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ABSTRACT

Marine biofilms quickly colonize submerged surfaces, causing drag, reduced efficiency, and corrosion in vessels
and marine infrastructure. Thus, the development of coatings that can resist bacterial adhesion and biofilm
growth is essential. This study investigated two nanostructured surfaces - black silicon (bSi) and diamond-coated
black silicon (black diamond, bD) - designed to physically disrupt bacterial cells using nanoscale spikes.
Hydrogen- and fluorine-terminated versions of these surfaces were evaluated against 7-week-old Cobetia marina
biofilms under controlled hydrodynamic conditions using flat silicon (Flat-Si) and flat diamond as controls.
Nanostructured surfaces were less wettable than Flat-Si, with the contact angle of the fluorinated black diamond
(bD-F) reaching 132°. Scanning Electron Microscopy confirmed that bSi and bD maintained their high-aspect-
ratio nanoneedles, resisted protein adsorption, and had reduced biofilm coverage compared to flat controls.
Optical Coherence Tomography revealed ~50% thinner and less porous biofilms on the bD-F surface. Confocal
Laser Scanning Microscopy analysis showed a 75% reduction in biofilm biovolume on bD-F compared to Flat-Si,
with only 45% cell viability. Non-viable cells were predominantly located in inner biofilm layers, indicating a
bactericidal effect. Flow cytometry supported these results, showing altered bacterial membrane potential and
metabolic activity in bacteria exposed to bD surfaces. Experiments using real seawater and field immersion
assays confirmed that bD surfaces maintain structural integrity and strongly reduce biofilm formation under
realistic marine conditions. These findings demonstrate the antifouling and antimicrobial effects of nano-
structured diamond-coated surfaces, particularly fluorine-terminated ones, for durable marine applications.

1. Introduction

influenced corrosion. Bacteria can also form multispecies biofilms with
other microorganisms, such as microalgae. These can cause micro-

When immersed in seawater, surfaces gradually become covered by
organic matter and, typically, within less than a day, microbial coloni-
zation occurs (Flemming and Wingender, 2010). As bacteria grow, they
clump together to form biofilms that are difficult to remove and have
several detrimental effects. On the hulls of ships, biofilms can increase
fuel consumption, reduce speed, and increase maintenance costs. On
marine structures, such as bridges or oil rigs, biofilms can obstruct water
flow rates, reduce heat-transfer efficiency, and cause microbiologically
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fouling and encourage the adhesion of larger organisms such as algae,
mussels and barnacles, which cause macrofouling, blocking water pipes,
inlets and outlets (Carvalho, 2018). Unsurprisingly, these problems
cause trillions of US dollars in economic losses annually to industries,
including marine transport, aquaculture, oil and gas, and desalination
(Qian et al., 2022). Furthermore, biofouling contributes to the spread of
exotic species transported on vessel hulls across geographic regions,
compromising marine ecosystems (Lacoursiere-Roussel et al., 2016).
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To address this issue, many different materials and coatings have
been developed to reduce biofilm formation. These include antimicro-
bial peptide coatings (Doiron et al., 2018; Herzberg et al., 2021), paints
with antimicrobial additives (Neves et al., 2022; Tang and Cooney,
1998), coatings which cause the formation of reactive oxygen species
(Park et al., 2020), materials with a high density of positive charges
(Lopez Cascales et al., 2018; Yang et al., 2018), or enzymatic materials
which degrade substances essential for biofilm formation (Karyani et al.,
2023). Also, hydrophobic coatings or surface functionalization have
been shown to reduce marine biofilm formation (Carvalho et al., 2025;
Xie et al., 2021). Alternatively, eco-friendly strategies employing anti-
microbial and antifouling compounds derived from marine organisms
(e.g., squid, shrimp, algae or plants) have been developed. Marine
coatings based on chitosan, alone (Lima et al., 2022) or in combination
with squid-derived melanin (Ghattavi et al., 2023) or plant-derived zinc
oxide (ZnO) (Ghattavi et al., 2024) nanoparticles (NPs), demonstrated
promising antifouling performance in laboratory or field immersion
tests. Similarly, biohybrid NPs of copper oxide-melanin (Ghattavi et al.,
2025) or ZnO-silicon oxide (Ghattavi and Homaei, 2024) produced
coatings with enhanced antifouling performance. Despite all these de-
velopments, marine biofilm formation continues to be a problem.

An interesting alternative for achieving an antimicrobial effect is to
use surfaces with a nanoscale structure that repels or kills bacteria upon
contact (Ding et al., 2018; Jenkins et al., 2021; Luan et al., 2018; Paxton
et al., 2021; Ziebowicz et al., 2021). Black silicon, which is silicon with
sharp nanoscale needle structures etched into the surface, is a promising
candidate to reduce marine biofilm formation. The material, which owes
its name to its black colour resulting from its multiwavelength light
absorption, has shown promising results in reducing medical biofilms.
This has been demonstrated by Linklater et al. (2017), who have shown
that black silicon can reduce the attachment of Pseudomonas aeruginosa
and Staphylococcus aureus. Bhadra et al. (2018) investigated the effect of
similar needle geometries on bactericidal efficiency. They found that the
sharp needles can penetrate the bacterial membrane, rupturing it and
killing the bacterium. Ivanova et al. (2013) compared the bactericidal
activity of black silicon with the bactericidal activity of dragonfly wings,
which exhibit similar nanostructures on their surface. Alongside the
bactericidal activity toward bacteria such as P. aeruginosa, S. aureus and
Bacillus subtilis, they found that even B. subtilis spores were pierced and
killed by black silicon.

The advantage of killing bacteria via a mechanical method like this,
rather than chemically, is that it is much harder for bacteria to develop
resistance to mechanically fatal mechanisms, as this would generally
require them evolving a significant restructuring of the bacteria's size,
membrane, and/or morphology, which might require multiple separate
mutations to work synchronously. Therefore, it is no surprise that nature
uses mechanical bactericidal methods to protect the wings of insects
such as cicadas and dragonflies, and that these methods have remained
successful for millions of years.

However, one of the main drawbacks of black silicon for antimi-
crobial surfaces is the poor mechanical stability of the brittle silicon
needles (Hazell et al., 2018), which are rather fragile and can be
damaged simply by touching them. To solve this issue, black silicon was
coated with a thin but conformal layer of diamond using a chemical
vapour deposition (CVD) process, to produce ‘black diamond’. As a
result, the needle structure is retained with a small reduction in sharp-
ness, but the diamond layer renders the needles significantly more
robust. While diamond itself is inert and has no antibacterial properties
(Norouzi et al., 2020, 2022; Ong et al., 2018), we have shown that black
diamond needles can still pierce and/or rupture bacterial cell walls and
thus kill and/or reduce the attachment of bacteria (May et al., 2016). We
also showed that the surface chemistry of the black diamond needles can
be tuned to further improve the killing efficiency and reduce adhesion
(Dunseath et al., 2019). Superhydrophobic fluorine-terminated dia-
mond surfaces, in particular, have proven to be effective in this regard.
In our previous work, black diamond has proven to be a useful
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antibacterial surface for both Gram-negative and Gram-positive bacteria
in static conditions and medically relevant strains (Dunseath et al.,
2019; Norouzi et al., 2023).

