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Influence of Sharklet-Inspired Micropatterned Polymers on
Spatio-Temporal Variations of Marine Biofouling

Elora Védie,* Raphaëlle Barry-Martinet, Vincent Senez, Mattias Berglin, Patrik Stenlund,
Hugues Brisset, Christine Bressy,* and Jean-François Briand

This article aims to show the influence of surface characteristics
(microtopography, chemistry, mechanical properties) and seawater
parameters on the settlement of marine micro- and macroorganisms.
Polymers with nine microtopographies, three distinct mechanical properties,
and wetting characteristics are immersed for one month into two contrasting
coastal sites (Toulon and Kristineberg Center) and seasons (Winter and
Summer). Influence of microtopography and chemistry on wetting is assessed
through static contact angle and captive air bubble measurements over
3-weeks immersion in artificial seawater. Microscopic analysis, quantitative
flow cytometry, metabarcoding based on the ribulose biphosphate carboxylase
(rbcL) gene amplification, and sequencing are performed to characterize the
settled microorganisms. Quantification of macrofoulers is done by evaluating
the surface coverage and the type of organism. It is found that for long static
in situ immersion, mechanical properties and non-evolutive wettability have
no major influence on both abundance and diversity of biofouling
assemblages, regardless of the type of organisms. The apparent contradiction
with previous results, based on model organisms, may be due to the huge
diversity of marine environments, both in terms of taxa and their size.
Evolutive wetting properties with wetting switching back and forth over time
have shown to strongly reduce the colonization by macrofoulers.

1. Introduction

Marine biofouling directly affects the naval and offshore in-
dustries as well as desalination plants, aquaculture, marine
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renewable energy devices and sensors.[1–5]

This natural and complex process corre-
sponds to the colonization of any structures
immersed in seawater by a wide diversity
of marine organisms such as bacteria, di-
atoms, algae, or barnacles.[1]

Many approaches to managing marine
biofouling have been and are still being
developed. Today, two main categories of
antifouling (AF) strategies can be found:
chemically active coatings and non-toxic
coatings. The former use active chemicals
such as biocides or enzymes, to inhibit or
reduce the settlement of organisms. But
this system has limitations such as dura-
bility, maintenance, toxicity, and selectivity
with the release of chemicals and/or enzy-
matic components in water that also affects
non-targeted organisms in seawater.[6,7]

Non-toxic coatings aim to reduce the set-
tlement and/or to increase the release of
settled organisms, with fouling-release (FR)
coatings, superhydrophobic materials or
engineered microtopographies.[8–13] Inter-
est in bioinspiration and biomimetic ap-
proaches for AF applications has been also
the focus of much research over the past

decade. Efficient AF surfaces in nature such as marine algae
combine several strategies/properties such as chemical/enzymes
production and release, nano and micro-topography, association
of different wetting properties of the skin or mechanical

V. Senez
Univ. Lille
CNRS
Inserm
CHU Lille
UMR9020-U1277 – CANTHER – Cancer Heterogeneity Plasticity and
Resistance to Therapies
Lille F-59000, France
M. Berglin, P. Stenlund
RISE Research Institutes of Sweden AB
Arvid Wallgrens backe 20, Göteborg SE-413 46, Sweden

Macromol. Biosci. 2022, 22, 2200304 2200304 (1 of 21) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmabi.202200304&domain=pdf&date_stamp=2022-10-17


www.advancedsciencenews.com www.mbs-journal.de

grooming.[14] This suggests that developing an AF coat-
ing/system should go through the association of several of
these strategies, not by focusing on a single strategy.

The settlement of marine organisms is an overly complex sub-
ject that depends on environmental variables such as pH, salinity,
nutrients, flow, interactions with other organisms, temperature,
etc.,[15] but also on the properties of the immersed substrate, such
as chemical composition, wettability,[6,16] surface charges, surface
free energy,[15] surface roughness or topography,[6,17–21] mechan-
ical properties, like the elastic modulus.[6]

Few studies investigated the combined effect of several param-
eters associated with microtopography on marine fouling and
studies investigating the behavior of substrates with microto-
pography in a field environment are not numerous as well.[6]

In the literature, most research on microtopography investi-
gated and showed the reduction of organism attachment on
one or more microtopographies commonly associated with poly-
dimethylsiloxane elastomer (PDMSe) or modified-PDMSe. How-
ever, bioadhesion assays were mainly performed with a single
organism, usually Ulva linza spores or barnacle larvae.[12,13,19]

PDMSe is a material that is hydrophobic, with a low elastic mod-
ulus, which allows an easy release of many attached organisms
and is also easy to process while giving an exceptionally good
resolution during replication of microtopographies. Brzozowska
et al. showed that material with microtopographies with higher
elastic modulus such as poly(methylmethacrylate) (PMMA), lead
to increased accumulation of biomass and higher adhesion (less
removal through water cleaning) compared with materials with
microtopographies with lower elastic modulus, such as poly-
dimethylsiloxane (PDMS) or polyurethane (PU).[36] It is then of
interest to investigate furthermore the effect of various materials
with various properties associated with one or several microto-
pographies.

Attachment theory describes the idea that for an organism of a
given size, a microtopography that would prevent its settlement,
should have protrusions with a high aspect ratio, with a signifi-
cantly small surface area at the top compared to the size of the
organism, with a height high enough to increase the instabil-
ity in the organism’s settlement. The protrusions should also be
spaced of a distance slightly less than the size of the target or-
ganism, to prevent it for passing through the protrusions and
settling at the base, but not too close to each other so that the
organism would have difficulty to stabilize itself when trying to
settle. Therefore, any microtopography tailored to one range of
organism size should not be efficient against smaller organisms,
that will be able to pass through the protrusion and settle at the
base, nor against bigger organisms, that would encounter no is-
sue of stability while settling.

This study presents the investigation of the effect of engi-
neered shark skin-inspired microtopographies, applied on poly-
mers with various properties, on marine biofouling in two con-
trasting field environments. The designed microtopographies
were based on the Sharklet AF pattern, whose effect on colo-
nization has been widely studied in the literature.[18,19,22–25] In
this way, the repeating unit of the pattern has the shape of
a diamond.[18,22] To target a larger variety of organisms, eight
Sharklet patterns were developed. Two “basic” sharklets of dif-
ferent dimensions were designed and fabricated to be used as

references: 20SK and 44SK. The 20SK has 40 μm height, 20 μm
width and spacing. The features are aligned such that the order
of length (μm) is: 40, 80, 120, 160, 120, 80, and 40. The 44SK has
45 μm height, 44 μm width and spacing. The features are aligned
such that the order of length (μm) is: 45, 180, 270, 345, 270, 180,
and 45. This last specific microtopography in PDMSe has already
been tested against Amphibalanus amphitrite cyprids in a labora-
tory test and showed a 97% reduction in attachment compared to
smooth PDMSe.[19] 20SK has been chosen to be part of this study
as a reference with the literature. The idea was to create variation
in the height of the protrusions. Three additional patterns were
designed with two different heights of features within the repeat-
ing unit to create notches. For every six protrusions, the height of
the protrusions was smaller than the others. Three additional de-
signs, on their side, had a continuous variation in height to create
waviness.

All these microtopographies were applied to six materials with
various elastic moduli and wetting properties, in order to try to
understand the relative influence of these three parameters (me-
chanical properties, wetting properties, and microtopographies)
on the settlement of marine organisms. Immersions were per-
formed in the Toulon Bay (France) and in the Kristineberg Cen-
ter for Marine Research and Innovation (west coast of Sweden;
N58.249861, E11.445194, Baltic Sea transition zone), in two sea-
sons for the first one, to assess the influence of different envi-
ronmental conditions on the antibiofouling efficacy of the sub-
strates. Biofouling was assessed by visual characterization of the
main macrofouler groups, but also in terms of bacterial and di-
atom densities using flow cytometry and optical microscopy. Fi-
nally, a specific determination of the composition and diversity
of diatoms communities was carried out using metabarcoding.

2. Experimental Section

2.1. Materials

A PDMS (Sylgard 184 Silicone Elastomer, eSi) kit was pur-
chased from Dow Corning and crosslinked via hydrosilylation
at room temperature after degassing any bubbles under vac-
uum. A PU elastomer (PURA45 kit, ePU) was purchased from
Reckli and crosslinked via polycondensation at room tempera-
ture. Low-density polyethylene (LDPE, Escorene LD600BA) and
high-density polyethylene (HDPE, Rigidex HD6070EA) were
purchased from GoodFellow. Two ester-grade thermoplastic
PU, TPU AU (Desmopan 9095AU) and TPU DU (Desmopan
9885DU), were purchased from Covestro. Hempasil X3, a com-
mercially available fouling release coating (FRC) was purchased
from Hempel S.A. and crosslinked via polycondensation at room
temperature. PU polymers were selected to represent hydrophilic
properties for all the hardness range. LDPE and HDPE poly-
mers were selected for the hydrophobic behavior and for a mid-
hardness (100–200 MPa) and a high-hardness (1–2 GPa) mate-
rial, respectively. Of all the publications reviewed by Carve et al.,
PDMS was investigated in 65% of the studies on the effect of mi-
crotopographies against fouling.[12] Therefore, for the hydropho-
bic elastomer, PDMS (eSi) was selected for comparison with pre-
vious works with similar research interests.[12,13,19]
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Figure 1. Summary of the selection of materials and microtopographies developed. Materials are classified in terms of wetting properties and mechanical
properties.

