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Abstract

Marine biofouling is a major global concern affecting the marine industry, the environment,
and public health. The accumulation of organisms on submerged surfaces causes significant
economic losses, including increased fuel consumption, higher pollutant emissions, and
accelerated corrosion. Antifouling (AF) coatings with biocides are widely used to prevent
this problem. However, many conventional biocides have been banned due to toxicity,
creating an urgent need for environmentally friendly alternatives. In previous studies, we
synthesized a gallic acid derivative and three flavonoids that showed AF activity against the
settlement of mussel larvae (Mytilus galloprovincialis) together with low ecotoxicity. In the
present work, to further assess their potential in marine coatings and exploit the advantages
of nanocarriers in protecting and prolonging bioactive effects, these compounds were
loaded into halloysite nanotubes (HNTs) and incorporated into epoxy coatings. Coatings
containing the same AF compounds in free form were also prepared for comparison. HNTs
were characterized by scanning electron microscopy (SEM), and compound loading was
quantified by thermogravimetric (TG) analysis. The resulting composites were analyzed
by SEM and dynamic water contact angle measurements. Laboratory bioassays with M.
galloprovincialis larvae showed that coatings containing HNT-loaded synthetic compounds
generally reduced larval settlement more effectively than the corresponding coatings
containing the same compounds directly dispersed in the epoxy matrix, with values
below 20% after both 15 and 40 h of exposure for the best-performing formulation. These
findings highlight the novelty of the proposed HNT-based delivery strategy for nature-
inspired synthetic antifoulants and support its potential for the development of effective
and environmentally safer AF coatings.

Keywords: polyphenols; halloysite nanotubes; epoxy coating; antifouling activity

1. Introduction

The phenomenon of attachment and colonization of fouling organisms (bacteria, algae,
barnacles and shells, among others) on a variety of artificial submerged surfaces, including
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ships, pipelines, and aquaculture nets, known as marine biofouling, has major economic,
environmental and safety impacts [1]. The accumulation of fouling organisms on ship
hulls increases the weight and surface friction resistance of the ship, leading to higher
fuel consumption, thereby increasing the greenhouse gas emissions; it also promotes the
corrosion of materials and increases the maintenance costs [2,3]. One of the most useful
strategies to prevent marine biofouling is to protect the ship hulls with antifouling (AF)
coatings. In the past, coatings based on tributyltin compounds were widely used from the
1960s until they were banned in 2008 by the International Maritime Organization because of
their high toxicity for the marine environment. Alternative coatings based on copper with
booster biocides have been applied; however, these compounds have also proved to have a
negative impact on the marine environment, reinforcing the need for alternative, environ-
mentally friendly solutions [4-6]. Polyphenols, including phenolic acids and flavonoids, are
widely present in nature, namely, in terrestrial and marine organisms, and display a wide
range of biological activities, including the potential to prevent biofouling of marine micro-
and macro-organisms [7,8]. Recently, a variety of nature-inspired polyphenols obtained
by chemical synthesis have shown AF activity [9,10]. A synthetic gallic acid derivative
(GBA26) and three flavonoids (DH345, CC345G, and C1P) (Figure 1) were reported as
potential AF agents due to their high ability to decrease, in solution, the settlement of larvae
of the mussel Mytilus galloprovincialis, with ECs5g values ranging from 2.34 to 16.48 uM, with
high therapeutic ratios [9,11-13]. These compounds also presented very low ecotoxicity
against marine non-target organisms, such as the crustacean Artemia salina [9,11,12] and
the microalgae Phaeodactylum tricornutum [12]. Some of these compounds were also shown
to maintain anti-settlement activity against M. galloprovincialis larvae after incorporation
into a polyurethane-based coating [12,13]. Considering this proof-of-concept in coatings
and their non-toxic profile against non-target marine species, it is therefore of interest to
further investigate the possibility of preparing AF coatings with these compounds loaded
in nanocarriers, a well-recognized strategy to prolong the protective effects, prevent fast
releases of the antifoulants, and protect the active agents. Among all possible nanocarriers,
halloysite nanotubes (HNTs) are particularly interesting in this framework, as they are
biocompatible, low-cost, and non-toxic materials with distinctive adsorption properties,
and their use for the preparation of filled resins and coatings is already well established
in the literature [14,15]. HNTs are natural aluminosilicate tubular clays with a structural
formula of Al,(OH)4Si,O5-nH,0, an external diameter of about 50 nm, an inner lumen
of about 15 nm, and a length of 200-2000 nm. According to the literature, HNTs have
already been used to encapsulate different drugs, to modify the rate of release, to target
the site of drug release, and/or to protect the drugs against aging due to chemical and
enzymatic degradation [16-21]. In particular, besides their application in drug delivery, an-
timicrobial materials, self-healing polymeric composites, and regenerative medicine, HNTs
loaded with anticorrosion agents have already been incorporated into different coatings,
including polyurethane, epoxy, and polystyrene latex ones, providing an improved anticor-
rosion protective function [22]. Moreover, recent studies also described the use of HNTs as
nanocarriers for AF compounds in the development of marine coatings, either to delay the
release of such active compounds or to increase their effectiveness [23-25]. In particular, it
has been demonstrated that HNTs can be used for the development of marine AF epoxy
coatings containing the nanotubes loaded with either N-(2,4,6-trichlorophenyl) maleimide
or sodium salicylate [25]. In that study, a protocol for obtaining a homogeneous dispersion
of 10 wt% of HNTs within the coating was developed, and it was demonstrated that such
composites can inhibit the attachment of Vibrio natriegens marine bacteria by preventing the
release of the AF compounds. Nonetheless, only commercial AF biocides were used, and
their potential negative effects towards non-target organisms were generally neglected.
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Figure 1. Structures of AF compounds loaded in HNTs.