These encouraging results suggest that black diamond surfaces might
also prove useful in killing other micro-sized organisms, such as those
responsible for marine biofouling. Such microorganisms (e.g. marine
bacteria) initiate biofilm development and then ensure the film cohesion
through the secretion of large amounts of Extracellular Polymeric Sub-
stances (EPS) (Lelchat et al., 2015; Mieszkin et al., 2013; Salta et al.,
2013). As such, this work aimed to test black silicon and black diamond
surfaces with different surface terminations for their efficacy in the
prevention of marine biofilm formation. A major difference from our
previous work is that, apart from using different organisms, bacterial
adhesion was tested over longer periods (up to 7 weeks) and under
hydrodynamic conditions that mimic marine environments.

2. Materials and methods
2.1. Surface samples

Flat silicon (Flat-Si) and flat diamond with hydrogenated or fluori-
nated surface termination (Flat-H and Flat-F, respectively) control
samples were prepared as reported in Norouzi et al. (2023). Flat-Si was a
standard polished Si(100) substrate. Note that as-grown silicon has a
thin (10 nm) native oxide layer on its surface, resulting from oxidation
by ambient air, which can decrease its hydrophobicity. For the flat
diamond controls (Flat-H and Flat-F), Flat-Si substrates were first
manually abraded using diamond powder (average size <3 pm) and then
subjected to the same deposition conditions as the black diamond
samples, except that the chemical vapour deposition (CVD) time was 6
h. This deposited a polycrystalline diamond film with a thickness of 3 +
0.3 pm. Although we call these ‘flat’ samples, they have a surface
roughness of ~0.3 ym due to the misorientation of the crystallite facets
in the polycrystalline film.

Twelve-inch black silicon wafers were supplied by Lam Research
Corporation (USA). They were fabricated using a reactive-ion etching
method with a gas mixture of SFe/O2. This process resulted in sharp
nanoneedles (or spikes) up to 10 pm in length, with a tip separation of
0.25-0.5 pm, as confirmed previously by Scanning Electron Microscopy
(SEM) analysis (Dunseath et al., 2019). The bSi substrates were then
mechanically cleaved into 5 mm x 5 mm pieces. Due to the etching
process, these bSi samples will have a surface termination consisting of a
mixture of O and F in unknown proportions. The O content will make
these surfaces less hydrophobic than the 100% F-terminated bSi-F
samples described later. Thus, we have labelled these pristine black
silicon samples bSi-OF to emphasize that a mix of both O and F groups
was present on the surface.

To fabricate the bD samples, the bSi samples were first submerged
face-up in a colloidal nanodiamond suspension (average size 3.3 nm,
NanoAmando, Japan) dispersed in methanol for 1 h. Due to electrostatic
forces, the nanodiamond particles settled onto all surfaces of the bSi
substrate, including the near vertical sides of the Si needles, forming a
near continuous close-packed layer. These seeded substrates were then
placed into a hot-filament CVD (HF-CVD) reactor. A gas mixture con-
taining 1% CH,4 and 99% H, with a total gas flow of 202 sccm was used
for the CVD growth. The chamber pressure was set to 20 Torr, while the
Ta filament and substrate temperatures were fixed at ~2000°C and
900°C, respectively. A growth time of 30 min deposited a thin (~100-
150 nm) conformal layer of nanocrystalline diamond onto the nano-
structured surface, producing so-called ‘black diamond’ surfaces. The
bD surfaces exhibited shorter, thicker needles with an increased tip
radius compared to the original black silicon (bSi). These morphological
changes resulted from the CVD process, which reduced the needle length
to approximately 3—4 pm while simultaneously depositing a uniform and
conformal diamond layer down to the base. Consequently, the needle
tips became rounded, with an estimated tip radius of ~100 nm, while
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the spacing between adjacent tips (=0.25-0.5 pm) was largely pre-
served. These morphological modifications demonstrate that the CVD
process maintains the overall structure while altering the nanoscale tip
geometry, which can significantly influence both mechanical and anti-
microbial interactions with bacteria (Norouzi et al., 2023).

Because the CVD process gas mixture is predominantly hydrogen, the
surface of any diamond films deposited is automatically mostly H-
terminated (May, 2000). Nevertheless, to ensure the bD or flat diamond
samples were completely hydrogen-terminated, the CH4 supply was shut
off 1 min before the completion of the process, allowing this final minute
of processing to be performed in a pure Hp atmosphere, leaving the
as-grown diamond surfaces 100% hydrogenated.

To achieve fluorine-terminated surfaces, the flat and nanostructured
control samples were further treated with SF¢ for 7-10 s in a DC plasma
system to produce fluorinated versions: Flat-F, bSi-F and bD-F, respec-
tively. Through this process, the C—H bonds on the exposed surfaces
were replaced with C—F bonds, which imparted a high degree of hy-
drophobicity to the surfaces, as discussed previously (Norouzi et al.,
2023). Table 1 summarises all the samples produced and tested in the
present study.

Perspex and steel (1 cmz; Neves & Neves, Lda, Portugal) were also
used as reference substrates. Perspex is a polymer commonly used in
submerged devices and marine equipment (e.g., hydrographic sensors,
measuring instruments, underwater boat windows, and aquaculture
systems) due to its high UV and chemical resistance, greater clarity
compared to glass, lightweight nature, and ease of shaping and repair
(Blain et al., 2004; King et al., 2004, 2006; Roy, 1994; Taylor, 1996).
Steel is widely used in marine structures and equipment (e.g., boats, ship
hulls, anchors, and offshore platforms) for its mechanical strength and
durability (Harper et al., 2016; Mansour and Liu, 2008).

2.2. Surface characterization

The wettability of the materials was measured by static contact an-
gles, and was performed by a 3 pL sessile water drop, measured at room
temperature in ambient air with an in-house developed system (da Silva
Domingues et al., 2013; van der Mei et al., 2002). The contact angles
were calculated in degrees from gray-scale pictures obtained of the
water droplets.

SEM analysis was performed to evaluate the morphology of the
tested surfaces. The surfaces were sputter-coated with an EM ACE 600
(Leica Microsystems, Vienna, Austria) with a 4 nm layer of gold/palla-
dium alloy and imaged with a Supra 55 Scanning Electron Microscope
(Carl Zeiss, Oberkochen, Germany). Images were taken at magnifica-
tions of 10,000 x and 50,000 x at 3 kV, with the sample tilted at an
angle of ~28°.

2.3. Bacterial strain and culture conditions

Gram-negative Cobetia marina was used to study the antifouling
performance of the synthesized surfaces because this bacterium has been
widely used in marine biofouling studies as a model biofilm-forming

Table 1
Description of control and active surfaces used in the study. The naming
convention used is that H means hydrogenated and F means fluorinated.

Surface Surface Surface description

type code

Controls Flat-Si Silicon control with a native oxide surface
Flat-H Flat diamond (continuous microcrystalline diamond

film on a flat Si substrate) with H termination

Flat-F As Flat-H, but with F termination

Active bSi-OF Black silicon with native oxide termination

surfaces bSi-F Black silicon with F termination

bD-H Black diamond with H termination
bD-F Black diamond with F termination
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bacterium (Lima et al., 2022; Sousa-Cardoso et al., 2023). C. marina
DSMZ 4741 was obtained from the Leibniz Institute DSMZ (German
Collection of Microorganisms and Cell Cultures, Braunschweig, Ger-
many) and originally isolated from a coastal sea sample at Falmouth,
Massachusetts, USA (Arahal et al., 2002). C. marina was streaked onto
Véatanen Nine Salt Solution (VNSS) medium (Méardén et al., 1985),
which mimics the nutritional conditions of marine environments, sup-
plemented with 15 g/L agar (VWR International, Leuven, Belgium).
Bacteria were grown for 24 h at 25 °C. Subsequently, individual colonies
were transferred to 100 mL of fresh VNSS medium and incubated at
25 °C and 100 rpm in an orbital shaker (Agitorb 200ICP, Norconcessus,
Ermesinde, Portugal). The bacterial culture was then centrifuged for 10
min at 3100 g (Eppendorf Centrifuge 5810R, Eppendorf, Hamburg,
Germany) to form a pellet. This pellet was resuspended in fresh VNSS
medium, and the cell suspension was adjusted to a final concentration of
3.5 x 107 cells/mL (ODg10pm = 0.1) using a V-1200 spectrophotometer
(VWR International China Co., Ltd., Shanghai, China) before performing
the biofilm assays.