2.2. Microtopographies

The design of the studied microtopographies were all based on
the Sharklet AF pattern. Two reference one-level Sharklets, 20SK
and 44SK were developed by multiplying by 10 for the 20SK pat-
tern and by 22 for the 44SK pattern compared to the Sharklet
AF pattern width and spacing features dimensions which are
4 μm-height, 2 μm-width and spacing and lengths of 4, 8, 12,
16, 12, 8, and 4 μm in the order. 20SK molds were fabricated at
the Institute of Electronics, Microelectronics and Nanotechnol-
ogy (IEMN, Lille, France) through the association of photolithog-
raphy followed by a plasma etching.[13] As 20SK was a pattern
already investigated in a previous study,[19] it was chosen to serve
as a reference with literature. 44SK molds were fabricated at the
Research Institute of Sweden (RISE, Gothenburg, Sweden), us-
ing DLP 3D printing technique.[26–30] Notched (NSK) and waved
(WSK) molds were designed based on the 44SK pattern. Three
sub-categories were fabricated for both NSK and WSK features as
shown in Figure 1. The labels N1, N2, and NA were assigned to
features with a periodic variation in height and W1, W2, and WA
labels were assigned to features with variable heights for each of
them creating a wavy texture. A was assigned to the angle 𝛼 ap-
plied to the features.

To simplify the graphics and data, a code was attributed for
each polymer and microtopographies. Table 1 summarizes the
nomenclature used for microtopographies.

All the microtopographies were then transferred to the 7 mate-
rials described above through several steps using hot embossing
and casting methods.[31] The dimensions of replicated patterns
on polymers were recorded using a digital microscope from 3D
pictures and are summarized in Tables S1–S5 (Supporting Infor-
mation). Pictures are displayed in Figure S1 (Supporting Infor-
mation) for SK20 and SK44 patterns associated with all the poly-
mers. The type of microtopographic profile for 20, 44, NSK, and
WSK are schematically drawn in Figure S2 (Supporting Informa-
tion). Digital microscopy images of all the microtopographies as-
sociated with PDMS (eSi) are displayed in Figure 2. Samples were

Table 1. Nomenclature for microtopographies.

Microtopographies

Name Code

Smooth S

Sharklet 20 or 20SK 20

Sharklet 44 or 44SK 44

Notched SK 1 N1

Notched SK 2 N2

Notched SK A NA

Waved SK 1 W1

Waved SK 2 W2

Waved SK A WA

named as the following example: 20eSi refers to the PDMS (eSi)
sample with the 20SK microtopography. SeSi refers to the smooth
PDMS (eSi) sample.

For the analysis of the immersion of the different samples, the
place and the season were added to the nomenclature. 20eSiTW
means that the PDMS polymer with a 20SK microtopography
(20) was immersed in Toulon (T) during winter (W). The letter G
is used for an immersion in Kristineberg Center and S for sum-
mer.

2.3. Characterization of Substrates Properties Before Immersion

2.3.1. Mechanical Characterization

The bulk elastic modulus (E) of polymers was assessed through
micro-tensile procedure using a Dynamic Mechanical Analyser
(Q800 DMA, TA Instruments) using the tension film clamp along
with the DMA strain rate mode. Rectangular-shaped triplicates
were cut out from smooth samples of every material. As the Q800

Macromol. Biosci. 2022, 22, 2200304 2200304 (3 of 21) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 2. Illustration and digital microscopy image of all the developed microtopographies applied on PDMS elastomer (eSi) to illustrate the obtained
substrates after replication.

DMA cannot exceed 18 N of static force, the surface area of some
samples such as HDPE and tPUD had to be adjusted to this limit,
to evaluate their elastic modulus. The dimensions of the samples
were around 5 mm in length between the clamps, 2 mm in width,
and 1 mm thick, for HDPE and tPUD the width and length were
adjusted depending on the thickness of the substrates. After a
preload of 0.001 N, that prevents loose attaches, samples were
stretched. Elastic modulus values were taken from the slope of
the stress-strain curves in the elastic domain.

2.3.2. Wetting Properties

Static contact angle values (SCA) with a 2μL-ultrapure water
droplet were assessed in air environment. The surface free

energy 𝛾s and its dispersive 𝛾d
s and polar 𝛾

p
s components of

all polymers were assessed by the Owens and Wendt method
through the measurements of static contact angle using two po-
lar liquids, water (w) and glycerol (g) and one less polar liquid,
diiodomethane (d). Wetting behavior of substrates, when im-
mersed in seawater, was investigated throughout static captive air
bubble measurements (SCB) in artificial seawater (ASW) with a
salinity of 36 g L−1.[32] Due to the anisotropic pattern of the stud-
ied sharklet, all the contact angle measurements were performed
in two directions, i.e., parallel to features (‖) and perpendicular
to features (⊥). For example, samples were named 20eSi‖ and
20eSi⊥ which refer to PDMS (eSi) samples with the 20SK micro-
topography, ∥ refers to an image capture when camera is pointed
toward the droplet and its direction of spreading is parallel to the
features and ⊥ refers to an image capture with the camera point-

Macromol. Biosci. 2022, 22, 2200304 2200304 (4 of 21) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. Illustration of the angles of observation used for each sharklet-
based sample. ⊥ refers to an image capture with the camera pointing to the
droplet when its direction of spreading is perpendicular to the features and
∥ refers to an image capture when camera is pointed toward the droplet
and its direction of spreading is parallel to the features.

ing to the droplet when its direction of spreading is perpendicular
to the features (Figure 3).

2.4. Immersion of the Substrates in Marine Environment

2.4.1. Field Immersion Periods

Samples were deployed in static field immersion tests in two
different seasons: one in winter and two in summer. The win-
ter static field immersion test was carried out in the Toulon Bay
(North-western Mediterranean Sea). All smooth, 20SK, N1, N2
and NA patterned substrates were tested in four replicates. A
one-month immersion, from 2019, November 12th to 2019, De-
cember 9th-10th, was carried out for microfouling investigations.
Three replicates were used for analyses. The last replicate was
used for longer immersion time (up to 211 days) to assess its
efficiency against macrofouling over time. eSi, ePU, X3, HDPE,
LDPE, tPUA, and tPUD were investigated.

Based on the available 44SK and WSK micropatterned molds
from Sweden and the results obtained from the first campaign of
immersion in Toulon, all smooth, 44SK, W1 and WA patterned
substrates were tested in four replicates during the summer sea-
son. Three replicates were used for microfouling analyses after
a one-month immersion in both the Toulon Bay, France and the
Kristineberg Center, Sweden. The Kristineberg Center and the
Toulon Bay are two contrasting environments in terms of bio-
foulers. The Kristineberg Center is known, in summer, for its
large abundance of barnacles, which are the predominant macro-
foulers in this site. Barnacles are the hard foulers the most im-
pacting and destructive regarding marine industry, being one of
the main reasons of ship’s hydrodynamic decrease. Thus, barna-
cle settlement has been largely studied in lab experiments. As
these organisms are not generally abundant in the bay of Toulon,
it appears relevant to immerse panels in this site to provide the
opportunity to investigate barnacles’ settlement in an in situ en-

vironment and to get diversified fouling assemblages. The two
summer immersions lasted one month, from July 23rd, 2020, to
August 25th, 2020 for the immersion in France, and from Au-
gust 12th, 2020, to September 14th, 2020 for the immersion in
Sweden. In both sites, the samples were immersed at the same
depth of 1 m. The last replicate was meant to stay for one year,
to see the evolution of macrofouling over time in Toulon. Only
eSi, ePU, X3, HDPE, and tPUD were investigated for this second
campaign.

A nomenclature was set for samples immersed in natural
sweater. 20eSiTW means that the eSi polymer with a 20SK mi-
crotopography (20) was immersed in Toulon (T) during winter
(W). The letter G is used for an immersion in Kristineberg Cen-
ter and S for summer, i.e., 20eSiGS.

2.4.2. Supports for Field Immersion Tests

The substrates were mounted on poly(vinylchloride) (PVC) plates
of 36 cm × 18 cm. A plastic sheet with holes cut in a square pat-
tern was placed on top of all substrates, to make sure that the
same area (5 cm × 5 cm) of each substrate was exposed to the ma-
rine environment. The whole was maintained with PVC pieces
screwed with polyamide screws (Figure S3, Supporting Informa-
tion). The panels were submerged at a depth of ≈1 m.

2.4.3. Environmental Parameters Measurements

At Toulon, water temperature, pH, salinity, and dissolved oxy-
gen were measured using a Hydrolab DS5X probe (Hatch Hy-
dromet, USA) at t0, t15days and tend. Nutrients (NO3

−, PO4
3−,

Si(OH)4) were also analyzed using standard colorimetric meth-
ods for seawater.[33] At Kristineberg Center, temperature, salinity,
and pH were measured every 15 min during the immersion pe-
riod.