In this work, we investigated HNTs as nanocarriers for a set of previously developed
synthetic AF compounds (GBA26, DH345, CC345G, and C1P; Figure 1), which were selected
because of their antifouling activity and low ecotoxicity. The novelty of the present study
lies in the use of HNTs to incorporate nature-inspired, low-impact synthetic compounds
into marine epoxy coatings, as an alternative to conventional biocide-based HNT systems.
In some cases, HNTs were functionalized to enhance their affinity for the AF compounds
and to promote their adsorption. The active compounds were either directly incorporated
into marine epoxy coatings or first loaded into HNTs prior to incorporation. The physico-
chemical properties of the different composites were thoroughly investigated using different
techniques, while the AF performance of the prepared epoxy coatings was further evaluated
through settlement assays with larvae of mussel M. galloprovincialis.

2. Materials and Methods
2.1. Materials

Halloysite nanoclay, Dragonite (density 2.55 g/cm3, according to the technical
datasheet; length of 0.5-2 um, according to the SEM images, specific surface area measured
by means of a Coulter SA 3100 analyzer = 26 m?/g), was obtained from Applied Minerals
Inc. (Brooklyn, NY, USA). Dimethyl sulfoxide (DMSO, 0.03% water) was purchased from
Merck (Darmstadt, Germany), (3-aminopropyl)triethoxysilane (APTES) was purchased
from Aldrich (St. Louis, MA, USA), and NH,OH 30% from Fluka (Seelze, Germany). The
two-component epoxy coating Penguard HB red was purchased from Jotun (Sandefjord,
Norway) [26]. Compounds GBA26, DH345, CC345G, and C1P were synthesized at the Lab-
oratory of Organic and Pharmaceutical Chemistry, Faculty of Pharmacy of the University
of Porto, according to previously reported procedures [9,11-13]. Artificial seawater was
prepared according to Zakowski et al. [27].

2.2. Preparation of Antifouling HNTs
2.2.1. Loading of HNTs with Antifoulant GBA26

HNTs were loaded with the hydrophilic antifoulant GBA26 by adding 0.3 g of HNTs
in a saturated solution of GBA26 in MilliQ water (200 mg of the compound in 5 mL of
water), under magnetic stirring. Loading was promoted by applying three vacuum/air
cycles, following a procedure already reported for the loading of active molecules into
HNTs. This approach, based on alternating 1 h at atmospheric pressure and 1 h under
vacuum (pressure < 10 mbar), was adopted to facilitate the penetration of the solution into
the HNT lumen while ensuring reproducible loading conditions [25]. After the loading, the
dispersion was centrifuged at 9000 rpm for 5 min, the water solution was removed, and the
loaded HNTs were dried at 60 °C overnight.
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2.2.2. Functionalization of HNTs with APTES

