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ABSTRACT 

Benthic macroalgae must attach firmly to the substrate to prevent being detached and 

washed away by water motion. The success of the bioadhesion system can be strongly 

influenced by surface chemistry and so this should be optimised for large-scale 

cultivation. This is especially important during the early stage of cultivation when the 

juveniles have little thigmotactic attachment, which is needed to interlock with surface 

rugosity. Juvenile sporophytes of Saccharina latissima (Phaeophyceae) were directly 

applied onto polymer films of varied surface composition to determine how the 

attachment force of the developing holdfast was influenced by surface chemistry. Eight 

polymer chemistries were examined: polyamide (PA), polyethylene (PE), polyester 

(PES), polypropylene (PP), polymethylacrylate (PMA), polyvinylalcohol (PVA), 

polyvinylchloride (PVC) and thermoplastic polyurethane (TPU). The PP and PE were 

also examined as three grades: commercial grade with additives, pure polymer, or pure 

polymer following a corona treatment. Additive inclusion and corona, significantly 

reduced the water contact angle (P < 0.0001), indicating an increase in the surface free 

energy available for bioadhesion. After 6 wk, the attachment force was greatest on 

PVA, PA and PVC (0.19–0.33 N), correlating strongly with the achieved biomass (R2 = 

0.68). Additives and corona treatment improved holdfast attachment force, particularly 

corona treated PE (0.28 ± 0.08 N: 0 N without corona). Generally, attachment force 

appeared greatest on chemistries with a contact angle of 60–75°. These results confirm 

that the bioadhesion of the phaeophyte holdfast is strongly influenced by the surface 

free energy of the substrate chosen. Through alteration of the additive composition, 

attachment could be improved to create bespoke cultivation substrates. Corona 
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treatment is highlighted as a very suitable method for improving holdfast attachment 

force during cultivation. 

 

Keywords: attachment, bioadhesion, contact angle, corona, macroalga, polymer, 

Saccharina latissima, wettability. 
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INTRODUCTION 

The cultivation of macroalgae is an international industry, producing 26  million fresh 

weight tonnes in 2014 and estimated to be worth $5.6 billion (FAO 2018). Algal 

cultivation requires a firm attachment to be established between the holdfast of the 

macroalgae and the chosen cultivation substrate to prevent detachment during storms 

(Denny 1988). Bioadhesion by macroalgae involves the secretion of a liquid mucilage, 

which connects the cell wall and the substrate. This material is then irreversibly 

hardened by polymerisation and cross-linking (Bitton et al. 2006, Tarakhovskaya 2014). 

In the Phaeophyta, the secretion is proposed to be primarily composed of alginate, fucan 

polysaccharides and polyphenols (Vreeland et al. 1993, 1998, Bitton et al. 2006). This 

secretion initially forms a flexible gel through the interaction of alginate with calcium 

ions in seawater. The polyphenols are composed of phloroglucinol monomers, linked by 

carbon-carbon and ether bonds to form complex branched structures with a range of 

molecular sizes (125 Da to 650 kDa) (McInnes et al. 1985, Potin and Leblanc 2006). It 

has been proposed that the polyphenols form cross-links by the action of a vanadium 

dependent haloperoxidase, hydrogen peroxide  and iodide, solidifying the bioadhesive 

(Bitton et al. 2006). 

The suitability of a surface for the bioadhesion of marine organisms has been 

shown to be strongly influenced by factors such as the surface free energy, surface 

chemistry and topography (Finlay et al. 2002, Lejars et al. 2012, Kerrison et al. 2017, 

2018b). The selection of an appropriate cultivation substrate is essential for the 

successful retention of macroalgae deployed at sea. A strong attachment to the substrate 

is especially important when the algae are at the juvenile macroscopic stage (0.5–5 

mm). As they grow larger, the algae transition from a low Reynold’s number 
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environment dominated by viscous force and experience the turbulent flow of high 

Reynold’s numbers (Vogel 1996). In a previous study, 2 mm sporophytes of kelp were 

retained on numerous polymer chemistries. However once they grew to ~20 mm, 

increasing drag from water flow caused detachment where there was only weak 

bioadhesion (Vogel 1996, Kerrison et al. 2017). 

