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Biofouling, the accumulation of microorganisms and macroorganisms on submerged surfaces, is responsible for
equipment degradation and increased maintenance costs. Several efforts have been made for the development of
efficient antifouling surfaces, but most coating formulations are still based on toxic and harmful compounds. This
study evaluated the effectiveness of polyurethane (PU) coatings modified with cyclam-based Cu(ll) and Fe(lll)
complexes in preventing Cobetia marina biofilm formation under controlled hydrodynamic conditions mimicking
marine environments. The modified PU-based coatings incorporating these complexes showed promising results
in reducing biofilm thickness (17-38%), biofilm total volume (33-39%) and culturable biofilm cells (36-39%)
compared to the unmodified PU control. These findings demonstrate that cyclam-based Cu(ll) and Fe(lll) complexes
are effective antifouling agents for marine applications due to their low ecotoxicity and compatibility with
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polymeric formulations.

Introduction

Marine biofouling is an undesirable process in which
submerged, or water-contacting surfaces are progressively
covered with organisms and their metabolic by-products. This
process begins with the formation of a biofilm (microfouling or
slime), which is spontaneously colonized by microorganisms
such as bacteria, algae, and protozoa. This microbial layer
creates favourable conditions for the attachment and growth of
larger fouling organisms, including invertebrates like barnacles
and mussels, as well as macroalgae. The result is a complex

a-Centro de Quimica Estrutural, Instituto Superior Técnico, Universidade de Lisboa,
Av. Rovisco Pais 1, 1049-001 Lisboa, Portugal.

b-BjolSI - Biosystems & Integrative Sciences Institute, Faculdade de Ciéncias da
Universidade de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal.

¢ Centro de Ciéncias e Tecnologias Nucleares, C2TN, DECN, Instituto Superior
Técnico, Universidade de Lisboa, 2695-066 Bobadela, LRS, Portugal.

d9-LEPABE - Laboratory for Process Engineering, Environment, Biotechnology and
Energy, Faculty of Engineering, University of Porto, Rua Dr. Roberto Frias, 4200-
465 Porto, Portugal.

¢ ALICE - Associate Laboratory in Chemical Engineering, Faculty of Engineering,
University of Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal.

- Departamento de Fisica, Faculdade de Ciéncias, Faculty of Sciences, University of
Lisboa, Campo Grande, 1749-016 Lisboa, Portugal

9-Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade de
Lisboa, Campo Grande, 1749-016 Lisboa, Portugal.

h-Centro de Quimica Estrutural, Institute of Molecular Sciences, Associagéo do
Instituto Superior Técnico Para a Investigagdo e Desenvolvimento, Av. Antdnio
José de Almeida n212, 1000-043 Lisboa, Portugal.

t Supplementary Information available: [details of any supplementary information

available should be included here]. See DOI: 10.1039/x0xx00000x

biological accumulation that

performance and longevity of marine infrastructures.?

severely compromises the

In the marine transport sector, particularly in commercial
shipping, biofouling is a major operational burden. The
accumulation of biological material on hull surfaces can
increase roughness and hydrodynamic drag leading to higher
fuel consumption. These efficiency losses, combined with costs
cleaning, dry-docking, unscheduled
maintenance, are estimated to cause large economic losses in

related to hull and
global maritime transportation annually.? The environmental
consequences are equally concerning as biofouling remains a
primary pathway for the spread of invasive marine species,
posing serious threats to
biodiversity.3

Antifouling protection has relied mostly on coatings containing

local ecosystems and marine

organotin complexes that inhibit organisms’ growth through
metal ion release. Although these systems are effective,
uncontrolled metal leaching has raised major environmental
concerns. Solutions for biofouling control have been explored in
the development of efficient and environmentally friendly
coatings to replace the current toxic biocide-based strategies.*
Polymeric antifouling coatings that incorporate one or more
bioactive compounds are being successfully used to inhibit or
prevent the adhesion and growth of aquatic microorganisms on
surfaces but their technological development has not yet
reached enough maturity.> The selection of an appropriate
antifouling agent is crucial for the coating’s performance,
particularly in the early stages of biofouling development, such
as microfouling and biofilm formation, where antimicrobial and
anti-biofilm activities play a key role. This choice depends on the
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agent’s chemical reactivity, antimicrobial efficacy, and
ecotoxicity, as these properties influence both its
immobilization on surfaces and overall effectiveness.®
Azamacrocycle derivatives, in particular cyclam-based metal
complexes, are of special interest within this context due to
their antimicrobial properties.” Additionally, cyclam ligands
provide a strong stabilizing effect, which enhances metal
coordination and thus control over metal ion release.’®
Immobilization within a polymeric coating matrix reinforces
stabilization, potentially improving sustainability compared
with  conventional copper-based or biocide-releasing
antifouling systems. Previous studies have shown that the
presence of iron within polyurethane matrices can confer

antimicrobial and anti-biofilm properties. In particular,
polyurethane-coated surfaces incorporating cyclam-based
Fe(lll) complexes with the formula [{R2(*

CF3PhCH;),Cyclam}FeCl;]Cl (R = H, HOCH,CH,CH,) significantly
reduce both culturable and total C. marina biofilm cells
compared to polyurethane-coated control surfaces.® This
reduction was accompanied by decreases in biofilm surface
coverage, thickness, and biovolume, indicating effective
antifouling performance at multiple of biofilm
development.

A recent study by Robinson et al.® demonstrated that cyclen-based
Cu(ll) complexes incorporated into silica and epoxy-based marine
paint formulations showed limited bactericidal activity, likely due to
insufficient surface copper concentration, but also highlighted that
the ligands may contribute themselves to biofilm inhibition even in
the absence of metal ions.