To facilitate the loading process of the other hydrophobic AF molecules, the HNT
surface was functionalized with APTES, following a procedure already reported in the
literature [28-30]. Briefly, 2 g of HNTs were suspended in 10 mL of ethanol in a 50 mL
round-bottom flask. The suspension was kept under stirring under a nitrogen atmosphere,
and APTES (250 uL) and 30% NH4;OH were added dropwise until pH 9. The reaction was
kept under stirring at room temperature overnight, centrifuged for 5 min at 9000 rpm, and
washed twice with 10 mL of ethanol. Finally, the centrifuged functionalized HNTs were
dried for 1 day at 60 °C.

2.2.3. Loading of Functionalized HNTs with Antifoulants DH345, CC345G, and C1P

Functionalized HNTs (0.3 g) were suspended in a saturated solution of hydrophobic
antifoulants in DMSO (200 mg of compounds in 6 mL of DMSO) under magnetic stirring.
Loading was performed through repeated vacuum/air cycles following the procedure
described in Section 2.2.1. and thoroughly detailed elsewhere [25]. After the three cycles of
vacuum/ air, the samples were centrifuged at 9000 rpm for 5 min, the DMSO was removed,
and the loaded HNTs were dried overnight at 120 °C in a nitrogen atmosphere.

2.3. Preparation of the Composites

The epoxy coating Penguard HB is composed of two components: Comp A (epoxy
resin) and Comp B (amide-based curing agent). Coatings were prepared by mixing the
two components (Comp A and Comp B) at a 4:1 volume ratio, following the technical
data sheet. When present, HNTs were incorporated into Comp A to achieve a weight
percentage of 10% of nanotubes in the final composite. The final percentage of HNTs in
the epoxy coating was selected based on previously published work [25]. HNTs were
mechanically mixed with a spatula for 5 min, with a vortex for 3 min, and sonicated for
30 min at 30 °C and 59 Hz. This procedure was repeated 5 times to achieve a homogeneous
dispersion of HNTs in Comp A. Then, Comp B was added, and the coating was once more
mechanically mixed for 5 min with a spatula and for 3 min with a vortex, and sonicated for
30 min. The prepared coatings were both brushed onto acrylic 24-well plates and spread on
smooth plastic sheets (Figure 2). Coatings were air cured and characterized after drying as
described in Section 2.5. For comparison, coatings containing free AFs were also prepared
by directly incorporating compounds GBA26, DH345, CC345G, and C1P into the epoxy
Penguard HB, using the same concentrations of AFs that were loaded in the nanotubes.
An abbreviated notation is used throughout this paper to refer to the prepared composites
containing loaded nanotubes or free AF compounds, as reported in Table 1.

Figure 2. Acrylic 24-well plate brushed with prepared coatings.
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Table 1. Composition of the samples prepared in this work. The percentages are calculated on the

total weight.
Sample Name HNT (%) Free Antifoulants (%) Coating Content
C _ _ -
C-H 10 0 HNTs
C-FH 10 0 Functionalized HNTs
C-H-GBA26 10 0 HNTs loaded with GBA26
Functionalized HNTs
C-FH-DH345 10 0 loaded with DH345
Functionalized HNTs
C-FH-CC345G 10 0 loaded with CC345G
Functionalized HNTs
C-FH-CIP 10 0 loaded with C1P
C-GBA26 0 0.9 GBA26
C-DH345 0 0.2 DH345
C-CC345G 0 0.3 CC345G
C-C1P 0 0.2 c1p

HNT: Halloysite nanotubes; C: pristine epoxy coating; C-H: coating with HNTs; C-FH: coating with functionalized
HNTs; C-H-GBA26: coating with compound GBA26 loaded into HNTs; C-FH-DH345: coating with compound
DH345 loaded into functionalized HNTs; C-FH-CC345G: coating with compound CC345G loaded into functional-
ized HNTs; C-FH-C1P: coating with compound C1P loaded into functionalized HNTs; C-GBA26: coating with
free compound GBA26; C-DH345: coating with free compound DH345; C-CC345G: coating with free compound
CC345G; C-C1P: coating with free compound C1P.

