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1. Zusammenfassung 
 

Der Eingriff in die initialen Anheftungsprozesse von Mikroorganismen an Oberflächen stellt 

einen Schlüsselschritt für die Entwicklung antiadhäsiver (Antifouling) und antibakterieller 

Materialoberflächen dar. Insbesondere die Variation der Polarität und der Ladung auf Biofilm-

assoziierten Oberflächen ermöglicht hierbei eine gezielte Modifikation der Zell-Oberflächen-

Interaktionen. Die nötige chemische Funktionalisierung der Materialoberflächen, ihre Analyse 

sowie die mikrobiologische Evaluierung sind herausfordernd. Darüber hinaus sind die 

Wechselwirkungen der Mikroorganismen mit den funktionalisierten Oberflächen unzureichend 

verstanden. In diesem Kontext beschreibt die vorliegende Arbeit die Synthese und 

systematische Untersuchung geladener Polymerbürsten auf Biofilm-relevanten Oberflächen. 

In einer ersten Arbeit erfolgte die Immobilisierung von Vinylbenzyl-Sulfobetain (VBSB), einem 

zwitterionischen Styrol-Derivat, auf Polyethylen (PE). Die Modifizierung des chemisch inerten 

PE wurde über Atmosphärendruck-Plasma-Aktivierung mit anschließender Sprüh-

beschichtung durchgeführt, welche im Vergleich zur ursprünglich genutzten 

Lösungsbeschichtung eine skalierbare, industriell adaptierbare Methode darstellt. Die 

resultierenden zwitterionischen Propfpolymere zeigten Schichtdicken im Bereich von 50-

100 nm, eine Ladungsdichte von > 1016 zugänglicher anionischer Sulfonat-Gruppen pro cm2 

und damit einhergehenden stark hydrophilen Eigenschaften (Wasser-Kontaktwinkel < 10°). 

Zur Bestimmung der zwitterionischen Ladungsdichte wurde ein neuartiges Kristallviolett-

Assay, basierend auf einem Ionenaustausch-Mechanismus, entwickelt und validiert. Die 

elementare Zusammensetzung und Präsenz des VBSB-Polymers auf PE wurde über XPS, 

ToF-SIMS und FT-IR bestätigt. Die mikrobiologische Evaluation hinsichtlich der passiven 

Antifouling-Eigenschaften wurde in einem bakteriellen Adhäsionstest gegen Gram-positive 

Bakterien (S. aureus) belegt. Darüber hinaus wurde ein langfristiger Antifouling-Mechanismus 

in natürlichem Seewasser über einen Zeitraum von 21 Tagen beobachtet. Dieses erstmals 

beschriebene, effiziente und skalierbare Protokoll zur Herstellung zwitterionischer 

Polymerbürsten bildete weiterführend die Grundlage für die Modifizierung von marin-genutzten 

Elastomeren (Sektion 6, nicht kumulativer Part).  

Die Verifizierung der antiadhäsiven Wirksamkeit von Sulfobetain-Gruppen und der belegten 

Kontakt-Bioziden-Wirkung von quaternären Ammoniumgruppen, lieferte die Grundlage für die 

Entwicklung des neuartigen Styrol-Monomers (VBDSB), welches beide genannten 

Funktionalitäten vereint. Die oberflächeninitiierte Polymerisation dieses Monomers auf Titan- 

und Polyethylen-Grundmaterial ergab bifunktionelle Polymerbürsten mit Schichtdicken von 

über 750 nm, die durch ToF-SIMS-SPM-Messungen bestätigt wurde. Die chemische 

Zusammensetzung der Bürstenpolymere wurde durch XPS- und FT-IR-Analysen bestätigt. Die 

Oberflächenladung, charakterisiert durch das Zeta- (ζ-) Potenzial, war unabhängig vom pH-
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Wert positiv, und die Anzahl der für Lösungsmittel zugänglichen Ammoniumgruppen betrug 

~1016 N+/cm2. Dies führte zu einer starken antibakteriellen Aktivität gegen Gram-positive und 

Gram-negative Bakterien. Die Bestätigung der bifunktionellen Wirksamkeit wurde 

abschließend über Zelladhäsionstests gegenüber Gram-positiven und Gram-negativen 

Bakterien festgestellt. Die Darstellung, Propfpolymerisation und Charakterisierung dieses 

neuartigen Monomers begründet die neue Stoffklasse der polymeren „Diammonium-

Sulfonate“ als erste derartige Kombination von aktiven und passiven Wirkmechanismen.  

 

Abbildung 1: Zusammenfassende Übersicht der untersuchten Oberflächenmodifikationen mit der Beschreibung 

der genutzten Propfpolymerisation und der Darstellung der wichtigsten chemischen und biologischen 

Eigenschaften der charakterisierten Beschichtungen. 

Einen ebenso neuartigen bifunktionellen Charakter zeigte die Oberflächenmodifizierung von 

PE mit polymeren N-oxiden. Diese wurden in jüngsten Studien als biomimetische 

zwitterionische Verbindungen mit geringen Proteinadsorptionen assoziiert. Die 

Immobilisierung polymerer N-oxide über eine post-grafting Oxidation auf plasmaaktiviertem 

PE lieferte hydrophile Oberflächen mit passiven Antifouling-Eigenschaften in 

Bakteriensuspensionen. Darüber hinaus wurde erstmalig in diesem Kontext eine 

antibakterielle Aktivität gegen Gram-negative und Gram-positive Bakterien, durch eine 
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Polymer-spezifische Freisetzung von reaktiven Sauerstoffspezies (ROS), beobachtet. Zudem 

wurde festgestellt, dass die bioaktiven N-oxid-Gruppen keinem Abbaumechanismus 

unterliegen, was auf einen nicht-limitierten, katalytischen bioziden Effekt hindeutete. Im 

Gegensatz zu anderen zwitterionischen Polymeren zeigen N-oxide damit eine einzigartige, 

antiadhäsive und antimikrobielle Wirkung. 

Die skalierbare Sprühbeschichtung nach vorheriger Aktivierung mit Atmosphärendruck-

Plasma fand zusätzlich eine erfolgreiche Anwendung in der Modifikation von Elastomeren im 

Kooperationsprojekt AFOUL („Entwicklung einer Antifouling-Gummimischung für Offshore-

Unterwasseranwendungen“). Elastomer-basierte Schlauchsysteme, die für die Kühlung von 

Flüssiggas auf LNG Terminals genutzt werden, sind stark betroffen von marinem Biofouling. 

Diesem wird gegenwärtig mit umweltschädlicher Reinigung durch Hypochlorit 

entgegengewirkt. Polyamid-basierte Strukturen auf den genutzten Elastomeren führten zu 

einer initialen Topographie-bedingten Antifouling-Wirkung. Die darüber hinaus genutzte 

Propfpolymerisation bekannter kationischer und/oder zwitterionischer Polymere bestätigte 

langfristige Antifouling-Aktivität unter realen Seewasser-Bedingungen in einem maximalen 

Zeitraum von 9 Monaten. Diese synergistischen Modifizierungen prognostizieren eine 

Einsparung von 38.5 t des umweltschädlichen Hypochlorits pro Jahr sowie eine jährliche 

Reduktion der CO2 Emissionen von 87 t. 
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2. Abstract 
 

Interfering with the initial attachment processes of microorganisms to surfaces is a critical step 

in developing anti-adhesive (antifouling) and antibacterial material surfaces. In particular, the 

variation of polarity and charge on biofilm-associated surfaces enables the targeted 

modification of cell-surface interactions. The necessary chemical functionalization of the 

material surfaces, their analysis and microbiological evaluation are challenging. In addition, 

the interactions of microorganisms with the functionalized surfaces are insufficiently 

understood. The present work describes the synthesis and systematic investigation of charged 

polymer brushes on biofilm-relevant surfaces in this context. 

The first work involved the immobilization of vinylbenzyl sulfobetaine (VBSB), a zwitterionic 

styrene derivative, on polyethylene (PE). The modification of the chemically inert PE was 

performed via atmospheric pressure plasma activation with subsequent spray coating, which 

is a scalable, industrially adaptable method compared to the originally used coating in solution. 

The resulting zwitterionic graft polymers showed layer thicknesses in the range of 50-100 nm, 

a charge density of > 1016 accessible anionic sulfonate groups per cm2, and associated highly 

hydrophilic properties (water contact angle < 10°). A novel photometric assay based on an ion 

exchange mechanism with crystal violet was developed and validated to determine the 

zwitterionic charge density. The elemental composition and presence of the VBSB polymer on 

PE were confirmed via XPS and FT-IR. The microbiological evaluation of the passive 

antifouling properties was confirmed in a bacterial adhesion test against Gram-positive 

bacteria (S. aureus). In addition, a long-term antifouling mechanism was observed in natural 

seawater over 21 days. This efficient and scalable protocol for producing zwitterionic polymer 

brushes was the basis for modifying marine elastomers (Section 6, non-cumulative part). 

The verification of the anti-adhesive effectiveness of sulfobetaine groups and the proven 

contact-biocidal effect of quaternary ammonium groups provided the basis for developing the 

novel styrene monomer (VBDSB), which combines both of these functionalities. The surface-

initiated polymerization of this monomer on titanium and polyethylene base material resulted 

in bifunctional polymer brushes with layer thicknesses of over 750 nm, confirmed by ToF-

SIMS-SPM measurements. The chemical composition of the brush polymers was confirmed 

by XPS and FT-IR analyses. The surface charge, characterized by the zeta (ζ-) potential, was 

positive regardless of pH, and the number of solvent-accessible ammonium groups was ~1016 

N+/cm2. This resulted in strong antibacterial activity against Gram-positive and Gram-negative 

bacteria. The confirmation of the bifunctional activity was finally completed by cell adhesion 

tests against Gram-positive and Gram-negative bacteria. The presentation, graft 

polymerization, and characterization of this novel monomer establish the new substance class 



6   2. Abstract 

of polymeric "diammonium sulfonates" as the first such combination of active and passive 

mechanisms of action. 

 

Figure 1: Summary of the investigated surface modifications, a description of the graft polymerization used, and a 

presentation of the most critical chemical and biological properties of the characterized coatings. 

The surface modification of PE with polymeric N-oxides also led to materials with a novel 

bifunctional activity. In recent studies, polymeric N-oxides were associated with low protein 

adsorption, similar to other zwitterionic polymers. The immobilization of polymeric N-oxides via 

post-grafting oxidation on plasma-activated PE gave hydrophilic surfaces with passive 

antifouling properties in bacterial suspensions. Furthermore, antibacterial activity against 

Gram-negative and Gram-positive bacteria was observed for the first time in this context 

through polymer-specific release of reactive oxygen species (ROS). In addition, the bioactive 

N-oxide groups were found not to be subject to a degradation mechanism, indicating a non-

limiting catalytic biocidal effect. In contrast to other zwitterionic polymers, N-oxides thus exhibit 

a unique anti-adhesive and antimicrobial effect. 

After prior activation with atmospheric pressure plasma, the scalable spray coating was also 

successfully applied to modify elastomers in the AFOUL cooperation project ("Development of 

an antifouling rubber compound for offshore underwater applications"). Elastomer-based hose 
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systems used for cooling liquefied gas at LNG terminals are heavily affected by marine 

biofouling. This is currently counteracted by environmentally harmful cleaning with 

hypochlorite. Polyamide-based structures on the elastomers used led to an initial topography-

related antifouling effect. In addition, the graft polymerization of known cationic and/or 

zwitterionic polymers confirmed long-term antifouling activity under natural seawater 

conditions over a maximum period of 9 months. These synergistic modifications predict a 

saving of 38.5 t of environmentally harmful hypochlorite per year and an annual reduction in 

CO2 emissions of 87 t. 
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3. Introduction  
 

3.1 Relevance of Biofouling  
 

Microorganisms are invisible to the naked eye, yet they play a vital role in the earth's 

ecosystem. On the one hand, bacteria produce essential compounds for the earth's 

atmosphere and have a distinctive function in biogeochemistry. Moreover, they provide 

symbiotic exchange in vertebrates and invertebrates and contribute significantly to the 

maintenance of vital functions and metabolism.1-3 On the other hand, they can act adversely 

by causing fatal systemic infections. Antibiotic-resistant bacteria, especially, pose a major 

challenge for humankind. Infections with resistant strains are associated with higher mortality 

rates and treatment costs compared to infections with antibiotic-susceptible bacteria.1, 4 This 

threat of resistant bacteria is worsened by a decreased number of new antibiotics available. In 

addition, the current widespread use of antibiotics contributes to the rise of resistant strains 

and less efficient treatment options against bacterial infections. Consequently, the World 

Health Organization (WHO) warns that a post-antibiotic era might be near.5  

 

Figure 2: Examples of material surfaces typically affected by biofouling: Health-care-associated biofouling on 

catheters (A) or dental implants (C) related to severe infections and challenging antibiotic resistance.6, 7 Biofouling 

on pharmaceutical products (B) decreases product and patient safety. On marine applications such as ship hulls 

(D), biofouling's negative impact comes with severe economic and environmental harm.8-10 
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Moreover, microorganisms possess the ability to form aggregated colonies into biofilms, which 

can occur on any biotic or abiotic surface. This microbial assembly of biofilms is likewise 

ubiquitous and represents an evolutionarily essential process for the development of life on 

Earth, which still contributes to biogeochemical homeostasis today. Despite these natural 

advantages, biofilm formation on surfaces used for medical or industrial purposes can have 

serious consequences. On implants and medical devices (e.g., catheters), the aggregation of 

opportunistic microorganisms can lead to severe systemic infections, which are associated 

with increased development of resistance and more difficult or even ineffective antibiotic 

therapy.6, 7 In healthcare-related manufacturing and processing, biofilms compromise 

disinfection methods. This contributes to an increase in biocide use and decreased product 

and customer safety.11, 12 In marine applications and drinking water processing, biofilm 

formation is the first step in the ensuing accumulation of higher organisms on surfaces. This 

so-called irreversible biofouling causes corrosion, high fuel consumption, or clogging.13 The 

control of irreversible biofouling is associated with increased use of disinfectants or complex 

and sometimes environmentally hazardous cleaning processes. As a result, both the presence 

and the prevention of biofouling lead to economic and ecological challenges. Thus, biofilms, 

biofilm-associated infections, and irreversible biofouling pose major challenges to healthcare 

and many industries. 
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3.1.1 Biofilm Formation 
 

The aggregation and accumulation of bacteria in natural or artificial environments are driven 

by evolutionary causes. As one of the first viable life forms (~3.25 billion years ago), the 

assembly of single prokaryotic cells and lone colonies to a merged aggregate promoted 

bacterial fitness and selection pressure that allowed survival under challenging conditions.1 

This is essentially caused by the continuous and flexible adaption of these prokaryotic 

aggregates to the surrounding environment and, thus, the reaction to harsh circumstances 

such as extreme temperatures, changing pH values, and exposure to UV light up to further 

ionizing irradiations.14 Biofilm formation is thus an essential and integral property that provides 

homeostasis for prokaryotic cells in any hostile or friendly media. Aggregation to a microbial 

community comes with a number of advantages for microorganisms, such as a change in 

physical appearance, modified intra- and intercellular signaling and communication, and an 

extracellular polymeric substance (EPS), which increases their resistance against external 

degrading influences. Due to continuous adaptations driven by interactions with the colonized 

surface and the surrounding media, the physio-chemical nature of each biofilm is highly 

individual regarding their three-dimensional shape, structure, and mechanical stability.14-17 

A good model for the complex process of biofilm formation is the 5-step model, based on the 

surface colonization of Pseudomonas aeruginosa, one of the best-studied microorganisms on 

abiotic surfaces.18, 19 Briefly, the 5-step model (Figure 3 A-E) is a simplified description of the 

complex cross-interaction between the substrate (host), bacteria (colonizer) and the 

surrounding environment (media). It starts with the reversible attachment processes of 

microorganisms and biomolecules (step A). The formation of durable sessile populations and 

activation of specific regulons that induce the initial production of an EPS is described as the 

irreversible attachment (step B). The formation of the EPS, which contributes to 90% of the 

biofilm mass (consisting of polysaccharides, proteins, nucleic acids, lipids and mostly water), 

is a crucial process. EPS, as the extracellular polymeric scaffold of biofilms, exhibits the center 

for nutrient and energy conversion by simultaneously providing physical protection, thus 

maintaining biofilm homeostasis.14, 16 The ensuing maturation (steps C and D) is characterized 

by intercellular communication known as quorum sensing. It leads to an adaption of the 

proteome and metabolome and a functional three-dimensional EPS-embedded community.20 

Regarding quorum sensing, the second messenger, cyclic di-guanylate (c-di-GMP), was 

identified as a key transducer for EPS production and maintenance. C-di-GMP transcriptomic 

levels can be correlated to the biofilm stages. The accumulation and production of the biofilm 

matrix are proportional to higher c-di-GMP levels. In contrast, biofilm dispersal is mainly 

associated with low c-di-GMP transcripts.20, 21 The last step in this model is the disaggregation 

and release of either single cells or biomolecules and toxins from the biofilm or clusters of the 
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biofilm matrix, which is further known as dispersion (step E). The released biomaterial of the 

biofilm matrix can further contaminate the surrounding environment or undergo novel 

attachment processes, completing the circle of biofilm formation. 3, 4, 22 

 

Figure 3: Dynamic process of biofilm formation in an open system. The three essential phases of biofilm 

development (1-3) are subdivided into five metaphases (A-E). The inner circle depicts biofilm formation in the media, 

while the surface-associated biofilms are on the continuous circular arrow. Intermittent arrows (– →) illustrate biofilm 

disaggregation, whereas aggregation is represented by continuous arrows (→).  

