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Abstract

Perfluoropolyether dimethacrylate (PFPE-DMA) was polymerized onto surfaces via visible light-induced
surface grafting polymerization. Surfaces were prepared by depositing an octadecyltrichlorosilane-
monolayer on the substrates, followed by the covalent coupling of the photoinitiator
isopropylthioxanthone. Subsequently, perfluoropolyethers were polymerized from the surface by the
controlled use of visible light-induced surface grafting polymerization. This approach was used to obtain
surfaces terminated by low surface energy PFPE-DMA brushes with different chain lengths. Coating
thickness and wetting were characterized by spectroscopic ellipsometry and contact angle goniometry.
Different coating thicknesses were tested for their antifouling properties against three different proteins
(Iysozyme, fibrinogen, bovine serum albumin). In addition, the coatings were subjected to biological
evaluation against the attachment of the diatom Navicula perminuta under dynamic conditions, settlement
of Ulva linza zoospores, and in dynamic short-term field immersion experiments. PFPE-DMA with the
highest chain length showed the strongest fouling reduction, which indicates that a certain chain mobility

supports fouling resistance which could be explained by an improved lubricity of the interface.
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1. Introduction

The colonization and growth of marine organisms on submerged surfaces is known as marine
biofouling. (1) Overgrown material negatively affects maritime activities, including shipping and leisure
vessels, aquaculture systems, and heat exchangers. Marine biofouling has not only environmental but
also economical penalties. Deposition and growth of biofilms cause an increase in fuel consumption due
to an increased drag on the moving ships(2), leading to higher costs and an additional demand for
cleaning. (3) Furthermore 30% of the smog-forming nitrogen oxide gases are emitted from ships, as well
as 3% of all anthropogenic CO, (2)

Most modern coatings use combinations of biocides to reduce fouling on ships’ hulls. (4) While
these coatings are very effective in preventing biofouling, released biocides may accumulate in harbors,
dry docks, and along shipping routes with adverse consequences for non-target organisms. (5,6) As non-
toxic, biocide-free alternatives, fouling-release coatings (FRC), to which organisms can only adhere
weakly and which have the ability to self-clean at sufficient cruising speeds, have been developed. (1)
Silicone elastomers such as polydimethylsiloxane (PDMS) are the most frequently used FRC. (7,8) Their
low cost, low critical surface energy, chemical and thermal stability, as well as smooth surface structure
and low elastic modulus make them ideal candidates for environmentally benign coating technologies.
(9,10) The hydrophobicity of PDMS is, however, not per-se anti-adhesive and especially under static
conditions cells can adhere. (9) It has long been recognized that the addition of oils into silicone coatings
enhances their FR performance. (11) Besides silicones and silicone oils, perfluoroether compounds were
also discovered to possess interesting low-fouling properties. (12—14) Perfluoropolyether (PFPE)
lubricants enhance the performance of silicones and are used in FRCs. (15) PFPE lubricants exhibit a low
surface energy (12-20 mN-m?) and a low glass transition temperature (120 °C to -70°C), as well as a good
chemical and thermal stability. (14) They feature non-sticking characteristics due to their low critical
surface energy. The most commonly used fluorinated polymers are PFPE and fluorinated
(meth)acrylates, both of which have low toxicity with a backbone flexibility similar to that of PDMS. (8)
Non-crosslinked PFPE chains are frequently applied as lubricants in industry and a variety of viscosities
is available for different applications. If such oils are applied to hydrophobic, porous surfaces, so called
lubricant infused interfaces can be prepared with excellent low-fouling properties, which are termed
SLIPS (slippery liquid infused surfaces). (16,17)

For oil infused coatings, the viscosity of the oil and its interaction with the matrix determine the
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physicochemical properties of the coating such as contact angle, sliding angle (SA), and sliding velocity
(SV) of a water droplet at the interface of the coatings. (18) Porous polymer films infused with silicone
oils of varying viscosities, from 2 to 100 cst, showed similar contact angles and an increase in SA with
increasing viscosity. Furthermore, a decrease in SV was reported with increasing viscosity of the oils.
Several other studies(19,20) reported the increase in SA and decrease in SV with increasing silicone oil
viscosity.

