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Abstract 

 

Understanding how surface physicochemical properties influence the settlement and 

adhesion of marine fouling organisms is important for the development of effective and 

environmentally benign marine antifouling coatings. We demonstrate that the thickness 

of random poly(HEMA-co-PEG10MA) copolymer brushes affect antifouling behaviour. 

Films of thicknesses ranging from 50 to 1000 Å were prepared via surface-initiated 

atom-transfer radical polymerization, and characterized using infrared spectroscopy, 

ellipsometry, atomic force microscopy and contact angle measurements. The fouling 

resistance of these films was investigated by protein adsorption, attachment of the 

marine bacterium Cobetia marina, settlement and strength of attachment tests of 

zoospores of the marine alga Ulva linza, and static immersion field tests. These assays 

show that the polymer film thickness influenced the antifouling performance, in that 

there is an optimum thickness range, 200-400 Å, where fouling of all types, as well as 

algal spore adhesion, was lower. Field test results also showed lower fouling within the 

same thickness range after two weeks’ immersion. Studies by quartz crystal 

microbalance with dissipation (QCM-D) and underwater captive bubble contact angle 

measurements show strong correlation between lower fouling and higher hydration, 

viscosity and surface energy of the poly(HEMA-co-PEG10MA) brushes at thicknesses 

around 200-400 Å. We hypothesize that the reduced antifouling performance is caused 

by a lower hydration capacity of the polymer for thinner films, and that entanglement 

and crowding in the film reduces the conformational freedom, hydration capacity, and 

fouling resistance for thicker films. 
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Introduction 

Marine biofouling is unwanted accumulation of marine microorganisms, plants, algae 

or animals on surfaces submerged in natural waters.1 This is a worldwide phenomenon 

and a major problem in marine industries due to its great economic and environmental 

impact. The speed of ships is significantly reduced by the presence of marine biofouling. 

It has been estimated that heavy calcareous biofouling on a ship hull could increase the 

required shaft power by 86 %, as compared to an equivalent vessel with smooth hull.2 

This power loss leads to increased fuel consumption, resulting in higher emission of 

COx, SOx and NOx which contributes to the destruction of the ozone layer, enhanced 

greenhouse effect and acid rain.3 In addition, marine biofouling is a significant problem 

in other marine-related industries, as fouling organisms also colonize and corrode 

immersed man-made surfaces on oceanographic instrumentation, power plant water 

intakes, heat exchangers and condensers, membrane bioreactors, aquaculture 

equipment and water desalination systems.4 The development of technologies to 

combat marine biofouling has taken place over 2000 years. Antifouling paints 

containing copper and toxic biocides have been considered as successful technologies 

over the last few decades, since they are broadly efficient against many fouling species.5 

However, the use of copper and certain biocides has been restricted through legislation 

due to environmental concerns.6 Recently, development of environmentally benign 

antifouling coatings has become an attractive and challenging issue in marine 

biofouling research.7  

Understanding how physicochemical properties of surfaces influence the 

attachment, adhesion and settlement of fouling organisms is essential for the 

development of new non-toxic antifouling technologies and in designing effective and 

environmentally benign antifouling coatings. To this end, fouling on well-defined and 
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carefully characterized surface chemistries, such as various oligoethylene glycol self-

assembled monolayers (OEG SAMs),8-9 peptide SAMs,10-11 saccharide SAMs12-13 and 

polymers14-16 and physicochemical properties such as wettability,9,17 surface energy,18-

19 roughness,20-21 thickness22 elastic modulus22-23 charge18,24 and several other 

properties25 have been studied intensively to understand the role of surface properties 

on the mechanisms responsible for settlement and adhesion of fouling organisms. 

In recent years, antifouling coatings based on hydrophilic polymers have received 

growing attention due to their promising potential as environmentally benign marine 

antifouling coatings.14, 26 Some properties of hydrophilic materials, such as softness and 

strong hydration are considered important for effective antifouling or low adhesion by 

fouling species. With regard to how the antifouling properties depend of coating 

thickness, this has been studied for protein adsorption in a number of systems, including 

early and fundamental work on poly(ethylene glycol) (PEG) coatings,27-28 and more 

recent work on both hydrophilic and zwitterionic polymers.29-30 With regard to marine 

fouling, in particular, there appears to be few studies on how polymer layer thicknesses 

influence fouling behavior, apart from the well-documented studies on the influence of 

polymer (PDMS) thickness at the scale of tens to hundreds of micrometres on the 

adhesion strength of macrofouling.22, 31   

In this work a series of random poly(HEMA-co-PEG10MA) copolymer films with 

thicknesses from 50 to 1000 Å have been prepared via surface-initiated atom transfer 

radical polymerization (SI-ATRP), and the influence of polymer thickness on 

antifouling performance against some marine fouling species was studied in detail. We 

also discuss how surface physicochemical properties such as surface hydration, 

polymer viscoelasticity and surface energy are influenced by variations in the polymer 

thickness. 
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The HEMA-co-PEG10MA random copolymer was selected in this study for 

several reasons. PEG brushes have excellent antifouling properties, but are also subject 

to chemical degradation, and are thus unsuitable for many practical applications. A 

popular strategy for finding alternative materials with the antifouling properties of PEG, 

but with better stability, is to attach PEG side-chains to a more stable backbone, and we 

use PEG-based polymers graft co-polymerized onto substrates from PEG methacrylate 

mixtures for this purpose, and have shown that these polymers are suitable for biochip 

and biosensor applications in demanding biofluids, and also resistant to marine fouling 

organisms.14, 32 From previous work we have observed that HEMA-PEG10MA 

copolymers form layers with better antifouling properties and stability than 

homopolymers of either component.14, 32 Further, previous work33 on PEG10MA 

polymers indicate a faster decrease in growth rate than we obtain with poly(HEMA-co-

PEG10MA), and it thus seems easier to reach large film thicknesses using the copolymer 

blend. Finally, compared to the homopolymers of either HEMA or PEG10MA, the co-

polymer is significantly easier to polymerize using self-initiated photografting and 

photopolymerization, a method that we have used in several previous studies,14, 32 and 

comparison of results across preparation methods with the same polymer composition 

will facilitate understanding of the antifouling properties of these coatings. 

