FEMS Microbiology Ecology, 97, 2021, fiab052

doi: 10.1093/femsec/fiab052
Advance Access Publication Date: 30 March 2021
Research Article

RESEARCH ARTICLE
The association between initial adhesion and
cyanobacterial biofilm development

Sara I. Faria®"!, Rita Teixeira-Santos®$ Jodo Morais?, Vitor Vasconcelos??3
and Filipe J. Mergulhao®*

1LEPABE - Laboratory for Process Engineering, Environment, Biotechnology and Energy, Faculty of Engineering,
University of Porto, Rua Dr. Roberto Frias, 4200-465, Porto, Portugal, 2CIIMAR - Interdisciplinary Centre of
Marine and Environmental Research, University of Porto, Terminal de Cruzeiros do Porto de Leixoes, Avenida
General Norton de Matos, S/N, 4450-208, Matosinhos, Portugal and *FCUP - Faculty of Sciences, University of
Porto, Rua do Campo Alegre, 4069-007, Porto, Portugal

*Corresponding author: Department of Chemical Engineering, Faculty of Engineering, University of Porto, Rua Dr. Roberto Frias, 4200465 Porto, Portugal.
Tel: (+351) 225 081 668; Fax: (+351) 225 081 449; E-mail: filipem@fe.up.pt

One sentence summary: Initial cell adhesion assays revealed a high potential to estimate cyanobacterial biofilm development, allowing high
throughput screening of marine coatings under different conditions and providing indications about the biofilm behaviour in a short time.
"These authors contributed equally to this work.

Editor: Julie Olson

‘Sara I. Faria, http://orcid.org/0000-0002-4819-1892

iRita Teixeira-Santos, http://orcid.org/0000-0001-7546-9362

ABSTRACT

Although laboratory assays provide valuable information about the antifouling effectiveness of marine surfaces and the
dynamics of biofilm formation, they may be laborious and time-consuming. This study aimed to determine the potential of
short-time adhesion assays to estimate how biofilm development may proceed. The initial adhesion and cyanobacterial
biofilm formation were evaluated using glass and polymer epoxy resin surfaces under different hydrodynamic conditions
and were compared using linear regression models. For initial adhesion, the polymer epoxy resin surface was significantly
associated with a lower number of adhered cells compared with glass (-1.27 x 10° cells.cm™). Likewise, the number of
adhered cells was significantly lower (-1.16 x 10° cells.cm™) at 185 than at 40 rpm. This tendency was maintained during
biofilm development and was supported by the biofilm wet weight, thickness, chlorophyll a content and structure. Results
indicated a significant correlation between the number of adhered and biofilm cells (r = 0.800, p < 0.001). Moreover, the
number of biofilm cells on day 42 was dependent on the number of adhered cells at the end of the initial adhesion and
hydrodynamic conditions (R? = 0.795, p < 0.001). These findings demonstrate the high potential of initial adhesion assays
to estimate marine biofilm development.
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INTRODUCTION et al. 2017; Rajeev et al. 2020). This process occurs spontaneously
in marine ecosystems and may have several economic and envi-
ronmental implications (Basu et al. 2020). Marine biofouling is
detrimental to vessel hulls since the attached fouling organisms

The attachment of undesirable molecules and fouling organisms
to submerged surfaces is known as marine biofouling (Selim
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exacerbate surface corrosion and increase frictional drag, result-
ing in higher maintenance and fuel consumption (Zecher et al.
2018; Rajeev et al. 2020; Tian et al. 2020). Similarly, biofouling
can damage submerged marine facilities and underwater equip-
ment such as measurement devices or sensors (Tian et al. 2020).

Besides the economic losses for marine industries, marine
biofouling is associated with serious environmental issues. This
process promotes the bio-invasion of exotic species when the
fouling organisms travel in marine vessels (ships, yachts or sail-
ing boats) between different geographic areas, which is aggra-
vated at both community (species richness) and population
(genetic diversity) levels by the intense shipping activity in ports
(Lacoursiere-Roussel et al. 2016; Neves et al. 2020). The neg-
ative impact of bio-invasion has motivated marine conserva-
tion entities to seek strategies to reduce the introduction and
spread of fouling species in marine ecosystems and, in some
countries, strict regulations have already been implemented
to keep vessel hulls clean (McClay et al. 2015; Georgiades and
Kluza 2017).

In general, the consequences of marine biofouling have
stressed the need to develop and evaluate novel marine coatings
aiming to control biofilm formation by microfouling organisms
(e.g. cyanobacteria and diatoms) since this is the initial colonisa-
tion stage, building the basis for later settlement by macrofoul-
ing organisms (e.g. bryozoans, mollusks, polychaeta, tunicates,
coelenterates or fungi) (Arrhenius et al. 2014).