Altogether, these studies indicate that coatings incorporating
cyclam-based metal complexes can provide effective antifouling
activity through multiple mechanisms, including both metal-
mediated antimicrobial effects and ligand-mediated inhibition of
biofilm formation. When compared with existing antifouling
strategies, such as copper-containing and hybrid metal-based
coatings displaying antimicrobial performance under laboratory
and field conditions, cyclam—metal systems offer a promising
alternative. However, the limited bactericidal activity observed
in some Cu(ll)-based formulations, and the potential to further
optimize metal stabilization by refining ligand design, metal
incorporation, and the compatibility of cyclam-metal systems
with polymeric matrix interactions, emphasize that significant
improvements are still needed. The derived functional coatings
could achieve enhanced, sustained antifouling efficacy while
minimizing environmental impact, addressing the ongoing
challenge of balancing effectiveness and sustainability in marine
coatings.

Following previous studies on cyclam-based Fe(lll) and Cu(ll)
complexes, in this work, we report the synthesis and
characterization of polyurethane-coated surfaces incorporating
Cu(ll) and Fe(lll) complexes stabilized within the (HOCH,CH)a(*
CF3PhCH;),Cyclam framework, and the assessment of their
potential to further enhance antifouling activity against C.
marina biofilm formation.

levels

Results and Discussion
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Synthesis and characterization of cyclam-based complexes, i
The trans-disubstituted cyclam H,(*CF3PhCH)5ey s 1, e tls With
ethyl bromoacetate to give the tetrasubstituted species
(EtOOCCH3)2(*“F3PhCH,),Cyclam, 2. Upon reaction with LiAlHg4,
compound 2 is converted into (HOCH,CH,),(*“3PhCH,),Cyclam, 3, as
shown in Scheme 1.

e o Exooi(\l HO\U/\
Fe N N B’\)Lo/\ P N N LiAIH, e N N

(2 1005: U I

1 2 3

OH

Scheme 1. Synthetic route for the preparation of (HOCH2CH2)2(*
CF3PhCH,),Cyclam, 3.

The 'H NMR spectra of compounds 2 and 3 (Figures S1A and S2A,
respectively, ESIT) show five multiplets for the methylene protons of
the cyclam ring integrating to four protons each along with a set of
resonances corresponding to protons of the +“F3PhCH,, EtOOCCH,
and HOCH,CH; pendant arms of the macrocycle. The benzylic
protons of the 4F3PhCH, pendant arms are observed as singlets at
3.59and 3.65 ppm in compounds 2 and 3, respectively, in accordance
with nitrogen inversion. The hydroxyl protons of the HOCH,CH,
pendant arms present in 3 appear at 4.73 ppm. The °F NMR spectra
of compounds 2 and 3 show a single resonance for the CF; groups at
-62.4 ppm. The 3C{*H} NMR spectra of compounds 2 and 3 (Figures
S1B and S2B, respectively, ESIt) are in accordance with the patterns
observed in the 'H and 3C NMR spectra and, thus, in agreement with
a Cyy symmetry in solution.

Crystals of 2 and 3 suitable for single-crystal X-ray diffraction
were obtained by slow evaporation of chloroform solutions. The
ORTEP diagrams of the solid-state molecular structures of
compounds 2 and 3 are shown in Figures 1 and 2, respectively. The
overall molecular shape of the macrocycles is remarkably flat and
disk-like, with the four nitrogen atoms coplanar, as observed in other
tetrasubstituted cyclams.’® The N(1)-N(1#) and N(2)-N(2#)
transannular distances are 5.391 and 5.133 A for 2 and 5.557 and
4.891 A for 3. These values correspond to cavity sizes smaller than
2.133 and 1.891 A for 2 and 3, respectively, calculated from the sum
[1.5 + 1.5] = 3.0 A of the van der Waals radii of the two nitrogen
atoms.!! These values are in the same range observed in other
tetrasubstituted cyclams.10

The structural arrangement of the macrocycle framework in 3 is
determined by intramolecular hydrogen bonds between O(1)-H(10)
and N(1) with distances of 2.163 A that form two 8-membered
heterocycles. A similar arrangement is observed in [{(HOCH,
CH2CH2)2(R)2Cyclam (R = PhCH,, 4<F3PhCH,) where intramolecular
hydrogen bonds between the hydroxyl groups and the nitrogen
atoms form 9-membered heterocycles (do...n = 1.97-2.20 A).102

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. ORTEP diagram of (EtOCCH,)>(*“3PhCH,),Cyclam, 2, showing thermal ellipsoids

at 40% probability level. Hydrogen atoms were omitted for clarity.

Figure 2. ORTEP diagram of (HOCH,CH,)y(*“PhCH,),Cyclam, 3, showing thermal
ellipsoids at 40% probability level. Selected hydrogen atoms are omitted for clarity.

Dashed blue lines represent hydrogen bonds.

Compound 3 reacts with Cu(CH3COO), H,0 and FeCl; to yield
complexes of formula [{(HOCH,CH,)»(*
CF3PhCHz)szc|am}Cu](CHgCOO)z, 4, and [{(HOCH2CH2)2(4’
CF3PhCH,),Cyclam}FeCl,]Cl, 5, as shown in Scheme 2.

HO.

AN
e G
OVU

j CFs3
1,
Cu(CH;COO);V

3

'OH
w&

HO. HO.

RN o R,
' @\ENF‘(NJ CFs (CHc00% ' \©\EN/F‘e\Nj CFs °
Cl
'OH l\/lj\OH
4 5

Scheme 2. Synthesis of [{{HOCH,CH,),(*“F3PhCH,),Cyclam}Cu](CH3CO0),, 4 and
[{(HOCHzCHz)z(A'CBPhCHz)szdam}FEC|z]C|I5.

