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1. Introduction

Surface properties influence marine biofilm
rheology, with implications for ship dragf

*3 Simon P. Dennington,® Jennifer E. Longyear,®
acd

Alexandra A. Snowdon,
Julian A. Wharton (2% and Paul Stoodley

Marine biofilms on ship hulls increase frictional drag, which has economic and environmental
consequences. It is hypothesised that biofilm mechanics, such as viscoelasticity, play a critical role
in biofilm-associated drag, yet is a poorly studied area. The current study aimed to rheologically
characterise ship-relevant marine biofilms. To combat marine biofilms on ship hulls, fouling-control
coatings are often applied; therefore, the effect of different surfaces on marine biofilm mechanics was
also investigated. Three surfaces were tested: a non-biocidal, chemically inert foul-release coating (FRC),
an inert primer (ACP) and inert PVC. Physical properties of biofilms were explored using Optical
Coherence Tomography (OCT) and a parallel-plate rheometer was used for rheological testing. Image
analysis revealed differences in the thickness, roughness, and percent coverage between the different
biofilms. Rheological testing showed that marine biofilms, grown on FRC and ACP acted as viscoelastic
materials, although there were differences. FRC biofilms had a lower shear modulus, a higher viscosity,
and a higher yield stress than the ACP biofilms, suggesting that the FRC biofilms were more readily
deformable but potentially more robust. The results confirmed that surface treatment influences the
structural and mechanical properties of ship-relevant marine biofilms, which could have implications for
drag. A better understanding of how different surface treatments affect marine biofilm rheology is
required to improve our knowledge on biofilm fluid—structure interactions and to better inform the
coating industry of strategies to control biofilm formation and reduce drag.

both elastic and viscous elements. This behaviour has been
reported as partly responsible for the recalcitrance of biofilms

Marine biofilms are multi-cellular communities composed of
micro-algal and bacterial components encased within a protec-
tive and hydrated matrix. The matrix is mainly composed of
extracellular polymeric substances (EPS) that the organisms
exude, which aids in attachment of a biofilm to a surface.’ The
EPS can be considered as a crosslinked polymer gel,™ and is
arranged with a system of pores and channels that contribute to
the elastic and viscous behaviour of a biofilm.® Biofilms are
viscoelastic entities, which exhibit a time dependent response
when exposed to mechanical stress or strain that demonstrates
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to external challenges, such as mechanical, chemical and
medical,”® since although biofilms are typically soft and deform-
able materials, they can dissipate imposed stresses through
viscoelastic responses.” ™! For example, biofilms have been shown
to ‘flow’ in the form of ripple-structures when exposed to
increased shear enabling parts of the biofilm to resist detach-
ment from a surface'>'® demonstrating that the viscoelastic
nature of a biofilm has a role to play in biofilm survival.®'*

Marine biofilms induce significant economic and environ-
mental consequences within the shipping industry'® and can
induce a 1-18% penalty in ship shaft power.’®"” It is widely
accepted that biofilms increase surface roughness of a ship hull
which consequently increases biofilm-associated drag.'®'® Yet,
it has also been hypothesised that biofilm viscoelasticity increases
drag too by dissipating energy through viscoelastic motion as well
as disrupting the boundary layer by means such as streamer
oscillation.’”*" A deeper understanding of how marine biofilm
physico-mechanical properties interact with one another and how
these complex systems respond to external forces is required.
To do this an important step is to characterize and quantify the
elasticity and viscosity of marine biofilms.
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The elasticity of medical and dental biofilms is reasonably
well documented, ranging between a few Pa and several kPa,****
In part, the large range is understandable given biofilm hetero-
geneity which makes it difficult to apply standard test methods.>*
It could be expected that marine biofilms would have a similar
elasticity range, although it is important to note that the biological
composition of a marine biofilm can differ considerably from
medical or wastewater biofilms. Marine biofilms incorporate not
only bacteria, but diatoms and microalgae, which add to their
structural and EPS chemical complexity. Winston et al., studied
pond water biofilms with a micro-algal presence and found that
they possessed a significantly lower shear modulus than that for
bacterial biofilms.>> More recently, Souza-Egipsy et al., studied
prokaryotic and eukaryotic biofilms from two sampling locations
in acidic stream and found significant differences between the
structural and mechanical properties.'*