Due to the vast number of fouling organisms and the diver-
sity of biological factors underlying their attachment in the
natural environment, the most reliable method for testing the
antifouling (AF) performance of marine surfaces appears to be
the immersion of samples in the ocean (Stafslien et al. 2011).
However, sea trials require long periods to collect data, are
dependent on samples’ location and the time of year and may
be ecologically toxic and expensive (Briand 2009; Salta et al.
2010; Zecher et al. 2018). Therefore, the first step for testing new
AF coatings usually consists of exposing them to microfouling
organisms under laboratory conditions that mimic the marine
environments and to analyse different biofilm parameters (e.g.
number of cells, wet weight and thickness) (Zecher et al. 2018;
Romeu et al. 2019; Faria et al. 2020; Romeu et al. 2020). Since
numerous extrinsic factors may affect the success of an AF coat-
ing, including the microorganisms, temperature and hydrody-
namic conditions (Faria et al. 2020), it is important to test its effi-
cacy against a broad spectrum of fouling organisms and marine
conditions to obtain a more insightful evaluation (Briand 2009).
Although several laboratory assays provide the first indications
about AF performance and allow a better understanding of the
dynamics of biofilm formation, they may be laborious and time-
consuming, requiring on average 6 weeks to provide representa-
tive results of a real scenario (Zecher et al. 2018; Romeu et al.
2019). Thus, considering these limitations, the efficacy of AF
marine coatings should first be screened before carrying out
extensive laboratory tests. Certain adhesion and biofilm forma-
tion assays (2—48 h) have been developed for screening AF coat-
ings (Leroy et al. 2007; Salta et al. 2010; Stafslien et al. 2011) and
some of them showed a correlation with field assays (Stafslien
et al. 2007; Briand 2009). Most of these assays are based on the
enumeration of the attached cells by direct counting under a
microscope after their staining (Leroy et al. 2007; Briand 2009;
Salta et al. 2010) or on the spectrophotometric or fluorometric
quantification of chlorophyll (Briand 2009). Cell staining usually
requires several methodological steps (e.g. cell fixation, stain-
ing and washing) to improve analysis specificity and sensitivity,
thus increasing the time to results and costs (Leroy et al. 2007;

Briand 2009; Salta et al. 2010). In turn, the chlorophyll quan-
tification may only be applied to chlorophyll-producing organ-
isms (Briand 2009; Stafslien et al. 2011). Besides, most labora-
tory assays are conducted under static conditions (Stafslien et al.
2007; Briand 2009; Salta et al. 2010), which can influence AF per-
formance (Nolte et al. 2017, 2018). Thus, although these assays
are very useful as screening tools, it is necessary to develop
rapid, inexpensive and more accurate and simple methods to
perform alternative short-term assays.

In the present study, the association between initial adhe-
sion and biofilm formation was investigated, aiming to evaluate
the potential of short-time adhesion assays to estimate biofilm
development and, consequently, the antifouling efficacy of a
given surface. For this purpose, the initial adhesion and biofilm
formation of three coccoid cyanobacteria isolated from differ-
ent geographic areas were evaluated using different surfaces
(glass and a polymer epoxy resin) and hydrodynamic conditions
(40 and 185 rpm agitation). Since cyanobacteria are some of the
most dominant bacterial phyla colonising different surfaces at
diverse sampling locations (de Carvalho 2018; Angelova et al.
2019), particularly in the early stages of colonisation (Azevedo
et al. 2020), these microfoulers were chosen for the current study.

MATERIALS AND METHODS
Surfaces preparation

Cyanobacterial adhesion and biofilm formation were studied
using two model surfaces, glass and a polymer epoxy resin.
Glass surfaces are commonly found in the underwater windows
of boats, flotation spheres, moored buoys, underwater cam-
eras and measuring devices or sensors (Taylor 1996; King et al.
2006), while polymer epoxy resins are used to coat the hulls
of small recreation vessels, including powerboats, yachts and
sailing boats (Taylor 1996; Blain et al. 2004). Glass coupons (1
x 1 cm; Vidraria Lousada Lda, Lousada, Portugal) were cleaned
and disinfected by immersion in a 2% (v/v) TEGO 2000%® solu-
tion (an amphoteric disinfectant; JohnsonDiversey, Northamp-
ton, UK) for 20 min at 150 rpm (Meireles et al. 2017; Gomes
et al. 2018). Then the coupons were washed with sterile dis-
tilled water to remove possible remains of the disinfectant solu-
tion, air-dried and autoclaved at 121°C for 15 min (Azevedo et al.
2006). In turn, the polymer epoxy resin surfaces were prepared
from the cleaned and sterilised glass surfaces. Glass coupons
were gently coated with 150 pL of the polymer epoxy resin (HB
Quimica, Matosinhos, Portugal; composition detailed in Sup-
porting information, S1) and dried in two sequential steps: (i)
12 h at room temperature (25 + 2°C), and (ii) 3h at 60°C, accord-
ing to the instructions from the manufacturer. Dried coated
coupons were immersed in 70% (v/v) ethanol (VWR International
S.A.A., Fontenay-sous-Bois, France) for 20 min to sterilise them.

Before experiments, the initial weight of glass and polymer
epoxy resin coupons was registered.

Cyanobacterial strains and growth conditions

Three coccoid cyanobacteria strains from the Blue Biotechnol-
ogy and Ecotoxicology Culture Collection (LEGE-CC), deposited
at the Interdisciplinary Centre of Marine and Environmental
Research (CIIMAR), Porto, Portugal, were included in this study.
Synechocystis salina LEGE 00041 (order Chroococcales) was orig-
inally isolated from a seawater sample, collected in June 2000,
at Espinho beach (41.00 847 N 8.646 958 W) located on the
north coast of Portugal; Synechocystis salina LEGE 06155 (order
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Chroococcales) was obtained from a rock surface scraping of a
tide pool, collected in November 2006, at Sao Bartolomeu do Mar
beach (41.57 377 N 8.798 558 W) located in Esposende, Portugal;
and Cyanobium sp. LEGE 06097 (order Synechococcales) was iso-
lated from the intertidal zone, on green macroalga, collected in
July 2006, at Martinhal beach (37.01 869 N 8.926 714 W) located
in Vila do Bispo, Portugal (Ramos et al. 2018).