Materials and Methods 

Materials. 2-Hydroxyethyl methacrylate (HEMA), polyethylene glycol methacrylate 

(PEG10MA), Copper (I) bromide (99.999%), 2,2-bipyridine (BPY, 99%) and fibrinogen 

were purchased from Sigma-Aldrich Sweden AB. α-bromoisobutyrate-11-mercapto-

undecane (ProChimia, Poland) was used to form initiator-layer SAMs. Hexadecanethiol 

was obtained from Fluka. All biological evaluation experiments were carried out using 

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



 7 

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 water) and adjusting to pH 7.4.  

Preparation of initiator layers. Glass substrates were coated with titanium (25 Å, 

adhesion-promoting layer) and gold (300 Å) by electron-beam evaporation under 

vacuum. Before immobilization of the initiator, the gold-coated glass substrates were 

cleaned in TL1 solution (1:1:5 proportions of 25% NH3, 30% H2O2, and Milli-Q water 

for 10 min at 85°C) washed with Milli-Q water several times and dried in an N2 stream. 

Cleaned gold substrates were then immersed in 50 µM of α-bromoisobutyrate-11-

mercapto-undecane in ethanol solution for 24 h to form the initiator layer for SI-ATRP. 

Before use, the SAM-coated gold substrates were rinsed in sequence with ethanol and 

water and then dried in N2 stream. Methyl-terminated hexadecanethiol SAMs 

(henceforth referred to as CH3 SAMs) were prepared from 50 µM solutions in ethanol, 

as above. 

Preparation of poly(HEMA-co-PEG10MA) films. Different thicknesses  of random 

copolymer poly(HEMA-co-PEG10MA) brushes were prepared via the surface-initiated 

atom transfer radical polymerization (SI-ATRP) method (shown in Figure 1) which has 

been reported previously.34-36 Briefly, the reaction solution of 2.41 mM copper bromide 

and 4.68 mM 2,2'-Bipyridine  was placed in a sealed glass reactor in a glove box under 

N2 atmosphere. Then, 200 mM of degassed HEMA and PEG10MA (molar ratio 1:1) 

solution in a mixing solvent (Milli-Q water and methanol at a 1:1 volume ratio) was 

transferred to the reactor. Gold surfaces with immobilized initiator-SAMs were then 

placed into the reactor under N2 protection at room temperature (20°C) (Figure 1). To 

obtain the different thicknesses, various SI-ATRP polymerization times were used. 

After polymerization, samples were removed and rinsed with water and methanol and 



 8 

the samples were kept in water overnight to leach out chemical residues and unbound 

monomers.  

 

 

Figure 1. Preparation of poly(HEMA-co-PEG10MA) onto an initiator-immobilized 

gold surface (top) via surface-initiated atom transfer radical polymerization (SI-ATRP). 

 

Polymer characterization. The chemical structure of poly(HEMA-co-PEG10MA) was 

characterized by Fourier-transform infrared reflection-absorption spectroscopy (FT-

IRAS) 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 of poly(HEMA-co-PEG10MA) were determined by 

ellipsometric measurement, using a Rudolph Research AutoEL with a HeNe laser 

(632.8 nm) at an angle of incidence of 70°. The refractive indices of the cleaned gold 

substrates were measured prior to sample preparation. A three-layer optical model 

(ambient/organic film/gold) was used to determine polymer film thickness, assuming 

an isotropic, transparent organic layer with a refractive index of n= 1.5. The polymer 
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film thickness was calculated as an average of measurements at five different spots for 

each sample for each compound. To evaluate the surface wettability of poly(HEMA-

co-PEG10MA) coatings, static and dynamic (advancing and receding) water contact 

angles were measured using a CAM 200 Optical Contact Angle Meter (KSV 

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

water droplet were measured on each surface. Advancing and receding contact angles 

were measured upon expanding and reducing the volume of the water droplet. A 

NanoScope IVa Dimension 3100 SPM (Veeco Instruments, Inc., USA) Atomic Force 

Microscope (AFM) was used to determine the surface topography of poly(HEMA-co-

PEG10MA) at four different thicknesses (50, 200, 600 and 1000 Å). The data were 

acquired in tapping mode in air over an area 5x5 µm2 with an acquisition rate of 1 Hz.  

Polymer stability test. To evaluate the stability of polymer brushes in seawater, six 

different thicknesses (50, 100, 200, 400, 600 and 1000 Å) of poly(HEMA-co-PEG10MA) 

were incubated in artificial seawater (ASW) for one week and three months, 

respectively: this was done at 5° C to avoid the growth of bacteria. ASW was prepared 

by dissolving sodium chloride (24.5 g), sodium sulfate (4.1 g), magnesium chloride 

hexahydrate (11.1 g), calcium chloride dihydrate (1.5 g), and potassium chloride (0.7 

g) in one liter of Milli-Q water. The solution was adjusted to pH 8.2 with 0.1 M NaOH, 

and subsequently filtered with a 0.2 µm filter (Nalgene, USA). Prior to incubation, 

water contact angles and ellipsometric thicknesses of samples were measured. After 

one week or three months the samples were washed several times with Milli-Q water 

to remove remaining salts on the surfaces and blow dried with an N2 stream, before 

repeating the surface wettability and thickness measurements.  

 

Wet properties of poly(HEMA-co-PEG10MA) 
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Hydration and viscoelasticity A Q-Sense E4 quartz crystal microbalance with 

dissipation (QCM-D) was used to measure the absorbed amount of water and the 

viscoelasticity of hydrated poly(HEMA-co-PEG10MA). AT-cut quartz crystal sensors 

(Q-Sense, Göteborg, Sweden) with a fundamental resonant frequency of 4.950 MHz 

and a diameter of 14 mm were coated with 100, 200, 300, 400, 500, 600, 700, 800 or 

900 Å of poly(HEMA-co-PEG10MA) via SI-ATRP as described above. The quartz 

crystal was then mounted in the QCM-D fluid cell. The measurement was recorded at 

three different overtones (3rd, 5th and 7th) at 22 °C. For each sample, an N2 stream with 

constant pressure was used for 10 min prior to the measurement to stabilize and dry the 

surface from moisture. Then, Milli-Q water at constant flow rate (0.3 mL/min) was 

added to the samples. The frequency changes (Δf) and dissipation changes (ΔD) in 

water were then recorded using the uncoated sensor as reference. The frequency and 

dissipation differences measured between uncoated and polymer-coated sensors in 

Milli-Q water were defined as Δffilm and ΔDfilm respectively. The Δf and ΔD data were 

analyzed using QTools v3.1.24 software. To determine the viscosity and elasticity 

(shear modulus) of polymer films, the data were modelled using a one-layer viscoelastic 

Voigt model. Fixed parameters used in this experiment were the fluid density (1000 

kg/m3), fluid viscosity (0.001 kg/ms), and the density of the layer (1000 kg/m3). The 

layer parameters to be fitted were kept within boundaries: viscosity (0.0001-0.01 

kg/ms), shear ((104-108 Pa), and layer thickness was adjusted for each sample by 

referring to dry thickness data measured by ellipsometry.  

