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ARTICLE INFO ABSTRACT

Keywords: Marine fouling poses significant challenges to the efficiency and longevity of marine engineering equipment. To

Lignin address this issue, developing effective marine antifouling coatings is critical to ensure the economic viability,

zdyl.lremane environmental sustainability, and safety of offshore operations. In this study, we developed an innovative green
Aiilitflgfnng antifouling and wear-resistant coating based on lignin, a renewable and sustainable resource. Lignin is consid-

ered environmentally friendly because it is abundant, biodegradable, and reduces reliance on petroleum-based
materials. The coating was formulated with a controlled hydrophilic-to-hydrophobic ratio of 2:8, leveraging
lignin's unique properties. Applying lignin increased the water contact angle by 14.5 %, improving surface hy-
drophobicity and contributing to the coating's antifouling efficacy. Moreover, the mechanical strength of the
coating was enhanced by approximately 200 %, significantly boosting its durability in harsh marine environ-
ments. Additionally, the friction coefficient was reduced by about 85 %, further preventing organism adhesion.
These results demonstrate that lignin-based coatings offer a greener alternative to traditional antifouling solu-
tions. The results of this study not only help advance antifouling coating technology but are also consistent with

the broader goal of promoting environmental responsibility in marine engineering practice.

1. Introduction

Marine engineering equipment and offshore structures face major
challenges from corrosion and biofouling [1]. Marine fouling, charac-
terized by the adhesion of unwanted organisms to submerged surfaces,
remains a persistent challenge with far-reaching consequences for the
efficiency and durability of maritime structures [2]. With the continuous
development of the marine industry and economy, the economic losses
caused by marine fouling organisms are increasing. Therefore, effective
and economical prevention methods are receiving increasing attention.
Marine antifouling coatings are integral to the maritime industry and
offer numerous advantages over traditional antifouling methods [3].
Traditional marine antifouling coatings play a vital role in preventing
the accumulation of marine life on underwater surfaces and are, there-
fore, of huge interest to the maritime industry. These coatings

* Corresponding authors.

significantly improve operational efficiency by reducing hull drag,
resulting in improved fuel efficiency and significant cost savings for ship
operators and reducing the environmental impact of the shipping sector.
Additionally, they play a key role in extending the service life of marine
structures and preventing corrosion and deterioration caused by fouling
organisms. An additional environmental impact of those coatings that is
worth mentioning is that they help prevent the spread of invasive spe-
cies, while they also aid regulatory compliance with international
maritime standards [4]. These coatings also keep the hull clean and free
of dirt, improving safety and reducing the risk of accidents and collisions
[5]. Overall, conventional marine antifouling coatings are integral in
ensuring the economic viability, environmental sustainability, and
safety of offshore operations.

Traditional antifouling coatings' environmental impact puts a
considerable shade on their efficacy. As these paints include germ-
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killing substances like sliver [6], copper [7] and tributyltin [8], there are
valid worries regarding their influence on marine environments. In
addition, petroleum-based materials such as silicone-based polymers,
polyurethane, and epoxy resins are widely used in commercial coatings
[9]. The continual discharge of such chemicals into the aquatic envi-
ronment has raised environmental awareness and forced tighter re-
strictions, highlighting the importance of less damaging coatings to
aquatic life [10]. Furthermore, long-term use of some chemicals has
resulted in a disturbing development: the formation of drug resistance in
some fouling species [11]. Despite long-term exposure to antifouling
methods, robust organisms persist, reducing their overall efficiency.
This adaptive reaction not only weakens the coating's intended protec-
tive role but also underscores the critical need for alternatives to avoid
the difficulties associated with resistance development.

One potential green solution may be lignin, a fascinating natural
polymer present in plant cell walls [12]. Lignin reveals a dual nature
beyond its usual role as a structural component in plant tissues, exposing
itself as a strong antibacterial agent [13]. Because of this distinguishing
feature, lignin has strong potentials for creating ecologically responsible
anti-fouling coatings [14]. During production, lignin, a renewable
resource, reduces reliance on petroleum-based materials, lowering the
carbon footprint [15]. Lignin provides a possible alternative to estab-
lished biocidal techniques by utilizing its intrinsic antibacterial char-
acteristics. Lignin could not only protect submerged buildings by
increasing their lifetime and operating efficiency, but also contribute to
achieving larger environmental aims [16]. Some researchers have
focused on the lignin-based coating. Di Wang et al. studied the devel-
opment of organosolv lignin-based polyurethane (OS-lignin-PU) coat-
ings [17]. Their optimized lignin-PU coating demonstrated higher
hardness, reduced maximum scratch depth, and a lower friction coeffi-
cient compared to coatings with less lignin content. These enhanced
properties make it suitable for use as both a corrosion protection coating
and an anti-wear coating. Lignin coatings offer significant environ-
mental benefits compared to traditional coatings. The use of lignin in
coatings minimizes the release of toxic biocides into marine environ-
ments, mitigating harm to aquatic life. The investigation of lignin-based
coatings represents a paradigm change toward environmentally
responsible nautical activities, symbolizing the possibility for a cleaner,
more sustainable future.

In this study, we propose an innovative marine antifouling coating,
which utilizes lignin as an environmentally friendly raw material, aim-
ing to improve the antibacterial and antifouling properties of the coating
performance while contributing to reducing the environmental impact
associated with traditional antifouling coatings. This study aims to
explore the application potential of lignin-based coatings in marine
engineering, particularly its effectiveness in preventing biological
adhesion and improving wear resistance. In addition, by systematically
evaluating the performance of coatings with different lignin sources
(organosolv lignin isolated from beech and spruce sawdust) and
different processing conditions (with/without HySO4), this article aims
to provide a theoretical foundation and practical guidance for the
development of a new generation of environmentally friendly and effi-
cient marine antifouling coatings from lignin. Furthermore, the
byproducts generated during lignin extraction, such as residual lignin,
cellulose, and hemicellulose, can be utilized for bio-based materials,
biofuels, or chemical feedstocks, enhancing sustainability and support-
ing a circular bioeconomy. The results of this research are not only ex-
pected to promote the development of environmentally friendly marine
anti-fouling technology but also provide a novel strategy for the sus-
tainable use of marine engineering materials.