With continued growth toward adulthood, further holdfast development will 

form thigmotactic attachment to the substrate (Candries et al. 2001). This may 

eventually supersede the need for bioadhesion, due to mechanical interlocking into 

surface features. However, hatchery-reared macroalgal juveniles are usually 

transplanted to the sea before this stage, and so are likely to be dependent on 

bioadhesion alone. 

 Due to the wide availability and product consistency of many synthetic polymers 

such as polypropylene (PP) and polyamide (PA) these are often used as a substrate for  

cultivation, despite few published studies having assessed their suitability (Kerrison et 

al. 2017). Other established materials in macroalgal cultivation such as Kuralon, a form 

of polyvinylalcohol (PVA), have been identified by trial and error. However, without 

systematic analysis to compare the performance of materials, further improvements will 

not be made. 

Recently, it was reported that solid polymer blocks show large differences in 

their suitability as cultivation substrates for two phaeophyte macroalgae already under 

cultivation within Europe: Saccharina latissima  and Laminaria digitata (Kerrison et al. 

2017).  Of the polymers examined: PA, polycarbonate, medium density polyethylene 

and polyvinylchloride (PVC) were highly suitable for adult attachment, but discouraged 

the initial settlement of meiospores. Kerrison et al. (2018b) revealed that this pattern 
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was largely described by the water contact angle (θw), a parameter related to the surface 

free energy for binding (Callow and Fletcher 1994): the kelp holdfast attached more 

firmly to more hydrophilic surfaces (low θw) allowing abundant growth. On 

hydrophobic surfaces with θw > 90o holdfast attachment was weak, leading to 

sporophyte detachment, in agreement with similar findings in both phaeophyte and 

chlorophyte macroalgae (Hardy & Moss, 1979; Callow et al., 1988; Finlay et al., 2002; 

Ucar et al., 2010).  

 Synthetic polymers have many advantages for use as macroalgal cultivation 

substrates. Their plastic form allows a) the flexibility to manufacture a diverse range of 

structures, including novel 2D or 3D substrates that can maximise the cultivation areal 

productivity, compared with 1D ropes (Commission 2014); and b) the inclusion of 

additives, or other treatments to alter the chemical structure of the polymer so as to 

enhance desirable characteristics, such as increased hydrophilicity (Kang and Neoh 

2009). Currently, the inclusion of complex additive mixtures such as pigments, anti-

ozonants, plasticisers or stabilisers is systematic during polymer production to improve 

their end-use performance (Deanin 1975, Murphy 2001). It is anticipated that the 

presence/absence of such additives will modulate macroalgal attachment force by 

altering the surface chemistry available for bioadhesive interaction. 

Surface modification of polymers such as PP allows the characteristics of the 

very outer layer of the material to be adjusted without affecting the  main body of the 

material (Strobel et al. 2003). Corona treatment is a commonly used method wherein a 

high frequency electrical discharge is used to alter the chemical and microtopographical 

structure of the polymer (Jones et al. 2005, Kang and Neoh 2009). This treatment 

ruptures long homogenous chains, creating low molecular weight oxidised materials 
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(Strobel et al. 2003) with new polar bonding points. This leads to increased surface free 

energy, lower θw and increased adhesion e.g. for ink, allowing label printing. Since 

macroalgal attachment in both brown and green macroalgae (Finlay et al. 2002, Ucar et 

al. 2010, Kerrison et al. 2018b) is improved at lower θw, corona treatment may allow 

increased adhesive force. 

The aim of this study was to compare the attachment force and growth form of 

directly applied S. latissima sporophytes grown on eight chemistries of flexible film 

which have not been tested before, including PVA and thermoplastic polyurethane 

(TPU),. Three grades of polymer were also compared: a commercial film containing 

additives, a high purity film without additives and a corona treated high purity film. We 

hypothesised that: (1) θw will strongly dictate the attachment force on different films, 

with lower θw (more hydrophilic) encouraging attachment, and detachment at high θw 

(hydrophobic); (2) Additives will influence the θw, and so may either enhance or reduce 

attachment force; (3)Corona treatment will lower θw and therefore increase attachment 

force. 

 

MATERIALS AND METHODS 

Smooth polymer films, with different chemistries were tested: polyethylene (PE), 

polypropylene (PP), polyester (PES), thermoplastic polyurethane (TPU) 

polymethylacrylate coated polyvinylchloride (PMA) and polyvinylchloride (PVC). 

