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Abstract 

 

Marine biofouling has detrimental effects on the environment and economy, and current 

antifouling coatings research is aimed at environmentally benign, non-toxic materials. We 

explore the possibility of contact-active coatings, by considering the antialgal activity of 

cationic poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) brushes. The antialgal 

activity was investigated via zoospore settlement and sporeling growth assays of the marine 

algae Ulva linza and U. lactuca. The assay results for PDMAEMA brushes were compared 

to those for anionic and neutral surfaces. We found that only PDMAEMA can disrupt 

zoospores that come into contact with it, and that it also inhibits the subsequent growth of 

normally settled spores. Based on the spore membrane properties, and characterization of 

the PDMAEMA brushes over a wide pH range, we hypothesize that the algicidal 

mechanisms are similar to the bactericidal mechanisms of cationic polymers, and foresee 

that further development could lead to successful contact-active antialgal coatings. 
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Introduction 

Biofouling is a considerable problem in marine industries. The accumulation of fouling 

organisms on the surfaces of ships, heat exchangers, water intakes, oceanographic 

instruments, and aquaculture systems leads to serious economic and environmental 

penalties. Copper and organotin biocides have been effective in combating biofouling, but 

their uses are being limited or banned due to environmental concerns (Cheyne 2010, 

Thomas & Brooks 2010). Adhesion-resistant, fouling-release and contact-active coatings 

are some of the strategies that are used to replace biocidal materials, and to provide 

environmentally benign antifouling coatings. The design of effective coatings is 

challenging, and despite decades of research on marine biofouling, settlement cues and 

attachment mechanisms are poorly understood for many major fouling species. Many 

factors influence the settlement and adhesion of organisms, and the large variety of 

strategies and mechanisms among fouling organisms exacerbates the problem. 

Green algae of the genus Ulva comprise a group of major fouling organisms that 

are widely spread along coasts around the world. Adult plants produce vast amounts of 

microscopic motile swimming zoospores that disperse and strive to find a suitable place to 

settle (Callow & Callow 2002). Ulva spores do not have a cell wall, but expose a naked 

lipoprotein membrane, which is negatively charged. (Rosenhahn et al. 2009) This implies 

that spores might interact differently with anionic and cationic surfaces, and it has indeed 

been reported that spores of U. linza have a strong affinity for cationic surfaces, which can 

interfere with the normal settlement process in a way that has not been observed with 

anionic surfaces (Ederth et al. 2008, Ederth et al. 2009, Rosenhahn et al. 2009, Yandi et al. 

2016). This suggests that the spores might be susceptible to deliberate interference by 

cationic materials. 

Cationic polymers have emerged as promising candidates for the development of 

new antimicrobial agents (Muñoz-Bonilla & Fernández-García 2012). For example 

chitosan (Li et al. 2011), poly(diallyldimethylammonium chloride) (Melo et al. 2010), 

derivatives of polynorbornene, (Ilker et al. 2004) poly(vinyl-N-hexylpyridium) (Tiller et 

al. 2001), and poly(2-(dimethyl amino)ethyl methacrylate) (PDMAEMA) (Lee et al. 

2004b, Liu et al. 2007, Rawlinson et al. 2010), which are natural and synthetic cationic 
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polymers, are under scrutiny. PDMAEMA is a pH- and temperature-sensitive material due 

to the presence of hydrophilic amino groups, and the hydrophobic segments at the end of 

the side chains (Liu et al. 2007). In a highly acidic environment (pH<5) PDMAEMA is 

hydrophilic and fully ionized by protonation of the tertiary amine, and it interacts strongly 

with surrounding water molecules. Ion-dipole interactions between ammonium ions and 

polar water molecules create strong solvation or hydration shells. However, as the pH 

increases, this interaction is weakened due to decreasing protonation of amine groups, and 

the hydrophobic properties of the methylated amines become more pronounced, resulting 

in amphiphilic behavior. It appears that this interaction might increase the antimicrobial 

activity; research on amphiphilic polynorbornene derivatives with variations in the 

hydrophobic moieties show that the introduction of hydrophobic groups on cationic 

polymers leads to an increase in antibacterial and hemolytic activity, which is dependent 

on the size of the hydrophobic group (Ilker et al. 2004). 

Polymer brushes allow for considerable flexibility in preparing model interfaces 

and for altering interfacial properties via variations in monomer chemistry, grafting density, 

and coating thickness, and are used to vary and control interfacial properties in many 

disciplines, including the biomedical field in general (Galvin & Genzer 2012, 

Krishnamoorthy et al. 2014), and also in antifouling applications (Higaki et al. 2016, Yang 

et al. 2014).  The role of surface charge in antifouling coatings is of relevance also for other 

reasons than preparing antimicrobial coatings. Most surfaces, including nominally neutral 

surfaces, become charged upon immersion in water, and electrostatic interactions are 

important in the recruitment and adhesion of biomacromolecules and microorganisms. 

Hence, the role of surface charge for marine antifouling properties of polymer brushes has 

been investigated (Yandi et al. 2016, Yang et al. 2012). Further, there is a strong current 

interest in the antifouling properties of zwitterionic materials, and especially in controlling 

antifouling properties via the strong hydration in zwitterionic brushes (Chen & Jiang 2008) 

Guo et al. 2015). Although brushes of PDMAEMA  (Keely et al. 2007, Rawlinson et al. 

2010) and its quaternized derivatives (Huang et al. 2007, Lee et al. 2004a, Roy et al. 2008) 

have been exploited for antimicrobial purposes, the potential application of PDMAEMA 

as an antialgal agent has not yet been studied.  Research on the antialgal activity of cationic 

polymers in general is sparse, and dominated by tests using microalgae (Subramanyam et 
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al. 2009) and often with negative results (Kugel et al. 2009, Park et al. 2010), with a notable 

exception by Krishnan et al demonstrating that pyridinium polymers with fluorinated side-

chains inhibit the growth of sporelings of U. linza (Krishnan et al. 2005). 

In this work, we investigate the interactions of zoospores of the marine algae U. 

linza and U. lactuca with the cationic PDMAEMA polymer, in order to investigate any 

antialgal effect of the polymer on either the settlement and germination of the zoospores or 

the subsequent growth of sporelings (young plantlets). Results are compared to those 

obtained on hydrophobic, methyl-terminated self-assembled monolayers (SAMs), which 

are known to induce high settlement of spores (Callow et al. 2000, Finlay et al. 2002), onto 

oligo(ethylene glycol)-terminated SAMs, which have been found to be very resistant to 

spore settlement (Schilp et al. 2007), and onto glass slides, which are negatively charged, 

and widely used as standard substrates for algal settlement and sporeling growth assays.  