To combat biofilm formation and macrofouling on ship
hulls fouling-control coatings are often applied. Traditionally,
fouling-control coatings have routinely employed toxic bio-
cides, which deter the settlement and growth of biofouling
organisms.”® Although often highly effective, such biocidal
coatings release biocides and concerns about the potential
harmful impact on the aquatic environment mean that the
use of this type of coating is increasingly regulated on a
national and international basis.>” Therefore, the industry is
moving towards non-biocidal alternatives, such as foul-release
coatings (FRCs).”® In simple terms, FRCs act as ‘non-stick’
elastomeric surfaces due to a low surface energy which makes
it challenging for marine fouling organisms (such as diatoms)
to bond to a surface and are substantially chemically inert.>%2°
Importantly, due to differences in the chemical composition,
wettability, and surface roughness of different coatings
different biological communities thrive on different coated
surfaces.>***" In turn, a different microbial community could
constitute a change in structural®*** and mechanical proper-
ties due to changes in EPS composition, concentration of
bacterial cells and cohesiveness etc.,"* which would conse-
quently impact drag.>* Therefore, to better understand how
surface coatings alter the mechanical properties of a biofilm,
rheological characterisation of marine biofilms grown on dif-
ferent surfaces was investigated.

The aims of our study were, firstly, to determine the struc-
tural and mechanical properties of marine biofilms, using OCT
and a rotational parallel-plate rheometer. A rotational rheo-
meter is perhaps the most cited equipment used for rheological
characterisation of biofilms®® as it can capture complex visco-
elastic behaviour.”***” Modern rheometers allow both
dynamic measurements in shear as well as axial indentation.
Also, a rheometer offers high throughput experiments due to
small test pieces and ease of application.*® Furthermore, Opti-
cal Coherence Tomography (OCT) is a non-invasive method for
visualising biofilms at the meso-scale and was employed to
characterise the structural properties of the biofilms before and
after rheological testing. The second aim was to compare
the structural and mechanical profiles of biofilms grown on
different surfaces.
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2. Methodology

2.1. Coupons and surface treatments

Circular PVC coupons with a 40 mm diameter and 1 mm
thickness (Chemical Process Solutions Ltd) were abraded with
P80-grade sandpaper to promote the adhesion of paint to the
coupon surface.

The paints used were commercial coatings provided by
AkzoNobel:

o Intershield® 300 (ACP, n = 10) - a grey universal primer
with long-term anti-corrosive properties and no anti-fouling
properties (ACP).

o Intersleek™ 1100SR (FRC, n = 10) - a grey non-biocidal,
advanced fluoropolymer foul-release coating.

The paints were prepared according to manufacturer
instructions (AkzoNobel) and a synthetic paint brush was used
to ensure a surface with comparable roughness to untreated
PVC, as confirmed using blue light interferometry (Fig. S1,
ESIt). The ACP coupons were single coated whereas the FRC
coupons followed a scheme of first an anticorrosive primer
(ACP), then silicone tie-coat and finally the FRC top-coat was
applied. Inert grey PVC coupons (PVC, n = 10) that had been
abraded with P80-grade paper were used as a control surface for
the rheometer experiments. It was important to keep surface
colour consistent across all coupons to eliminate the potential
impact of colour on the rheological properties of biofilms**°
(Fig. 1). For each surface type, ten coupons were prepared for
fouling (total = 30 coupons).

2.2. Exposure to marine fouling

The coupons were attached to 15 em x 10 cm glass plates
(Fig. 1) using double-sided tape. Five identical coupons were
attached to each glass plate (Fig. 1) and were immersed in
a shallow indoor flow-through tank of natural seawater at
Newcastle University’s Dove Marine Laboratory (Cullercoats
Bay, UK) under static conditions, so that no downstream effects
of one coupon position influencing another was expected. The
glass plates were immersed horizontally (in random positions)
at the same depth to avoid differences in the biofilms driven
differences in light availability caused by water depth. The
seawater was filtered of larger particles and marine organisms
and was lit naturally by a skylight window situated above the

Fig.1 Coupons (40 mm dia.) attached to a glass plate before being
immersed in a natural seawater tank at the Dove Laboratory (Cullercoats
Bay, UK). From left to right there are FRC coupons, ACP and uncoated,
sanded PVC coupons (control).

This journal is © The Royal Society of Chemistry 2023
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tank. The coupons were deployed on 24th February 2022 and
were removed on 19th April 2022. Over this period, the seawater
temperature was 7 to 10 °C. The coupons were removed carefully
from the tank to avoid disruption to the biofilm structure and
were transported to AkzoNobel (Felling, UK) for testing on a
rheometer. Biofilms were kept hydrated during transportation
by misting them with water taken from the Dove Laboratory tank.