The 5-step model originated from P. aeruginosa colonization displays an adaptable but limited 

scheme to describe biofilms.15 One of the main restricted aspects of this model is the 

generalization and drawback to one model pathogen (P. aeruginosa), implying homogenous 

colonization processes derived from in vitro assays that do not reflect real-life conditions. 

Native biofilms are often formed by a heterogeneous mixture of microorganisms and 

biomolecules (biomaterial) under fluid conditions involving nutrient and metabolic exchanges. 

Therefore, the complex interaction between the surrounding environment and the 

microorganisms' versatile adhesion mechanisms to the substrate's surface is neglected in the 

alleviated model. Thus, SAUER et al. generalized the 5-step model in which the initial steps are 

reconsidered and expanded by highlighting the heterogenicity of biomaterial and the complex 

dynamic interchange of the surrounding media on a micro- and macroscale.15 Herein, biofilm 
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formation is abstracted to a 3-step circular process15, which consists of 1) aggregation and 

attachment, 2) growth and accumulation and 3) disaggregation and detachment. The 

aggregation and attachment are determined by the microorganisms' species and the surface's 

nature. One major expansion in the initial adhesion context is the consideration of 

microorganisms into non-motile (mostly Gram-positive) and motile species (mostly Gram-

negative). The latter are able to use transducing extracellular proteins (e.g., flagellum, fimbriae, 

and pili) to identify surfaces and enable controlled settlement of cells on selected surfaces.19 

Conversely, attachment of non-motile species primarily relies on gravitational forces, i.e., shear 

forces, as high media fluency mitigates initial contact time.23 Moreover, shear forces are also 

critical for non-motile species since mechanical impulses are known to activate surface-

associated adhesion regulons, thus promoting surface settlement. A merged overview of both 

the 5-step surface-associated and the 3-step extended general biofilm process is given in 

Figure 3. The illustration contemplates biofilm development in more detail. The outer circle 

depicts surface-associated biofilm formation, considering biotic (e.g., bones and tissues) or 

abiotic surfaces (i.e., artificial materials) originating from the 5-step model (A-E). The inner 

circle depicts non-surface-associated biofilm formation and the possible interchange in 

dynamic and open biotopes between surface- and non-surface-related bacterial aggregations.  

Altogether, understanding initial attachment processes is critical for biofilm investigation. 

Accordingly, more profound insights into these processes can be used to derive targets for 

biofilm modulation. In experimental setups, it is crucial to consider motile and non-motile 

species in combination with applied shear forces.23 This complexity of biofilm formation guides 

the planning, implementation, and interpretation of the microbiological assessment in this work. 

 

3.1.2 Marine Biofouling  
 

By far, the greatest challenge of surface-associated colonization is found in marine 

environments. This so-called marine biofouling follows similar initial principles to biofilm 

formation (section 3.1.1). However, marine biofouling is a more complex and the most difficult-

to-address variant of surface settlement.24, 25 In this section, the definition and relevance of 

marine biofouling and its negative consequences will be discussed, followed by a critical 

summary of known strategies to prevent marine biofouling. This conclusively leads to the 

design of surfaces and modifications that will be explored in more detail in the following section 

(3.2). 
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Figure 4: The four phases of biofouling in aquatic environments are categorized into micro- and macrofouling 

events. Marine biofouling starts from a conditioning biofilm, which depicts a connecting base for phytoplanktonic 

diatoms. Over time, marine organisms herein represented by algae, mussels, and bryozoans cause irreversible 

macrofouling.26  

Nearly any type of surface exposed to seawater is subject to direct colonization by 

microorganisms and higher organisms. Over 4000 marine species in aquatic ecosystems have 

been identified to be involved in marine biofouling. Each of these marine organisms possesses 

individual attachment properties. The dominating species involved in marine biofouling and 

their main fouling strategies are summarized in Table 1. The presence and attachment of 

aquatic species depend on environmental factors, such as the availability of vital resources 

and ecological niches with different climate conditions, level of nutrients, salinity, pH-value, 

and several other factors.25, 27 Definition-wise, four main phases of marine biofouling have been 

identified (Figure 4), that are not always strictly separated and may overlap in some cases. In 

summary, marine biofouling can be divided into microfouling and macrofouling, of which 

microfouling can occur either reversibly or irreversibly. As the main issue emerges the 

irreversible macrofouling. It involves the settlement of higher marine organisms (> 4000 

species), whereas only 10 involved species of microorganisms (bacteria and diatoms) have 

been identified in the microfouling process.28 
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Table 1: Overview of most commonly involved marine species in reversible microfouling and irreversible 

macrofouling events and breakdown of the major identified strategies for initial adhesion modified from QIU et al. 28. 

  Species Fouling adhesion strategy 26, 29-31  

Microfouling 

(partially 

reversible) 

Bacteria 

Physicochemical interaction (section 3.2) 

• Coulomb forces, dipole-dipole-, 

hydrophobic-, specific-protein-interactions 

Diatoms 

Interaction with biofilms and EPS: 

• Glycoproteins/ proteins 

• Enzymatic interactions 

Macrofouling 

(irreversible) 

Algae 

Algal spores: 

• Spores-flagella interaction 

• Glycoproteins 

Bryozoan 

Biofilm entity, density, and EPS interaction: 

• Mucopolysaccharides 

• Lectins and collagen-like proteins 

Extracellular matrix proteins 

Mussels/Barnacles 

Cyprid and adult adhesion via catechol 

interaction: 

• Catechol-like 3,4-dihydroxy-phenylalanine 

(DOPA)-interactions 

• Glycoproteins/Scleroproteins 

 

The continuous rise of globalization and marine mechanization since 1950 has catalyzed 

seaborne trade and the use of industrial marine applications. This evolution promoted the 

relevance and issue of marine biofouling, which can be viewed as a chain reaction with severe 

ecological and economic impacts.28, 32 The latter is primarily induced by the irreversible 

biofouling of higher organisms (i.e., algae, bryozoans, mussels, and barnacles), which 

increases the friction coefficient due to enhanced surface roughness. This influences many 

other parameters, predominantly the energy needed to maintain the system's flow. 

Consequently, power and fuel consumption are escalating, with rising costs and emissions. 

The latter contributes significantly to environmental pollution by increasing the ejection of COx, 

NOx, and SOx gasses.33 Adversely, fighting marine biofouling exhibits further environmental 

impact. The control of marine biofouling is always accompanied by an interference with a 

functional biotope. Considering the former solutions to prevent marine biofouling, which thrived 

by using toxic release coatings, the issue becomes particularly clear. Such releasing agents 

are known to be harmful to many aquatic species. Above all, the use of tributyltin-based 
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antifoulant coatings (TBT) and its derivatives was accompanied by severe genotoxicity and 

changes in biodiversity from 1970 until its global prohibition in 2008.24, 34 Yet, not only the 

application of toxic antifoulants demise biodiversity, also the relocation of non-native marine 

organisms as a consequence of vessel and shipment-associated biofouling expose critical 

impacts. This so-called biodiversity alteration induces severe changes in the respective 

ecosystems (Figure 5).13, 25 

  

Figure 5: A: Negative impacts of marine biofouling.25, 28 Macrofouling increases weight and roughness, thereby 

enhancing fuel consumption and air pollution. Moreover, marine growth promotes biodiversity alteration by 

relocating non-native species and causes corrosive processes. B: Development of antifouling strategies from 1950 

until the present.  

Nowadays, the prevention of biofouling faces several difficulties that can be defined as follows: 

On the one hand, the requirements for antifoulants with respect to harmlessness are increasing 

as regulated in the Biocidal Product Regulation ((EU) No. 528/2012)).28, 35 On the other hand, 

the varying environmental conditions in which marine biofouling takes place challenge the 

development of broad-acting antifoulants. Accordingly, the excessive number of organisms 

involved in marine biofouling, each with its fouling characteristics, worsens the chance to 

develop wide-performing antifoulants. However, considering the comparingly low number of 
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microorganisms involved in the initial steps of marine biofouling, the general academic 

consensus is thus based on intervention within these initial microbial attachment phases.25 

Modern solutions to prevent any kind of biofouling (not only marine biofouling) are based on 

environmental and economic compatibility. More precisely, these antifouling solutions have 

non-toxic, long-lasting, and preferentially non-release properties.36 Consequently, current 

approaches deal with direct surface modifications in which all challenges are aimed to be 

widely addressed. For designing such surface modifications, a deep understanding of cell-

surface interactions is required, which will be highlighted in the following sections.  

 

3.2 Cell-Surface Interaction  
 

The interaction of cells with surfaces is crucial for the formation of biofilms. Thus, many studies 

have deciphered fundamental principles for bacterial adhesion to surfaces: electrostatic effects 

(Coulomb forces), VAN DER WAALS attractions, and specific molecular interactions (Figure 6). 

These forces are not always clearly separable and often act synergistically during surface 

settlement. 

 

Figure 6: Overview of critical adhesive forces between bacteria and surfaces, modified from ZHENG et al. 23.  

Electrostatic interaction generally depends on the structure of the electrochemical double layer 

of substrates and bacteria. These electrochemical double layers can be described by the 

surface zeta potential (-potential). This potential of bacteria varies among different species 

but is generally negative.37 Modulating the substrates -potential can be achieved by 

introducing formal charges. For instance, conceivable modulation by the assembly of charged 

molecules at the interface affects bacterial adhesion. Attracting VAN DER WAALS forces likewise 
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contribute to bacterial adhesion at the interphase. These interactions strongly depend on the 

biochemical appearance as their manifestation relies on partial charges and induced 

dipoles.38, 23 Specific bindings are defined as all interactions based on specific protein- and 

specific molecular-signaling interactions. These interactions play a superior role in the 

attachment process and partially rely on the fundamental coulomb and dipole-dipole 

interaction. Most prominent specific connections are driven by flagellum, pili, or fimbriae 

interactions.39 Likewise, bacterial surface sensing, including microbial surface components that 

recognize adhesive matrix molecules (MSCRAMMs) and acid-base interactions, are covered 

by this type of binding.3 

Conclusively, identifying fundamental forces that determine bacterial surface attachment is 

crucial to ascertain potential targets for biofilm modulation. Derived from these principles, 

modifying the chemical integrity of the surface offers a potential strategy to interfere with said 

attraction forces and binding patterns. Furthermore, a detailed analysis of chemical 

composition and resulting physicochemical behavior supports the prediction, evaluation, and 

interpretation of biofilm formation and further biofouling processes. 

A mathematical description of the adhesion process has been provided by the DLVO 

(developed by DEJARGUIN, LANDAU, VERWEY, and OVERBEEK) theory, originally derived from 

colloid systems (dispersed particles < 5 µm).40, 41 The DLVO-abstraction fundamentally 

describes energy contributions, which are needed to either attract or repel two sorts of 

condensed matter. This abstraction has been applied to bacterial surface adhesion 

(Figure 7).42 The DLVO function, combined with the previously described fundamental cell-

surface connection pathways (Figure 6), highlights that repulsion and attraction are generally 

charge-driven interactions. In one respect, charges induce the electrostatic repulsion forces, 

contributing to bacterial rejection from the surface. These are described as double-layer 

repulsion (RDL) and are accompanied by the rejection of the resultant electric fields, the born 

repulsion (RB). Conversely, when speaking of bacterial adhesion, the initial and final surface 

approaches are driven by dipole-dipole attraction (AVdW). As soon as these adhesive forces 

overcome the counteracting electric energy barrier, it results in the final adhesion of the cell to 

the surface (1st minimum). For inhibiting bacterial attachment to a surface, this energy barrier 

can thus be enhanced by increasing direct electrostatic repulsion (RDL) and, subsequently, 

rejection of the bacteria by the induced electric fields (RB).42-44 Increasing this energy barrier 

(depicted in Figure 7) is thus the key to developing antifouling surfaces. Accordingly, non-

adhesive surface properties can be realized by installing charged and/or hydrophilic groups, 

which modulate the surface energy.  
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Figure 7: Simplified DLVO theory depicted as a function of involved repulsion (double layer and born repulsion) 

and attraction (VAN DER WAALS attraction) energies that contribute to the total interaction (blue line) and determine 

the achievement of bacterial approach (second minimum) and final bacterial adhesion to a substrate (1st minimum). 

The introduction of attractive or repulsive charges varies the amplitude of the energy barrier (intermittent blue line). 

This determines the thermodynamic bacterial adhesion at the interphase. Despite limitations, the function provides 

a mathematical illustration of the interaction mechanism of initial bacterial adhesion.40, 42 

However, the DLVO theory follows a mathematical model neglecting many properties of 

complex biological processes. Therefore, this theory does not cover all contributing influences, 

and each natural system should be interpreted individually. Other limitations, such as the size 

of the surface area, are also neglected.44 

 

3.2.1 Antifouling Strategies  
 

Non-adhesive strategies for surface modification can be explained from a thermodynamic 

perspective, considering the concept of surface-free energy. Surface-free energy is defined as 

the energy that is either needed or released to create a new surface upon the surface of the 

original material. In other words, it is described as the energy difference between the original 

material surface and the covering foulants, e.g., bacteria or proteins. With respect to the laws 

of thermodynamics, systems tend to minimize their free energy. For example, materials with 

low surface energy (WCA > 150°)45 are already conditioned to a preferential thermodynamic 

state. It is, therefore, unfavorable to create a new film and enlarge its surface with adhering 

material such as bacteria or proteins. Common examples of materials with low surface 
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energies are fluorinated polymers or materials with specific topographical features (see 3.3.2). 

In contrast, surfaces with high surface energy (WCA < 50°) 46 are usually generated by polar 

groups on the surface, such as zwitterions, polyethers, or polyalcohols. These groups form 

strong hydrogen bonds or dipole-dipole interactions with water. The resulting hydration layer 

minimizes the surface-free energy, increasing the energy barrier for other attaching foulants.47  

Steric repulsion induced by surface modifications can also contribute to antifouling activity. It 

may be achieved by assembling densely packed polymer brushes (e.g., OEG or PEG) on 

surfaces. As described in section 3.1.1, the bacterial biofilm relies on inter- and intracellular 

communication (quorum sensing) and has a unique proteome and metabolome. In addition to 

the above-mentioned chemical and physical antifouling strategies, initial biofilm formation 

stages can be inhibited with immobilized proteins modulating quorum sensing (QS) or other 

signaling mechanisms.48, 49 

 

Figure 8: Antifouling strategies are divided into active approaches (red) that either degrade bacteria by release 

mechanism or exhibit degradation by contact through tethered antimicrobial agents or features. Non-adhesive 

antifouling (blue) is achieved by low or high surface energy and specific protein or signaling interactions. 

