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Abstract New water-immiscible cationic biocide 1-
dodecylpyridinium dodecylbenzenesulfonate (PyrCi,-
DBS) has been synthesized and tested as potential
antifouling agent for commercial alkyd paint PP-115
(Ukraine). The modified PP-115/PyrC;,-DBS coatings
containing 8% and 16% (w/w) of PyrC;,-DBS were
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prepared by dissolution directly of the cationic biocide
into the PP-115 paint. Once the stainless steel bars
were painted, the surface wettability of the coating was
found to be significantly increased when modified with
cationic biocide. The results of scanning electron
microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) studies indicate high homogeneity of
the modified coatings. Infrared analysis revealed
hydrogen bonding between ester groups of alkyd resin
and pyridinium cations of PyrC;,-DBS. The plasticiz-
ing effect of the cationic biocide on the alkyd binder
has also been revealed by differential scanning
calorimetry analysis. According to spectrophotometric
analysis data, PyrC;,-DBS has excellent resistance to
leaching from protective coatings into water. Anti-
biofilm efficiency of PyrC;,-DBS was evaluated by
assessing the capability of two biofilm-forming model
strains, namely Staphylococcus aureus ATCC 25923
and Pseudomonas aeruginosa PAO1, to form attached
biofilms on the surface coated with modified alkyd
paint. A significant decrease in biofilm metabolic
activity, as well as in cell biomass, was determined
for PP-115/PyrC;,-DBS (16%) coatings. The antifoul-
ing activity was evaluated by exposure to experimental
substrates in freshwater (Dnipro River) for 143 days.
The surface of PP-115/PyrC,,-DBS (16%) coatings
showed an almost 13-fold reduction of total biomass
formed by Dreissenidae mussels compared with con-
trol substrates. Overall, the obtained data indicate that
the contact-active protective coatings based on water-
insoluble polymer matrix and water-insoluble cationic
biocide may effectively resist biofouling at relatively
high biocide content.

Keywords Antifouling coating, Alkyd paint, Cationic
biocide, Contact active, Biofilm
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Introduction

Biofouling is known to take place on almost any solid
substrate immersed into freshwater or seawater. This
process begins with the colonization of solid substrates
by microfoulers (bacteria algae, and diatoms) 1=
Biofilms formed on marine surfaces protect microor-
ganisms from the action of adverse environmental
conditions and allow the occurrence of macrofouling
by bryozoans, mollusks, crustacean, polychaeta, fungi,
etc.”” The best known bioadhesive system is that
produced by mussels. These shellfish attach by deposit-
ing a mixture of proteins which crosslink the macro-
molecules between them to harden the glue? It is
worth noting that the attachment of macrofoulers to
biofilm-free surfaces can also occur. Biofouling creates
severe economic problems all over the world, leading
to considerably increased operational and maintenance
costs of underwater equipment and constructions.
Thus, it damages several marine facilities, including
oil production platforms, powerplants, industrial water
inlet systems, or seawater cooled systems.’”’ In
the shipping industry, fouling organisms attached to
vessel hulls promote surface corrosion and increased
frictional resistance, leading to fuel consumption and
loss of speed. There are high costs incurred in ship hull
cleaning and repainting, as well as loss of revenue
when the frequency of dry-docking operations in-
creased.*” This fouling process also accumulates a
large amount of toxic macrofouling waste in landfills.
Furthermore, marine biofouling promotes bio-invasion
of species into environments where they were not
naturally present that has an extremely negative
impact on global biodlver51ty 2 Therefore, prevention
of biofouling remains one of the most important
challenges in marine industry and world ecology.

The common approach to inhibiting fouling of
underwater constructions in both seawater and fresh-
water is to cover them with protective polymer
coatings containing biocides. Various kinds of bio-
cide-based antifouling coating systems exist, depending
on how biocidal additives are released into the
water."!* Until recently, self-polishing coatings (SPCs)
based on copolymers of tributyltin (TBT) acrylate and
methyl methacrylate were the most commonly used
since they prov1de efficient antifouling resistance for at
least 5-7 years.'” In SPCs, biocidal TBT groups are
bonded onto the polymer backbone by an ester
linkage. After immersion, slow hydrolysis of car-
boxyl-TBT linkage occurs on the surface and cleaves
the TBT moiety from the hydrophobic polymer matrix.
The partially hydrolyzed polymer backbone becomes
hydrophilic, and a surface layer can then be easily
eroded by the m0V1ng seawater, leading to renewal ofa
bioactive surface in contact with water.'>!" However,
the use of organotin additives in marine paints was
banned recently by the International Marine Organi-
zation due to their severe negative impact on nontarget
species, including commercially important organisms.'?

