy resin surfaces without and with GNPs (Figure 7b,c, respec-
tively) displayed randomly distributed filaments. Furthermore, a drastic reduction in total
biofilm amount was observed on the GNP composite when compared to both glass and
epoxy resin surfaces. This was corroborated by the quantitative data extracted from the
confocal stacks (Figure 7d,e), in which a decrease in biovolume (on average 86%, p < 0.05;
Figure 7d) and surface coverage (on average 65%, p < 0.05; Figure 7e) was observed on the
graphene-based surface compared to control surfaces.
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Figure 7. Three-dimensional confocal reconstructions of Lusitaniella coriacea LEGE 07157 biofilms
grown on (a) glass, (b) epoxy resin, and (c) GNP composite after 49 days of incubation (white scale
bars = 50 um). These images show the biofilm aerial view, with the virtual shadow projection
on the right (representative of biofilm thickness). Biovolume (d) and surface coverage (e) values
of cyanobacterial biofilms were extracted from confocal files with the COMSTAT program. The
means £ SD are presented. Different letters in the graphs (a, b, and c) indicate a significant difference
among surfaces (p < 0.05).

The morphology of 49-day-old Lusitaniella coriacea LEGE 07157 biofilms on glass, epoxy
resin, and GNP composite surfaces was also studied by SEM (Figure 8). The appearance
of the biofilm developed on each surface was different, particularly when comparing the
biofilm formed on glass (Figure 8a) with that formed on the epoxy resin without and
with GNPs (Figure 8b,c, respectively). Indeed, the biofilm formed on the glass surface
was very dense, and filamentous cyanobacteria were completely embedded in a complex
matrix, which is a crucial feature of biofilm formation, making it impossible to distinguish
the morphology of the individual Lusitaniella coriacea cells. Contrariwise, the electron
micrograph of the epoxy resin surface (Figure 8b) displayed mesh-like structures around
the Lusitaniella cells (possibly resulting from exopolysaccharide secretion), and filaments
made of chains of cells that covered the entire surface and which were arranged in random
directions. The cyanobacterial filaments were even more visible in the biofilm formed
on the GNP composite, where the amount of extracellular material seemed to be lower
and where uncovered areas of surface areas could be seen (Figure 8c). Therefore, SEM
observations corroborated the results of the biofilm wet weight (Figure 5a), and those
obtained by OCT (Figure 6) and CLSM (Figure 7), indicating that the graphene composite
surface had a lower biofilm amount than the control surfaces after 49 days. Likewise, SEM
micrographs also supported the finding that GNP-modified surfaces may decrease EPS
production, resulting in a disrupted 3D structure of biofilm at the maturation stage. Similar
results were obtained on CNT-based surfaces compared to the control surfaces (glass and
epoxy resin) since SEM images of cyanobacterial biofilm grown on the CNT composite
presented lower-density cell aggregates [42].
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Figure 8. SEM micrographs of Lusitaniella coriacea LEGE 07157 biofilms grown on glass (a), epoxy
resin (b), and GNP composite (c) after 49 days of incubation. Magnification = 2500 x; scale bar = 10 um.

This work may be limited by the use of cyanobacterial monocultures, the lack of field
tests, and the absence of surface tribological characterization for long periods of immersion.
Taking into account that the most studied forms of graphene within the marine context
are GO and GO functionalized with metal nanoparticles [27], further experimental assays
with other graphene-based surfaces for the marine environment should be performed.
These assays can comprise different physical and chemical properties (e.g., dimension,
number of layers, and functionalization), but also focus on factors related to the production
of the surface (e.g., graphene loading, nanoparticle dispersion, and aggregation) [71-73].
Future in situ studies should also include other foulers, as well as being performed for
a longer period since, in the present study, a distinct effect was observed over time. In
fact, few studies on graphene-based surfaces were performed over one [19,20] or more
months [34]. Although different optical techniques have been used in this study, fur-
ther work should assess the metabolic state and the viability of biofilm cyanobacterial
cells [74,75]. Omics approaches such as transcriptomic analysis to consider the expres-
sion of virulence factors and adhesion genes related to biofilm development [30], and
proteomic analysis to elucidate cyanobacterial defense mechanisms to graphene toxicity,
should also be considered [52,54,56]. Moreover, computational simulation approaches
have been widely used for the characterization of novel materials [76]. Strong coupling
between experimental data and numerical simulation is required for predicting macro-
scopic behavior with a fine description of local fields. By combining modeling approaches
and corresponding experiments, the studies take advantage of the simplicity, efficiency,
and mechanistic insight gained from the models, and the physicality, meaningful repro-
ducibility, and reality check provided by the experiments [77]. Thus, future studies should
include computational simulations to evaluate the potential use of GNP composites as a
marine coatings.

4. Conclusions

Biofilms developed on the GNP composite had reduced wet weight, thickness, biovol-
ume, and surface coverage in the maturation stage when compared to the control surfaces
(glass and epoxy resin). Moreover, the GNP composite delayed cyanobacterial biofilm
development and promoted the development of a less porous biofilm. As the graphene
coating should serve as a long-term antifouling material for marine applications, the anal-
ysis of cyanobacterial biofilm behavior over time performed in this study is particularly
relevant. The analysis of these GNP-based surfaces in vitro to assess their performance
against mixed-species biofilms, and in situ to assess their effect on biofilm formation by
additional microfoulers or to evaluate the potentially damaging effect of harsh marine
environments on these nanostructured surfaces, will be performed in future studies. There-
fore, upcoming tests should focus on tribological parameters such as the friction coefficient,
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wear, temperature, and durability related to the application, and surface characterization
for long-term assays.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings12111775/s1, Figure S1: Representative 2D cross-sectional
OCT images obtained for Lusitaniella coriacea LEGE 07157 biofilms on glass (a), epoxy resin (b), and
GNP composite (c) after 28 days. The empty spaces on the biofilm structure are indicated in blue
(scale bar = 100 um).; Figure S2: Roughness coefficient! values of Lusitaniella coriacea LEGE 07157
biofilms on different surfaces: glass (black), epoxy resin (grey), and GNP composite (white). Mean
values and SD from two biological assays with two technical replicates each are represented. For each
surface, different lowercase letters indicate significant differences between the sampling day (day 28
vs. day 49; p < 0.05; unpaired t-test). The p value obtained for glass and epoxy resin was < 0.0001, and
for GNP composite was 0.0104.
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