2. Materials and methods
2.1. Raw materials

Beech sawdust (LIGNOCEL HBS 150/500; Rettenmaier Sweden KB
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JRS), Spruce sawdust (obtained from a local mill in northern Sweden),
sulfuric acid (H2SO4; 95.0-98.0 %; Sigma-Aldrich), ethanol (absolute,
VWR), Polydimethylsiloxane (PDMS) (Mn ~ 4000 g/mol; Shanghai
Tiger Polymer Technology Co., Ltd., China), Isophorone diisocyanate
(IPDI; 98 %; mixture of isomers; Sigma-Aldrich), Poly(ethylene glycol)
(PEG-400; average Mn 400; Sigma-Aldrich), Poly(ethylene glycol) (PEG-
2000; average Mn 2000; Sigma-Aldrich), acetone (VWR) were used in
this study. Commercial coating for comparison: MILLIE NCT and ECO
POWER RACING from Hempel. Unless otherwise stated, all reagents
were used as received without further purification.

2.2. Lignin isolation

Organosolv lignin was isolated from beech sawdust (B and BA for
lignin extracted without or with acid catalyst) and spruce sawdust
(denoted as S and SA for lignin extracted without or with acid catalyst).
In short, the lignocellulosic material was processed in an air-heated
multidigester system (Haato, Vantaa, Finland) in 60/40 vol% ethanol/
water at 180 °C and for 60 min for beech and 50/50 vol% at 200 °C for
30 min for spruce. In both materials, the solid-to-liquid ratio was set at
1/10 g/mL and 1 wt% H5SO4 (on a dry biomass basis) was used as the
acid catalyst (when applicable). After the organosolv treatment, the
generated slurry was vacuum filtered and the liquid fraction, containing
the dissolved lignin and sugars mainly from hemicellulose, was pro-
cessed by evaporation in a rotary evaporator (Heidolph, Schwabach,
Germany) to recover ethanol and in turn reduce the solubility of lignin.
Thereafter, lignin was recovered by centrifugation at 10,000 xg for 15
min at 4 °C (5804R; Eppendorf, Hamburg, Germany) and freeze-dried
(Lyoquest; Telstar, Terrassa, Spain) before being stored in plastic
flasks in room temperature. The extraction yield of the applied lignin
was about 86 %.

2.3. Quantitative 3P NMR analysis of lignin

A procedure similar to that previously reported was applied [18-20].
In short, approx. 30 mg of lignin was added to 425 pL of pyridine/CDCI3
(1.6:1). 100 pL of the standard solution, prepared using N-hydroxy-5-
norbornene-2,3-dicarboxylic acid imide (e-HNDI) or cholesterol at a
concentration of approx. 0.1 M in the previously mentioned solvent
mixture (pyridine/CDCl3) with 50 mg/mL of Cr(III) acetylacetonate
(relaxating agent) and 75 pL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-diox-
aphospholane (CI-TMPD). After 1 h of mixing at room temperature, the
functionalized solution was transferred to an NMR tube (5 mm). 3'P
NMR spectra were recorded on a Bruker AVANCE III 400 MHz spec-
trometer equipped with a BBI probe and an inverse-gated decoupling
technique with a probe temperature of 20 °C. NMR data were processed
with MestreNova (Version 8.1.1, Mestrelab Research).

2.3.1. Synthesis of the hydration part of the coating

PEG-400 (10g) was added to a three-necked flask equipped with an
electric stirrer (RW 20 digital; Germany) and a thermocouple ther-
mometer. It was heated to 75°C, and IPDI (11.12g) was carefully added
to the flask. The mixture was stirred and reacted at 75°C for 1h, and
thereafter acetone (282.61 g) was added to dilute the mixture. The so-
lution was further cooled down room temperature. PDMS-4000 (100 g)
was introduced into the mixture slowly. This final solution was left at
room temperature under mixing for another 12 h to complete the re-
action, resulting to an acetone solution containing the hydration layer
(PMDS-PU) at a content of 30 wt% (Fig. 1).

2.3.2. Synthesis of the hydrophobic part of the coating

PEG-2000 (50g) was heated at 75°C for 0.5h in a three-necked flask
fitted with an electric stirrer (RW 20 digital; Germany), and a thermo-
couple thermometer. Then, IPDI (11.12g) was carefully added to the
flask. The mixture was mixed and reacted at 75°C for 1h. Thereafter,
PEG-400 (10 g) was slowly added to the mixture and left to react for 1.5
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Fig. 1. Synthetic route of PDMS-PU.

h. The heating was then turned off, and acetone (165.94 g) was added to
achieve a final content of 70 wt%, and the temperature gradually low-
ered to room temperature. This addition was followed by a complete
reaction period of 12 h at room temperature. Resulting in an acetone
solution containing 30 wt% of the hydrophilic layer PEG-PU; Fig. 2).

2.3.3. Preparation of the anti-fouling coating solution

To prepare the coating solution, hydrophilic and hydrophobic PUs
were mixed in a mass ratio of 2:8 to obtain a basic coating solution. The
solution was then supplemented with lignin by the proportions specified
in Table 1.