During the last decade, significant investments have
been made in the development of tin-free antifouling
systems which may be classified into the following
main groups. Tin-free SPCs are based on organo
copper esters of poly(methacrylic acid) copolymers
which have the same b1001de -releasing mechanism with
seawater as TBT-SPCs.' The Cu-acrylate coatings have
been reported to be active for up to 3 years. Controlled
depletion systems (CDPS) consist of soluble binder
based on synthetic resins and rosin derlvatives incor-
porating seawater-soluble cuprous oxide." Once in
contact with seawater, the biocides dissolve together
with the soluble binder. This type of antifouhng coating
is less effective for up to 36 months.' It should also be
noted that high cuprous oxide loading (more than 40%
by volume) is required to permit adequate release of
copper for prolonged periods.'® Thus, the mechanism
of action of common TBT-free antlfouhng coatings
also involves gradual wasting of their components
producing a thin, toxic layer which repels aquatic
organisms and therefore prevents the onset of biofoul-
ing. However, the amounts of copper leached from
antifouling paints were also found to be harmful for
various aquatic micro- and macroorganisms.'*'°
Meanwhile, the use of copper alone is not enough to
prevent marine organisms from attaching to surfaces
and it is for this reason that coatings are filled with
biocides (usually pesticides) to boost their effective-
ness. The toxic impact of booster biocides such as
Diuron, Sea-Nine 211, Irgarol®, and zinc pyrlthlone on
nontarget species has also been established.'”

Therefore, the problem still remains and there is a
need to develop alternative antifouling coatings which
combine both high efficiency and low environmental
impact, as well as low cost. The simplest solution would
be to use a polymer matrix that is insoluble in seawater
and does not polish or erode after immersion. Such
antifouling coatings require sufficiently high loading of
biocide to permit continuous contact of toxic particles.
However, the common insoluble matrix paints also
include toxic antifouling agents that are released upon
contact with water. The active species dissolved by the
seawater penetrating into the polymer matrix have to
diffuse to the surface through the interconnecting
pores formed after dissolution of the soluble pig-
ments." The short life time of these coatings (12-
18 months) has limited their practical applications. So,
the use of insoluble matrix paints containing water-
insoluble biocides seems to be the next step in the
development of new environmentally friendly antifoul-
ing coatings. Potential advantages of such systems
include the absence of release of biocides into the
aquatic environment, as well as long-term antifouling
activity.

Nowadays, contact-active antimicrobial polymer
composites are considered very promising eco-friendly
materials for various applications since they do not
release biocides into contact medium.?’ > The cova-
lent surface grafting of cationic biocides to various
synthetic and natural polymers is a common approach
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for the formation of safe and effective antimicrobial
materials.”* Cationic biocides based on long-chain
quaternary onium salts comprising tetraalkylammo-
nium, 1,3-dialkylimidazolium, and 1-alkylpyridinium
cations are known to possess broad-spectrum activity
against both gram-positive and gram-negative bacteria,
antifungal activity, as well as strong antibiofilm activity
against a panel of pathogen microorganisms.”>" The
mechanism of antimicrobial action of cationic biocides
involves the electrostatic interaction with outermost
surface of bacterial cells which are often negatively
charged and association with the head groups of acidic
phospholipids. The lipophilic hydrocarbon tails of the
cationic amphiphilic compound then penetrate into the
hydrophobic membrane core and form mixed-micelle
aggregates with its components, resulting in a defor-
mation of membrane permeability and lethal leakage
of cytoplasmic materials.”’=!~

Moreover, 1-dodecyl-3-methylimidazolium iodide
was found to have superior antibiofouling activity
against dominant fouling barnacle Amphibalanus retic-
ulatus> Tt has also been found that polymeric
alkylpyridinium salts (poly-APS) isolated from the
Mediterranean marine sponge, Haliclona (Rhizoniera)
sarai, effectively inhibit barnacle larva settlement and
natural marine biofilm formation through a nontoxic
and reversible mechanism.** Few synthetic analogs of
poly-APS showed antifouling efficacy very similar to
natural ones, as well as negligible toxicity.”*

Numerous studies have shown that cationic biocides
attached covalently to the polymer surface are able to
kill microorganisms at the polymer—water interface
similarly to free biocide molecules in water solu-
tion.?!***> These sterile-surface materials have long-
lasting antimicrobial activity and effectively prevent
the formation of microbial biofilms. However, the
covalent grafting of biocides to the surface of protec-
tive coatings is difficult to realize from a practical point
of view. At the same time, recent studies reported
preparation of contact-active antimicrobial materials
based on synthetic polymers (i.e., polyamides, poly-
caprolactone, polylactides, silicone rubber) comprisin
hydrophobic cationic biocides as external additives.*®
Polymer films containing 5-7 wt% of low molecular or
polymeric cationic biocides showed a high activity
against both gram-positive and gram-negative bacte-
ria,>” ™ as well as high antibiofilm activity.***" It has
also been found that hydrophobic cationic biocides
have excellent leaching resistance due to their poor
water solubility, as well as physicochemical interac-
tions with polymer matrix.’*>"*’ Another successful
approach to prepare contact-active antimicrobial com-
posites involves the intercalation of the cationic poly-
mer, partially aminated poly(vinylbenzyl chloride),
into a smectic clay, montmorillonite, to produce a
modified organoclay containing 33 wt% of polymeric
biocide.*' Polymerically modified organoclay was com-
pounded with polyamide resin by melt extrusion. The
obtained nanocomposites were active against both
gram-negative E. coli and gram-positive S. aureus

bacteria and demonstrated up to a 2-log reduction in
the viable cells adhering to the material surface at an
organoclay content of 5 wt%. The mode of antimicro-
bial action of this material was determined as contact-
active due to the nonleachable form of biocide.*’