2.5. Characterization of Fouling Communities

2.5.1. N Quantification

The AF efficiency (N) was assessed over immersion time in
static conditions. Percentage of macrofouling communities such
as algae (brown, green, red), hydrozoans, spirorbid worms, bry-
ozoans, tubeworms, barnacles, and colonial ascidians settled on
the substrates were recorded following the updated NF-T-34-552
standard which describes the practice for evaluating the AF effi-
ciency of chemically active AF coatings.[34] Panels were inspected
without rinsing the substrates.

In this standard procedure, the percentage of surface covered
by marine organisms (intensity factor, IF) and the type of fouling
organisms (severity factor, SF) are recorded (Table 2). AF coatings
are classified using an efficiency parameter N, which is expressed
as:

N = Σ (IF × SF) (1)

For the best AF behavior, N equals 5 (on the assumption there is
always some biofilm on the immersed panel) and for the worst,
N is usually close to 40 (maximum of coverage with several types
of macrofoulers).[32]

Macromol. Biosci. 2022, 22, 2200304 2200304 (5 of 21) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Table 2. Evaluation of the efficiency parameter N. Adapted from.[34]

Fouling coverage Type of fouling

% coverage Intensity Factor IF Fouling Type Severity Factor SF

No fouling 0 Biofilm 1

0 ≤ % ≤ 10 1 Algae (brown, red, green) 3

10 < % ≤ 20 2 Non-encrusting species
(Hydrozoa, sponges, ascidians, …)

4

20 < % ≤ 40 3 Encrusting species
(Barnacles, tubeworms, spirorbid

worms, bryozoans, shells,…)

6

40 < % ≤ 60 4

60 < % ≤ 100 5

2.5.2. Sampling Strategy and Method for Microfouling Assessment

For each combination microtopography/material, three repli-
cates were fabricated. The three replicates were divided in three
zones of 1.6 cm × 5 cm, one for diatom microscopic analysis and
one for bacterial density determination using flow cytometry. The
last zone of each sample was dedicated to deoxyribonucleic acid
(DNA) analysis on sample 1, to Low Vacuum-Scanning electron
microscopy (LV-SEM) on sample 2 and was discarded on sample
3 (Figure S4, Supporting Information). Except for SEM, biofoul-
ing was collected on each zone by scraping the surfaces with a
sterile scalpel.

2.5.3. Diatom Microscopic Analysis

The collected biofouling was fixed in 10 mL of 0.3% lugol-sterile
ASW solution (with a 36 g L−1 sea salts concentration) and re-
frigerated at 4 °C in the dark between analyses. Cell numeration
was performed under a light microscope (1000× magnification,
at least 30 fields or 100 cells). Biovolumes were calculated to bet-
ter estimate surface coverage of the samples.[35]

2.5.4. Quantitative Flow Cytometry Analyses

Flow cytometry analyses were performed to investigate the den-
sity of heterotrophic prokaryotes on the surface of each micropat-
terned substrate. Only smooth materials were analyzed for the
winter immersion in the Toulon Bay. The collected biological ma-
terial was fixed in 4 mL of 0.25% glutaraldehyde-sterile artificial
seawater (ASW) solution (with a 36 g L−1 sea salts concentration),
carried in a cooler from the immersion site to the laboratory and
stored at −80 °C between the collection and the analysis. Before
the analysis, 4 μL of Tween 80, 800 μL of sodium pyrophosphate
(PPiNa) at 10 mm and 3.2 mL of ASW (with salinity of 36 g L−1)
were added to each collection tube. Aggregate cells were dissoci-
ated with a 3 min sonification. After 15 min in ice, the tubes were
vortexed and centrifugated for 1 min at 800 g. The supernatant
was filtered using EASYstrainer cell sieves of 40 μm.[36] The ob-
tained solution was then diluted to the tenth and SYBR green
was added to stain the heterotrophic prokaryotes. Heterotrophic
prokaryotes were numbered using a BD Accuri C6 flow cytome-
ter (BD Biosciences, San Jose, CA, United States) at the Regional

Flow Cytometry Platform for Microbiology (PRECYM). Data were
acquired using BD Accuri Cflow Plus software. Results were ex-
pressed as a density of cells per cm2.

2.5.5. DNA Extraction, Rbcl Gene Amplification and Sequencing

DNA was extracted from scratched material using the Dneasy
PowerBiofilm Kit (Qiagen). rbcL gene amplification was per-
formed by polymerase chain reaction (PCR), using equimolar
primers mix (described by Vasselon and colleagues).[37] PCR pro-
gram was the following: 95 °C-15′, 95 °C-45″, 55 °C-45″, 75 °C-
45″, 75 °C-5′. Step 2 to 5 were performed during 40 cycles.

Amplicons were then paired end sequenced (2 × 300 bp)
on an Illumina platform (Eurofins Genomics, Konstanz, Ger-
many). Two samples did not achieve any read (WaeSiGS and WAt-
PUDGS) and will not be part of metabarcoding analysis.

2.5.6. Low Vacuum Scanning Electron Microscopy (LV-SEM)

LV-SEM of fresh samples was performed with a TM 4000 (Hi-
tachi, IHU Marseille) under low vacuum (30 Pa) (working dis-
tance between 5.7 and 9.6 mm, accelerating voltage: 10–15 kV).

2.5.7. Data Processing

Raw sequences were cleaned and filtered with FROGS.[38] Clus-
tering relies on Swarm which does not agglomerate sequences
based on the typical 97% threshold but relies instead on both the
number of differences and the likely series of accumulation of
those differences.[39] Chimera detection relies on VSEARCH with
de novo UCHIME method.[40,41] The innovative cross-sample val-
idation step from FROGS was used to confirm the chimeric sta-
tus on all samples. Rare OTUs representing less than 0.005% of
all sequences were removed. Taxonomic affiliation was made on
Rsyst_Diatom_7 database.[42]

2.6. Statistical Analysis

After the measurements of SCA and SCB, ANOVA tests followed
by Tukey’s post-hoc tests were performed to test differences be-
tween metrics using XLSTATv7. Differences in the contact angle

Macromol. Biosci. 2022, 22, 2200304 2200304 (6 of 21) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Table 3. Static contact angle 𝜃w, 𝜃g, 𝜃d, surface free energy 𝛾s and its dispersive and polar components of smooth substrates. The letters a, b, c, d, e, f,
and g indicate groups that are significantly different from each other (ANOVA followed by post-hoc Tukey’s tests).

Polymer 𝜃air(ASW)0 𝜃w 𝜃g 𝜃d 𝛾s 𝛾s
d 𝛾s

p E

[°] [°] [°] [°] [mJ m−2] [mJ m−2] [mJ m−2] [MPa]

SeSi 36.4 ± 2.0 a| 116.5 ± 0.4 b| 114.8 ± 0.3 b| 74.3 ± 5 22 ± 3 22 ± 3 0.0 ± 0.6 1.3 ± 0.3

StPUA 101.5 ± 2.7 b| 108.7 ± 0.3 a| 97.0 ± 1.0 a| 72 ± 2.0 22 ± 3 22 ± 2 0.0 ± 0.2 103 ± 5

SHDPE 80.8 ± 3.9 c| 99.7 ± 0.4 a| 93.2 ± 0.6 c| 57 ± 1.0 26 ± 9 25 ± 8 0.4 ± 0.8 1150 ± 34

SLDPE 79.9 ± 5.5 d| 96.8 ± 0.5 a| 94 ± 4 a| 72 ± 5 21 ± 8 20 ± 6 1.0 ± 1.9 160 ± 63

StPUD 73.4 ± 2.9 e| 91 ± 2 c| 84.3 ± 0.6 c| 58 ± 3 29 ± 6 28 ± 4 1.1 ± 1.5 1000 ± 120

SePU 55.3 ± 6.7 f| 84 ± 1 c| 79 ± 7 d| 31.6 ± 0.6 44 ± 2 42 ± 1 1.9 ± 0.7 1.2 ± 0.2

SX3 50.6 ± 4.1 g| 25.4 ± 0.5 d| 55.7 ± 0.6 e| 25 ± 0.4 58 ± 26 34 ± 9 24.3 ± 17.8 0.7 ± 0.2

Pr > F NA <0.0001 <0.0001 <0.0001 NA NA NA NA

Signifi-cant Yes Yes Yes

values were evaluated between smooth and micropatterned sub-
strates. Values with p < 0.05 or 0.001 or 0.0001 were considered
significant. Values with p > 0.05 were considered as similar.