Zoospores of the two species U. linza and U. lactuca have been found to perform 

qualitatively similarly in previous biofouling assays, both by us (unpublished data) and 

others (Yan et al. 2012). A secondary aim of this study was to compare the outcome of 

assays using these two species, that were also collected at different locations. 

 

Materials and Methods 

Materials. 2-(dimethylamino)ethyl methacrylate (DMAEMA), 1-octadecanethiol, copper 

(I) bromide (99.999%), and 2,2-bipyridine (BPY, 99%) were purchased from Sigma-

Aldrich Sweden AB. α-bromoisobutyrate-11-undecanethiol for the initiator SAM, and 1-

mercaptoundecyl oligo ethylene glycol (HS-C11-EG6), were purchased from ProChimia 

Surfaces, Poland. Spore settlement and sporeling growth assays were carried out using 

glass microscope slides (cleanroom-cleaned Nexterion B, 26 × 76 × 1 mm3, Schott AG, 

Germany) coated on one side with polymer. Phosphate-buffered saline (PBS) was prepared 

by dissolving PBS tablets (Sigma-Aldrich Sweden AB) into 200 mL of Milli-Q (MQ) water  

(>18.2 MΩcm, Millipore) and adjusting to pH 7.4. Artificial seawater (ASW) was prepared 

by dissolving 24.5 g of sodium chloride, 4.1 g of sodium sulfate, 11.1 g of magnesium 

chloride hexahydrate, 1.5 g of calcium chloride dihydrate and 0.7 g potassium chloride into 
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one liter of MQ water. The solution was adjusted to pH 8.2 with 0.1 M NaOH, and filtered 

with a 0.2 µm membrane filter (Nalgene, USA). 

Preparation of SAMs. 25 Å adhesion-promoting titanium and 300 Å gold were coated onto 

glass substrates by electron-beam physical vapor deposition under vacuum. The gold-

coated glass substrates were TL1-cleaned (1:1:5 proportions of 25% NH3, 30% H2O2, and 

MQ water) for 10 min at 85°C. After rinsing several times under running MQ water, the 

surfaces were blow-dried in an N2 stream. Cleaned gold substrates were immersed in 50 

µM solutions of α-bromoisobutyrate-11-mercapto-undecane in ethanol for 24 h to form 

initiator monolayers. The samples were then rinsed with ethanol and water and then blow 

dried in N2 stream as described above, before use. Formation of CH3-terminated SAMs 

from 1-octadecanethiol, and of EG6-terminated SAMs from 1-mercaptoundecyl oligo 

ethylene glycol, were performed in a similar manner. 

Preparation of PDMAEMA coatings. The PDMAEMA homopolymers were prepared via 

surface-initiated atom transfer radical polymerization (SI-ATRP). Briefly, a reaction 

solution of 2.41 mM copper bromide and 4.68 mM 2,2'-bipyridine in MQ water was placed 

in a sealed glass reactor in a glovebox under N2 atmosphere. Then, 200 mM of degassed 

DMAEMA solution in a mixing solvent (MQ water and methanol at a 1:1 volume ratio) 

was transferred to the reactor. Gold substrates with initiator-SAMs were then placed into 

the reactor under N2 protection at room temperature (20°C) for one hour, resulting in a 

polymer film thickness of approximately 105 Å. After polymerization, samples were 

removed and rinsed with water and methanol, and the samples were then kept in water 

overnight to leach out unreacted monomers and catalyst. XPS analysis after overnight 

leaching did not show any indication of residual copper ions (see Supplemental Material). 

Polymer surface characterization. The chemical structure of PDMAEMA was recorded by 

a Fourier-transform infrared reflection-absorption spectroscopic (FT-IRAS) system using 

a grazing angle of 85°. The spectrometer (Bruker IFS66) was equipped with a liquid 

nitrogen-cooled mercury cadmium telluride detector. A deuterated hexadecanethiol 

(HS(CD2)15CD3) SAM on gold was used to record the background spectrum. Polymer film 

thicknesses were determined with a Rudolph Research AutoEL ellipsometer, with a HeNe 

laser (632.8 nm), at 70° angle of incidence. The refractive index of the TL1-cleaned gold 
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substrates were measured before SAM formation. To determine the polymer thicknesses, a 

three-layer optical model (ambient/organic film/gold) was used, where the refractive index 

of the organic film was set to 1.5. Five different spots were measured on each sample, and 

the average was calculated as the polymer film thickness. The surface wettability of 

PDMAEMA was assessed by static water contact angle measurement in air and under water 

(captive bubble contact angle) using a CAM 200 Optical Contact Angle Meter (KSV 

Instruments Ltd., Finland) equipped with a manual liquid dispenser. Three points were 

measured on each sample. The influence of pH on the captive bubble contact angle was 

also observed; after equilibrating the polymer films in MQ water at pH values between 3 

and 12 (unbuffered; adjusted by adding HCl or NaOH to the MQ water), the samples were 

placed facing downwards in a quartz cell filled with MQ water with pH as above. Around 

2 μl air bubbles were manually released and allowed to rise onto the surface from a U-

shaped needle. Three contact angles were measured and averaged. Captive-bubble contact 

angles in ASW and with n-octane droplets were acquired using a Dataphysics OCA35 

contact angle analyzer with SCA22 software. The surface energies of the hydrated samples 

were determined from captive bubble contact angles of air and n-octane, obtained as above. 

Prior to measurement, the samples were equilibrated in MQ water, and the samples were 

then placed facing downwards in a glass cell filled with water. Three contact angles each 

were measured for air (θa) and n-octane (θo), and averaged. The surface energies were 

calculated using the Owens & Wendt approach (Owens & Wendt 1969) applied to 

underwater contact angles. (Roudman & DiGiano 2000) 

Hydration and swelling. The influence of solution pH on hydration and swelling of 

PDMAEMA was measured both in Milli-Q water and ASW using a Q-Sense E4 quartz 

crystal microbalance with dissipation (QCM-D). AT-cut quartz crystal sensors (Q-Sense, 

Göteborg, Sweden) with gold electrodes, a fundamental resonant frequency of 4.950 MHz 

and a diameter of 14 mm were coated with PDMAEMA via SI-ATRP as described above. 

The quartz crystals were then mounted in the QCM-D fluid cell, and data was recorded at 

three different overtones (3rd, 5th and 7th) at 22 °C. After 10 minute recording in dry air 

flow to stabilize and dry the surfaces from moisture, solutions of different pH (pH 3, 4, 5, 

6, 7, 8, 9, 10, 11 or 12) were added sequentially at a constant flow rate (0.3 mL/min). The 

frequency changes (Δf) and dissipation changes (ΔD) in water were then recorded, and 
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presented in the following using the uncoated sensor as reference. The obtained frequency 

and dissipation differences measured between uncoated and polymer-coated sensors were 

defined as Δffilm and ΔDfilm, respectively. The Δf and ΔD data were analyzed using QTools 

v3.1.24 software.  