Additionally, high purity films (HP: without any additives) of polyamide 6 (PA; 

PolyOne, USA), PE (VS5580, Borealis AG, Austria) and PP (HG265FB, Borealis AG, 

Austria) were produced using a tape extruder (FET, UK). The conditions used are 

shown in Table 1. Half of the PEHP and PPHP films were then corona treated (HPC). This 
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involved one side being passed five times through a 1000 W Corona Treater (Ahlbrandt 

Systems, Germany) at 2 m min–1. 

PVA film was produced by adding 1.5 g Desmodur® DN (Aliphatic 

polyisocyanate; Covestro AD, Germany) to 75 g PVA water-based dispersion (Bemifix 

PVL-P, Schmits Chemical Solutions, Netherlands). The formulation was cast onto 

siliconised paper (wet thickness: 300 µm). The film was then dried for 2 min at 110°C 

and cured for 2 min at 155°C. Afterward, the film was separated from the siliconised 

paper. 

There were eight polymer chemistries for experimental comparison: PA, PE, 

PES, PMA, PP, PVA, PVC and TPU. Both PE and PP, had three grades: Commercial 

film (produced with additives), high purity with no additives (HP), and corona treated 

high purity (HPC). This gave a total of 12 film treatments (n = 5), which were cut to 25 x 

76 mm, and secured to the surface of a glass microscopic slide using 5 mm strips of 

Parafilm M® (Bemis North Carolina, USA). Glass slides were used as a control (n = 5). 

All slides were pre-cleaned: 24 h in 5% Decon90 detergent (Decon Laboratories Ltd, 

UK), 24 h in 10% hydrochloric acid, rinsed and soaked for 1 h in distilled water and 

finally dried at 35°C. Each film slide was soaked overnight in a 2% bicarbonate 

solution, rinsed thoroughly in distilled water, and then placed into a 300 ml borosilicate 

glass basin containing 150 ml of Tyndallised seawater (Kawai et al. 2007) enriched with 

F/2 medium without silicate (F/2-Si). Glass basins were then incubated at 8.5°C for 6 h.  

Sporangial tissue was collected from five S. latissima individuals from Seil 

Sound, UK (56.31724°N, –5.58309°W) and desiccated overnight at 4°C. Meiospores 

were released upon immersion in 8.5°C F/2-Si, in the dark for 1 h with agitation every 

15 min. The suspension was then filtered at 50 µm (Kerrison et al. 2016). A culture of S. 
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latissima sporophytes were produced and maintained as described by Kerrison et al. 

(2018a). In brief, 500 000 meiospore l–1
 were bubble cultured at 8.5°C and 40–50 µmol 

photon m–2 s–1, 12:12 L:D in F/2-Si medium, which was 50% refreshed every 10–14 d. 

Germanium dioxide (0.125 ml saturated solution l–1) was added during the first two 

weeks of cultivation at an optimised dose to prevent diatom growth whilst maintaining 

S. latissima growth (Kerrison et al. 2016).  After 8 wk, sporophytes of 0.1–1 mm in size 

were filtered from the culture. 100 µl F/2-Si containing a 2% BinderA hydrocolloid 

solution (SAMS, UK) and 25 ± 2 S. latissima sporophytes was directly pipetted onto 

two locations of each prepared slide, already submerged in the medium (see Fig. 1). The 

BinderA solution adheres to the substrate and prevents the juvenile sporophyte from 

being washed away before their holdfast can adhere to the substrate Kerrison et al. ( 

2018a). All slides were then incubated at 8.5°C under warm fluorescent light (30–50 

µmol photon m –2 s–1, 12:12 L:D). 

Every 7–10 d, each slide was carefully transferred to a new basin of fresh F/2-Si, 

and any detached sporophytes discarded, following the cultivation protocol of Kerrison 

et al. (2016). After 8 wk of growth, the attachment force of the five largest sporophytes 

> 10 mm (where present) on each slide was measured using a digital force gauge (FK 

25, Sauter, Germany): a rubber-coated clip was attached to the frond, which was pulled 

perpendicular to the surface until it became detached or the alga broke. The 

morphological characteristics of total sporophyte length, diameter of the basal holdfast 

and the length of all laterally spreading haptera were recorded for each sporophyte. 