Cyanobacterial cells have grown in Z8 broth medium supple-
mented with 25 mg.mL™? of synthetic sea salts (Tropic Marin)
and B12 vitamin (Sigma Aldrich, Merck, Saint Loius, MO, USA)
(Kotai 1972). Cultures were incubated under 14 h light (10-30 mol
photon m2 s71, 1 = 380-700 nm)/10 h dark cycles at 25°C.

Thermodynamic characterisation

The hydrophobicity of the surfaces and cyanobacteria cells was
evaluated by contact angle measurement. For cyanobacteria, cell
suspensions containing 1 x 10° cells.mL™! were prepared and
analysed following the protocol developed by Busscher et al.
(1984). The contact angles of both materials and cyanobacteria
cells were determined automatically at 25 + 2°C by the sessile
drop method in a contact angle meter (Dataphysics OCA 15 Plus,
Germany) using water, formamide and «-bromonaphthalene as
reference liquids, in three independent assays. For each experi-
ment, at least 25 measurements were performed.

Based on the van Oss approach (Oss 1994), the total sur-
face energy (y™7) of a pure substance results from the sum of
the apolar Lifshitz-van der Waals component of the surface-free
energy (y*V) and the polar Lewis acid-base component (y*8):

yTOT — }/LW + VAB (1)

The polar AB component comprises the electron acceptor y*
and electron donor y~ parameters and is given by:

y* = 2/yty- @]

The surface energy components of a solid surface (s) are
obtained by measuring the contact angles (9) with three different
liquids (I) with known surface tension components (Janczuk et al.
1993), followed by the simultaneous resolution of three equa-
tions of the type:

(14 cosf)n = 2 <\/VSLWVILW + \/Vs+)’17 + \/)’; Vf) (3)

Water contact angles (0w) indicate the surface hydrophobic-
ity (0w < 90° indicates that a surface is hydrophilic, while 6y,
> 90° indicates that it is hydrophobic) (Ma et al. 2007).

The degree of hydrophobicity of a given surface is expressed
as the free energy of interaction (AG, mJ.m2) between two enti-
ties of that surface immersed in polar liquid (such as water (w)
as a model solvent). Therefore, AG is calculated using the equa-
tion:

AG = - z<m_m)z
-4 (\/V;%; + \/VS_VHT - \/Vs+ys_ — Vlzvryuj) (4)

According to this approach, if the interaction between the
two entities is stronger than the interaction of each one
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with water (AG < 0 mJ.m™), the material is considered to be
hydrophobic (i.e. the free energy of the interaction is attractive);
on the contrary, if AG > 0 mJ.m™, the material is hydrophilic
(i.e. the free energy of the interaction is repulsive) (Bayoudh et al.
2006).

When studying the interaction (free energy of adhesion)
between the surface (s) and cyanobacteria cells (b), the total
interaction energy AG24", can be expressed as:

Adh __ _ Lw Lw Lw
AG =Ysb ~VYsw ~ Vow

+2 \/F(\/V?Jr\/gfﬁ)
+VVYe (\/V?‘F\/VJ—\/H)
-~ n )

Thermodynamically, if AGA" < 0 mJ.m2, the adhesion of
cyanobacteria to the material is favoured; in opposition, the
adhesion is not favourable when AGA4" ~ 0 mJ.m=2.

Initial adhesion assays

Cyanobacterial adhesion assays were performed using 12-
well plates (VWR International, Carnaxide, Portugal) under
previously optimised conditions (Romeu et al. 2019). Firstly,
microplates were UV-sterilised for 30 min. Then the coupons
(glass and polymer epoxy resin) were fixed to the microplate
wells using transparent double-sided adhesive tape and inocu-
lated with 3 mL of cyanobacterial suspension at a concentration
of 1 x 108 cells.mL™ (as previously described). Microplates were
incubated at 25°C in an orbital shaker with a 25 mm diameter
(Agitorb 200ICP, Norconcessus, Ermesinde, Portugal) at 40 and
185 rpm, under a light cycle (10-30 mol photons m~2 s~1). Based
on computational fluid dynamic studies performed using this
type of incubator, a shaking frequency of 40 rpm corresponds to
an average shear rate of 4 s and a maximum of 11 s}, while
185 rpm corresponds to an average shear rate of 40 s and a
maximum of 120 s (Romeu et al. 2019). As it is known that lower
shear rates promote marine biofouling (Minchin and Gollasch
2003; Flemming et al. 2009) and the estimated shear rate for a
ship in a harbour is 50 s (Bakker et al. 2003), both shaking fre-
quencies were studied.

Since in marine environments, the bacterial adhesion occurs
within the first 24 h (Brian-Jaisson 2014; Amara et al. 2018), the
initial adhesion assays were performed during 450 min (7.5 h).
Every 90 min, two coupons for each experimental condition ([i]
glass at 40 rpm; [ii] glass at 185 rpm; [iii] polymer epoxy resin at
40 rpm; and [iv] polymer epoxy resin at 185 rpm) were removed
and analysed concerning the number of adhered cells. For this
purpose, each coupon was immersed in 2 mL of 8.5 mg.mL™?
sodium chloride solution and vortexing took place for 3 min
to detach cyanobacteria cells. Then 10 puL of each cell sus-
pension was placed on each side of a Neubauer chamber and
observed with a brightfield microscope (Nikon Eclipse LV100
microscope; Nikon Corporation, Tokyo, Japan). Additionally, the
coupons were also observed under the microscope to confirm
complete cell detachment.
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Experiments were performed in duplicate and in two inde-
pendent assays.