The IR spectra of complexes 4 and 5 (Figures S3 and S4,
respectively, ESIT) show broad absorption bands due to the hydroxyl
groups of the HOCH,CH; pendant arms of the cyclam ring at 3362 and
3305 cm?, respectively. The vibrational bands assigned to the C-F
bonds stretching of -CF; groups appear at 1119 and 1066 cm™ in 4
and at 1107 and 1066 cm™ in 5. The band at 1323 cm™ present in
both complexes is assigned to the combination of vc.c and ve.y modes
characteristic of stretching vibrational bands of C-C and C-N modes
(1400-1000 cm).12 Strong absorption stretching vibration bands at
1568 and 1390 cm! are assigned to vc-0 and vc.o, respectively, due
to the acetate anions in 4. The molar conductivity value obtained for
complex 4 of 240 Q-*cm?mol™ represents the behaviour of a 2:1
electrolyte’® being consistent with the presence of the

This journal is © The Royal Society of Chemistry 20xx

[{(HOCH2CH2)2(*“3PhCHy),Cyclam}Cu]?* cation and ,twe,;acetate
counterions in solution. DOI: 10.1039/D5DT01700A
The >’Fe Méossbauer spectrum of complex 5 obtained at 80 K
exhibits two quadrupole doublets with sharp peaks (Figure S5, ESIt).
The estimated isomer shifts, IS, relative to a-Fe at room temperature
and quadrupole splittings, QS, (Table S1, ESIt) are consistent with
two Fe'" species, one with high-spin, HS, (S = 5/2) and the other with
low-spin, LS, (S = 1/2) configurations that correspond to cis and trans
isomers, respectively, as explained in detail for the structural
characterization of [{Ha(*“PhCH;),Cyclam}FeCl,]Cl previously
reported.®¢ The differences in QS observed for the low-spin (LS) Fe'
species can be attributed to the higher sensitivity of their QS to
environmental changes compared to high-spin (HS) Fe'. The electric
field gradient (efg) for HS Fe'' is only due to the electric charge
distribution in the lattice since the d orbitals are evenly occupied. The
QS of the LS Fe" has a stronger contribution due to the uneven
population of d orbitals. In a distorted octahedral coordination, the
tog orbitals with higher energy have a lower electron population than
the remaining tyg orbitals. The variation of ligand composition and
geometry promote different distortions of the octahedral
coordination, leading to differences in the efg created by the
electronic distribution in LS Fe'" and consequently to larger variations
of their quadrupole splittings when compared to HS Fe''.14
The overall characterization data obtained for complexes 4 and 5
reveal the same features observed in similar cyclam-based Cu(ll) and
Fe(lll) complexes already described in the literature.8e102

Biofilm development on polyurethane-modified coating
surfaces

The effect of polyurethane-modified surfaces containing
compounds 3, 4 and 5, on 56-day-old C. marina biofilms, formed
under defined hydrodynamic conditions that mimic natural
marine environments, was first evaluated by Optical Coherence
Tomography (OCT). Quantitative data obtained from OCT
analysis for different biofilm parameters, including biofilm
thickness, total biofilm volume, and biofilm porosity, are
represented in Figure 3. The average thickness of biofilms
developed on the control surface (PU) was 244 + 13 um.
Biofilms formed on the polyurethane coating surface containing
compound 3 (PU/Cy) exhibited a similar thickness to those
formed on the control surface. On the other hand, the thickness
of biofilms formed on the polyurethane coating surfaces
containing compounds 4 (PU/CuCy) and 5 (PU/FeCy) decreased
by 17% and 38%, respectively, with no statistically significant
differences observed (Figure 3A). Likewise, the total biofilm
volume decreased by 39% and 33% for biofilms formed on the
PU/CuCy and PU/FeCy surfaces, respectively, compared to the
PU control (Figure 3B; p = 0.11 and p = 0.10, respectively).
Regarding biofilm porosity, biofilms formed on the PU/Cy
surface exhibited a slight increase in porosity (approximately
11%), while biofilms formed on the PU/CuCy and PU/FeCy
surfaces showed a decrease in porosity by 50% and 48%,
respectively, compared to the PU control. However, these
differences were not statistically significant.

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Biofilm thickness (A), total biofilm volume (B), and biofilm porosity (C) of
56-day-old C. marina biofilms developed on different PU surfaces (PU, PU/Cy,
PU/CuCy, and PU/FeCy). The mean and SD from two biological assays with two
technical replicates each are represented. Significant differences between
surfaces were considered for p values < 0.05 and represented by different

lowercase letters.

Figures 4 and 5 show representative 2D and 3D OCT images,
respectively, of 56-day-old C. marina biofilms, supporting the
quantitative data presented in Figure 3.

In general, biofilms formed on the control and PU-modified
surfaces displayed a heterogeneous architecture, with large
biofilm streamers reaching up to 500 um on the PU, PU/Cy and
PU/CuCy surfaces (Figure 5). These biofilm structures may
affect local hydrodynamics and increase the surface area of the
biofilm in contact with the surrounding environment,
facilitating the access of nutrients and oxygen to the biofilm
cells, thereby promoting its growth.>

On the other hand, a reduced thickness was observed in
biofilms formed on the PU/FeCy surface, while a notable
decrease in total biofilm volume was evident on both the
PU/CuCy and PU/FeCy surfaces (Figures 4 and 5).

'UiCuCy

Figure 4. Representative 2D cross-sectional OCT images of 56-day-old C. marina biofilms
developed on PU, PU/Cy, PU/CuCy, and PU/FeCy surfaces. The biofilm is represented
in grey, and the empty spaces in the biofilm structure are highlighted in blue (scale bar =

100 pm).

Opm 250 pam

500 pm
Figure 5. Representative 3D cross-sectional OCT images of 56-day-old C. marina biofilms
developed on PU, PU/Cy, PU/CuCy, and PU/FeCy surfaces. The colour scale represents

biofilm thickness.