Active antifouling strategies may either involve the release of an antibiotic or biocide or involve 

antimicrobial contact-activity. The latter may be achieved by installing positively charged 

polymers, such as quaternary ammonium compounds (QAC).50-52 These polycations kill 

microorganisms upon contact, and the resulting materials are known as contact-biocides.53 
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Other contact-active surface modifications involve antimicrobial peptides (AMPs)54 or 

nanoscale topographic features like killing spikes (section 3.3.4).55 The resulting materials 

have been demonstrated to prevent biofilm-associated infections of opportunistic pathogens 

in biomedical applications.56 However, the polycationic surfaces lead to attractive electrostatic 

interactions with various biomolecules, and lysed biomaterial can, therefore, stick to the 

charged surface and may also be entrapped in non-charged nanopatterned structures. This 

process limits the efficacy of contact-biocide surfaces by blocking the contact-active 

functionality and forming a new proliferation ground for biofilm formation.57 On the other hand, 

antimicrobial activity can be achieved by releasing antibiotic or toxic agents into the 

surrounding environment, thereby killing potential foulants. A noteworthy disadvantage of this 

release strategy is the negative impact of many released antibiotics and biocides on biotopes 

and their contribution to antibiotic resistance. Many novel release strategies are therefore 

based on biodegradable release agents such as bioactive peptides and enzymes with less 

impact on biodiversity and ecological homeostasis.58  

 

3.2.2 Surface-Initiated Graft Polymerization  
 

There are several ways to transfer the previously discussed chemical and physical antifouling 

strategies to a material’s surface. Many techniques are based on sol-gel-coatings,59 

nanotechnologies,60 metal-ablative paints,61, 62 and chemical or physical modification of bulk 

materials.63 Surface-initiated grafting of polymer brushes is a particularly attractive approach 

for chemically modifying material surfaces. This grafting technique allows the covalent 

connection of polymers to the surface without changing most bulk material properties.64 

Surface properties such as charge and hydrophilicity are determined by the choice of 

polymerizable monomer and polymerization technique. An overview of common graft 

polymerizations that have been employed for antifouling materials is given in the following 

sections.  

 

3.2.2.1 Grafting Methods 

 

In a broad sense, grafting is described as the immobilization of molecules on any surface. Graft 

polymerization involves, more specifically, the attachment of polymers to surfaces. In this case, 

the employed polymerization technique used for surface grafting strongly depends on the 

chemical composition and reactivity of the bulk material. Independent of the deployed grafting 

method, the immobilization of suitable molecules or macromolecules with chemically reactive 

surface functionalities is required. Such functionalization generates starting points, which 
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enable the covalent connection of the polymer brushes to the bulk material. However, physical 

and chemical surface activations can appear as diverse as synthesizing the desired polymer 

brushes. Derived from this premise, three main strategies to create polymer brushes are known 

as grafting onto, grafting from, and grafting through (Figure 9). 

 

Figure 9: Principles of graft polymerizations focusing on the surface-initiated grafting from strategy. 

The grafting onto approach involves reactions of pre-synthesized polymer chains with 

appropriate reactive groups on the substrate surface. An advantage of this strategy is the 

precise control of the molecular weight of the immobilized polymers prior to grafting, leading 

to well-defined polymer brushes.65 A main disadvantage of this strategy is the insufficient 

grafting density and thickness of the resultant polymer brushes. Steric hindrance and repulsion 

of the chains during grafting limit the process.64, 65 Higher grafting densities can be generated 

with the grafting from approach. All grafting procedures rely on reactive functional groups on 

the surface and require thus the activation of otherwise inert base materials to allow chemical 

reactions like free or controlled/living radical polymerizations.66 Common protocols for surface 

activation involve physico-chemical (i.e., UV irradiation67, plasma activation68) or chemical 

pretreatments (i.e., oxidizing or reducing agents). The latter is often followed by the 

immobilization of self-assembled monolayers (SAMs)69, bearing initiator groups for in situ 

polymerization. The grafting through strategy combines elements of the grafting from and the 

grafting onto process. Briefly, surface-initiated anchor groups allow an in-situ polymerization 
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according to the grafting from approach. A subsequent grafting of added pre-synthesized 

polymers to the initial “grafted from” polymer chains leads to the final polymer brushes.64 

 

3.2.2.2 Controlled Radical Polymerizations 

 

Because of the precise molecular architecture and homogeneity of the polymer brushes, the 

grafting from strategy has emerged as the method of choice for many antifouling materials. 

One associated polymerization technique is controlled/living radical polymerization (CRP), 

which precisely controls the polymer integrity regarding brush densities, thickness, dispersity, 

and chemical composition. Most CRP strategies involve the installation of linkers, mostly 

achieved by SAMs, which provide the covalent bond to the substrate's surface and the starting 

point for grafting from polymerization. CRP can be separated into various established synthetic 

approaches: Atom transfer radical polymerization (ATRP),70 nitroxide mediated polymerization 

(NMP)71, and reversible addition-fragmentation chain transfer polymerization (RAFT).72 

ATRP is one of the best-studied SI-CRPs because of its applicability to a wide range of vinyl 

monomers.72-74 It is based on a halogenated initiator that provides the starting point for polymer 

growth (Figure 10). Additionally, a transition metal catalyst enables balanced propagation and 

termination, leading to precise control of the growing polymer brushes (Figure 11 A). RAFT 

polymerizations involve chain transfer agents (CTA or RAFT agents), mostly dithiocarbamates, 

dithioesters, or similar molecules. CTAs regulate the polymer brushes' chain length by 

establishing a dynamic equilibrium of initiation, propagation, and termination by reversible 

addition and fragmentation reactions.75 In contrast, NMP involves a stable nitroxide radical that 

initiates and terminates respective polymer chains to obtain well-defined polymer brushes of 

low polydispersity.76 The choice of the technique depends on the monomer and the desired 

properties of the resultant polymer brushes.  
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Figure 10: Exemplary routes for grafting a styrene derivative from a chemically inert surface. SI-ATRP: chemical 

surface activation with subsequent immobilization of phosphonic acid-derived bromine donor (PAX) on TiO2. Final 

grafting reaction in the presence of a catalyst and corresponding ligand to obtain controlled polymer brushes. 

Plasma: Atmospheric plasma activation of PE (mid-pathway) generates functional oxygen-containing groups, which 

enable free radical polymerization in the presence of a radical initiator and heat. UV: For PP-UV-grafting, 

immobilization of benzophenone (BP) is required as a consequence of UV irradiation and H-abstraction. In the 

second step, UV light initiates radical polymerization to the final graft polymers (lower pathway).  

 

3.2.2.3 Free Radical Polymerizations 

 

Free radical polymerization (FRP), or uncontrolled radical polymerization, is commonly used 

for the synthesis of a wide range of synthetic polymers with industrial applications. In contrast 

to CRP methods, FRP (i.e., plasma polymerization) is often performed in alleviated procedures 

since no supporting catalysts or agents (i.e., halogenated SAMs, CTAs) are implemented. 

Regarding surface activation, some bulk materials (e.g., plastics) tend to have a less reactive 

surface than others (e.g., metals and metal alloys) because of the lack of intrinsic functional 

groups. Therefore, using other initiations than SAMs and subsequent CRP, which would 

require harsh chemical treatments, is more advantageous environmentally and handling-wise. 

Accordingly, plasma treatment and UV-irradiation are mild and metal-free strategies to activate 

otherwise chemically inert surfaces (e.g., PE or PP) for subsequent graft polymerizations. An 

overview of selected surface activations is given in Figure 10. 
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UV-mediated grafting means either free radical polymerization with prior immobilization of a 

photoinitiator (e.g., benzophenone) or surface-initiated photoiniferter-mediated-

polymerization, called SI-PIMP. The latter is a hybrid form of controlled and free radical 

polymerization in terms of definition. Although the applied photoiniferter controls the initiation 

and termination of living chains, it does not provide reversible deactivation between living and 

dormant chains. Thus, no precise control of polymer weight and dispersity is given in SI-

PIMP.77 UV-mediated polymerization does not require high reaction temperatures. Therefore, 

UV-grafting is often associated with mild reaction conditions.78  

 

Figure 11: Reaction mechanism for Atom Transfer Radical Polymerization (ATRP) and Free Radical Polymerization 

(FRP). A: Mechanism of SI-ATRP. Initiation by the reaction of the alkyl halide by a transition metal complex (MIXLx) 

leads to the formation of surface-bound radicals. Chain propagation involves the reaction of surface-bound radicals 

with a double bond of the monomer. This is followed by the radical reaction of further monomers, leading to chain 

propagation. Termination occurs by radical recombination, such as halogenation, in the presence of the oxidized 

transition metal complex (MellX2Lx). B: Thermal initiation generates two radicals that react with a monomer's double 

bond. Radical transfer to the further monomers leads to chain propagation. Recombination of two radicals leads to 

chain termination. For both techniques, other reactions like disproportions may also be involved. 

Besides UV-irradiation, plasma treatment is a particularly attractive method for surface 

activation because it allows the fast and linker-free functionalization of surfaces under 

environmentally friendly conditions. Plasma is an ionized gas that can be generated by 

applying energy such as heat or voltage to a defined process gas, resulting in a coexistence 

of ionized, neutral, and radical species.79 The reactive particles attack various bulk materials 

and generate reactive functional groups on their surfaces. The process gas used for ionization 

and plasma generation determines the chemical composition of the reactive functionalities. 
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Especially the use of atmospheric air plasma has a high economic potential due to the efficient 

functionalization of bulk materials by ionizing ubiquitous atmospheric nitrogen and oxygen. The 

latter generates highly reactive oxygen-containing groups that serve as initiation points for free 

radical polymerization. An exemplary reaction mechanism for free radical polymerization is 

given in Figure 11 B. 

 

3.3.3 Monomer Design 

 

The structure of the graft polymer is dependent on the polymerization technique and the used 

monomer. The monomer is a critical component in the concept and defines the accessible 

polymerization chemistry and the properties of the final polymer. It consists of two essential 

units: a polymerizable group (typically a double bond) and an effector group. The effector group 

defines crucial properties of the final polymer, such as hydrophilicity, charge, solubility, and, 

thus, bioactivity. It can also impact the grafting density and the chemical or enzymatic stability 

of the polymer formed. In addition, chemical incompatibilities of the effector group with 

reagents or reaction conditions can restrict the accessible chemistry for polymerization. 

 

Figure 12: Biomimetic design principle for monomers used in this work for the grafting-from procedure.  
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Several aspects must be considered for the final structural selection of the monomer applied 

for graft polymerization. Monomers are typically used in large quantities, and a cost-effective, 

safe, scalable, and efficient synthesis is mandatory for later antifouling applications. In addition, 

the stability of the monomers and, consequently, of the polymers against high or low pH values, 

elevated temperature, redox processes, shear forces, and various other chemical, enzymatic, 

or physical impacts is important. Ideally, the polymerization of a monomer leads to a non-toxic 

polymer with enough stability for (long-term) biological application. Moreover, biodegradability 

can also be a decisive factor. Monomers need to be compatible with the applied polymerization 

techniques. For in vivo applications, a “stealth character” with good blood compatibility and a 

low immune response is crucial.  

 

3.3.3.1 Polymer Backbone  

 

The most common vinylic monomers used for graft polymerizations for antifouling applications 

are depicted in Figure 12. Most recent studies found that the bioactivity of the resulting polymer 

brushes is determined by the effector groups and is only slightly influenced by the backbone 

structure of the polymer. Therefore, the structure of the polymer backbone is primarily relevant 

for the physico-chemical stability of the polymer brushes.80 Acrylates and methacrylates are 

the most extensively studied vinyl monomers. Their intrinsic reactivity is compatible with mild 

polymerization conditions and a variety of radical initiators. These properties make them 

applicable to multiple polymerization techniques. Moreover, ester or amide substructures are 

reasonably stable while being biodegradable at the same time.81 However, the chemical 

stability of polyacrylates or methacrylates and thermal decompositions can limit their 

application to certain polymerization techniques (i.e., plasma- or UV-mediation) and 

compromise biological durability and stability.81-83 An elevated stability of acrylates and 

acrylamides can be achieved by cross-linking.84 Polystyrene backbones typically have higher 

stability than polyacrylates or methacrylates and are thus suited for long-term applications. 

Regarding free radical polymerization, styrene monomers tend to have a narrow control of the 

termination reaction due to their higher tendency for recombination. More importantly, 

polystyrene backbones are more stable against thermal or radiation-induced degradation, 

which enables the use of plasma or UV-mediated polymerization techniques.85, 86 
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3.3.3.2 Effector Groups 

 

The effector group plays a central role in designing suitable monomers for synthesizing 

polymer brushes with antifouling activity. As elaborated in the previous section (3.2), most 

antifouling surfaces are highly polar and often charged. Polycationic surfaces have contact-

active properties (section 3.2.1) and can be prepared by the polymerization of quaternary 

ammonium compounds (QAC). Appropriate monomers bearing quaternary ammonium groups 

can be prepared in one step from halogenated precursors via MENSHUTKIN-type substitutions 

(Figure 13 D and E). With diamine scaffolds (i.e., DABCO), diammonium salts are accessible. 

QAS-based graft polymers are one of the most extensively studied for their contact-biocide 

behavior.87 As a suggested mechanism of action, cationic surfaces attract small- or 

macromolecules by coulomb forces, thus destabilizing the outer membrane of microorganisms, 

leading to cell lysis.51 A significant disadvantage is the retention of dead and other anionic 

biomaterials on the positively polarized surface, which forms a potential nutrient base for 

biofilms.57 

To overcome the undesired attraction of biomaterial, effector groups that induce hydration and 

repulsion (see 3.2.1) enable so-called low-fouling and, most favorable, stealth properties. The 

latter is crucial for in vivo applications. In this context, the uncharged oligo-ethylene glycol 

(OEG) and poly-ethylene glycol (PEG) represented the gold standard for decades.36, 88 

However, PEG derivatives often have limited stability in most biological systems due to their 

oxidative sensitivity.89 Zwitterionic polymers are more stable analogs of OEG and PEG and 

have been shown to have excellent stealth properties.90 One reason is the induced ionic 

solvation. Their ionic character enables the binding of water molecules upon electrostatic 

interactions, leading to more potent surface hydration than non-charged polymers (i.e., OEG 

or PEG), which bind water via weaker hydrogen bonds.47, 91-93 The presence of H-bond 

acceptors only, high hydrophilicity, and neutral net charge were defined by WHITESIDE et al. as 

essential rules to ensure low-fouling activity.94, 95 To enhance hydration properties, the choice 

of appropriate cationic and anionic counterparts in zwitterionic polymers is vital.  

Regarding cationic moieties, quaternary ammonium groups emerged as the most common 

functionality in the design of zwitterions.96 Their chemical stability, non-toxic character, good 

biocompatibility (analogy to natural compounds such as choline), along with a high charge 

density make them superior to other cationic groups.90, 97, 98 The anionic counterpart and the 

separating carbon spacer also have an impact on hydration capacity, kosmotropic behavior, 

and steric repulsion.90, 99 In this context, four major anionic functionalities are used: Sulfates 

(SO4
2-), sulfonates (SO3

-), carboxylates- (CO2
-) and phosphates (PO4

3-). The selection of 

zwitterionic groups has often been guided by naturally occurring compounds. Examples can 
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be found in the amino acid taurine (-SO3
-) and glycin (-CO2

-) or the membrane component 

phosphatidylcholine (-PO3R-) (Figure 12).90 Suitable monomers bearing zwitterions can be 

synthesized by straightforward nucleophilic substitutions or ring-opening alkylation (Figure 

13 A and C).90, 100 Another example of zwitterionic functionalization, derived from the naturally 

occurring osmolyte trimethylamine N-oxide (TMAO), is polymeric trimethyl amine N-oxide 

(PTMAO). Polymeric N-oxides were first introduced by Marsh et al. in an antifouling context.101 

The outstanding hydration ability and corresponding low protein adsorption are linked to the 

unique zwitterionic structure with no carbon spacer to separate anionic and cationic charge in 

the datively bonded N-oxide functionality.91, 102 The preparation of N-oxides can be achieved 

by oxidation of tertiary amines with organic (i.e., MCPBA) or inorganic peroxides (i.e., H2O2) 

and is thus readily scalable. Moreover, the use of PTMAO and its derivatives showed low 

complement activation and non-toxic behavior in- and ex-vivo, making N-oxide derivatives 

attractive for further research.91, 102  

 

Figure 13: Retrosynthesis of selected styrene-based monomers. Zwitterions are depicted at their isoelectric point. 