Biofilm formation assays

Biofilm formation was performed as described in the section
above under alternate light cycles of 14 h light (10-30 mol pho-
tons m~2 s71)/10 h dark, and followed for 6 weeks (42 days)
since this period corresponds on average to half of the mini-
mal economically viable interval accepted for the maintenance
of underwater systems (Blain et al. 2004) and hull cleaning (Akin-
fijevs et al. 2007; Schultz et al. 2011). During this period, the cul-
ture medium was replaced twice a week. On days 1, 2, 4, 7, 14, 21,
28, 35 and 42, two coupons of each experimental condition were
removed and gently rinsed in a sterile sodium chloride solution
(8.5 mg.mL™) to remove loosely attached cyanobacteria. After-
wards, coupons were analysed concerning the number of biofilm
cells, biofilm wet weight and thickness and chlorophyll a con-
tent. Additionally, on day 42, the biofilm structure was analysed
by optical coherence tomography (OCT).

Biofilm experiments were performed in duplicate and in two
independent assays.

Biofilm cell counting

For cell counting, coupons were dipped in 2 mL of 8.5 mg.mL™?
sodium chloride solution and vortexed for 3 min at maximum
power. Then 10 uL of cellular suspension was placed on each
side of the Neubauer Camera and observed using a Nikon Eclipse
LV100 microscope. To confirm complete cyanobacterial detach-
ment, coupons were analysed under the microscope.

Biofilm wet weight

To assess the biofilm wet weight, coupons were removed from
the wells with a tweezer and weighed. The biofilm wet weight
was determined by the difference between the initial weight of
the coupon (before inoculation) and the weight measured on the
sampling day.

Biofilm thickness

Biofilm thickness was determined using a Nikon Eclipse LV100
microscope coupled to a joystick (Prior Scientific Ltd, Cambridge,
UK) connected to a camera (Nikon digital sight DS-RI 1, Japan)
and analysed using NIS-Elements AR 4.13.05 software. For each
coupon, a minimum of five fields was analysed to obtain accu-
rate and reproducible results.

Chlorophyll a quantification

Cyanobacteria detached from coupons were harvested by cen-
trifugation (3202 x g, for 5 min at room temperature) and the
supernatant discarded. The protocol for chlorophyll a extraction
was performed in the absence of light because these pigments
are light sensitive (Romeu et al. 2019). Briefly, 2 mL of 99.8%
methanol was added to the pellet and incubated at4°C for 24 h to
obtain the maximal chlorophyll a extraction. The absorbance at
750 nm (turbidity), 665 nm (chlorophyll a) and 652 nm (chloro-
phyll b) was determined through a V-1200 spectrophotometer

(VWR International China Co., Ltd, Shanghai, China). The chloro-
phyll a concentration (1g.cm™) was calculated using the follow-
ing equation (Porra et al. 1989).

Chla (ug.mL™1) = 16.29 x A% — 8,54 x A%? (6)

OCT

On day 42, biofilm structures were analysed by OCT using a Thor-
labs Ganymede instrument (Thorlabs GmbH, Dachau, Germany)
with a central wavelength of 930 nm. After washing, the plate
wells were filled with 3 mL of sterile sodium chloride solution
(8.5 mg.mL™) and biofilms formed on coupons were imaged.
The captured volume was 3.66 x 1.52 x 2.98 mm? (509 x 313
x 1024 pixels). Since biofilms are mainly composed of water
(Telegdi et al. 2016), the refractive index was set to 1.40, close
to the refractive index of water (1.33).

For each coupon, 2D imaging was performed in a minimum
of five fields to ensure the accuracy and reproducibility of the
results.

Statistical analysis

Descriptive statistics were used to calculate the mean and stan-
dard deviations for the contact angles, number of adhered
cells and different biofilm parameters (number of biofilm cells,
biofilm wet weight, thickness and chlorophyll a content).

Linear regression models (LRMs) between the number of
cells and the independent variables (tested surfaces and hydro-
dynamic conditions) were performed for initial adhesion and
biofilm formation. Models were adjusted for strain and incuba-
tion periods.

The correlation between the adhered cells at 7.5 h and biofilm
cells on day 42 was determined using the Pearson correlation
coefficient (r). In addition, the association between the number
of biofilm cells registered on day 42 and the number of adhered
cells at 7.5 h, surface and hydrodynamic conditions (indepen-
dent variables) was also estimated using a LRM adjusted for
strain.

LRMs were also applied between the biofilm wet weight,
thickness and chlorophyll a content and the independent vari-
ables. Models were adjusted for strain and incubation periods.

For all LRMs, glass and 40 rpm were used as the reference
conditions. Results were presented as beta estimates (8) and
the corresponding 95% confidence intervals (95% CI). Significant
results were considered for p < 0.05. Data analysis was per-
formed using IBM SPSS Statistics version 24.0 for Windows (IBM
SPSS, Inc., Chicago, IL, USA).