éP
} He N 75°C, 1h
HO. H +
e B
H;C nC
CH,
PEG2000 IPDI

2.3.4. Final coating preparation

Stainless steel coupons (DC01, 13 mm diameter, 2 mm thickness)
were coated with a 10 % (w/w) concentration of coatings, which were
previously diluted with acetone. The application process involved three
layers of coating applied uniformly using a 0.4 mm airbrush (Colani,
Harder & Steenbeck, DE). The airbrush was positioned at 5-7 cm, and an
air pressure of 2.5 bar was maintained. Following coating, the coupons
were left to dry under UV radiation (A = 254 nm) exposure for 30 min on
each side to sterilize the surfaces. Subsequently, the coupons were
aseptically transferred to 24-well microtiter plates (TPP, CH), under-
went a sterile distilled water wash twice for 20 min, and were left to dry.
Coating coverage was assessed using scanning electron microscopy
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Fig. 2. Synthetic route of PEG-PU.
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Table 1

Ratios of the lignin antifouling coating solution with a solid content of 10 % (w/w).
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0 % Lignin-PU 10 % BA-PU 20 % BA-PU 30 % BA-PU

40 % BA-PU 10 % SA-PU 20 % SA-PU 30 % SA-PU 40 % SA-PU

BA/g 0 0.1 0.2 0.3
SA/g 0 0 0 0
Hydrophilic PU/g 0.2 0.18 0.16 0.14
Hydrophobic PU/g 0.8 0.72 0.64 0.56
Acetone /g 9 9 9 9

0.4 0 0 0 0

0 0.1 0.2 0.3 0.4
0.12 0.18 0.16 0.14 0.12
0.48 0.72 0.64 0.56 0.48
9 9 9 9 9

Note: 10 % BA-PU refers to an antifouling coating containing 10 % mass fraction of BA lignin.

(SEM) with energy-dispersive X-ray spectroscopy (EDS). Commercial
coatings “Commercial 1" (biocide-free mixture of petroleum and organic
substances) and “Commercial 2" (active ingredient Cuy0) were applied
to the steel coupon under identical conditions as the lignin coatings,
with the number of layers applied following the manufacturer's
recommendations.

2.4. Characterization of the coatings

2.4.1. Fourier transform infrared spectroscopy

The Fourier transform infrared - Attenuated total reflectance (FTIR-
ATR) spectra were recorded using a Nicolet™ Summit™ FTIR spec-
trometer. The number of scans is 16, and the resolution is 4 cm™!. The
wave number range was determined to be 4000-400 cm! This tech-
nique was performed to investigate the chemical interactions and
bonding between lignin and polyurethane. It allows us to confirm the
successful formation of hydrogen bonds and other molecular in-
teractions within the composite coating.

2.4.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) was conducted to assess decomposition profile and the
thermal stability of the coatings. The lignin and Lignin-PU samples were
dried at 105 °C prior to TGA and DSC. TGA was carried out using a TGA
8000-PerkinElmer, USA, with an integrated thermal analyser, nitrogen
flow rate (100 mL/min), heating rate (10 °C/min), and a test tempera-
ture range from room temperature to 800 °C. DSC was performed using
the DSC 3+ thermal analysis system (METTLER TOLEDO), where a 5-10
mg sample was placed on an aluminium pan and heated at a rate of
10 °C/min under a nitrogen flow in a heat/cool/heat cycle from —50 to
210 °C. The glass transition temperatures (Tg) were calculated using the
second cycle.

2.4.3. Water contact angle test

Water contact angle measurements were performed using an Atten-
tion Theta optical tensiometer (Biolin Scientific) at 20 °C. This test was
performed to assess the hydrophobicity of the coatings. A 4 pL distilled
water droplet was used for each measurement. The reported values are
the average value of at least 3 measurements + standard deviation.

2.4.4. Nano scratch and Nano indent test

Nano scratch testing was performed using a 90° conical indenter
with a diameter of 50 um. The load was 1 mN, the scanning speed was 5
pm/s, and the scanning length was 500 pm. This test was used to eval-
uate the mechanical strength and scratch resistance of the coatings.

2.4.5. Bovine serum albumin absorption

Quartz crystal microbalance with dissipation monitoring (QCM-D)
test using BSA was carried out to measure protein adsorption on the
coating surface, as protein accumulation is a precursor to biofouling.
Lower protein adsorption indicates better antifouling properties. The
QCM-D investigated protein surface adsorption utilizing the Q-Sense AB
equipment and bovine serum albumin (BSA) as a model protein. At the
nanogram level, QCM-D can monitor adsorption-desorption events on
the sensor surface in real time. First, the sensor was ultrasonically

cleaned with acetone for 5 min before blowing it clean and dry with
compressed air. Then, a dilute solution (each coating tested was dis-
solved in acetone to form a dilute solution, 0.1 % wt%) of the tested
sample was added drop by drop onto the sensor. The sensor was then
dried in an oven at 50 °C for 3 h. The coated sensor was mounted in the
flow cell, where initially pure deionized water passed through the
chamber at room temperature at a flow rate of 100 pL/min until all
frequency overtones were stabilized. Subsequently, a 1 g L™! BSA so-
lution passed through at the same flow rate until the saturation point
was observed and stabilized. Finally, the solution was switched back to
deionized water to observe any frequency changes.

2.4.6. Scanning electron microscopy with energy-dispersive X-ray
spectroscopy

The coatings coverages were characterized using a scanning electron
microscope MIRA 3 (FE-SEM, Tescan, Brno, Czech Republic) with a
perpendicular in-beam secondary electron detector at high magnifica-
tions at 1000 x and accelerating voltages of 30 kV (Schottky emitter).
The chemical analysis of coating was carried out using the Quantax 200
energy-dispersive X-ray spectrometer with Bruker's XFlash 6 detector
(Bruker Nano GmbH, Berlin, Germany).

The chemical analysis of coatings was carried out using the SEM-
equipped Quantax 200 energy-dispersive X-ray spectrometer with the
Bruker's XFlash 6 detector with magnification 1000 x, accelerating
voltage of 30 kV, interaction depth of around 9.1 pm and interaction
radius 5.1 pm.