Moreover, the qualitative 2D OCT images confirm a higher
presence of empty spaces (pores) in biofilms formed on the
PU/Cy surface compared to those on PU surfaces containing

4| J. Name., 2012, 00, 1-3
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compounds 4 and 5 (PU/CuCy and PU/FeCy, respegtively).as
highlighted in blue in Figure 4. DOI: 10.1039/D5DT01700A
The potential of PU-modified surfaces to mitigate 56-day-old C.
marina biofilm development was also evaluated by quantifying the
number of total and culturable biofilm cells (Figure 6). The number
of total biofilm cells on PU/Cy and PU/FeCy surfaces was similar to
that on the control PU surface (Figure 6A). Interestingly, a significant
decrease of 24% in biofilm cell count was observed on the PU/CuCy
surface compared to PU (p < 0.05). Moreover, a reduction in
culturable biofilm cells was observed on all PU-modified surfaces
compared to the control surface, which showed 1.03 X 10° +2.18
X 108 CFUs/cm? (Figure 6B). Biofilms formed on PU/Cy surface
showed a 41% reduction in culturable cells (p < 0.05), whereas
biofilms on PU/CuCy and PU/FeCy surfaces exhibited average
decreases of 36% and 39%, respectively (p > 0.05). However, no
significant differences in the number of culturable biofilm cells were
observed among the three PU-modified surfaces. These results
demonstrate the antimicrobial potential of PU-modified surfaces
against C. marina biofilms.

2

—_
=3
g
o,
<
=
=

5.0x 10

Total cells/em
o

& ) &ﬁ
N W&
@5 QQ

Figure 6. Total (A) and culturable (B) biofilm cells of 56-day-old C. marina biofilms
developed on different PU surfaces PU, PU/Cy, PU/CuCy, and PU/FeCy. The mean and
SD from two biological assays with two technical replicates each are represented.
Significant differences between all surfaces were considered for p values < 0.05 and

represented by different lowercase letters.

In general, all PU-modified surfaces tend to reduce the biofilm
thickness, total biofilm volume, and the number of culturable C.
marina biofilm cells (Figures 3A, 3B, 6B). Although some of the
differences between PU-modified surfaces and the control surface
for certain biofilm parameters are not statistically significant, they
indicate that the cyclam-based complexes have the potential to
reduce biofilm formation under the tested conditions. This makes
them promising compounds for marine applications, where even
minor reductions in biofouling can yield substantial economic and
environmental benefits, as a biofouling layer as thin as 0.5 mm can
increase greenhouse gas emissions by up to 25%.16

The PU/FeCy surface showed the highest reduction in biofilm
thickness (38%, Figure 3A), and similar reductions in total biofilm
volume and porosity to the PU/CuCy surface (Figure 3B and 3C).
Additionally, the PU/CuCy surface exhibited the greatest reduction
in the number of biofilm total cells (24%, Figure 6B). On the other
hand, the PU/Cy surface showed an increase in biofilm porosity
compared to the control (Figure 3C), and a significantly higher
reduction in culturable biofilm cells (p < 0.05, 41%, Figure 6A).
Although biofilms formed on PU/FeCy and PU/CuCy surfaces
showed a marked decrease in biofilm thickness (Figure 3A) and total
biofilm cells (Figure 6A), respectively, indicating reduced biofilm
growth on these surfaces, they presented lower porosity compared

This journal is © The Royal Society of Chemistry 20xx
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to the control (Figure 3C). While the reduction in biofilm thickness
and total biofilm cells is favourable for the performance of nautical
equipment, the lower porosity may have a variable impact on biofilm
development. In low-porosity biofilms, internal mass transfer may be
hampered, impairing the metabolic activity of biofilm cells and
limiting biofilm maturation. On the other hand, penetration into the
inner layers of the biofilm of chemical compounds used for biofouling
control may be hampered.” In contrast to what was observed in PU
surfaces containing compounds 4 and 5, the increased porosity of
biofilms on the PU/Cy surface may facilitate these cleaning
procedures.

The antimicrobial and antiadhesive effects of the PU/CuCy and
PU/FeCy surfaces may be related to the iron and copper
incorporation into the PU coating formulation. A recent study
performed by Carvalho et al.,® which investigated the potential
of novel PU-based coatings containing cyclam-based Fe(lll)
complexes against 42-day-old C. marina biofilms, showed that
these surfaces reduced both total and culturable biofilm cells,
as well as biofilm surface coverage, thickness, and biovolume.
Similarly, a study performed by Kefallinou et al.*® described
“hybrid” silver and copper sputtered superhydrophobic
surfaces that exhibited both bacterial repulsion and long-term
bactericidal efficacy against the Gram-negative cyanobacterium
Synechococcus sp. PCC7942. The antifouling potential of
copper-based surfaces was also demonstrated in an in situ study
conducted in Cartagena Bay, Chile (a fully exposed bay with
incoming waves), in which two traditional copper-based
antifouling coatings and a copper-based slow-release
controlled-wear polymer antifouling paint showed low biomass
and richness of micro- and macrofoulers after 12 months of
exposure, highlighting the relevance of Cu-containing coatings
in a real context.?®

To assess the potential leaching of copper and iron from
PU/CuCy and PU/FeCy surfaces, respectively, an Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
analysis was performed on water exposed to the coated
surfaces for 3, 7, 14, 21, 28, and 56 days. The results indicated
that no metal leaching was detected in the analysed water
samples, up to a limit of 5 ppb. These values indicate residual
metal leaching from the PU-based marine coatings, suggesting
a potential long-term effectiveness and low environmental
impact, in accordance with the permissible limits for copper and
iron in drinking water systems established by the World Health
Organization (WHO).2° On the other hand, the ecotoxicity of the
cyclam-based Cu(ll) and Fe(lll) complexes, expressed as the 50%
effective concentration (ECso) against Daphnia magna, was
determined to be 3.7 and 23.4 ppm, respectively. This supports
the long-term effectiveness and low environmental impact of
PU/CuCy and PU/FeCy surfaces, suggesting that PU-modified
surfaces containing cyclam-based Cu(ll) and Fe(lll) complexes
are suitable for marine applications.