RESULTS
Thermodynamic analysis

The hydrophobicity of the surfaces and cyanobacterial cells was
evaluated by contact angle measurement and based on the
method of van Oss et al. (1994). Table 1 presents the thermo-
dynamic analysis for the tested materials and cyanobacterial
cells. Water contact angle () values indicated that glass is
hydrophilic (9w = 39.459 + 3.505°, [0y < 90°]), whereas the poly-
mer epoxy resin surface is slightly hydrophobic (9 = 90.194 +
4.256°, [0w > 90°]). In turn, the free energy of interaction also
demonstrated the hydrophilic behaviour of glass (AG = 19.383
mJ.m™, [AG > 0 mJ.m™2]) and the hydrophobicity of polymer
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Table 1. Contact angle measurements, surface tension parameters and free energy of interaction of cyanobacterial strains and tested surfaces.

Contact angle (°)

Surface tension parameters (mj.m=2)

Water Formamide  o-Bromonaphtalene ys'W y AP ysT Vs AG
Surface
Glass 39.459 + 3.505 37.277 + 4.584 48.065 + 4.122 30.893 15.653 1.487 41.192 19.383
Polymer epoxy resin 90.194 + 4.256 69.567 + 4.292 42.147 + 3.826 33.661 0.106 0.001 3.211 —67.983
Microorganism
S. salina LEGE 00041 38.085 + 4.310 53.432 + 3.280 37.261 £ 4.501 35.800 0 0 61.008 52.315
Cyanobium sp. LEGE 06097 25.698 + 3.575 34.226 + 4.376 31.168 £ 2.777 38.222 7.233 0.232 56.384 40.355
S. salina LEGE 06155 19.113 + 3.498 35.418 + 4.212 39.655 + 4.336 34.771 9.559 0.360 63.532 48.980
Values represent the average value + SD from three independent contact angle measurements.
ys"W—apolar component; ys#E—polar component; ys* and ys—surface tension parameters; AG—free surface energy.
Table 2. Free energy of the interaction between cyanobacterial strains and tested surfaces.

AGAIR (m].m~2)

Microorganism Glass Polymer epoxy resin
S. salina LEGE 00041 32.633 —7.99%4
Cyanobium sp. LEGE 06097 28.649 —8.356
S. salina LEGE 06155 32.372 —2.276

AGAY—free energy of adhesion.

epoxy resin surfaces (AG = -67.983 mJ.m=2, [AG < 0 mJ.m™2]).
Concerning the cyanobacterial cells, water contact angles deter-
mined by the sessile drop method in a contact angle meter
and the free energy of interaction showed that Synechocystis
salina LEGE 00041 is relatively more hydrophobic than the other
cyanobacteria (0W 00041 = 38.085 + 4.310° > Oy 06097 = 25.698 +
3.575° > Owoe1ss = 19.113 + 3.498°; AGooosr = 52.315 mJ.m™? >
AGope155 = 48.980 rnJ.m’Z > AGog1097 = 40.355 rnJ.m’z).

The free energy of adhesion (AGA4") calculated for the two
surfaces is presented in Table 2. AGA" values obtained for the
different cyanobacteria strains were very similar and indicated
that the cell adhesion on the polymer epoxy resin is thermo-
dynamically favourable (AGA%" < 0 mJ.m™2), while on glass it is
unfavourable (AGA%" > 0 mJ.m™).

Initial adhesion and cyanobacterial biofilm formation

The number of adhered and biofilms cells were determined
for 7.5 h and 42 days, respectively, by direct counting in a
Neubauer Camera using a microscope. Regardless of the sur-
face or hydrodynamic condition, S. salina LEGE 00041 exhibited
on average a higher number of adhered cells (3.06 x 10° + 5.40
x 10° cells.cm™?) than Cyanobium sp. LEGE 06155 (6.20 x 102 +
6.87 x 107 cells.cm™) and S. salina LEGE 06097 (4.95 x 10% + 6.02
x 107 cells.cm™) (Fig. 1.1a). After 42 days of biofilm formation,
although the number of biofilm cells had increased, this trend
was kept constant with S. salina LEGE 00041, reaching a mean of
3.84 x 108 + 5.83 x 108 cells.cm™?, and Cyanobium sp. LEGE 06097
and S. salina LEGE 06155, reaching a mean of 3.71 x 10% + 6.04 x
10% and 5.92 x 10 £ 9.89 x 103 cells.cm2, respectively (Fig. 1.1b).

Surface effect on cell adhesion and biofilm formation

For the study of the surface effect on cell adhesion and biofilm
formation, cyanobacteria cells were exposed to the glass and
polymer epoxy surfaces for 7.5 h and 42 days, respectively, and
the number of adhered cells was quantified for each experi-
mental point. The mean adhered cyanobacteria cells on both

surfaces is represented in Fig. 1.2a. Regarding the surfaces, all
cyanobacteria strains had a higher number of adhered cells
on glass than on the polymer epoxy resin surface. Cyanobium
sp. LEGE 06097 and S. salina LEGE 06155 strains displayed sim-
ilar behaviour, reaching a mean value of 6.42 x 102+ 7.27 x
102 and 5.41 x 10% £ 6.47 x 102 cell.em™ on glass, respectively,
and a mean of 5.98 x 10% £ 6.52 x 102 and 4.49 x 10% £ 5.59
x 102 cell.ecm™ on the polymer epoxy resin, respectively. In the
case of S. salina LEGE 00041, although the differences are sub-
tle, the number of cells adhered on glass was also higher than
on the polymer epoxy resin surfaces (3.25 x 10° £+ 5.57 x 10° vs.
2.87 x 10° £ 4.54 x 10° cell.cm™). The same pattern was veri-
fied for cyanobacterial biofilms formed on glass and the poly-
mer epoxy resin surfaces for 42 days. Cyanobium sp. LEGE 06097
and S. salina LEGE 06155 reached a mean value of 5.01 x 10% £
7.68 x 10° and 7.88 x 10% + 1.22 x 10* cells.cm™ on glass, respec-
tively, and a mean of 2.41 x 10° 4+ 3.32 x 103 and 3.96 x 10° +
6.27 x 10° cells.cm™ on the polymer epoxy resin surface, respec-
tively (Fig. 1.2b). Likewise, the higher biofilm-forming S. salina
LEGE 00041 presented a higher number of biofilm cells on glass
(4.26 x 10% + 6.70 x 10® cells.cm™) than on the polymer epoxy
resin surface (3.42 x 108 + 4.82 x 108 cells.cm™).