2.5. Anti-bacterial testing

2.5.1. Microorganism, growth media and conditions

A colony of cells was transferred from solid medium to liquid Marine
Broth 2216 (Millipore, USA) or Luria Bertani (LB) medium (10 g Lt
tryptone, 10 g L™! NaCl, 5 g L™! yeast extract), depending on the
microorganism (Table 2). Cultivation occurred for 24 h at 150 rpm and
the optimal temperature for the specific microorganism. After cultiva-
tion, cells were separated by centrifugation (10 min; 10 °C; 9000 xg).
The resulting pellet was resuspended in fresh Marine Broth/LB medium
to achieve ODggg = 0.600 + 0.012. A 2.5 mL cell suspension was then
transferred to polystyrene 24-well microtiter plates containing coated
coupons. Afterwards, the coupons were incubated for 24 h at 150 rpm at
the temperature suitable for the respective bacterial strain. Following
incubation, the suspension was discarded, and coupons containing
adhered cells were carefully removed, rinsed three times in phosphate-

Table 2
Bacterial strains used for the evaluation of antifouling efficiency of coatings.
Strain Temperature Culture medium
Pseudoalteromonas atlantica 22°C Marine Broth 2216
DSM 6840
Marinobacter nauticus 25°C Marine Broth 2216
DSM 6819
Pseudomonas aeruginosa 37°C LB medium

ATCC BAA-47 (PA01)

Note: The cultivation temperatures were selected based on the recommenda-
tions provided by the culture supplier.
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buffered saline (PBS, pH 7.4), and transferred to a new 24-well micro-
titer plate for further evaluation.

2.5.2. Assessment of biofilm formation

In this study, the formation of biofilm on metal coupons covered by
coatings was evaluated by crystal violet staining and the MTT assay.
Crystal violet staining, a widely adopted technique for the quantification
of bacterial biofilms, is based on the binding of crystal violet molecules
to the peptidoglycan bilayer of bacteria and the negatively charged
molecules within the extracellular matrix [21-23]. This method pro-
vides insight into the total biomass, irrespective of the cell count within
the biofilm. To enhance the robustness of biofilm quantification, it is
advised that crystal violet staining be complemented with the assess-
ment of metabolic activity using MTT. The MTT assay relies on the
reduction of monotetrazolium salt (MTT) to formazan by NAD(P)H-
dependent oxidoreductases. The presented formazan forms coloured
crystals, and their absorbance allows the quantification of cellular
oxidoreductase activity [24-26]. As NAD(P)H-dependent oxidoreduc-
tases are localized on the cell membrane and within the mitochondria
critical for cellular vitality (in eukaryotic cells), their activity indirectly
reflects the viability of cells [27]. The combination of these two meth-
odologies provides comprehensive insights into biofilm volume and the
quantity of viable cells and, consequently, infers the extent of the
extracellular matrix.

2.5.3. Total biomass determination

The determination of total biomass was processed according to Doll
et al. [28]. Into each well-containing coupon with adhered bacteria were
added 1000 pL of crystal violet (CV) solution (0.1 % (m/v), Penta, CZ,)
and the plates were kept statically for 20 min for cell staining. After-
wards, the coupons were washed with saline (three times, 2000 pL).
Subsequently, 1000 pL of ethanol (96 %, Penta, CZ) was added to the
coupons and incubated statically for 10 min at room temperature. The
homogenised aliquots of 100 pL were transferred to a 96-well plate
(Gama Group, CZ) and analysed at 580 nm using a UV-Vis spectro-
photometer Infinite M200 Pro Reader (Tecan, CH). The determination
was carried out in 4 parallels in 3 biological replicates.

2.5.4. Metabolic activity determination

The metabolic activity was performed according to Kulisova et al.
[25]. Into each well-containing coupon with adhered bacteria were
added 600 pL of glucose solution (Penta, CZ, 57.4 g L* in PBS) and 500
pL of MTT solution (Acros Organics, USA, 1.0 g L~! in PBS) and the
plates were incubated on an orbital shaker for 1 h in a dark (150 rpm,
optimal temperature for specific microorganism). After incubation,
1000 pL of solvent solution (pH 4.7) composed of 160 g L™ SDS, 400 g
L~! DMF, and 20 g L' acetic acid, diluted in PBS was added to each well
and the plate was again incubated for 30 min in the dark at 150 rpm. The
homogenised aliquots of 100 pL were transferred to a 96-well plate
(Gama Group, CZ) and analysed at 570 nm using a UV-Vis spectro-
photometer Infinite M200 Pro Reader (Tecan, CH). The determination
was carried out in 4 parallels in 3 biological replicates.

3. Results and discussion
3.1. Coating design

In this study, the weight ratio of the hydrophilic to the hydrophobic
part of the coating was fixed at 2:8, which was determined based on
preliminary experiments (Fig. S1) and theoretical analysis [29,30]. This
combination provides a dual protection mechanism, in which the hy-
drophilic part can effectively attract water and form a protective film
that prevents direct biological attachment, while the hydrophobic part is
mainly responsible for repelling water, further reducing the possibility
of biological adhesion [30]. By incorporating lignin into the coating, we
not only take advantage of its natural antibacterial capabilities but also
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increase the durability and stability of the coating owning to lignin's
anti-oxidant characteristics, making it more suitable for applications in
harsh marine environments (Fig. 3). This study evaluates the impact of
these factors on coating performance by comparing lignin from different
sources (see section Lignin structural analysis). This approach not
only helps to understand the specific contribution of different types of
lignin to coating performance but also provides valuable data and
experience for future coating design.