A: Synthesis of zwitterionic sulfobetaine by ring opening alkylation.103 B: Oxidation of tertiary amines to N-oxides.104 

C: Halogenated acetic acids can be used for nucleophilic substitution to generate carboxybetaines.105 MENSHUTKIN 

reactions enable the synthesis of quaternary ammonium salts (D) and diammonium salts (E). 97 

In conclusion, charged monomers can be synthesized by combining the polymerizable unit 

with the effector group via scalable one- or two-step procedures. The effector group determines 

the resulting graft polymer's biological activity and physico-chemical properties. However, the 

properties of the monomer may differ significantly from those of the polymers. In brush layers, 

polymer chains have distinguished spatial distribution, leading to varying coulomb and dipole-
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dipole interactions, neighboring group participations, and acid-base interactions. Stability, 

functionality, and compatibility with the applied grafting approach are thus crucial for the design 

and the choice of the monomer for graft polymerization and need to be evaluated for each 

monomer individually.  

 

3.3.4 Surface Topography  
 

Charged monomers and their corresponding graft polymers on surfaces generate high surface 

energies and are often associated with antifouling activity. As mentioned above, surfaces with 

low surface energy frequently possess self-cleaning properties and, therefore, exhibit likewise 

antifouling activity (Figure 8). In this context, micro- or nanostructured materials with unique 

surface topography have been particularly successful and can potentially be combined with 

other functional principles to provide multi-functional antifouling surfaces.  

 

Figure 14: Naturally occurring antifouling surfaces and schematic illustrations of their appearance on a micro- or 

nanoscale modified from MAAN et al.106 A: Lotus leaf with superhydrophobic and self-cleaning properties based on 

entrapped air in micropillars. B: The shark skin pattern causes low-fouling activity. C: Dragonfly wings exhibit 

nanopillars that kill bacteria upon contact. D: Sea urchins non-fouling surfaces by microroughness and 

microstructure. 107-110 

Surface topography refers to surface engineering on a micro- or nanoscale, based on regular 

or irregular structures comprising a specific spatial spacing, size, and length. Due to the natural 
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occurrence of biofouling, nature has evolved numerous topographies that resist it. Therefore, 

many available and effective topographies are designed from biomimetic approaches. One of 

the most famous example is the microstructure of the lotus leaf (Figure 14 A), which induces 

anti-adhesive and self-cleaning properties, commonly known as the “Lotus-leaf-effect”.111 

Another example can be found in the microstructure of sea urchins (Figure 14 D). These 

species possess a visible, densely packed spiky surface, resistant against foulants of any size. 

Notable are structures of numerous marine organisms, such as the shark skin patterns, which 

exhibit their low-fouling maximum activity under movement, resulting in a shear force-

associated antifouling effect (Figure 14 B).112 By looking deeper into the physical interaction of 

a micro- or nanostructured surface with the surrounding environment, induced trapping of 

(dissolved) air plays a pivotal role. In such cases, the entrapped air generates a barrier 

between the liquid media and the solid substrate, which prevents suspended biomaterial from 

attachment. This principle, known as the CASSIE-BAXTER state, is illustrated in Figure 15 A.38 

The wettability of the surface depends on the induced CASSIE-BAXTER state and the chemical 

integrity of the material, or else, the availability of the contact area at the interface. The latter 

is crucial to assess bacterial adhesion. Contact areas larger than bacteria themselves are often 

linked to higher colonization since the implemented textures provide a scaffold and protection 

for microorganisms against external shear forces (Figure 15 C).38, 43 

In contrast, contact areas in the nanometer range provide reduced attachment sites for motile 

bacteria using surface-associated sensing to initiate surface attachment. Thus, reduced 

contact areas are correlated to reduced bacterial settlement (Figure 15 D). Likewise, degrading 

antifoulants are most likely constructed on the nanometer scale by introducing a spike-like 

structure that kills bacteria upon contact (Figure 15 B). Such a bioactive strategy occurs in the 

form of nanopillars presented on cicadas’ or dragonfly wings, which cause cell membrane 

deformation and subsequently killing of the bacteria (Figure 15 C).55 Surface topography is 

linked to surface roughness, which is often described by the mean arithmetical roughness of a 

2-dimensional line (Ra) and the mean arithmetical roughness of the 3-dimensional surface (Sa). 

Both parameters are used to indicate either enhanced or weakened bacterial adhesion.113 For 

example, various studies derived a threshold for bacterial adhesion of Ra in the range from 

0.15 µm to 0.35 µm.114 However, other studies disproved the existence of such a threshold, 

leading to an overall contradictory field of research.23 The existence of universal topographic 

patterns to prevent cell adhesion is thus debatable.  
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Figure 15: Topographic features on micro- and nanoscales.36 A: Illustration of the CASSIE BAXTER state: Topography 

combined with super-hydrophobicity induces an anti-wetting state by entrapping air that reduces bacterial adhesion. 

B: Nanopillars can act as antimicrobial spikes by degrading prokaryotic cell membranes mechanically. C: 

Microstructures larger than bacterial cells provide a protective scaffold against mechanical forces. D: Bacterial 

surface sensing via chemotaxis transducing system prefers to adhere to contact areas that are larger than 

themselves. Thus, the reduced contact area is associated with lower bacterial attachment.  

Since the described topographies are predominantly non-chemical antifoulants that do not 

directly affect or potentially contaminate biological ecosystems, this approach is defined as 

environmentally friendly.36, 115  
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4. Aim of the Work  
 

Biofouling is a ubiquitous issue impacting medical, pharmaceutical, and industrial areas. To 

overcome the associated overuse of antibiotics or biocides with severe consequences for 

humankind and the environment, direct surface modification represents an attractive strategy 

to interfere with initial biofouling processes.  

A major aim of this thesis is, therefore, to provide new and efficient surface modifications of 

metals and plastics with antifouling or antibacterial activity. This work addresses three main 

objectives: 1. Optimization and extension of a plasma method for plastic modification and its 

application to graft polymerization on bulk materials. 2. Development of novel multifunctional 

antifouling surfaces by combining active and passive antifouling principles. 3. Synthesis and 

microbiological evaluation of antifouling surfaces composed of polymeric N-oxides. The 

anticipated workflow is given in Figure 16 and includes the synthesis of suitable monomers for 

radical polymerization based on styrene. Surface activation and graft polymerization should be 

optimized for each monomer, and the outcome should be thoroughly analyzed by a detailed 

surface analysis. The resulting materials are finally evaluated with different microbiological 

assays to confirm their bioactivity and decipher their mode of action. 

The long-term efficiency of the materials in seawater is supposed to be investigated in the 

cooperation project, AFOUL, between the University of Hamburg and ContiTech Edelbüttler 

and Schneider GmbH (E+S). The latter project aimed for an environmentally friendly antifouling 

modification of the elastomer-based hose sections in seawater intake systems as a substitute 

for the present antifouling strategy based on hazardous hypochlorite cleaning.  

 



34   4. Aim of the Work 

 

Figure 16: Schematic illustration of the workflow starting with the synthesis of monomers and their graft 

polymerization from different bulk materials. The resulting graft polymers are characterized with varying 

characterization techniques and finally tested for their bioactivity.  
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5.1. Zwitterionic Surface Modification  
 

The established modification of plastics included the generation of contact-biocidal graft 

polymers of QAS, mainly p-(VBTAC). The attraction of negatively charged cellular components 

emerged as a significant disadvantage of this contact-active mechanism. The subsequent 

accumulation of biomaterial on surfaces can generate new proliferation grounds for further 

biofouling. For long-term use, the contact-killing strategy is, therefore, less effective, which is 

why non-adhesive, low-fouling surface modifications provide a potential advantage. Previous 

studies on low-fouling surfaces generated by PEG modification revealed a disadvantageous 

sensitivity towards oxidative degradation. A novel approach to developing low-fouling surfaces 

involves transferring zwitterionic polymer brushes (section 3.3.3). Their superior hydration 

makes them attractive for application in surface design. Molecular simulations of the hydration-

free energy have shown that sulfobetaine-based (SB) (-519.0 kJ/mol) and 

carboxybetaine-based (CB) (-404 kJ/mol) zwitterions are significantly more hydrated than 

OEG/PEG (- 184 kJ/mol).116 SBs consist of one positive quaternary ammonium group and an 

anionic sulfonate (R-SO3
-), while CBs hold an anionic carboxylate (R-CO2

-) as countercharge. 

In direct comparison, CBs exhibit a sharper spatial distribution and more preferential dipole 

orientation of adsorbed water molecules. In contrast, the sulfonate moieties demonstrate a 

higher absolute number of adsorbed water molecules.90, 116 By additionally considering the 

lower pKa value of sulfonates (1-2) compared to carboxylates (4-5), poly-SBs exhibit a widely 

applicable zwitterion with an overall neutral net charge over a wide pH range. Moreover, a 

flexible carbon spacer between negative and positive charge contributes to the zwitterionic 

performance by providing inter- and intramolecular interactions that enhance the 

thermostability and stimuli-responsive character of the resulting graft polymers. The latter 

encompasses enhanced low-fouling in media with elevated electrolyte concentrations.117, 118 

Thus, their independent hydration towards the media’s pH value, thermal stability, and high 

salt resistance make them attractive agents in a wide range of applications to combat initial 

biofilms. Based on these properties, poly-(SBs) have been reported as excellent antifouling 

agents in marine environments.119 

To adapt these advantageous properties for a wide range of antifouling purposes, an extension 

of the established plasma modification process towards zwitterionic SB-based polymer 

brushes was developed. VBSB was obtained in a scalable two-step synthetic procedure, 

including a ring-opening alkylation of the corresponding styrene-based tertiary amine. As an 

extension, a more efficient and industrial scalable spray-coating method was developed, which 

reduced monomeric waste and enabled modification of larger PE surface areas compared to 
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the previously used method. Later, this framework provides the modification protocol for large 

elastomer specimens to modulate marine biofouling. However, the obtained zwitterionic 

polymer brushes grafted from polyethylene were characterized with respect to polarity, 

chemical integrity, and charge density. The latter was determined by a novel, colorimetric 

crystal violet dye assay, targeting solvent-accessible sulfonated groups, which was also used 

for further characterization of sulfonate-based modifications. For antifouling confirmation, the 

PE modifications were tested against clinically relevant Staphylococcus aureus and seawater 

containing foulants derived from the Baltic Sea in a marine environment. 
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5.2 Combined Low-Fouling and Contact-Active Surface Modification  

 

Since biofilm formation and, later on, biofouling involves many species with individual adhesion 

properties and growth patterns, multifunctional antifouling coatings have the most significant 

potential for success. The established protocol of KLIEWER et al. provided cationic surfaces 

with strong contact-biocidal activity toward various clinically relevant microbial species. To 

avoid the attraction of unwanted negatively charged biomaterial, it was shown in the previous 

study that plasma polymerization could be used to generate zwitterionic surfaces that do not 

allow undesired accumulation of any biomaterial due to their low-fouling activity. However, 

such modification has no antibacterial properties.120 In a clinical context, however, an 

antibacterial effect on opportunistic microorganisms is advantageous to avoid their spread and 

associated health hazards. Antibacterial surfaces killing microorganisms by contact can, 

therefore, help to prevent infections and, on the other hand, reduce the use of biocides and 

antibiotics. In consequence, they are valuable in avoiding the promotion of antibiotic 

resistance.56, 121  

To achieve non-adhesive and antibacterial activities, many attempts have been made to 

synthesize graft-co- or block-polymers bearing both zwitterionic low-fouling and cationic 

contact-biocide functionalities.122, 123 Previous studies on these mixed polymers have shown 

higher intra- and interchain coulomb attraction within the polymer brushes, which was often 

associated with higher thermostability, and other advantageous for long-time application.124, 125 

A novel approach was developed in this section by combining two activity-principles in one 

monomer and its subsequent polymerization. This monomer carries a quaternary ammonium 

group and a sulfobetaine. It is readily available from DABCO in a scalable two-step procedure. 

The resulting 3-(4-(4-vinylbenzyl)-1,4-diazabicyclo[2.2.2]-octan-1,4-diium-1-yl)propane-1-

sulfonate was obtained as a chloride salt (VBDSB). By grafting this novel compound from 

titanium and polyethylene substrates, the compatibility of this monomer was confirmed with SI-

ATRP and plasma polymerization techniques. Significantly higher grafting yields of p-(VBDSB) 

were observed compared to similar polymers such as polycationic p-(VBTAC) or the 

polyzwitterionic p-(VBSB). We propose that strong inter- and intrachain attraction leads to an 

increase in layer thickness and superior thermostability. Finally, low-fouling and contact-

biocide activity could be detected against various clinically relevant microorganisms. These 

observations confirmed the non-adhesive and antibacterial mechanism of the materials. 

Polymeric diammonium-sulfonates have thus been established as valuable new antifouling 

compounds with a dual mode of action. 
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5.3 Polymeric N-oxides for the Modulation of Biofilms 

 

Combining different antifouling activity principles is often advantageous to avoid biofilm 

formation. As presented in the previous section, a combination of contact-biocide and low-

fouling activities has been realized by developing a new monomer suitable for graft 

polymerization on various bulk materials. This approach also established a new class of 

antifouling substances, the polymeric diammonium-sulfonates, which enable the local killing of 

bacteria to reduce infection risks with a concurrent non-adhesive (low-fouling) nature. Yet, the 

degradation of surrounding bacteria by surface modification is even more desirable to 

suppress the spread of bacteria in a clinical context but also in industrial settings.  

In this section, polymeric N-oxide brushes on PE are investigated for their potential as 

antifouling compounds. Surface modifications with N-oxides for antifouling purposes were first 

described by MARSH et al. The N-oxide functionality is a unique form of a zwitterion due to its 

semi-polar N+-O- bond.101 It gained attention as an antifouling and stealth agent due to the 

shortest possible charge separation by only one sigma bond. A consensus in zwitterionic 

research for antifouling purposes is that the negative correlation between charge separation 

and hydration ability makes N-oxides an almost perfect low-fouling effector.102 Besides the 

antifouling behavior, other N-oxides are versatile compounds for synthetic purposes (i.e., 

NMO-mediated oxidation) or as part of synthetic routes (e.g., MEISENHEIMER rearrangement126, 

POLONOVSKI reaction127, COPE elimination128, etc.). More importantly, some structures bearing 

N-oxides exhibit antimicrobial and antitumor activity in the right chemical environment, making 

the N+-O- functionality an attractive pharmacophore in drug design and drug conjugation. Most 

recently, polymeric N-oxides were reported to show remarkable electrochemical properties 

along with redox activity, which strongly differs from their monomeric counterpart. This might 

indicate further reactivity beyond their stealth appearance when applied in vivo or in vitro. A 

protocol was established for grafting styrene-based, methacrylate-based, and 

methacrylamide-based polymeric N-oxides from a PE substrate. The resulting polymer 

brushes were fully characterized regarding their chemical and physical integrity. The modified 

substrates exhibited excellent low-fouling activity against clinically and industrially relevant 

Gram-positive and Gram-negative species. In addition, an unexpected antibacterial activity 

was detected during the microbiological investigations. The latter was identified as a unique 

property of polymeric N-oxides. The underlying mechanism of action is most likely based on 

radical generation, which was elaborated by DPPH radical scavenging. Further EPR 

spectroscopy revealed reactive oxygen species (•OH or •O2-) to be involved in this antimicrobial 

action. Repetitive use of the polymeric N-oxide substrates indicates that polymeric N-oxides 

might contribute catalytically to the generation of ROS since no degradation or byproducts 

were experimentally observed. This bifunctional activity, which degrades microorganisms not 
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only by contact but in the surrounding environment, permits a superior combined approach 

compared to the described modification in section 5.2. An additional advantage of polymeric 

N-oxides is their easy synthesis via amine oxidation. N-oxides combine several desirable 

properties for antifouling materials and might have game-changing potential for managing 

bacteria in clinical and industrial settings. However, they also have intrinsic reactivity, which 

might compromise in vivo applications. 
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6.1 Charged Polymers Grafted from Elastomers for Offshore Applications 
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As highlighted in section 3.1.2, marine biofouling is the most challenging process to modulate 

due to the wide variety of species involved and the changing environmental conditions. 