2.4. Biofilm formation assays

Biofilm development was performed in a long-term assay under
controlled hydrodynamic conditions to mimic marine environments
(Romeu et al., 2019). Briefly, the biofilm formation assays were con-
ducted using 12-well microtiter plates (VWR International, Carnaxide,
Portugal), which were incubated at 25 °C and 185 rpm in a 25-mm-dia-
meter orbital shaker (Agitorb 200ICP, Norconcessus, Ermesinde,
Portugal). In this setup, an average shear rate of 40 s~ was achieved at
the beginning of biofilm formation (Romeu et al., 2019), which is similar
to the values of shear rate to which a ship in a harbour is subjected (50
s~1) (Alexandrou, 2001; Bakker et al., 2003). Additionally, this platform
successfully replicated the observed biofouling behaviour during pro-
longed immersion of surfaces in the sea (Silva et al., 2021). Samples
(approximately 1 cm?) were carefully handled with the aid of tweezers
to avoid touching, abrading, or damaging the spiky surfaces. These were
sterilized by immersion in a 70% (v/v) ethanol solution (VWR Interna-
tional, Rosny-sous-Bois-cedex, France) for 2 min and allowed to dry in
the flow chamber. After fixing the surfaces to the microplate wells with
double-sided adhesive tape, 3 mL of the adjusted C. marina suspension
was inoculated into each well. Since a 7 to 8-week interval for mainte-
nance is the minimum duration for economically viable underwater
monitoring systems (Blain et al., 2004; Faria et al., 2021; Romeu et al.,
2019), biofilm development was performed for 7 weeks (49 days).
During this incubation period, the medium was replaced twice a week. A
total of four replicates (two biological assays with two technical repli-
cates each) were analyzed.

2.5. Biofilm analysis

After 7 weeks of incubation, C. marina biofilms were analyzed for
morphology by SEM, structure by Optical Coherence Tomography
(OCT), spatial distribution of bacterial viability by Confocal Laser
Scanning Microscopy (CLSM), number of total cells by flow cytometry
(FC), and number of culturable cells by Colony-Forming Unit (CFU)
counting. Additionally, the antibacterial mechanisms of action of the
synthesized surfaces were characterized by FC.

SEM was also used to assess the effect of conditioning with the VNSS
culture medium on surface morphology, as well as to examine the
morphology of C. marina biofilms formed after 7 weeks of incubation. To
evaluate surface conditioning and biofilm formation, surfaces were
removed from the microtiter plates, dehydrated through a graded
ethanol series (10%, 25%, 40%, 50%, 70%, 80%, 90%, and 100% (v/v)),
and stored in a desiccator until imaging (Alves et al., 2020). All samples
were then sputter-coated with a 4 nm layer of gold/palladium alloy
using an EM ACE 600 (Leica Microsystems, Vienna, Austria) and imaged
with a Supra 55 SEM (Carl Zeiss, Oberkochen, Germany) at
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magnifications of 10,000 x and 50,000 x times, using an accelerating
voltage of 3 kV and at a tilted angle of approximately ~28°.

Several biofilm parameters, including biofilm thickness, contour
coefficient, porosity, and the average size of non-connected pores, were
evaluated by OCT. Briefly, the culture medium was carefully removed
from the microplate wells and replaced with 3 mL of sterile sodium
chloride solution (8.5 g/L) to eliminate loosely attached cells. Subse-
quently, two-dimensional (2D) and three-dimensional (3D) images of
the C. marina biofilms that had formed on the different surfaces were
acquired and analyzed as previously described (Faria et al., 2021;
Romeu et al., 2019, 2022) using a Thorlabs Ganymede Spectral Domain
OCT system with a central wavelength of 930 nm and a Thorlabs LSM03
objective scan lens (Thorlabs GmbH, Dachau, Germany). The imaging
frequency used was 36 kHz, and the refractive index of the biofilm was
set to 1.40, which is close to the refractive index of water (1.33).
Representative sections of the entire coupon surface were chosen arbi-
trarily. For each coupon, 2D and 3D imaging were performed with a
minimum of 3 fields of view to ensure the reliability and accuracy of the
results obtained. The captured volume was ~3 x 2 x 2 mm? (509 x 313
x 1024 pixels®). For image analysis, the base of the biofilm was deter-
mined by fitting a parabola and a hyperboloid to the 2D and 3D images,
respectively, connecting the white pixels from light reflection on the
substratum surface. A Gray-value threshold to distinguish the biofilm
from the background was set based on the Gray-value histogram of the
entire selected region of interest (Otsu, 1979). The upper contour of the
biofilm was defined as the pixel farthest from the bottom with gray
values above the threshold and connected to the biofilm base. Objects
not connected to the base were excluded from biofilm structure analysis.
The biofilm thickness, contour coefficient, porosity, and average size of
the non-connected pores were assessed as detailed in Romeu et al.
(2022). A summary of the parameter definitions and equations is pre-
sented in Table S1. The average size of non-connected pores inside the
biofilm structure was quantified, assuming a minimum size of
non-connected pores equal to 1000 pm® and defining a voxel size of 1 as
corresponding to 117 pm® (Romeu et al., 2022). The values of the total
biofilm volume and volume of non-connected pores at different posi-
tions, i, along the biofilm thickness L, (from i = 0 to the maximum
biofilm thickness) obtained for each field of view, were used as cumu-
lative values. Therefore, the final values of these parameters were rep-
resented as the values achieved at the maximum biofilm thickness.

The cell viability and spatial organization of biofilms formed on the
tested surfaces were assessed by CLSM after staining with the Live/
Dead® BacLight bacterial viability kit (Invitrogen Life Technologies,
Alfagene, Portugal) for 10 min in the absence of light (Gomes et al.,
2022). This kit is composed of two nucleic acid-binding stains: SYTO 9
(green), which enters all bacteria, and propidium iodide (PL, red), which
only enters bacteria with compromised cell membranes. The biofilm
analysis was performed using a Leica DMI6000-CS inverted microscope
(Leica Microsystems, Wetzlar, Germany) equipped with a x 40 water
immersion objective (Leica HCX PL APO CS; Leica Microsystems). SYTO
9-stained bacteria were detected using a 488 nm argon laser and a
500-550 nm bandpass emission filter, while PI-stained bacteria were
detected using a 633 nm helium-neon laser and a 610-680 nm bandpass
emission filter. A minimum of five stacks (387.5 pm x 387.5 pm) with a
z-step of 1 pm were recorded for each biofilm sample. 3D projections and
2D sections of the biofilm samples were obtained using the IMARIS 9.3
software (Bitplane AG, Zurich, Switzerland). Total biofilm biovolume
(pm3/ pmz) was extracted from CLSM stacks using COMSTAT2 (Heydorn
et al., 2000), and biofilm viability was expressed as the percentage of
viable biovolume relative to the total biovolume. The viable biovolume
was estimated by subtracting the red-channel signal (non-viable cells)
from the green-channel signal (all cells). The intensity values of both
fluorescence signals relative to the z-position were traced using the
Stack Profile tool provided by the LAS AF Lite software (Leica Micro-
systems, Wetzlar, Germany).