3.2. Lignin structural analysis

Initially, four lignins were screened as potential components for the
anti-fouling coatings. Due to the reported importance of functionalities
such as phenolic hydroxyl groups when evaluating properties such as
antioxidant and antimicrobial activity [31], 3lp NMR was performed
(Table 3). Regarding antimicrobial activity, the situation is more elab-
orate than the content of specific hydroxyl and oxygen functionalities
and is action-site dependent. Meanwhile, an amphiphilic character is in
general considered important [32]. In this sense the acid extracted lig-
nins (BA and SA) display interesting properties where their elevated
total OH (phenolic OH content; 4.02 and 4.40 mmol/g, respectively) is
somewhat disproportionate to what one would expect from depoly-
merized (through hydrolysis) aryl-ethers when considering the aliphatic
OH content. Instead, and because of the significant content of condensed
OH in the isolated spruce lignins, this is indicative of side-chain oxida-
tion and 5-coupling of the guaiacyl units as suggested previously
[33,34]. Introducing such changes during the lignin extraction process
would retain the amphiphilic nature of the isolates and instead enrich
the content of oxygen with a higher oxidation state and the content of
aromatic carbons. Related to the solubilities of the various lignins in
pure acetone (Fig. 4), this appears to promote the associated dissolution
where not the overall OH content promotes solubility, but instead
increased contents of condensed OH (and total phenolic OH) alongside a
low aliphatic OH content. However, other properties such as the lignin
molecular weight will also influence this and make the overall picture
more complex.

As the coating synthesis protocol involves the application of polymer
dissolution in pure acetone, solubility of the lignin as high as possible is
desirable to avoid large structural heterogeneities. Because both acid-
extracted lignins present overall high solubilities in acetone (close to
100 %), these were thus chosen for further investigation. As recently
elaborated [35], the ability of lignins to display close-to-complete
dissolution in pure acetone appears largely related to their chemical
characteristics. Herein, the chemistry partially mitigates from close-to-
native (especially evident for BA as evident from the P-NMR data pre-
sented herein but also supported elsewhere [36]) to instead display
partial traits of sulfuric acid lignins (as for BA and SA) with the simul-
taneous introduction of sugar dehydration products which promotes
solubility in pure acetone. As highlighted in, and relevant for the lignins
further investigated herein is their botanical origin being either hard-
wood or softwood, where the latter is more prone, due to its vacant 5-po-
sition, to form aromatic condensed structures. [35] This, alongside
easier depolymerization upon acidic conditions for guaiacol-rich lignins,
is considered to eventually yield an elevated acetone dissolution ca-
pacity when compared to SA to BA [36,37].

3.3. FTIR analysis

The FTIR-ATR characterization of BA lignin and BA-PU is shown in
Fig. 5. The BA-PU of Fig. 5 shows that the characteristic peak between
2240cm1-2260cm ! of the NCO belonging to isocyanates is not pre-
sent [38]. This indicates that the NCO reaction was completed, and
carbamate was successfully formed. At the same time, the addition of
lignin did not cause significant changes. With the addition of BA lignin,
two peaks corresponding to the -OH and —-C=0- group shift (Fig. 5a)
[39]. As the concentration of BA in the blend increases, the spectrum of
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Table 3
Functional group characteristics (3P NMR) of the various lignins.

Functional groups BA [mmol/g] B [mmol/g] SA [mmol/g] S [mmol/g]

Aliphatic OH 1.70 4.15 1.36 1.14
Condensed OH 2.88 1.42 1.83 1.55
G type OH 0.91 0.71 2.13 1.82
H type OH 0.23 0.13 0.43 0.41
Total Phenolic OH  4.02 2.26 4.40 3.78
Acidic OH 0.11 0.20 0.24 0.28

BA

@B

mSA

ES

0.09 0.19 0.33 0.52 0.77
g lignin per mL acetone

Fig. 4. Lignin solubility in pure acetone.

the hydroxyl region shows a red shift of the -OH group in PU from 3337
em ™! to 3353 cm’l(Fig. 5b), which is because of the —O— group in the
lignin. [40] The ~OH forms a hydrogen bond. At the same time, the peak
of the -C=0- group in PU is blue-shifted. This was attributed to the
formation of hydrogen bonds with the -OH groups in lignin [41] . The
same results can be obtained from the FITR spectra of SA-PU (Fig. S6).
These shifts indicate the formation of hydrogen bonds between lignin
and PU, stabilizing the composite [42]. Lignin's hydroxyl and carbonyl
groups interact with both hydrophilic and hydrophobic segments of PU,

enhancing the coating's balance of properties essential for antifouling
and wear resistance.

3.4. Thermal stability

Fig. 6a and b show the thermal stability analysis results for BA lignin
and BA-PU. From Fig. 6a, 0 % Lignin-PU has two main areas of mass
loss: 300 °C to 350 °C temperature range and 350 °C to 430 °C tem-
perature range. This is mainly because 0 % Lignin-PU is composed of
hydrophilic PU and hydrophobic PU (mass ratio 2:8), resulting in a
residue of only 1.77 %. With the addition of BA lignin, the mass per-
centage of residues (char) is continuously increasing reaching up to 20 %
for the 40 % BA-PU. From the derivative thermogravimetric (DTG)
analysis (Fig. 6b), it can be found that when BA lignin is added at a small
amount (10 %), there are three thermogravimetric peaks. As the lignin
content increases, the thermogravimetric peaks gradually change to
two, and the temperature of the occurrence of the thermogravimetric
peak gradually decreases. This is because the interaction between a
small amount of lignin and PU is not strong, and the pyrolysis processes
of the three substances can be clearly distinguished. However, when the
amount of lignin increases and the content exceeds the proportion of
hydrophilic PU, the interaction between lignin and PU is enhanced,
forming more hydrogen bonds. The two thermogravimetric peaks
gradually overlap [43]. These results indicate that the thermal stability
of BA-PU is enhanced with the incorporation of BA lignin. The presence
of a heat-resistant lignin group in coatings enhances their ability to
tolerate high temperatures, and eventually will extend the life and
durability of the coating [44].