Following this, all other sporophytes were removed from the film and measured, then 

patted dry with laboratory tissue (Kimtech, UK) and the fresh mass recorded to 0.01 g. 
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An additional set of polymer slides (n = 3), were cleaned and dried as described 

above. The static water contact angle (θw), was then measured using the method of 

Callow et al. (2000). On each slide, triplicate 10 µl droplets of ultra-high purity water, 

were immediately photographed.  Image J v 1.46r (National Institutes of Health, USA) 

with the DropSnake plugin (Stalder et al. 2006) was used to determine θw. 

 

Statistical analyses 

All data were log transformed and tested for normality (Anderson and Darling 1952) 

and homoscedasticity (Levene 1960). Where these were satisfied, ANOVA (AN) 

followed by post-hoc Fisher’s (phF) or 2-way ANOVA (2wAN) were used. Non-

parametric data were examined using the Mann-Whitney U test (MW). Correlation 

between variables was explored using the Pearson’s product moment correlation (PC). 

Excel 2016 (Microsoft Corp., USA) and Minitab® 15.1.0.0 (LEAD Technologies, Inc., 

USA) were used for all statistical analyses. 

 

RESULTS 

Fresh wet mass  

At the end of the experiment, the fresh wet mass of S. latissima attached to each 

polymer film was significantly different between the treatments (Table 2; AN: P < 

0.00001, F13,61 = 6.8). Four groupings were identified: high, moderate, low and 

negligible biomass. The highest biomass of S. latissima was achieved on PVA (0.48 ± 

0.13 g slide–1), PEHPC (0.45 ± 0.04 g slide–1) and PAHP (0.37 ± 0.06 g slide–1). Moderate 

biomass was seen on PVC (0.22 ± 0.09 g slide–1) and PE (0.19 ± 0.11 g slide–1). Each of 

these films (PVA, PEHPC, PAHP, PVC and PE) had significantly higher biomass than the 
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glass control (0.06 ± 0.03 g slide–1; AN: all P < 0.05; F1,13). A low biomass was 

achieved on PPHPC and PMA, which was not significantly different to the glass control 

(P > 0.05). Four films had negligible biomass (≤ 0.01 g slide–1), less than the glass 

control (MW:  P < 0.05, n = 15): PEHPC, PPHPC, TPU and PES.   

 

Mean sporophyte length 

The mean length of the sporophytes present on the films was also significantly different 

between the treatments, and followed a very similar pattern to the biomass (AN: P < 

0.0001 F13,61=8.7). PEHPC, PVA, PAHP and PVC had the largest mean frond lengths (42–

55 mm; Table 2). These were all significant different to the glass control (phF: P < 

0.05).  Moderately sized fronds (24–32 mm) were present on PE, PES, PPHPC and glass. 

The smallest sized fronds, or absence of sporophytes, were seen on PEHP, PP, PPHP and 

TPU; significantly less than on the glass control (phF: P < 0.05).  

 

Sporophyte attachment force 

The attachment force of sporophytes was significantly different between film 

chemistries (AN: P < 0.0001, F8.76 = 4 .2; Table 2). The firmest attachment was found 

on PVC (0.33 ± 0.17 N) and PEHPC (0.28 ± 0.13 N), significantly more than the glass 

control (phF: P < 0.05; 0.12 ± 0.07 N).  Moderate attachment of between 0.19–0.22 N 

was found on PAHP, PE and PVA, which was not significantly different from glass (P > 

0.05). Low attachment force was measured on PPHPC and PES, while no attachment 

force measurements were possible on five chemistries as no sporophytes > 10 mm were 

present (PEHP, PMA, PP, PPHP and TPU). On these five, the sporophytes had detached 

over the course of the experiment, leaving a characteristic ‘clean patch’, where the 
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surface biofilm surrounding the sporophyte had also lifted way (Fig. 1). Since no 

external force was required for them to become detached, they were assigned an 

attachment force of 0 N. 

The sporophytes used for the attachment force measurement were only those > 

10 mm and so were a subset of all sporophytes present on the slides.  The mean length 

of these sporophytes was similar (~50–60 mm, P > 0.05). The hapteron extent was 

highly variable between replicates and was not significantly different between materials 

(P > 0.05). No significant relationship was found between these physiognomy variables 

and the attachment force or θw of the film (Table 3; P > 0.05), indicating no 

morphological acclimation in response to the surface chemistry. 