Integrity of polyurethane-modified coating surfaces

To evaluate the integrity of PU-based coatings with time, PU
control, PU/Cy, PU/CuCy, and PU/FeCy surfaces were analysed
before and after 56 days of bacterial exposure by Fourier
Transform Infrared Attenuated Total Reflectance (FTIR-ATR)

This journal is © The Royal Society of Chemistry 20xx

spectroscopy and Atomic Force Microscopy (AFML), FTIRATR
data reveal that the spectra of PU-basedOtdatiAgy RontaifiAg
compounds 4 and 5 (PU/CuCy and PU/FeCy, respectively) are
similar to the spectrum of the polyurethane polymeric matrix
(PU (control)) as shown in Figure 7A. These IR spectra show
characteristic bands assigned to the polyurethane material at
3344 cm™ (vn.n stretching vibration mode of the aliphatic amine
groups of secondary urethanes), 3000-2800 cm™ (vcu
asymmetric and symmetrical -CH; groups) and 1725 cm™ (vc—o
stretching of the ester carbonyl group of urethanes). Other
characteristic bands could be assigned to polyurethanes,
ranging from 1600 to 1500 cm™ (vn.x out-of-plane bending and
ven stretching modes) and from 1200 to 1100 cm? (vco
stretching mode).?!

Coating surfaces soaked for 56 days in water and bacterial media
revealed no changes in the IR spectra (Figures S6 to S9), indicating
that the main polymeric structure of coating surfaces is maintained
during the tested period.
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Figure 7. FTIR-ATR spectra (A) and two-dimensional (B) and three-dimensional (C)
AFM surface images of PU-based coatings, PU control, PU/CuCy, and PU/FeCy
coating surfaces, including the arithmetic average roughness (R.) values. All

images correspond to a 5 x 5 um? surface area.

The morphology of surfaces was also evaluated through optical
images and two-dimensional and three-dimensional AFM
images (Figure 7B and C, and Tables S4 and S5). The
observations revealed different morphologies for the different
formulations. PU/Cy surface is the smoothest surface, followed
by PU/CuCy, PU, and PU/FeCy, which is supported by the
average roughness (Ra) values, Figures 7B and C, and Table S6.
These differences are expected as the different cyclam-based
compounds immobilised introduce different physical-chemical
interactions with the commercial formulations. Optical images
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(Table S4) also reveal features such as bumps, valleys, and pores
generated during paint application and solvent evaporation
stages of the curing process. These features are the main
contributors to the obtained Rg roughness parameter (Table
S6).

After exposure to water and bacterial biofilms, changes
occurred in the morphology of PU-based surfaces (Tables S4 to
S6), particularly expressed on the PU and PU/CuCy, and after
exposure to bacterial biofilm, associated with the release of
paint components, typical of the early service life stage of
solvent-based formulations,?? leading to localised physical
degradation and interactions with biofilm. On the other hand,
PU/Cy showed a more stable surface, probably due to its
original smoother surface and fewer features detected.
Notably, these morphological changes did not affect the
polymeric structure of the coatings at the chemical level, as
confirmed by their FTIR-ATR spectra.

Materials and Methods

General considerations

H2(4CF3PhCH,),2Cyclam, 1, was prepared according to an already
described procedure.?® Tetrahydrofuran was purchased from
Fisher Scientific and refluxed over sodium-benzophenone and
collected by distillation under an atmosphere of nitrogen. All
other reagents were commercial grade and used without
further purification. NMR spectra were recorded on a Bruker
AVANCE Il 300 or 400 MHz spectrometer at 296 K. 'H and 3C
NMR spectra were referenced internally to residual solvent
resonances and reported relative to tetramethylsilane (0 ppm).
19F NMR was referenced to external CF3COOH (-76.55 ppm). 2D
NMR experiments such as 'H-13C{'H} HSQC and 'H-'H COSY
were performed to make all the assignments.

Infrared spectra were acquired using an IRSpirit FTIR
spectrometer (Shimadzu, Japan) equipped with a single-
reflection diamond ATR crystal, operating in the 4000—400 cm™
range at a resolution of 4 cm™. Elemental analyses (C, H, N)
were performed at the SSADS-CACTI UVIGO Laboratory, Spain,
using a Thermo Finnigan EA1112 automatic analyser
instrument. The molar conductance determination of 4 was
performed on a 103 M methanolic solution using a Meter Lab
Conductometer model CDM210 with cell constant equal to 1
cm™.