Differential scanning calorimetric measurements were carried out
for BA-PU, and the resulting thermograms are presented in Fig. 6c.
When lignin is incorporated into PU, the Ty starts to shift to higher
temperatures. It increased from —33.2 °C to 41.7 °C. There are two
reasons for this: (a) The lignin molecular chain and the PU molecular
chain form hydrogen bonds. These hydrogen bonds hinder the move-
ment of the coating's molecular chains, which require higher tempera-
tures for them to move. (b) As the proportion of lignin in coatings
continues to increase, a higher number of lignin molecules exist in the
coating, making the movement of PU molecular chains more difficult.
[45] A higher Ty means the coating becomes harder and stiffer at room
temperature, thereby enhancing its durability and ability to withstand
mechanical stress, wear and environmental conditions [46]. This change
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is critical for ships as it ensures the coating retains its protective prop-
erties against water, UV radiation and corrosive elements and reduces
maintenance requirements while improving fuel efficiency by mini-
mizing drag. Overall, the shift to higher Ty represents a significant
improvement in coating operating efficiency and longevity [47]. SA-PU
also demonstrate similar results (Fig. S7).

3.5. Contact angle

The hydrophobicity of the control sample (uncoated steel sheet) and
Lignin-PU composite membrane was evaluated by measuring the water
contact angle. The results are shown in Fig. 7 and Fig. $8. As expected,
the uncoated control sample shows a low water contact angle of 60°. For
0 % Lignin-PU, due to the presence of hydrophobic groups on the surface

of the film, the film exhibits a higher water contact angle of 99°. After
adding 10 % BA Lignin, the water contact angle is increased to 103.2°,
which continuously increased upon increasing the BA content and
reached a maximum of 114°. This means that the presence of hydro-
phobic lignin and its synergistic interaction with PU chains appears to
result in a network barrier in the composite film, with a concomitant
increase in the hydrophobicity of the film [48].

3.6. Anti-scratch

It can be seen in Fig. 8 that, under the action of the same vertical
force, the embedding depth of the coating is also different with different
lignin contents. Higher lignin content has a shallower embedment depth
which means a better anti-scratch property. At the same time, it can also
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be found (Fig. 8 and Fig. S10) that the increase in lignin content brings
higher coating hardness and contact modulus. This shows that the
addition of lignin improves the mechanical strength of the coating which
contributes to the better anti-scratch properties. This is because lignin
and PU molecular chains form dense and strong intermolecular
hydrogen bonds, which is consistent with the results of previous FTIR
and thermal stability.
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3.7. Tribological performance test

The coefficient of friction of 0 % lignin-PU coating and BA-PU is
displayed in Fig. 9. The friction coefficient decreases with increasing
coating hardness, which indicates that the energy dissipation mecha-
nism of PU is related to the viscoelastic deformation of the specimen and
sliding in the boundary state [49]. The friction coefficient of PU coating
is around 0.8, and the friction coefficient of 20 % BA-PU coating is
reduced to 0.08. Boundary lubrication plays a major role in this system.
In the process of increasing the lignin content from 0 % to 30 %, the
addition of lignin increases the mechanical strength of the coating,
forming a smooth and strong surface layer on the surface, thereby
reducing the boundary friction on the surface. However, when the lignin
content increases to 40 %, many lignin particles (caused by agglomer-
ation) accumulate on the surface, increasing the surface roughness and
thus increasing friction. The results obtained by SA-PU (Fig. S11) are the
same. Lower friction coefficients can lead to decreased energy con-
sumption and reduced wear, extending the lifespan of both the coating
and the underlying material. Additionally, the smoother and stronger
surface provided by optimal lignin content enhances the durability and
performance of the coating, making it ideal for high-stress environ-
ments. Smoother coatings are also expected to prevent bacterial
attachment.

3.8. Protein adsorption behavior

For the protein resistance behavior, the coatings with 30 % lignin
were selected owning to their low friction while providing high abrasion
resistance. The protein resistance of different coatings was measured by
QCM-D (Fig. 10), which depicts the time dependence of the frequency
change (Af) of coating adsorption to bovine serum albumin on a refer-
ence surface. For the control sample (no coating applied), Af decreased
significantly after rinsing with BSA solution, indicating considerable
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Fig. 8. a) the Nano scratch test of 0 % Lignin-PU and BA-PU; b) the hardness modulus and contact modulus of 0 % Lignin-PU and BA-PU.
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protein adsorption. For 0 % Lignin-PU, the change in Af decreased
slightly, indicating minor protein adsorption onto the coating surface
[50]. With the addition of lignin, the coating becomes resistant to pro-
teins. As mentioned above, the hydrophilic PU in the amphiphilic
telomer can appear on the surface to form a hydration layer to resist
protein adsorption effectively. At the same time, the addition of lignin in
the physical form of a complex pair effectively regulates the surface of
the coating surface. It can further reduce the adsorption of proteins,
thereby achieving an anti-fouling effect.

3.9. Antibacterial activity

3.9.1. Evaluation of coating preparation

Prior to the evaluation of antifouling capacities, it was essential to
establish a reproducible method for the application of the lignin coat-
ings. Striking a balance between adequate coverage of the metal coupon
and surface uniformity became essential, given that an increase in the
coating amount correlated with increased thickness and roughness of
the surface (Supplementary Information, Fig. $12). Surface changes
have the potential for enhanced adhesion of microorganisms. To
monitor the coating coverage, scanning electron microscopy (SEM) was
employed, with penetration depths reaching around 9 pm under the
applied voltage of 30 kV. [51] Elemental analysis (Supplementary In-
formation, Fig. S13) revealed that a three-layer coating sufficiently
covered the steel coupon. In contrast, the application of only two layers
resulted in areas where elements characteristic of steel were evident in
the energy-dispersive X-ray spectroscopy (EDS) images.