To quantify the number of total cells in the biofilms formed on the
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different surfaces, each surface was removed from the microplate wells
and immersed in 2 mL of sterile saline solution (8.5 g/L). The surfaces
were vortexed for 3 min to detach the adhered bacteria (Romeu et al.,
2019). The number of total cells per cm? was determined through FC,
acquiring 10 pL of the cell suspension at a flow rate of 10 pL/min
(CytoFLEX V0-B3-R1, Beckman Coulter, Brea, CA, USA). The number of
biofilm culturable cells was assessed by spreading the bacterial sus-
pensions on VNSS agar plates, followed by overnight incubation at 25 °C
for CFU counting. Culturability (%) was defined as CFU divided by total
cell count from FC.

2.6. Characterization of the mechanisms of action of the synthesized
surfaces

The mechanisms of action of the tested surfaces were characterized
by flow cytometry. Briefly, C. marina cells (3.5 x 107 cells/mL) were
exposed to the surfaces for 24 h at 25 °C. The surfaces were then
immersed in 2 mL of sterile saline solution (8.5 g/L) and vortexed for 3
min to detach adhered bacteria. Bacterial membrane potential, enzy-
matic activity, and the production of reactive oxygen species (ROS) were
assessed by staining the cells with bis(1,3-dibutylbarbituric acid) tri-
methine oxonol (DiBAC4(3); Sigma-Aldrich, Taufkirchen, Germany) at
0.5 pg/mL, 5(6)-carboxyfluorescein diacetate (CFDA; Sigma-Aldrich,
Taufkirchen, Germany) at 5 pg/mL, and 2',7-dichlorofluorescein diac-
etate (DCFH-DA, Sigma-Aldrich, Taufkirchen, Germany) at 10 pM,
respectively (Lima et al., 2022; Sousa-Cardoso et al., 2023). Cells were
stained for 30 min in the absence of light and analyzed using a CytoFLEX
flow cytometer model VO-B3-R1 (Beckman Coulter, Brea, CA, USA).
Bacteria were gated based on forward-scatter (FSC) and side-scatter
(SSC) signals and acquired at a flow rate of 30 pL/min. The results
were analyzed using CytExpert software (version 2.4.0.28, Beckman
Coulter, Brea, CA, USA) and presented as the mean intensity of fluo-
rescence (MIF) at 525/40 nm for DiBAC4(3), CFDA, and DCFH-DA. Two
independent assays were performed.

2.7. Seawater exposure tests

Surface exposure tests were performed using real seawater on the
four active surfaces (bSi-OF, bSi-F, bD-H, and bD-F), the control surface
(Flat-Si), and two materials commonly used in marine environments
with different nature: a metallic (steel) and a polymer substrate
(Perspex). Seawater was collected at Homem do Leme beach
(41.160610 N, 8.686230 W), Porto, Portugal. Biofilm formation under
controlled hydrodynamic conditions mimicking marine environments
was performed as described in Section 2.4. Three mL of seawater were
added to each well, and biofilms were allowed to develop over 4 weeks,
with seawater replaced twice weekly. After incubation, biofilms were
analyzed for their structure using OCT and SEM, as detailed in Section
2.5. Experiments were conducted in triplicate.

2.8. Statistical analysis

The D'Agostino-Pearson and Shapiro-Wilk normality tests were per-
formed to check if the data presented a normal distribution. Differences
between biofilm thickness, contour coefficient, porosity, and average
size of non-connected pores were evaluated using the unpaired, non-
parametric Mann-Whitney test in GraphPad Prism® for Windows,
version 6.01 (GraphPad Software, Inc., San Diego, CA, USA) since the
variables were not normally distributed. Differences between biovolume
and total cells were compared using one-way analysis of variance
(ANOVA) in IBM SPSS Statistics version 24.0 for Windows (IBM SPSS,
Inc., Chicago, IL, USA). The error bars in the graphs correspond to the
standard deviation (SD) of the mean, except for the percentages of
biofilm viability and culturability, for which the error bars were ob-
tained using the error propagation method. Statistically significant dif-
ferences were considered for p values < 0.05 (corresponding to a
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confidence level greater than 95%).
3. Results and discussion
3.1. Surface characterization

In this study, the antifouling potential of the spiky hydrogen- and
fluorine-terminated bSi and bD surfaces was assessed against a 7-week-
old biofilm of C. marina formed under hydrodynamic conditions
mimicking those found in marine environments. Since bacterial adhe-
sion and biofilm development are affected by surface properties (Zheng
et al., 2021), the contact angle (0y) between water and the tested sur-
faces was measured to assess their wettability. The 8y values (Table 2)
indicated that the Flat-Si (control surface) was the only surface that
presented a hydrophilic character (6 < 90°), which is associated with
high wettability, and is due to the native oxide layer mentioned earlier.
This value is similar to that obtained for Perspex (0 = 73° + 3°)
(Romeu et al., 2019), which was also used as a reference material in this
study. In general, the control surfaces were more wettable than the
active surfaces (Table 2). Flat-H, Flat-F, and bSi-F surfaces displayed
lower wettability than Flat-Si (98° + 4°, 107° + 3°, and 106° + 3°,
respectively), followed by bSi-OF and bD-H spiky surfaces (115° + 1°
and 122° + 1°, respectively). The bD-F surface showed the lowest
wettability, with a water contact angle of 132° + 1°. Overall, the Oy
values increased from flat to spiky topographies, and within the spiky
surfaces, from non-coated to diamond-coated ones, showing a progres-
sive reduction in surface wettability. Additionally, a greater increase in
Ow was observed on the bD surfaces, from 122° (H-terminated) to 132°
(F-terminated). As reported in a previous study (Norouzi et al., 2023),
the replacement of H with F bonds provides a more hydrophobic nature
to the surface, which is consistent with our observations.

Because a previous study showed that C. marina has a hydrophilic
nature (O = 37° + 2°) (Sousa-Cardoso et al., 2023), its adhesion to
more hydrophobic surfaces is expected to be less thermodynamically
favorable, particularly when surface energy mismatch and roughness
are considered (Hermansson, 1999; Oh et al., 2018).

SEM was first employed to analyze the surface morphology of control
and active surfaces (Fig. 1). The pristine Flat-Si samples showed a sur-
face that was smooth on the nm scale, with a few nm-sized scratches
resulting from handling. The Flat-H and Flat-F surfaces are indistin-
guishable, suggesting that the fluorination procedure did not signifi-
cantly etch the diamond surface. They both exhibited faceted diamond
microcrystallites of 1-2 pm in size, randomly oriented with respect to
one another, and with atomic-scale grain boundaries between the
crystals. This is typical of a microcrystalline diamond film. Although we
refer to these samples as ‘flat’ diamond, they have a root mean square
(RMS) roughness of around 0.3 pm due to the misorientation of the
crystallite facets.

The bSi-OF and bSi-F surfaces featured dense arrays of vertically
aligned high-aspect-ratio Si microneedles. These sharp, spike-like
structures were morphologically consistent between OF- and F-termi-
nated variants, again highlighting that the fluorination process does not
etch the Si spikes. In contrast, the bD-H and bD-F surfaces showed
rounded, dome-like nanostructures resembling blunted needles because
of the diamond coating. Compared to bSi, the surface of these needles

Table 2
Water contact angles of the surfaces used in this study.