ANOVA were performed with Xlstat software to test differ-
ences for bacterial and diatom abundances, and to test differ-
ences for wetting properties. Alpha diversity indexes (Chao1,
Shannon, and Inverse Simpson) and multivariate analysis of vari-
ance (with adonis, considering texturation or surface chemistry
as factors, with 9999 permutations) were obtained with FROGS.
One-way analysis of variance (one way ANOVA) was calculated
with Xlstat software, as Non-metric MultiDimensional Scaling
(NMDS), based on Bray–Curtis dissimilarity matrix for taxo-
nomic relative abundance (obtained with FROGS). Biomarkers
were highlighted with Linear Discriminant Analysis (LDA) to es-
timate the effect size (LefSe)[43] of each differentially abundant
feature, with FROGS, using a 5% alpha value for the factorial
Kruskal–Wallis test and a threshold of 4.5 on the logarithmic LDA
score. Analyses were performed considering Site or Season as
classes and substrates as subclasses.

3. Results

3.1. Mechanical Properties of Smooth Polymer Films

Polymers were selected for their wide range of elastic moduli
from MPa to GPa, with elastomeric to thermoplastic behavior.
In the elastomer range, eSi and ePU showed similar elastic mod-
ulus around 1 MPa and X3 showed the smallest elastic modulus
with 0.7 ± 0.2 MPa. The two thermoplastics, LDPE and tPUA,
showed an elastic modulus of 160 ± 63 and 103 ± 5 MPa, respec-
tively. Finally, HDPE and tPUD showed an elastic modulus above
1 GPa, with 1150 ± 34 and 1000 ± 120 MPa, respectively. (Table 3)

3.2. Wetting Properties of Smooth and Micropatterned Polymer
Films

3.2.1. Wetting of the Smooth Polymers

𝛾s is the surface frenergy available for competing with the surface
tension of liquids. A higher value of 𝛾s transcribes surfaces that

are more easily wettable than surfaces with a low 𝛾s. Therefore,
X3 is by far the most easily wettable substrate, which is consis-
tent with the measured small 𝜃w (25.4 ± 0.5°). ePU showed a 𝛾s
= 44 ± 2 mJ m−2 with a polar component of 1.9 ± 0.7. HDPE and
tPUD showed similar 𝛾s values (𝛾s ∼ 27–30 mJ m−2) and are ex-
pected to be less easily wettable than X3 and ePU. The 𝛾 s value of
HDPE was consistent with values found in the literature.[44] eSi,
LDPE and tPUA showed similar 𝛾 s values (close to 20 mJ m−2),
which were the lowest, making those substrates the least eas-
ily wettable substrates of all the polymers investigated. These
polymers exhibit only dispersive forces at the surface. The 𝛾s
value obtained for eSi was consistent with values found in the
literature.[45,46]

When the purpose of the surface being analyzed is to be im-
mersed in a liquid medium, like in marine antifouling studies, it
is preferable to complete the wetting characterization, with cap-
tive air bubble measurements. In this case, the substrate is im-
mersed in the liquid in which it is intended to be immersed in.[47]

Characterizing the wetting properties in air alone will not provide
sufficient detail about the surface properties, as its behavior may
change when immersed through rearrangement or interaction
with surrounding liquids.

It may also be useful to monitor the kinetics of any surface
changes as a function of immersion time. Thus, smooth sub-
strates were immersed for three weeks in ASW with a salt con-
centration of 36 g L−1. This salinity was selected as it is close to
the salinity found in the Mediterranean Sea immersion site.

Figure 4 shows that tPUA appears as the most hydrophobic of
all substrates with a 𝜃air(ASW) of 102° ± 2° at t0. LDPE and HDPE
follow in the scale of hydrophobicity and are similar at t0 with a
𝜃air(ASW) value of 81° and 82°, respectively (p > 0.05). The surface
properties of X3 and ePU appear similar to each other with con-
tact angles of 52° and 56° (p > 0.05), respectively, showing more
hydrophilicity, as expected since they were the more hydrophilic
substrates when measuring 𝜃w values in air.

Except for eSi and X3, the same trends are observed for 𝜃air(ASW)
at t0 as for the static 𝜃w. 𝜃air(ASW) values are 7 to 17° lower than 𝜃w
for the more hydrophobic polymers such as tPUA, LDPE, HDPE
and tPUD, while they are 30° lower for the more hydrophilic ePU.
A 𝜃air(ASW) value higher than 𝜃w was observed for the highly hy-
drophilic X3.

Macromol. Biosci. 2022, 22, 2200304 2200304 (7 of 21) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 4. Evolution of the static captive bubble contact angle (𝜃air(ASW)) with immersion time for all smooth substrates, measured before immersion,
and on days 1, 3, 7, 14 and 21, in ASW at a salt concentration of 36 g L−1. The letters a, b, c, d, and e show similarity of 𝜃air(ASW) through a Tukey’s test
(p > 0.05).

Figure 5. Static captive air bubble contact angle on smooth and micropatterned polymers over immersion time in ASW.

In addition, Figure 4 shows that 𝜃air(ASW) decreases with im-
mersion time in ASW for most polymers. The Δ𝜃air(ASW) between
t0 and t3 weeks dropped of 39° for tPUA, 37° for LDPE, 48° for
HDPE, 40° for tPUD, 26° for ePU and 9° for PDMS. The behav-
ior of X3 is different from the other polymers with after a drop
of 21° during the first 24 h, 𝜃air(ASW) slightly increased over the
3 weeks of immersion to return to an angle similar to its initial
𝜃air(ASW) measured at t0.

3.2.2. Wetting of the Micropatterned Polymers Immersed in ASW

At t0, microtopographies influenced the wetting for all polymers.
At t0, 𝜃air(ASW) is affected by the micropatterning showing greater
hydrophilicity than their respective smooth substrates for ePU,
tPUA, and tPUD (except N2tPUD∥) (Figure 5; Figures S5 and S6,
Supporting Information). On contrary, micropatterned eSi sub-
strate exhibited a higher 𝜃air(ASW) than for the smooth one sug-

gesting a less hydrophilic surface than the smooth one. This re-
sult was more pronounced in the ∥ direction than in the ⊥ direc-
tion. LDPE and HDPE showed a similar behavior showing lightly
more hydrophilicity in the ⊥ direction compared to their respec-
tive smooth substrates while for the ∥ direction they showed
similar behavior than the smooth ones. 20SK microtopography
showed similar behavior than other microtopographies in cap-
tive air bubble experiments except for LDPE and HDPE, where
20SK showed much more hydrophilicity compared to the other
microtopographies.

To see if the effect of microtopography on wetting lasted while
the substrate was immersed over a long period of time, a mon-
itoring of the wetting of substrates immersed in ASW for 3
weeks was pursued. The experiment was only conducted on
smooth, 44SK, W1 and WA microtopographies and for 5 poly-
mers: PDMS, ePU, HDPE, tPUD, and X3. These samples corre-
spond to the substrates that were immersed during the second
campaign of immersion in summer 2020.

Macromol. Biosci. 2022, 22, 2200304 2200304 (8 of 21) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 6. Photographs of substrates after one month of immersion. A) in Toulon Bay, from 2020, July 23rd to 2020, August 25th. B) in Kristineberg Center,
from 2020, August 12th to 2020, September 14th.

Over time of immersion, the patterned substrates followed
the same pattern of increasing hydrophilicity with immersion
time as for smooth substrates but showing more hydrophilic
behavior with lower values of 𝜃air(ASW) than the smooth sub-
strates for all polymers except X3 (Figure 5). Moreover, the
difference between the 𝜃air(ASW) of smooth PDMS, HDPE and
tPUD compared to the 𝜃air(ASW) of the patterned polymers, tended
to decrease over immersion time, meaning that the behavior
of the patterned HDPE and tPUD tended to resemble the be-
havior of the smooth substrates after 3 weeks of immersion
in ASW. Stabilization of 𝜃air(ASW) is observed over immersion
time and seems to be quicker for micropatterned polymers
than for smooth ones. For patterned substrates, stabilization
of the 𝜃air(ASW) occurred after around 3 days of immersion. X3
was the only polymer that did not show a clear stabilization
of 𝜃air(ASW). Convergence of the wetting property of smooth and
patterned polymer seemed to occur, difference between smooth
and patterned decreasing over time of immersion. Therefore,
if any difference in colonization between patterned substrates
and its smooth homolog is to be noticed after field immer-
sion, it could be most likely attributed to an effect of the steric
hindrance.

Overall, all 𝜃air(ASW) values in the ∥ direction for the patterned
substrates were higher than 𝜃air(ASW) values in the ⊥ direction,
for all polymers and all microtopographies. A higher difference
between the ⊥ and ∥ directions was observed for immersed
HDPE and tPUD and was higher than the difference between
⊥ and ∥ directions observed for eSi, ePU, and X3. The high-
est difference between ⊥ and ∥ directions was seen 3 days after
immersion.