Thus, water-immiscible cationic biocides seem
promising candidates as antifouling additives for ship
paints. Liquid long-chain onium salts are of particular
interest as they dissolve easily in paints and therefore
can be used in coatings. In this study, hydrophobic
cationic biocide 1-dodecylpyridinium dodecylbenzene-
sulfonate (PyrC;,-DBS) has been synthesized by anion
metathesis between 1-dodecylpyridinium chloride and
sodium dodecylbenzenesulfonate. Water-soluble 1-do-
decylpyridinium salts are known to possess excellent
antimicrobial activity which is significantly higher
compared to quaternary ammonium surfactants,”™ as
well as 1-alkyl-3-dodecylimidazolium salts*®*%* The
combination of 1-dodecylpyridinium cation with DBS
anion allowed preparing water-immiscible cationic
biocide which was evaluated as potential antifouling
agent for industrial ship paint. The modified protective
coatings containing PyrC,,-DBS were prepared and
characterized in terms of morphological, surface, and
thermophysical properties, antibiofilm activity, as well
as antifouling activity in freshwater environment.

Materials and methods
Materials

Pyridine (99%), 1-chlorododecane (97%), sodium
dodecylbenzenesulfonate (technical grade), methylene
chloride, hexane, and ethyl acetate (98%) (Sigma-
Aldrich) were purchased from ALSI (Ukraine) and
used without further purification.

Commercial paint PP-115 (Sorbi, Ukraine) was used
for the preparation of protective coatings. The paint
contains a mixture of pigments and fillers (calcium
carbonate, titanium dioxide, iron oxide) in an alkyd
(pentaphthalic) varnish. Mass fraction of nonvolatile
substances is about 60 £ 10%.

Synthesis of cationic biocide 1-dodecylpyridinium
dodecylbenzenesulfonate (PyrCj,-DBS)

1-Dodecylpyridinium chloride (PyrC;,-Cl) was synthe-
sized according to Scheme 1. The mixture of pyridine
(20 g, 0.24 mol) and 1-chlorododecane (59 g, 0.29 mol)
was stirred at 140°C for 24 h. The obtained solid
product was purified by recrystallization from ethyl
acetate-hexane mixture (1:2 v/v). Yield: 72% (48 g),
white solid, mp 92-94°C.

"H NMR (400 MHz, CDCl5): § = 0.75 (t,J = 6.8 Hz,
3H, CH3;), 1.14-1.41 (m, 18H, CH3(CH,)y), 1.91 (p, J =
7.4 Hz, 2H, NCH,CH,), 487 (t, J =74 Hz, 2H,
NCH,), 8.06 (t, J = 6.9 Hz, 2H, Cs-H, Cs-H), 8.39 (t,
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Scheme 1: Synthesis of cationic biocide PyrC,,-DBS

J =78 Hz, 1H, C4,~H), 9.56 (d, J = 5.9 Hz, 2H, C,-H,
Cs—H).

To the stirred solution of PyrC;,-Cl (20 g, 0.07 mol)
in 200 mL of water was added aqueous solution of
sodium dodecylbenzenesulfonate (24 g/300 mL). The
mixture was stirred for 1 h, and then, the product was
extracted with methylene chloride (2 x 250 mL). The
combined solution was dried over sodium sulfate.
Methylene chloride was then distilled, and the residual
solvent was removed under vacuum (10 mbar) at 50°C
for 12 h. Cationic biocide PyrC,,-DBS was prepared as
a light brown semi-solid product.

"H NMR (400 MHz, CDCl5): 6 = 0.68-0.91 (m, 9H,
CHs3); 0.96-1.34 (m, 32H, CH>); 1.39-1.69 (m, 4H, CH,);
1.89 (p,J = 7.2 Hz, 2H, NCH,CH,); 4.76 (t,J = 7.4 Hz,
2H, NCH,); 7.08-7.17 (m, 2H, C;z-Ar-H, Cs-Ar-H);
7.77 (dd, J = 8.3, 1.9 Hz, 2H, C,-Ar-H, Cs—Ar-H,); 8.0
(dd, /=178, 64 Hz, 2H, Cs-H, Cs-H); 836 (t,
J =7.8 Hz, 1H, C4~H); 9.08-9.16 (m, 2H, C,-H, Cs-H).

Preparation of antifouling coating

Stainless steel bars (8 x 2.5 x 0.05 cm) were used as
model substrates for testing the antifouling coating.
Cationic biocide PyrC;,-DBS was added to the com-
mercial ship paint PP-115 (5% and 10% (w/w) to wet
paint or 8% and 16% (w/w) to dry coating), and the
mixture was ground using zirconia grinding media for
30 min. The modified paint was then filtered and used
to paint the steel bars using a paint roller. After drying
for 48 h in air, the samples were coated with a second
layer. The total coating thickness was about
300 & 10 um. The total weight of coating was deter-
mined by weight difference between painted and neat
steel bars. The control samples were coated with two
layers of paint PP-115.

Characterization of prepared coatings

The vibrational properties of protective coatings were
studied using a Vertex-70 Bruker (Germany) Fourier
transform infrared (FT-IR) spectrometer equipped
with a DTGS detector. Coating samples were placed
into contact with the single reflection diamond ATR
(attenuated total reflection) crystal, and the spectra

— |/

1oHas (PyrC,,—DBS)

Lata

were collected over the range of 400-4000 cm™
resolution of 1 cm™'.

