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This study addresses one of the most common problems faced by the marine sector, namely the accumulation of organic matter and organisms on submerged surfaces. This biological phenomenon causes structural problems in aquatic systems and its mitigation implies a large economic outlay for marine aquaculture industry. Antifouling paints are being developed to help control this undesirable process; however, these treatments are problematic as they degrade and release biocides and heavy metals into the environment. In this context, our study focuses on developing more environmentally friendly antifouling strategies. For this purpose, we designed high-density polyethylene (HDPE) material functionalized with different copper compounds or silica, and subsequently tested their effects on biofilm formation by aquatic organisms at both laboratory and pilot scale. Bacterial species (Vibrio harveyi and Cellulophaga lytica) and diatoms (Nitzschia ovalis) known for producing biofilm were used. Our study revealed that material including copper pyrithione (CuPT) was highly effective in inhibiting bacterial and algal biofilm formation. Moreover, the ecotoxicological study covering three trophic levels (bacteria, algae and rotifers) indicated that none of the materials developed and tested herein was toxic. HDPE is easily moldable and suitable to produce built-in aquatic structures, and our results show that its functionalization with CuPT greatly improves its antifouling capacity. These findings represent a step forward in the fight against fouling in marine environments.
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Introduction

In marine environments, any submerged surface is affected by biofouling. This phenomenon is described as the unwanted outcome of the accumulation of micro- and macro- organisms, including bacteria, seaweed and barnacles (Callow and Callow, 2011; Seo et al., 2021). It is a stepwise process encompassing three main stages: initially, different organic molecules adhere to the surface, creating a conditioning film that enables bacteria and diatoms to settle; the second step is reversible as bacteria and algae may detach from the surface; in the last stage, microorganisms have created an environment suitable for the attachment of protozoa and small invertebrates, which form macroscopic biofouling (Donlan, 2002; Salta et al., 2013; Ferrari et al., 2015).

The settlement of fouling organisms on the surface of submerged materials causes a series of biological, chemical and physical changes (levels of ions, oxygen, pH…), which promote coating deterioration due to the microbiologically influenced corrosion (MIC) (Ford et al., 1991; Gu, 2003). The adverse effects of marine biofouling are well documented, and are related to economic, environmental and/or safety issues (Endresen et al., 2003). Fouling degrades dock protections and mooring structures as well as causing surface roughness, leading to higher frictional resistance and thus increasing fuel consumption of ships (Endresen et al., 2003; Rosenhahn et al., 2010). Moreover, it is a major management issue in the aquaculture industry, since the settlement of organisms on nets and other structures may increase cage loads and reduce water exchange in cages, resulting in poor water quality and related adverse effects (Cardia and Lovatelli, 2016). Hence, it is fundamental to take measures to reduce the negative impact of biofouling on the marine industry.

In recent decades, high-density polyethylene (HDPE) has become one of the most widely used polymers due to its resistance to acids or solvents, impacts, traction, and to high or low temperatures (Geyer et al., 2017). Besides, HDPE is nontoxic, noncontaminating and fully recyclable. For all these reasons and given its resistance to marine organisms, abrasive seawater and UV rays, HDPE is used extensively in various industries such as the marine sector to build materials for boats or plumbing systems in ships, and for cages in aquaculture facilities (Saputra et al., 2021). Since these aquatic surfaces are susceptible to bacterial colonization, materials functionalized with antifouling agents could provide an excellent strategy to control the growth of microorganisms.

The antimicrobial properties of copper-containing composites have been recognized by numerous ancient civilizations and are, therefore, considered as one of the oldest fouling-degrading strategies (Woods Hole Oceanographic Institution, 1952). Although the precise antimicrobial mechanism of copper is not fully understood, two pathways have been proposed: i) membrane depolarization, which causes cell lysis due to a decrease in the difference in electric potential between the interior and exterior of the cell, and ii) reactive oxygen species (ROS) simultaneously oxidize diverse cellular substances (e.g., nucleic acids, proteins, and lipids) crucial for proper cell function (Mitra et al., 2019; Maan et al., 2020). The copper-based compounds most frequently used in antifouling paints included cuprous oxide (Cu2O), copper pyrithione (CuPT) and cuprous thiocyanate (CuSCN) (Paz-Villarraga et al., 2022).