3.9.2. Assessment of biofilm formation

Three Gram-negative, rod-shaped bacterial strains with polar flagella
were selected for the assessment of antifouling properties. The Gram-
negative bacteria are recognized as the major primary colonizers and
are predominantly present in marine biofilms [52-55]. The strains used
in the study were Pseudoalteromonas atlantica, Marinobacter nauticus
(synonyms: Pseudomonas nautica; Marinobacter aquaeolei; Marinobacter
hydrocarbonoclasticus) [56], and Pseudomonas aeruginosa. Although the
selected marine microorganisms, all belonging to the Gammaproteo-
bacteria, were initially grouped together due to shared physiological
traits resembling pseudomonas-like marine bacteria [57], contemporary
classification has assigned them to distinct genera. Bacteria of the genus
Marinobacter [58,59] and Pseudoaltermonas [60] are widely distributed
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and commonly detected in various marine environments including
surface waters near the shores. P. atlantica is a recognized causative
agent of biofilm formation in the marine milieu [61], similar to the
genus Marinobacter [62]. As a control strain in this study, P. aeruginosa
was chosen for its role as a model strain in biofilm research [63].

In general, P. atlantica exhibited the highest biofilm biomass pro-
duction (Fig. 11), likely attributed to the genus' notable proficiency in
extracellular polymeric substance (EPS) production [64]. Across the
three tested strains, coatings incorporating SA lignin consistently
demonstrated lower biofilm production compared to those containing
BA lignin. Notably, for BA lignin, the highest total biomass (highest
absorbance) was observed at a 20 % lignin content in the coating,
beyond which a decline in biofilm biomass content ensued with esca-
lating lignin concentrations. Conversely, the varying content of SA
lignin in the coating did not exhibit a globally significant impact on
biofilm biomass. A noteworthy observation pertains to the strain-
specific variation in total biofilm biomass production between the
control coating without lignin content and the lignin coatings. Specif-
ically, in the case of P. atlantica, the control coating without lignin
content showed similar amounts of biofilm biomass as coatings con-
taining SA lignin. For M. nauticus and P. aeruginosa the control coating
without lignin content showed the lowest total biomass values. Lignin-
containing coatings (30 % and 40 % of both types of lignin) in com-
parison with commercially available coatings showed a better anti-
fouling effect as evidenced by the diminished total biofilm biomass in all
three strains tested.

In terms of metabolic activity among biofilm cells, P. aeruginosa
generally exhibited the highest measured values (Fig. 12). Across the
three tested strains, coatings incorporating SA lignin consistently
demonstrated lower metabolic activity compared to those containing BA
lignin, aligning with total biomass determination. Next, a similar trend
is observable for all three tested strains, where increasing lignin content
correlates with an increase in the metabolic activity of biofilm cells,
although significant differences are only observable in P. atlantica. The
determined values for the other two strains are very close within the
determined deviation values. Similarly, as observed in the determina-
tion of total biofilm biomass, there is a strain-specific variation in
metabolic activity between the control coating without lignin content
and the lignin coatings. Specifically, in the case of P. atlantica, coatings
with lignin content revealed a reduction in metabolic activity in com-
parison with the control coating without lignin, while an inverse trend
was observed for M. nauticus and P. aeruginosa. Lignin-containing coat-
ings in comparison with commercially available coating Commercial 1
showed a better antifouling effect as evidenced by the diminished
metabolic activity in all three strains tested. The coating Commercial 2
(active ingredient Cuy0) was excluded from the evaluation due to its
unwanted side interaction with tetrazolium salt.

The process of bacterial adhesion relies predominantly on physico-
chemical interactions between the bacterial surface and the substrate
[65]. Surface structures like flagella or pili play a pivotal role in primary
bacterial adhesion [66]. The antifouling efficacy of coatings is a
connection of various properties, encompassing hydrophobicity, zeta
potential, and structural characteristics such as substrate roughness,
texture, material porosity and fibrousness [67-69]. The coating's resis-
tance to bacterial adhesion and biofilm propagation can be enhanced by
incorporating substances with antimicrobial properties [70]. In our
study, as the lignin concentration increased in the coating, we anticipate
alterations in structural characteristics, which could possibly augment
surface area for bacterial adhesion and increase hydrophobicity (sup-
ported by contact angle measurement — Fig. 7). Simultaneously, higher
concentrations of lignin suggest the potential of enhancing non-specific
antimicrobial effects [71]. The presence of antimicrobial properties in
the lignin within the coating indirectly implies a superior efficacy of
coating containing SA lignin compared to BA lignin. This can be ascribed
to the different content of total phenolic hydroxyl groups, which is
higher in SA lignin (Table 3 — Structural motives of lignins). Lignin



Z. Wu et al. International Journal of Biological Macromolecules 282 (2024) 137456
a) b)
0.8 0.8 -
0.7 {_ 0.7 1 T
0.6 [ 0.6 J
® 0.5+ [ l ® 0.5+
o o
= c
< <
204 J I 904
o o
(%] [2]
o o
< 0.34 l < 0.3 4
0.2 0.2 - I
il [ -
0.0 0.0 .
& & & & & N N & & & & & & N NS &
SRS S N N SRS S N RS R A
) ) < @ & S
SRS I L L S S SRS A L LA S S
N P 2 B Ooé‘ 006‘ o N P B » 006‘ 006‘ &
c)
0.8 -
0.7
0.6
® 0.5+
o
c
©
204
[}
2 I
< 0.3 4 l
0.2 +
0.14
0.0 [ I | I 1
& & & & & N 9 Q
$ ¥ & & & @ @
¢ @ <
e & 4 g o & & @
N ¥ ) » Qoé‘ ooé‘ &

Fig. 11. Total biomass of adhered cells a) Pseudoalteromonas atlantica; b) Marinobacter nauticus; c) Pseudomonas aeruginosa on metal coupons coated with the
developed coatings containing [__] BA lignin; [[] SA lignin and commercial coatings Commercial 1 (biocide-free coating); Commercial 2 (active compound Cu,0).