However, in its initial steps, marine biofouling is principally identical to other non-marine 

biofouling processes. Although marine biofouling involves as many species as no other, the 

initial microbial attachment only relies on 10 identified species. Thus, interfering with initial 

microbial adhesion is a crucial target for interference with marine biofouling. Since 

combinational antifouling properties are most likely more efficient, we identified a surface with 

initial non-adhesive ability due to a polyamide 6.6 (PA 6.6) surface modification with 

topographic features and thoroughly characterized the microstructure, which is responsible for 

the low surface energy. For further modification, we used atmospheric plasma activation, which 

is known to be adaptable to PA 6.6 substrates, which was followed by the upscaled grafting 

from approach via spray coating (developed and optimized in section 5.1). As polymer brushes, 

we grafted contact-active (p-VBTAC), non-adhesive p-(VBSB), and a combined active-non-

adhesive-acting copolymer (p-(VBTAC-co-VBSB)) from these PA surfaces. The resulting graft 

polymers, along with the specific microstructure, were evaluated under laboratory conditions 

and in real-life seawater assays in a static and dynamic experimental setting. The following 

studies and results were obtained from April 2020 - October 2022 during the cooperation 

project “Development of an antifouling rubber compound for offshore underwater application” 

with the acronym “AFOUL” between the University of Hamburg, ContiTech and Edelbüttler and 

Schneider GmbH (E+S). The results were summarized in the patent application 2022P02354 

DE (HACT). 

  



80   6. Modification of Elastomers 

6.1.1 Introduction  
 

Seawater intake systems (SWIs), produced and applied by Continental AG, are a fundamental 

component in producing liquified natural gas (LNG). The primary use of seawater intake 

systems is found on FPSO/FLNG (floating production storage and offloading unit floating 

liquified natural gas) vessels for the initial stage of the gas liquefaction cooling process (Figure 

17 A). SWIs are made out of rubber-based hose sections, with a length of approximately 

11 meters, which are connected by PA 6.6-based flanges to reach the desired total length of 

30-200 m. Regarding their use in marine environments, hose sections are constructed with a 

20-30-year lifespan by considering all weather, flow, and wave conditions.  

A significant issue in the application of SWIs is marine biofouling, which appears on nearly any 

submerged material, as explained in section 3.1.2. In this context, marine biofouling adds 

further complexity. Previous experiences have demonstrated that, after approximately six 

months, the system's total mass increases by 150%. Thus, biofouling contributes significantly 

to the total weight and a rise of the friction coefficient up to values from 2-4.129, resulting in 

significant increases in power and energy consumption with subsequent CO2 emission or 

systemic failure in the worst case. To overcome marine encrusting, a current approach is 

based on a cleaning process via hypochlorite. This toxic and environmentally hazardous 

compound is electrolytically generated directly on the respective FPSO/FLNG vessel units. 

Based on the EMA report Q2 2019 129, approximately 3600 tons of hypochlorite were used for 

purging and discharged into the seawater after use. This antifouling method severely impacts 

biodiversity, resulting in severe environmental damage, and is comparable to former antifouling 

TBT-release coatings.  

The illustrated hazardous impact highlights the urgent need for an alternative to overcome 

marine biofouling and reduce environmental damage. Henceforth, we aimed to modify the 

base material directly by adapting established protocols, i.e., plasma activation with 

subsequent graft polymerization to obtain covalently bound antifouling coatings. As a desired 

antifouling strategy, graft polymerization of cationic, zwitterionic, and a mixture of both charged 

monomers was considered. Another critical contribution provided the implementation of an 

antifouling topography. Specific texture features in the PA surface exhibit intrinsic non-

adhesive ability, which offers the opportunity to generate multi-functional antifouling surfaces 

when combined with graft polymerization protocols. 



6. Modification of Elastomers  81 

 

Figure 17: A: Image of a Floating Production Storage and Offloading Unit (FPSO) for producing liquified natural 

gas (LNG). B: Schematic illustration of the double-lined seawater intake system (SWI) for the cooling process 

manufactured by Continental AG and Edelbüttler and Schneider (E+S) GmbH. Image of a hose section during 

application in seawater (C) with the representation of the compositions of the different materials indicating different 

growth patterns: 1) polyamide 6.6 based-textile flange for connection. 2) rubber base KTL material. 3) Anchoring 

unit out of steel.129 
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6.1.2 Materials and Methods  

 

All standard chemicals were purchased as reagent grade and used without further purification 

prior to use. Solvents were used in HPLC grade unless otherwise stated. Rubber samples 

were provided from ContiTech and E+S GmbH and were cut into the desired size for each 

experimental setup described in the following sections. Phosphate-buffered saline (PBS) with 

a final concentration of 137 mM NaCl, 10 mM phosphate, 2.7 mM KCl and a pH adjusted to 8.0 

was prepared as a stock solution. Microorganisms Staphylococcus aureus (strain 

ATCC29213) was purchased from the American Type Culture Collection. Crimp neck vials 

(N20, 10 mL volume) and crimp caps (N20, PTFE septum) for degassing were purchased from 

Macherey-Nagel GmbH (Düren, Germany). An airbrush (cup volume 600 mL) with an 

adjustable nozzle (1.4 mm) for grafting was purchased from Einhell (Landau, Germany).  

 

Contact angle measurements 

Water contact angles were obtained with an OCA 20 goniometer from DataPhysics 

(Filderstadt, Germany). This goniometer is equipped with three automated dispensing units for 

different liquid probes, a highspeed video system with a CCD camera, a measuring stage, and 

halogen lighting for static and dynamic contact angle measurements. For evaluation, 

independent triplicate measurements were done at three different points on the surface of each 

test specimen. Advancing contact angles were measured with deionized water using the static 

sessile drop method with a dispensing volume of 5 μL. The dispensing rate of the automatic 

syringe was set at 1 μL/min. The obtained angle was calculated with the OCA software. 

 

Atmospheric air plasma activation 

An atmospheric air plasma system from Plasmatreat GmbH (Steinhagen, Germany) was used 

for plasma activation. The atmospheric-pressure plasma was produced by a generator 

FG5001 with an applied working frequency of 21 kHz, generating a non-equilibrium discharge 

in a rotating jet nozzle RD1004 in combination with the stainless-steel tip No. 22826 for an 

expanded treatment width of approximately 22 mm. Additionally, the jet nozzle was connected 

to a Janome desktop robot type 2300N for repetitious accuracy regarding treatment conditions. 

The process gas was dry and oil-free air at an input pressure of 5 bar in all experiments. 
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Laser scanning microscopy  

The surface analysis of the PU beams was carried out using a Keyence laser scanning 

microscope. The system is equipped with a VK-X250K controller and a VK-X260K microscope. 

The image acquisition of the plastic surface was performed with a laser of 408 nm wavelength 

(violet laser) using the VK acquisition module software. The Multi-File Analyzer software was 

used for data analysis.  

 

Rubber surface modification via free radical polymerization  

Rubber ((T+) KTL: natural rubber/styrene-butadiene polymer (NR/SBR)) samples that were 

coated with a polyamide 6.6 tape and a thickness of 2.0 mm were rinsed with an 

isopropanol/water mixture of 70 vol% and dried for 15 min at 50 °C before use. Plasma 

treatment was performed at a distance of 4 mm between the plasma jet nozzle and the surface. 

The speed of the plasma jet nozzle was set at 110 mm/s. Samples were stored at room 

temperature under air for 8 min after plasma treatment. A solution of the appropriate 

polymerizable monomer (20-40 wt%) and ammoniumperoxodisulfate (APS) or 2,2-

azobisisobutyronitrile (AIBN) as a free radical initiator (1.0 wt%) and divinyl benzene (DVB) as 

a cross-linker (0.12 wt%) in deionized water (5.0 mL) was purged with nitrogen for 10 min. The 

degassed aqueous reaction mixture was transferred into an airbrush and vaporized at a 

distance of 5 cm under a nitrogen stream of 2 bar pressure onto the plasma-treated rubber 

samples until a homogenous thin film was formed. This procedure was repeated three times. 

The resulting rubber samples were subsequently polymerized for 2 h at 85 °C in a vacuum 

heater. After polymerization, the materials were placed in an EtOH/water mixture (70 vol%) for 

1 h. The cleaning step was repeated three times with continuous renewing of the EtOH/water 

mixture (70 vol%). After washing, the resulting modified rubber samples were dried and stored 

at room temperature.  

 

Synthesis of T+ p-(VBNOx) via free radical polymerization  

Rubber ((T+) KTL: natural rubber/styrene-butadiene polymer (NR/SBR)) samples that were 

coated with a polyamide 6.6 tape and a thickness of 2.0 mm were rinsed with an 

isopropanol/water mixture of 70 vol% and dried for 15 min at 50 °C before use. Plasma 

treatment was performed at a distance of 4 mm between the plasma jet nozzle and the surface. 

The speed of the plasma jet nozzle was set at 110 mm/s. Samples were stored at room 

temperature under air for 8 min after plasma treatment. A solution of VBDMA as a 

polymerizable monomer (40 wt%) and 2,2-azobisisobutyronitrile (AIBN) as a free radical 

initiator (1.0 wt%) in deionized water (5.0 mL) was purged with nitrogen for 10 min. Plasma-
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treated T+ were placed in the degassed aqueous solution. The resulting reaction mixtures 

were purged with nitrogen for another 15 min and were subsequently polymerized for 2 h at 

85 °C. The resulting specimens were subsequently treated with an aqueous hydrogen peroxide 

solution (30% w/w) for 72 h at room temperature under rapid shaking (150 rpm). Residual 

hydrogen peroxide was decomposed by immersion of the specimens into NaOH solution 

(1.0 mol/L) for 24 h at room temperature under gentle shaking. The finally obtained T+-p-

(VBNOx) samples were washed three times with EtOH/water mixture (70 vol%) for each 

15 min in an ultrasonic bath and dried for 30 min in a nitrogen stream and were stored before 

use at room temperature under nitrogen atmosphere. 

 

Synthesis of T+ p-(VBDSB) via free radical polymerization  

Rubber ((T+) KTL: natural rubber/styrene-butadiene polymer (NR/SBR)) samples that were 

coated with a polyamide 6.6 tape and a thickness of 2.0 mm were rinsed with an 

isopropanol/water mixture of 70% (v/v) and dried for 15 min at 50 °C before use. The speed of 

the plasma jet nozzle was set at 110 mm/s. Samples were stored at room temperature under 

air for 8 min after plasma treatment. A solution of the appropriate polymerizable VBDSB 

(1.00 g, 2.85 mmol) and ammonium persulfate (APS) as a free radical initiator (0.11 mmol) in 

deionized water (2.5 mL) was purged with nitrogen for 10 min. Plasma-treated T+ were placed 

in the degassed aqueous solution. The resulting reaction mixtures were purged with nitrogen 

for another 15 min and were subsequently polymerized for 2 hours at 85 °C. After 

polymerization, the materials were treated with an EtOH/water mixture (70 vol%) for 15 min in 

an ultrasonic bath. The cleaning step was repeated three times with continuous renewing of 

the EtOH/water mixture (70 vol%). After washing, the resulting modified T+ p-(VBDSB) 

samples were dried for 30 min in a nitrogen stream before use. 

 

Determination of antimicrobial activity (ASTM E2149-13a)  

The antimicrobial evaluation was performed with a modified ASTM assay E21 49-13a.130 All 

test samples were treated with 70 vol% isopropyl alcohol and dried at room temperature prior 

to testing. Test microorganisms (Staphylococcus aureus ATCC 29213) were grown on 

Columbia agar for 12 h and diluted to a concentration of an inoculum size of 105 CFU/mL in 

0.9 wt% NaCl. Rubber samples (surface area of 2.0 cm2) were treated with 5 mL of the diluted 

bacterial suspension (105 CFU/mL) in 5 mL falcon tubes. The respective suspensions with the 

rubber samples were incubated for two hours under gentle shaking (120 rpm) at 37 °C. After 

incubation, the bacteria solution and three dilutions were incubated on Columbia agar (100 µL 
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of the incubation solution, 1:10 and 1:100 dilution) for 18 h at 37 °C. After incubation, colonies 

were counted, and log10 reduction in a triplicate measurement was calculated using equation 1.  

 𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑙𝑜𝑔10 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑙𝑜𝑔10 (
𝑁0

𝑁
) (Equation 1) 

With 𝑁0= CFU (colony forming units) before incubation and 𝑁 = CFU (colony forming units) after incubation.  

 

Determination of low-fouling activity (bacterial adhesion test) 

Before testing, all test samples were treated with 90 vol% iPrOH and dried under laminar 

airflow (LAF). The bacterial strain (S. aureus ATCC29213) was cultured separately for each 

assay on Columbia agar overnight. The overnight culture was suspended and diluted in sterile 

saline solution (0.9%) to preserve a cell density of 107 colony-forming units per milliliter 

(CFU/mL). Modified rubber samples and control specimens (surface area: 1.0 cm2) were 

placed in a 24-well plate (one specimen per well) and covered with each 1980 µL of Mueller 

Hinton Broth (MHB). 20 µL of the bacterial suspension was added to each well to obtain a 

starting cell density of 105 CFU/mL. The samples were incubated in bacterial solution for 24 h 

at 37 °C. They were subsequently transferred into 3 mL of sterile saline solution without stirring 

or shaking for 10 min to remove loosely attached bacteria. Each foil was slightly pressed with 

the modified side onto an agar plate (Columbia agar) and removed after 30 s. Transferred cells 

were incubated for 20 h at 37 °C prior to cell counting. Cell counts above 250 were set for 

evaluation as too numerous to count (TNTC). An aliquot of 100 µL supernatant was taken from 

each incubation experiment and analyzed for bacterial growth compared to a positive control 

of MHB containing the initial bacterial suspension without added test specimens. 

 

LIVE/DEAD staining and confocal microscopy 

Pre-sterilized rubber samples with a total surface area of 0.8 cm2 were immersed into 50 mL 

of natural seawater derived from the Baltic Sea (54°35’14.50’’N, 10°17’76.60’’E) and stored 

under gentle shaking (90 rpm) at 22 °C. Sample foils were taken after 21 days of incubation 

and rinsed with sterile PBS buffer prior to further analysis. Fluorescence imaging to examine 

biofilm formation on the modified rubber specimens, including controls, was carried out using 

LIVE/DEADTM BacLightTM Viability Kit 131. Images were visualized via confocal laser scanning 

microscope LSM 800 with AiryScan from Zeiss (Jena, Germany) and edited with ZEN 2 (Blue 

Edition) software.  
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Real-life seawater tests under static conditions  

The seawater test under static conditions was conducted in cooperation with Dr. Brill partner 

at the Dr. Brill partner station in Eilat, Israel (29°30'15.0"N 34°55'10.0"). This station is a 

component of "The Interuniversity Institute for Marine Sciences", which belongs to "The 

Hebrew University of Jerusalem" on the Red Sea. The plates with a rectangular size of 10 cm 

x 10 cm and a thickness of 2 mm containing both test and reference specimens were mounted 

on a grid on site. The reference plates were set up, while the test plates included an untreated 

rubber plate (KTL base material), which was used as a positive reference for evaluation. One 

rubber material coated with Hempel's foul release coating, "SilicOne" (PR SilicOne L & PR 

SilicOne R), was also used as a negative reference. All the test plates were tested according 

to the 'Standard Method for Testing Antifouling Panels in Shallow Submergence' outlined in 

ASTM D 3623-78a (2020) 132 at a depth of 4 m before being positioned before the pier. The 

samples were exposed for a total of 275 days (9 months) from the 14th of December 2021 until 

the 15th of September 2022.  