Although marine biofilms in a real-world scenario are typi-
cally exposed to flow conditions, those tested here were culti-
vated under static conditions. This enabled the focus of the
study to be on assessing the relationship between structural
and mechanical properties of marine biofilms. Further, marine
ships experience idle periods and are typically more vulnerable
to biofilms and other fouling organisms during this time;*! as
biofilms are typically the first colonisers of a ship hull it would
be useful to rheologically characterise them under both static
and dynamic conditions.

2.3. Structural characterisation of biofilms using OCT

Before rheological testing the coupons covered with biofilm
were characterised using OCT (Ganymede, ThorLabs). An OCT
is a non-invasive, high throughput method for visualising and
quantifying biofilm properties in situ at the meso-scale.*?
Briefly, an OCT is comprised of a light source (a super-
luminescent diode with a central wavelength of 930 nm was
used in the present study) which penetrates the biofilm sample
and creates a point reflection signal. The signal is then trans-
formed into a depth-resolved intensity profile at one location to
create an A-scan in the z-direction (height). A series of A-scans
produces a cross-sectional image in the xz-plane (length-
height), otherwise known as a B-scan (two-dimensional image).
By acquiring consecutive B-scans along the y-axis (width) a
volumetric representation of the sample is created and is called
a C-scan (three-dimensional image).

In the present study, each coupon was immersed in a
shallow dish filled with seawater taken from the tank at the
Dove Laboratory and was then placed under the OCT. Three
B-scans measuring 9.0 x 2.1 mm (xz) and a single C-scan
measuring 9.0 x 9.0 x 2.1 mm (x, y, z) were taken of each
coupon. The A-scan averaging was set to three to remove noise
from the images and the OCT scan rate was 30 kHz. ThorLabs
software, version 5.8.3 (Ganymede, ThorLabs), was used to
control the OCT light, focus and imaging.

To quantify biofilm structural properties the C-scans were
exported as.oct files from ThorLabs into MATLAB (version
2021B)*® and were processed using custom MATLAB scripts
produced by Fabbri et al** For all coupons covered with
biofilms, mean biofilm thickness (mm), percent coverage (%)
and a roughness coefficient (R;) was calculated.***> For more
details on calculations please refer to the ESL. ¥

OCT analysis was conducted before and after rheological
testing to assess the effect of stress on the structural
characteristics of the biofilms. This also allowed a comparison
between biofilms grown on different surfaces that had been
exposed to comparative rheological testing procedures.

This journal is © The Royal Society of Chemistry 2023
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2.4. Rheometer

A Discovery Hybrid rheometer (HR10) (TA Instruments) was
used to rheologically characterise the marine biofilms. The
rheometer has a gap position resolution of 0.02 pm and a
torque resolution of 1.0 x 10~ '°. A parallel-plate set-up was
adopted with a 40 mm stainless-steel sandblasted top-plate
(TA Instruments) to create roughness for grip and to avoid
slippage. All measurements were performed at 10 °C using a
Peltier-plate heat exchanger (Fig. 2). It was important to test the
biofilms at the temperature they had been cultivated at to avoid
thermal shock. The biofilms were kept hydrated during testing
by immersing them in a well filled with 4 mL of the seawater
taken from the tank they were cultivated in.

Biofilms typically exhibit structural heterogeneity which
could be expected to cause variability in rheometer measure-
ments. Hence, we report the values for the whole biofilms
(cells, EPS, trapped debris and water channels within the
structure). In the open literature it has been suggested that
controlling the gap thickness between the parallel plates using
a constant normal force as opposed to biofilm thickness
ensures sufficient contact between the biofilm and the rhe-
ometer top-plate, regardless of original heterogeneity, as evi-
denced by non-slippage using this strategy.’® In this study,
biofilms were compressed to a normal force of 0.1 N (£0.01 N)
before testing. For each rheometer experiment three biological
replicates were prepared. As rheometer tests can disrupt
the mechanical integrity of a biofilm each replicate was
tested once.

2.4.1 Amplitude sweeps. Amplitude sweeps were performed
by incrementing oscillatory strain from 107 to 10" at an
oscillation frequency of 1 Hz. The linear viscoelastic region
(LVR) for the biofilms was determined from stress-strain curves
where the stress was linear as a function of strain with an R* value
>0.95. The yield stress (g,) was taken as the intersect of the
storage (G') and loss moduli (G").

2.4.2 Frequency sweeps. Frequency sweeps were executed
by incrementing the oscillatory frequency from 0.1 to 10 Hz at a
constant strain of 2.5 x 10~ * which was determined as being in
the LVR for the biofilms grown on all coupons.