Not only lubricants, but also PFPE-based materials show very good antifouling properties. The
suppression of non-specific adsorption of proteins by PFPE methacrylates is as good as on the
corresponding PEG polymers. (21) Fluorogel elastomers composed of photocured perfluorinated
acrylates and incorporated fluorinated lubricants also showed excellent antifouling behaviors against
proteins. (22) In a different study, photochemically cross-linked PFPE based elastomers showed lower
settlement of zoospores of Ulva linza and removal of sporelings comparable to that of a PDMS
elastomers. (23) PFPE-based cross-linkable random terpolymers, which were obtained through the
combination of a methacryldiamide-PFPE macromonomer, an alkyl (meth)acrylate, and a
glycidylmethacrylate allowed a higher degree of cross-linking to be achieved and consequently a
reduction in the mobility of the polymer chains. (14)

As both, the crosslinking of polymers and the viscosity of added oils have an influence on the
material properties, this work aims on understanding if the chain length of PFPE brushes changes its
fouling-release properties. Polymer brushes provide control over both the grafting density and the length
of polymers on surfaces. Direct polymerization from initiating sites is known as surface-initiated
polymerization. The high degree of synthetic control can be used to tailor the surface properties to
specific needs and applications. (24-26) As the brushes are inherently ‘crosslinked’ at the surface,
shorter chains will have less structural flexibility, while longer chains are able to move more freely. This
leads to a lower surface friction as shown by a set of self-assembled monolayers terminated by different
chain length. (27) It was shown, that the chain length of aliphatic self-assembled monolayers has an
influence on the fouling release properties on the surfaces, as longer chains are associated with a higher
lubricity of the chains. (28) The friction coefficients also depend on the packing density, as lower densities
lead to lower film thicknesses and consequently to higher friction coefficients. (29)

A facile way to prepare polymer brushes is by grafting-from polymerization. For this method,
initiators are immobilized on surfaces and subsequently a controlled polymerization, starting from the
initiator furthest away from the surface, is induced. The most popular methods are atom transfer radical
polymerization (ATRP) and reversible-addition-fragmentation chain-transfer polymerization (RAFT)
polymerization. We recently published a method for visible light-induced controlled surface grafting
polymerization as a versatile platform for surface modification. (30) The method starts with the
deposition of a thin layer of octadecyl trichlorosilane (OTS) and subsequent photoimmobilization of
isopropylthioxanthone (ITX). Irradiation with visible light (385 nm) led to the activation of the dormant
ITX groups and initiated the surface grafting polymerization reaction. Using visible light (385 nm) this

method has the advantage that a variety of monomers can be used and that the polymerization will only
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occur while the illumination is switched on.

In this work we evaluate the importance of the PFPE chain mobility and determine which
synthesis conditions allow the tethered chains to reach a chain length at which antifouling or fouling-
release activity is created. Therefore, perfluoropolyetherdimethacrylat (PFPE-DMA) was polymerized by
an ITX mediated grafting-from polymerization onto a substrate. PFPE-DMA brushes with defined
thickness were grown on the surface by changing the illumination time. The coatings were analyzed by
contact angle goniometry, ellipsometry and challenged against the adhesion of proteins, different

marine fouling organisms, and in short-term field exposures.

2. Materials and Methods

Purchased chemicals and materials  Acetone p.a. (Sigma-Aldrich, 2 99.5 %), chloroform (Fischer
Chemicals, > 99.8 %), cyclohexane (Fisher Chemicals, = 99.99 %), ethanol (Roth, > 99.8 %, p.a.) and
toluene (Fisher Chemicals, > 99.98 %) were used as solvents as received. 2-Isopropylthioxanthone (ITX,
TCl > 98.0 %) was bought from TCO, recrystallized once from ethanol, and stored at -20°C.
Fluorolink MD 700 (PFPE-DMA, Acota > 99.8 %) was used as received. Distilled water was purified by a
Milli-Q-Plus system (Siemens). Silicon wafers (<100> orientation, 100 mm diameter, 525 pum thickness,
prime quality) were obtained from Siegert Wafer and stored under an argon atmosphere. NexterionB

(clean room cleaned) glass slides were obtained from Schott (Jena, Germany).

Light sources for photochemistry For the coupling of ITX, a 254 nm UV light source (Osram Sylvania
G8W) was used. A LED system with a 385 nm Nichia NVSU233A-D1 U385 UV LED (Nichia Corporation.
Cat.No0.151224; Tokushima, Japan, 2016.1000 mA, 3.65 V, 385 nm peak wavelength, 11 nm spectrum
half width, 1400 mW radiant flux, 60° viewing angle, relative radiant intensity of 1 within £ 10° radiation
angle and > 0.9 within + 40° and an irradiation intensity of 72 mW/cm?) was used for the photo
polymerization. Cooling for the high-power UV LED was achieved with an EK Water Blocks EK-Supremacy

MX processor water cooler using Arctic Cooling Silver V heat conduction paste.