 

Surface energy. The captive bubble technique was used to measure the contact angle 

of hydrated poly(HEMA-co-PEG10MA) using a Dataphysics OCA35 contact angle 

analyzer with software SCA22. Samples were equilibrated in Milli-Q water for at least 

1 hour prior to measurement, and were then placed with the coating facing downwards 
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in a glass cell filled with deionized water. A U-shaped needle was used to release 2 µl 

air or n-octane bubbles to the polymer surfaces, under control of a computer system. 

Three contact angles were measured for air bubbles θa and n-octane θo, and were 

averaged; the angles were measured inside the bubble and oil droplet, respectively. The 

surface energy was calculated using the Owens & Wendt approach37 applied to 

underwater contact angles.38 

 

 

Biofouling assays 

Protein adsorption. In this work, fibrinogen was used as it is a well-established model 

protein to investigate resistance to protein adsorption, due to its ability to adhere 

strongly to many different types of surface. Prior to the assay, the thickness of polymer 

samples was measured by ellipsometry to obtain the initial thickness. The samples were 

then washed 3 times with PBS and followed by 1 hour incubation in PBS at room 

temperature to let the polymer film swell. After removing the PBS, the samples were 

then incubated in fibrinogen solution (0.4 mg/mL) for 1 hour at room temperature. After 

washing 3 times with PBS, the samples were then blow-dried gently with N2 stream 

and the thickness was re-measured to obtain the final thickness. The protein adsorbed 

on the sample surfaces is defined as the thickness difference before and after incubation. 

Attachment of the marine bacterium Cobetia marina. In this assay, three replicates 

of four different thicknesses (100, 200, 400 and 600 Å) of poly(HEMA-co-PEG10MA 

were used. Additionally, three replicates of hydrophobic CH3 SAMs, and hydrophilic 

Nexterion glass slides were used as reference coatings. The polymer sample slides were 

equilibrated in artificial seawater (ASW; Tropic Marin®) for 1 h prior to assay. Cells 

of Cobetia marina39-40 (strain ATCC 25374T, DSMZ, Germany) were cultured and 

prepared for bioassay as described by Mieszkin et al. (2012).41 The final stage of the 
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protocol involved two washes of the cells in filtered ASW to remove excess extracellular 

polymeric substances that interfere with cell attachment. 42 The final bacterial suspension had 

an OD600nm = 0.1 (4 x 107 cells/ml).  The slides were placed in polystyrene Quadriperm 

dishes (Greiner Bio-One Ltd.) and 10 mL of bacterial suspension were added to each 

well. Then, dishes were placed on a rotary shaker at room temperature and shaken for 

1 h at 50 rpm to allow attachment of bacteria to the test surfaces. After removing the 

bacterial suspension, the slides were washed with 10 mL of ASW on a rotary shaker for 

1 min at 50 rpm to remove any loosely bound cells. To evaluate the bacterial densities, 

slides were fixed in 10 mL of 2.5% glutaraldehyde for 20 min at room temperature, 

washed in Milli-Q water and air-dried. Then the slides were stained with 5 µM of 

SYTO®13 (Invitrogen, Molecular Probes), and covered with a glass cover slip (22 x 64 

mm, VWR International) for quantification of attached bacteria. After 10 min 

incubation in the dark, the number of attached bacteria was determined using an 

AxioVision 4 image analysis system attached to a Zeiss epifluorescence microscope 

(40x objective; λ excitation and emission: 450/490 and 515/565 nm, respectively) and 

a video camera. A total of 30 measurement spots were taken at every 5 mm along three 

parallel rows on each slide. 

Settlement and adhesion strength of spores of Ulva linza. Six replicates of 

poly(HEMA-co-PEG10MA) with different four thicknesses (100, 200, 400 and 600 Å) 

were used. In addition, six replicates each of hydrophobic CH3 SAMs and Nexterion 

glass slides were also used as reference coatings. Prior to the assay, samples were 

equilibrated in artificial seawater (ASW) for 1 hour. Standard protocols were used to 

measure the settlement and adhesion strength of spores of the green macroalga (seaweed) U. 

linza. In brief, motile spores (zoospores) were released from fertile plants of U. linza collected 

from Llantwit Major beach, Wales, UK (51o 40 N; 3o 48 W) as described by Callow et al. 

(1997)43 and Thome et al. (2012).44 Three replicates of each test surface were placed 
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separately in polystyrene Quadriperm dishes (Greiner Bio-One Ltd.) and 10 mL of 

spores suspension with OD600nm = 0.15 (1.0 x 106 spores ml-1) were added. Zoospores 

were allowed to settle for 45 min in the dark. The slides were then washed with ASW 

to remove unsettled (swimming) spores. To evaluate the spore densities, three slides of 

each test surfaces were fixed in 10 mL of 2.5% glutaraldehyde for 20 min at room 

temperature, washed in Milli-Q water and air-dried. The number of settled (adhered) 

spores was determined by chlorophyll autofluorescence using epifluorescence 

microscopy (20 x objective; λ excitation and emission: 546 and 590 nm, respectively) 

as described above.  

The adhesion strength of spores was evaluated by exposing three remaining slides 

to a wall shear stress of 52 Pa for 5 min in a calibrated water channel.45 After exposure 

to flow, slides were fixed and the spore density on all slides was determined as 

previously described. The number of spores remaining after exposure to flow was 

compared with unexposed samples as a measure of the adhesion strength of spores for 

each test surface. 

 

Static immersion field test. Six replicates of four different thicknesses (100, 200, 400, 

600 Å) of poly(HEMA-co-PEG10MA) were randomly arranged on three different PVC 

panels. CH3 SAM and Nexterion glass slides were used as references,. The panels were 

then immersed at a static immersion test site in Hartlepool marina, UK. They were 

immersed vertically facing east and held at about 50 cm below the water level. Panels 

were observed, and fouling coverage was estimated, at 1, 2 and 8 weeks after immersion. 