Synthetic procedures

(EtOOCCH,)2(*“F3PhCH,),Cyclam (2): Compound 1 (1.20 g, 2.32
mmol) was dissolved in 160 mL of acetonitrile. Three equivalents of
ethyl bromoacetate (0.80 mL) and potassium carbonate (0.99 g)
were added, and the mixture was stirred for two days at room
temperature. Water was added to promote phase separation, and
the product was extracted with several portions of chloroform. The
organic phases were combined, dried with MgSO4 anhydrous, and
evaporated to dryness, affording the product in 81% yield (1.29 g,
1.87 mmol). 'H NMR (CDCls, 400.1 MHz, 296 K): & (ppm) 7.55 (d, 3.
u = 8 Hz, 4H, m-Ph), 7.47 (d, 3Ju-+ = 8 Hz, 4H, 0-Ph), 4.07 (m, 3Jyn=7
Hz, 4H, OCH,CH3), 3.59 (s, 4H, PhCH,N), 3.23 (s, 4H, OCHaN), 2.76 (m,
4H, [C2]CH:N), 2.66 (m, 4H, [C3]CH;N), 2.56 (overlapping, 8H total,
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4H, [C2]CHaN and 4H, [C3]CH,N), 1.67 (m, 4H, CH2CHaCHa)y o 181t
3Jyn = 7 Hz, 6H, OCH,CHs). 3C{H} NMR (CDCP)100 60 MHL 285 K)06
(ppm) 171.6 (C=0), 129.3 (0-Ph), 125.2 (d, 3Jcr = 3 Hz, m-Ph), 60.3
(OCH,CHs), 59.0 (PhCH3;N) 55.5 (OCH;N), 51.7 ([C3]CH;N) 51.4
(overlapping, [C2]CH:N and ([C3]CH:N), 51.0 ([C2]CH:N), 24.8
(CH2CH,CH3), 14.3 (OCH2CH3). *°F NMR (CDCls, 376.5 MHz, 296 K): 6
(ppm) -62.4 (s, CF3). Anal. calcd for C3aHasFsN4O4.(H20)2: C, 56.34; H,
6.95; N, 7.73. Found: C, 56.99; H, 6.79; N, 7.80.
(HOCH,CHy),(*“F3PhCH,),Cyclam (3): Compound 2 (0.60 g, 0.87
mmol) was dissolved in dry THF and added dropwise to a THF
suspension of LiAlH4 (0.25 g). The mixture was refluxed overnight
under an atmosphere of nitrogen. After cooling to room
temperature, an aqueous solution of sodium tartrate (10%) and
sodium hydroxide (5%) was added dropwise. The product was
extracted with several portions of diethyl ether. The organic phases
were combined and dried with MgSO4 anhydrous. The solution was
filtered, and the solvent evaporated to dryness. The crude was
washed with n-hexane and few drops of diethyl ether were added to
obtain the product as a white powder in 74% vyield (0.39 g, 0.64
mmol). *H NMR (CDCls, 300.1 MHz, 296 K): & (ppm) 7.58 (d, 3/u.n =9
Hz, 4H, m-Ph), 7.51 (d, 3Ju.n = 6 Hz, 4H, 0-Ph), 4.73 (s, 2H, OH), 3.65
(s, 4H, PhCH:N), 3.49 (t, 3un = 2 Hz, 4H, 6-CH,), 2.62-2.45
(overlapping, 16H, [C3]CH:N and [C2]CH:N), 2.31 (t, 3Ju.n = 2 Hz, 4H,
a-CH,), 1.76 (m, 4H, CH,CH,CH,). 3C{*H} NMR (CDCls, 75.5 MHz, 296
K): & (ppm) 142.1 (i-Ph), 130.1 (0-Ph), 129.6 (2Jc.r = 32 Hz, p-Ph), 125.2
(3Jcr = 4 Hz, m-Ph), 124.0 (Yer = 272 Hz, CF3), 59.8 (6-CH,), 59.3
(PhCH3N), 54.2 (a-CH), 53.5 ([C3]CH2N or [C2]CH;N), 51.1 ([C3]CH2N
or [C2]CH;N), 50.0 ([C3]CH:N or [C2]CH:N), 48.9 ([C3]CH:N or
[C2]CH;N), 25.1 (CH,CH,CH,). 19F NMR (CDCls, 282.4 MHz, 296 K): &
(ppm) -62.4 (s, CF3). Anal. caled for C3oHa2FsN4O2: C, 59.59; H, 7.00; N,
9.27. Found: C, 59.28; H, 7.55; N, 9.22.
[{(HOCH,CH3)2((*¢FPhCH,),Cyclam}Cu](CH3CO0), (4): Compound 2
(280 mg, 0.46 mmol) was dissolved in methanol and one equiv. of
Cu(CH3C00);.H20 (93 mg, 0.46 mmol) was added. The reaction
mixture was refluxed overnight. The solvent was evaporated to
dryness, and the obtained powder was washed with small portions
of diethyl ether. The product was obtained as a blue powder in 80%
yield (290 mg, 0.37 mmol). FT-IR (ATR, cmL): 3362 (vo.x), 1568 (vc-o),
1390 (vco), 1119 and 1066 (vce). Anal. caled for
C34HasCuFgN406.(H20)s: C, 46.60; H, 6.67; N, 6.39. Found: C, 46.34; H,
6.12; N, 6.53.

[{(HOCH,CH,),(*F3PhCH,),Cyclam}FeCl,]Cl (5): Compound 2 (250
mg, 0.41 mmol) was dissolved in a mixture of methanol/chloroform
(5:1) and one equiv. of FeCls (67 mg, 0.41 mmol) was added. The
reaction mixture was left stirring overnight at room temperature.
The solvent was evaporated to dryness and the obtained powder was
washed with small portions of diethyl ether. The product was
obtained as an orange powder in 83% yield (265 mg, 0.34 mmol). FT-
IR (ATR, cm%): 3305 (vou), 1107 and 1066 (vcs). Anal. caled for
C30H42C|3F5F€N402.(H20)3Z C, 4389, H, 589, N, 6.83. Found: C, 4345,
H, 5.18; N, 6.70.

Méssbauer spectroscopy

The Mossbauer spectrum of 5 was recorded at 80 K in transmission
mode using a conventional constant acceleration spectrometer and
a 25 mCi >’Co source in a Rh matrix. The velocity scale was calibrated
using a-Fe foil. Isomer shifts, IS, are given relative to this standard at

This journal is © The Royal Society of Chemistry 20xx
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room temperature. The absorber was obtained by packing the
powdered samples into a Perspex holder. The absorber thickness
was calculated based on the corresponding electronic mass
absorption coefficients for the 14.4 keV radiation.?* Spectra were
recorded using a bath cryostat with the sample immersed in He
exchange gas. The spectra were fitted to Lorentzian lines using a non-
linear least-squares method.