 

Figure 18: A illustrates the static seawater test rig and the respective installation of the test plates with a rectangular 

size of 10 cm x 10 cm. B: Chemical structures of the polymer brushes grafted from the rubber base material with a 

polyamide 6.6 wrapping tape on the surface. 

 

Real-life seawater test under dynamic conditions  

The seawater test under dynamic conditions was conducted in cooperation with Dr. Brill partner 

in Norderney, Germany (53°42'01.9" N 7°10'05.8" E). The size of the test plates was adapted 

to the RotoMarin® test rig and can be seen in Figure 19. For control purposes, one test plate 

was assessed with Hempel's SilicOne© serving as the negative control (Ctrl-), and an 

untreated Polyvinylchloride (PVC) plate was used as the positive control (Ctrl+).  

The Institute for Antifouling and Biocorrosion has produced the RotoMarin® test rig to perform 

simulated dynamic field tests.132, 133 The respective test system considers different speed and 
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shear forces depicted in Figure 19. The approach is established on the ASTM D4939 - 89 

(Reapproved 2020) - Standard Test Method for Biofouling and Fluid Shear Forces in Natural 

Seawater 133, which intends to expose marine antifouling coating to said forces. The plates 

were exposed for 62 days from the 10th of August until the 11th of October in 2022.  

 

 

Figure 19: A: Scheme of the RotoMarin® test rig submerged into seawater at Norderney, Germany. B: Depiction 

of respective values of shear forces applied to the test plates and the rectangular size of the coated and non-coated 

test plates. 

 

Statistics  

Statistics were performed using OriginPro 9 (2021) software. Data are reported as mean value 

± standard deviation (SD) for continuous variables or as a selective frequency for categorical 

variables. A pairwise comparison via the Tukey test was performed to evaluate the 

antimicrobial test. A p-value of less than 0.05 was considered significant. 
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6.1.3 Results and Discussion  

 

6.1.3.1 Characterization  

 

Initial inspections of the seawater intake systems (SWIs) revealed areas that appear to be less 

affected by marine growth (Figure 17, part 1). The composition of these areas consists of 

rubber-based elastomers vulcanized with a polyamide 6.6 (PA 6.6)- based wrapping tape on 

the surface. This wrapping tape depicts a polymer composite of hexamethylenediamine and 

adipic acid (Figure 20 F). Based on the growth patterns associated with different material 

compositions, the characterization of the PA 6.6 modified elastomer indicated a specific 

topography with possible antifouling ability that was considered for further investigations. By 

determining the surface polarity through contact angle measurements of the PA 6.6 modified 

elastomer (177.8 ± 1.3°) compared to the base rubber KTL (natural rubber/styrene-butadiene 

polymer (NR/SBR)) material (116.0 ± 4.6°), we observed superhydrophobic properties (Table 

2). Further investigations via laser scanning microscopy revealed a unique uniform roughness 

and 3-dimensional structure of the polyamide surface. The structure is defined as a concave 

pattern by regularly spaced concave lobes at 90 µm intervals, with a length of 520 µm, 

measured from the center of the lobes' two highest points (at 284.9 µm). The total height 

difference was 344.7 µm (Figure 20 B-F). The mean 2-dimensional line roughness (Ra) was 

found to be 96.8 µm, and the measured 3-dimensional surface roughness (Sa) was 78.0 µm 

(Table 2), overall indicating microstructured surface.  

Table 2: Polymerization conditions and selected physicochemical properties for the respective polymer brushes.  

Material Monomer XX 
conc. [wt%] 

RI YY 
conc. 
[wt%] 

DVB  
conc. 
[wt%] 

WCA 
[°]c) 

Ra 

[µm]d) 
Sa 

[µm] e) 

T+ a)  - - 177.8 ± 
1.3 

96.8 78.0 

T+ p-(VBSB) 10 VBSB 1.0 
APS 

0.12 37.7 ± 
4.1 

96.1 74.0 

T+ p-(VBTAC) 40 VBTAC 1.0 
AIBN 

0.12 28.9 ± 
5.5 

91.7 71.1 

T+ p-(VBTAC-
co-VBSB) 

10 VBTAC/ 10 
VBSB 

1.0 
APS 

- 78.3 ± 
27.8 

97.6 77.9 

Pristine 
rubber b) 

- -  116 ± 
4.6 

3.4 2.6 

a) Rubber base material with added topography via PA 6.6. b) pristine rubber with neither PA 6.6 nor any graft-

polymer modification. c) Advancing water contact angles (n ≥ 6) are presented as mean value  SD d) average 2-

dimensional roughness of the surface e) Average 3-dimensional roughness of the surface determined by laser 

scanning microscopy. 

According to previous reports, PA 6.6 is compatible with plasma activation protocols and 

applicable for plasma-mediated graft polymerization.134 Since scalable plasma polymerization 



6. Modification of Elastomers  89 

was established via spray-coating (section 5.1), we adapted this approach by using 

comparable reaction conditions to those we used for polyethylene surfaces. Based on the 

antifouling evidence of our latest studies135-137, we decided to graft polymerize cationic p-

(VBTAC) as a known contact-biocidal agent, zwitterionic p-(VBSB), as low-fouling 

sulfobetaine-derivative and a combination of both, cationic and zwitterionic p-(VBTAC-co-

VBSB), from the PA 6.6 surfaces. An illustration of the framework and the resulting polymer 

brushes is given in Figure 20 A. 

 

Figure 20: A: Scheme of plasma graft polymerization procedure on PA 6.6 vulcanized rubber and the resulting 

graft polymer brushes. B-F: Laser scanning microscopy of the PA 6.6 surface inducing superhydrophobic 

properties. B: Overview of the rubber-modified sample depicting a merged material due to vulcanization processes 

of the rubber bulk material with PA 6.6. C: Overview of the regular microstructure pattern. Microscale measurement 

of the relevant spacing between the concave invaginations (90 µm) and the size of the salient units (200 µm). E: 

Length between the salient units' two highest points (570 µm) creating the structured pattern. F: Three-dimensional 

illustration with an included heat map of the PA 6.6 texture. 

In contrast to previous procedures, we repeated the transfer of the monomeric solution via 

airbrush, including plasma exposure, three times. Such repetition is a standard procedure for 

plasma-mediated grafting from polymerization, which induces initial polymerization reactions 

and an initial cross-linking reaction due to the plasma exposure, thus correlating to higher 
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grafting yield and stability.138 To confirm successful grafting, we monitored the polarity of the 

surface by advancing water contact angle measurement. We detected a significant decrease 

of the initial superhydrophobic surface of ~178° to values in the range of 30-80°, indicating 

accomplished modification of the PA surface. The initial monomeric concentrations, as well as 

resulting water contact angles after polymerization, are given in Table 2. For the copolymer of 

p-(VBTAC-co-VBSB), a 1:1 distribution via NMR was detected, confirming the presence of both 

zwitterionic and cationic structures (Figure 21 D). Another important factor in the development 

of long-term functional polymer brushes is thermostability. For method validation, the 

respective polymers must withstand temperatures higher than 100 °C to be compatible with 

the repetition of plasma exposure.138 For further practical uses, temperatures in the 285-305°C 

range are only considered during sterilization processes and can be neglected to interpret the 

described seawater application. We, therefore, determined the initial thermostability of the 

respective homopolymers via thermogravimetric measurements (TGA) (Figure 21 A-C). 

Results imply high thermal resistance up to 300 °C, where typically eliminations of the 

quaternary ammonium group appear.139  

 

Figure 21: Thermogravimetric measurements of the homopolymers of A: p-(VBTAC), B: p-(VBSB) and C: p-

(VBTAC-co-VBSB). The dequaternization step of the ammonium group is outlined and used as a reference for 

comparison. D: The 1H NMR spectrum, recorded in D2O at 400 MHz, indicates a 1:1 polymerization resulting in an 

equal distribution of VBTAC and VBSB monomeric units 
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Notably, the highest thermostability was detected for the zwitterionic p-(VBSB) homopolymer, 

likely associated with enhanced inter- and intrachain interaction.  

 

6.1.3.2 Microbiological Assessment  

 

Several studies of topographic features on micrometer scales indicate low surface wettability 

and low surface energy, resulting in anti-adherend surface properties. In the case of 

submerged materials, the so-called CASSIE-BAXTER state directs low-fouling abilities by 

entrapping air within the micropatterns. This physical state creates an energetic barrier for 

microorganisms to attach (Figure 15 A). Conversely, microstructure depicts a physical scaffold 

that protects microorganisms and biomaterial to resist mechanical stress, such as shear 

forces. The latter includes the tendency of bacteria to attach to spatial structures that are 

generally larger than themselves, allowing interfacial attachment interactions (Figure 22 C).36 

Both counteracting mechanisms of interactions are reflected in the bacterial adhesion assay, 

which was used to determine low-fouling effects. Results indicate a lower microbial adhesion 

(CFU/cm2) after 24 hours (Table 3) than pristine rubber without microstructure. In contrast, a 

modest low-fouling effect of T+ was observed compared to the materials with additional graft 

polymer (T+(p-XX)). The latter suggests a superior antifouling effect due to a combination of 

microstructure with polymer brushes.  

Table 3: Results of the microbiological evaluation under laboratory conditions.  

Material  Log10 reduction c) Bacterial adhesion 
[CFU/cm2] d) 

T+ a) 0.0  0.0 194 ± 11 

T+ p-(VBSB) 0.0  0.0 152 ± 36 

T+ p-(VBTAC)     4.0 ± 0.1*** Not applied 

T+ p-(VBTAC-co-VBSB)     3.2 ± 0.3***       84 ± 30*** 

Pristine rubber b) 0.0 ± 0.0      > 250 (TNTC) e) 

a) Rubber base material with added topography via a PA 6.6 texture. b) Pristine rubber with neither added topography 

via a PA 6.6 wrapping tape nor graft polymer. c) Log10 reduction values for the antimicrobial determination via ASTM 

E2149-13a. Values are presented as mean values ± SD (n ≥ 3). Log10 reduction was calculated as described in the 

materials and method section. d) Results of the bacterial adhesion assay presented as mean value ± SD in the units 

of CFU/cm2. e) Values above 250 colony counts were set as too numerous to count (TNTC). Statistical significance 

was determined via pairwise comparison using the Tukey-Test p ≤ 0.001 (***). 

In this context, laser scanning microscopy of the resulting graft polymers (p-VBTAC, p-(VBSB) 

and p-(VBTAC-co-VBSB) from polyamide surfaces indicate similar parameters for 2- and 3-

dimensional surface roughness compared to the non-grafted polyamide reference (T+). This 

observation reveals the maintained microstructure and preservation of the intrinsic low-fouling 
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property. The results of the bacterial adhesion assay of the zwitterionic p-(VBSB) confirmed 

enhanced anti-adhesive properties. Even lower cell counts were detected for the combined 

graft-polymer p-(VBTAC-co-VBSB), indicating a synergistic effect by combining cationic and 

zwitterionic polymer on a micro-structured surface modification. The antibacterial activity was 

measured using the ASTM E2149-13a, a standard assay for antibacterial materials.130 Results 

presented as log10 reduction are given in Table 3. As a known contact-biocide agent, the 

cationic p-(VBTAC) showed excellent bacterial eradication against Staphylococcus aureus, a 

standard pathogen for clinical and industrial biofilm formation.140 The combined modification p-

(VBTAC-co-VBSB) depicts a log10 reduction of 3.2 ±0.3, indicating a reasonable antimicrobial 

effect for industrial application.130  

 

Figure 22: Biofilm imaging after 21 days past incubation in seawater. A: Rubber with PA 6.6 surface (T+). B: 

Cationic contact-biocide modification grafted from the PA surface (T+-p-(VBTAC)). C: Zwitterionic SB was grafted 

from the PA surface (T+-p-(VBSB)) for low-fouling modulation. Imaging was carried out by LIVE/DEADTM staining 

with subsequent confocal microscopy. Living bacteria appear light green, and dead cells appear red. 
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Furthermore, we investigated the antifouling behavior of the grafted polymers in marine 

environments. Samples of T+ and grafted T+-p-(VBTAC) and T+-p-(VBSB) with a rectangular 

size of 0.8 cm2 were incubated in samples of Baltic seawater (54°35’14.50’’N, 10°17’76.60’’E) 

at 22 °C for 21 days followed by LIVE/DEADTM staining and confocal imaging. T+-p-(VBTAC) 

depicts high amounts of dead cells (Figure 22 B), which correlates with the previously observed 

contact-biocidal activity (Table 3). The zwitterionic modification (T+ p-(VBSB)) shows areas 

without accumulation of microorganisms, implying less biofilm formation than T+, which 

displays the highest percentage of visible biofilm after 21 days. Detailed imaging shows smaller 

coccus-like microorganisms. We hypothesize that the pure topography in the micrometer range 

provides the mentioned physical protection for non-motile microorganisms such as 

Staphylococci since their attachment and accumulation are predominantly based on 

sedimentation.23 To confirm such a hypothesis, future analysis of biofilm-related 

transcriptomes would be crucial.  

 

6.1.3.3 Seawater Assays 

 

The microbiological assessment of the modifications, low-fouling, and antibacterial properties 

under controlled laboratory conditions provides a selective experimental setup for further 

testing under seawater conditions. This is evident from the division of the marine biofouling 

process into chronological phases initiated by microbial biofilm formation (Figure 25 A).25 

Further attachment and integration of marine diatoms to microbial biofilms form the upper limit 

of microfouling and, simultaneously, the transition between reversible microfouling and 

irreversible macrofouling as the final phase of marine biofouling. For final seawater testing, we 

exploit two different experimental setups and locations. The latter was chosen to cover a high 

number of biofouling-involved species and multiple environmental parameters such as pH 

value, salinity, and temperature fluctuations. Static and dynamic conditions were selected 

since the respective graft polymers partially rely on shear forces such as the passive low-

fouling p-(VBSB) and p-(VBTAC-co-VBSB) modifications. 

Primarily, the static seawater test was performed in Eilat, Israel, from December 2021 until 

October 2022, with an average temperature of 21-30 °C and a salinity of around 4.1%, 

exhibiting a marine macrofauna dominated by bryozoans, tubeworms, and (green) algae.141 

Briefly, test specimens with an overall size of 10 cm2 were submerged for 9 months at a sea 

depth of 4 m. For experimental validation, a positive control of pristine KTL-rubber (Ctrl+) and 

a negative control (Ctrl-) of rubber dyed with a commercially available antifouling paint 

(“SilicOne” by HEMPEL©). Each month, biofouling samples were taken and analyzed for 

marine coverage according to ASTM D 6990-20 (Standard Practice for Evaluating Biofouling 
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Resistance and Physical Performance of Marine Coating Systems) protocol.132 The overall 

fouling was determined each month as a sum of the percentages of the involved organisms 

and algae. The overall results of each month are illustrated in Figure 23. All modifications 

exhibit significantly lower fouling rates than pristine KTL rubber after 9 months. Especially the 

combination of cationic and zwitterionic functionalities (T+ p-(VBTAC-co-VBSB)) reveals an 

overall excellent fouling rate of only 19%, similar to the commercially available antifouling 

coating “SilicOne” by HEMPEL© (Ctrl -) (15%). The modest antifouling quality of both 

zwitterionic T+-p-(VBSB) and non-grafted but micro-structured T+ can be explained by missing 

shear forces, which both modifications rely on. The cationic T+-p-(VBTAC) might indicate 

micro- and macrofouling events due to dead material attachment due to the positively charged 

surfaces. The latter is often associated with higher biomaterial attachment and is also claimed 

to be a general disadvantage of contact-active cationic modifications.57 (section 3.2.1).  