Settlement of spores of Ulva. The zoospore settlement assays followed a published protocol 

(Callow et al. 1997). Reproductive plants of the marine alga U. linza were collected from 

Llantwit Major beach, Wales, UK (51.3961N; 3.5015W). Plants of U. lactuca were 

collected from a site near the Sven Lovén Centre for Marine Sciences, Tjärnö, Sweden 

(58.8625N; 11.1308E). The motile spores were released and the concentration adjusted to 

OD600nm = 0.15 (1.0 x 106 spores ml-1) using filtered ASW. Three replicates of PDMAEMA, 

EG6 SAM, CH3 SAM, and Nexterion glass controls were placed separately in polystyrene 

Quadriperm dishes (Greiner Bio-One Ltd.) and equilibrated for 1 h in filtered ASW prior 

to the assay. After removing the ASW, 10 ml of spore suspension were added to each well, 

followed by incubation for 45 min in the dark at room temperature. After washing with 

filtered ASW, the samples were fixed in 10 ml of 2.5% glutaraldehyde in filtered ASW for 

20 min at room temperature. The samples were then washed in sequence with filtered 

ASW, filtered ASW/deionized water (1:1 volume ratio), deionized water and finally air-

dried. The number of settled (adhered) spores was determined by chlorophyll 

autofluorescence using an AxioVision 4 image analysis attached to a Zeiss epifluorescence 

microscopy (20 x objective; λex/em 546 and 590 nm, respectively) and a video camera. A 

total of 30 fields of view, each taken at 1 mm intervals along the slide, was counted for 

each of the three replicates. 

Observations of pseudosettled spores of Ulva. Pseudosettlement of spores on PDMAEMA 

was analyzed quantitatively by using an inverted optical microscope. For the quantitative 

analysis, 10 images of settled spores were acquired randomly on each replicate, and each 

type of spore counted manually. Normally settled spores are characterized by rounded 

shape, while pseudosettled spores are characterized by a pear-shape with unretracted 

flagella (characteristic of motile spores), and disrupted spores are irregularly shaped 

‘attached’ spores. Qualitative analysis of the pseudosettled spores was made from images 
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obtained on a Phenom desktop scanning electron microscope (SEM) (FEI, Eindhoven, 

Netherlands).  

Growth of sporelings of Ulva. The reproductive plants of U. linza for the sporeling growth 

assay were collected from Boulmer, England, UK (55.4398N; 1.5893W) and U. lactuca 

were collected as above. The collected plants were transported overnight in seawater from 

the collection sites to Linköping. Spores were released and allowed to settle on the test 

surfaces as described in the previous section. Ten ml of enriched seawater medium (Starr 

& Zeikus 1993) were added to each dish compartment. The dishes were incubated at 23 °C 

with a 16 h:8 h, light:dark cycle. The medium was replaced after 24 h and then every 2 

days. The sporelings (young plants) were harvested by scraping with a razor blade after 3 

or 8 days incubation. Biomass was determined by extraction of chlorophyll in DMSO 

(Pettitt et al. 2004). The amount of extracted chlorophyll a was determined 

spectrophotometrically (using absorptions at 664 and 647 nm) via the Jeffrey and 

Humphrey equation (Jeffrey & Humphrey 1975). 

Statistical analysis. The settlement densities of spores are presented as the number of 

settled spores per mm2 with 95% confidence limits. Sporeling growth on PDMAEMA is 

presented as the biomass, as inferred from the chlorophyll a content, and also scaled with 

the settlement data. Error bars represent the standard deviation from 3 replicates of each 

sample. Statistical analysis of spores settlement and sporelings data for U. linza was carried 

out using Minitab 16 statistical software, One way Analysis of Variance (ANOVA) with α 

= 5% and Tukey's HSD Post-hoc tests were performed to determine the difference between 

samples. Values were considered significantly different from each other when p-value (p) 

< 0.05.  

 

Results and Discussion 

Polymer preparation and characterization. 

PDMAEMA homopolymer was prepared via SI-ATRP (Figure 1) to about 100 Å thickness, 

after one hour polymerization in a water-methanol mixture (1:1 v/v). This reaction rate is 

relatively slow compared to other hydrophilic polymers, such as PEG-based materials, due 
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to the poor solubility of DMAEMA in water at neutral pH. Ellipsometric dry thicknesses 

of the used coatings are included in Table 1. The wettability of PDMAEMA was 

determined by contact angles measured both on dry (in air) and hydrated films (under MQ 

water and in ASW). As shown in Table 1, the MQ water contact angle on PDMAEMA at 

pH 7 (MQ water adjusted to pH 7) was approximately 74° in air, indicating that the 

interaction between PDMAEMA and water was relatively weak. The underwater (captive 

bubble) contact angle was 134°. Due to the inverse geometry, this can be compared to the 

contact angle in air if subtracted from 180°, resulting in an angle of 180°-134° = 46°. This 

is considerably lower than the air contact angle, indicating that the surface is strongly 

hydrated and/or swollen upon immersion in water, and that it likely exposes different 

functional groups at the interface in the two environments. The captive-bubble contact 

angle of hydrated PDMAEMA in ASW (pH 8.2) was 121°, giving 59° after subtraction 

from 180°, indicating a wettability between that in air and in MQ water at pH 7. This lower 

underwater angle at higher pH and salinity, might be a result of dehydration of PDMAEMA 

by the strong electrolyte and increased hydrophobicity due to a reduced number of ionized 

dimethylammonium groups. Surface energy measurements showed lower surface energy 

of hydrated PDMAEMA than that of glass and the EG6 SAM, but still higher than the 

hydrophobic CH3 SAM.  

The FT-IRAS spectra of PDMAEMA and the initiator SAM (Figure 2) confirmed that 

DMAEMA was successfully polymerized onto the initiator surfaces. Asymmetric and 

symmetric C-H stretching bands of CH2 and CH3 were observed at 2962-2846 cm-1 in both, 

the initiator SAM and the PDMAEMA spectra. C-H stretching vibrations of tertiary 

dimethyl amine (-N-(CH3)2) was observed at 2822 and 2770 cm-1 and were absent in the 

initiator SAM spectrum, indicating the presence of DMAEMA on the surface. There is also 

an associated increase in the number and intensity of methyl and methylene deformation 

modes in the range 1500-1350 cm-1. A prominent ester carbonyl stretching vibration in the 

PDMAEMA was observed at 1736 cm-1, whereas the corresponding absorption for the 

initiator SAM occurs at 1738 cm-1, and at a considerably lower intensity (note the 

differences in scale between the spectra in Figure 2). Furthermore, skeletal C-O-C 

vibrations of PDMAEMA and initiator SAM were found over 1100-1170 cm-1. C-N 

stretching vibration was observed at 1154 cm-1 in PDMAEMA and was absent in the 
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initiator-SAM spectrum. The broad O-H stretching band in the initiator SAM, extending 

over 3500-3100 cm-1 due to hydrogen bonding, is present also in PDMAEMA, but not 

clearly visible in Figure 2 due to the scale difference. We also note the absence of the C=C 

stretching of unreacted methacrylate in the PDMAEMA spectrum, which would be 

expected at 1640-1630 cm-1. Overall, these results are consistent with successful grafting 

of PDMAEMA from the initiator SAM.  