Preparation of OTS-monolayers The preparation of the OTS monolayers was performed as described
in previously published protocols.(30) In brief, silicon wafers were cleaned and activated in an oxygen
plasma (Gala miniFlecto MFC plasma cleaner, argon oxygen plasma, 0.4 mbar, 80 W, 22 kHz, 3 min). The
activated silicon substrates were used instantaneously. For the biological assays, Nexterion glass slides
were used and activated by the same method as the silicon wafers. The plasma activated substrates were

inserted into a silanization reactor(30) and a 0.5 mM solution of octadecyltrichlorosilane (= 90 %) (OTS,
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Sigma-Aldrich) in a cyclohexane/chloroform solvent mixture (v/v, 75:25) was added though a dropping
funnel, under a nitrogen atmosphere, and allowed to react for 30 min during ultrasonication (150 W) at
reduced temperature (10-15°C). After the silanization, the samples were removed from the silane
solution and sonicated for 3 min in a mixture of cyclohexane and toluene (75:25). Samples were retrieved

and residual solvent was quickly removed in a nitrogen stream.

Photografting of ITX semipinacol “dormant’ groups on OTS films by UV irradiation Photografting of
ITXSP on OTS was performed as described in previously published protocols.(30) In brief, a 0.5 M solution
of 2-Isopropylthioxanthone (98.0 %) (TCl, recrystallized from ethanol) in acetone was placed in a Schlenk
tube and degassed three times using the freeze-pump-thaw method. Afterwards, the OTS coated
substrates were placed into a Schlenk tube and exposed to 254 nm UV light for 3 min. After irradiation,
the samples were rinsed with acetone and immersed in an acetone bath for 30 min to remove non-

covalently attached ITX.

Visible light-induced grafting polymerization of PFPE-DMA  The grafting-from photopolymerization
followed previously established methods.(30) The polymerization was carried out in solutions of 0.1 wt%,
0.25 wt% and 0.5 wt% of PFPE-DMA in acetone. The solutions were degassed for 10 min with N2 and
treated with the freeze-pump-thaw method three times to remove oxygen which could inhibit the
polymerization. To prepare surfaces for the stability tests and the biological assays, concentrations of
0.5 wt% were chosen. The OTS-ITXSP modified surfaces were inserted into a Schlenk tube and immersed
in the monomer solution. The polymerization was started by LED illumination with a wavelength of 385
nm at an LED-sample distance of around 3 cm for the desired time. After the polymerization reaction
was completed, samples were retrieved, placed in degassed acetone for 24 h to leach out uncoupled
monomers and dried in a stream of nitrogen. ITXSP groups were removed by immersion of the surfaces
into acetone, which had been purged for 15 min with oxygen prior to immersion. The samples were
irradiated for 10 min by a 385 nm LED to activate and quench the dormant ITXSP groups. Subsequently,
the samples were immersed in a degassed acetone bath and leached for a further 24 h. The polymer

brushes thus obtained were labeled pPFPE_x with x being the average height of the brushes in nm.

Contact angle goniometry The static water contact angles (CA) were measured using a custom-built
goniometer. After deposition of the droplets (MiliQ water) on the samples, their shapes were recorded
via a CCD camera and the contact angle was determined at the solid/liquid/gas intersection. The
presented values were obtained from three measurements on each of at least three replicates per brush

length. The error bars represent the standard error of the mean (SE).

Spectroscopic ellipsometry To determine the thickness of the pPFPE brushes and of the adsorbed
protein layers, spectroscopic ellipsometry measurements were performed with a M2000 (JA Woollam
Co., Inc.) operating in a wavelength range between 280 and 800 nm. All samples were measured before
assembly and modeled as a B-spline. The polymer film was modeled as a transparent organic adlayer

with a wavelength dependent refractive index described by a Cauchy model (A=1.45,B=0.01,C=0). A
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xenon lamp with a polychromatic spectrum was used as the light source. On each sample three
measurements were performed at different positions and the reported values are the average of these

three measurements. The error bars represent the standard deviation.