2.4. Characterization of the Nanotubes

Scanning electron microscopy (SEM) of the nanotubes was performed on a XIGMA
Field Emission SEM (Carl Zeiss Microscopy GmbH, Jena, Germany), using an InLens
detector, with an accelerating potential of 2 kV and a working distance of ~4 mm.

Fourier Transform Infrared Spectroscopy (FTIR) spectra were collected using a Cary
670 FTIR instrument (Agilent Technologies, Santa Clara, CA, USA), in transmittance mode,
acquiring 128 scans for each measurement, in the spectral range of 4000-400 cm !, with a
spectral resolution of 2 cm !, and a delay time of 30 s. The analyses were performed using
the KBr pellet method, using 100 mg of a KBr pellet containing 1% of HNTs. Background
spectra were also collected and subtracted from the spectra acquired for the samples.

Thermogravimetric (TG) analysis of pristine HNTs, functionalized HNTs, and loaded
HNTs was conducted on a SDT Q600 (TA Instruments, Philadelphia, PA, USA) in a N,
atmosphere (flow rate 100 mL/min) from room temperature to 1000 °C at 10 °C/min. TG
was also performed on the pure antifoulants for comparison, using the same experimental
conditions. The amount of loaded AF compounds was measured from the TG curves.

X-ray diffraction (XRD) data were collected with a XRD Dynamic 500 (Anton Paar,
Graz, Austria), using as X-ray source the Cu K« radiation (A = 1.542 A), at40kV and 49 mA,
a 20 range of 10-70°, 0.03° step size, and under spinning conditions.

Raman analyses were performed on a Renishaw inVia Qontor confocal MicroRaman
system (Renishaw, Pliezhausen, Germany) equipped with a 785 nm laser, front illuminated
CCD camera (256 x 1024 pixels), and a research-grade Leica DM 2700 microscope. Powder
samples were placed on a glass slide, and the spectra were acquired with a 5x objective.
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2.5. Characterization of the Composites

Scanning electron microscopy (SEM) of the composites was performed on a ZIGMA
Field Emission SEM (Carl Zeiss Microscopy GmbH, Jena, Germany), using an InLens
detector, with an accelerating potential of 0.5 kV and a working distance of ~3 mm.

Dynamic contact angles of water were studied using a K100 Force Tensiometer (Kriiss
GmbH, Hamburg, Germany). Two specimens were tested for each composite by measuring
the advancing and receding contact angles of the films immersed in MilliQ water at 25 °C.
All films were immersed and withdrawn for 6 consecutive cycles, using a minimum and
maximum immersion depths of 1 and 5 mm, respectively, at a speed of 1 mm.min~!.
Contact angle values were estimated through the Kriiss Laboratory Desktop software
(version 3.2) as the results of a linear regression of the force versus position graph. The
regression was calculated in the linear region of the graph for each cycle (both advancing
and receding), considering the width and thickness of the films. Data are reported as mean
values + standard deviations over all the cycles.

The amount of released GBA26 hydrophilic compound from the C-GBA26 and
C-H-GBA26 composites was quantified by means of UV spectroscopy. First, a calibra-
tion curve was measured at 300 nm for GBA26 in artificial seawater (Abs = 0.007-c — 0.029,
where c is the concentration of GBA26 expressed as uM). Then, films of the C-GBA26 and
C-H-GBA26 composites (about 1 cm?) were added to 5 mL of artificial seawater, continu-
ously stirred (600 rpm) and kept at 25 °C. At predetermined times, 50 uL of suspension
was withdrawn and replaced with 50 uL of artificial seawater. The withdrawal was diluted
with 450 uL of artificial seawater and analyzed by UV—vis spectroscopy to quantify the
amount of released GBA26 with a Cary3500 (Agilent, Santa Clara, CA, USA) in the range
190-800 nm, using quartz cuvettes, with an integration time of 0.5 s and a bandwidth of
1 nm. Aliquots withdrawn from sample C were diluted following the same procedure used
for the other samples and used as a reference to remove any possible contribution arising
from the coating.