Furthermore, some additives can act as surface modifiers, increasing efficiency and promoting anti-adhesion properties by modifying the wettability or hydrophobicity of surfaces and the surface-organism interactions (Yang et al., 2016; Eduok et al., 2017). The inclusion of silicon dioxide, also known as silica, could increase the hydrophobicity of the coating, which would result in reduced adhesion strength between the organism and the surface, thus facilitating removal (Hu et al., 2020).

In this study, HDPE has been functionalized with different copper compounds (Cu2O, CuSCN and CuPT) or silica, with subsequent testing of the antifouling properties of these materials. Laboratory and pilot scale assays were performed using bacterial species known for producing large amounts of biofilm and/or for their relevance in marine aquaculture environments (Vibrio harveyi and Cellulophaga lytica), as well as diatoms (Nitzschia ovalis) with high biofilm formation capacity. Moreover, to ensure that functionalized HDPE does not pose a hazard to marine environments, an ecotoxicological study was carried out using a battery of standardized bioassays covering three trophic levels: decomposers (bacteria), producers (algae) and primary consumers (rotifers).





Materials and methods




Bacterial and diatom culture conditions

Two marine bacterial strains, V. harveyi CECT (Spanish Collection of Type Cultures) 5156 and C. lytica CECT 5014 were selected for this study since both species are recognized as early colonizers in the fouling process and are natural inhabitants of the Mediterranean Sea (Karunasagar et al., 1996; Kientz et al., 2016). Bacteria were routinely grown in Marine Broth (MB), or Tripticase Soja Broth (TSB) supplemented with 2.5% of NaCl (TSB-3) at 28 °C for 24 h (V.harveyi), or 48 h (C. lytica). Bacteria were stored at −80°C in MB supplemented with 20% (v/v) glycerol.

The benthic microalgae Nitzschia ovalis BEA (Spanish Bank of Algae) 0423B, selected for this study was routinely grown in flasks containing 100 ml of natural seawater supplemented with Guillard f/2 medium (Guillard, 1975) inoculated with 1 x 105 cells/ml of the microalgae in pre-stationary phase and supplemented with sea water. Cultures were incubated for 7 days in climatic chambers at 21°C under a light intensity of 100 µmol photons m2/s.





Preparation of material (additives)

High Density Polyethylene (HDPE) was functionalized with Cu2O, CuPT, CuSCN and/or silica (biocides registered for use in the European Union). For this purpose, mixes were blended and extruded through a co-rotative twin-screw extruder. Once the compounds were obtained, sheets with a thickness of 300 µm were extruded using an L/D 30 single-screw extruder and a 100 mm wide flat head. These sheets were cut into 12 mm diameter discs or 10x22 cm sheets, as required for the assays. Sterilization of 12 mm discs was carried out by UV radiation in a laminar flow cabinet, with 2 hours of radiation total time (1 hour on each side). Rectangular sheets were washed with 96% ethanol before immersion in seawater tanks for biofilm formation assays.

Different sets of functionalized HDPE were prepared, with the compounds/additives separately/individually or combined at different concentrations (Table 1) to carry out the tests on a laboratory or pilot scale.


Table 1 | Additives and concentrations used to functionalize High Density Polyethylene (HDPE).







Characterization of material

The morphology of the functionalized HDPE was microscopically characterized by a scanning electron microscopy (SEM) (Hitachi FE-SEM S-4800) with an accelerated voltage of 10 kV. Samples were attached to a metal sample holder using double-sided adhesive tape with carbon and were coated with gold-palladium (Au-Pd) by sputtering to make them electrically conductive.





Bacterial biofilm formation assays

Biofilm formation assays were performed with selected bacteria at laboratory and pilot scale.