Infrared spectroscopy (ATR-FTIR) ATR-FTIR (VariGATR, Harrick, USA) spectra were obtained with a
Bruker Tensor 27 spectrometer (Ettlingen, Germany), using a liquid N,-cooled MCT detector. Before
acquisition of the spectra, the system was purged with nitrogen for at least 30 min. As background, the

spectrum of the Ge-ATR crystal in air was used.

Coating stability assessment The stability of the prepared surface coatings was tested in salt water,
which was prepared from inorganic salts resembling the major compounds of sea water (31) with ion
mass content of >50 ppm, but being free of organic components to avoid the formation of organic
deposits on the coatings. The samples were immersed in salt water on a linear shaking table (50 rpm)
over 14 d and subsequently rinsed with water and blown dry in a stream of N,. After this immersion
phase, the thickness of the coatings was again determined by spectroscopic ellipsometry, and IR spectra

were measured to detect potential changes in the surface chemistry.

Nonspecific adsorption of proteins Non-specific protein adsorption assays were carried out on silicon
wafers coated with PFPE-DMA with different chain lengths. Octadecyltrichlorosilane (OTS) coated silicon
wafers were used as negative controls. The protocol to assess protein resistance followed earlier
publications.(32) In brief, proteins were dissolved in phosphate-buffered saline (PBS, 0.01 M, pH 7.4) at
concentrations of 2 mg-ml-* for lysozyme, fibrinogen, and BSA (Table 1). The surfaces were firstimmersed
in 10 mL of PBS for 20 min to allow the coatings to equilibrate before adding 10 ml of protein solution.
After 30 min of incubation, samples were gently rinsed with water and dried in a stream of N,. The

thickness of the adsorbed protein adlayer was determined by spectroscopic ellipsometry.

Table 1: Proteins used for the nonspecific adsorption assay, molecular weight, net charge at pH 7.4, and concentration of the
proteins in the buffer.

Protein | Molecular weight [g/mol] | Net charge | Protein concentration
Lysozyme 14.7 + 2 mg/ml
Fibrinogen 340 - 2 mg/ml
Albumin (BSA) 66 - 2 mg/ml

Microfluidic diatom accumulation assay Diatom culture and the microfluidic accumulation assay
followed previously published protocols.(33) The diatom Navicula perminuta was used as a model
organism. For the assay, the culture medium was exchanged for filtered seawater (ASW pH 8), and a total
cell concentration of 3 million/ml was adjusted using the optical density (OD) at 444 nm. The microfluidic
experiment was performed on coated Nexterion B glass slides with OTS as the nonresistant control. IBIDI
sticky slides 0.1 (IBIDI, Germany) were glued onto the samples and formed the channel system. For each

coating, three accumulation assays were conducted at a constant wall shear stress of 0.22 Pa over 90 min.
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To remove any unattached diatoms, pure ASW was rinsed through the channels for 10 min at the same
flow speed as used for the accumulation assay. Thirty fields of view (each 0.55 mm?; 830 um x 665 pm)
in the middle of the channel were recorded with an inverted video microscope (Nikon Ti-E, Nikon Japan;
10x phase contrast objective Nikon CFl Plan Fluor DLL NA 0.3, Nikon Japan). To account for slight
variations in the physiological state of the diatoms, OTS was included as nonresistant control and the data
obtained were normalized to the attachment on OTS. The results presented are the average of three
independent assays, error bars represent the standard error (SE). A one-way ANOVA analysis with a post-

hoc Tukey test (=0.05) was used to test if observed differences were statistically significant.

Settlement of zoospores of the green alga Ulva linza The settlement of spores of U. linza on to the test
surfaces followed standard procedures.(34) In brief, spore-bearing fronds of U. linza were collected from
Craster, Northumberland UK (55°26' N; -1°35' W). Spores were released from the fronds and diluted to
produce a suspension containing approx. 1.0x10® ml? in artificial seawater (ASW) (Tropic Marin). Three
replicate coated slides of each test sample were placed in the wells of Quadriperm dishes and 10 ml of
the suspension of spores added to each one. The dishes were incubated in the dark for 45 min to allow
the spores to attach. Following this the slides were washed in ASW to remove unattached spores before
fixing in 2.5% glutaraldehyde in seawater. The densities of spores on the surfaces were counted using a
Zeiss Axioscop epifluorescence microscope with image analysis software that detected the fluorescence
from the chlorophyll within the spores. The significance of differences between the samples was tested

using one-way analysis of variance with a Tukey test (a=0.05). Error bars represent the standard error.