2.6. Anti-Settlement Assay Against the Mussel Mytilus galloprovincialis

For the anti-settlement evaluation, M. galloprovincialis plantigrades were collected at
Memoria beach (N 41°13/51.5”, W 8°43/15.5"") during low tide. In the laboratory, competent
plantigrades exhibiting exploring behavior were selected and transferred to the coated wells.
Each well was filled with filtered and sterilized natural seawater to minimize potential
interferents. Coatings were tested in quadruplicate (four wells), with five plantigrades per
well. A negative control (pristine coating system) was included. After 15 and 40 h, larval
settlement was determined based on the presence or absence of efficiently attached byssal
threads produced by each mussel larva under the tested conditions.

2.7. Statistical Analysis

One-way analysis of variance (ANOVA) was used to analyze datasets from the anti-
settlement bioassay, followed by a multi-comparison Dunnett’s test against the negative
control (p < 0.05). Significance was considered at p < 0.05, and 95 % lower and upper
confidence limits (95 %LCL; UCL). The software IBM SPSS Statistics 31 was used for
statistical analysis.

3. Results and Discussion
3.1. Characterization of Pristine HNTs and Functionalized HNTs (HNTs-APTES)

The preparation of HNTs (SEM image of the nanotubes shown in Figure 3A) loaded
with antifoulants and their subsequent incorporation into epoxy coatings involved mul-
tiple steps. GBA26 was loaded into HNTs. For compounds DH345, CC345G, and C1P,
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the surface of HNTs was first functionalized with APTES to enhance their interaction
with these hydrophobic molecules. Indeed, due to the inherent hydrophilicity of HNTs,
strongly hydrophobic compounds cannot be efficiently adsorbed; therefore, surface modifi-
cation of these clays with an organosilane is a promising approach to modify the surface
chemistry [29] and to enable the use of HNTs as nanocarriers for hydrophobic flavonoids.
Importantly, according to the literature, APTES functionalization does not compromise
the biocompatibility of the nanotubes [31]. Moreover, XRD analyses also revealed the
expected pattern for the nanotubes and confirmed that the functionalization with organosi-
lane did not affect the nanotubes’ structure, as previously reported in the literature [32,33]
(Figure S1 in the Supplementary Materials). The FTIR spectra of pristine and functionalized
HNTs, collected to confirm surface modification, are reported in Figure 3B. The presence of
the small peak at 2930 cm !, attributed to C-H stretching from CH, groups, along with
the intensification of the large band in the 32003500 cm ™! range, corresponding to N-H
stretching of the NH; group, indicates successful APTES functionalization. It should be
emphasized that the observed spectral variations in the FTIR, although small, are indeed
significant. Because functionalization affects only the outer surface of the clay particles,
whereas FTIR measurements reflect the response of the bulk material as a whole, the signals
arising from surface-bound species are expected to be weak.

B 1— HNT
| — HNT-APTES
g 1
Q §
8]
c
©
5
E
w
=
® 4
|_
-
5
+ T T T
4000 3000 2000 1000

Wavenumber (cm )

Figure 3. (A) SEM images of the pristine HNTs, and (B) FTIR spectra of pristine HNTs and functional-
ized nanotubes (HNT-APTES).

HNT and HNT-APTES powders were also characterized by means of Raman spec-
troscopy (Figure S2 in the Supplementary Materials). In agreement with the FTIR charac-
terization, a weak but significant peak is observed for the HNT-APTES specimen in the
2850-2950 cm~! range, which is fully compatible with APTES CH stretching modes.
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3.2. Loading of AF Compounds in HNTs

As anticipated in Sections 2.2.1 and 2.2.3, saturated solutions of active compounds
were prepared using water as the solvent for loading GBA26 in pristine HNTs, and DMSO
for loading DH345, CC345G, and C1P into functionalized HNTs (HNTs-APTES), since
these compounds were not soluble in water due to their non-polar nature. For successful
adsorption of active molecules onto the surface of HNTs, it is important to employ a
solvent in which the compounds are soluble. According to the results obtained from TG
experiments (Figures 54-513 in the Supplementary Materials and Table 2), large amounts of
GBA26 were efficiently loaded into HNTs, confirming that, in this case, it was appropriate
to use pristine HNTs. In the case of compounds DH345, CC345G, and C1P, the loading
was less efficient (Table 2), even using functionalized HNTs. Nevertheless, considering
the high AF activity of the selected compounds against the mussel M. galloprovincialis
(ECsp values ranging from 2.34 and 16.48 pM) [9,11,12], the obtained loading levels were
considered adequate for their application in the preparation of protective AF coatings, as
further supported by the AF assays reported below.