Surfaces Water Contact Angles (6, 9
Controls Flat-Si 69 +5

Flat-H 98 + 4

Flat-F 107 +£3
Active surfaces bSi-OF 115+1

bSi-F 106 + 3

bD-H 122 +1

bD-F 132+1
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appears rougher due to the presence of the thin nanocrystalline diamond
coating, potentially enhancing their antifouling performance by further
reducing the effective contact area.

Therefore, the combination of high contact angles and nanoscale
roughness on surfaces like bSi-OF, bD-H, and bD-F may contribute to
reduced biofilm formation by limiting effective bacterial contact with
the surface or promoting detachment.

3.2. Biofilm analysis

The formation of a conditioning film resulting from the adsorption of
molecules from the surrounding environment can influence biofilm
development. Thus, surface morphology was also analyzed by SEM after
incubation with culture medium alone, and images show salt crystals,
inorganic residues, and protein deposits on all surfaces (Fig. 2A). Flat-Si
and Flat-H showed more noticeable accumulations than the remaining
surfaces, where a thin film or scattered residues were observed, often
outlining surface features. The spiky structures of both bSi (-OF and -F)
and bD (-H and -F) retained their sharp morphology despite slight sur-
face fouling.

Protein adsorption assays (Section 2 of Supplementary Material),
using casein as a model protein, confirmed that Flat surfaces accumu-
lated protein, whereas bSi and bD surfaces stayed mostly clean (Figs. S1
and S2), consistent with the previous results from VNSS conditioning.

After biofilm formation, surfaces showed variable levels of biofilm
coverage and architecture (Fig. 2B). Flat-Si, Flat-H, Flat-F, and bD-H
surfaces were fully covered with biofilm. In contrast, the nano-
structured bSi-OF, bSi-F, and bD-F did not show complete biofilm
coverage after 7 weeks of incubation. Several regions remained
uncolonized, and the surface nanostructures were still clearly distin-
guishable. In some areas, the nanoneedles were observed piercing
through the biofilm matrix, indicating that the surface topography may
have interfered with uniform biofilm development and possibly
contributed to mechanical disruption of cell attachment.

Different surfaces may trigger diverse biofilm structures, including
the distribution of interstitial pores, which, in turn, affect their resis-
tance to mechanical or chemical challenges, and facilitate water and
nutrient transport (Bas et al., 2017; Peterson et al., 2015, 2021).
Accordingly, C. marina biofilms were further analyzed by OCT to
quantify biofilm thickness, contour coefficient, porosity, and the
average size of non-connected pores (Fig. 3). Additionally, Figs. 4 and 5
present 3D and 2D OCT images of 7-week-old C. marina biofilms,
respectively.

The average thickness of biofilms developed on Flat-Si (control sur-
face) was 140 + 46 pm (Fig. 3A). Biofilms formed on Flat-H, Flat-F, bD-
H, and bSi-F surfaces were similar in thickness to those formed on Flat-Si
(p > 0.05). In contrast, the thickness of C. marina biofilms formed on bSi-
OF and bD-F decreased by 53% and 51% (p < 0.05), respectively,
compared to biofilms formed on Flat-Si. Similarly, regarding the contour
coefficient (Fig. 3B), Flat-Si, Flat-H, Flat-F, bD-H, and bSi-F surfaces
exhibited higher values than bSi-OF and bD-F surfaces. Since this biofilm
parameter indicates the portion of the biofilm that is exposed to the
surrounding medium (values close to 1 reflect a flat biofilm, while
values higher than 1 represent biofilms with heterogeneous structures
(Romeu et al., 2022)), it was possible to observe that biofilms developed
on bSi-OF and bD-F surfaces were smoother and more homogeneous
than the biofilms formed on the remaining surfaces. Moreover, the
highest value of contour coefficient achieved on Flat-Si (7.6 + 0.9)
demonstrated the ability of this surface to potentiate the development of
a more heterogeneous biofilm architecture. The 3D OCT representative
images in Fig. 4 support these quantitative data. Indeed, biofilms formed
on the control surfaces (Flat-Si, Flat-H, and Flat-F) exhibited greater
thickness, while a marked decrease was evident on both the bSi-OF and
bD-F surfaces (Fig. 4). Furthermore, biofilms formed on Flat-Si had a
truly heterogeneous architecture, supporting the high contour coeffi-
cient seen in Fig. 3B. This surface presented large biofilm streamers on
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Fig. 1. SEM micrographs of pristine surfaces used to evaluate their
morphology. The left panels show the overall surface topography at 10,000 x
magnification (scale bar = 10 pm), while the right panels provide higher-
resolution details at 50,000 x magnification (scale bar = 2 pm). These im-
ages confirm the smooth surface of Flat-Si samples and the presence of
randomly oriented diamond microcrystallites in Flat (-H and -F) surfaces. In
contrast, bSi (-OF and -F) surfaces exhibit vertically aligned, high-aspect-ratio
microneedles, whereas bD (-H and -F) surfaces show rounded needles on
the top.

the biofilm structure, reaching up to 300 pm. These structures were also
observed on the other tested surfaces, albeit with reduced thickness or
quantity. These large streamers may affect local hydrodynamics (Romeu
et al., 2024) and increase the surface area of the biofilm exposed to the
surrounding environment, thereby enhancing the access of nutrients and
oxygen to the inner biofilm cells and promoting its growth (Romeu et al.,
2019, 2022). The maximum values obtained for biofilm porosity and the
average size of non-connected pores were also observed on the Flat-Si
surface (15% and 3460 pms, respectively; Fig. 3C and D). The biofilm
porosity decreased by 32% to 65% on the Flat-H, bSi-OF, bSi-F, and bD-F
surfaces compared to the Flat-Si control (p < 0.05, Fig. 3C). However, no
significant differences in biofilm porosity were found between
H-/OF-terminated surfaces and their corresponding F-terminated
counterparts. In contrast, regarding the average size of non-connected
pores (Fig. 3D), the Flat-H and bSi-OF surfaces demonstrated a
decrease of 25% and 32% (p < 0.05), respectively, compared to their
corresponding F-terminated counterparts, namely Flat-F and bSi-F.
Furthermore, on the Flat-H, bSi-OF, and bD-F surfaces, a reduction in
the size of non-connected pores of 32%, 36%, and 42% (p < 0.05),
respectively, was observed compared to Flat-Si. The 2D OCT images in
Fig. 5 corroborate the quantitative data on biofilm porosity and the
average size of non-connected pores depicted in Fig. 3C and D. Indeed,
biofilms formed on Flat-Si showed a higher porosity (represented in
yellow), while biofilms developed on Flat-H, bSi-OF, bSi-F, and bD-F
exhibited minor fractions. Similarly, Fig. 5 shows that Flat-Si exhibi-
ted the largest size of non-connected pores, followed by bSi-F, Flat-F,
bD-H, Flat-H, and bSi-OF. The spiky bD-F surface had the smallest
non-connected pores. The lower porosity and smallest average size of
non-connected pores of biofilms formed on the bD-F surface may reduce
the viability of cells in the deepest layers of the biofilm, as mass transfer
to the inner regions of the biofilm may be decreased.

To gain a deeper insight into the impact of modified silicon surfaces
on biofilm structure and viability, CLSM analysis was performed (Figs. 6
and 7A). Fig. 6 shows a representative 3D aerial reconstruction (left; the
shadow projections on the right side of these images represent the bio-
film thickness) and a corresponding cross-sectional side view (middle) of
the biofilms developed on the control and active surfaces. Additionally,
a normalized fluorescence intensity histogram (right) illustrates the
vertical (z-axis) distribution of green and red fluorescence signals, of-
fering a detailed depiction of the spatial organization and depth of the
viable (live) and non-viable (dead) biofilm fractions.