2.4.3 Creep-recovery. Creep-recovery tests were performed
at different shear stress values: 0.25, 0.5, 0.75, 1.0, 1.25, 1.5,
1.75, 2.0, 5.0, 10 and 20 Pa. A constant stress was applied for
60 s at which point the stress was removed (0 Pa); recovery of

Fig. 2 The parallel-plate rheometer was set up with a Peltier plate and
clear PVC well which was filled with seawater for testing.

Soft Matter, 2023,19, 3675-3687 | 3677
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the biofilm was then followed for 60 s. Strain was plotted as a
function of time and effective shear modulus (G) and effective
viscosity (i7) were quantified.”” 5 was calculated during the
creep portion of the experiment:

. a
" slope

n 1)
where, ¢ is shear stress (Pa) and slope is the slope of the linear
viscous region of the creep curve. The linear viscous region
typically occurs towards the end of the creep portion of the
experiment and can be taken as the area where the slope has
reached R> > 0.95 (Fig. S2b, ESIt). From the recovery part of the
experiment G was calculated using:

G:I (2)

7

where, 4, is the elastic recovery which can be defined as the
initial vertical drop in strain (Y) that occurs when applied shear
stress is removed (Fig. S2c, ESIT).

The elastic relaxation time (1), which is the time it takes for a
transition from elastic to viscous dominated behaviour when a
biofilm is exposed to a constant stress, was calculated using:*®

_n
1= (3)

2.5. Statistical analysis

Statistical analysis was executed in R Studio (version 1.1.423,
R version 4.2.1)*° and a P-value of <0.05 was deemed signifi-
cant for all statistical outcomes.

To study the effect of rheological testing on the roughness
coefficient (R), mean thickness (mm) and percent coverage (%)
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of biofilms grown on each surface a Welch’s two sample
T-test was executed. A one-way ANOVA and a post hoc Tukey
test was used to determine significant differences in the
mechanical characteristics, namely G, n and 4, of biofilms
grown on different surfaces. A Kruskal-Wallis and post hoc
Dunn test was used as the non-parametric alternative if data
did not fit the assumptions of an ANOVA. To measure differ-
ences between the physical characteristics of biofilms grown on
different surfaces a Kruskal-Wallis was required.

3. Results

3.1. Characteristics of biofilms grown on different coupons

To test the hypothesis that ship-relevant marine biofilms
grown on different coupons would display a variety of struc-
tural properties the biofilm characteristics were captured
using an OCT. The effect of shear was also tested by using
OCT before and after testing on the rheometer. Qualitatively,
the biofilms grown on the FRC coupons (“FRC biofilms’’) were
thin with sparse small clumps in comparison to the ‘fluffy’
and thick biofilms covering the surface of the PVC and ACP
coupons (“PVC biofilms” and “ACP biofilms”, respectively),
see Fig. 3. Overall, all biofilms were brown in colour which
signified a high diatom presence, confirmed by microscopy.
Note that although three biological replicates were prepared
for each rheometer test, some were discarded due to distur-
bances during transfer from the growth tank to the rheometer.
Also, as there is no standard method of testing for rheologi-
*438 some coupons had
to be utilised for method optimisation. As a consequence of

cally characterising marine biofilms,

Fig. 3 Optical microscopy (left) and cross-sectional OCT two-dimensional (2D) scans (right) taken using an OCT, of the biofilms grown on different
surfaces: top = PVC, middle = ACP, bottom = FRC. The red line in the photographs shows the direction of the 2D-scan on the right. The scale bar in the

2D-scans represents 250 um.
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fewer biological replicates, it was not possible to execute
uncertainty analysis on all mechanical tests conducted.

Physical differences were confirmed by statistical analysis as
shown in Fig. 4. Significant differences were found between the
thickness (before testing) of the biofilms grown on the three
coupon types (Kruskal-Wallis, P < 0.05) (Fig. 3 and 4b). The
ACP biofilms had a significantly higher pre-testing R} and a
significantly lower pre-testing coverage than the PVC biofilms.
Between ACP: FRC and PVC: FRC there were no significant
differences in percent coverage and R (Kruskal-Wallis, P >
0.05). Across all variables, the biofilms grown on FRC coupons
showed the lowest change when comparing structural proper-
ties pre- and post-testing, which suggests that the FRC biofilms
are robust under testing conditions. For the ACP and PVC
biofilms there was a significant difference between thickness
before and after testing (Welch’s two sample T-test, P < 0.05)
(Fig. 4b), which could be linked to the removal of ‘fluffy’ surface
layers when exposed to shear stress.