Laboratory scale. The biofilm formed onto the surface of the discs was quantified by a modified crystal violet (CV) staining method (Niu and Gilbert, 2004). Sterilized 12 mm discs were glued to the bottom of 24-wells cell culture plates. Briefly, overnight cultures in modified artificial seawater basal media [50 mM MgSO4, 10 mM CaCl2, 300 mM NaCl, 10 mM KCl, 0.0058% (wt/vol) K2HPO4, 10 μM FeSO4, 50 mM Tris-HCl (pH 7.5)] supplemented with 0.3% glycerol as carbon source (ASWgly) (Wang et al., 2010) were used to inoculate fresh ASWgly to a concentration of 1 x 106 cells/ml (V. harveyi) or 1 x 108 cells/ml (C. lytica). Then, cultures were placed into a 24-well cell culture plate (3 wells per strain and treatment) and left for static growth at 30°C 24 or 48 h for V.harveyi or C. lytica, respectively. After incubation, bacterial growth was measured at A595 before carefully removing the media by aspiration and staining the biofilm with CV (1 ml/well) for 30 min. Wells were rinsed with PBS (Phosphate Buffered Saline, pH 7) (1 ml/well) to remove the excess of CV stain until the non-disc control did not show visible traces of the dye and the violet stain was solubilized with 1 ml of 96% ethanol. All the experiments were performed in triplicate. The OD540 of the solubilized biofilm was measured and quantification of biofilm formation was calculated with the formula:

	

where AB is the OD540 of stained attached bacteria, CW is the OD540 or OD595 of stained control wells with no bacteria and CG is the OD595 of cells growth in suspended culture (Niu and Gilbert, 2004; Naves et al., 2008).

Pilot scale. The experiments were carried out in the aquarium facilities of the SCSIE (Central Support Service for Experimental Research) of the University of Valencia. The environmental conditions (temperature, humidity, etc.) were monitored daily. Assays were performed in 200 l tanks containing 100 l of natural seawater UV-sterilized. Seawater mesocosms were inoculated with an overnight washed culture in TSB-3 to a final concentration of 105 CFU/ml (dilution 1/1000). Sheets were submerged in the inoculated seawater and incubated for 14 days. Bacteria population was monitored periodically by plate counting onto Marine Agar (MA).

Biofilm formation was determined with the CV staining protocol similar to the one described before. Briefly, sheets with antifouling coatings were taken out of the tanks and placed in a vessel containing 0.1% CV solution for 30 min. Then, sheets were rinsed twice with PBS and air dried for 30 min. Afterwards, 6 cm2 strips were cut and placed in centrifuge plastic tubes containing 5 ml of absolute ethanol. The amount of biofilm was estimated through the CV resuspended in the ethanol. Three different experiments were performed and two strips for each treatment were recorded.





Diatom colonization assays

The algae biofilm assay was performed in 30 ml screw-tubes filled with 9 ml of sterile seawater supplemented with Guillard f/2 medium plus 1 ml of a culture of N. ovalis. Two discs were placed in each tube (one per treatment) and incubated 7 days at 22°C under a light intensity of 100 µmol photons m2/s.

Biomass adhered at the disc was indirectly measured by a colorimetric quantification of total carbohydrates using the phenol-sulfuric acid method, using glucose for the standard curve (Fournier, 2001). Basically, the two discs for treatment were washed with sterile seawater supplemented with Guillard f/2 medium and inserted into a new tube containing 500 µl of 4% phenol and the biomass was resuspended by agitation with the vortex. Later, 2.5 ml of sulfuric acid was added, and the mix was incubated for 5-10 min. The OD490 was measured, and ng of carbohydrates were calculated using the standard curve. Three different experiments were performed for every treatment studied.





Production of the leachates and ecotoxicological studies

Production of the leachate on functionalized HDPE sheets. For this purpose, glass tanks (30 cm height x 15 cm width x 15 cm depth) were filled with 5 l of synthetic marine water generated with Instant Ocean™ sea salts and dechlorinated tap water (final salinity 37 g/l). HDPE sheets (22 x 22 cm) were wrapped forming a cylinder, then a 36 Watt waterproof UV-C germicide lamp (JEBO®, 20 cm long x 10 cm in diameter) was placed inside (Figure 1). In order to avoid the water stratification and to assure a constant water movement, a 3.8-Watt (Sicce™) circulation pump generating a flow rate of 300 l/h was fixed in the tank bottom. The water temperature was set at 35°C. The total exposure time was 60 d. Samples were taken at 0, 30 and 60 days. Evaporation was checked twice a week and lost water replaced with deionized water.




Figure 1 | Leachate production setup. (A) Schematic diagram of the experimental setup to produce the leachates. (B) Experimental setup used for the environmental impact assessment of the leachates.