Table 2. Amount of loaded compounds calculated from thermogravimetric (TG) curves by comparing
the residual mass at 1000 °C.

Nanotubes Loading %
HNTs with GBA26 9.3
HNTs-APTES with DH345 24
HNTs-APTES with CC345G 29
HNTs-APTES with C1P 1.6

HNTs: Halloysite nanotubes; APTES: (3-aminopropyl)triethoxysilane.

All HNTs loaded with AF compounds were also characterized by confocal Raman
spectroscopy to investigate the incorporation of the compounds into the nanotubes and to
evaluate possible interactions between the active molecules and the HNTs (Figure 514 in
the Supplementary Materials). According to the results, the presence of the AF compounds
loaded into the nanotubes modified their spectroscopic behavior. The main difference lies
in the appearance of a signal at approximately 1630 cm~! in the spectra, indicating the
presence of the compounds and being ascribed to C=C bonds.

The HNTs loaded with the AF compounds, as well as the pristine HNTs and the
functionalized HNTs, were incorporated into the epoxy coating, and the composites were
characterized to evaluate their physico-chemical and AF properties. Previous studies have
reported that the incorporation of different amounts of HNTs loaded with antifoulants
can achieve AF activity in composites, including 10 wt% [25], 22 wt% [24], or 28 wt% [23].
Considering that using lower HNT content reduces formulation costs and decreases the
consumption of the costly AF compounds, we selected 10 wt% of HNTs for incorporation
into the epoxy coating. For comparison, analogous samples were also prepared by directly
adding the AF compounds to the coating, using the same concentrations as those present
in the coatings prepared with loaded HNTs (0.16-0.93%wt).

3.3. Characterization of the Composites

The composites were first characterized in terms of morphology and wettability. To
assess the homogeneity of HNT dispersions and to discard the formation of agglomerates
and clusters, the composites were initially inspected visually during mixing to ensure the
obtainment of a homogeneous dispersion, and subsequently analyzed by SEM to ensure
that no aggregates were present in the final dried coating. Figure S3 in the Supplementary

https:/ /doi.org/10.3390/app16094114
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Materials shows the morphology of all samples investigated. According to the results,
all samples display similar morphology, and no agglomerates of HNTs were found when
inspecting the samples’ surface, suggesting that the nanotubes are well dispersed in the
coating, since HNTs’ clusters would have dimensions of tens of micrometers [34].

The wettability of the prepared surfaces was also evaluated through advancing and
receding contact angle measurements, as these properties are of primary importance for
coatings intended for marine applications. The results (Table 3) confirmed that surface
wettability was only slightly changed by the incorporation of HNTs, whether functionalized
or not, and regardless of loading, in agreement with previous reports for analogous sys-
tems [25]. In particular, advancing contact angles were consistent across all samples, while
differences were observed in receding angles (composites had lower values than pristine
coating). As widely recognized, receding contact angles are strongly influenced by the pres-
ence of polar, hydrophilic substances and can also be affected by surface roughness [35,36].
The slight variations observed in receding contact angles can therefore be attributed to
the introduction of hydrophilic moieties on the surface by the HNTs. Nevertheless, the
overall wettability remained essentially unchanged, as demonstrated by the unchanged
values of advancing angle and large hysteresis, supporting the suitability of these systems
as protective marine coatings.

Table 3. Dynamic water contact angles obtained for the samples.

Advancing Contact

Sample Angle (°) Receding Contact Angle (°) Hysteresis (°)
C 9B +1 36 £3 59 +4
C-H 94 +4 28 +4 66 £+ 8
C-FH 91+4 23 £6 68 £+ 10
C-H-GBA26 0 +£2 25£3 65+5
C-FH-DH345 93+3 22+£2 71£5
C%;EG 92+2 23+9 69 + 11
C-FH-C1P 93+3 309 63 +12

C: pristine coating; C-H: coating with HNTs; C-FH: coating with functionalized HNTs; C-H-GBA26: coating with
compound GBA26 loaded into HNTs; C-FH-DH345: coating with compound DH345 loaded into functionalized
HNTs; C-FH-CC345G: coating with compound CC345G loaded into functionalized HNTs; C-FH-C1P: coating
with compound C1P loaded into functionalized HNTs; values express average =+ standard deviations.