In order to study the surface chemical modifications
of coatings with higher spatial resolution, Raman
measurements were taken at room temperature using
a WITec Alpha 300R confocal Raman spectrometer
(WITec GmbH, Ulm Germany). Raman spectra were
acquired in backscattering under a microscope with a
Zeiss EC Epiplan-Neofluar® 100X objective (numer-
ical aperture of 0.9) focusing the 532-nm line of a solid-
state sapphire laser (Coherent Inc., Santa Clara, USA)
with a laser power at the sample of 8 mW and an
integration time set at 1s. The spectrometer being
equipped with a motorized scanning stage, 1600 spectra
were recorded from a mapping area of 40 x 40 pm?
(2D map step size of 1 pm). The spectral analysis was
performed using the WITec Project plus software
(version 5.248, WITec GmbH, Germany).

The adhesion of the coating onto the substrates was
determined in accordance with ASTM D 3359, method
B. Latticed notches were applied to the finished
coatings followed by visual assessment of its condition.
The adhesion for all coatings was 1 point (5 B). The
edges of cuts were completely smooth, and there were
no signs of delamination on all edges of the lattice.

Static contact angle measurements were taken using
a Drop Shape Analyzer DSA25E (Kriiss, Germany) by
the sessile drop method. The contact angle values were
estimated, using CAM software, as the tangent normal
to the water drop (3 mL) at the intersection between
the sessile drop and the polymer coating surface. All
reported contact angles are the average of at least five
measurements taken at different locations on the
polymer surface.

The 3D surface topography of the coatings was
studied using the confocal white-light optical imaging
S-NEOX profiler (Sensofar-Tech S. L., Barcelona,
Spain). The 340 x 284 um?” area was collected using a
50 X DI Nikon objective (0.8 numerical aperture). The
data were analyzed by the open-source Gwyddion
software (version 2.60).

Scanning electron microscopy (SEM) images were
taken using a MIRA 3 (Tescan GmbH, Czech Repub-
lic) microscope operating at 10 kV electron beam
energy. Chemical composition mapping analysis was
carried out using energy-dispersive X-ray spectroscopy
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(EDX) with a Bruker XFlash detector mounted
directly into the SEM.

Differential scanning calorimetry (DSC) analyses
were performed from — 90 to 100°C on a Discovery
DSC250 Auto (TA Instruments, USA) with a heating
rate of 10°C/min under N, atmosphere. The data for
analysis were acquired from the second heating run.

The release of PyrC;,-DBS from the coatings was
studied by UV-visible spectrophotometric analysis
using a Jenway 6850 spectrometer (Great Britain).
The calibrating graph was obtained by measuring the
absorbance at 259 nm (characteristic peak of pyri-
dinium cation**) of PyrC;,-Cl aqueous solutions in a
concentration range of 1.5 x 107°-1.5 x 10~* mol/L.
For the evaluation of the leaching rate of cationic
biocide, each painted steel bar (three samples) was
placed into a closed conical flask containing 1 L of
deionized water. The samples were kept at 25°C. Three
milliliters of each solution was taken periodically and
analyzed by measuring the absorbance at mentioned
wavelength to determine the concentration of the
released biocide. Each measurement was repeated
three times.

Antibiofilm efficiency of PyrC;,-DBS was evaluated
by assessing the capability of two biofilm-forming
model strains, Staphylococcus aureus ATCC 25923
and Pseudomonas aeruginosa PAO1, to form attached
biofilms on the surface coated with PP-115 and PP-115/
PyrC,,-DBS following two days of stationary incuba-
tion. For this, 1 cm? metal plates covered with either
PP-115 or PP-115/PyrC,,-DBS were sterilized by
autoclaving at 105°C for 30 min. Each substrate was
then placed in a well of a sterile polystyrene 24-well
plate in which 2 mL of Luria broth (LB) medium was
added and inoculated with 10 pl. of an overnight
inoculum culture containing 10° CFU/ml; there were
six replicas per variant. The plate was incubated at
37°C for 48 h. The control for incubation was per-
formed by incubating the substrates in sterile LB with
four replicas. After incubation, each sample was
removed and washed three times to remove planktonic
and poorly attached biofilm mass. To measure the level
of total biofilm metabolic activity, MTT assay was
performed. To this end, six substrates with attached
biofilms for each strain were placed in a new sterile
polystyrene 24-well plate, and 200 pL 0.05% MTT
(3-(4,5-dimethylthiazol-2-yl)— 2,5-diphenyltetrazolium
bromide; Sigma-Aldrich, UK) in LB was added to each
sample and incubated at 37°C for 2 h, LB-MTT
medium was sedimented at 10,000 g for 10 min, the
sediment was resuspended in 200 pl DMSO, and also,
200 pL. DMSO was added to each sample. Out of the
final 400 pL. of DMSO-dissolved formazan solution per
sample, 100 pL. was transferred to a polystyrene 96-
well plate, and metabolic activity (A 570) was mea-
sured using a Multiskan FC Microplate Photometer
(ThermoFisher Scientific, Waltham, MA, USA).