 

Correlation: sporophyte biomass and attachment force 

When the final biomass at the end of the experiment was correlated against the 

attachment force for each film (Fig. 2), a significant relationship was evident (PC: R2 = 

0.68, n = 14). For each +0.1 N of attachment force an additional 0.114 g of S. latissima 

biomass had accumulated. A deviation from this relationship was seen in PVA, where 

the biomass was lower than that predicted by the attachment force. It is thought that the 

measurement procedure underestimated the true attachment force of PVA, as the 

flexible film distorted far more than the other films, applying additional torque to the 

sporophyte holdfast leading to detachment with lower force. 

 

Correlation: surface contact angle and sporophyte attachment force  

The contact angle was useful to explain differences observed in the attachment force of 

the different surface chemistries (Fig. 3; PC: R2
 = 0.29). Broadly, attachment force was 
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lowest on more hydrophobic materials at > 85°, and maximum at 55–75°. However, this 

general trend had a number of outliers: PE, which had high attachment force (0.20 ± 

0.13 N) despite θw of 87 ± 1°, and PES and PMA, which had low attachment force 

despite θw of 70–71°. 

 

Polymer additives influence contact angle and sporophyte attachment force 

The high purity films PEHP and PPHP, had high θw (97–102°) and no sporophytes were 

able to remain attached. Additive impurities within the PE and PP films caused a 

significant reduction in θw by 10–17° (2wAN: P < 0.0001, F1,1,1,8 = 5.3). In the case of 

PE, this also substantially increased the attachment force as just described (MW: P < 

0.0001, n = 21). High purity polymer films did not necessarily lead to weak attachment: 

PAHP has a θw of 59 ± 3° and allowed a strong attachment, despite being of high purity. 

 

Polymer corona treatment influence contact angle and sporophyte attachment force 

Corona treatment of high purity films (PEHPC and PPHPC) had a significant effect on θw, 

reducing it by a third or 33–38° (2wAN: P < 0.0001, F1,1,1,8 = 5.3). This led to a 

significant increase in the attachment force on both materials (2wAN: P < 0.0001, 

F1,1,1,24 = 4.3).  

 

DISCUSSION 

 

The water contact angle is a large determinant of attachment force 

Through experimental cultivation of the common kelp S. latissima on a range of smooth 

chemical films, we have shown that θw is a large determinant of bioadhesive attachment 
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force. Specifically, hydrophobic materials with high θw had low or zero attachment 

force, in agreement with previous findings of lower adhesion on hydrophobic materials 

in S. latissima - on raft panels at sea and polymer blocks - as well as findings in Fucus 

spp. and Ulva spp. (Hardy and Moss 1979, Callow et al. 1988, Finlay et al. 2002, Ucar 

et al. 2010, Kerrison et al. 2018b). Besides aligning with these previous findings, we 

have further revealed that at low θw of < 60o (hydrophilic) the attachment force of S. 

latissima is also reduced, although not to the degree seen on hydrophobic surfaces. 

Based on the current evidence it appears that θw 60–75o provides the most suitable 

attachment surface for S. latissima. This range represents surfaces with a high surface 

free energy for chemical attachment, where there are many molecules, groups or atoms 

available to form bonds. 

However, two of the tested films (PES and PMA) within this range gave very 

poor results, similar to the findings for POM-C/H and PMA in (Kerrison et al. 2018b). 

Since these chemistries all have a high surface free energy for chemical interaction 

(Diversified Enterprises 2016) and thus are generally considered to be suitable for 

bioadhesion (Lejars et al. 2012), surface free energy cannot be the only determinant for 

successful bioadhesive attachment. This supports the existence of polymer specific 

incompatibility (Kerrison et al. 2018b) between the surface chemistry and the cross-

linked alginate-polyphenol bioadhesive system in the Phaeophyceae (Bitton et al. 2006, 

Salgado et al. 2009). A speculative model of this bioadhesive system, suggests that 

cross-linked polyphenols form micelles or globular aggregations at the surface interface 

(Potin and Leblanc 2006). It is unknown why these aggregations would not adhere to 

the chemical structure of PES or PMA, despite a high surface free energy for chemical 

interaction. Future experimentation could recreate the model bioadhesive system on 
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different polymers. A similar pattern of successful/unsuccessful attachment would be 

indirect evidence that the bioadhesive model is correct, while a different pattern would 

indicate an interface component is missing. 