3.3. Evaluation of the Efficiency of Polymer Substrates Against
Macrofouling

Figure 6 shows some images of samples immersed in two differ-
ent sites with a contrasting macrofouling diversity and seawater
parameters. Diverse groups of macrofoulers were found in the
two sites. In winter, at Toulon, brown algae were the only type
of macrofouling observed on the substrates. In summer, the col-
onization in Kristineberg Center was characterized by the pres-
ence of barnacles only, while in Toulon, the colonization was rep-
resented by heterogeneous assemblages of macrofoulers includ-
ing algae (brown, green, and others), non-encrusting organisms
(hydrozoans), encrusting organisms (tubeworms, Spirorbis) and
other hard fouling such as barnacles (Figure 7B,C). Tempera-
tures were similar at the two sites during the summer immersion
whereas they were lower during the winter immersion at Toulon
(Table S6, Supporting Information). A clear difference in salinity
could be noticed with lower values in Kristineberg Center than
in Toulon (18.0 ± 3.4 vs 38.1 ± 0.6 g L−1, respectively). Nutrients
measured only in Toulon exhibited significantly higher concen-
trations for nitrates and silicates during winter when phosphates
remained similar.

Based on the coverage percentage of several groups of macro-
foulers observed on these images, the efficacy parameter (N)
was evaluated. In Toulon, after one month of immersion in
winter, the well-known efficient X3 substrate[48] had an efficacy
parameter N of 5 whatever the microtopography, which cor-
responds to a high AF efficacy. After one month in summer,
only the W1 × 3 substrate had a N value higher than 5 (N = 9)
(Figure 7A). X3 showed values statistically lower than the rest of

Macromol. Biosci. 2022, 22, 2200304 2200304 (9 of 21) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 7. A) Efficacy parameter of each substrate and B) Principal Component Analysis (PCA), based on the percentage of coverage of the main groups
of macrofoulers visually observed in Kristineberg Center and Toulon, with C) a focus on the summer season at Toulon.

the substrates immerged in Toulon in both seasons. During the
summer campaign, SX3TS, W2 × 3TS samples were lost during
the first month of immersion which is why the N values of those
samples are not indicated. Only one W1 × 3TS and one WAX3TS
was found after one-month immersion, as the second replicates
were lost during the first month of immersion. It was chosen to
analyze the microfouling on these two X3 substrates left, rather
than letting them immerse to investigate the evolution of the
N over time of immersion. The other substrates immersed in
Toulon were characterized by an N value, which is higher in
summer than in winter (p < 0.0001). Indeed, in winter, N started
at a minimum of 6 (for N2tPUA) and reached a maximum of
16 (for 20HDPE, N2HDPE, and NAtPUD), whereas it ranged
from 14 (for 44ePU, W1ePU, W1tPUD, and WAesi) to 23 (for
44HDPE) in summer. In Kristineberg Center, N values were
not significantly different from those in Toulon. A minimum of
N = 11 was observed on 44eSi and WAHDPE, and the maximum
(26) was observed on SePU and 44ePU. When looking at the

disposition of the barnacles on the substrates (Figure 6B), those
seemed to settle lined up in vertical straight lines most likely
following the channels created by the Sharklet (∥ direction)
especially for 44SK and W1 microtopographies. On WA microto-
pography, the barnacles seem to settle lined up in the ∥ direction
but also in the 𝛼 direction (artificial channels created thanks
to the variation of height in the Sharklet, Figure 2). If some
influence of microtopography can be noted in the preferential
settlement of the barnacles, regarding the N value which trans-
lates the covered surface percentage in this case for those fouling
species, the microtopography alone did not seem to influence
the total degree of settling. Indeed, when comparing all polymers
(eSi, ePU, HDPE, tPUD) associated with one microtopography
and their smooth homolog, there were not similar variations
(for example a decrease of N for all polymers) but rather some
with N increasing, and some with N decreasing. That im-
plies that the microtopography did not drive the settlement
density.

Macromol. Biosci. 2022, 22, 2200304 2200304 (10 of 21) © 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 8. A) Diatom density in Toulon (T) and Kristineberg Center (G) in summer (S). B) Zoom on diatoms density and C) on biovolumes in Toulon,
on eSi, ePU, HDPE, and tPUD substrates in summer.

Moreover, the PCA performed on visual inspections in Toulon
in summer did not show any clustering based on the microtopog-
raphy or surface chemistry (Figure 7C). Clusters are mainly site
and season dependent.

In Toulon, the efficacy parameter N was observed until 211
days (following the winter immersion) and 254 days (following
the summer immersion) (Figure S7, Supporting Information).
Among remaining samples, SX3TW and N1eSiTW showed the
lowest N value (11) in winter. All other micropatterned X3 sub-
strates showed significantly lower efficacy than the smooth ones
but X3 was still the more efficient among all other smooth and
micropatterned materials (Table S7, Supporting Information). In
summer, the smallest values of N were observed on SeSiTS (15),
W1eSiTS (20), and WAeSiTS (18).

3.4. Evaluation of the Efficiency Against Microfouling

3.4.1. Bacterial Density

Considering the winter immersion in Toulon, only smooth sur-
faces were analyzed. Bacterial densities were significantly higher
on ePU and X3 compared to the others, reaching 6.5.10−4 and
3.1.10−4 cells per cm2, respectively (Figure S8A, Supporting In-
formation).

Considering the summer immersion, bacterial densities were
overall significantly lower at Toulon compared to Kristineberg
Center (p < 0.0001). At Toulon, WaePU, WAHDPE, and WAt-
PUD exhibited significant lowest densities, in the range between
7.3.10−3 and 8.2.10−3 cells per cm2 (p < 0.005, Figure S8B, Sup-
porting Information). At Kristineberg Center, the lowest densi-
ties were noticed for 44ePU, 44HDPE, 44tPUD, and W1ePU, in
the range between 1.8.10−2 and 2.5.10−2 cells per cm2 (p < 0.005).
Figure S8 (Supporting Information) clearly demonstrates that the
bacterial density is site- and season-dependent.

3.4.2. Diatom Density and Biovolume

The density of diatoms found on panels immersed in
Kristineberg Center in summer did not exceed 1.0.103 cells
per μm2 whereas values from 2.4.104 to 3.4.105 cells per μm2

were reached in Toulon (Figure 8A). W1 × 3TS and WAX3TS
(Figure S10, Supporting Information) were significantly colo-
nized by more diatoms (2.8.105 ± 25 and 3.4.105 ± 8 cells per
μm2) but were the less covered substrates considering biovolume
of diatoms (1.10−4 and 1.4.10−4 μm2 per μm3, respectively) (Fig-
ure 8C). Furthermore, substrates immerged in winter in Toulon
did not show any significant differences between density or
biovolumes (Figure S11A,B; Table S8, Supporting Information).
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Figure 9. L-V- SEM images of four substrates (NALDPE, N1LDPE, SePU, N2tPUD) randomly picked to highlight the specific diversity of diatom com-
munities encountered in Toulon, in winter (scale bars: 200 μm).

Considering the summer season in Toulon, SePU (3.1.104

cells per μm2), 44ePU (2.8.104 cells per μm2), 44HDPE (2.4.104

cells per μm2) and 44tPUD (2.6.104 cells per μm2) appear sig-
nificantly less colonized than SeSi (6.6.104 cells per μm2) and
StPUD (6.7.104 cells per μm2), which shows the highest den-
sities among all substrates (Figure 8B). Figure 8C shows that
44ePU (4.2.10−5 μm3 per μm2), W1eSi (4.4.10−5 μm3 per μm2),
and W1HDPE (3.6.10−5 μm3 per μm2) were significantly less cov-
ered in diatom biovolume than SeSi, StPUD, and WAHDPE (all
reaching 1.7.10−4 μm3 per μm2).

3.4.3. Diatom Alpha and Beta-Diversities

Alpha-diversity analyses was made depending on sites and sea-
sons (Figure 8A,B) and substrates (data not shown) and re-
vealed significant differences between Kristineberg Center and
Toulon (Figure S9A, Supporting Information). The observed
OTUs and Chao1 index highlighted a higher richness in Toulon
(p < 2.1.10−13) while the probability that two species could
be different was higher in Kristineberg Center (see Shannon
(p = 0.004) and Inverse Simpson (p = 0.0031) indexes).

Some LV-SEM images demonstrating the specific diversity of
diatom communities encountered in Toulon, in winter can be
seen in Figure 9 and in Figure S12 (Supporting Information).

Beta-diversity was analyzed based on the Bray & Curtis index
and illustrated on the NMDS (Figure 10B). Whatever the sub-
strate, diatom communities were firstly clustered by the site of
immersion (Figure 10A, MANOVA, p < 0.0001). Further analy-
ses were performed separately for substrates immersed in Toulon
in both seasons and in Kristineberg Center. Results showed that
season also significantly affected the communities in Toulon

(MANOVA, p < 0.0001). PERMANOVA showed similarity in
summer for the microtopography or for the surface chemistry in
both sites (p > 0.05). In winter in Toulon, pairwise analyses high-
lighted that only communities on X3 clustered separately (Table
S9, Supporting Information).

In Kristineberg Center (Figure 11A), 16 different species were
observed with a relative abundance ≥ 5%. Extubocellulus spinifer
was found with a relative abundance ranging from 7 to 30%. For
each of the substrates studied, 3 to 7 major species were detected
above the threshold of 5%, representing 33 to 62% of all affili-
ated species. In Toulon, 11 major species were detected with a
relative abundance above 5%. Thalassiosira profunda was the only
one identified on all substrates, varying between 7 and 23% (Fig-
ure 11B). Iconella curvula did not stand out for all substrates (<5%
for W1tPUDTS) but reached a maximum of 29% on SHDPETS
substrate. Other species (in black) accounted from 14 to 45% de-
pending on the substrate.