The fouling community was assessed in four fouling categories: microfouling, weeds, 

soft-bodied animals and hard-bodied animals. The percentage of each category was 

calculated relative to the total area of the surface. Total percentage of fouling was 

determined as the total percentage (sum) of these four biofouling categories. 
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Statistical analysis. The adsorption of fibrinogen is presented as the thickness of 

fibrinogen layer adsorbed on the sample surfaces. Error bars represent the standard 

deviation from 6 measurements on each sample. The settlement densities of bacteria 

and spores are presented as the number of settled bacteria/spores per mm2 with 95% 

confidence limits. The adhesion strength of spores is presented as percentage of 

removal with 95% confidence limits calculated from arcsine-transformed data.  

The total fouling of the static immersion field test assays is presented as percentage 

fouling coverage of settlement of microfouling, weeds, soft and hard-bodied animals 

on the sample surfaces. Error bars represent the standard deviation from 6 replicates on 

each thickness sample.  

Statistical analysis of the protein adsorption, C. marina and U. linza assays, as well 

as the field test data was carried out using Minitab 16 statistical software, one way 

Analysis of Variance (ANOVA) with α = 5% and Tukey's HSD Post-hoc test were 

performed to determine the difference between samples. Values were considered 

significantly different from each other when p-value (p) < 0.05. 
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Results and Discussion 

Polymer characterization and stability test 

A series of different thicknesses of random poly(HEMA-co-PEG10MA) copolymers 

were prepared via SI-ATRP by varying the polymerization reaction times. The 

thicknesses of dry polymer films on gold substrates were measured by ellipsometry, 

and polymer thickness increased rapidly at first, but then the growth rate was found to 

decrease continuously as the polymerization proceeded (Figure 2). After 4 h, the 

thickness was 600 Å, but reached 1000 Å after 12-14 h. This decrease of growth rate 

may be due to the diminishing availability of monomer and initiator, loss of catalysts, 

termination of reaction or hindrance of mass transport between monomer and radical.30 

The chemical structure of different thicknesses of poly(HEMA-co-PEG10MA) was 

characterized by IRAS (Figure 3). The presence of the HEMA and PEG10MA segments 

could be ascertained from their O-H-bond stretching which absorbs in a  broad band 

at 3200-3600 cm-1, and which is absent from the spectrum of the initiator SAM. The C-

H-stretch region (3000-2800 cm-1) is dominated by the asymmetric and symmetric CH2 

stretches in PEG at 2946 and 2881 cm-1, respectively. The ester carbonyl (C=O) 

stretching at 1732 cm-1, and the skeletal PEG C–O–C stretches at 1160 cm-1 and 1100 

cm-1, dominate the low-frequency end of the spectrum, and are present both in the 

spectra of the initiator SAM and poly(HEMA-co-PEG10MA). The fingerprint region, 

below 1500 cm-1, also contains a series of peaks from methylene deformation modes, 

for which detailed peak assignment is difficult and somewhat beyond the scope of this 

paper. The intensities of both the O-H and C-H stretch and the carbonyl bands increased 

with poly(HEMA-co-PEG10MA) thickness, but while the O-H stretch could be affected 

by adsorbed water in the film (which is difficult to control even though measurements 

are performed under N2 purging), the other two can be used for quantitative assessment 

of the amount of polymer. Integration of the carbonyl stretch band over the range 1850-



 16 

1650 cm-1, yields a linear relationship between ellipsometric (dry) thickness and 

carbonyl intensity (See Figure S1, Supporting information), showing that the thickness 

increase was indeed a direct result of added polymer to the surface. These results show 

that poly(HEMA-co-PEG10MA) was successfully polymerized from the initiator-SAM 

on the gold surface, and that the ellipsometric dry thickness is a very good indicator of 

the amount of polymerized material on the surface. In addition, the linear relation 

between the carbonyl peak intensity and the thickness (Figure S1) also shows that there 

is no large difference in composition with thickness. Each monomer contributes one 

carbonyl moiety, whether it is HEMA or PEG10MA, but the volume of PEG10MA is 

considerably larger than that of HEMA, and if there was a difference in composition 

with thickness, for example caused by more rapid diffusion of HEMA, the relation in 

the figure would not be linear. Thus, we infer from this that the composition of the co-

polymer is homogeneous throughout the thickness of the films. 

 

 

Figure 2. Ellipsometric dry thicknesses of poly(HEMA-co-PEG10MA) films prepared 

via the SI-ATRP process, versus the reaction times. 
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Figure 3. Infrared reflection-absorption spectra of poly(HEMA-co-PEG10MA) films of 

different thicknesses, as well as the spectrum for the initiator SAM layer, for 

comparison. 

 

The polymer stability test, measuring thickness and wettability changes after 1, 2 and 

12 weeks’ immersion in ASW, shows that only minor changes in thickness and water 

contact angles were observed on the samples, (Table 1). There was no sign of 

degradation or delamination of poly(HEMA-co-PEG10MA) after one week’s incubation, 

demonstrating that the polymer has good short-term stability in seawater. However, 

after 3 months’ immersion, a slight decrease of film thicknesses and small increases of 

water contact angles were found. Although the changes are in many cases within the 

measurement errors, a difference over time is expected as a consequence of oxidative 

degradation of PEG chains after long exposure to seawater. These results, showing good 

short- and long-term stability of poly(HEMA-co-PEG10MA) films are in agreement 

with a previous study14 on the stability of PEG-based polymer films prepared via self-

initiated photo-grafting and photo-polymerization (SI-PGP). 
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The surface roughness and topography of dry poly(HEMA-co-PEG10MA) films were 

observed by tapping-mode AFM in air (Figure 4). The root mean square (RMS) 

roughness of the dry films with four different thicknesses (50, 200, 600 and 1000 Å) 

measured over 5x5 µm2 area with acquisition rate of 1 Hz, were 0.511, 0.784, 1.435 and 

6.096 nm, respectively. The roughness of the polymers at thicknesses up to 600 Å was 

relatively small, suggesting that growth of the polymer up to 600 Å is well-ordered and 

homogeneous over the surface. The significantly higher roughness at 1000 Å might be 

the result of increasing chain entanglement and heterogeneity in the polymer as the 

chain length increases. To what extent these numbers, obtained on dry films in air, are 

relevant for the swollen polymer in water is unclear, but there is reason to believe that 

the morphological changes with thickness observed in Figure 4 also reflect a coarsening 

of the polymer surface with thickness also in its hydrated state under water. The 

poly(HEMA-co-PEG10MA) film is strongly hydrated, and with a high water content in 

a flexible hydrophilic polymer the surface tension would contribute to drying the 

polymer to a smooth surface. That this is not observed suggests that entanglement of 

the chains is severe, and that it provides stiffness to the topographical features seen in 

Figure 4 also as the film is immersed in water. This is of interest, since roughness in 

general increases the adhesion of biomacromolecules such as proteins and 

polysaccharides, as well as metabolites or adhesives secreted by fouling organisms,46 

and the explicit effect of roughness on the fouling would be an interesting hypothesis 

for future exploration of these materials. 
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Table 1. The results of the polymer stability test for different thicknesses of 

poly(HEMA-co-PEG10MA), assessed by static contact angle and ellipsometric 

measurements of dry film thickness. Errors represent standard deviations. 