Single-crystal X-ray crystallography

Crystals of compounds 2 and 3 suitable for single-crystal X-ray
diffraction were coated and mounted on a loop with Fomblin® oil.
Data were collected using graphite-monochromated Mo-Ka
radiation (A = 0.71073 A) on a Bruker AXS-KAPPA APEX ||
diffractometer (Bruker AXS Inc., Madison, WI, USA) equipped with an
Oxford Cryosystem open-flow nitrogen cryostat at 150(2) K. Data
were corrected for Lorentzian polarization and absorption effects
using SAINT? and SADABS?® programs. SIR2004%7 was used for
structure solution and SHELXL-2014/7%% was used for full-matrix
least-squares refinement on F2. These programs are included in the
WINGX-Version 2023.1 program package.?’ The hydrogen atoms of
the OH groups were located in the electron density map. The other
hydrogen atoms were inserted in calculated positions and allowed to
refine in the parent atom. Crystallographic and experimental details
of data collection and crystal structure determination for compounds
2 and 3 are available in Table S2, ESIT. Illustrations of the molecular
structures of 2 and 3 were made with MERCURY 2022.3.0.3°

Formulation of PU-based coatings

Complexes 3, 4, and 5 were incorporated into a two-component
commercial polyurethane (PU)-based marine paint (Table 1),
following previously established methodologies.3! The paint system
comprises the base resin FO032 and the curing agent 95,580
(Hempel, A/S, Copenhagen, Denmark). For the preparation of PU-
based formulations, compounds were dissolved in tetrahydrofuran
(=99.8%, Fisher Chemical) (3), dioxane (299.5%, Sigma-Aldrich) (4) or
N-methyl pyrrolidone (99.5%, Acros Organics) (5) at a
compound/solvent weight ratio ranging from 0.24 to 0.27. These
solutions were further added and blended into the PU-based paint
components in exact amounts to yield a compound content of
approximately 2.0 wt.% in the wet and uncured coating formulations
(Table 1). The weight ratio of the base resin to the curing agent was
optimized following the supplier’s recommendations.

Substrate coating (coated coupons)

The resulting PU/compound-based formulations were used to coat 1
cm? acrylic substrates (Probalplas, Portugal) using a 4-sided film
applicator with a reservoir (TQC Sheen). The substrate was coated in
a single step, achieving a 200 um film thickness using the appropriate
side of the applicator, and then cured at room temperature (23 * 2
°C) for about one week to ensure complete curing of the polymeric
coating matrix.

This journal is © The Royal Society of Chemistry 20xx

Table 1. Marine coating formulations containing \gyclamgchased

compounds. DOI: 10.1039/D5DT01700A
Coating Base/Curing | Compound | Compound/Solvent
formulation | agent ratio content ratio (m/m)
(v/v) (wt.%)
PU (control) 9.0+0.1 - -
PU/Cy 8.7+0.1 1.86 £ 0.02 0.24 £0.01
PU/CuCy 9.0+0.1 1.89 +£0.02 0.27 +0.01
PU/FeCy 8.4+0.1 2.04 +0.02 0.27 +£0.01

PU = Polyurethane-based marine paint

Bacterial strain and culture preparation

The Gram-negative bacterium Cobetia marina (DSMZ 4741),
obtained from the Leibniz Institute DSMZ—German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germany), was
used as a model organism for marine biofilm development.3? C.
marina colonies grown on the complex salt-rich Vaatanen Nine Salt
Solution (VNSS) marine medium supplemented with 15 g/L agar
(VWR International, Leuven, Belgium) were inoculated into 100 mL
of VNSS medium. After overnight incubation at 25 °C and 120 rpm
(Agitorb 200ICP, Norconcessus, Ermesinde, Portugal), the inoculum
was centrifuged for 10 min at 3100x g (Eppendorf Centrifuge 5810R,
Eppendorf, Hamburg, Germany). The pellet was then resuspended in
fresh VNSS medium, and the bacterial suspension was adjusted to a
final concentration of 1 x 108 cells/mL (ODg10nm = 0.2) using a V-1200
spectrophotometer (VWR International China Co., Ltd., Shanghai,
China) to perform the biofilm assays.

C. marina biofilm development

Biofilm development was conducted over 56 days under controlled
hydrodynamic conditions that mimic marine environments using 12-
well microtiter plates (VWR International, Carnaxide, Portugal).*>2 C.
marina biofilms were formed on the control surface (PU) and the
modified surfaces PU/Cy, PU/CuCy, and PU/FeCy. Firstly, 12-well
polystyrene plates with transparent double-sided tape glued on each
well and down-facing-coupons (1 cm?) were subjected to UV
sterilization for 30 min. Following that, the surfaces were fixed to the
wells facing upward and subjected to another UV sterilization cycle.
The adjusted C. marina suspension was added to each well. Control
wells containing fresh VNSS were used to visually confirm the sterility
of the assays while handling the microplates in a sterile environment
throughout the experiments. In addition, the biofilm species
composition was confirmed by observing colony-forming units (CFU)
and analysing cell population features using flow cytometry (side
scatter versus forward scatter signals) at the start of the assays and
at the endpoint. The microplates were incubated at 25 °C and 185
rpm in an orbital shaker with a 25 mm diameter (Agitorb 200ICP,
Norconcessus, Ermesinde, Portugal), achieving an average shear rate
of 40 s71. This value is equivalent to the shear rate value for a ship in
a harbour, and this setup has been shown to predict the biofouling
patterns observed during extended sea immersion of surfaces.3?
Over the 56 days of biofilm development (the accepted minimum
maintenance interval for economically viable underwater monitoring
systems), the culture medium was replaced twice a week.*>34 A total
of four replicates (two biological assays with two technical replicates
each) were analysed.
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C. marina biofilm analysis

After 56 days, biofilms developed on the control (PU) and PU-
modified surfaces (PU/Cy, PU/CuCy, and PU/FeCy) were
characterized using Optical Coherence Tomography to assess biofilm
thickness, total biofilm volume, and biofilm porosity. Subsequently,
the number of total and culturable biofilm cells was determined by
flow cytometry (FC) and colony-forming unit (CFU) enumeration,
respectively.

Ecotoxicity assays

The ecotoxicity of CuCy and FeCy complexes was evaluated using the
Daphnia magna acute immobilization test, following the ISO
6341:2012 standard.3> The tests were conducted in the accredited
Laboratério de Andlises do Instituto Superior Técnico in Lisbon,
Portugal. Ecotoxicity was quantified as the effective concentration
(ECso), representing the concentration at which 50% of the test
organisms exhibited a defined toxic effect.