Dynamic short-term field test The dynamic short-term field test was carried out at the biofouling test
site at Port Canaveral (28 °24'29.4"N 80°37'37.7""W, Florida, USA) of the Florida Institute of Technology
(FIT) using a previously described rotating disk setup.(35) Using a constant rotation speed of 12 rpm, the
surfaces were challenged under water at a depth of 0.6 m for 5 days. For fixation, the samples were lifted
out of the water and placed for 15 min in a glass compartment containing 0.5 % glutaraldehyde solution
in seawater. Afterwards the samples were washed three times with distilled water for 3 min each.
Subsequently, the samples were air dried and analyzed by fluorescence microscopy (Nikon Eclipse
TE2000-U, 10x phase contrast objective Nikon CFl Plan Fluor DLL NA 0.3, Nikon, Tokyo, Japan) using the
autofluorescence of the attached marine organisms. Each chemistry was tested with three replicates and
the assay was repeated two times. The diatoms present on the surface were manually counted using the
Imagel 1.5lj software package. A one-way ANOVA analysis with a post-hoc Tukey test (o.=0.05) was used

to test if observed differences were statistically significant.

3. Results



Polymer Chemistry Page 8 of 19

[
!

A /\E’\ B 385 nm
N/ . = —
N 5 \} - 4§ SN
D e ™ T ®
X = (385 nm) e———— f\\,,v >

w0

Figure 1: A: Reaction scheme of the visible-light induced surface grafting polymerization on OTS using ITX as the initiator and any methacrylate
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(RMA) as the monomer. The photoinitiator ITXSP, is reversibly cleaved by visible light (385 nm) releasing a stable ketyl radical (semipinacol)
and a free surface radical, allowing the addition of monomers to the surface until recombination with the ketyl radical. B: Schematic illustration

of the chain growth of PFPE-DMA over time using visible light (385 nm).
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Figure 2: Photoinduced polymerization of PFPE at different monomer concentrations. (A) Thickness of the grafted film as
determined by spectroscopic ellipsometry (n=3). Error bars show the standard deviation; (B) ATR-FTIR spectrum of a)
unmodified Si-wafer; b) Si-OTS and c) PFPE.

The synthesis of PFPE-DMA brushes (pPFPE) on the surface included several synthesis steps. First, an OTS
monolayer was assembled on a substrate (plasma activated silicon and glass) in solution. Secondly,
dormant ITXSP groups were introduced by UV light (254 nm) to the surface. Lastly, the surface-bound
ITXSP was photoactivated by visible light, producing a radical, which enabled the grafting-from
polymerization of PFPE-DMA. The prepared OTS controls were characterized by spectroscopic
ellipsometry and contact angle goniometry. Average film thicknesses of 2.6 £ 0.1 nm and CAs of 110°
3° were determined and verified the successful film formation.(30) Coupling of the dormant ITXSP groups
was characterized by spectroscopic ellipsometry, UV/Vis spectroscopy, IR spectroscopy and contact
angle goniometry. Thickness increases of 0.7 £ 0.2 nm were detected as well as absorption bands around
380-420 nm, characteristic for the hydroxyl deformation vibrations 8(OH), while C-H stretch vibrations
from the aromatic system became visible at 3000 cm™. Also, the changed contact angle of 76 +3°

verified the successful coupling of the ITX to the OTS monolayer.

The dormant ITXSP groups that were produced were used as initiating group for the visible light (385