 

 

 

Figure 4. Topographical images of poly(HEMA-co-PEG10MA) brushes of different 

thicknesses measured over 5 x 5 µm2 by tapping mode AFM in air. The height scale is 

the same in all images. 

  

Nominal 

Thickness (Å) 
Initial condition After 1 week After 3 months 

 Thickness 

(Å) 

Contact 

Angle (θ) 

Thickness 

(Å) 

Contact 

Angle (θ) 

Thickness 

(Å) 

Contact 

Angle (θ) 

50 51 ± 1 52 ± 1 51 ± 2 50 ± 0.4 45± 4 53 ± 0 

100 108 ± 9 52 ± 1 108 ± 10 52 ± 2 98 ± 12 54 ± 2 

200 201 ± 6 49 ± 1 202 ± 6 50 ± 1 189 ± 7 53 ± 1 

400 412 ± 7 48 ±1 411 ± 4 48 ± 2 402 ± 4 52 ± 1 

600 608 ± 12 51 ± 2 608 ± 10 52 ± 0 602 ± 10 53 ± 0 

1000 995 ± 8 52 ± 0 993 ± 9 51 ± 2 983 ± 9 55 ± 1 
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Biofouling assays 

When a surface is exposed to natural waters, organic compounds quickly adsorb and 

condition the surface, and might thus provide favorable conditions or nutrients for the 

attachment and settlement of microbes or other propagules for further colonization. 

Although the role of conditioning on the settlement of fouling organisms has been 

widely debated, a significant impact of surface conditioning on settlement and adhesion 

of bacteria and some fouling organisms has been shown for some surfaces.44, 47-48 

Understanding how organic material such as proteins interact and adsorb onto surfaces 

is important in itself, in order to study correlations with the settlement and adhesion of 

marine fouling organisms, which frequently use proteinaceous adhesives, or for 

understanding how macromolecules act to induce gregarious settlement or 

metamorphosis.49 Surface resistance to nonspecific protein adsorption is also essential 

for development of biomaterials and biomedical devices.  

 

To study the interaction between poly(HEMA-co-PEG10MA) films with proteins, an 

adsorption study of fibrinogen onto different thicknesses (50, 100, 200, 400 and 600 Å) 

of poly(HEMA-co-PEG10MA) was performed, with CH3 SAMs used as positive 

controls. Ellipsometric fibrinogen thicknesses on poly(HEMA-co-PEG10MA) were 10-

20 Å (Figure 5), much lower than adsorption to the CH3 SAM (58 ± 8.9 Å). This is in 

agreement with what has been reported previously,32, 50 i.e. that lower protein adsorption 

was found on hydrophilic poly(HEMA-co-PEG10MA) than on the hydrophobic CH3 

SAM. However, a closer look at the adsorption of fibrinogen on different thicknesses 

of poly(HEMA-co-PEG10MA) shows that the adsorption has a minimum in the polymer 

thickness within the range 200-400 Å, where the adsorbed amount is lower (2-4 Å) than 

that on either thinner or thicker films.  
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Figure 5. Adsorption of fibrinogen on different thicknesses of poly(HEMA-co-

PEG10MA), measured after one hour incubation in protein solution. The error bars 

represent the standard deviation from six measurements on each sample. Letters (a-e) 

indicate data points that do not differ significantly from each other at p < 0.05. 

 

 

Figure 6. Attachment of marine bacterium Cobetia marina on four different thicknesses 

of poly(HEMA-co-PEG10MA). Error bars represent ± 2 x SE calculated from arcine-

transformed data. Letters (a-c) indicate data points that do not differ significantly from 

each other at p < 0.05. 
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In the attachment study of the marine bacterium C. marina, four different thicknesses 

(100, 200, 400 and 600 Å) of poly(HEMA-co-PEG10MA) were used. The result again 

shows lower attachment of bacterial cells for the samples with a thickness of 200 and 

400 Å (Figure 6), although the result is not as clear as for the fibrinogen assay. 

 

In the study of settlement and adhesion strength of the marine alga U. linza with the 

same four thicknesses (100, 200, 400, 600 Å) of poly(HEMA-co-PEG10MA), relatively 

high settlement of spores was observed on the lowest (100 Å) and highest (600Å) 

thicknesses, whereas the lowest settlement of spores was found on the 200 and 400 Å 

thick samples (Figure 7). Statistical analysis confirmed that the number of settled spores 

on all samples differed significantly, except at the thicknesses 200 and 400 Å (p<0.05). 

Furthermore, the spore adhesion strength study also revealed that the adhesion strength 

of settled spores is weakest for the samples with least settlement, which is seen as a 

higher percentage of removed spores after exposure to a shear stress of 52 Pa in a flow 

channel (see Figure 7). In combination, this lower settlement and higher removal on 

thicknesses 200 and 400 Å indicates that the adhesion of spores in this range is 

unfavorable.  

 

Static immersion field tests confirmed that total fouling was lower on the 200 and 400 

Å thick polymer films after 2 weeks’ immersion in seawater at a marina (Figure 8, see 

Figure S3 in Supporting Information for photographs of the samples). However, after 

longer immersion (2 months) in seawater, all of the samples were fully covered by 

fouling organisms, probably a consequence of oxidative degradation of PEG chains or 

mechanical instability of the polymer or the gold layers under the influence of water 

currents and variations in temperature and salinity.  
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Figure 7. Settlement of spores of U. linza on four different thicknesses of poly(HEMA-

co-PEG10MA) and  percent removal after exposed to 52 Pa shear stress. Error bars 

represent ± 2 x SE calculated from arcsine-transformed data with 95 % confidence limit. 