Biofilms formed on Flat-Si demonstrated a dense and thick structure
(as shown by the shadow projection), confirming the previous results
obtained from OCT (Fig. 3A, 4 and 5). Moreover, a co-localized distri-
bution of viable and non-viable cells throughout the biofilm was evident
for this control surface. Although there was some cell death, the overall
viability of biofilm cells remained high on this relatively inert surface
(Fig. 6).

On hydrogenated surfaces (Flat-H, bSi-OF, and bD-H), biofilm
development was notably more pronounced than on their fluorinated
counterparts (Flat-F, bSi-F, and bD-F). The Flat-H surface exhibited the
thickest biofilm among the hydrogenated surfaces (as shown by the
shadow projection), followed by bSi-OF, which supported moderate
biofilm development, and bD-H, which showed the lowest overall
biomass.

In terms of cell viability, all three hydrogenated surfaces displayed



M.J. Romeu et al.

Culture
A Medium

Environmental Research 299 (2026) 124321

B Biofilm

Fig. 2. SEM micrographs of the different surfaces after exposure to (A) culture medium and (B) biofilm-forming conditions. At 10,000 x magnification (left images,
scale bar = 10 pm), the overall surface morphology is visible, while at 50,000 x magnification (right images, scale bar = 2 pm), finer details can be observed. After
culture medium exposure (A), although deposits are present on all surfaces, Flat surfaces show higher accumulation. The spiky structures of bSi and bD preserve their
morphology. After biofilm development (B), Flat (-Si, -H, and -F) and bD-H surfaces are fully covered, whereas bSi (-OF and -F) and bD-F surfaces retain several

uncolonized regions.

comparable levels of red fluorescence, suggesting a similar proportion of
non-viable cells. However, differences were observed in the spatial
distribution of these non-viable cells. On both Flat-H and bSi-OF, the
green and red fluorescence intensity profiles overlapped throughout the

biofilm depth. In contrast, on bD-H, the peak of red fluorescence was
concentrated closer to the surface, indicating that cell death was pri-
marily localized in the deeper layers of the biofilm. This suggests that
the bactericidal effect of the nanostructured bD-H surface was most
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Fig. 3. C. marina biofilm development after 7 weeks on control (Flat-Si), and flat diamond, bSi and bD, H- and F- terminated. The analyzed parameters refer to
biofilm thickness (A), contour coefficient (B), biofilm porosity (C), and average size of non-connected pores (D). Mean values and SD from two independent biological
assays with two technical replicates each are represented. The black asterisk indicates significant differences between Flat-Si (control surface) and the modified
surfaces. Significant differences between H-/OF-terminated surfaces (Flat-H, bSi-OF and bD-H), and between F-terminated surfaces (Flat-F, bSi-F and bD-F) are
represented by different lowercase letters. The symbol V represents significant differences between Flat-H vs Flat-F, bSi-OF vs bSi-F, and bD-H vs bD-F. All significant
differences were considered for p values < 0.05 (unpaired, non-parametric Mann-Whitney test).

Flat-Si

bD-F

150 ym

-
300 um

Fig. 4. Representative 3D cross-sectional OCT images of C. marina after 7 weeks of biofilm development on different surfaces: control (Flat-Si), flat diamond (Flat-H
and Flat-F), bSi (-OF and -F), and bD (-H- and -F) surfaces. The colour scale represents the biofilm thickness (up to 300 pm). Thicker and more heterogeneous biofilms
are observed on Flat-Si surfaces, whereas thinner biofilms are detected on bSi-OF and bD-F surfaces.

pronounced at the biofilm-surface interface.

Fluorinated surfaces showed a marked reduction in biofilm thickness
and biomass, regardless of surface topography and chemistry. Similar to
the trend observed for hydrogen-terminated surfaces, the Flat-F surface
supported the thickest and most heterogeneously distributed biofilm
among the fluorinated samples, followed by bSi-F. The most pronounced
antimicrobial effect occurred on bD-F, where the biofilm was not only

thinner, as visualized by OCT (Figs. 4 and 5), but also dominated by non-
viable cells. Furthermore, on this surface, the peak of red fluorescence
intensity was located near the base of the biofilm, indicating that the
killing effect was more pronounced on C. marina cells residing in the
inner layers of the biofilm, in close proximity to the substrate. CLSM
imaging suggested that both bD-H and bD-F surfaces have an increased
potential to reduce the viability of cells located at the bottom of the
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Fig. 5. Representative 2D cross-sectional OCT images of C. marina after 7 weeks of biofilm development on different surfaces: control (Flat-Si), flat diamond (Flat-H
and Flat-F), bSi (-OF and -F), and bD (-H- and -F) surfaces. The biofilm biomass is represented in gray, and the empty spaces in the biofilm structure are highlighted in
yellow (scale bar = 100 pm). Biofilms formed on Flat-Si exhibit the highest porosity, whereas those developed on bSi (-OF and -F) and bD-F surfaces display

lower porosity.

biofilm. This effect is likely due to the mechanical robustness conferred
by the thin diamond coating on the nanoneedles, which may increase
physical stress on sessile cells at the biofilm-surface interface and
thereby contribute to the overall antifouling performance of these
surfaces.

Quantitative results of biofilm biovolume and biofilm viability (%)
on the different surfaces, as presented in Fig. 7A, were derived from
CLSM imaging analyses and further support the qualitative observations
shown in Fig. 6. Among all surfaces, the unmodified Flat-Si and both flat
diamond surfaces (Flat-H and Flat-F) exhibited the highest biofilm bio-
volumes (>100 pm3/pm?, Fig. 7A). Significant reductions in biofilm
biovolume were observed on bSi-OF and bSi-F (~45%), with even more
pronounced reductions on the diamond-coated surfaces bD-H and bD-F
compared to the control surfaces (p < 0.05). More specifically, biofilms
formed on bD-H showed a 61% reduction in total biovolume compared
to Flat-H, while bD-F exhibited a 75% decrease relative to Flat-F. In
parallel with the reduction in biovolume, most surfaces showed a ten-
dency toward lower biofilm viability compared to the Flat-Si control
(Fig. 7A), with a pronounced decrease on Flat-H, bD-H, and especially
bD-F, where viable cells represented only 45% of the total biovolume.

Fig. 7B presents the total number of biofilm cells quantified by flow
cytometry, and their culturability, calculated as the percentage of CFUs
relative to total cell counts. Flat-Si was the surface with the highest
biofilm cell density (~8.0 x 10° cells/cm?), aligning with its high bio-
volume shown in Fig. 7A. However, a noticeable mismatch between
biofilm biovolume (Fig. 7A) and cell number (Fig. 7B) was observed for
some surfaces, which may be explained by differential production of
EPS. Certain nanotopographies, particularly bD-H and bSi-F, exhibit a
higher number of cells but likely reduce the secretion of extracellular
matrix components, resulting in biofilms of lower volume. Such a
response is characteristic of bacterial adaptation to physical stress
induced by specific surface features (Mitik-Dineva et al., 2009; Zhang
et al., 2018), which can alter the attachment behaviour and biofilm
architecture. Despite these variations, bD-F consistently demonstrated
reduced biovolume and cell density, underscoring its robust anti-biofilm
performance.

The trend observed for biofilm culturability (Fig. 7B) is somewhat
similar to that of biofilm viability (Fig. 7A), indicating a correlation
between the ability of cells to form colonies and their viability within the
biofilm. Culturability values for bD-F and bD-H were below 40%,
reflecting a marked decrease in viable cells under culturable conditions.