 

Figure 23: Overall results of the static seawater test with a total duration of 9 months of seawater exposure in Eilat, 

Israel. In the static experiment, a negative control (Ctrl-; SilicOne” by HEMPEL©) with known antifouling properties 

shows comparable overall fouling (15%) to the developed modification T+ p-(VBTAC-co-VBSB) (19%). Additional 

unmodified elastomer (pristine rubber KTL-base material) was used as a positive control (Ctrl +), depicting the 

overall highest fouling rate of ~60%. 
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For evaluation of macrofouling patterns, all test plates were analyzed regarding eight different 

species that are mainly involved in marine biofouling, e.g., barnacles, oysters, tubeworms, 

bryozoans, hydroids, tunicates, amphipods, sponges and algae.28 The detailed growth analysis 

illustrated as fouling rates (%) within 9 months of incubation are given in Figure 24. Results 

demonstrate different patterns of macrofouling for all tested materials, including positive and 

negative control. These differences are most likely attributed to each surface's different 

chemical compositions and microstructures enabling selective biofilm formation resulting from 

particular cell-surface interactions (as highlighted in section 3.2), leading to such individual 

marine macro-colonization (section 3.1.2).  

 

Figure 24: The breakdown of the organisms involved in overall biofouling for the respective graft polymers of the 

elastomers and the corresponding controls after 9 months of incubation.  
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However, the T+-p(VBTAC-co-VBSB) modified elastomer depicts low coverage of all 

enumerated marine species, similar to the positive control, confirming a long-term antifouling 

effect. These results are in line with the previously reported laboratory assessments. Notably, 

biofilm coverage (Figure 24) for T+-(VBTAC) of 30% and T+-(VBSB) of 20% are significantly 

higher than the combined graft-polymer of T+(VBTAC-co-VBSB) (10%), which again indicates 

the previously reported synergistic effect. Furthermore, the identification of critical organisms 

that are responsible for macrofouling events is essential for the evaluation of the seawater 

assays. In most studies, the coverage of bryozoans is considered an organism of interest to 

determine the quality of the applied antifouling specimens since their encrusting is associated 

with strong biofilm formation (section 3.1.2 Table 1). In addition, bryozoans are linked to severe 

bio-corrosive processes142 and are one of the dominating fouling species30 that impair the 

friction coefficient and thus power and energy consumption in marine applications.25, 27, 28 

 

Figure 25: A: Overview of the timescale of the irreversible macrofouling events in a marine environment. B: Monthly 

recorded bryozoan coverage for KTL-based rubber (Ctrl +), Antifouling paint “SilicOne” (Ctrl -), and modified 

T+p-(VBTAC-co-VBSB) elastomer as an indicator for irreversible macrofouling and potential strong biofilm 

formation. Images of the respective bryozoan encrusting are depicted by red arrows (C). 

For the overall performance of T+ (p-VBTAC-co-VBSB), the bryozoan coverage within 9 

months reaches a value of only 1%, which is significantly lower than the non-modified rubber 

(40%), used as the positive control (Ctrl+). Most notably, slightly higher bryozoan encrusting 
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(3%) was detected for the applied negative control (Ctrl-) in comparison to the modified T+ p-

(VBTAC-co-VBSB).  

 

Figure 26: Final results of both seawater tests under dynamic conditions (left side) and static conditions (right 

side). Under applied shear forces of 0.82 m/s, the passive-acting zwitterionic T+ p-(VBSB) material shows a fouling 

resistance of 99%, equal to the negative control. It is 92% more effective than the applied positive control (PVC). 

Static measurement of T+ (p-VBTAC-co-VBSB) reveals a value of 27% more effectiveness than the non-modified 

rubber. 

A dynamic seawater assay was performed in Norderney, Germany, to evaluate the antifouling 

efficacy of the modified rubber surfaces. To ensure constant shear forces, all test plates, 

including the negative (“SilicOne” by HEMPEL ©) and positive controls, in this case, made from 

polyvinyl chloride (PVC), were placed in the RotoMarin© device, a standard method for testing 

antifouling properties. The applied shear forces were set to 0.82 m/s. The overall exposure 

time was set to 3 months due to time restrictions of the project. Within these 3 months, the 

marine fouling was inspected according to standard protocol ASTM D 6990-20. The final 

results of the fouling coverage (in %) (Figure 26) depict an excellent performance of T+ p-

(VBSB) (1%), the zwitterionic modification, whose antifouling effect in marine biotopes has 

been confirmed in previous studies (section 5.1). The additive effect is likely due to the 

maintained topography, which exhibits intrinsic low-fouling ability and thus enhances the 
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passive antifouling performance reflected in the bacterial adhesion assays (Table 3). However, 

all modified elastomer compounds performed significantly better than the applied PVC (Ctrl+). 

Furthermore, the modified elastomers showed no significant difference from the applied 

negative control (“SilicOne” manufactured by HEMPEL©), which confirms the high antifouling 

capacity of all modifications independent from the used location.  

 

6.1.3.4 Environmental Impact 

 

To finalize the efficacy of the rubber modifications as a sustainable and bio-friendly alternative 

for the current seawater intake system cleaning via hypochlorite, the overall savings regarding 

hypochlorite and carbon dioxide (CO2) emissions were calculated prospectively (Table 4).  

Table 4: Prospective calculations on savings 

Elastomer Hypochlorite per FPSO or 
FLNG [t] 

CO2 Emissions b) 
[t]  

Pristine Rubber (KTL)      57.8 a) - 

T+ p-(VBTAC-co-VBSB)  19.6 - 

Savings per year   38.2 87 

Savings per term [25 years] 955 10 819 

a) Quantities of hypochlorite consumption per FPSO/FLNG according to manufacturer’s data. The calculation is 

based on a typical SWI system of two lines. b) Prospective CO2 emissions as a consequence of increased friction 

coefficient; thus, power and energy consumption are calculated per SWI system. 

The calculations are based on the antifouling efficiency of T+ p-(VBTAC-co-VBSB) as the best-

performing coating during the static and long-term seawater evaluation by depicting an efficacy 

of 80%, thus leading to a saving of hypochlorite of 38.2 tons per year and a reduction of CO2-

emission up to 87 tons/year as a consequence of the reduced friction coefficient due to lower 

marine biofouling. These prospective savings highlight the environmentally friendly and 

economic opportunity provided by the herein-presented synergistic development of a low-

fouling microstructure combined with plasma-mediated graft polymerization of charged 

monomers.  

 

6.1.3.5 Outlook 

 

As highly effective bifunctional polymer brushes, VBDSB (section 5.2) and N-oxides (section 

5.3) are attractive future modifications in this context. A first attempt of grafting VBDSB or 

VBNOx from PA on elastomer materials indicated the successful installation of the bifunctional 
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graft polymers. Moreover, ASTM E2149-13a assays confirmed the contact-biocide activity of 

such modifications, making it an attractive future application. Selected results of the 

modification process and bioactivity are summarized in Table 5. 

Table 5: Novel modifications of elastomers and determined bioactivity as prospective SWIs-applications to fight 

marine biofouling. 

Material    Monomer XX conc. [ wt%]        WCA [°] b) Log10 reduction c) 

T+ p-(VBDSB) a) VBDSB 20     23.1 ± 7.6 ***      3.2 ± 0.2 *** 

T+ p-(VBNOx) a) VBNOx 40     30.7 ± 9.0 ***         5.0 ± 0.0 *** 

Pristine rubber d) - 116 ± 4.6 0.0 ± 0.0 

a) The plasma graft modification protocol was adapted for PA 6.6 surfaces as described in the experimental section 

9.2. b) Advancing water contact angles (n ≥ 6). presented as mean value  SD. c) Log10 reduction values for the 

antimicrobial determination via ASTM E2149 13a. Values are presented as mean values ± SD (n ≥ 3). Log10 

reduction was calculated as described in the experimental sections. d) Pristine rubber with neither added topography 

via a PA 6.6 wrapping tape nor any coating. Statistical significance was determined via pairwise comparison using 

the Tukey-Test p ≤ 0.001 (***).  

 

6.1.4 Conclusion  

 

The studies provide an applicable plasma-mediated graft polymerization from polyamide 6.6 

modified rubber surfaces. We could confirm that the polyamide 6.6 rubber modification (T+) 

shows an intrinsic low-fouling effect due to continuous regular topography in a micrometer 

range, which induces superhydrophobic and, thus, low surface energy. Graft polymerization 

from polyamide 6.6 resulted in charged polymer brushes of cationic p-(VBTAC), zwitterionic p-

(VBSB), and a combination of both p-(VBTAC-co-VBSB). The latter provided a partial 

synergistic effect with respect to low-fouling and contact-biocide activity, which was confirmed 

by microbiological tests under controlled conditions. Moreover, these combined modifications 

show excellent long-term antifouling effects under static and dynamic conditions comparable 

to commercially available biocide-free coatings used as positive controls. As a future 

application to sweater intake systems, prospective calculations reveal a saving of hypochlorite 

waste up to 38.5 t per year and a reduction of 87 t CO2 emission, making these modifications 

a considerable environmentally friendly alternative to reduce marine biofouling without 

burdening the surrounding ecosystem.  
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7. Discussion - Critical Summary and Outlook  

 

Intervening with the initial attachment processes of biomaterial and microorganisms can be 

realized by modulating surface polarity, thus minimizing the surface’s bioadhesive properties. 

A sustainable approach is the graft polymerization of charged monomers, which can be applied 

to various bulk materials. To develop effective and sustainable modifications, a framework of 

suitable synthetic, analytical, and microbiological methodology needed to be established in all 

studies of this work. To design efficient antifouling solutions, it was crucial to identify and 

combine different antifouling-activity principles. In addition, specific modifications (i.e., 

polymeric N-oxides) revealed surprising properties that partially counteracted the originally 

reported findings of previous studies.  

The following section highlights the connection of the studies with a focus on methodology. 

The second section explores the effects of different graft polymerization techniques on the 

resulting charged graft polymer brushes and their influence on microbial colonization patterns. 

Both sections try to shed light on the peculiar interactions of chemically modified materials and 

microorganisms. A third and closing section summarizes how these studies might improve the 

future development of new antifouling solutions. 

 

7.1 Methodology  
 

Biofilms are heterogeneous and structurally complex. Their prevention requires, therefore, 

broad-acting antifouling strategies. Commonly, these strategies involve a combination of 

antifouling principles. The required chemical protocols for graft polymerization on different 

base materials were established in the first project of this thesis with the preparation of 

zwitterionic PE surfaces. Examples include the improved grafting procedure with plasma-

activation of PE and subsequent graft polymerization with spray-coating. Both allow the 

scalable formation of high-density polymer brushes on different base materials. In addition, 

essential methods for the surface analytics of charged polymer brushes were developed, such 

as the crystal-violet-based colorimetric assay for the analysis of solvent-accessible charges, a 

key parameter for the biological activity of many charged polymer brushes. This method also 

provided the basis for further dye-based assays, such as the acid fuchsin dye assay for the 

quantification of surface-grafted N-oxides.143 Particularly important was the development of 

suitable microbiological assays, such as the bacterial adhesion assay, which were necessary 

to decipher the activity principles of the different polymer brushes. The use of a reproducible 

assay for microbiological evaluation allowed a valid comparison of bioactivities of the herein 

synthesized charged polymer brushes. 
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Figure 27: Overview of connections between sections in this work. Orange arrows (→) represent methodology 

validation, blue arrows (→) depict activity and principle connections, and black intermittent arrows (– →) represent 

prospective implementations of principles.  

The evaluation of PE-p-(VBTAC) as a contact biocide and PE-p-(VBSB) as a non-adhesive 

material facilitated the combination of cationic and zwitterionic moieties towards a bifunctional 

antifouling material. A scalable synthesis led to the new DABCO-supported styrene derivative 

(VBDSB) as the first polymerizable “diammonium sulfonate”. It was applied to a graft 

polymerization from clinically- and industrially-relevant surfaces using different polymerization 

techniques (section 5.2). The biological efficacy was tested in vitro against clinically relevant 

strains such as Gram-positive S. aureus and E. coli, and P. aeruginosa as Gram-negative 

examples.  

The protocols mentioned above and methodologies have also been applied to the chemical 

modification of elastomers designed for long-term use in marine biotopes (section 6). A 

microstructure synergistically enhanced the low-fouling effect in this case. Contact-biocide (p-

VBTAC) graft-polymer, zwitterionic (p-VBSB) graft-polymer and the combination of both in one 

graft-copolymer (p-VBTAC-co-VBSB) demonstrated good to excellent long-term antifouling 

activity for at least up to nine months in seawater assays.  



7. Discussion - Critical Summary and Outlook  103 

Along the same lines, polymeric N-oxides, as unique zwitterionic structures, were examined 

(section 5.3). This project revealed a so far unknown antimicrobial effect of these materials. 

Although not tested in this work, polymeric N-oxides and the novel VBDSB bifunctional polymer 

brushes may prove useful for industrial antifouling applications. An overview of the discussed 

present and future connections of all studies in this work is depicted in Figure 27. 

 

7.2 Bioactivities  

 

When considering the overall bioactivities of the charged polymer brushes presented in this 

work, two key points remain to be answered: 1. How do variations in surface modification, 

including graft polymerization routes, resultant charged polymer brushes and physico-chemical 

properties, influence microbial colonization patterns and biofilm formation? 2. What induces 

the (non-exhaustive?) bifunctional biological activity of polymeric N-oxides?  

To address the first question, it is crucial to analyze the interplay between surface modification 

and the related biological activity. This includes the analysis of modifications that carry the 

same charged polymer brush on different bulk materials (e.g., Ti-p-(VBTAC) and PE-p-

(VBTAC)). The graft polymers are produced by different polymerization routes (e.g., ATRP for 

titanium surfaces and FRP for PE and PA surfaces). This results in varying physico-chemical 

properties (i.e., brush density and layer thickness), which in turn results in different spatial 

arrangements and charge distribution of the graft polymer chains. All of these factors influence 

the cell-surface interaction (section 3.2). This is best illustrated by the study of section 5.2. If 

we look at the results of the contact-biocidal effect of the p-(VBDSB) graft polymers, for 

example, we see that Ti-p-(VBDSB) has a significantly lower biocidal effect against all tested 

microorganisms than the PE-p-(VBDSB) modifications. However, the same differences can 

also be observed in the anti-adhesive effect, where the Ti-p-(VBDSB) modification proves to 

be superior to the PE modification. Similar differing bioactivities were observed for the other 

corresponding charged polymer brushes (e.g., p-(VBTAC), p-(VBSB)). In summary, completely 

different manifestations of charged polymer brushes’ bioactivities are observed depending on 

the bulk material used and the polymerization routes. A selective overview is given in Table 6. 

 A crucial analytical method to explain these alterations is provided by the colorimetric 

quantification possibilities of the solvent-accessible charges of the graft polymer. The example 

of p-(VBDSB) reveals that PE-p-(VBDSB) has a significantly higher number of active, 

accessible ammonium groups compared to the corresponding titanium modification. 

Consequently, the Ti-p-(VBDSB) charges can be reached significantly less well by 

microorganisms compared to the PE-modification. This observation not only explains the 

difference in the final biocidal activity but also clearly indicates a difference in the spatial 
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polymer arrangement. Hence, it is critical to consider ToF-SIMS-SPM analysis in this context. 

The ToF-SIMS-SPM results also provide evidence of different topographies of the loaded 

polymer brushes. The PE-p-(VBDSB) polymer layer depicted a thicker and more uniform 

polymer-specific fragment distribution. In contrast, the Ti-p-(VBDSB) brush layer showed a 

thinner and topographically less homogeneous distribution (section 5.2, Figure 3). Thus, the 

results of the ToF-SIMS combined with the charge density quantifications reveal apparent 

differences in the physicochemical nature of the corresponding p-(VBDSB) induced by 

applying two different polymerization routes. This consequently leads to an entirely different 

interplay between the polymer brushes and the microorganisms. From these observations, it 

can, therefore, be concluded that the accessible charge density and its topographical 

distribution, which ultimately characterize the spatial and elemental distribution of the graft 

polymer, provide essential information for the assessment of microbiological activity. 