3.2. Rheological characterisation of marine biofilms

3.2.1 Amplitude sweeps. Oscillatory strain sweeps were
performed by incrementally increasing strain (—) from 107>
to 10" at a controlled frequency of 1 Hz. The storage modulus
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(G', Pa), loss modulus (G”, Pa) and stress (o, Pa) were calcu-
lated, and displayed in Fig. 5. The LVR was taken as the section
where the stress-strain slope had an R* > 0.95; for all coupon
types the LVR was comparable with respect to length and strain
range (Fig. S3, ESIT).

The intersect of G’ and G” was taken as the yield stress,
which indicates a shift from an elastic-response to a viscous-
dominated response. The FRC biofilms displayed the greatest
yield stress of 15 + 4 Pa (n = 2), compared to 13 Pa (n = 1), for
ACP biofilms and 11 Pa (n = 1), for the PVC biofilms, which
suggests that the FRC biofilms were stronger than the others.
The shape of the G’ and G” curves of PVC and ACP biofilms
were comparable; after the LVR both showed a steady decline in
G’ and G” with an increase in strain which continued past the
yield stress point (shear thinning behaviour) (Fig. 5). Shear
thinning behaviour is often reported for biofilms once the yield
stress is reached"*° as it is indicative of disruption within the
structure (such as slippage between polymer strands®') which
could be expected as the biofilm is transitioning towards a
more viscous-like response. Alternatively, for FRC biofilms,
after the LVR, G"declined but G” showed a slight increase until
the yield stress was reached. This behaviour is often described

as a weak strain overshoot''*? which occurs when there is a local
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[ |After

154 ,L

3

£

o 1.0
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i 0.5-
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Fig. 4 Biofilm (a) coverage (%), (b) mean thickness (mm) and (c) roughness coefficient (R;) calculated from OCT three-dimensional (3D) scans before
and after rheological testing on a rheometer. Data is presented as mean + SD. A ***' indicates a significant difference (P < 0.001) identified using a

Welch's two sample T-test.
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Fig. 5 Storage modulus (G’, closed circles), loss modulus (G”, open circles) and stress (g, closed triangles) vs. strain (y) for biofilms grown on: (a) FRC
(n =2), (b) ACP (n = 2) and (c) PVC (n = 3) coupons. Data presented as mean + SD.

maximum of G”,>* as was found for the FRC biofilms (Fig. 5). After
the G” maximum the yield stress was reached and was followed by
a slow decline in G” with increasing strain. Unlike the other
biofilms, the FRC biofilms also experienced an eight-fold increase
in phase angle after the yield stress, which indicates a rapid shift
from elastic-dominated to viscous-dominated behaviour.

3.2.2 Frequency sweeps. Fresh biofilm coupons were used
to test the dynamic behaviour of marine biofilms over a range
of frequencies, from 0.1 to 10 Hz or angular frequencies (w) of
0.63 to 63 rad s '. G’ was consistently higher than G” for all
coupons tested and both parameters were relatively indepen-
dent of increasing frequency (Fig. 6). Collectively the behaviour
displayed by the biofilms, across the conditions applied, is
indicative of an elastic-solid material.

3.2.3 Creep-recovery. Effective shear modulus (G) and
effective viscosity (i7) were calculated from creep-recovery curves.
The biofilms grown on FRC coupons possessed the lowest G and
highest # when compared to the biofilms grown on ACP and PVC
coupons (Fig. 7). All measurements were taken within the LVR
region for each surface, as identified by the amplitude sweeps
(Fig. 5 and Fig. S3, ESIY).

A shear stress of 1.5 Pa was identified as within the LVR
region for all coupons tested (Fig. 5 and Fig. S3, ESIt) and was
therefore used to compare the creep-recovery data (Fig. 8).
The biofilms present on all coupon types showed similarity in

3680 | Soft Matter, 2023,19, 3675-3687

the creep curves; each displayed an instantaneous elastic
response (Fig. 8a), time-dependent viscous response (Fig. 8b)
and instantaneous elastic recovery (Fig. S2, ESIt).

The suggestion that the FRC biofilms are the most compliant
biofilms studied here is supported by the creep curves. Fig. 8
shows how the FRC biofilms deform more readily than the ACP
and PVC biofilms with a greater instantaneous elasticity when
strain was applied. Using the instantaneous elastic recovery
portion which can be seen in Fig. S2 (ESIf), 1 was calculated
and revealed that FRC had the longest 4 which was more than a
factor of two greater than the alternative biofilms (Fig. 7).