As mentioned in Section 2.1, black silicon (bSi) exhibits needle-like
features with sharp tips, whereas black diamond (bD) presents shorter,
thicker needles with an increased tip radius. The flat diamond control
samples (Flat-H and Flat-F), while lacking nanoscale protrusions, are not

as smooth as Flat-Si (polished to a roughness of a few nm) due to the
presence of misaligned polycrystalline diamond grains. These morpho-
logical differences are directly linked to bactericidal and antifouling
performance. Consistent with this, Gorth et al. (2012) observed that
sharp grain edges on SisN4 can induce bacterial lysis, indicating that
nanopillars are not the only nanofeatures capable of damaging bacterial
cell walls. They compared smooth polished SisN4 with as-fired SigNy,
which exhibits sharp grain-edge features similar to the Flat diamond
samples used in the present work, and concluded that polished SizN4
supported higher bacterial activity, whereas as-fired SisN4 induced more
cell lysis (Gorth et al., 2012). Increasing the roughness further, in the
form of sharp, high-aspect-ratio needles of black silicon, enables strong
mechanical disruption of bacterial membranes, while the thicker,
blunter tips of bD may reduce puncture efficiency but improve surface
robustness and durability. Moreover, the intrinsic chemical bonding
plays a key role in determining the antifouling performance of the sur-
faces. While hydrogen termination imparts hydrophobicity and stabi-
lizes the diamond surface, C-H bonds are relatively unstable in aqueous
and biological environments, where partial oxidation or substitution can
occur. This leads to surface heterogeneity and increased surface energy,
promoting bacterial adhesion. In contrast, fluorine termination forms
stronger and more chemically robust C-F bonds. The larger atomic
radius of fluorine produces a densely packed surface that shields un-
derlying carbon atoms, prevents interactions with the environment,
reduces surface energy, and generates stronger electrostatic repulsion
between adjacent fluorine atoms, as demonstrated in atomistic simula-
tions (Sen et al., 2009). Experimental studies on fluorinated
diamond-like carbon coatings have also shown significantly reduced
bacterial adhesion and biofilm formation, confirming the superior
antibacterial performance of fluorine-terminated coatings (Yonezawa
et al., 2020).

To validate the antifouling performance of these engineered surfaces,
biofilm formation on a Perspex substrate, one of the reference controls,
was also evaluated (Section 3 of Supplementary Material). The average
biofilm thickness on Perspex reached approximately 200 pm, while the
Flat-Si control surface and bD-F (the most promising antifouling and
antimicrobial surface) showed reductions of 26% and 64%, respectively,
with the latter achieving a statistically significant decrease (p < 0.05,
Fig. S3A). Regarding total bacterial cell numbers, reductions of 43% and
64% were observed on Flat-Si and bD-F, respectively, compared to
Perspex (p < 0.05, Fig. S3B). Additionally, bD-F induced a reduction of
about 30% in biofilm culturability relative to Perspex (Fig. S3B). These
results demonstrate the enhanced antifouling and antimicrobial per-
formance of the fluorine-terminated nanostructured surface when
compared to a standard marine-relevant material.
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Fig. 6. Confocal microscopy analysis of 7-week-old C. marina biofilms for the assessment of bacterial cell viability on control (Flat-Si), flat diamond (Flat-H and Flat-
F), bSi (-OF and -F), and bD (-H- and -F) surfaces. Viable and non-viable cells are shown in green (SYTO 9) and red (propidium iodide, PI), respectively. Repre-
sentative images in the leftmost and middle panels were obtained from confocal z-stacks. The left panels display a 3D aerial view of the biofilm structure, in which the
black shadow projection on the right side illustrates the biofilm thickness, whereas the middle panels show a cross-section slice of the biofilm along the white dotted
line indicated in the aerial view (scale bar = 50 pm). Histograms in the right panels represent the distribution of normalized green and red fluorescence intensity,
expressed as mean intensity of fluorescence (MIF) along the vertical () axis, indicating the depth-dependent distribution of viable (— green fluorescence signal) and
non-viable (— red fluorescence signal) cells within the biofilm. Whereas Flat-Si shows a dense biofilm with co-localized viable and non-viable cells, fluorinated
surfaces exhibit reduced biomass, and bD surfaces decrease cell viability at the biofilm bottom.

3.3. Characterization of the mechanisms of action of the synthesized 3.7-fold higher than those grown on the Flat-Si control and 1.9- and 1.7-
surfaces fold higher than those on the diamond controls (Flat-H and Flat-F,
respectively). In turn, bacteria grown on bSi surfaces displayed

To further understand the mechanisms behind these effects, the slightly higher MIF values compared to those grown on the Flat-Si
impact of the tested surfaces on C. marina cells was evaluated by flow control, particularly on fluorine-terminated surfaces (bSi-F; 1.5-fold
cytometry after 24 h of growth using different dyes (Fig. S4 in Supple- higher MIF). Additionally, needle-covered surfaces (both bSi and bD)
mentary Material). The data indicate that diamond surfaces change the appear to reduce the bacterial enzymatic activity, as revealed by CFDA
bacterial membrane potential, as demonstrated by DiBAC4(3) staining. cell staining. On hydrogen-terminated surfaces, bacteria grown on bSi-
This effect was more pronounced in bacteria grown on bD surfaces with OF and bD-H surfaces exhibited 1.6- and 1.9-fold reductions in MIF,

needles (bD-H and bD-F), which exhibited higher MIF values — 2.9- and respectively, compared to those grown on Flat-Si. Similarly, on fluorine-
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Fig. 7. (A) Total biovolume of C. marina biofilms after 7 weeks of biofilm development on different surfaces (bars), with the corresponding biofilm viability (%)
indicated by the black dotted line and the right axis. (B) Total number of biofilm cells (bars), and biofilm culturability (%) shown by the black dotted line and the
right axis. Mean values and SD or standard error from two independent biological assays with two technical replicates each are represented. The black asterisk
indicates significant differences between the Flat-Si (control surface) and the modified surfaces. Significant differences between H-/OF-terminated surfaces (Flat-H,
bSi-OF and bD-H), and between F-terminated surfaces (Flat-F, bSi-F and bD-F) are represented by different lowercase letters. The symbol V represents significant
differences between Flat-H vs Flat-F, bSi-OF vs bSi-F, and bD-H vs bD-F. All significant differences were considered for p values < 0.05 (ANOVA).

terminated surfaces, the MIF values were reduced by 2.2-fold on bSi-F
and 1.9-fold on bD-F surfaces.

Regarding ROS production assessed by DCFH-DA staining, the data
indicated that under the tested conditions, neither bSi nor bD surfaces
induced ROS generation compared to the Flat-Si control. In fact, the MIF
values of cells cultured on bSi (-OF and -F) and Flat (-H and -F) surfaces
were comparable to those of cells grown on Flat-Si, with the exception of
cells in contact with bD-H and bD-F surfaces, which exhibited reduced
MIF values. This effect may be related to the fact that these surfaces
induced more pronounced membrane alterations, as demonstrated by
CLSM (Figs. 6 and 7A) and DiBAC4(3) staining, suggesting that the
affected cells were likely non-viable. Furthermore, previous studies
(Hemelaar et al., 2018; Norouzi et al., 2022) have demonstrated that
nanodiamonds are biocompatible and do not induce oxidative stress in
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mammalian or bacterial cells. Overall, the flow cytometry results sug-
gest that the needles of bSi and bD surfaces change bacterial membrane
permeability and compromise their metabolic activity.