The ecotoxicological effect of the HDPE formulations was assessed using a battery of three bioassays based on standardized ISO guidelines.

Assays with the bacteria Aliivibrio fischeri. The ISO 11348-3 standard (ISO, 2022a) is based in the determination of the inhibitory effect of water samples on the light emission of A. fischeri (Luminescent bacteria) after exposure time of 15 min using freeze-dried bacteria (Zhang et al., 2020). The procedure was conducted according to the Biotox-STD® kit user´s manual of EPBI™ implemented in a handheld PD10 luminometer (Kikkoman™).

Acute toxicity test to the marine rotifer Brachionus plicatilis. The ISO 19820 specifies a method for the determination of the lethal effects of toxicants to B. plicatilis after 24 h or 48 h exposure (Jośko and Oleszczuk, 2012). The Rotoxkit M™ bioassay (MicroBioTests Inc.) was used in the study. Neonates of B. plicatilis were hatched from cysts 24 h before the assay. Mortality of organisms was checked after 24 h and 48 h of exposure to the leachates.

Marine algal growth inhibition test with Phaeodactylum tricornutum. The bioassay was conducted following the ISO 10253 guideline (ISO, 2022b), using the commercially available Algaltoxkit Marine™ (Microbiotests Inc.). The algal growth rate (r) was monitored during 24, 48 and 72 h in a spectrophotometric way at OD670 by means of 2021 Aurius™ spectrophotometer (CECIL Instruments™).

Bioassay data analysis. For the three bioassays, the 100%, 50%, 25%, 12.5% and 6.25% from the original leachate were assayed. According to ISO guidelines, all tests were conducted in triplicate. A probit regression (Litchfield and Wilcoxon, 1949) was used to determine the 50% Effective Concentration (EC50) in each bioassay: 72 h ECr50 in the algal bioassay, 15´ EC50 for the bacteria and 24-48 h EC50 in the rotifer test.

The 50% effect endpoint values (in % of dilution) were converted into toxic units (TU) according to the formula TU = 100/EC50, 100/ECr50 or 100/LC50 for bacteria, algae, and rotifers, respectively (Sprague and Ramsay, 2011).

Quality assurance. The quality of the results obtained in the bioassays was verified by means of positive controls. A. fischeri, P. tricornutum and B. plicatilis were exposed to a standard toxic in order to assure their sensitivity. For this purpose, potassium dichromate (K2Cr2O7) was used as toxic reference according to ISO guidelines.





Chemical analysis

The presence of metals in elutriates after the exposure to UV-C irradiation was determined by conducting chemical trace analysis. After each exposure time (30 d and 60 d) water aliquots were taken from each tank and copper (Cu) analyzed in a single quadrupole inductively coupled plasma mass spectrometry instrument (model 7900 ICP-MSAgilent Technologies™). Analyses were performed in the SCSIE.





Statistical analyses

Bacterial biofilm inhibition, algae colonization and ecotoxicological assays were statistically analyzed by ANOVA tests (p< 0.05). Significant differences between the control and tested groups were detected using Dunett’s test pairwise comparison method, with an α error of 0.05, obtained using RStudio version 2021.9.0.351 (RStudio Team, 2015).






Results




Surface morphology

The surface morphology of the different samples was observed with SEM. Micrographs of the HDPE discs are shown in Figure 2. No differences were observed between samples in the structure and morphology of their membranes.




Figure 2 | Surface SEM micrographs of high-density polyethylene (HDPE) materials. (A) SEM micrographs of HDPE discs at 1000x magnification. (B) Micrographs of the HDPE discs at 500x magnification.







Bacterial biofilm formation

In a first laboratory approach, the biofilm forming on the surface of the HDPE discs by the selected bacteria was investigated using a crystal violet assay and the BFI was calculated. In both bacterial species, CuPT-functionalized HDPE inhibited biofilm production (Figure 3), reducing it by between 12 and 40% with respect to the control (Table S1). By contrast, HDPE functionalization with CuSCN enhanced biofilm formation, mainly by V. harveyi, under test conditions, whereas no significant changes in biofilm formation were observed on discs treated with silica or Cu2O.