The polymer brushes have not been characterized with respect to chain length and 

grafting density. Literature in the field (Timofeeva & Kleshcheva 2011) indicates that 

many other parameters, such as local surface density and distribution of charged groups 

(Huang et al. 2008), total grafted amount (Huang et al. 2007), as well as steric availability 

due to pH changes  (Jia et al. 2012, Yandi et al. 2016) affect the biocidal activity. Other 

studies found that the killing efficiency of cationic surfaces was independent of both 

polymer layer thickness and grafting density (Madkour et al. 2009), and a more detailed 

characterization of possible effects of chain length and grafting density on the antialgal 

effects has thus been left for future studies. 

The stability of the PDMAEMA coatings were tested by immersion in MQ water and 

filtered ASW for 14 days. Storage under MQ water did not result in any significant changes 

in the IRAS spectra, whereas ASW induced a slight redistribution of peak intensities 

already after 1 day, but which did not change further during 14 days of monitoring (see the 

Supplemental Material for details). We believe that these changes result from interactions 

of ions from the ASW with the polymer, which cannot be washed out. 

 

Settlement of spores of Ulva and microscopic observations of settled spores. 

To study the interactions of zoospores of the marine algae U. linza and U. lactuca with 

different surface chemistries, settlement assays were performed on PDMAEMA, EG6 

SAMs, CH3 SAMs and glass slides. The density of settled (ie total attached) spores was 

found to differ significantly with surface type (ANOVA, p < 0.05). High settlement of 

spores was found on CH3 SAMs, glass and PDMAEMA, and only very few spores settled 

on the EG6 SAM surface (Figure 3). More precisely and considering both algal species, the 

settlement density was significantly the highest on CH3 SAMs and the lowest on EG6 
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SAMs while the results between glass and PDMAEMA were significantly different for U. 

lactuca but not for U. linza (Tukey’s pairwise comparisons, p < 0.05). The results for the 

SAMs and glass substrates are in good agreement with previously published data (Callow 

et al. 2000, Schilp et al. 2007), and the high settlement onto PDMAEMA is consistent with 

our previous results (Yandi et al. 2016), and results from other cationic surfaces (Park et 

al. 2010). The general characteristics of the spores attached onto PDMAEMA and CH3 

SAMs, as observed under a fluorescence microscope, are compared in Figure 4. On 

PDMAEMA, attached spores were bright and distributed as single cells, or as small clusters 

of cells. A large number of single spores with weak fluorescence intensity was also 

observed in some areas. These “shaded” spores were later confirmed by scanning electron 

microscopy (SEM) to be remnants of ruptured spores (Figure 5). In contrast to 

PDMAEMA, the settlement of spores on the hydrophobic CH3 SAM was characterized by 

aggregation, with most spores being found in clumps on the surface, with a smaller number 

present as single spores. Settlement was overall high on both CH3 SAMs and PDMAEMA 

surfaces, but it is likely that the reason for the high settlement is different for the two 

surfaces. It is known that zoospores of Ulva have a settlement preference for hydrophobic 

surfaces (Callow et al. 2000, Finlay et al. 2002), explaining the result on the CH3 SAM, 

and previous tests also show high settlement onto PDMAEMA surfaces (Yandi et al. 2016), 

though in the latter case direct electrostatic attraction between the negatively charged spore 

and the surface is thought to be a major reason, as has also been discussed on other types 

of cationic surfaces (Ederth et al. 2008, Ederth et al. 2009). However, since the settlement 

assay was performed in ASW at pH 8.2, where the charge of PDMAEMA is likely to be 

reduced due to partial deprotonation of DMAEMA segments (see further discussion on this 

below), hydrophobic interactions might also contribute to the high settlement. 

To better understand the process of settlement of spores on the cationic PDMAEMA 

surface, samples with attached spores were analyzed by both light microscopy and SEM. 

Beside the rounded shape of normally settled spores, we observed pseudosettlement, 

resulting in pyriform, irregular, or disrupted spores, and also detached flagella (Figure 5). 

From assessment under the light microscope, the density of attached spores was divided 

into three categories, ie, normal settled spores having a rounded shape and withdrawn 

flagella; pseudosettled spores, where the attached spores are pyriform, apparently attached 
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side-on to the surface, sometimes still retaining the flagella; and disrupted cells, where the 

spore shape is irregular and fluorescence weak. It was assessed that around 60% of spores 

were normally settled spores, 21% attached as ‘pseudosettled’ spores and 19% were found 

as disrupted cells. 

The settlement of the motile Ulva spore starts with exploration of the surface during 

which, the ‘naked’ spore (ie the spore is only bounded by a lipoprotein plasma membrane) 

attaches to the surface via its apical papilla, and undergoes rapid ‘top-like’ spinning. The 

spore may then detach and undergo further surface exploration, or may commit to 

permanent settlement. In the latter case, retraction of flagella and adhesive secretion 

initiates the irreversible permanent settlement as a non-motile round-shaped spore (Figure 

6a), (Callow & Callow 2006). The attached spore also secretes a polysaccharide-rich cell 

wall.  We hypothesize that positive charges on the PDMAEMA could lead to attractive 

electrostatic interactions with the negatively charged spore membrane, and that this 

attraction causes the spore body to attach directly, and sometimes side-on, to the cationic 

PDMAEMA surface (Figure 6b), leading to pseudosettlement, ie adhering to the surface 

without undergoing the normal morphological transformation associated with settlement. 

Since the flagella are also surrounded by the plasma membrane, contact between the 

surface and one or more of the four flagella probably accounts for the detached flagella 

seen in Figure 5. Only around 20 percent of the spores were found to be attached to 

PDMAEMA via such pseudosettlement, which is much lower than what was found on 

cationic peptide SAMs, where 50 percent pseudosettlement was observed (Ederth et al. 