LefSe analyses allowed the identification of specific taxa called
biomarkers among the communities (Figure 12). Substrates im-
mersed in Kristineberg Center in summer showed in particu-
lar the presence of Fragilariales (reaching 14% at best and ab-
sent in Toulon) and Cymatosirales classes (relative abundance
ranging from 9 to 37% against 1 to 6% in Toulon). The latter
was represented almost only by the genus Extubocellulus (from
8 to 36%). Naviculaceae family was also specific to Kristineberg
Center with relative abundance varying from 7 to 40% (com-
pared to 6% maximum in Toulon), due mostly to the presence
of Navicula ramossisima (from 3 to 23%) (Figure 12A). In Toulon,
in summer, Sellaphora laevissima accounted for 1 to 56% of di-
atoms identified and explained by itself the consideration of Sell-
aphora and Sellaphoraceae as biomarkers. Similarly, Thalassiosir-
ales, Thalassiosiraceae, Thalassiosira, and Thalassiosira profunda
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Figure 10. NMDS representation of Bray Curtis dissimilarity between samples, A) according to site immersion and B) season immersion in Toulon.
MANOVA p-value was equal to 1E-04 in both cases. The size of the data points in (B) is related to the number of cells per cm2.
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Figure 11. Barplot representation of all diatom species, in relative abundance. Species ≥ 5% are in colors, others are clustered and illustrated in black.

were all considered as biomarkers. Surirellales represented be-
tween 5 and 40% in relative abundance at Toulon, compared to
a maximum value of 3% at Kristineberg Center (Figure 12A).
Iconella curvula stood out with 4 to 29% of the readings when
Cylindrotheca closterium represented 1 to 18% (compared to 7%
maximum in Kristineberg Center). When studying seasonal taxa
biomarkers in Toulon (Figure 12B), LefSe revealed that most of
them were biomarkers for Toulon, either for summer or winter.
The latter was also characterized by the slight rise of Nitzschia
and the clearly specific Gyrosigma acuminatum (and its genera),
represented at best at 43% when it is only 1% in summer.

4. Discussion

Literature on the effect of physicochemical properties of materi-
als, especially polymers, on the marine colonization process is
scarce and partial. Most of the studies used only one biologi-
cal model, mostly the green algae Ulva, and with short immer-
sion times from hours to weeks, which did not integrate kinetics
of colonization at the community scale. Conclusions are conse-
quently often limited to predict AF properties on complex ma-
rine fouling communities. In this study, we intend to conclu-
sively unravel the effect of microtopographies as well as polymer
chemistries, using static field immersion tests at two dissimilar
locations in the NW Mediterranean Sea and the Baltic Sea, during
both winter and summer at the former, for one month and more.
In addition, a multiscale approach was carried out to character-
ize biofouling communities, including quantitative and qualita-
tive determination of bacterial, diatom and macrofouling assem-
blages.

4.1. Influence of the Chemistry and Microtopography of Polymer
Substrates on Wetting Properties

4.1.1. Effect of Chemistry of Polymers on Wetting Properties

The captive air bubble method was used to be representative to
real conditions as the polymer surface is put in contact with artifi-

cial seawater. The surface properties are then assessed by depos-
ing a hydrophobic air droplet on the wetted surface. A low 𝜃air(ASW)
value means that the air bubble does not spread on the surface
suggesting that the surface exhibits strong interactions with wa-
ter molecules, i.e., that the surface has a hydrophilic character.

All the polymers are hydrophilic when immersed in ASW and
became more hydrophilic with immersion time (Figure 4). All
smooth surfaces were not significantly different when looking
at the 𝜃air(ASW) values, after 21 days immersed in ASW. tPUA re-
mained the more hydrophobic of the series and ePU remained
in the hydrophilic spectrum of the series. HDPE, eSi, and tPUD
became significantly as hydrophilic as ePU. It was shown that
the water intake over time was low and could not explain this in-
crease of hydrophilicity. The higher mass gain of all polymers due
to water absorption was less than 1.8 wt.% after 15 days for ePU
(results not shown). The drop in 𝜃air(ASW) over the immersion time
for tPUA and tPUD surfaces can be explained by the reorienta-
tion of urethane functional groups at the surface. The formula-
tion of the commercial tPUA and tPUD is not known, but tPUD
should present more urethane functions than tPUA, as it is more
rigid (Table 3). This means that tPUD exhibits more hydrogen
bonds which led to stronger interactions with water molecules
than tPUA when immersed. A 𝜃air(ASW) value higher than 𝜃w for
the highly hydrophilic X3 can be explained by the release of the
amphiphilic oil from the surface in contact with ASW, resulting
in a decrease of its hydrophilicity.[49] This removal of the excess of
amphiphilic oil from the X3 surface in contact with ASW made
it difficult to interpret the wetting results. Here the variation be-
tween 𝜃air(ASW) and 𝜃w(air) tends to show that the captive air bubble
method and the sessile drop method are closer for hydrophobic
polymers while for the hydrophilic ones, the difference between
the two methods increases. Thus, the surface of hydrophilic poly-
mers changes when they are immersed in a liquid medium, be-
coming more hydrophilic.

Interestingly, X3 showed a drop of its hydrophilicity once put
into water until day 3, from which point the substrate progres-
sively came back to the wetting properties observed at t0. The
early increase in hydrophilicity of X3 surface during the immer-
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Figure 12. LEfSe analysis cladogram identifying discriminant taxa of diatoms between sites A) or seasons at Toulon B) on all immersed substrates. Taxa
with LDA superior to 4.5 are displayed.

sion can come from the diffusion of the amphiphilic additive
from the bulk to the surface, leading to an increase of its hy-
drophilicity with time. Then, the release of this amphiphilic ad-
ditive in seawater led to an increase of 𝜃air(ASW), i.e., an increase of
its hydrophobicity before another cycle of amphiphilic oil releas-
ing took place. The experiment lasted only 3 weeks, and the in-
crease of its hydrophobicity back to the initial hydrophobicity af-
ter a passage to a more hydrophilic state, was observed at the end
of the 3 weeks. Therefore, it cannot be concluded now whether
this variation in wetting is something that happens as a cycle, or

whether this variation was observed due to the complete deple-
tion of additive from the bulk. It would have been interesting to
see if this mechanism of diffusion could reach an equilibrium
up to a complete additive depletion from the substrate or if the
diffusion of the additive followed a cycle of variation of the wet-
tability over time of immersion. If the settlement of biofouling
on the X3 surface is reduced thanks to a variation of the wetting
properties, or by the contact with the additive, it will be possible
to conclude whether what was observed here was due to a cycle
or a complete depletion of the additive. The release of PEG from
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the X3 bulk could perhaps have been verified by measuring the
surface tension of the water after prolonged immersion in ASW.

4.1.2. Effect of Microtopography on Wetting Properties

When immersed in ASW, most of the micropatterned polymers
exhibited a higher hydrophilic character than the smooth corre-
sponding polymers (Figure 5; Figure S5, Supporting Informa-
tion). Water seems to fill the features affecting then the spreading
of the air bubble. In contrary, micropatterned eSi substrates ex-
hibited a higher 𝜃air(ASW) than for the smooth one in immersion
leading to a less hydrophilic surfaces than the smooth ones. This
result was more pronounced in the ∥ direction than in the ⊥ di-
rection suggesting that air is entrapped within the features and
that the values reflect a hybrid air/eSi surface with a lower frac-
tion of eSi and therefore a higher fraction of air which is more
hydrophobic along the length of the features (∥ direction) than
across the features (⊥ direction).

Figure 5 also shows that all 𝜃air(ASW) values in the ∥ direction for
the patterned substrates were higher than 𝜃air(ASW) values in the
⊥ direction, for all polymers and all microtopographies tested. A
higher difference between the ⊥ and ∥ directions was observed
for immersed HDPE and tPUD and was higher than the dif-
ference between ⊥ and ∥ directions observed for eSi, ePU, and
X3. This last result could indicate that the hardness of the sub-
strates and therefore, the protrusions, could have an impact on
the spreading of the air bubble through the microtopography. The
difference in wetting behavior was then erased after 3 days of
ASW immersion for eSi, ePU, tPUD, and HDPE samples with
44, W1, and WA micropatterning, except X3. Whatever the chem-
istry of the polymer, the presence of water within the features
tends to a similar hydrophilic surface with 𝜃air(ASW) around 20–
30°. On the contrary, an increase of 𝜃air(ASW) values with immer-
sion time was observed for the X3 highly hydrophilic in air which
can be explained by the release of the amphiphilic oil from the
surface in contact with ASW, as discussed above. The variation
in surface properties of micropatterned surfaces has a timescale
that should be in phase with the colonization steps of marine
fouling when immersed in seawater to limit or inhibit it.