 

Controlled density allowed consistent growth 

This study has also shown that the suitability of a chemical surface for the development 

of S. latissima biomass can be determined by seeding surfaces using juvenile 

sporophytes and then measuring the attachment force after 6 wk. This allows faster 

experimentation than seeding using meiospores, where juvenile sporophytes only 

became visible after 5–6 wk, and attachment force was determined after 4 mo when 

fronds were ≤16 cm (Kerrison et al. 2017). A second advantage of seeding using 

juvenile sporophytes is that the initial density of S. latissima can be consistently 

controlled across different treatments by use of a hydrocolloid binder (Kerrison et al. 

2018a). The settlement of macroalgae meiospore/zoospores, is strongly influenced by 

the surface chemistry leading to 15-fold differences in initial density (Kerrison et al. 

2017). This then influences the sporophyte development rate, with slower growth at 

higher density (Reed 1990, Callow et al. 2000, Kerrison et al. 2018b). Consequently, by 

seeding a controlled density of sporophytes, we have removed the confounding 

influence of seeding densities from this study, allowing consistent sporophyte growth in 

all treatments. The similar frond lengths confirmed this across all polymers where 

successful bioadhesion was observed. 

 

Fouling release coatings 
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On five of the chemistries examined (PEHP, PMA, PP PPHP and TPU) nearly all 

sporophytes had detached, taking with them the surrounding biofilm.  The high θw in 

four of these chemistries indicates a low surface free energy and a relatively chemically 

inert surface. The holdfast bioadhesive appears to only bind weakly to these 

hydrophobic surfaces and so they show good fouling release performance (Lejars et al. 

2012), where the entire organism is lifted from the surface by water drag (Vogel 1996), 

as has been shown previously in the same species (Kerrison et al. 2018b). These 

chemistries should be avoided for kelp cultivation, although they may be useful for anti-

fouling applications. 

 

No morphological differences with chemistry 

On the eight chemistries where sporophyte growth was successful, neither the 

sporophyte length nor the extent of the hapteron was found to be affected by the surface. 

It is known that: bioadhesive pad formation following algal settlement, early rhizoid 

development in germlings and the morphology of the discoid and crustose forms can all 

be influenced by the surface free energy (Fletcher et al. 1985, Fletcher and Callow 

1992). Nonetheless, the lack of any morphological differences between the different 

chemical surfaces (θw 42–87o) indicated that the development of the macro-scale 

morphology, including fronds and the holdfast, were not influenced by the surface 

chemistry interaction. This suggests that the juveniles have no method to sense the 

tenacity of their bioadhesion and so do not increase the size of their adhesion disk, 

produce more haptera, or limit their drag exposure (smaller fronds) when weakly 

attached. It is known that longitudinal tension on the frond, mimicking drag from water 

motion, causes kelp fronds to become thicker and more narrow, while stipes become 
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thicker and more robust (Koehl et al. 2008). Yet, no such acclimation appears possible 

regarding attachment tenacity. Consequently, those with weak bioadhesion will 

continue to grow, until they reach a few centimetres then become easily detached.  

 

Kuralon/PVA validated as an excellent substrate 

Kuralon is a synthetic twine manufactured and widely used for macroalgal cultivation in 

SE Asia (Werner and Dring 2011), although the authors have found no scientific studies 

comparing its effectiveness to other polymers. It is composed of PVA (Kuraway 2015), 

which this study has shown provides an excellent substrate for the holdfast attachment 

of S. latissima. This validates its current use for members of the Phaeophyceae with the 

same bioadhesion system, including the widespread commercial species Saccharina 

japonica and Undaria pinnatifida (FAO 2018). Both PVC and PA were also found to be 

highly suitable cultivation substrates, in agreement with the findings of Kerrison et al. 

(2017). 

 

Additives can be used to reduce hydrophobicity and increase attachment force 

The ubiquitous inclusion of a complex mixture of additives in plastics allows the 

creation of diverse variants for a range of commercial uses (Deanin 1975). These can be 

used to enhance the physical properties of the native polymer, such as stability in 

damaging environmental conditions (e.g. UV radiation, high temperature, chemical 

exposure), create a new physical appearance (e.g. colour, flexibility, structural stability) 

or for safety features (e.g. flame retardant). Many long chain synthetic polymers lack 

polar groups, causing high hydrophobicity. Since most additives are expected to contain 
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more polar groups than the native polymer the incorporation of additives is likely to 

increase their hydrophilicity, regardless of the final end use intended.  