nm) induced polymerization of PFPE-DMA. As the used monomers were dimethacrylates, both ends of
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the monomer are in principle capable of being polymerized. Figure 2A shows the increase in layer
thickness for three PFPE-DMA concentrations with increasing irradiation time. With increasing monomer
concentration, a faster polymerization rate was observed. At the highest PFPE-DMA concentration of
0.5 wt%, the fastest polymerization rate of 26.7 nm/min was detected. The lowest rate was observed at
0.1 wt%, which was about 9.1 nm/min. As shown in Table 2, the water contact angle increased as
expected after the growth of the pPFPE brushes which reached 124° + 9° for the highest layer thickness.
This is in good agreement with literature where the contact angle of crosslinked PFPE-DMA coatings has
been reported to be 110°t 1°. (21) In order to obtain a deeper insight into the chemistry of the
polymerized pPFPE on the organic monolayer OTS and to confirm if the polymerization was successful,
ATR-FTIR spectroscopy was applied. The IR spectrum in Figure 2B of the clean silicon substrate shows, as
expected, only the Si peak around 1229 cm™. The OTS-coated surfaces, Figure 2B (b), exhibit the typical
aliphatic signals of the SAM layer (30) with the symmetric and antisymmetric CH stretching vibrations at
(us CH2) 2918 cm™ and (uas CH2) 2859 cm™. The IR spectra of PFPE-DMA (pPFPE), Figure 2B (c), show a
peak at about 1190 cm™ which can be assigned to the C-F- stretching vibration and a peak at about
1120 cm™ that belongs to the CF-O-CF fluorinated ether group. The peak around 1740 cm™ can be
assigned to the carbonyl structures, such as aldehydes or esters, underlining the successful
polymerization of PFPE-DMA. The signal at 3350 cm™is caused by the amine group that is present in the
PFPE monomer. With increasing thickness of the PFPE overlayer, the aliphatic signals from the initial
silane SAM with the symmetric and antisymmetric CH stretching vibrations at (u; CH,) 2918 cm™ and (v,

CH,) 2859 cm decrease.

Table 2: Static water contact angles of the different coatings for different PFPE-DMA concentrations
and different illumination durations. The standard deviation (n = 3) is given as the error.

oTS ITX 0.1 PFPE wt% 0.5 PFPE wt%
Illumination duration /min 1 2 3 1 2 3
Contact angle /° 1103 76+3 97+5 96+ 6 104.4+5 97+5 108 £ 4 124 +9

Stability of the PFPE-DMA coatings

All coatings for stability assessment and biological tests were prepared using a PFPE-DMA concentration
of 0.5 wt%. The thickness was adjusted via the illumination duration (Figure 2a) and is indicated by the
number x in the abbreviated sample code pPFPE_x. For the stability tests, 5 nm thick (opPFPE_5), 15 nm
thick (pPFPE_15) and 50 nm thick (pPFPE_50) coatings were tested. The stability tests were carried out
in salt water (SW) for up to 14 days (Figure 3). The thickness change for all three coatings varied by

<10% over the course of the 2 weeks, indicating a high stability.
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Figure 3: Stability of PFPE-DMA at different chain length in ASW for 14 days (n=3). Error bars represent the standard deviation.
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Figure 4: Nonspecific adsorption of proteins on PFPE-DMA coatings with different chain length (n=3). Adlayer thicknesses were
determined by spectroscopic ellipsometry (n=3). Error bars represent the standard deviation.

The surfaces were tested against the nonspecific adsorption of different proteins, with varying size and
net charge at a pH of 7.4 (see Table 1). The same polymer brush thicknesses as for the stability tests were
selected. Figure 4 shows the adlayer thickness after 30 minutes incubation of the OTS controls and three
different layer thicknesses of pPFPE in solutions of the proteins fibrinogen, lysozyme, and BSA. The non-
specific adsorption of the three proteins on the hydrophobic OTS controls was very similar as on
hydrophobic aliphatic SAMs which we previously used as negative controls at the same assay conditions.

(36,37) While the 5 nm PFPE-DMA coatings showed only a negligible reduction in attachment of the two
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negatively charged proteins BSA and fibrinogen compared to the OTS controls, a greater reduction
occurred with the positively charged protein lysozyme. The 15 nm and 50 nm thick PFPE-DMA brushes
showed a reduced non-specific protein adsorption for all three proteins compared to OTS. The highest
reduction in protein adsorption compared to OTS was found on the 50 nm PFPE-DMA coatings. Here, the
nonspecific adsorption of fibrinogen was reduced to 34 %, to 41.4 % for BSA and to 35.5 % for lysozyme

compared to the OTS controls.
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Dynamic diatom accumulation assay
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Figure 5: A) Dynamic diatom (Navicula perminuta) accumulation assay with different PFPE-DMA coating thicknesses. The values
represent the average of three independent replicates. The error bars represent the standard error of the mean. Bars labelled
with different symbols show statistically significant differences (p<0.05). Average diatom count on OTS: 159 + 7 per mm?Z. B)
Settlement of zoospores of the green algae Ulva linza on PFPE-DMA coatings of different thickness. The values represent the
average of three replicate-coated slides. The error bars represent the standard error. Bars labelled with different symbols show
statistically significant differences (p<0.05).