Hydrodynamic effect on cell adhesion and biofilm
formation

For the study of the hydrodynamic effect on cell adhesion and
biofilm formation, cyanobacteria cells were exposed to both
glass and polymer epoxy surfaces under 40 and 185 rpm for
7.5 h and 42 days, respectively, and the number of adhered
cells was quantified for each experimental point. Regarding
the hydrodynamic conditions, the mean adhered cyanobacte-
ria cells registered for two hydrodynamic conditions is repre-
sented in Fig. 1.3a. For Cyanobium sp. LEGE 06097, the mean
number of adhered cells at 40 rpm was 5.17 x 102 + 6.61 x
10? cells.cm™, while at 185 rpm it was 7.23 x 102 4+ 7.05 x
102 cells.cm™. In opposition, S. salina LEGE 06155 reached a mean
of 7.64 x 10% £ 7.25 x 10? cells.cm™ at 40 rpm and 2.26 x 10% +
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Figure 1. Association between initial cell adhesion and biofilm formation of three cyanobacteria strains (Synechocystis salina LEGE 00041, S. salina LEGE 06155 and
Cyanobium sp. LEGE 06097) on glass and polymer epoxy resin surfaces under different hydrodynamic conditions. Mean of the cumulative number of cyanobacterial
cells attached on glass and polymer epoxy resin surfaces at 40 and 185 rpm for cell adhesion (1A) and biofilm formation (1B) assays. Bar charts represent the mean of
LEGE 00041, LEGE 06155 and LEGE 06097 attached cells on glass and polymer epoxy resin surfaces obtained for cell adhesion (2A) and biofilm formation (2B) assays, and
the mean of LEGE 00041, LEGE 06155 and LEGE 06097 attached cells under 40 and 185 rpm registered for cell adhesion (3A) and biofilm formation (3B) assays. Linear
regression models (LRMs) between the number of cells and the independent variables performed for initial adhesion (4A) and biofilm formation (4B). Glass and 40 rpm
were used as the reference conditions. LRMs were adjusted for strain and incubation periods. Results are presented as beta estimates (8) and the corresponding 95%
confidence interval (CI 95%).
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2.45 x 102 cells.cm™ at 185 rpm. Also, S. salina LEGE 00041 reg-
istered a higher number of adhered cells at 40 than at 185 rpm
(3.23 x 10° £ 5.36 x 10°vs. 2.89 x 10° + 4.92 x 10° cells.cm™).
In turn, cyanobacteria biofilms developed for 42 days presented
a higher number of cells at low shear forces (Fig. 1.3b). Syne-
chocystis salina LEGE 06155 and S. salina LEGE 00041 kept con-
stant the pattern verified for adhesion assays, reaching a mean
0f9.93 x 10° £ 1.28 x 10* and 5.73 x 10% + 7.73 x 108 cells.cm™ at
40 rpm, respectively, and a mean of 1.91 x 10° £ 5.84 x 10? and
1.95 x 10% + 1.22 x 10° cells.cm™ at 185 rpm, respectively. For
Cyanobium sp., biofilms developed at 40 rpm also presented a
higher number of cells (5.46 x 10% + 8.18 x 103 cells.cm™) than
those developed at 185 rpm (1.97 x 10° + 5.70 x 10? cells.cm™).

Association between initial cell adhesion and biofilm
development

To evaluate the influence of surface properties and hydrody-
namic conditions on the number of adhered cells, LRMs were
performed for initial adhesion and biofilm formation. In general,
for initial adhesion, the polymer epoxy resin surface was signif-
icantly associated with a lower number of adhered cyanobacte-
ria cells compared with the glass surface (-1.27 x 10° cells.cm™
[-2.01 x 10°: -5.29 x 10%)) (Fig. 1.4a). Likewise, for the higher
shear force, the number of adhered cells was significantly lower
(-1.16 x 10° cells.cm™ [-1.88 x 10°: -4.31 x 10%]) compared with
the lower shear force (Fig. 1.4a). For biofilm formation, the poly-
mer epoxy resin was also associated with a lower number of
cells (-2.79 x 107 cells.cm™ [-8.70 x 107: 3.13 x 107]) compared
with glass (Fig. 1.4b). Although this association was not signifi-
cant, the tendency verified for initial adhesion was maintained
during biofilm formation. Concerning the hydrodynamic con-
ditions, the high shear force was significantly associated with
a lower number of cyanobacteria biofilm cells compared with
the low shear force (-1.26 x 108 cells.cm™ [-1.84 x 108%: -6.81 x
107]) (Fig. 1.4b).