The high purity PE and PP films examined had similar θw to those seen in 

previous studies (Diversified Enterprises 2009a, 2009b). Due to their hydrophobicity, 

sporophytes had only very weak attachment to them. The commercial PE and PP films 

examined, had lower θw, which is surmised to be due to the ubiquitous inclusion of 

additives within commercially available plastics (Deanin 1975). In the case of PE, this 

allowed a greatly improved sporophyte attachment force.  

For certain industrial and biomedical applications, a hydrophilic surface is 

desired, and so targeted additive inclusion has been investigated as a method to achieve 

this (Jiang et al. 2014, Kolahchi et al. 2015, Turalija et al. 2016) Such tests could also 

be used to optimise macroalgal cultivation substrates, maximising sporophyte 

attachment force onto favourable materials (e.g. cheap, recyclable, low environmental 

impact) with other characteristics suited for deployment in the marine environment (e.g. 

UV resistance). This could create alternatives to the use of Kuralon, which despite being 

an excellent substrate for holdfast attachment, is expensive and hard to source (authors 

pers. obs.). In contrast with PE and PP, high purity PA performed well even without 

additives, due to a low initial θw.  

 

Corona treatment increases attachment force 

Corona treatment led to a more hydrophilic surface, as has been previously observed 

(Süzer et al. 1999), and in doing so increased the suitability of the material as a 

macroalgal cultivation substrate. This was especially true for PEHP, which changed from 

a hydrophobic material unsuited for bioadhesive attachment, to one of the best materials 
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examined. Corona treatment may therefore be a cost-effective way to ‘upgrade’ low 

cost polymer materials to excellent cultivation substrates. Additionally, patterned 

corona treatment could potentially be used to create suitable attachment areas within a 

structure with fouling-release properties over the remaining surface in materials such as 

PEHP. This could be used to regulate seeding density or reduce the need to clean fouling 

from connection points such as rope knots. 

The selection of the substrate material for seaweed cultivation is currently based 

on availability, environmental resistance and cost. We have found that, the suitability of 

polymers for the bioadhesive holdfast attachment of S. latissima varies widely, and that 

biomass accumulation on a smooth polymer is dependent on the holdfast attachment 

force. The water contact angle (θw) is a good indication of a polymers suitability, with 

the best attachment usually seen at 60-75o.  

The θw of many synthetic polymers is very high due to their non-polar repeated 

units. The inclusion of additives within the hydrophobic polymers, or the use of corona 

treatment, increases the surface’s chemical complexity - the free energy for bonding - 

and so lowers θw, making a more suitable surface for holdfast bioadhesive attachment. 

In the case of PE, corona treatment transformed a fouling release material, highly 

unsuited for bioadhesion, into an excellent material for S. latissima attachment. Corona, 

or a similar treatment, may therefore be useful to create new advanced substrates for 

seaweed cultivation. 
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Tables 

Table 1. Extrusion conditions for high purity film production. 

Chemistry PE a PP b PA c 

Drying conditions  n/a n/a Previously dried 

water content of polymer 

(ppm) 

n/a n/a 760 

Extruder (rpm) 40 30 22 

Zone 1 temperature (°C) 225 225 280 

Zone 2 temperature (°C) 225 225 300 

Zone 3 temperature (°C) 230 230 300 

Temperature of steel disk die 

zone (°C) 

230 230 300 

Cooling roll speed (m min–1) 6 5 1.5 

Heating roll 1 temperature 

(°C) 

50 60 40 

Heating roll 2 temperature 

(°C) 

60 100 40 

Fast roller (speed (m min–1) 6 5 3 

Elongation ratio 1x 1x 2x 

Final film thickness (µm) 80 85 270 

a polyethylene, b polypropylene, c polyamide. 
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Table 2. Surface contact angle, biomass, attachment force and mean maximum length 

of Saccharina latissima sporophytes after 6 wk of growth on thirteen polymers.  