2008). In ASW at pH 8.2, PDMAEMA is partially ionized and behaves like an amphiphilic 

polymer due to the presence of hydrophobic segments (Liu et al. 2007). The hydrophobic 

character might enhance the settlement of spores, due to a positive correlation between 

settlement and hydrophobicity (Callow et al. 2000). The lower frequency of pseudosettled 

spores, compared to the cationic peptide SAMs, could be a result of lower cationic surface 

charge. Detached flagella on the PDMAEMA indicate electrostatic (possibly in 

combination with hydrophobic) entrapment of flagella on the polymer surface during 

exploration (Figure 6d). Disruption of attached spores (Figure 6c) might be a result of direct 

interaction of the spore membrane with the cationic surface, similar to the mechanisms that 
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give PDMAEMA antimicrobial activity (a more detailed discussion on this issue follows 

below). These types of pseudosettlement of Ulva spores have so far been reported only on 

some types of cationic surfaces (Ederth et al. 2008, Ederth et al. 2009, Yandi et al. 2016), 

and it seems reasonable to assume that this is driven mainly by electrostatic interactions. 

After attachment to the surface, it is possible that electrostatic and/or hydrophobic 

interactions with the polymer leads to the disruption of the spore membrane, and release of 

cellular material, leaving behind residues with reduced fluorescence intensity and deflated 

morphology, as observed in Figure 4 and Figure 5 (Huang et al. 2008, Rawlinson et al. 

2010). Hydrophobic interactions act over distances of the order of the length of hydrogen 

bonds, and in ASW, where the Debye screening length is a few Å, electrostatic forces are 

significant only over similar distances. For these interactions to be relevant to the disruption 

of the spore membrane, the spores have to be in contact with the surface. Once within reach 

of the polymer chains, the spore membrane might be disrupted by penetration or 

partitioning of the polymer chains into it, or by extraction of anionic membrane 

components. Note that this interaction is distinctly different from the possible role of 

cationic residues in the settlement process, as has been discussed in previous papers, where 

effects on spore swimming activity in the volume of seawater above cationic surfaces have 

been observed (Vater et al. 2015). 

However, the physical state of PDMAEMA changes dramatically with protonation of 

the amino groups, and thus varies with the pH. In order to assess the state of the 

PDMAEMA layer at the pH of seawater (8.2), we have investigated the physicochemical 

properties of PDMAEMA over a wider range of pH values. 

 

Hydration, swelling and wettability of PDMAEMA at different pH 

Interactions between ions and water molecules are important for the understanding of 

fouling and antifouling mechanisms of polyelectrolytes. An ion in water reorganizes 

surrounding water molecules, breaking the hydrogen bond network in the formation of a 

hydration shell, which could sometimes extend a few water molecules from the ion. 

Ammonium ions interact strong enough with water to re-organize the latter into a 

tetrahedrically coordinated hydration shell (Dang 1993). We have studied the hydration of 
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the ammonium ions in PDMAEMA at different pH with QCM-D. The resonance 

frequencies of crystals with PDMAEMA layers (Δffilm) change considerably with changes 

in pH (Figure 7a). An interpretation in terms of pH-dependent coupling or decoupling of 

water molecules in the PDMAEMA layer, leading to hydration or dehydration of the 

PDMAEMA film, is consistent with the pH-changes observed in previous experiments 

(Burillo et al. 2007, Lee et al. 2011). As the pH varies, the hydration of PDMAEMA is 

changed due to changes in the solvation of the ammonium ion, leading to strong 

coordination of water molecules in its protonated ionic state at low pH, but resulting in a 

hydrophobic moiety in its deprotonated state at high pH. This is confirmed by the QCM 

data in Figure 7a. In the highly acidic environment at pH 3, the hydration was high, due to 

full ionization of ammonium ions, as is evident from the large negative value of Δffilm and 

the large dissipation, indicating mass coupling to the surface. Under these conditions, fully 

cationized ammonium ions will coordinate water molecules around each side chain and 

cause swelling of the film. As the pH is increased to 5, there is a sharp increase in Δffilm, 

followed by a slower increase up to pH 10, as a result of the transition from full ionization 

to partial ionization of ammonium ions. A reduction in the number of protonated 

ammonium ions leads to loss of hydration, loss in adsorbed mass, and thus also a smaller 

frequency shift. In the highly basic environment at pH >10, the magnitude of Δffilm is small, 

showing that PDMAEMA remains collapsed and dehydrated as a result of deprotonation 

of ammonium ions. The deprotonation and the associated loss of the hydration shell is also 

accompanied by increased exposure of the terminating methyl groups on the polymer side 

chains, and hydrophobic interactions between these also allow for an increase in the inter-

chain stabilization of the polymer film.  

The swelling of a grafted polymer can be assessed by comparing the wet thickness 

(TW) obtained by modelling of the QCM-D data using a one-layer Voigt model, and the 

dry film thickness  (TD) measured by, for example, ellipsometry. This yields the swelling 

as 

Swelling (%) =  
TW − TD 

TD
x 100 % 

While this will not result in a quantitatively accurate measure of the swelling, due to the 

differences in the ‘thickness’ quantities that are obtained via ellipsometry and QCM 
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(Plunkett et al. 2003), it will still yield a qualitatively useful result. As is shown in Figure 

7b, swelling of PDMAEMA decreases upon increasing pH, supporting the view that water 

uptake at high pH is much less than at low pH, presumably due to loss of hydration, as 

mentioned above. This is further supported by viscoelastic modelling of the data at different 

pH values in the one-layer Voigt model. Both viscosity and elasticity of PDMAEMA 

decrease when pH is changed from acidic to basic (Figure 7c). The decrease of viscosity is 

moderate in relative terms, about 10%, while the loss of elasticity is more dramatic, near 

95%. Again, this results from de-coupling of water molecules around the cations as a result 

of deprotonation of ammonium ions under basic conditions, leading to increased inter- and 

intrachain interactions, effectively acting as weak (non-covalent) crosslinking. The 

incomplete decrease in viscosity at pH 8.2 supports the view that the polymer retains a 

considerable fraction of water in the polymer, presumably trapped as hydration water 

surrounding charged residues. 

The wettability of hydrated PDMAEMA was studied by underwater captive bubble 

contact angle measurements at different pH. The underwater contact angle of hydrated 

PDMAEMA varies from 144° in a highly acidic environment to 124° in the basic 

environment when pH > 10 (Figure 7b). Deducing these angles from 180° to obtain angles 

comparable to sessile drop measurements, this is a change from 36° at low pH to 56° at 

high pH, showing that the wettability of hydrated PDMAEMA is decreasing as the pH is 

increasing. Such a change might be a result of reorganization of the polymer near the 

interface as the environmental conditions are varied, but in view of the considerable change 

in swelling with pH, it is more likely in this case that this results from the change in the 

interaction between water molecules and ammonium ions, and an ensuing increase in the 

number of exposed methyl groups at the interface, as described above. However, the 

wettability of hydrated PDMAEMA is still much higher than that of the CH3 SAM surface 

(underwater CA 56° ± 2), even at the highest pH (12), due to the presence of acrylate 

oxygen moieties and the amine groups, which are still more polar than the CH3 acyl chains. 