3.4. Seawater exposure tests

To enhance the ecological relevance of this study, exposure tests
using real seawater were conducted on materials commonly employed
in marine environments (steel and Perspex), together with the control
surface (Flat-Si) and the four active surfaces (bSi-OF, bSi-F, bD-H, and
bD-F). The resulting biofilms were analyzed by OCT to quantify biofilm
thickness (Fig. 8), contour coefficient, porosity, and the average size of
non-connected pores (Fig. S5 in Supplementary Material). Representa-
tive 3D OCT reconstructions of the developed biofilms are also presented

Steel

Flat-Si

bSi-F

-
500 pm

Fig. 8. Biofilm development after 4 weeks of exposure to real seawater on materials commonly employed in marine settings (steel and Perspex), the control surface
(Flat-Si) and the four active surfaces (bSi-OF, bSi-F, bD-H, and bD-F). Biofilm thickness is shown in the graphical representation, with data presented as mean and SD
from three replicates. Representative 3D OCT images of the biofilms are also shown; the colour scale indicates biofilm thickness (up to 500 pm). Thicker and more
heterogeneous biofilms were observed on steel, Perspex, and Flat-Si, whereas thinner and smoother biofilms formed on the active surfaces.
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in Fig. 8, and complementary SEM analysis was performed to assess
biofilm distribution across the surfaces (Fig. 9).

Although biofilms developed over a shorter period (4 vs. 7 weeks),
those formed in vitro under real seawater exposure and hydrodynamic
conditions simulating marine environments were thicker and more
heterogeneous than those formed by C. marina in VNSS medium under
the same hydrodynamic conditions (Fig. 4). On Flat-Si surfaces, biofilm
thickness reached 272 pm, compared to only 140 pm under VNSS, likely
reflecting the enhanced colonization potential of natural seawater due to
its greater species diversity. Moreover, biofilms on the control surfaces
(steel, Perspex, and Flat-Si) were thicker than those on the four active
surfaces (Fig. 8), with thickness reductions of 56-82% compared to steel.
Biofouling increases hull roughness and hydrodynamic drag, which, in
turn, reduces vessel speed and increases fuel consumption. Since fuel is
the largest single operating cost for most vessels (accounting for up to
50% in bulk carriers), even small improvements in surface smoothness
can yield substantial economic benefits. For instance, a 10 pm increase
in average hull roughness has been estimated to raise fuel consumption
by 0.3-1.0% (Champ, 2000). Consequently, the reduction in biofilm
thickness observed on the active surfaces highlights their strong po-
tential for application in marine antifouling strategies.

Representative 3D OCT images further highlighted architectural
differences among the biofilms, with the control surfaces exhibiting
streamers (up to 500 pm) and a highly heterogeneous structure, as re-
flected by higher contour coefficient values (Fig. SSA in Supplementary
Material). Consistent with VNSS experiments (Fig. 3), Flat-Si exhibited
the highest biofilm porosity and average non-connected pore volume
(11% and 2458 um?, respectively; Fig. S5B, C in Supplementary Mate-
rial), with steel and Perspex showing similar values. In contrast, porosity
decreased to 2% on bD-H (Fig. S5B in Supplementary Material).

SEM analyses of biofilm formed with real seawater (Fig. 9) confirmed
the OCT results. Steel, Perspex, and Flat-Si were fully covered by bio-
film, while the bD-F surface showed uncolonized areas. Furthermore,
the spiky structures of the active surfaces largely retained their integrity,
most notably on bD-H and bD-F surfaces, where spikes visibly pierced
through the biofilm.

To further assess the mechanical robustness and long-term durability
of the nanostructured surfaces, bD-H and bD-F were subjected to addi-
tional field immersion tests (Section 6 of Supplementary Material). Both
surfaces retained their structural integrity after prolonged exposure to a
natural aquatic environment, confirming their stability and antifouling
ability under realistic conditions.

4. Conclusions

This study presents a novel investigation into the efficacy of nano-
structured black silicon (bSi) and black diamond (bD) surfaces, with
either hydrogen or fluorine-terminated surfaces, in mitigating marine
biofilm formation under defined hydrodynamic conditions over an
extended duration of 49 days. While nanostructured surfaces like bSi
have shown bactericidal effects in medical contexts, their marine
application remains underexplored. Building on the known robustness
and antimicrobial properties of diamond coatings, this work bridges the
gap between static biomedical studies and real-world marine antifouling
applications.

Contact angle measurements confirmed decreased wettability on all
active surfaces, especially fluorine-terminated black diamond (bD-F),
which showed the highest water repellency. SEM analysis revealed that
the nanospike morphology of bSi and bD surfaces was maintained after 7
weeks, and these structures, particularly on bD-F, appeared to physically
disrupt biofilms. Quantitative assays demonstrated that bSi-OF and bD-F
significantly reduced biofilm thickness, porosity, and cell density. OCT
data showed a marked reduction in biofilm thickness (up to 53%) and
contour coefficient on bSi-OF and bD-F surfaces, suggesting more uni-
form and thinner biofilms. CLSM imaging corroborated these findings,
indicating that the bD-F surface experienced the greatest reduction in
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Biofilm Formed
With Real Seawater

Fig. 9. SEM micrographs of the different surfaces after exposure to real
seawater over 4 weeks. The left panels show the overall surface topography at
10,000 x magnification (scale bar = 10 pm), while the right panels provide
higher-resolution details at 50,000 x magnification (scale bar = 2 pm). Biofilm
covered control surfaces, while the spiky structures of active surfaces, especially
bD-F, remained largely intact.



M.J. Romeu et al.

total biovolume compared to the Flat-Si control (75%). Moreover, it
showed the lowest viability percentage (only 45%), with non-viable cells
particularly concentrated at the biofilm-surface interface. This localized
bactericidal effect may stem from the mechanical stress induced by the
sharp, robust nanostructures, especially those reinforced with diamond
coating. Flow cytometry further supported this observation, revealing
alterations in bacterial membrane potential and metabolic activity in
cells exposed to the bD surfaces, providing no evidence of oxidative
stress-induced antimicrobial action.

The superior antifouling performance of bD-F compared to bD-H can
be attributed to differences in surface chemistry and stability. Hydrogen-
terminated surfaces, while moderately hydrophobic, are prone to partial
oxidation in aqueous environments, leading to heterogeneity and higher
surface energy that favor bacterial adhesion. In contrast, fluorine
termination creates chemically robust, densely packed, and super-
hydrophobic surfaces that shield underlying carbon atoms, reduce sur-
face energy, and enhance repulsive forces. Together, these properties
make bD-F effective for antifouling applications, highlighting fluorina-
tion as a key strategy for diamond-based antibacterial surfaces.

Additional tests with real seawater and field immersion assays
confirmed that bD surfaces maintain their nanostructured integrity and
effectively reduce biofouling under realistic marine conditions,
demonstrating their robustness and practical applicability for long-term
antifouling.

Building on these findings, longer-term solutions may focus on
replicating the geometry, density, and mechanical robustness of the
nanostructured bD spikes using materials that are less exotic and more
cost-effective than black diamond, as coating the entire underside of a
ship in bD would be expensive and impractical. As such, work is
currently underway to develop a hard but flexible rubber material with
similar nanostructured features, which would be much more compatible
with marine applications. Such a flexible rubber layer could simply be
attached to the surface needing protection, and either replaced with a
new one when biofouling eventually occurred or cleaned in situ with
water jets. If the duration required between cleaning could be increased
by only a factor of two using methods such as these, the cost savings for
marine applications would be significant.
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