Letters (a-c for each curve) indicate data points that do not differ significantly from 

each other at p < 0.05. 

 

 

Figure 8. Percent settlement of total fouling on four different thicknesses (100, 200, 

400 and 600 Å) of poly(HEMA-co-PEG10MA) observed after 1 (squares), 2 (circles) 

and 8 (triangles) weeks’ immersion in seawater at the depth 0.5 meter below sea level. 

Error bars represent standard deviation from 6 replicates of each sample. Letters 

indicate data points that do not differ significantly from each other at p < 0.05. 
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We hypothesize that the lower fouling and adhesion within the thickness range 200-400 

Å can be associated with physicochemical properties of hydrated polymer chains. 

Unlike hydrophilic non-fouling SAMs, where chain viscoelasticity plays a little role in 

determining their antifouling properties due to higher packing density  and 

shorterchains,  antifouling properties of longer chain polymers, are also influenced by 

bulk hydration and viscoelastic properties.51 When hydrophilic polymers contact bulk 

water, water molecules infiltrating into the film hydrogen-bond strongly to polar 

moieties along the chains, forming a hydrogen-bond network and a hydrated polymer 

brush. The enthalpic cost of displacing this hydration water aids in preventing the 

attachment of proteins or fouling organisms.52-54 However, polymer chains expanded 

by hydration will change their mechanical properties, and exhibit both viscous and 

elastic properties in water. Therefore, to investigate the role of brush viscoelasticity 

QCM studies of brush hydration were conducted. 

 

Wet properties of poly(HEMA-co-PEG10MA): Hydration and polymer 

viscoelasticity. Understanding chain conformation of hydrated polymers at interfaces, 

and how it influences polymer physicochemical properties, is essential to understand 

and improve polymer antifouling properties. Quartz crystal microbalance with 

dissipation (QCM-D) is a technique that can be used for studying the hydration and 

viscoelasticity of hydrated polymer brushes at solid-water interfaces. According to the 

Sauerbrey equation,55 the added mass to an oscillating sensor crystal (Δm) is 

proportional to the change of resonance frequency (Δf ): 

∆𝑚 = −𝐶 
1

𝑛
 ∆𝑓 

where Δf is the change in frequency at the nth overtone, and C is a proportionality 

constant of the QCM-D crystal. In this work, crystals with nominal frequency of 4.950 
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MHz and C=0.177 mg/m2 were used. The change of dissipation factor (ΔD) is defined 

by 

∆𝐷 =
𝐸𝑑

2𝜋𝐸𝑠
 

Where Ed is energy dissipated during one oscillation and Es is the energy stored in the 

oscillating system. The change in dissipation factor (ΔD) can be associated to the 

viscoelasticity of an adsorbed layer on the sensor crystal.  

 

In this work, the change of frequency (Δf) and dissipation (ΔD) were observed at three 

overtones (3rd, 5th and 7th). Only results for Δf and ΔD at the 3rd overtone are shown 

here since all three overtones show an identical trend of Δf and ΔD. The Δf and ΔD data 

were measured both on uncoated (reference) and polymer-coated sensor crystals, and 

the frequency and dissipation difference measured between uncoated and polymer-

coated crystals was defined as Δffilm and ΔDfilm. Here we also demonstrated that the 

calculation of Δffilm and ΔDfilm by the Voigt model predicts the same trends as the 

measured data. The presented data was obtained on polymer films immersed in Milli-

Q water, but the swelling of the polymer does not change in PBS or ASW (see Figure 

S4, Supporting Information), as would be expected for an uncharged and strongly 

hydrated polymer. The magnitude of the frequency change (Δffilm), normalized by the 

ellipsometric dry polymer thickness, significantly changes at 200 Å and reaches a 

maximum negative value at 300 Å thickness, and then gradually decreases again as the 

thickness increases further (Figure 9). This result indicates that as the polymer is made 

thicker, the mass per polymer segment increases to a maximum at 300 Å. This 

difference in added mass as the polymer is made thicker can only come from hydration 

water trapped in the film, which is thus most strongly hydrated at this thickness. This 

is confirmed by the hydrated thicknesses, as obtained from the Voigt model fitting 
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(Figure 10), showing that the swelling of the film is greatest at 300 Å (dry) thickness. 

Higher hydration suggests higher availability of hydrogen-forming moieties, but since 

the local structure of the polymer chain is expected to be the same throughout the 

thickness of the brush, any difference in hydration is expected to stem from chain 

conformation differences and chain-chain interactions. For the smallest thicknesses, we 

infer that the total hydration of the surface is too low for it to display good antifouling 

properties, though it should be noted that in absolute terms, the antifouling properties 

are fairly good, compare for example the adsorbed fibrinogen amount with the CH3 

SAM positive control. For intermediate thicknesses, hydration (per unit added polymer) 

is largest, resulting in a strongly hydrated and fouling-resistant brush. As the thickness 

increases to above 600 Å, hydration is significantly reduced, presumably due to 

increasing entanglement as a result of crowding, and stronger inter- and intra-chain 

interaction, leading to reduced availability of hydrogen-bonding functional groups, 

higher density of polymer chains and reduced hydration. The hydrated thickness 

increases for dry thicknesses up to 400-500 Å, but levels out to a constant thickness 

beyond that, so that while more polymer is added to the film, this does not lead to a 

further increase in hydrated thickness (Figure 10), which must then result in higher 

polymer density and less available space for hydration. This observation is in 

accordance with established knowledge and the general observation that hydration is 

important in determining antifouling properties of hydrophilic polymers; Chen et al51 

have reported that higher surface hydration on hydrophilic polymer films results in 

nonfouling properties and that any reduction in surface hydration might lead to a 

decrease in its nonfouling properties due to increase of packing density, increase of 

hydrophobicity when copolymerized with hydrophobic monomers, and rise of 

temperature.  
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Figure 9. Measured and calculated data for the frequency change (Δffilm) normalized 

by the film thickness and dissipation change (ΔDfilm) of hydrated poly(HEMA-co-

PEG10MA) measured by QCM-D. The calculated data (dotted/dashed lines) were 

obtained using the output parameters (Table S1, Supporting information) from fitting a 

one-layer viscoelastic Voigt model to the experimental data of both Δf and ΔD. 