Additionally, the correlation between the number of adhered
cells after 7.5 h and biofilm cells on day 42 was determined.
Regardless of the surface or hydrodynamic conditions, there is
a significant correlation between the number of adhered cells
and biofilm cells obtained in the last sampling point for each
assay (r=0.800,p < 0.001). Data also indicated that the number
of biofilm cells observed on day 42 depends on the number of
adhered cells at the end of initial adhesion (7.5 h) and hydrody-
namic conditions (R?> = 0.795, p < 0.001; Supporting informa-
tion, S2). Additionally, the surface was not significantly asso-
ciated with the number of biofilm cells on day 42 (p = 0.111),
despite playing a significant role in initial adhesion (p = 0.001).

Biofilm parameters analysis

LRMs were applied to evaluate the effect of surface properties
and hydrodynamic conditions on biofilm wet weight and thick-
ness and chlorophyl a content. Considering the biofilm param-
eters analysis, cyanobacterial biofilms formed on the polymer
epoxy resin surface were significantly associated with a lower
biofilm wet weight (-4.62 mg [-7.32: -1.92]), thickness (-14.22 um
[-19.57: -8.86]) and chlorophyll a content (-0.35 pg.mL ~* [-0.55:
-0.14]) compared with those developed on glass (Fig. 2). In turn,
cyanobacteria biofilms formed at 185 rpm were also associ-
ated with a lower biofilm wet weight (-2.74 mg [-5.42: -0.05]),
thickness (-16.78 um [-21.89: -11.66]) and chlorophyll a content
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(-0.78 ug.mL  [-0.97: -0.59]) compared with those developed at
40 rpm (Fig. 2).

Biofilm structure analysis

Cyanobacterial biofilm structures were evaluated on day 42
using OCT (Fig. 3). Regardless of shear forces, biofilms formed
on polymer epoxy resin surfaces (Fig. 3.1-3.3c and d) exhib-
ited fewer cells and lower thickness than those developed on
glass (Fig. 3.1-3.3a and b). In addition, for both glass and poly-
mer epoxy resin surfaces, biofilms formed at 185 rpm (Fig. 3.1-
3.3b and d) presented a less developed structure than at 40 rpm
(Fig. 3.1-3.3a and c). These results were verified for the three
cyanobacteria strains.

DISCUSSION

Our study demonstrated that the cyanobacteria behaviour
observed for the initial adhesion assays (7.5 h) remained con-
stant during biofilm development (42 days). An association
between cell adhesion and biofilm formation was observed for
the three cyanobacteria isolates tested using glass and polymer
epoxy resin surfaces at 40 and 185 rpm. Results revealed the
potential of short-time adhesion assays (7.5 h) to estimate the
biofilm formation under different conditions over 42 days and to
provide important insights about the antifouling performance of
marine coatings. Indeed, the tendency verified on initial adhe-
sion assay regarding the cell adhesion on glass and polymer
epoxy resin surfaces and at different hydrodynamic conditions
was maintained during cyanobacterial biofilm development and
was supported by analysis of the biofilm wet weight, thickness,
chlorophyll a content and structure. Furthermore, the number of
biofilm cells on day 42 was significantly dependent on the num-
ber of adhered cells after 7.5 h.

The majority of available short-term adhesion methods
involve the incubation of a monoculture of microfoulers with
a coated surface to allow cell attachment for 2-48 h followed by
the enumeration of the attached cells by direct counting under
a microscope, by staining cells or nucleic acids with dyes, or
by spectrophotometric or fluorometric quantification of chloro-
phyll (Leroy et al. 2007; Briand 2009; Salta et al. 2010; Stafslien
et al. 2011; Wendt 2017). The staining of attached cells requires
several additional steps to increase their specificity and sensitiv-
ity (e.g. cell fixation, staining and washing) (Stafslien et al. 2011),
making assays more laborious and expensive and increasing the
time to results, while the chlorophyll quantification may only
be applied to chlorophyll-producing organisms. Although some
of these assays correlate with field assays (Stafslien et al. 2007;
Briand 2009) and are useful screening tools for AF coatings, the
initial adhesion assay proposed in this study is relatively rapid
(7.5h), inexpensive and easy to perform since it does not require
specific dyes and additional staining steps and, based on our
results, displays high accuracy. However, although this approach
displayed promising results, it is important to highlight that the
conditions and materials evaluated in this study are not repre-
sentative of a real scenario and more tests to assess its correla-
tion with sea trials are needed.

Similar to the results obtained in these short-term assays,
previous studies demonstrated that Escherichia coli initial adhe-
sion on different biomedical materials was able to predict
biofilm formation for a 24-h period (Gomes et al. 2015; Lopez-
Mila et al. 2018; Alves et al. 2020). Altogether, these findings sug-
gest that initial microbial adhesion may provide important cues
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Figure 2. Associations between biofilm wet weight (A), thickness (B) and chlorophyll a content (C) and the independent variables. Glass and 40 rpm were used as the
reference conditions. LRMs were adjusted for strain and incubation periods. Results are presented as beta estimates () and the corresponding 95% confidence interval

(CI195%).

1. S. salina LEGE 00041

(A)

2. Cyanobium sp. LEGE 06097 3. S. salina LEGE 06155

Figure 3. Representative images of biofilm structures captured on day 42 using OCT for S. salina LEGE 00041 (1), Cyanobium sp. 06097 (2) and S. salina 06155 (3) biofilms
formed on glass at 40 and 185 rpm (A and B, respectively) and on polymer epoxy resin at 40 and 185 rpm (C and D, respectively).

about the course of biofilm formation regardless of the microor-
ganism type. Indeed, this is possible since microbial adhesion
is one of the first steps of biofilm formation, involving physico-
chemical and molecular interactions (Di Martino 2018).