To evaluate the potential release of the active molecules from the composites in seawa-
ter, release kinetics experiments were performed, as often reported in studies employing
HNTs as drug delivery systems [22,37]. Among the investigated compounds, GBA26 was
selected as a model molecule because of its relatively higher hydrophilicity and higher
loading efficiency compared with the other more hydrophobic compounds (Table 1). No
detectable release of GBA26 was observed in artificial seawater after 14 days of assay
(C-GBA26 and C-H-GBA26 were tested), indicating that the compound remained strongly
retained either inside the HNT lumen (in C-H-GBA26) and/or within the epoxy matrix (in
C-GBA26 and C-H-GBA26). Considering this result, release studies on the other antifouling
molecules were not further pursued, as their stronger hydrophobic character would be
expected to further hinder their diffusion from the coating. Therefore, full release profiles
and kinetic modeling could not be established for these systems. Notably, despite the
absence of detectable release, the antifouling activity was clearly observed under the inves-
tigated conditions and was even enhanced when the compounds were loaded into HNTs,
suggesting a beneficial effect of the nanotube-based formulation, possibly associated with
improved surface distribution and/or interfacial activity of the active species. This suggests
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that the antifouling performance is not primarily governed by bulk diffusion, but more
likely by interfacial effects [38], with the nanotube-based formulation possibly improving
the distribution and exposure of the active species at or near the coating surface. Such
behavior may be advantageous, as the antifouling compounds remain embedded in the
coating for prolonged periods, potentially extending the durability of the protective effect.

3.4. Antifouling Evaluation of Composites

All the prepared composites (Figure 4) were tested for AF efficacy at the laboratory
scale using the settlement inhibition assay of mussel (M. galloprovincialis) larvae as the target
AF species. After 40 h of exposure to the coated surfaces, results showed that although
the control coatings (C, C-H and C-FH) presented some intrinsic ability to inhibit the
larval settlement, coatings containing loaded AF compounds generally exhibited higher
activity (Figure 4). In particular, coatings with compounds loaded into HNTs (C-H-GBAZ26,
C-FH-DH345, C-FH-CC345G, and C-FH-C1P) presented stronger settlement inhibition
compared to those where the AF compounds were directly incorporated (C-GBA26, C-
DH345, C-CC345G, and C-C1P), as shown in Figure 4, further supporting the advantages
of employing HNTs for antifouling applications. These findings highlight the potential of
HNT-based delivery systems in the development of effective AF coatings and suggest that
their beneficial effect may not simply arise from compound release. Indeed, alternative
mechanisms have been widely discussed in the literature, particularly in the context
of non-leaching and bioinspired antifouling surfaces, where the inhibition of fouling is
mediated by interfacial effects rather than by bulk diffusion [38]. In this framework,
antifouling behavior can arise from surface-associated activity of retained compounds
and/or from modifications of the physico-chemical properties of the coating that affect
organism adhesion. In our system, the absence of measurable release, combined with the
observed antifouling activity and its enhancement upon loading into HNTs, suggests that
the mechanism is likely dominated by interfacial effects rather than by bulk diffusion. The
role of halloysite nanotubes may therefore be associated with improved distribution and
exposure of the active compounds at or near the coating surface.
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Figure 4. Efficacy of coatings with free AF compounds and with AF compounds loaded into HNTs
against the settlement of mussel M. galloprovincialis larvae after 15 h and 40 h of exposure. Results
expressed as a % of settlement of mussel larvae. C: pristine coating; C-H: coating with HNTs; C-FH:
coating with functionalized HNTs; C-GBA26: coating with compound GBA26; C-H-GBA26: coating
with compound GBA26 loaded into HNTs; C-DH345: coating with compound DH345; C-FH-DH345:
coating with compound DH345 loaded into functionalized HNTs; C-CC345G: coating with compound
CC345G; C-FH-CC345G: coating with compound CC345G loaded into functionalized HNTs; C-C1P:
coating with compound C1P; C-FH-C1P: coating with compound C1P loaded into functionalized
HNTs; * indicates significant differences against the respective control (p < 0.05, Dunnett’s test).
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4. Conclusions