Polymer  Contact angle 

(°) 

Biomass  (g 

slide–1) 

Attachment force 

(N) 

Length 

(mm) 

PAHP 59.1 ± 2.5 0.366 ± 0.055 0.215 ± 0.107 52.5 ± 3.5 

PE 86.9 ± 0.8 0.189 ± 0.109 0.201 ± 0.125 32.7 ±11.0 

PEHP 97.2 ± 4.6 0.000 ± 0.000 n.m.  2.9 ± 1.8 

PEHPC 63.9 ± 8.1 0.450 ± 0.042 0.278 ± 0.093 55.0 ± 6.5 

PES 69.8 ± 3.1 0.010 ± 0.005 0.020  (n =1) 30.9 ± 8.9 

PMA 71.4 ± 2.4 0.027 ± 0.025 n.m.  12.2 ± 5.7 

PP 84.8 ± 1.0 0.010 ± 0.006 n.m.  12.0 ± 3.1 

PPHP 101.5 ± 2.0 0.001 ± 0.001 n.m.  11.0 ± 3.2 

PPHPC 67.7 ± 7.6 0.101 ± 0.074 0.080 ±0.057 23.7 ± 7.1 

PVA 56.7 ± 1.7 0.477 ± 0.134 0.194 ± 0.074 47.4 ± 5.4 

PVC 69.8 ± 2.0 0.225 ± 0.087 0.330 ± 0.164 42.4 ± 10.1 

TPU 87.1 ± 1.6 0.003 ± 0.002 n.m.  16.3 ± 1.4 

Glass 41.7 ± 4.2 0.061 ± 0.034 0.122 ± 0.072 22.6 ± 5.1 

Shown is mean ± standard deviation.  N.m.: not possible to measure as sporophytes too 

small. 
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Table 3. Physiognomy of Saccharina latissima sporophytes (> 10 mm) tested for 

attachment force after 6 wk of growth on polymer films with different chemistries.  

 

Surface 

Sporophyte 

length (mm) 

Hapteron 

extent 

(mm2) 

Sample 

number 

PAHP a 52 ± 29 4.4 ± 5.8 15 

PE b 53 ± 25 6.3 ± 4.2 15 

PEHPC c 58 ± 21 4.6 ± 4.8 6 

PES d 20 8.4 1 

PPHPC e 48 ± 21 5.2 ± 8.7 7 

PVA f 53 ± 22 6.3 ± 6.6 15 

PVC g 54 ± 27 3.2 ± 2.1 14 

Glass 57 ± 34 5.7 ± 8.2 5 

a polyamide, b polyethylene, c polyethylene, high purity corona treated, d polyester, e 

polypropylene, high purity corona treated, f polyvinyalcohol, g polyvinylchloride. No 

data was collected from polymethylacrylate, thermoplastic polyurethane or high purity 

polyethylene and polypropylene, as no suitable sporophytes were present. A maximum 

of three sporophytes were tested from each of five replicates. Shown is mean ± standard 

deviation. 
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Figure legends 

Figure 1. Sporophyte retention and growth on Saccharina latissima after culture for 6 

wk on polymer slides of 13 chemistries. The median growth response is shown (n = 5). 

A) The influence of polymer purity and corona treatment. HP: high purity, C: corona 

treated. B) Surface chemistry strongly influences sporophyte attachment and retention. 

PA: polyamide, PE: polyethylene, PES: polyester, PMA: polymethylacrylate, PP: 

polypropylene, PVA: polyvinylalcohol, PVC: polyvinylchloride, TPU: thermoplastic 

polyurethane. Scale bar = 75 mm. 
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Figure 2. Saccharina latissima sporophyte attachment force (N) and fresh wet mass (g) 

achieved on films with 13 different chemistries after 6 wk of growth. The black ring 

indicates corona treatment. The grey ring indicates an additive containing film of PE 

and PP. PA: polyamide, PE: polyethylene, PP: polypropylene, PVA: polyvinylalcohol, 

PVC: polyvinylchloride, HP: high purity, C: corona treated. Shown is mean ± standard 

deviation. 
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Figure 3. The influence of contact angle (°) on the attachment force of Saccharina 

latissima sporophytes achieved after 6 wk of growth on 13 films with different 

chemistries. The black arrow and ring indicates the change effected due to corona 

treatment. The grey arrow and ring indicates the change effected due to additive inclusion. 

PA: polyamide, PE: polyethylene, PES: polyester, PP: polypropylene, PVA: 

polyvinylalcohol, PVC: polyvinylchloride, HP: high purity, C: corona treated. Shown is 

mean ± standard deviation. 
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