Figure 3 | Quantification of biofilm. (A) Biofilm formed after 24h by Vibrio harveyi and (B) after 48h by Cellulophaga lytica on the surface of 12 mm HDPE discs functionalized with different additives and concentrations (%). Biofilm formation was determined by crystal violet staining (and represented as the Biofilm Formation Index (BFI) mean ± SD of three biological replicates. (**) and (*) indicate statistical significance in comparison with the control HDPE disc (p< 0.01 and p< 0.05, respectively).



The second approach was to assess biofilm formation at pilot scale, which also included combined treatments of HDPE. For this purpose, biofilm formation was investigated after 14 days in 100 l seawater mesocosms contaminated with bacterial populations, simulating natural environments (Pujalte et al., 1999). The number of bacteria in all these trials decreased slightly over time. For V. harveyi, the bacterial counts changed over the experimental period from 4.3x105 to 2x105 CFU/ml, and in the case of C. lytica from 7x105 to 9x104 CFU/ml).

We studied treatments with CuPT, (the most efficient additive in our laboratory assays) at a low concentration (2%), combined with Cu2O or silica, as well as a triple combination. We observed that CuPT was the only treatment that produced a notable reduction (at least 30%) in bacterial biofilm formation (Figure 4, Table S2), although this effect was not statistically significant. As occurred in the laboratory approach using CuSCN, the double combinations studied in mesocosms enhanced biofilm formation by both bacterial species under test conditions.




Figure 4 | Quantification of biofilm. (A) Biofilm formed after 14 days of incubation for Vibrio harveyi and (B) Cellulophaga lytica on the surface of 10x22 cm sheets of HDPE functionalized with different additives and concentrations (%). Biofilm formation was determined with crystal violet staining and represented as OD540nm mean ± SD of three biological replicates.







Diatom colonization assays

Algae biomass formed by the selected diatomic algae was investigated after 7 days of incubation in suitable conditions. Total carbohydrates adhering to each type of functionalized HDPE were quantified and are represented in Figure 5. The results show that all the additives studied were effective in reducing biofilm formation by algae. The highest inhibition levels were observed for CuPT- or silica-treated HDPE (% reduction from 35 to 95 with respect to untreated HDPE) (Figure 5; Table S2).




Figure 5 | Quantification of algae colonization after 7 days for the algae Nitzschia ovalis on the surface of 12 mm discs of HDPE functionalized with different additives and concentrations (%). Level of colonization was determined by the phenol-sulfuric acid quantification method and represented as the mean amount of carbohydrates (ng) adhered ± SD to the surface for three biological replicates. (*) indicates statistical significance in comparison with control HDPE disc (p< 0.05).







Ecotoxicological studies

To evaluate the environmental impact, functionalized HDPE discs (Table 2) were subjected to a leaching test. When Cu2O or CuPT were added to HDPE, the amounts of copper released into the water registered low values of between 15 and > 130 µg/l of Cu (Table 2).


Table 2 | Results of the ecotoxicological assays performed with the leachate from the different HDPE materials.



The leachates were assessed in a ecotoxicological study following a common methodology of evaluation at different levels of the trophic chain in the marine environment. Decomposer (bacteria), primary producer (algae) and consumer (rotifers) were selected. The toxicity of the leachates generated after 30 and 60 days was expressed in toxic units (TU) (Table 2). No toxic effects were found in any of the bioassays at the beginning of the experiment (0 day-leachate), i.e., in the freshly prepared synthetic seawater.

The ANOVA (p< 0.05) showed significant differences in toxicity values between the 30-day and 60-day leaching times for SiO2-3 with respect to B. plicatilis, as well as in the assays with A. fischeri. However, no statistically significant differences were observed in the P. tricornutum assays when comparing the control with the other functionalized material.

Except for HDPE-SiO2-3 in the 60-day leachate assayed with rotifers (TU: 43.5 ± 2.7), none of the generated leachates exhibited toxicity. Assays with the toxic standard (K2Cr2O7) showed that the sensitivity of the organisms was in agree with those values stablised by the ISO guidelines. The EC50 for the toxic standard for A. fischeri, P. tricornutum and B. plicatilis were 51.2 mg/l, 17.9 mg/l and 324.3 mg/l, respectively.