A microfluidic diatom attachment test was used to probe the initial attachment of diatoms to the
coatings. For all surfaces, a significant reduction in diatom accumulation was observed as compared to
the nonresistant OTS controls (Figure 5A). Here, the 50 nm thick coatings showed the strongest
reduction by 83% in diatom attachment compared to the OTS controls, while 15 nm and 5 nm showed
32 % and 21 % less diatom density compared to the controls, respectively. An ANOVA with post-hoc
Tukey test (p = 0.05) showed that all observed differences were significant, except between the 5 nm

and the 15 nm thick coatings.

Settlement of zoospores of the green algae Ulva linza

Spores of the green algae U. linza are able to explore and select surfaces suitable for settlement.(38,39)
Figure 5B shows the density of zoospores on the PFPE-DMA coatings after the 45 min settlement assay.
pPFPE_25 and pPFPE_50 showed a strong and statistically significant reduction by 98% and 97%,
respectively, compared to the OTS control. The coatings pPFPE_5 and pPFPE_10 showed higher spore
settlement compared to the OTS surface. Here, an increase in settlement by 73% and 92 % was observed.
An ANOVA with post-hoc Tukey test (F 4, 295 = 112.4 P<0.05) showed that settlement levels on the
pPFPE coatings divided into two groups. The first was the pPFPE_5 and pPFPE_10 and the second one,
which settlement densities were extremely low, was the pPFPE_25 and pPFPE_50. Settlement on the

OTS reference coating was intermediate between the two groups.
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Short term dynamic field immersion tests

OoTS pPFPE_5 pPFPE_15 pPFPE_50

Figure 6: Dynamic short-term field immersion of the different PFPE and OTS coatings. The samples were exposed to the ocean
on a rotating disk at a rotation speed of 12 rom at the FIT test site at Port Canaveral, FL for 5 days. The presented values
represent the average of three independent replicates with at least 70 fields of view per slide. Two runs with 3 slides each are
shown. The error bars are the standard error of the mean. Significant differences are indicated by different symbols.

Short-term dynamic field immersion tests were carried out to challenge the surfaces against real
conditions with a natural mixed species population (Figure 6). Therefore, the surfaces were incubated
for 5 days at Port Canaveral, Florida. Two sets of samples were immersed on subsequent weeks. The
difference between the two runs could be caused by subtle shifts in the population of fouling organisms
due to different currents and nutrient conditions and by difference in weather conditions. The first run
showed a lower organism adhesion for the coatings pPFPE_5, pPFPE_25 and pPFPE_50 compared to the
OTS coatings. However, a significant reduction was only observed for the pPFPE_50 coatings compared
to the negative control OTS. In this case, it was possible to reduce the density of attached species by
42 %. The second run only showed significantly lower adhesion for the pPFPE_50 coatings compared to

OTS, but an unusually low attachment to the OTS coatings was noted.

4. Discussion
Using the recently developed ITX mediated grafting-from method(30), perfluoropolyetherdimethacrylate

coatings were grown by light-controlled polymerization on silicon and glass surfaces. In a first step, OTS
was assembled onto the surfaces causing an increase in contact angle to 110°, with thicknesses of 2.6
nm, which are typical values for silane SAMs. (30) ITXSP was subsequently attached to the monolayers
by UV initiation and the successful coupling was confirmed using ATR-FTIR spectroscopy. The contact
anglereduced to 76 + 3 ° and there was an increase in thickness of 0.7 £ 0.2 nm, again in good agreement