Summarizing the results in Figure 7, we find that the PDMAEMA layer is dehydrated at 

pH 8.2, but not totally collapsed, indicating that the polymer still retains charged (polar) 

residues at the pH of the ASW. This is in agreement with published results for PDMAEMA, 

showing that at pH 8.2, the degree of ionization is approximately 10%, which increases 
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slightly with salinity due to reduced interaction between charged residues ( Lee et al. 2011). 

Reported pKa values of about 8 (Bruining et al. 2000) and low, but positive, zeta-potentials 

of approximately +10 mV at pH 8.2 (Chen et al. 2013) are also consistent with our findings. 

Hence, with a large fraction of neutralized amino residues, there is likely to be a 

hydrophobic contribution that promotes spore attachment, in addition to the direct 

electrostatic attraction between the oppositely charged surface and the algal cell membrane.  

 

Inhibition of the growth of sporelings of Ulva 

After spore settlement the permanently adhered, unicellular spore of Ulva spp. germinates 

to produce multicellular sporelings (young plants). The growth of such sporelings of U. 

linza and U. lactuca, on PDMAEMA, CH3 SAMs, EG6 SAMs and glass was studied, and 

the biomass assessed by measurements of the chlorophyll a content after incubation for 3 

and 8 days in enriched seawater, with the outcome shown in Figure 8. Overall, the trends 

between different samples were very similar for the two algal species, though there is a 

systematic difference in the absolute biomass since the highest biomass was obtained with 

U. lactuca on all the surfaces tested. Nested ANOVA analysis confirms significant 

differences between the samples (p < 0.05), and all measured biomasses after 3 days were 

significantly different from each other. Biomasses measured after 8 days were also 

significantly different from each other, with the exception of the results for glass and CH3 

SAM samples for U. lactuca after 8 days of sporelings growth, which were not 

distinguishable (Tukey’s pairwise comparisons, p < 0.05). 

Despite the high settlement of spores onto the PDMAEMA samples, sporeling growth 

was limited, and was significantly lower than on the CH3 SAM and the glass substrates. 

Taking into account that the numbers of settled spores were different on the samples, we 

normalized the biomass with the spore settlement density, and obtained the amount of 

chlorophyll a per settled spore, shown in Figure 9. From this figure, it is clear that both the 

generated biomass per spore after 3 days was lower on PDMAEMA than for any other 

substrate, and also that the growth was slower, as indicated by shown percentage increases 

between 3 and 8 days. The spore density used for PDMAEMA in Figure 9 is the total 

number of spores, but taking into account also that only about 60% of the spores on 
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PDMAEMA were settled normally and thus have the potential for germination and growth, 

it is still clear that sporeling growth was severely restricted on this material. The dashed 

lines over the results for PDMAEMA in Figure 9 show the biomasses obtained if the actual 

results are compensated for the reduced number of normally settled spores (ie divided by 

60%). This demonstrates that although PDMAEMA induces massive spore settlement, this 

surface is unfavorable for the development and growth of spores into sporelings. Krishnan 

et al demonstrated that pyridinium polymers with fluorinated side-chains inhibit the growth 

of sporelings of U. linza (Krishnan et al. 2005), and Park et al. made a similar observation 

on semi-fluorinated quaternized triblock copolymers (Park et al. 2010). The toxicity of 

quaternary ammonium compounds is well documented (Tischer et al. 2012), but Park 

suggested that the growth inhibition might be caused by the high density of settled spores, 

competing for space and nutrients, on the tested samples. Our data show that this does not 

explain the results for PDMAEMA, since both glass and the CH3-terminated samples had 

similar, or higher, spore densities, but nevertheless had much higher sporeling biomass, 

demonstrating that the inhibition in the growth was a result of the surface. However, we do 

not know yet whether the reduced sporeling biomass on PDMAEMA was actually caused 

by inhibition, or due to killing of the spores. Normal morphogenesis and growth of 

sporelings of Ulva species have been shown to require the presence of naturally occurring 

bacteria (Marshall et al. 2006). It is therefore also possible that an anti-bacterial action of 

the surface could have resulted in the loss of beneficial bacteria resulting in a retarded 

sporeling growth rate. Bacteria would also proliferate where there are damaged (dead) cells, 

and this would impact the development of ‘normal’ spores on this surface. 

 

Possible mechanisms of action regarding antialgal activity of PDMAEMA 

The literature on contact-active cationic macromolecules for antimicrobial purposes is 

extensive (see eg Timofeeva (Timofeeva & Kleshcheva 2011) or Muñoz-Bonilla (Muñoz-

Bonilla & Fernández-García 2012) for reviews). Cationic materials have been developed 

that are effective against Gram-positive and Gram-negative bacteria, viruses, yeast and 

other fungi (Muñoz-Bonilla & Fernández-García 2012), despite the very different cell 

envelopes of these microbial families. Few studies on materials with algicidal contact 
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activity are available, but there are examples of bactericidal coatings which have been 

tested on diatoms, with no algicidal effects (Kugel et al. 2009, Park et al. 2010). Diatoms 

are microalgae enclosed in a silica cell wall, the frustule, and it appears that this provides 

efficient shelter against non-leaching, contact-active, coatings. However a number of other 

studies have suggested that it is difficult to generalize such effects. Pranantyo et al. 

(Pranantyo et al. 2015) demonstrated reduced attachment density of the diatom Amphora 

coffeaformis on cationic poly[2-(methacryloyloxy) ethyl]trimethylammonium chloride 

surfaces and Subramanyam et al. demonstrated that benzaldehyde derivatives 

copolymerized with methyl methacrylate had contact toxicity against microalgae, 

including the diatoms Amphora coffeaeformis and Navicula incerta (Subramanyam et al. 

2009). Two previous studies have shown inhibitory effects of cationic polymers on U. linza 

sporeling growth, but in contrast to our data, neither reported any contact activity that 

immediately affected zoospore viability (Krishnan et al. 2005, Park et al. 2010). Ye et al 

(Ye et al. 2012) reported that, depending on the counter-ion, some cationic brushes of 

poly[2-(methacryloyloxy)ethyl]trimethylammonium chloride on titanium increased 

attachment of unicells of the green alga Chlorella.  However, the relevance of this to the 

present study is not clear since although both Chlorella and Ulva are members of the 

Chlorophyta, unlike Ulva spp. which require adhesion of motile spores to a solid surface 

to complete their life cycle, the non-motile cells of Chlorella are essentially planktonic and 

do not exhibit a specific adhesion phase in their life history. Furthermore, unlike spores of 

Ulva spp., cells of Chlorella are surrounded by a polysaccharide-rich cell wall (Northcote 

et al. 1958). 