This study demonstrates that HNTs are effective nanocarriers for the incorporation
of nature-inspired synthetic AF agents into marine epoxy coatings. In this work, four
previously developed AF compounds (GBA26, DH345, CC345G, and C1P) were successfully
incorporated either directly into the coating matrix or after loading into HNTs, using
pristine nanotubes for the gallic acid derivative (GBA26) and organosilane-functionalized
HNTs for the more hydrophobic flavonoids (DH345, CC345G, and C1P), to improve their
affinity for the nanotube surface. This strategy enabled efficient compound incorporation
while preserving the physico-chemical properties of the coatings.

The resulting composites showed homogeneous filler dispersion within the epoxy
matrix and retained the wettability characteristics of the reference coating, indicating that
HNT incorporation does not adversely affect the surface behavior of the protective system.
Release experiments performed on GBA26, selected as the most hydrophilic and highly
loaded compound, showed no detectable release into the aqueous medium, suggesting
strong retention of the active molecules within the nanotubes and/or the epoxy matrix.
This feature may be advantageous for prolonging coating efficacy while limiting rapid and
uncontrolled release into the marine environment.

Laboratory bioassays with M. galloprovincialis larvae demonstrated that HNT-loaded
polyphenols enhance the anti-settlement performance of epoxy coatings compared with
the direct incorporation of the free compounds. Although the control coatings already
exhibited some intrinsic inhibition of larval settlement, the presence of AF molecules
generally improved the biological response, and the HNT-based formulations outperformed
the corresponding coatings containing the same amount of freely dispersed compounds.
These findings support the role of HNTs as functional carriers capable of improving the
effectiveness of the active agents.

Among the tested formulations, C-FH-C1P showed the best overall performance, with
the lowest larval settlement at both exposure times, indicating the strongest and most
persistent anti-settlement effect. This behavior does not appear to be simply related to a
higher loading amount, but rather to a more favorable balance between molecular activity,
affinity for the carrier, and availability at the coating/seawater interface. In line with
the non-leaching behavior observed for these systems, this result further supports the
hypothesis that antifouling performance is mainly governed by interfacial effects rather
than by bulk diffusion, with HNTs likely contributing to optimize the distribution and
exposure of the active compound at or near the coating surface.

Overall, the results indicate that the use of HNT-based nanocarriers is a promising
strategy for improving the performance of epoxy AF coatings and for optimizing the use of
synthetic nature-inspired AF agents. Such systems may be of interest for the protection of
submerged marine surfaces, where prevention of early-stage fouling, prolonged coating
efficacy, and reduced release of active agents are highly desirable.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app16094114/s1, Figure S1: XRD diffractograms of pristine
HNTs and HNTs functionalized with APTES; Figure S2: Raman spectra of pristine HNTs and
HNTs functionalized with APTES; Figure S3: SEM images of the investigated samples; Figure S4:
Thermogravimetric (TG) analysis of HNTs Dragonite; Figure S5: TG analysis of HNTs Dragonite
functionalized with APTES; Figure S6: TG analysis of compound GBA26; Figure S7: TG analysis of
compound GBA26 loaded in HNTs Dragonite; Figure S8: TG analysis of compound DH345; Figure
59: TG analysis of compound DH345 loaded in HNTs functionalized with APTES; Figure S10: TG
analysis of compound CC345G; Figure S11: TG analysis of compound CC345G loaded in HNTs
functionalized with APTES; Figure S12: TG analysis of compound C1P; Figure S13: TG analysis
of compound C1P loaded in HNTs functionalized with APTES; Figure S14: Raman spectra of the
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synthesized active molecules together with HNTs and HNTs loaded with the AF compounds: (A)
compound GBA26, HNT, and HNT loaded with GBA26, (B) compound DH345, HNT-APTES, and
HNT-APTES loaded with DH345, (C) compound CC345G, HNT-APTES, and HNT-APTES loaded
with CC345G, and (D) compound C1P, HNT-APTES, and HNT-APTES loaded with C1P.
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