with previous reports. (30) Lastly, the monomer PFPE was polymerized onto the surface from solution
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using a visible light LED source (385 nm). A corresponding increase in layer thickness was observed with
increasing polymerization time as well as a faster growth rate with increasing monomer concentration in
solution. The fastest growth was observed for the 0.5 wt% solution, exhibiting a rate of 26.7 nm/min.
After 5 minutes, an adlayer thickness of 89 nm could be obtained. The successful growth was revealed
by the IR modes in the range 1200-1320 cm?, which are characteristic for C-F vibrational modes and by
the signal around 3450 cm™, which belongs to the N-H valence vibration of the polyurethane groups. All
coating thicknesses showed a very high stability in salt water, which was a prerequisite for the bioassays.
The prepared coatings were tested against the nonspecific adsorption of different proteins, in single
species marine biofouling assays (N. perminuta, U. linza), and against a natural mixed fouling organism
population in dynamic short-term field exposures. In the protein assays, fibrinogen, lysozyme and BSA
showed a decrease in nonspecific adsorption with increasing PFPE film thickness. The reduction was
lowest for pPFPE_5, showing a slight reduction in adhesion of the negatively charged fibrinogen and BSA
and a minor decrease in adhesion of the positively charged lysozyme. The pPFPE_50 coatings with an
even higher contact angle of ~110°, and thus similar contact angles as OTS, showed a reduction in non-
specific adsorption for all proteins. Here, the highest reduction of 66 % compared to the OTS control
surfaces was observed for fibrinogen. Similar results were obtained for the dynamic accumulation assay
using the diatom N. perminuta and a reduction of 21 % in diatom attachment was found for the pPFPE_5
coatings compared to the OTS coatings. The pPFPE_50 coatings reduced the adhesion by 83 %. Also, the
settlement of Ulva linza zoospores showed decreased attachment density on the longer brush lengths.
While the coating pPFPE_5 and pPFPE_15 showed a higher attachment compared to OTS, the coatings
pPFPE_25 and pPFPE_50 reduced the accumulation by 98 % and 97 %, respectively. In the field tests a
significant reduction was only found for the pPFPE_50 coatings. There was a 27 % reduction in the first
experiment and 56 % in the second immersion experiment. Thus, despite the relatively high contact
angle, the pPFPE_50 coating was surprisingly efficient in reducing the attachment of marine fouling

organisms.

Hydrophobic surfaces are in general considered attractive for the nonspecific adsorption of proteins as
interactions between van-der Waals forces and the hydrophobic domains of the proteins leads to a
strong binding and eventually a denaturation on the surfaces. (40-42) Several studies have also reported
the tendency of hydrophobic surfaces to be well colonized by algae and by biofilm-forming microbes.
(43,44) Also, diatoms such as N. perminuta tend to attach strongly to hydrophobic surfaces. (33,45) PFPE
seems to be a material for which not only the surface energy, but also the specific chemistry seems to
favor the reduction of fouling. These specific properties have been demonstrated before. For example
Yarbrough et al. (14) showed reduced settlement of spores of U. linza and higher fouling-release
properties on cross-linked perfluoropolyether-based graft terpolymers compared to a PDMS elastomer.
Our result showed that a grafting-to polymerized, linear PFPE coating had enhanced fouling-release
activity that was proportional to increasing coating thickness. The increasing chain length led only to

subtle changes of the contact angles, which did not seem to be relevant for the observed attachment of

Page 14 of 19



Page 15 of 19

Polymer Chemistry

microbes.

As the wettabilities off all coatings were in a similar range, the detected increase in inertness with
increasing polymer brush length was somewhat surprising. One key property that might have been
changed by increasing the chain length is the lubricating properties, i.e. the slipperiness of the coating.
In previous work it has been reported that the friction coefficient for an HS(CH,),CH; SAM decreases with
increasing chain length. (46) A decrease from 0.52 + 0.03 for the CgH;7;SH SAM to 0.18 + 0.05 for the
C,5H3;SH SAM, corresponding to a 65.4 % reduction, was reported. (27) Furthermore, Bowen et al.(28)
reported a significant change in the adhesion of N. perminuta and U. linza to HS(CH,),CH; SAMs with
different chain lengths. As all surfaces exhibited similar contact angles, it was hypothesized that the
lubricity of the surface had a strong influence on the adhesion of the organism. The friction coefficients
depend on the packing density, with lower densities leading to lower film thicknesses and consequently
to higher friction coefficients. (47) Thus, prior work suggests that better FR performance of thicker
monolayers and brushes is related to a reduction of the friction coefficient. In the case of our results, we
have to consider that a certain degree of crosslinking between the brushes is likely as a dimethacrylate
monomer was chosen. Despite this crosslinking, the coatings obtained seem to be slippery enough to

effectively reduce fouling.

5. Conclusion

Within this work we used a controlled polymerization reaction that was visible light-induced to prepare
PFPE brushes of different thickness. Therefore, OTS monolayers were assembled onto substrates and a
UV-induced coupling of ITX was performed. This surface functionalization was used as the starting point
for the controlled growth of PFPE polymers. The coated surfaces were tested for their antifouling
properties against diatoms, zoospores, proteins, and challenged in field experiments against the
adhesion of a variety of fouling organisms. While the smaller pPFPE coating thicknesses (up to 15 nm) in
some cases improved the antifouling capabilities in comparison to the negative reference OTS, the

thicker 50 nm pPFPE were a sufficient depth to reduce the attachment of all tested organisms.
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