The mechanisms by which cationic polymers lead to cell death are poorly understood, 

and in some cases it is not even clear whether the effect is merely inhibitory. A number of 

mechanisms have been suggested to account for the antimicrobial properties of cationic 

materials, most involve membrane rupture via penetration of polymer chains or by 

exchange of divalent membrane cations (Timofeeva & Kleshcheva 2011), through 

extraction of phospholipids from the membrane (the ‘phospholipid sponge effect’) (Bieser 

& Tiller 2011), or indirectly by triggering cell death mechanisms (Hilpert et al. 2009). It is 

clear that factors such as charge density, chain mobility, molecular weight and 

hydrophobicity affect the performance of the polymers. Specifically, a study where the 
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chain length and grafting density of quaternized PDMAEMA were varied, highlighted the 

role of surface charge density (Murata et al. 2007). Rawlinson et al. found that PDMAEMA 

was active against Gram-positive bacteria near its pKa and at lower pH, and against Gram-

negative bacteria around its pKa and at higher pH values (Rawlinson et al. 2010). Clearly, 

environmental parameters should be added to the parameter space, in addition to microbe 

species and polymer properties.  

For our purposes, it is relevant to establish to what extent the membrane compositions 

of green algae differ from those of the microbes that are the usual targets for antimicrobial 

coatings. Ulva spores do not have a cell wall, but expose the lipoprotein plasma membrane 

to the surroundings, though little is known about the exterior of this membrane. 

Glycoconjugates of U. flexuosa and U. fasciata have been determined and compared, 

finding primarily mannose and glucose moieties on the plasma membrane (Michael 2009), 

and these glycoconjugates are likely to provide a weaker barrier to macromolecular 

penetration than the outer membranes or the peptidoglycan envelopes in bacteria. Total 

lipid content of Enteromorpha intestinalis (=Ulva intestinalis) has been determined (Jones 

& Harwood 1993), showing that glycosylglycerides form 75% of the acyl lipids, and with 

phosphatidylglycerol being the only important phospholipid. Glycosylglycerides constitute 

a major group of glycolipids in both plants and microorganisms, including Gram-positive, 

Gram-negative, and also some photosynthetic bacteria, but are not common in animals. 

This points to some – albeit superficial – similarities between the membranes of algal 

spores and microorganisms. However, phosphatidylglycerol is an anionic lipid, adding 

negative charge to the membrane. The negative charge of U. linza spore membranes was 

established via measurement of the zeta potential, yielding –19 mV (Rosenhahn et al. 2009). 

Since the negative surface charge is the primary source of selectivity between the 

membranes of microbes and mammalian cells, we speculate that the mechanisms of 

antialgal action might be found among those also suggested for antimicrobial action. 

However, we do not yet have any data indicating whether any of the mechanisms proposed 

for microbes are more probable than any other, but anticipate that further work will 

enlighten this issue. 
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Conclusions 

We investigated the antialgal activity of brushes of the polymer poly(2-

(dimethylamino)ethyl methacrylate), which is weakly cationic at the pH of ASW, and use 

methyl- and oligoethyl-terminated SAMs, as well as glass surfaces, for comparisons. Using 

zoospores of U. linza and U. lactuca, we performed settlement and sporeling growth 

assays, to investigate the spore settlement behaviour, and sporelings growth inhibition. 

Results were very similar for both species of Ulva. While spore settlement onto the cationic 

PDMAEMA polymer brushes was high, a large portion of the spores on the surface was 

clearly disrupted, or otherwise pseudosettled, which was not observed on the other 

materials, demonstrating that the PDMAEMA interferes with the settlement process of 

Ulva zoospores. We hypothesize that this is related to a combination of electrostatic and 

hydrophobic interactions with the cationic polymer brush, which is partially dehydrated at 

the pH of seawater (8.2) and thus rendered partially hydrophobic through deprotonation of 

the dimethyl amine groups. We also demonstrate that PDMAEMA inhibits the growth of 

sporelings of both algal species. The sporeling biomass after a 3-day growth period was 

significantly lower on PDMAEMA than on hydrophobic CH3 SAM and glass, though 

settlement was similar, or higher, on these substrates. Scaling the biomass to the number 

of settled spores on each surface, we still find that the biomass was, by far, the lowest on 

the PDMAEMA surfaces, and also that growth between 3 and 8 days was much slower on 

this surface. Hence, we conclude that PDMAEMA brushes have antialgal activity against 

Ulva, in that it has the capacity to both kill zoospores that come into contact with the 

brushes, and to also inhibit growth of spores that have settled normally. We foresee that 

through further development, contact-active antialgal coatings would be a future 

possibility. 
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Supplemental Material 

FT-IRAS data on the stability of PDMAEMA in ASW and MQ water, and XPS data for a 

PDMAEMA brush, are available in the Supplemental Material. 
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Figure 1. a) Synthesis of cationic PDMAEMA via surface-initiated atom transfer radical 

polymerization (SI-ATRP). b) Structure of the molecules used for self-assembled 

monolayers; methyl terminated (CH3) and oligo ethylene glycol (EG6) terminated. 
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Figure 2. Infrared reflection-absorption spectra of PDMAEMA and the initiator SAM. 

Note the difference in scale between the two spectra. 
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Figure 3. Settlement of a) U. linza and b) U. lactuca zoospores onto cationic 

PDMAEMA brushes, hydrophobic CH3 SAMs, glass slides and the EG6 SAMs, obtained 

from the count of three replicate slides (n = 90). Error bars represent ± 2 x SE. Similar 

letters (a-d) indicate data points that do not differ significantly from each other at p < 

0.05. 
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Figure 4. Epifluorescence microscopy images illustrating attached spores of U. linza on 

cationic PDMAEMA (A) and hydrophobic CH3 SAM (B). Some spores on PDMAEMA 

have irregular shapes and fluoresce weakly (a few of these are indicated with arrows), in 

contrast to the spores on the CH3 SAM, which have uniform rounded shape and are 

brighter. 
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Figure 5. SEM image of U. linza spores attached onto the PDMAEMA polymer brush. 

(A) Normally settled spores have rounded shape and have retracted flagella; (B) 

pseudosettled spores are pear-shaped, still have flagella and appear to have attached side-

on; (C) disrupted spores have irregular shapes; (D) detached flagella from disrupted 

spores are also present on the surface. 
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Figure 6. Illustration of the observed types of settlement of spores onto PDMAEMA 

brushes; (a) normal settlement; (b) side-on pseudosettlement; (c) disrupted spore with 

irregular shape and with cell contents partially released; (d) flagella entrapment without 

remaining spore body. 
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[Cont.] 