Biofilms formed onto PP-115- and PP-115/PyrC,-
DBS-coated substrates were also investigated by con-
focal laser scanning microscopy as it was done before.*’

The biofilms were stained with 1 mM ethidium bro-
mide (Sigma-Aldrich) and 5 pg/mL calcofluor white
solution (Sigma-Aldrich). No additional washing was
used in order to limit the physical disruption of biofilm
structures through liquid movement. The samples were
not fixed, and a cover slip was placed over the stained
samples before imaging. CLSM analysis was under-
taken using a Leica TCS SPE confocal system with
coded DMi8 inverted microscope (Leica, Germany)
and Leica Application Suite X (LAS X) version 3.4.1.
Images were acquired using excitation at 405 nm and
emission collected at 450-500 nm for calcofluor white,
and excitation at 532 nm and emission collected at
537-670 for ethidium bromide. The total pixels were
calculated by the above-mentioned software.

Replicate data were processed using the statistical
software package OriginPro 7.0 and MS Excel for
Windows. All results are presented as the mean =+ s-
tandard deviation. A value of p < 0.05 was considered
statistically significant.

For biofouling testing, the painted stainless steel
bars were fixed on experimental stand with the help of
corrosion-resistant wire. Each series contained 12
samples. The stand with experimental substrates was
dipped into water of Kaniv reservoir of the Dnipro
River to a depth from 1 to 1.5 m. During the
experiment sample, selections were carried out for 35
and 143 days. Removed substrates were fixed by 4%
(w/w) formaldehyde solution for the following labora-
tory studies. The number (exemplars (ex)/m?) and
biomass (g/m?) of hydrobionts was determined using
the standard method.*®

Results and discussion
IR analysis

Infrared spectroscopy was used both to confirm the
presence of cationic biocide PyrCi,-DBS inside the
coating and to reveal and identify specific interactions
between PP-115 based on alkyd resin and the biocide.

In the IR spectrum of PyrCy,-DBS (Fig. 1), the
strong bands in the 2800-3000 cm ' region are asso-
ciated with the alkyl chain of the compound. In
particular, the band at 2923 cm ™' is attributed to the
CH, asymmetric stretching mode and the band at
2853 cm ' to CH, symmetric stretching mode. The two
smaller intensity bands, observed at 2955 cm™' and
2872 cm ™', are assigned to the asymmetric and sym-
metric stretching vibrations of the methyl group.*’~*
The weak bands at 1635 and 1600 cm ™" are assigned to
aromatic C=C stretching vibrations, the sharp peaks at
1489 and 1467 cm ! to CH, bending vibrations,*’-"
and the bands at 1460 and 1377 cm™ to asymmetric
and symmetric bending vibrations of CH; groups.*® In
the region 1150-1260 cm™ !, the intense asymmetric
broad band can reasonably be refined using five
different vibrational modes assigned to aromatic C-H
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Fig. 1: IR spectra of cationic biocide and coatings based on alkyd resin

wagging (at 1227 cm™ '), C-N-C symmetric stretching
vibrations (at 1192 cm '), asymmetric stretching vibra-
tions of S=O group (at 1212 and 1177 cm™'), and a
combination of C-S stretching and alkyl C-C symmet-
ric stretching vibrations (at 1160 cm~').>'? The asym-
metric band at 1124 cm™' is attributed to a
combination of the benzene ring breathing vibration
and SOj stretching mode.”">

IR spectrum of control coating PP-115 based on
alkyd resin (Fig. 1) contains a broad band with low
absorption in the region 3600-3400 cm™, assigned to
stretchingg vibrations of hydrogen-bonded hydroxyl
groups.”™ This indicates the presence of a small number
of unreacted OH groups of the free pentaerythritol in
the polymer binder. In the high wavenumber region,
the bands at 2926 and 2854 cm ' are assigned to CH,
asymmetric and symmetric stretching vibrations,
respectively. The strong band at 1727 cm ' is assigned
to the stretching vibrations of C=0O groups and the
observation of an asymmetric broad bands between
1370 and 1500, and two well-defined bands at 872 cm ™!
and 711 cm™' confirm the presence of CaCO; poly-
morph.>*> These bands are commonly attributed to
the asymmetric stretching modes and the asymmetric
and sgmmetric deformations of the calcite, respec-
tively.”® However, the band at 711 cm™! being asym-
metrical with a shoulder around 700 cm™!, the
presence of an aragonite phase in the paint cannot be
excluded. Finally, the absorption band at 1255 cm ™!
indicates the presence of C-O stretching vibrations of
ester groups, while the bands at 1120 and 1067 cm ™!
are assigned to the stretching vibrations of C-O bonds
from free OH groups.”

A comparison of the IR spectra of pure PP-115 paint
and PP-115/PyrC;,-DBS (16%) reveals that the char-
acteristic peak of the carbonyl band shifts by 4 cm™' to
higher frequencies concomitantly with a significant
shift from 1255 to 1269 cm™' of the C-O stretching
mode of the ester groups. The peak position associated
with the deformation of CaCOj3 not being impacted by
the introduction of the cationic biocide, we compared

Cc=0 ] 1255 ) )
1750 1500 1250 1000 750
Wavenumber (cm-)
Introduction of PyrC,,—DBS (%)

_ 0 8 16 24
i -8 - 872 cm™!
% ® Asym CO3
B —24 deformation
:g —40 C-0 stret mode
8 —56 Nno

Fig. 2: Evolution of integrated intensities of asymmetric
CO; deformation, C=0 and C-O stretching modes with the
introduction of PyrC,,-DBS content

the loss of integrated intensity of this mode, with those
associated with the C = O and C-O stretching modes
(Fig. 2). While the intensity loss follows a linear law for
the CaCOs3 deformation mode, in accordance with the
introduction of 8 and 16% of biocide, the intensity loss
for the other two modes is similar and much faster,
confirming strong physicochemical interactions with
these functional groups. C-H bonds in ortho-position
of pyridinium cation being slightly acidic due to the
lowest electron density on carbon atoms,”’ hydrogen
bonding may thus occur between C-H groups of
PyrC,,-DBS and carbonyl oxygen of ester groups
carrying partial negative charge (Scheme 2).