It important to highlight that biofilms will display a differ-
ent response under different stressors.>® For example, within
the LVR the FRC biofilms displayed stability and viscoelasticity,
but at a higher shear stress structural integrity diminished. At
20 Pa the FRC biofilms flowed as a liquid and showed no
viscoelastic strain recovery where the ACP biofilms maintained
a time-dependant viscoelastic recovery response (Fig. S4, ESIT).

4. Discussion

To our knowledge, in this study ship-relevant marine biofilms have
been rheologically characterised for the first time. The marine
biofilms, grown at the Dove Laboratory, showed rheological

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Frequency sweeps performed on: (a) FRC (n = 1), (b) ACP (n = 2) and (c) PVC (n = 3). Angular frequency (w) was incrementally increased from
0.63 to 63 rad s*. Storage modulus (G/, closed circles) and loss modulus (G”, open circles) are plotted. Data presented as mean + SD.

behaviour analogous to viscoelastic materials which has been
reported previously for alternative biofilm types.’***>® Some
similarities were anticipated between the biofilms as they were
grown under the same environmental conditions (temperature, pH,
salinity, water depth) and the surface colour was kept consistent to
avoid colour-driven changes to the biological communities. Despite
some similarities, our observations show that there were significant
differences, physically and mechanically, between biofilms grown
on substantially chemically inert and biocide-free different
surfaces. This was perhaps driven by differences in biological
communities across the surfaces,®® which would inevitably alter
the physical structure and mechanical profile of a biofilm.

It is important to note that we aimed to assess the physico-
mechanical properties of marine biofilms and therefore no
taxonomic identification was executed. It would be of interest
to carry out microbiological analysis of the biofilm components
and community composition to determine whether differences
observed in mechanical properties are caused by structural
differences and/or biological ones.

4.1. Structural characterisation of marine biofilms using OCT

From optical microscopy and OCT cross-sectional scans (Fig. 3)
it is shown how biofilms cultivated on different inert surfaces

This journal is © The Royal Society of Chemistry 2023

possess structural variability, thickness, and percent cover-
age.** The biofilms grown on ACP and PVC coupons could be
described as thick and ‘fluffy’ (Fig. 4), where a ‘fluffy’ biofilm
has loose surface layers and stiff consolidated base
layers.'**®*7%° Wwhen a ‘fluffy’ biofilm is exposed to external
stress the surface layers can be quickly sheared, whereas the
base layers display a greater resistance.”” Differences in OCT
scans before and after testing on the rheometer showed that the
ACP and PVC coupons displayed a 68% decline in biofilm
thickness (Fig. 4) (Welch’s two sample T-test, P < 0.05). Similar
results were found for biofilms grown statically on an inert
coating by Fabbri et al.,** where there was approximately a 70%
decline in thickness after exposure to applied shear, coupled
with a 40% reduction in coverage. In the present study, despite
a significant reduction in thickness, percent coverage was
comparable before and after rheological testing (Fig. 4) which
suggests that the base layers of the biofilms were, in fact, more
resistant to imposed shear than the surface layers. Interest-
ingly, Zhang and Bishop noted that the base layers of a ‘flufty’
biofilm can be 50% less porous than the surface layers which is
important as a reduction in porosity leads to a less viscous,
stiff, and dense biofilm.””*'~** Although, density and porosity
were not investigated, it could be concluded that the ACP and
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Fig. 8 Strain, y (=) vs. time for each of the coupon types: FRC (black), ACP
(dark grey) and PVC (light grey). A stress of 1.5 Pa was applied for 60 s at
which point stress was set to 0 Pa and recovery was plotted for 60 s. The
creep curve for PVC (light grey) has been annotated (black arrows) to show
the two classic sections of a viscoelastic creep response: (a) instantaneous
elastic response, (b) time-dependent viscous response.

PVC biofilms demonstrate characteristics akin with a ‘fluffy’
biofilm. The creep-recovery data further revealed that the ACP
and PVC biofilms had a higher G, a lower # and shorter 4 than
the FRC biofilms (Fig. 7) which could be expected given the
structural characteristics.

3682 | Soft Matter, 2023,19, 3675-3687

Alternatively, the biofilms grown on FRC coupons were
much thinner than the ACP and FRC biofilms, measuring
0.37 + 0.19 mm (Fig. 3 and 4b). Also, the FRC biofilms were
sparse and displayed clumped coverage (Fig. 3). Like the ACP
and PVC biofilms, the coverage of the FRC biofilms remained
consistent before and after rheological testing; however, the
FRC biofilms also showed no significant change in average
biofilm thickness (Fig. 4). The FRC biofilms were not ‘fluffy’
like the other biofilms, and therefore it could be that differ-
ences in the physico-mechanical properties are driven by sur-
face properties which are responsible for resistance of FRC
biofilms. To confirm this, the rheological characterisation of
marine biofilms on different coatings is required.