generates reactive oxygen species and destabilizes bacterial membranes,
which contributes to its antibacterial effects [72,73]. Mentioned hy-
droxyl phenols are recognized as one of the main motives responsible for
this action [74]. For example, phenolate ions can promote the formation
of hydroxyl radicals [75], leading to membrane lipid peroxidation [76].
Furthermore, the complex polyphenol structure of lignin makes it
difficult for bacteria to develop resistance due to its non-specific effects
[77]. Despite the benefit of increased antimicrobial activity when
exposed to a high concentration of bacteria within a short time frame,
the paramount importance probably lies in the physical properties of the
coatings. This is indicated by findings for P. aeruginosa and M. nauticus,
which showed lower biomass and metabolic activity on a smooth
coating without lignin compared to coatings with lignin content. The
hypothesis that changes in surface characteristics of our studied coatings
may facilitate the rapid adhesion of bacteria aligns with Friedlander
et al., who demonstrated that flagellated E. coli adheres more effectively
to rough surfaces [78]. Simultaneously, the increased hydrophobicity of
lignin coatings in comparison to the coating without lignin could sup-
port the flagellum's affinity for the studied bacteria, a phenomenon
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observed in the case of P. aeruginosa (PAO1) in the study conducted by
Bruzaud et al. [79].

The contrasting behavior observed in P. atlantica, which easily
colonized lignin-free coating, can be linked to its extracellular polymeric
substances (EPS) production, that is described as a good flocculating and
sticky agent with a very high ability to adhere to available surfaces [80].
Specifically, transparent-exopolymer particles (TEP) produced by
P. atlantica participate in marine gel particle (MGP) formation [81,82].
Due to their aggregation properties these particles play a role in estab-
lishing a conditioning layer conducive to the adhesion of bacteria and
facilitating the formation of biofouling [83]. On the contrary, Ennouri
et al. noted in their work related to Marinobacter hydrocarbonoclasticus
biofilm sparse extracellular material resembling webs and thin fibers
[84]. The robust production of EPS by P. atlantica probably explains the
strain-specific variations observed in total biomass and metabolic ac-
tivity compared to other tested strains. The substantial impact of EPS
production in P. atlantica is further suggested by comparing the data
with the biofilm-forming control, P. aeruginosa. In general, P. aeruginosa
exhibited a lower signal in total biomass determination but a higher
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Fig. 12. Metabolic activity of adhered cells a) Pseudoalteromonas atlantica; b) Marinobacter nauticus; c) Pseudomonas aeruginosa on metal coupons coated with the
developed coatings containing [_] BA lignin; [] SA lignin and commercial coatings Commercial 1 (biocide-free coating). Commercial 2 was excluded from the

study due to interaction with tetrazolium salt.

signal in metabolic activity determination, contrasting with the
behavior observed in P. atlantica. The increasing metabolic activity
observed in P. atlantica with the rising concentration of lignin within the
coating may be attributed to the strain's extensive degradation potential
[71]. This hypothesis supports findings from Lu et al., affirming the
Pseudoalteromonas genus's capability to degrade compounds derived
from lignin [85]. On the contrary, our results suggest that lignin's
complex structure poses a challenge for M. nauticus, a member of the
versatile genus Marinobacter, in colonizing and degrading efficiently our
coatings [86,87].

Lignin-containing coatings outperformed commercial coatings in
biofilm suppression of both model marine bacteria and the biofilm-
model strain P. aeruginosa as evidenced by lower total biomass and
metabolic activity compared to Commercial 1 and Commercial 2. The
considerable colonization of commercial coatings by P. atlantica is likely
attributed to the EPS described earlier. Commercial 2 containing Cu,O
as an active compound may have had its effects suppressed by the
presence of negatively charged EPS, capable of binding positively
charged metal ions [80,88]. Moreover, representatives of the genus
Pseudoalteromonas, as shown by Zan et al., respond to copper exposition

11

by forming biofilms, which agrees with high signal in biomass deter-
mination in the case of Commercial 2 [89]. Strains of the genus Mar-
inobacter possess the genes involved in heavy metal resistance which
probably allowed M. nauticus colonization despite the presence of CuyO
in Commercial 2 [87]. The significant increase in total biomass and
metabolic activity of M. nauticus on Commercial 1, which consists of a
mixture of petroleum substances, is probably the result of the ability of
this genus to produce a substantial quantity of bioemulsifiers (bio-
surfactants), likely facilitating bacterial adhesion to hydrophobic sur-
faces and the breakdown of water-immiscible materials [62,90,91].
Furthermore, the strains of genus Marinobacter have the capacity to
degrade various hydrocarbons, often linked to oil spills and form oleo-
lytic biofilms at the interface of water with carbon, whether in liquid or
solid form [58,84].

4. Conclusions
This study successfully developed a new type of marine antifouling

coating based on lignin, which shows excellent antifouling properties
with minimized impact on the environment. Specifically, applying
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lignin in the coating increased the water contact angle by 14.5 %,
indicating improved surface hydrophobicity. Moreover, the mechanical
strength of the coating was enhanced by approximately 200 %, signifi-
cantly boosting its durability in harsh marine environments. Addition-
ally, the friction coefficient was reduced by about 85 %, further
contributing to its efficiency in preventing organism adhesion. These
improvements underscore the feasibility of using natural renewable
resources like lignin to develop environmentally friendly marine engi-
neering materials. Notably, coatings with lignin not only provide an
increase in surface hydrophobicity but also enhance antimicrobial ac-
tivity. This achievement not only provides a new material choice for
marine engineering but also lays a solid foundation for the future pro-
tection of the marine environment. To advance lignin-based coatings,
future research should focus on optimizing lignin extraction processes to
enhance yield and purity, exploring various lignin composites to
improve mechanical, thermal, and antifouling properties, evaluating
long-term environmental impacts in real-world marine settings, and
developing scalable, cost-effective production methods to facilitate
commercial adoption.
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