Morphological and surface properties

Surface roughness is known to promote water organ-
ism settlement since it creates appropriate attachment
points for bioadhesion.” Thus, smooth surfaces are
considered much more resistant to biofouling.>’ The
3D surface topography of the PP-115-based coatings
was studied using a confocal white-light optical imag-
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ing profiler (Fig. 3). The root mean square roughness
Sq describes the root mean square average of height
deviations taken from the mean data plane and the
average roughness Sa describes the difference in height
of each point compared to the arithmetical mean of the
surface. These values determined on the same surface
dimension (340 x 284 pm?) are similar, which shows
that the introduction of the biocide does not modify
the surface roughness. Overall, the prepared PP-115/
PyrCy,-DBS coatings can be considered smooth since
their surface roughness is only twice that of commer-
cial silicone-based marine coating.’

To quantitatively assess the variation in wettability
of the surface of the films induced by the introduction

g

oR
'S OC1ZH25 (PyrC~DBS)
/

Scheme 2: Hydrogen bonding between alkyd resin and
cationic biocide

(alkyd resin)

R-unsaturated fatty acid chain

PP-115

0,00 mm 0,05 0,10 0.15 020
o3 o Y § 13

0.00 mm 0,05 0,10 0,15

RMSSq =142 nm,Sa= 112 nm

PP-115/PyrC,,~DBS (8%)

RMS Sq =103 nm,Sa= 80 nm

of biocide, static water contact angle measurements
were taken. The results are illustrated in Fig. 4. The
surface of neat PP-115 coating has water contact angle
(6,,) of 100°, which indicates high hydrophobicity.’®
Modified PP-115/PyrC,,-DBS coatings showed signif-
icantly higher wettability which is manifested by a
strong decrease of 0, values (Fig. 4). This effect is
probably due to the predominant orientation of the
polar groups of the cationic biocide on the surface of
the polymer matrix, thus allowing the formation of a
hydration layer by means of hydrogen bonding
between the water molecules and 1-dodecylpyridinium
salt. This wettability is significant enough to reduce the
adhesion of proteins to the surface and then the initial
attachment and subsequent accumulation of fouling
organisms.” %!

Raman imaging

In order to localize the chemical modifications of the
coating surfaces after introduction of the biocide,
Raman spectra were recorded for each sample over
an area of 40 x 40 pm? (2D map step of 1 pm) and a
true component analysis (TCA) was performed. This
dedicated tool of the WITec Project FIVE plus
software helps to identify pixels in a map with similar
spectral features and provide these spectral character-
istics (i.e., similar chemical response) in an image of

PP-115/PyrC,,—DBS (16%)

000mm0,05 0,10 0,15 020 025

0,20 0.25 0,320

b o

RMSSq =101 nm,Sa= 79 nm

Fig. 3: 2D topographical images obtained with an optical confocal profiler: (a) control PP-115 coating, (b) modified PP-115/
PyrC,,-DBS (8%) coating, and (c) modified PP-115/PyrC,,-DBS (16%) coating. The root mean square roughness (RMS) Sq
and the arithmetic mean roughness Sa are given below each image

100°

PP-115 (control)

PP—115/PyrC12-DBS (8%)

PP-115/PyrC12-DBS (16%)

Fig. 4: Photographs of water droplets on the surface of coatings
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Fig. 5: Raman mapping based on 1600 spectra recoded in 40 x 40 pm? area. (a) True component analysis identified two
major spectral components for both samples. The identified components are shown in (b). For clarity, all Raman spectra

were shifted in intensity

intensity distribution (Fig. 5). The spectral signatures
coded in blue (component 1) can be attributed to the
average spectrum of the alkyd (pentaphthalic) varnish.
The second component (coded in red) is characterized
by a strong luminescence whose surface proportion
increases with the introduction of the biocide. This 2D
representation reveals the chemical inhomogeneity of
the surface. In the case of the PP-115 paint, the red
areas represent 8% of the total surface likely due to the
presence of pigments and/or fillers. This proportion
increases to about 20% and 40% with the introduction
of 8 wt% and 16 wt% of biocide, respectively, thus
suggesting that the composition of the film is not
homogeneous in the thickness and that an increasing
part of biocide is found on the surface during drying.
This result could then explain the strong decrease in
the contact angle with water when the content of
biocide is increased and thus the modification of the
surface properties.

EDX imaging

The distribution of the biocide in the coating was
evaluated by means of energy-dispersive X-ray spec-
troscopy (EDX). As a reference element to evaluate
the homogeneity of biocide distribution, sulfur was
selected as it is present in biocide counterion and is
absent in the content of neat PP-115 paint, which is
confirmed by the results presented in Fig. S1 and
Table S1.