Figure 7. (a) Changes in frequency (Δffilm) and dissipation (ΔDfilm) of a hydrated 

PDMAEMA film at different pH, as measured by QCM-D, relative to the values obtained 

on a substrate without the polymer. (b) The data were modelled by a one-layer 

viscoelastic Voigt model, to yield the swelling at different pH values, ie the change in 

thickness relative to the ellipsometric thickness of a PDMAEMA film measured in air. 

Also in this graph is the captive bubble contact angle, representing the wettability of the 

hydrated PDMAEMA film in different pH environments. Arrows indicate the ordinate 

corresponding to each curve. (c) Viscosity and elasticity of a hydrated PDMAEMA film 

at different environmental pH conditions, as obtained by modelling the QCM-D data 

using a one-layer viscoelastic Voigt model. 
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Figure 8. Sporelings biomass of the marine algae U. linza (a) and U. lactuca (b) on the 

tested samples, as determined by the chlorophyll a content, and measured after incubation 

for three and eight days in enriched seawater medium at 23º C. Error bars represent 

standard deviation from three measurements. Similar letters indicate data points that do 

not differ significantly from each other after 3 days (a-d) or after 8 days (e-h), at p < 0.05. 
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Figure 9. Sporelings biomass (as determined from the chlorophyll a content) scaled by 

the spore settlement data, giving the average chlorophyll a mass per settled spore, after 

three and eight days, respectively, for a) U. linza and b) U. lactuca. Percentages show the 

increase in biomass from day three to day eight for each sample. The dashed lines above 

the results for PDMAEMA corresponds to the biomasses obtained if the shown values are 

divided by 60%, that is, taking into account that only 60% of the zoospores on the 

PDMAEMA surfaces were normally settled. 
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Table 1. Physicochemical properties of the used surface chemistries, measured in air and 

in water. 

 
 

  

Sample 
Dry film  

thickness 
(Å) 

Sessile drop 

contact angle 

in air (o) 

Captive bubble 

contact angle 

in MQ water (o)  

Captive bubble 
contact angle 
in ASW (o) 

Captive droplet 
contact angle in 

n-octane (o) 

Surface  

free energy  

(mJ/m2) 

PDMAEMA 105 ± 2 74 ± 2  134 ±1  121±1 121±1 53 ±1  

CH3 SAM 

EG6 SAM 

19 ± 2 

38 ± 3 

105 ± 6 

50 ± 1 

58 ± 2 

141 ±1 

58±1 

140±1 

56 ± 2 

134 ± 2 

28 ±1 

58 ±1 

Glass - 48 ± 2 150 ± 1 150±1 152 ±1 63 ± 2 
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Stability of the PDMAEMA coatings. 

The stability of the PDMAEMA coatings were tested by prolonged immersion in Milli-Q 

(MQ) water and filtered artificial seawater (ASW), and monitoring by FT-IRAS. The 

samples were made with thicker polymer layers than used in the assays, to improve the 

signal-to-noise ratio, and allow for more accurate monitoring of small structural changes. 

After polymerization, samples were immersed in MQ water overnight (ca. 20 h) to leach 

out catalyst and unreacted monomers, then rinsed with MQ water, dried and investigated 

by IRAS. Thereafter, the samples were placed in either MQ water or ASW and left in the 

dark at room temperature. The samples were rinsed with MQ water, dried, and 

investigated by IRAS again after 1, 7 and 14 days (only spectra of the pristine, and after 1 

and 14 days’ immersion are shown in Figure S1). After each investigation, they were 

rinsed again with MQ water and returned into the respective solution. 

For the sample stored in MQ water, the variations in the total integrated area over the 

range 3100-900 cm-1 is within ±1% of the value for the pristine surface for all 

measurements (see Figure S1). For the sample stored in ASW, the corresponding 

integrated area is reduced by 4% after 1 day, accompanied by notable redistribution of 

intensities in the C–H-stretch region, the emergence of a weak shoulder at 1650 cm-1 near 

the carbonyl absorption, and an increase in intensities in the range 1100-960 cm-1, and 

slight reductions in peak intensities for the carbonyl, the higher-frequency C–H 

deformation bands, and the C–O–C and C–N modes between 1300 and 1150 cm-1. After 

14 days, the total integrated area has decreased with about 5% from that of the pristine 

sample, and spectra obtained after 1 and 14 days are very similar. The sudden decrease 

and redistribution of intensity after one day, and the negligible change upon further 

storage over 14 days, along with the absence of changes in MQ water, points to a change 

in the organization in the polymer due to interactions with ions in the ASW, rather than 

degradation of the polymer, as the reason for the observed changes. Further, both the 

surface selection rule and the fact that absorption strengths of vibrational modes may 

change (resulting in both increases and decreases) as the interactions and conformations 

in the polymer change, prohibits a direct translation of the change in total integrated 

intensity, into a change in the amount of polymer. Overall, the observed changes are 

small, and we conclude that PDMAEMA is stable for the assays presented in this 



41 
 

manuscript. This is also consistent with literature data, supporting the stability of 

PDMAEMA over a wide pH range1, 2, whereas the structurally similar PDMAEA 

(poly(2-dimethylaminoethyl acrylate) is prone to self-catalyzed hydrolysis into 

poly(acrylic acid).3 

 

 

 
 
Figure S1. FT-IRAS spectra of PDMAEMA immersed in ASW (top) and MQ water 
(bottom), for pristine samples, and after 1 and 14 days of immersion, respectively. The 
thickness of the samples are indicated in parenthesis. 
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XPS analysis of the PDMAEMA layers 

 
The ATRP-prepared PDMEAMA films were tested for residual ions after overnight 

leaching in MQ water, i.e. the standard leaching procedure employed before use. Since 

copper ions are biocidal, remaining copper ions from the ATRP synthesis could 

potentially distort the algal assays. However, the cationic copper ions are easily rinsed 

away from the cationic polymer, as is confirmed by XPS data, which upon closer 

analysis, do not show any indication of residual copper in the regions where Cu2p peaks 

are expected, at 930-960 eV (Figure S2). There are also no peaks that can be associated 

with bromide, but there seem to be traces of chlorine ions in the film, as evidenced by 

peaks of very low intenstity at 198 eV (Cl2p) and 269 eV (Cl2s). Beside this, the 

spectrum is in good agreement with previously published spectra of PDMAEMA 

brushes.4 

 
 
 

 
 
Figure S2. XPS survey spectrum of the PDMAEMA brushes (spectrum kindly provided 
by Dr Susann Schmidt). 
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