 

 

 

Figure 10. The hydrated thickness (diamonds, left ordinate) of the polymer films, as 

obtained from the modeling of the QCM-D data in the Voigt model, yielding the 

acoustic thickness in a slab model. For fit parameters, see Table S1 (Supporting 

Information). Also shown is the relative swelling (circles, right ordinate) due to water 

uptake. 
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The measured dissipation was found to change gradually, and increased at thicknesses 

from 200 Å, to reach a maximum at 600 Å, and then significantly decreased again 

(Figure 9), suggesting that the hydrated polymer films tend to be relatively stiff at 

thicknesses less than 200 Å and higher than 800 Å. Modelling of the viscoelastic 

properties of the film revealed clear variations in these over the thickness range 200-

900 Å. The viscoelasticity has two contributions; viscosity represents the resistance to 

gradual deformation by shear or tensile stress, whereas elasticity represents the 

relaxation flexibility in response to stress. As shown in Figure 11, the viscosity of the 

polymer layers increased significantly at 200 Å and decreased gradually beyond 500 Å. 

The highest viscosity was achieved in the thickness range 300-500 Å. This result 

indicates larger number of water molecules bound to the polymer chains, i.e. larger 

swelling, due to a higher degree of hydrogen-bond formation on or around the polymer 

chains. Polymers in this thickness range are thus expected to exhibit the most prominent 

antifouling characteristics, in agreement with the experimental results. Figure 11 also 

shows that the polymer elasticity peaked at 600 Å. Higher elasticity indicates a higher 

ability of the polymer film to return to its original shape after an applied force is 

removed. At thicknesses less than 200 Å the short chain length makes the polymer stiff. 

The higher elasticity within 500-700 Å might be due to longer chains, however when 

the chain length increases further, the elasticity decreases due to higher chain 

entanglement. As the polymerization proceeds, reduced availability of monomer and 

initiator, loss of catalysts, termination reactions or mass transport hindrance will 

increase the number of defects and reduce the number of “living” chains near the 

surface of the film, and contribute to surface heterogeneity. This may also affect the 

adsorption to the surface, but the clear reduction both in dissipation and elasticity for 

thicknesses beyond 600 Å shows that there is a considerable change in bulk properties 
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of the film at increasing thickness, indicating that increasing entanglement of the chains 

is the dominating effect of the increased polymerization time. In a recent AFM study of 

the relation between surface elasticity and protein repellency, Inoue et al. found a strong 

suppression of protein-surface interactions at surfaces with high elastic repulsion, 

resulting from dense polymer brush structures.56  Although viscous and elastic 

responses from the polymer film were not distinguished in that study (but the elastic 

response derived directly from the dynamic repulsion energy), we see a qualitative 

similarity in that our samples with greatest viscoelastic response also were those that 

most effectively reduced fouling. This is also a central point where the mechanism of 

protein resistance relies on expulsion of the protein from the film due to osmotic stress 

in a dehydrated brush,57 and would thus support the view that it is bulk hydration and 

water uptake in the polymer that is responsible for the effective antifouling properties 

in our case, and not strong surface hydration which appears to be responsible for e.g. 

protein resistance in SAMs with small hydrophilic functional groups. 

 

 

Figure  11. The viscosity and elasticity of hydrated poly(HEMA-co-PEG10MA) films, 

as obtained by fitting the data from Figure 9 to a one-layer viscoelastic Voigt model, 

using the parameters in Table S1 (Supporting Information). 
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Figure 12. Surface energy of hydrated poly(HEMA-co-PEG10MA) calculated from the 

captive-bubble contact angles of water and n-octane, measured in Milli-Q water. 

 

Surface Energy. To investigate whether the differences in hydration and viscoelastic 

properties were also associated with changes in surface energy, the surface energy of 

hydrated poly(HEMA-co-PEG10MA) was determined by measuring captive-bubble 

contact angles of air and n-octane, and using the Owens & Wendt approach to calculate 

the energies. As shown in Figure 12, surface energies of hydrated poly(HEMA-co-

PEG10MA) fall in the range 53-59 mJ/m2. We note again that there is a variation of 

surface properties over the tested range of thicknesses, and although the variation in 

surface energy is relatively small, it is interesting that there is a maximum around the 

thicknesses of 200 and 400 Å. This is consistent with the observed differences in 

hydration; a relative increase in water content at these thicknesses would increase the 

surface free energy relative to that of the polymer (the dry polymer is not readily wetted 

and thus much less polar than water. Advancing contact angles in air of the polymers 

are approximately 60°, see Figure S2 in Supporting Information).  Surface energy is 
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an important parameter to consider in bioadhesion and biofouling. Some reports on the 

influence of surface energy on bioadhesion have shown minima in bacterial adhesion 

around 20-30 mJ/m2.58-61 However, others have demonstrated that the adhesion of 

bacteria and barnacle cyprids do not strongly correlate with surface energy,18, 24, 62 and 

we show in this case that trends in settlement and adhesion of fouling organisms cannot 

be determined by surface energy, and that other properties such as hydration and 

viscoelasticity significantly influence the resulting fouling. The adhesion of organisms 

to surfaces in nature is even more complex as the surfaces are immediately conditioned 

by biomacromolecules, altering the surface properties for further attachment.44, 63  

 

To summarize, we found that surface hydration and surface energy was higher for the 

polymer films in the thickness range 200-400 Å, where the polymer chains are highly 

hydrated and form dense water molecule networks. Higher viscosity and moderate 

elasticity within this range also contribute to the lower adhesion of proteins and fouling 

organisms, as a result of better steric stabilization of the chains. Furthermore, we 

anticipate that the smoothness of the thinner surfaces also contribute to the good 

antifouling properties of poly(HEMA-co-PEG10MA).  

 

The antifouling properties of poly(HEMA-co-PEG10MA) in general is strongly 

associated with the presence of PEG chains, which has well-known antifouling 

properties. Moreover the absence of charge in the structure of poly(HEMA-co-

PEG10MA) prevents the surface from electrostatic interaction with proteins and other 

biomacromolecules secreted by fouling organisms. In this work poly(HEMA-co-

PEG10MA) showed good antifouling properties and stability during short-term 

incubation in water. However, antifouling properties were not maintained during longer 

(2 months) field tests, after which almost all of the surfaces were fully covered by 
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marine biofouling, and there was no difference between samples of different polymer 

thickness.  