Figure 6 shows the distribution of sulfur (S) in all
samples. Images, as well as element analysis, show the
absence of sulfur in the neat paint, while both samples
with biocide demonstrate noticeable sulfur content.
Overall, the results of SEM and EDX analysis indicate
high homogeneity of modified coatings, as well as
homogeneous distribution of the elements in the bulk
of samples (Fig. S2).

DSC analysis

Influence of the PyrC,,-DBS content on the T, value of
PP-115 was investigated via DSC method. On the
thermogram of the cationic biocide PyrC;,-DBS
(Fig. 7a), T, is observed at — 68°C, crystallization
occurs at — 13°C, and then, melting point occurs at
5°C. PP-115 demonstrates T, around 3°C, and also,
each of the composites, PP-115/PyrC;,-DBS (8%) and
PP-115/PyrC;,-DBS (16%) exhibits only one T, at
— 10°C and — 17°C, respectively (Fig. 7b). No other
phase transitions can be observed on the thermograms
of the composites, which indicates that no phase
separation occurred, and the paint formed with the
additive a homogeneous mixture. Moreover, T, value
decreases with the growth of PyrC,,-DBS content,
which shows that the additive, presumably, serves as a
plasticizer.
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Fig. 6: Energy-dispersive X-ray spectroscopy elemental maps (S) in PP-115 (a), PP-115/PyrC,,-DBS (8%) (b), and PP-115/

PyrC,,-DBS (16%) (c) coatings
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Fig. 7: DSC curves: (a) PyrC,>-DBS, (b) 1—PP-115 (control), 2—PP-115/PyrC,,-DBS (8%), 3—PP-115/PyrC,,-DBS (16%)

Leaching resistance of PyrC;,-DBS

UV-visible absorption spectroscopy is a convenient
method to determine the concentrations of onium salts
in water. Specifically, pyridinium salts with conjugated
cation are easily detectable.** The results of spec-
trophotometric study of biocide release from PP-115
coating are illustrated in Fig. 9. UV spectrum of
PyrC,,-Cl, which is water-soluble precursor for the
synthesis of PyrC;,-DBS, contains two intensive peaks
at 214 and 259 nm (Fig. 8, curve 1). These peaks are
assigned to n—n * and n—7* electronic transitions of
pyridine ring. The calibrating graph was found to be
linear in the concentration range of 1.5 x 107°-1.5 x
107* mol/L at Anax 259 nm. However, no signal of
pyridinium cation was detected in water solution after
its 60-day contact with PP-115/PyrC;,-DBS-coated
steel panel (Fig. 8, curve 2). The obtained results
indicate a high resistance of the cationic biocide to

leaching from the protective coating which in turn is
important for the potential durability of the antifouling
activity of the coating, as well as for its minimal
environmental impact.

Antibiofilm activity of PP-115/PyrC;,-DBS
coatings

Biofilms are microbial-derived sessile communities,
characterized by cells that are irreversibly attached to a
surface, an interface, or to each other.®> The microbial
cells are embedded in a matrix of self-produced
extracellular polymeric substances (EPS) and exhibit
far more resistance to adverse environmental condi-
tions, as well as antimicrobial agents. Therefore,
understanding the mechanisms of biofilm formation is
of fundamental importance to develop innovative
methods to prevent biofilm growth and/or to remove
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Fig. 8: UV spectra of PyrC,,-Cl (1) (C =1 x 10~% mol/L)
and water solution after 60-day contact with PP-115/PyrC5-
DBS (16%)-coated substrate (2)

established biofilms. Most of the antibiofilm strategies
that are currently used involve inhibition of bacterial
adhesion to the surface and bacterial coloniza-
tion,>®*** interference with the signal molecules that
modulates biofilm development,*” and disaggregation
of the biofilm matrix.’*> Although several strategies
have been realized to deter bioadhesion, biocides, by
far, still provide the most effective prevention of
biofouling.'

The capability of both PP-115 and PP-115/PyrC;,-
DBS to be biofouled was investigated using two
standard bacterial strains S. aureus ATCC 25923 and
P. aeruginosa PA 01. For this, the total metabolic
activity of the 48-hour biofilms developed onto tested
surfaces was measured (Fig. 9). For both gram-positive
and gram-negative tested cultures, a significant drop in
the metabolic activity was observed.

The decrease in biofilm metabolic activity correlated
with the decrease in cell biomass observed microscop-
ically (Figs. 10, 11). Interestingly, the PyrC;,-DBS
(16%) influenced the biofilm matrix structure reducing
polysaccharide content in both biofilms.