4.2. Viscoelasticity of marine biofilms

The effective G of marine biofilms ranged from 3780 to 7257 Pa,
based on surface type, which fits comfortably within the range
quoted in the open literature for other biofilms.”*”>* The bio-
films grown on FRC coupons possessed a significantly lower G
and higher 5 than the PVC and ACP biofilms (Fig. 7) and could
be described as soft and viscous. Tierra et al,** created a
multicomponent model for studying biofilm deformation and
determined that a biofilm with high viscosity and low elasticity
is required for a stable and compliant biofilm structure.®*
A compliant biofilm can readily deform in response to imposed

This journal is © The Royal Society of Chemistry 2023
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shear stress due to viscoelastic behaviour; the elastic elements
store energy via reversible deformation whereas viscous forces
dissipate energy and reduce the risk of cohesive failure and
detachment.’>* On the other hand, the ACP and PVC biofilms
were stiff, possessed a lower yield stress and demonstrated
significant removal of the biofilm surface layers. The reduction
in thickness of the ACP and PVC biofilms could be responsible
for the higher G exhibited due to consolidation effects.®® From
results presented, it can be concluded that the FRC biofilms
were more compliant than the ACP and PVC biofilms as they
adapted to changing conditions without removal (Fig. 4) and
resisted imposed shear to a greater extent, as determined by the
higher yield stress.

Souza-Egipsy'! reported that an increase in G correlated
with an increase in 4, due to a greater interconnectivity within
the structure of biofilms collected from acidic environments.
However, in the present study ACP and PVC biofilms possessed
a significantly higher G but a 4 more than half that for the FRC
biofilms (Fig. 7). Peterson et al.,® found that a biofilm with a
greater concentration of bacterial cells had a longer elastic
relaxation time as cells are the heaviest component of the EPS,
on the other hand, in the same study, it was noted that a longer
/. could also be consequence to polymers re-arranging within
the EPS. It is expected that polymeric structural rearrangement
is responsible for the longer relaxation time exhibited by the
softer FRC biofilms as an increased presence of bacterial cells
within the EPS would produce a stiffer biofilm.®*°”

The resistance of the FRC biofilms to applied stress was
further highlighted in the amplitude sweeps where a weak
strain overshoot was identified (Fig. 5a). A weak strain over-
shoot occurs during the yielding of a material and is a non-
linear viscoelastic phenomenon caused by a shift from solid-
like deformation in the LVR to fluid-like, plastic flow.®® The
FRC biofilms demonstrated viscoelastic solid behaviour at low
stresses (Fig. 5a and 6a) and showed evidence of plasticity past
the LVR (Fig. S3a, ESIt). A weak strain overshoot is charac-
teristic of soft glassy materials such as emulsions, colloidal
gels and soft hydrogel spheres dispersed in water®>®® and has
recently been observed in mono-species biofilms®” and diatom-
dominated biofilms found in an extreme acidic environment."*
It is challenging to determine the structural cause of this
behaviour as it material dependent,”® and as biofilms are
largely heterogeneous another level of complexity is added.
It is likely that for the marine biofilms grown on FRC coupons
the weak strain overshoot is caused by viscous dissipation and
structural rearrangement as the biofilm adapts to increasing
shear stress; as the critical stress is reached, the biofilm yields
and alignment in the direction of flow occurs. This latter point
fits with the phase-angle data that revealed an eight-fold
decline after the yield stress was reached, which shows that
the FRC biofilms were fluid-like past this point. Future work
should incorporate the study of large amplitude oscillatory
shear as although differences in mechanical response can be
visualised from amplitude sweeps and creep-recovery, Lissajous
plots provide a deeper insight into the mechanical state of a
material during testing.?”*

This journal is © The Royal Society of Chemistry 2023
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4.3. Marine biofilm viscoelasticity and drag

Drag measurements were not studied here, however it could be
expected that at low shear stress the FRC biofilms would
produce a greater drag than the stiffer PVC and ACP biofilms
due to greater compliance.®® This is based on studies that have
found compliant structures to generate a significantly higher
drag compared to rigid alternatives,>®’° particularly at lower
shear.®® Alternatively, rough and thick biofilms with good
coverage are expected to provide a greater drag than thin and
sparse biofilms,*>”" which instead suggests that the PVC and
ACP biofilms could produce a greater drag than the FRC
biofilms. Valladares-Linares®® determined that a decline in
thickness was coupled with an increase in elasticity and con-
sequently an increase in resistance to shear,®® which could be
explicable by denser base-layers that have consolidated over
time under a thicker biofilm. On the other hand, Desmond
et al.,”* found no correlation between thickness, roughness and
increased resistance to shear and Jafari et al.,** concluded that
porosity influences resistance more than thickness. Collectively,
these previous studies highlight the complexity of biofilms and
how different growth, and testing conditions alter the physico-
mechanical responses to imposed stress and making it challen-
ging to link these properties to drag.