4.2. Effect of the Chemistry and Microtopography of Polymer
Substrates on Microfouling and Macrofouling

Surface roughness and micro-(nano-) topographies have been
shown to play a role in reducing the settlement of organisms,
but only mostly in tests implying one type of organism at a time
in laboratory.[18,19,22] The Baier theory is widely referred to in vari-
ous publications. The two minima of adhesion described by Baier
were settled at a critical surface tension (𝛾C) of a substrate be-
tween 20 and 30 mN m−1 and between 50 and 70 mN m−1.[50,51]

Here, X3 presents a 𝛾s value within 50–70 mJ m−2 and all
the other polymers except ePU show a 𝛾s value within the 20–
30 mJ m−2 range. Therefore, if the Baier theory can apply here,
all polymers except ePU should show minimal adhesion.

It would have been interesting to investigate the issue of colo-
nization at an early stage, we chose here to study the microfouling
density after 3 weeks of immersion, and all the densities that are

used here, are the densities of biological matter measured after 3
weeks of immersion.

4.2.1. Effect on Microfouling Settlement

Regarding the effect of chemistry, hydrophilic polymers (ePU and
X3) seemed to promote the settlement of prokaryote on smooth
substrates after the one-month winter immersion with higher
densities compared to the other polymers (Figure S8, Support-
ing Information). All the other polymers did not show signifi-
cant difference in prokaryote density (p > 0.05). In summer, how-
ever, smooth ePU substrate’s prokaryotic density was found sim-
ilar to the other smooth substrates in terms of prokaryotic den-
sities. This difference between the communities of organism in
Winter and in Summer could explain this result. The X3 sub-
strates were the only ones that showed both a significantly dif-
ferent diatom density and significant difference with other sub-
strates for the prokaryotic density in winter. In summer, the X3
substrates showed a higher density of diatoms, but a smaller
biovolume, indicating that smaller diatoms were settled on X3
compared to the other polymers (Figure S10, Supporting Infor-
mation). In winter, the X3 was significantly different from other
substrates with both lower density of diatoms and smaller bio-
volume (Figure S11, Supporting Information). The lowest val-
ues of diatom biovolume of X3 compared to the other substrates
in Toulon (in winter and in summer) could be explained by
i) a possible distinct composition of the conditioning film (not
verified) or ii) a heterogeneous microfouling coverage (see LV-
SEM image in Figure S12, Supporting Information) as well as
a non-adherent biofilm that hinder the recruitment of larvae
and spores.

Regarding the effect of microtopographies and elastic mod-
ulus, all the smooth and patterned substrates showed similar
prokaryotic densities after the summer immersion. No signifi-
cant difference with a clear tendency could be noted on the di-
atom densities between all the patterned and smooth substrates
for all polymers except X3. As shown earlier, the influence of the
microtopography on the wetting disappeared over time. Since
no influence of microtopography could be highlighted, which
means that the steric hindrance did not have effect.

Therefore, on a static one-month immersion, neither microto-
pography, mechanical properties nor “static” chemistry had sig-
nificant and stable effect on the microfouling settlement.

It was shown elsewhere that, while a difference could be noted
between the composition of the bacterial community of various
polymers, over a long time of incubation, when exposed to am-
bient light, the composition of the bacterial community tended
to converge with few observable differences.[52] Shared biofilm
core communities were found on various polymers after a long
immersion time.[53] Investigations were made on various poly-
mers immersed for 2 months in 3 sites around Florida in the
United States. The colonization of substrates was found similar
in each site, and the only difference that was noted was between
substrates at different sites, showing the importance of the site on
the fouling community. This concords with the results observed
here with few differences between the polymers for a long im-
mersion time. Only biodegradable polymers have been shown to
select specific bacterial communities.[54]
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Figure 13. Photographs of smooth and micropatterned X3 substrates (Smooth, 20SK, N1, N2, and NA) after 11 months of immersion in Toulon illus-
trating that X3 seems to be more efficient against macrofouling when it is smooth rather than when it presents microtopography.

A lot of studies showed a great reduction in settlement
thanks to sharklet microtopography, when the dimensions
of the Sharklet are adjusted to the size of the targeted
microorganism.[12,18,19,22,55,56] But when the influence of micro-
topography on fouling settlement was observed, it was mostly
(75% of the publications reviewed by Carve and coworkers)[12] in
studies that investigated the settlement of a single organism at a
time, without all the complexity that can be found in field tests,
and without the presence of biofilm, in a median assay length
of 24 h for the publications reviewed by Carve and coworkers.
Some studies, however, investigated the AF properties of sub-
strates in field testing (15% of the publication reviewed by Carve
and coworkers, with a median maximum duration of 28 days).[12]

Under field conditions, Carve and coworkers reported that tex-
tures (various types of microtopographies investigated in their
study) were found to have no or inconclusive effect on fouling
in most cases (61% of the experiments they reviewed).[12] For
shorter immersion times, Sweat et al. found that diatoms set-
tled better on smooth acrylic panels than on rough acrylic pan-
els when immersed for 2 weeks in the Indian River lagoon.[57]

Here, the substrates were immersed for a long period (1 month)
regarding the kinetics of fouling phenomena. The mechanism of
adhesion of the two types of microfouling is different as the ad-
hesion of both diatoms and bacteria is related to their production
of extracellular polymeric substances (EPS) but bacteria also have
external structures such as flagella, fimbriae, curli, and pili that
may be involved in their adhesion process.[58] Further investiga-
tions at the molecular level could help to identify the key factors
that affect the abundance or the diversity of biofouling on pat-
terned surfaces, such as characterizing the functional groups on
the surface and those secreted by the organisms.

4.2.2. Effect on Macrofouling

For the macrofouling, more differences could be noted for the
immersion in Kristineberg Center (Figures 6 and 7). The main
fouling group observed in Kristineberg Center were Amphibal-
anus improvisus barnacles. Barnacles were reported in several re-
search to prefer high surface energy (30–35 mJ m−2).[59,60] There-
fore more barnacles should be observed for tPUD and ePU which
presents respective 𝛾s values of 29 and 44 mJ m−2. The ePU
substrates did show more barnacles than the other substrates
with efficacy parameters from 23 to 26 for all the ePU substrates
while the other substrates showed an efficacy parameter N be-
low 20 (Figure 7). But tPUD did not appear to recruit more bar-

nacles than the other substrates. Regarding the influence of mi-
crotopographies on the settlement of A. improvisus, the barnacles
seemed to settle following the channels created by the Sharklet
(in ∥ the direction) as can be seen in Figure 6.

X3 exhibited the best AF performances in both winter and
summer (for the substrates that were not lost). Interestingly, af-
ter almost one year in the Mediterranean Sea (from the Novem-
ber 12th,2019 to October 26th, 2020), when looking at the X3
substrates, the microtopography led to higher N values than the
smooth substrate, suggesting that for X3, the microtopography
decrease the AF efficacy (Figure 13). Indeed, the X3 is a PDMS
elastomer network containing an amphiphilic additive. Its effi-
cacy against fouling could come from its capacity to change its
wetting properties over immersion time due to successive steps
of migration of additive to the surface (making the substrate more
hydrophilic) and wash away of this additive (making the sub-
strate more hydrophobic). It was earlier discussed (in paragraph
4.1.1.) that X3 showed a hydrophilic behavior before immersion
due to the oil additive on the surface. Once immersed, the addi-
tive was washed off and the static bubble contact angle 𝜃air(ASW)
measured at t0 showed that X3 was more hydrophobic. Then over
time, some additives migrated to the surface making X3 more hy-
drophilic again, and this additive was washed off gradually over
time of immersion until after 3 weeks, the X3 showed the same
hydrophobicity as at t0. Figure 13 shows that even after 11 months
of immersion, it is likely that the variation of wetting and the re-
lease of additive still occurs, implying that it was a cycle that was
observed in 4.1.1. and not a complete depletion of the additive
from the bulk. Therefore, surfaces with more additive able to mi-
grate to the surface could show more AF efficiency. In Figure 14,
the digital images of X3 substrates (smooth, 20, and N) might
suggest that more additive is present on smooth substrate. Nev-
ertheless, this quick diffusion of oil during the fabrication steps
was not investigated in detail.

The X3 recruited the more diatoms but the biovolume indi-
cated that compared to the other polymers, X3 recruited smaller
diatoms, that could fill the spaces between protrusions. Over
time, the growth of microorganisms between the protrusions led
to the formation of a heterogenous surface which might cancel
the effect of the microtopography. Nevertheless, X3 is still the
most efficient substates against macrofouling over longer time.
The recruitment of smaller diatoms does not seem to affect the
AF efficacy. The oily and amphiphilic additive at the surface could
probably decrease the adhesion strength of biofilms. The AF ef-
ficacy was better for NSK microtopographies than for 20SK and
that is what is observed after 11 months of immersion with re-
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Figure 14. Digital microscopy images of 20 × 3 (top) and NX3 substrates (bottom). The release of the oily additive creates some droplets on the surface
that are more numerous on smooth surfaces (bottom of the 20 × 3 images) than on micropatterned surfaces. On the microtopography 20 × 3, smaller
droplets are present between the protrusions than for smooth or for NSK patterned surfaces. On the NSK patterns, the droplets seem more abundant
and distributed more randomly on the surface with the less defined protrusions (bottom left) compared to the surface with better-defined features,
where the droplet seems to be less numerous and always in the same spots.

spective N efficacy factor of 9 for SX3, 21 for 20X3, 11 for N1X3,
15 for N2X3 and 11 for NAX3.