Optical Coherence Tomography

Following incubation, the culture medium was removed, and the
microplate wells were washed with sterile NaCl solution (8.5 g/L) to
eliminate loosely attached bacteria. A fresh sterile NaCl solution was
then added to each well before OCT analysis. 2D and 3D OCT
acquisitions of 56-day-old C. marina biofilms developed on the
different surfaces were performed using a Thorlabs Ganymede
Spectral Domain OCT system with a central wavelength of 930 nm
(Thorlabs GmbH, Dachau, Germany).1>® Representative sections of
the coupon surface were arbitrarily chosen, with a minimum of three
images taken for each coupon to ensure the reliability and accuracy
of the results. OCT images were analysed as previously
described.1536 Briefly, the base of the biofilm was determined by
fitting a parabola and a hyperboloid to the 2D and 3D images,
respectively, connecting the white pixels from light reflection on the
substratum surface. A Gray-value threshold was set to distinguish the
biofilm from the background, based on the Gray-value histogram of
the selected region of interest.3” The upper contour of the biofilm
was defined as the pixel farthest from the bottom with gray values
above the threshold and connected to the biofilm base. Objects not
connected to the base were excluded from the biofilm structure
analysis. The assessment of biofilm thickness, total biofilm volume,
and biofilm porosity was performed as detailed in Romeu et al.15

Quantification of total and culturable biofilm cells

Biofilms were detached from the surfaces by immersing the coupons
in 2 mL of sterile NaCl solution and vortexing for 3 min. The number
of biofilm total cells per cm? was determined through FC by acquiring
10 pL of the biofilm cell suspension at a flow rate of 10
uL/min (CytoFLEX VO-B3-R1, Beckman Coulter, Brea, CA, USA). The
number of culturable biofilm cells per cm? was assessed by spreading
the diluted bacterial suspensions on VNSS agar and incubating
overnight at 25 °C for CFU counting.

Metal leaching assessment by Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES)

To evaluate potential metal leaching from PU-based coatings, the
different surfaces were exposed to ultrapure water and incubated
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under biofilm formation conditions (25 °C, 185 spmy)cdori-3
(corresponding to the period after which R KUHAY DRleddmMOrs
replaced during biofilm formation assays), 7, 14, 21, 28, and 56 days
(the total duration of biofilm assays).

Additionally, to account for potential microbial degradation
contributing to metal release, surfaces were also exposed to
ultrapure water in the presence of C. marina for 3 days. After
incubation, the water in contact with surfaces was filtered using 0.22
um filters (VWR International, Carnaxide, Portugal) and analysed
using an ICP-OES equipped with a nebulizer system and optical
emission spectroscopy for detection. Metal content in the water
samples was quantified using calibration curves prepared for both
copper and iron. All measurements were conducted in triplicate.

Statistical analysis

Data analysis was performed using GraphPad Prism® for Windows,
version 6.01 (GraphPad Software, Inc., San Diego, California, USA).
Data are presented as the mean and standard deviation. The
D'Agostino-Pearson and Shapiro-Wilk normality tests were
performed to evaluate data distribution. Differences in the number
of total and culturable biofilm cells, biofilm thickness, total biofilm
volume, and biofilm porosity between the different surfaces were
evaluated using the unpaired, non-parametric Mann-Whitney test.
Significant differences between the tested surfaces were considered
for p values < 0.05 and represented by the different lowercase
letters.

Surface Characterization of Coatings

The integrity and surface properties of PU-based coatings were
evaluated before and after C. marina biofilm formation assays. PU
control, PU/Cy, PU/CuCy, and PU/FeCy coatings were characterized
using Fourier Transform Infrared Attenuated Total Reflectance (FTIR-
ATR) spectroscopy, Optical Microscopy, and Atomic Force
Microscopy (AFM). Following bacterial exposure, the same analyses
were performed to assess possible physicochemical and
morphological changes induced by prolonged biofilm development.
Biofilms were formed on the coated surfaces as previously described
in detail in the section “C. marina biofilm development”. After 56
days of incubation, the bacterial cells were removed before surface
analysis by immersing the samples in 2 mL of sterile NaCl solution
and vortexing for 3 minutes. Control samples exposed exclusively to
ultrapure water under identical experimental conditions were
processed and analysed in parallel.

Fourier-transform infrared (FTIR) spectroscopy was used to
confirm any chemical changes in the polymeric coatings.
Spectra of the coated surfaces, after exposure to different
conditions.

The morphology of the surfaces was characterized by a Bruker
Innova Atomic Force Microscope (AFM) in tapping mode under
ambient conditions with HQ:NSC35/Hard/Al BS-C pmasch® tips. The
surface roughness values were obtained using Gwyddion® software
(version 2.67) and represent the average values calculated from
measurements taken on three distinct areas of the sample.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

The antifouling activity of polyurethane-coated surfaces
incorporating new Cu(ll) and Fe(lll) complexes was evaluated to
assess the influence of the metal centre on C. marina biofilm
inhibition. This study demonstrated that polyurethane-based
coatings containing cyclam-based Cu(ll) and Fe(lll) complexes
effectively hamper C. marina biofilm development compared to
unmodified polyurethane control surfaces. After 56 days under
controlled hydrodynamic conditions that mimic marine
environments, these modified surfaces showed a marked
reduction in the C. marina biofilm growth, as evidenced by the
analysis of biofilm thickness, total volume, and total and
culturable biofilm cell counts. By effectively inhibiting biofilm
development, polyurethane-modified surfaces containing
cyclam-based Cu(ll) and Fe(lll) complexes offer a promising
strategy for marine biofouling prevention. The performance of
the new Cu(ll) cyclam-based complex highlights the potential
for new developments.

These studies also revealed negligible (< 5 ppb) copper and iron
leaching from coatings, suggesting a low ecotoxicity impact, which is
a critical factor for enhancing their long-term protective effect
and the environmental compatibility and therefore the
sustainability of marine operations by reducing the frequency
of maintenance, repairs, and material replacements.
Nevertheless, further research is required to translate these
findings into real-world field applications.
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