It should be noted that PP-115/PyrC;,-DBS (8%)
coatings did not demonstrate noticeable antibiofilm
activity (not shown in figures). Thus, the obtained
results confirm the fact that the high loading of
nonleaching biocide is required to prepare contact-
active antibacterial surfaces.”’*3*#!" Probably, good
compatibility of PyrC;,-DBS with alkyd matrix leads
to immobilization of essential part of biocide in the
bulk of the resin, thus decreasing its efficient concen-
tration at the surface.
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Fig. 9: The level of metabolic activity of S. aureus ATCC
25923 (left) and P. aeruginosa PA 01 (right) biofilms formed
onto PP-115 (control) and PP-115/PyrC,,-DBS (16%)-coated
substrate following 48 h of incubation determined by MTT
staining and measured as the optical density at 570 nm
(OD570). Statistical significance compared to control (no
XXX added), * p < 0.05, **** p < 0.001

Antifouling activity of PP-115/PyrC;,-DBS
coating

Figure 12 shows a photograph of experimental sub-
strates after their exposure in the Dnipro River for
143 days. The surface of control coating (neat PP-115)
contained 11 defined lower taxons (DLT). The total
number of DLT was 52667 =+ 4345 ex/m* which formed
a biomass value of 5891 g/m® =+ 613 g/m>. The bio-
fouling was determined mainly by Dreissena polymor-
pha (54% by number and 93% by mass). The surface of
steel bars coated with PP-115/PyrCy,-DBS (16%) was
found to have much higher biofouling resistance
(Fig. 12) and contained ten DLT with a total number
of 2559 + 320 ex/m” and a biomass value of 430 g/
m? + 51 g/m?. Similar to the control samples, Dreis-
sena polymorpha formed the majority of fouling
biomass (59% by number and 98% by biomass).
Thus, after 4.5-month exposure in freshwater the
surface of coatings containing cationic biocide PyrCi,-
DBS had more than an order of magnitude less fouling
biomass compared to the control substrates. It should
be noted that no difference was observed for antifoul-
ing activity of control PP-115 coatings and PP-115/
PyrC.,-DBS coatings with 8% biocide content (not
shown). These data agree with previously reported
ones which indicate that relatively high content of
water-immiscible biocide in the coating is required to
impart its resistance to biofouling.®*®” However, the
question still remains about the durability of such
coatings since they are often considered to be self-
deactivating, because killed fouling organisms ma
adhere to the active layer and therefore deactivate it.*
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Fig. 10: CLSM imaging of S. aureus ATCC 25923 and P. aeruginosa PA 01 biofilms formed onto PP-115-coated (a) and PP-
115/PyrC,,-DBS (16%)-coated (b) substrate following 48 h of incubation. Ethidium bromide (red signal) was used to
visualize cells, and calcofluor (blue signal) was used to visualize biofilm-associated carbohydrates (Color figure online)

Conclusions

Water-immiscible cationic biocide 1-dodecylpyri-
dinium dodecylbenzenesulfonate (PyrC;,-DBS) has
been synthesized by anion metathesis between water-
soluble precursor 1-dodecylpyridinium chloride and
sodium dodecylbenzenesulfonate. PyrC;,-DBS has
been evaluated as a potential antifouling additive for
commercial alkyd paint PP-115. Thus, modified PP-
115/PyrCy,-DBS coatings containing 8 and 16 wt% of
PyrC,,-DBS were prepared by direct dissolution of
cationic biocide in the paint followed by painting of the
stainless steel bars. The results of energy-dispersive X-
ray spectroscopy (EDX) study revealed homogeneous
distribution of the biocide in the coatings. The analysis
of 3D surface topography of the coatings by a confocal
white-light optical imaging profiler has shown that the
introduction of PyrC;;-DBS does not modify the
surface roughness. The surface wettability of PP-115

coating was found to be significantly increased when
modified with cationic biocide that was manifested in
a sharp reduction of water contact angle. IR analysis
revealed physicochemical interaction between ester
groups of alkyd binder and PyrC;,-DBS mainly via
hydrogen bonding. Moreover, the plasticizing effect of
the cationic biocide on the alkyd binder has been
revealed by differential scanning calorimetry. Accord-
ing to results of spectrophotometric analysis, no signal
of 1-dodecylpyridinium cation was detected in water
after 60-day contact with PP-115/PyrC,,-DBS coatings.
This indicates excellent resistance of biocidal additive
to leaching.

Antibiofilm activity of PP-115/PyrC;,-DBS coatings
was evaluated against two biofilm-forming model
strains, Staphylococcus aureus ATCC 25923 and Pseu-
domonas aeruginosa PAO1. The decrease in biofilm
metabolic activity, as well as in cell biomass attached to
the surface was determined only for PP-115/PyrC,-
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Fig. 11: The level of cell biofilm biomass (dark gray) and carbohydrate biofilm matrix (light gray) of S. aureus ATCC 25923
and P. aeruginosa PAO1 biofilms formed onto PP-115-coated (control) and PP-115/PyrC,,-DBS (16%)-coated substrate
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white (blue signal). Statistical significance compared to control, ** p < 0.01, **** p < 0.001

Fig. 12: Painted steel bars after 143-day exposure in the Dnipro River: 1—PP-115 (control coating), 2—PP-115/PyrC,,-DBS

(16%)

DBS (16%) coatings. After 143-day exposure of
experimental substrates in freshwater of the Dnipro
River, the surface of PP-115/PyrC,-DBS (16%) coat-
ings showed almost a 13-fold reduction of total
biomass formed by Dreissenidae mussels, compared
with control substrates. For lower biocide content
(8%), no difference in antifouling activity of modified
and control coatings was detected. Overall, the

obtained data indicate that the fabrication of contact-
active protective coatings based on water-insoluble
polymer matrix and water-insoluble biocide can be
considered a promising approach to control biofouling
in freshwater. However, relatively high biocide content
is required to impart efficient antifouling activity to the
coating.
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