The adhesion of living microorganisms to a surface is a
complex process affected by multiple factors. It is known that
surface properties, including the hydrophobicity, influence the
cell adhesion and subsequent biofilm formation (Zhang et al.
2015; Spengler et al. 2019). In this study, the results of theoret-
ical adhesion models classified the glass surface as hydrophilic
and the polymer epoxy resin surface as hydrophobic. In addi-
tion, the calculation of the free energy of adhesion indicated
that the cyanobacteria cell adhesion on glass is thermodynam-
ically unfavourable, while being favourable on polymer epoxy

resin surfaces. However, our experimental results showed that
for all tested cyanobacteria, the number of both adhered and
biofilm cells was higher for glass than for a polymer epoxy
resin surface. Although a considerable number of studies indi-
cate that hydrophobic surfaces are favourable for bacterial adhe-
sion (Cerca et al. 2005; De-la-Pinta et al. 2019) and, in particular,
for cyanobacterial adhesion (Ozkan and Berberoglu 2013), other
studies found no correlation between surface hydrophobicity
and cell attachment (Mazumder et al. 2010; Irving and Allen 2011,
Faria et al. 2020; Talluri et al. 2020). These contradictory results
may be explained by the existence of conditioning films formed
due to the adsorption of (macro)molecules on the substrate that
change the adhesion conditions for microorganisms (Lorite et al.
2011; Hwang et al. 2012). The nature of films is related to the
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material type and the environment that surrounds them (e.g.
growth medium and type of microorganism) (Lorite et al. 2011,
Talluri et al. 2020). Besides, it was described that conditioning
films form a few minutes after the surfaces are exposed, with
subsequent growth for several hours, playing an important role
in cyanobacteria adhesion and in the early stages of biofilm for-
mation (Talluri et al. 2020). Thus, despite the physicochemical
properties of the surfaces being fundamental (Zhang et al. 2015),
the cyanobacterial adhesion and biofilm formation may be mod-
ulated by other factors.

The hydrodynamic conditions have also been pointed out as
an important modulating factor of cyanobacterial adhesion and
biofilm formation (Romeu et al. 2019; Faria et al. 2020) being able
to change protein expression (Romeu et al. 2020). Similar to what
happens for initial attachment of other microfoulers (Nolte et al.
2017), our data demonstrated that the number of cyanobacteria
cells that adhered to surfaces was higher at 40 than 185 rpm.
This result was observed for both adhesion and biofilm forma-
tion assays, which indicated that shear forces have an influence
not only in the early stages of biofilm formation but also dur-
ing maturation stages. Indeed, higher shear forces may hamper
initial cell attachment and facilitate the detachment of adhered
microorganisms during biofilm formation (Thomen et al. 2017).

Microbial adhesion is also affected by the physicochemical
properties of the microorganisms (Zhang et al. 2015). The ther-
modynamic characterisation of cyanobacterial cells indicated
that S. salina LEGE 00041 is relatively more hydrophobic than
the other cyanobacteria. Indeed, a higher number of adhered
and biofilm cells was registered for S. salina LEGE 00041 com-
pared with Cyanobium sp. LEGE 06097 and S. salina LEGE 06155.
Although the association between initial adhesion and biofilm
formation has been verified for the three cyanobacteria, they
behaved differently regardless of their taxonomic order. For this
reason, and to obtain further knowledge, this association was
investigated using LRMs adjusted for the microorganism and
incubation periods. According to the LRMs, the initial cell adhe-
sion assays were able to estimate that: (i) biofilms formed on
glass displayed a higher number of cells than those formed on
polymer epoxy resin; and (ii) biofilms formed at 40 rpm exhibited
a higher number of cells than those formed at 185 rpm. More-
over, a significant correlation was found between the number of
cells at the end of the initial adhesion period and the number
of biofilm cells on day 42. In addition, the latter depends on the
initial adhesion and hydrodynamic conditions.

These results were corroborated by analysis of the different
biofilm parameters, with biofilms developed on glass displaying
higher values of biofilm wet weight, thickness and chlorophyll
a content compared to biofilms formed on the polymer epoxy
resin surface. Likewise, biofilms formed at 40 rpm also exhibited
higher wet weight, thickness and chlorophyll a content.

The potential of the initial adhesion assays to estimate the
biofilm formation was also confirmed by the OCT analysis.
Indeed, cyanobacterial biofilms formed on glass were thicker
than those formed on the polymer epoxy resin. Also, biofilms
formed at 40 rpm presented a more developed structure than at
185 rpm.

Overall, initial cell adhesion assays revealed a high poten-
tial to estimate biofilm development by cyanobacteria. Although
thermodynamic studies provide important information about
the surface properties and the interaction between surfaces
and microorganisms, adhesion assays are crucial since biofilm
formation is a complex process that involves a multiplicity of
extrinsic factors. Thus, initial adhesion assays performed by cell
counting after 7.5 h incubation allow high throughput screening
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of marine coatings considering different conditions (e.g. hydro-
dynamic forces and microorganisms type), providing indications
about the biofilm behaviour in a short time. Therefore, this
approach may be useful as a screening tool for marine coatings
development, avoiding, at the first stage, the extensive labora-
tory assays monitoring biofilm parameters for long periods (6-8
weeks) or field trials often performed without prior evidence of a
coating’s effectiveness. Nevertheless, further research is needed
to ensure that these short-term adhesion assays may be applied
to a broader range of marine-engineered surfaces.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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