The ACP and PVC surfaces were chemically inert, they had
no antifouling capabilities and the resultant biofilms shared
similar structural and mechanical properties (Fig. 3-5 and 7).
However, the FRC surfaces, which are also chemically inert but
whose surface properties are designed to minimise adhesion of
fouling organisms, appeared to select for patchy and compliant
biofilms, and, for the most part, these had significantly differ-
ent properties to the ACP and PVC biofilms. It is important to
highlight that the experiments were executed at low shear
stressors that are not comparable to those experienced on a
ship or boat hull and therefore do not reflect in-service perfor-
mance of different surfaces. Instead, the results highlight how
different surfaces affect biofilm physico-mechanical properties
and from the results presented it could be suggested that
biofilm thickness plays a critical role in determining biofilm
mechanics.**

Marine biofilms are likely affected by a multitude of envir-
onmental conditions, such as seasonality and temperature and
testing conditions such as growth duration and surface type.
Future work should endeavour to study how changing growth
and testing conditions effects community structure and cas-
cades down to altering biofilm viscoelasticity and inevitably
drag. For example, biocidal coatings remain the most prevalent
in the global shipping fleet when compared to the use of non-
toxic coatings; as a result, it would be of interest to study how
different coatings impact biofilm physico-mechanical proper-
ties. Similarly, longer-term experiments could be ran to capture
seasonal variability. Although a parallel-plate rheometer may
not mimic real-world conditions, with respect to the shear
forces a biofilm could experience on a ship hull”® it offers high
throughput experiments for characterising marine biofilms on
different surfaces and provides a benchmark for studying
marine biofilm viscoelasticity. From characterising marine
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biofilms under an array of different conditions and from work-
ing towards a standard method of testing, uncertainty analysis
could be achieved which would enhance the findings from
rheometer studies. Although uncertainty analysis could not
be executed in the present study, we have started to answer
questions on how marine biofilm structure interacts with
mechanical properties and have suggested how this could
implicate drag.

To date, it is unknown how surface coating and biofilm
structure alter the mechanical response of biofilms to stress,
but also how different biological communities influence these
relationships. Before these questions can be answered, it is
critical that the mechanical properties of marine biofilms are
first studied in isolation to enable a better fundamental under-
standing of marine biofilm viscoelasticity and the role of biofilm
structure in this behaviour.® This is an important step towards
generating better informed coating formulation choices for
improved fouling control properties and reduced drag.

5. Conclusion

To conclude ship-relevant marine biofilms, grown in natural
seawater at the Dove Laboratory (Cullercoats Bay, UK) are
viscoelastic and their physico-mechanical properties differ
depending on the surface type. To our knowledge, we provide
the first viscoelastic characterization of different marine bio-
films using creep-recovery experiments on a parallel-plate
rheometer. The viscoelastic biofilms grown on ACP and PVC
coupons displayed similarities in their structural properties
and in their mechanical response to imposed shear as shown
by the amplitude sweeps (Fig. 5). The FRC biofilms, however,
had a higher yield stress, significantly lower G, higher #, and a 4
more than double that of the alternative biofilms. Collectively,
the FRC biofilms could be described as soft and viscous and
were more compliant than the ACP and PVC biofilms. Structu-
rally, the ACP and PVC biofilms could be described as ‘fluffy’
and thick, whereas the FRC biofilms were thinner and did not
show a significant decline in thickness before and after rheo-
logical testing. It would be beneficial to determine a correlation
between biofilm physico-mechanical properties and biofilm
composition as a function of coating type, as it is likely that
differences observed across the biofilms grown on different
coupons are partly explicable by microbiological differences.
We acknowledge that there are additional properties that could
have altered the biofilm physico-mechanics that have not been
studied here, such as the wettability and chemical composition
of the coatings, as well as biofilm community. Nevertheless, we
have highlighted how different surface treatments produce
biofilms with different physico-mechanical properties which
is an important research area for the shipping and coatings
industry.
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