The result of settlement on X3 substrates, which was minimal
for the macroorganisms compared to other substrates, even over
one year, showed that it is most likely a cycle of wetting switching
that occurs in X3 substrates, and that this mechanism if not to-
tally responsible for the good antifouling properties, at least plays
a preponderant role in it.

The effect of chemistry and microtopography can affect the for-
mation of the conditioning film and the settlement of organisms
in the early stages of colonization. It may hinder the settlement or
the formation of conditioning film at first, but at some point, once
the conditioning film was successfully formed, and the pioneer
bacteria managed to settle, it will be easier for other organisms to
settle and lead to the accumulation of biofilm, and organisms will
eventually cover the polymer and/or the microtopography, result-
ing in a convergence of the fouling for a long time of immersion.

However, X3 showed few to none macrofouling, yet recruit-
ing more bacteria and smaller diatoms than the other polymers.
Its variation in wetting, switching gradually from hydrophobic
to hydrophilic and from hydrophilic to hydrophobic could have
a strong influence on the settlement of fouling. Its low stiffness
associated with its changing wetting properties can also result in
better fouling release properties and leads to weaker adhesion of
the microorganisms and macroorganisms. As its elastic modu-
lus is similar to the one of PDMS (eSi) and ePU polymers, its
amphiphilic properties must play an important role in the AF ef-
fect of X3 and may help the X3 to not exceed a fouling threshold
further which the fouling become not reversible. A hypothesis
that can be made is that as X3 becomes very hydrophilic, maybe
the accumulation of water interacting with the X3 could lead to

the biofilm stripping off the surface, facilitated by the combined
effect of low mechanical property of X3, and the water interaction
replacing the bonding of the biofilm to the surface. This would
lead to a periodic renewal of the biofilm, which would help hin-
dering the macrofouling settlement. Investigation over time of
immersion of the evolution of the biofilm community of the X3
could be of interest to validate or not this hypothesis.

4.3. A Rbcl Gene Based Metabarcoding Approach to Study
Marine Diatom Diversity

We propose the first metabarcoding approach specifically dedi-
cated to deciphering the diversity of marine diatom communi-
ties on artificial substrates in marine environment thanks to the
diat.barcode database.[42] Diatoms or Bacillariophyta are known
as the most important contributors to the autotrophic taxa in ma-
rine biofilms as they secrete extracellular polymeric substances
(EPS), which are involved in the adhesion to substrates.[61–63]

As with bacteria, specific communities adhere to substrates
immersed.[64] Biofilm diatoms were mainly studied using mi-
croscopical approach, which is time-consuming and requires a
high level of knowledge in morphological identification, espe-
cially to reach the species level.[65–67] They are considered as ex-
cellent ecological indicators because of their huge diversity and
the fact that particular taxa occupy specific ecological niches. Re-
cently, diatoms were identified with 18S rDNA gene sequencing,
which is a non-specific eukaryotic marker.[64] Unfortunately, this
approach failed to identify diatoms to the species level.

The diat.barcode database (previously called R-Syst::diatom)
is based on the rbcL (ribulose-1,5-bisphosphate carboxy-
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lase/oxygenase large subunit) gene and was developed pri-
marily for freshwater diatoms.[68,69] Following preliminary
studies showing that more than 60% of reads were affiliated
with marine or brackish reputed taxa (not shown), we used
the diat.barcode database for this study. As expected, around
85% of the taxa were identified to the species level, mostly as
marine species. However, one biomarker taxa at Toulon and
in the summer, Iconella curvula, and spp. in general, were
reputed to inhabit freshwater ecosystems (AlgaeBase). In this
specific case, the question remains if this taxon, or a close
related species, was still not described in marine environments.
A huge diversity could be noticed with 551 OTUs in total,
representing 165 and 120 species at Toulon and Kristineberg
Center, respectively. In conclusion, the curated diat.barcode
database constitute a unique opportunity to unravel marine
biofilm diatom community drivers, including substrates.

4.4. Influence of the Water Quality and Environment on Fouling
Communities

Macrofouling assemblages clearly vary depending on the loca-
tion and consequently on environmental conditions including
the seawater quality.[70] In this study, both seasons at Toulon
and locations significantly influenced macrofoulers. We may con-
sider that the two locations are polluted as they exhibited high hu-
man activities but low nutrients and especially phosphates were
measured at the Toulon Bay, as in most of the NW Mediterranean
Sea. Winter in the NW Mediterranean Sea (Toulon) and summer
in the estuary in the North Sea (Kristineberg Center) particularly
exhibited a low diversity with mainly brown algae and barnacles,
respectively. Previous studies at Toulon allowed to identify low
temperature and higher nutrients as main drivers of late autumn-
early winter assemblages compared to the more diversified pat-
terns observed in summer.[71] Nevertheless, the lack of data mea-
sured specifically at the Kristineberg Center immersion site failed
to determine why only barnacles, generally associated to high
temperature and nutrients, colonized substrates in summer.[72]

Considering diatoms, and similarly to macroorganisms, lo-
cation induced dissimilar communities, mainly due to differ-
ences in water quality.[73–77] In addition, these articles often re-
ported that environment is a major driver for mature diatom
biofilms compared to the nature of substrates, probably in rela-
tion with masking effects discussed above. One exception was
noticed with biocidal-based antifouling coatings immersed at
Toulon and Lorient Bays (Briand et al., 2017). Despite dissimi-
lar environmental conditions, diatom communities were mainly
shape by biocides, including a decrease of the alphadiversity, as
often reported for bacterial communities.[78–80] In our study, in
line with the literature reported above but despite huge differ-
ences in biomass, only the betadiversity was affected by site and
seasons. For example, Fragillariaceae (mainly Staurosira pinnata)
were specific to Kristineberg Center (LEfSe analyses), which ap-
peared consistent with the fact that nutrient favored species with
high nutrient tolerances like other species from the same family
as Fragilaria famelica.[81] Moreover, one abundant taxa biomarker
at Kristineberg Center was the small Mediophyceae Extubocellus
spinifer, which is representative of the low biomass observed at

the Swedish location but was surprising if high nutrients would
be confirmed. As written above for macrofoulers, a more com-
plete characterization of the site would have been necessary to
better understand the environmental drivers of the fouling as-
semblages and why such low richness, diversity, and abondance
were observed in the Kristineberg Center. Belando et al. (2017)
also observed that metals selected tolerant taxa like Berkeleya fen-
nica, also identified in our study at Toulon. Metal contamination
was notably extensively studied at the Toulon Bay[82,83] and metal
resistance gene quantified in biofilms.[79] In addition, salinity was
reported to promote the genus Cylindrotheca to the detriment of
Amphora,[76] and this genus was determined as a taxa biomarker
at Toulon, which exhibited a higher salinity than the estuarine im-
mersion site in the Kristineberg Center. We also may notice that
Chiu and coworkers also observed that community composition
in biofilms were affected by salinity in summer while tempera-
ture more than salinity shaped winter assemblages, which sug-
gests that additional parameters, including top-down ones like
grazing, could interfere.[76]

5. Conclusion

Among the polymer studied, only smooth and micropatterned
X3 samples exhibited the best AF performances against macro-
foulers in Toulon. It is worth noting that X3 recruited more bac-
teria and smaller diatoms in size than the other polymers. As its
elastic modulus is similar to the other two PDMS and PU elas-
tomers, its surface properties must play an important role in its
AF efficacy over time. Its change in wetting, switching gradu-
ally from hydrophobic to hydrophilic and from hydrophilic to hy-
drophobic with immersion time could have a strong influence on
the settlement of macrofouling. Its low stiffness associated with
its change in wetting properties may also result in better fouling
release properties and lead to weaker adhesion strength of micro-
and macro-organisms. This would lead to a periodic renewal of
the biofilm, which would help hindering the macrofouling settle-
ment.

The effect of chemistry and microtopography can affect the for-
mation of the conditioning film and the settlement of organisms
in the early stages of colonization. It may hinder the settlement
or the formation of conditioning film at first, but at some point,
once the conditioning film has been successfully formed, and the
pioneer bacteria settled, it will be easier for other organisms to
settle and the accumulation of biofilm, and organisms will even-
tually cover the polymer and/or the microtopography, resulting
in a convergence of fouling for a long period of immersion.

In addition, it would have been interesting to perform addi-
tional fouling release tests on all smooth and micropatterned
substrates after short and long immersion time. These tests
would have given us more information on i) adhesion, espe-
cially using diverse methodologies such as DOPA as a molecu-
lar probe, metabolomic or metaproteomic allowing to character-
ize functional groups, but also the adhesion strength of micro-
and macro-organisms on our substrates and ii) its relationship
with the water adhesion tension, surface free energy, elastic mod-
ulus, and the evolution of wetting properties of the immersed
substrates.
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