 

Our observations are in good agreement with previous reports on the thickness 

dependence of protein adsorption: Sun et al. studied fibrinogen adsorption onto graft 

copolymerized layers of HEMA and methoxylated PEGMA (MPEG4MA), and 

observed a minimum in fibrinogen adsorption at a grafted amount of about 4-5 

mg/cm2.64 Yang et al.30 studied protein adsorption from blood serum and plasma onto 

poly(sulfobetaine methacrylate) (pSBMA) brushes with thicknesses from 150 to 900 Å, 

and found that the adsorption had a minimum for a 620 Å thick film. Zhao et al.65 

studied the correlation between protein adhesion and film thickness for poly(2-

hydroxyethyl methacrylate) (pHEMA) and poly(hydroxypropyl methacrylate) 

(pHPMA) films, and similarly found minima in the adsorption around 200-400 Å, 

where the exact range differed slightly depending on the material and the protein. While 

Yang et al. did not provide any explanation for the occurrence of a fouling minimum, 

Sun et al. concluded from electron micrographs that area enlargement due to increasing 

roughness was the cause of the increase in adsorption with grafted amount. Zhao et al. 

inferred from topography measurements by AFM that entanglement and condensation 

of chains in thicker films reduced hydration capacity, leading to increased protein 

adsorption, an argument fully supported by the data presented here. That protein 

adsorption minima are observed on brushes of a range of materials, i.e. poly(HEMA-

co-MPEG4MA)64, pSBMA30, pHEMA and pHPMA65, as well as poly(HEMA-co-

PEG10MA) (this study), suggest that this is a phenomenon with some generality, and 

our results demonstrate that this is not limited to protein fouling, but applies also to 

fouling of marine organisms. We note that the polymers listed above all have chains 

with functional side-groups. The situation is different with PEG, which is a straight-
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chain polymer, for which protein resistance improves with chain length (at a given chain 

density), but only to some limits. After a certain length has been reached, little or no 

molecular-weight dependence of the resistance is observed. As an example, fibrinogen 

adsorption has been shown to decrease up to a PEG weight of approximately 1500 Da, 

but did not vary beyond this66. This difference points at side groups restricting the 

conformational freedom for polymers as the length of the backbone increases, leading 

to entanglement, stronger inter- and intra-chain interaction, reduced hydration and thus 

eventually reduces antifouling efficiency. However, for poly(HEMA-co-PEG10MA) it 

is anticipated that the bulkier PEG10MA monomers contribute considerably to the 

antifouling properties14, and thus it will remain necessary to tune the coating thickness 

to optimize performance. 

 

 

 

 

Conclusions. 

We have demonstrated the influence of polymer thickness on the antifouling properties 

of poly(HEMA-co-PEG10MA) brushes. The important finding in this work is that there 

is an optimum thickness range for poly(HEMA-co-PEG10MA) brushes around 200-

400Å (dry thickness), with higher resistance to fibrinogen adsorption, and to the 

settlement and adhesion of the marine bacterium Cobetia marina, and zoospores of the 

green alga Ulva linza. The better antifouling performance in this thickness range is 

related to higher polymer hydration and viscosity, and is also accompanied by an 

increase in surface energy. In this range of thicknesses we also observed a reduction of 

marine fouling in a field test after 2 weeks, though after 2 months of immersion this 

difference was eliminated, probably as a result of surface degradation. Reduced 
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antifouling performance at thicknesses below the optimum range is presumably caused 

by a lower hydration capacity of the polymer, and at chain lengths increasing beyond 

the optimum range, entanglement and crowding in the film reduces the conformational 

freedom and the hydration capacity, leading to reduced antifouling properties. 
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Figure S1. Integrated area of the carbonyl stretching peak (in the range 1850-1650 

cm-1) for different ellipsometric film thicknesses, showing a linear relationship 

between peak area and film thickness. 

 

 

Figure S2. Advancing and receding contact angles measured by a sessile drop of 

water on dry polymer films of poly(HEMA-co-PEG10MA) in air. The constant 

advancing angle (with the exception of the angle at 50Å) shows that the surface 

chemistry of the dry films is similar for all surfaces, and that the differences due to 

hydration do not appear until the films are immersed in water (confirmed by the 

QCM-D, showing that the differences between surfaces of different thicknesses are 

really in the bulk hydration of the films). 
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Figure S3. Photographs of samples from the static immersion field tests after two 

weeks (top row) and after eight weeks (bottom row).  
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Figure S4. QCM-D data for the 3rd, 5th, 7th and 9th overtones, upon injection of pure 

(Milli-Q) water, PBS buffer and artificial seawater (ASW) over a dry polymer film of 

270 Å dry thickness. Vertical arrows indicate the points of buffer changes. Blue 

curves show frequency changes (left ordinate) and orange curves show changes in 

dissipation (right ordinate). 
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Table S1. Summary of the parameters used in modelling Δffilm and ΔDfilm using a one-layer Voigt model. 

 

Dry film 

thicknesses 

(Å) 

Input parameters 
Constrained fit 

parameters*  
Output Re-calculated 

Fluid 

density 

(kg/m3) 

Fluid 

viscosity 

(Pa s) 

Film 

density 

(kg/m3) 

Δffilm 

(Hz) 
ΔDfilm 

Hydrated 

thickness (Å) 

Film 

viscosity 

(mPa s) 

Film 

elasticity 

(Pa) 

Hydrated 

thickness 

(Å) 

Δffilm 

(Hz) 
ΔDfilm 

100 103 10-3 103 -7.4 1.5 100 – 10000 3.7 1.3 x 104 200 -6.7 0 

200 103 10-3 103 -8.9 2.9 200 – 20000 4.2 1.6 x 104 500 -8.1 0 

300 103 10-3 103 -19.8 46.7 300 – 30000 8.6 1.0 x 105 1010 -17.2 26.8 

400 103 10-3 103 -17.7 91.9 400 – 40000 9.6 1.4 x 105 1200 -18.3 84.6 

500 103 10-3 103 -14.3 103.3 500 – 50000 9.4 2.4 x 105 1300 -15.7 90.8 

600 103 10-3 103 -10.7 144.2 600 – 60000 7.6 5.4 x 105 1200 -11.1 143.1 

700 103 10-3 103 -9.4 134.4 700 – 70000 7.4 9.2 x 104 1220 -10.3 106 

800 103 10-3 103 -6.3 43.5 800 – 80000 7.5 2.3 x 104 1300 -6.3 42.6 

900 103 10-3 103 -3.8 35.8 900 – 90000 6 2.4 x 104 1260 -3.9 33 

*Film viscosity and elasticity were constrained to the intervals 0.1 – 10 mPa s and 104 – 108 Pa, respectively, for all thicknesses. 
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