Discussion

Biofouling is an important and well-documented problem affecting the marine industry. An effective approach adopted to tackle this phenomenon is the use of antifouling paints, which include components able to inhibit or curb the settlement of marine organisms on submerged surfaces. These paints are designed to release biocides that prevent fouling organisms from becoming attached. In this context, frequently registered biocides are metal based, such as Cu2O, CuPT, zinc pyrithione, zineb and CuSCN. Cu2O is commonly used as the main biocide as it has a good cost, solubility and toxicity ratio (Brooks and Waldock, 2009).

Antifouling paints pose environmental risks as they are designed to be unstable and to dissolve in seawater during their service life. By contrast, the use of hard non-toxic coatings can reduce the input of paint components into the marine environment (Watermann and Eklund, 2019). HDPE is one of the polymers with the greatest number of industrial applications, including aquaculture. In the aquatic environment, the main advantages of HDPE include its resistance to corrosion and its 100% recyclability rates. In the present study, HDPE was functionalized with three different copper compounds to assess their efficacy in terms of inhibiting HDPE surface colonization by marine microorganisms. In addition, a surface modifying additive, silica, was also included in the experiments. Silica exerts a non-stick effect by modifying the wettability of the surface and, therefore, the interactions between the surface and the organisms present in seawater (Eduok et al., 2017). To our knowledge, this is the first report of research on functionalized HDPE implemented as an antifouling strategy in the marine environment.

For biofilm formation experiments, we selected two bacterial species; C. lytica, a microfouler commonly used in lab-based fouling assays (Briand, 2009; Leonardi and Ober, 2019) and V. harveyi, a natural inhabitant of seawater (Austin and Zhang, 2006). The diatom N. ovalis was also included in the tests as a representative of the benthic diatoms, reported as dominant contributors to marine biofilms (Abarzua and Jakubowski, 1995). Our results evidenced that the biofilm formed by algae on the functionalized HDPE surfaces was considerably reduced. Likewise, albeit to a lesser extent, CuPT functionalization was effective in reducing bacterial biofilm formation at both laboratory and pilot scales. Prior research describes that the first colonizers in biofilms are mainly bacteria whereas other more complex organisms, such as diatoms, adhere later on (Salta et al., 2013). This biological succession may explain the low algae biomass detected on the surface of the materials under study. With respect to additive combinations, CuPT concentration of around 4% seem necessary to gain benefits given that lower concentrations of this additive combined with Cu2O or silica did not give good results. None of these differences in colonization or biofilm formation would appear to be related to the surface morphology.

To assess the ecotoxicity of the new materials, except for the CuSCN-functionalized HDPE because of its poor results in laboratory-scale experiments with bacteria, they were exposed to the most unfavorable conditions, i.e., continuous UV-C light for 60 days in warm recirculating seawater (35°C). These experimental conditions are very harsh given the high material/seawater ratio in our artificial environment. By contrast, this ratio is practically negligible in the open sea, where the dilution factor under real conditions could be, at least, three orders of magnitude higher than in lab-based tests. The environmental impact study, following a common methodology of evaluation at different levels of the trophic chain, demonstrated that none of the additives were toxic.

Dissolved copper concentrations measured in aquatic habitats vary in time and space but often range from 0.069 to 16.0 μg/l, with the highest values found in marinas and harbors (Hall and Anderson, 1999). Schiff et al. (2004) estimated the copper emission rates from hard vinyl and modified epoxy coating with antifouling paints to be around 3.7 mg cm-2 day-1 and 4.3 mg cm-2 day-1, respectively. Despite the differences in the environmental conditions of their study and ours, the amount of copper released into seawater from functionalized HDPE in our assays was much lower than that reported for paints, indicating the low ecological impact of our additives. With reference to the higher copper emission rates from CuPT-functionalized HDPE, this finding may be due to the higher sensitivity of this compound to degradation by UV light (Thomas and Brooks, 2010).

In conclusion, our study revealed that CuPT was highly effective in inhibiting the formation of biofilm by both bacteria and algae. This reduction in biofilm formation would lead to a delay in the development of biofouling affecting installations in marine environments. Thus, CuPT-functionalized HDPE could be an environmentally friendly candidate to produce built-in structures or even for coating surfaces employed in the marine industry. Here we present the results of biofilm formation on HDPE-based materials submerged in controlled environments; however, further research should be done to confirm their antifouling effects in natural ecosystems.
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