Table 6: Selective overview of differing bioactivities against S. aureus ATCC29213, focusing on bulk material and 

applied polymerization route. 

Polymerization Modification Log10 reduction a) Bacterial adhesion b) 

SI-ATRP 

Ti-p-(VBTAC) 2.2  0.3 Not applied 

Ti-p-(VBSB) Not applied Not applied 

Ti-p-(VBDSB) 1.6  0.1 28.0 ± 14 

SI-FRP 

PE-p-(VBTAC) 2.1 ± 0.1 Not applied 

PE-p-(VBSB) Not applied 8.8 ± 1 

PE-p-(VBDSB) 3.5 ± 0.1 156 ± 69 

T+ p-(VBTAC) c) 4.0  0.1 Not applied 

T+ p-(VBSB) c) Not applied 152 ± 36 

T+p-(VBDSB) c) 3.2 ± 0.2 Not applied 

a) Log10 reduction values for the antimicrobial determination via ASTM E2149-13a. Values are presented as mean 

values ± SD (n ≥ 3). Log10 reduction was calculated as described in the materials and method section of 5.2. b) 

Results of the bacterial adhesion assay presented as mean value ± SD in the units of CFU/cm2. c) Rubber base 

material with added topography via a PA 6.6 texture. SI-FRP was performed as described in section 6.1.2. 

As necessary for assessment is the choice of microorganisms used for microbiological 

evaluation in this context. In the presented studies, Gram-negative and Gram-positive strains 

were used to cover as many varieties as possible, i.e., cell structure and surface (-) 

potentials.37 Furthermore, the strains used encompassed motile (e.g., P. aeruginosa) and non-

motile (e.g., S. aureus) bacteria, purposely applied to analyze different colonization behaviors. 

Motile species can specifically recognize surface patterns and interact with the chemical 

functionalities on the surface. Thus, slight changes in the graft polymer appearance with regard 
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to spatial chain arrangement or charge distribution can influence microbiological responses 

significantly. This, for instance, explains again the above-mentioned varying biocidal effects of 

PE-p-(VBDSB) and Ti-p-(VBDSB). Furthermore, it elucidates the unpredictable anti-adhesive 

bioactivities of PE-p-(VBDSB) and Ti-p-(VBDSB) against a motile species of E. coli and P. 

aeruginosa. The obtained results show a highly anti-adhesive effect for Ti-p-(VBDSB) against 

both but reduced biocidal activity. In contrast, PE-p-(VBDSB) shows, on the one hand, 

enhanced biocidal activity against E. coli but only anti-adhesive activity against P. aeruginosa. 

Consequently, these varying physical interactions of polymer brushes with the attaching 

biomaterial and vice versa lead to individual colonization patterns for each modified or non-

modified material. More clarifying is the view of particular macrofouling patterns. Such selective 

colonization could be observed for the elastomer modifications (section 6). Figure 24 depicts 

how different colonization patterns are generated, which are, most likely, dictated by different 

surface functionality. Regarding the timeline of marine biofouling, this variability in growth can 

be traced back to different types of initial microbial colonization.  

From these varying bioactivities of the graft polymers and the deciphered macrofouling 

patterns in the long-term seawater test, the hypothesis arises that chemical and physical 

surface appearances regarding elemental composition and charge distribution might enable 

controlled colonization patterns. Identifying fundamental principles of selective colonization 

and surface sensing might enable a deeper understanding of microfouling patterns as a basis 

for more targeted biofilm prevention. Initial insights can be obtained by analyzing microbial 

transcriptomes during biofilm formation on surfaces exhibiting minor differences in elemental 

composition. The first results have been obtained by a comparative colonization analysis of 

plasma-activated PE and pristine PE. Herein, plasma-activated PE surfaces differ in surface 

polarity compared to unmodified PE substrates due to the generation of polar oxygen-

containing functionalities by the plasma. The materials were incubated with Gram-negative 

Vibrio gazogenes until biofilm formation. Subsequently, transcriptome analyses via RNA 

sequencing (RNAseq) of both colonized surfaces (PE plasma vs. PE) were performed. The 

results show a significantly altered gene expression of V. gazogenes caused by a relatively 

minor change in surface polarity and elemental composition under otherwise identical growth 

conditions (Figure 28). 

This modified transcription facilitates the identification of phenotypical differences in the 

resulting biofilms. In addition, these data on altered gene expression also provide a further 

possible explanation for the above-mentioned varying bioactivities between the charged graft 

polymers. Further investigations are needed for more detailed structure-activity relations, 

which support developing targeted and controlled colonization and surface sensing. However, 

these first experiments highlight the supportive benefit of transcriptome analysis since 
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molecular aspects of biofilm formation can be derived and explained, and induced bioactivities 

of the charged surfaces can be elaborated in more detail.  

 

 

Figure 28: Volcano plots of the transcriptome analysis via RNA sequencing performed by Lena Preuss, AG Streit. 

Only slight changes in the elemental composition are impacting gene regulation significantly. Red dots represent 

either upregulated gene transcription (positive log2 fold change) or downregulated transcripts (negative log2 fold 

change) of plasma-activated PE compared to pristine PE. Blue dots represent gene regulation that does not differ 

significantly from pristine PE. Volcano plots of the RNA sequencing of PE vs. plasma-activated PE. According to 

XPS spectra of plasma-activated PE (Section 9.1.3 (Figure S3), elevated oxygen-containing groups were detected 

along with higher surface polarity represented by WCA of 37°: Pristine PE displays a relatively hydrophobic surface 

polarity (WCA ~ 99°). 

The development and action of various N-oxide graft polymers to modulate biofilms is 

particularly noteworthy in this context (section 5.3). For the first time, the antibacterial activity 

of such polymer brushes was reported. Antibacterial activity was drawn back to a radical 

mechanism via the generation of ROS. In addition, repetitive usage of the N-oxides suggests 

that the antibacterial activity is not linked to exhaustive degradation reactions but instead might 

exhibit a non-limiting and partially regenerative character. Thus, these new classes of N-oxides 

differ from other charged graft polymers and show a combined antifouling effect, including a 

non-adhesive and an antibacterial component. The latter might be linked to the intrinsic 

structure of polymeric N-oxides and emphasizes how structural manifestations, despite similar 

antifouling effectors, can affect bioactivity. Results of section 5.3 show an explicit antibacterial 

activity of poly-styrene (p-VBNOx) and poly-methacrylic (p-MANOx) derivatives but reduced to 

insufficient antibacterial effectiveness with poly-acrylamide N-oxides (p-MAANOx). Such 

activity differences might be associated with the inter- and intramolecular interaction of the 
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N+-O- functionality with the immediate chemical environment. Unlike the other tested graft 

polymers, the acrylamide species holds an H-bond-donor functionality and additional 

methylene spacing. These structural differences cause intramolecular H-bonding. This 

phenomenon was reported to be positively correlated with the low-fouling effect in terms of 

protein adsorption.145 In addition, intramolecular H-bonding causes a fixed conformation of the 

oxygen atom, where its free electron pairs are less available for other interactions, thus 

generating a differing spatial charge distribution and graft polymer appearance (Figure 29). 

These differences could cause deviated responsivity when exposed to microbes. 

 

Figure 29: Assumed intramolecular H-bonding of (p-MAANOx).  

Moreover, the ROS generation of polymeric N-oxides has not been conclusively clarified and 

requires future investigations. Possible explanations are provided by the latest studies by NAM 

et al., who observed a photocatalytic transition of triplet oxygen via one electron spin flipping 

to singlet oxygen by the presentation of a hydrophilic polyaminogylcerol-derivative.146 Similar 

processes might also be generated by oligomeric or polymeric N-oxides, possibly generating 

catalytic ROS via binding and converting dissolved oxygen. Moreover, other redox activities 

are conceivable. ZHU et al. described catalytic electron transfer mediated by pyridine N-oxides 

under the reversible generation of a nitrosyl-radical (R3-N+-O•).147 The exact identification of 

radical species, (by-)products, and the assessment of oxygen influence is part of ongoing 

investigations. To derive possible structure-activity relationships, the synthesis and evaluation 

of molecular analogs to the N-oxide graft polymers are crucial.  

 

7.3 Novel but Restricted? 
 

Due to their bifunctional activity, N-oxide-based graft polymers remain highly interesting for 

antifouling purposes. Yet, the observed antibacterial ROS generation could be related to so 

far unrecognized cytotoxicity in vivo. However, very limited data is available on applications of 

oligomeric N-oxides involving eukaryotic cells (i.e., tumor cell lines). SHEN et al. described a 
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specific mitochondrial uptake of N-oxides. This mitochondrial accumulation in B16F10 cells 

was also associated with a loss of mitochondrial membrane potential, thus inducing apoptotic 

events.148 Similar mitochondrial accumulation in MNNG-HOS cells and induced cell death was 

reported by TANG et al. More importantly, they associated N-oxidic micelles (dichloroacetate 

conjugated to polymeric N-oxide) with increased mitochondrial ROS release as superoxide 

anions (•O2
-). The latter contributed to cytochrome C mediated-proinflammatory events leading 

to proptosis.149 However, the exact interaction of polymeric N-oxides with mitochondria in this 

context has not been elucidated. Until now, a biological target or mechanism of action has 

neither been clarified for eukaryotic nor for prokaryotic cells. For the latter, detailed 

transcriptome analysis could contribute to the mechanistic elucidation of biological activity, as 

mentioned beforehand. 

 

7.4 Future Directions 
 

In conclusion, this work summarizes the synthesis, characterization, and evaluation of 

established and novel charged monomers and their graft polymerization on different base 

materials. The obtained charged surfaces exhibit individual physical and chemical properties, 

which translate into individual biological responses to microorganisms. By considering biofilms' 

evolutionary causes and vital contribution to earth’s biogeochemistry, targeted and thus more 

symbiotic biofilm prevention should govern the direction of future antifouling strategies. To 

achieve this objective, further understanding of cell-surface interactions is critical. Both the 

exact physicochemical elucidation of the surface and the physicochemical properties of the 

bacteria support the prediction of attachment and subsequent biofilm formation. However, the 

transducing processes of bacteria to surfaces (i.e., microbial surface sensing) are less well 

understood. Precisely investigating regulatory responses before, during, and after biofilm 

formation is an integral part of ongoing and future research. An overarching view of the 

biological responses of the applied charged polymer brushes in this work can be supportive of 

developing modifications that specifically modulate biofilms. Furthermore, combining different 

antifouling effectors is also an opportunity to gain more effective antifouling ability and a deeper 

understanding of molecular cell-surface interactions. The synthesis and evaluation of the 

herein presented charged surfaces, in combination with future molecular and transcriptome 

analysis, could establish valuable structure-activity relationships and lead to more powerful 

antifouling materials in the future. 
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9.1.1 Zwitterionic surface modification of polyethylene via atmospheric plasma-induced 

polymerization of (vinylbenzyl-)sulfobetaine and evaluation of antifouling properties 
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9.1.2 Low-fouling and antibacterial polymer brushes via surface-initiated polymerization 

of a mixed zwitterionic and cationic monomer 
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9.1.3 Surface grafted N-Oxides have Low-Fouling and Antibacterial Properties  
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9.2 Supplementary Experimental Section  

 

9.2.1 Transcriptome analysis 

As colonization substrates, plasma-activated and pristine PE foils (1 cm2) were considered. 

The plasma activation of PE was performed by an atmospheric air plasma system from 

Plasmatreat GmbH (Steinhagen, Germany). The activation step was conducted as described 

in the experimental sections 5.1 and 5.3. For the observation of gene expression of V. 

gazogenes under early-stage biofilm conditions, PE substrates (1 cm2) were placed in 6 well 

plates and submerged in 4 mL of artificial seawater medium. Overnight precultures were used 

for the inoculation at OD600 nm = 0.05. The plates were incubated at 22 °C under gentle shaking 

(80 rpm) for 8 h. Cells were scratched off the surface of the PE substrate to get rid of the 

planktonic cells. Only harvesting cells were attached to the surface. 2 ml of 20% stop mix 

consisting of 95 % ethanol and 5% phenol was added to the cells. The mixture was centrifuged 

for 20 min at 4 °C. Supernatant was discarded and the pellet was washed three times in PBS 

buffer and afterward immediately frozen in liquid nitrogen and stored at -70°C. The pellets were 

sent to Vertis Biotechnologie AG, Freising, Germany. The company conducted the next steps 

of RNAseq. The NGS libraries were single-read sequenced on an Illumina NextSeq 

500 system using 75 bp read length.  The NGS library pool was analyzed on a Shimadzu 

MultiNA microchip electrophoresis system. 

 

9.2.2 Synthesis of 1,4-dimethyl-1-(4-vinylbenzyl) piperazin-1-ium chloride (VB-DMP): 

To a stirring solution of dimethyl piperazine (17.4 mL, 128 mmol, 2.0 eq.) in acetonitrile 

(100 mL) was added p-vinylbenzyl chloride (10 mL, 63.9 mmol, 1 eq.) over 5 min. The resulting 

yellowish solution was stirred for 18 h at room temperature. The resulting suspension was 

filtered, the colorless crystalline solid was washed with cold acetonitrile (3 x 10 mL) under 

reduced pressure. The product VB-DMP (15.20 g, 56.95 mmol, 89%) was obtained as a 

colorless amorphous solid. IR: ν [cm-1] = 3098, 2968, 2814, 2358, 2251, 1365, 1138, 891. 1H-

NMR: (600 MHz, D2O, 298 K): δ [ppm] = 7.64-7.60 (m, 2H, H-2, H-4), 7.56-7.49 (m, 2H, H-

1,H-5), 6.84 (dd, 3JH,H = 17.7 Hz, 3JH,H = 11.0 Hz, 1H, H-7), 5.96 (dd, 2JH,H = 17.7 Hz,2JH,H = 0.8 

Hz, 1H, H-8b), 5.43 (dd, 2JH,H = 11.0 Hz, 2JH,H = 0.8 Hz, 1H, H-8a), 4.57 (s, 2H, H-9), 3.58 – 

3.50 (m, 2H, H-10, H-12), 3.45 – 3.38 (m, 2H, H10, H-12), 3.03 (s, 3H, H-14), 3.02 – 2.96 (m, 

2H, H-11, H-13), 2.83 – 2.80 (m, 2H, H-11, H-13), 2.40 (s, 3H, H-15). Impurities: 2.07 (s, 2H) 

(Acetonitrile) 13C-NMR: (151 MHz, D2O, 298 K): δ [ppm]= 138.94 (C6), 134.82 (C7), 132.51 

(C1, C5), 125.86 (C2, C4), 124.68 (C3), 115.51 (C8), 58.22 (C10, C12), 46.53 (C11, C13), 

42.89 (C15). HRMS (ESI+): (m/z) [M]+ = 232.1891 (calculated) und 232.1895 (found). 
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9.2.3 Synthesis of 2-(dimethyl amino)-N, N-dimethyl-N-(4-vinylbenzyl) ethan-1-aminium 

chloride (VB-TMEDA):  

To a stirring solution of TMEDA (19.3 mL, 128 mmol, 2.0 eq.) in acetonitrile (80 mL), 

p-vinylbenzyl chloride (10 mL, 63.9 mmol, 1 eq.) was added over 5 min. The resulting 

yellowish solution was stirred for 25 min at room temperature. The solution was concentrated 

under reduced pressure and an orange oil was obtained. This was taken up in acetonitrile 

(20 mL) and crystallized. The resulting suspension was filtered and the colorless crystalline 

solid was washed with cold acetonitrile (3 x 10 mL) and dried under reduced pressure. The 

product VB-TMEDA (16.25 g, 60.58 mmol (95%). was obtained as a colorless amorphous 

solid. IR: ν [cm-1] = 2966, 2822, 2767, 1454, 860 cm-1. 1H-NMR: (300 MHz, D2O, 298 K): δ 

[ppm]= 7.67 – 7.46 (m, 4H, H-1, H-2, H-4, H-5), 6.84 (dd, 3JH,H = 17.7 Hz, 3JH,H = 11.0 Hz, 1-H, 

H-7), 5.95 (dd, 2JH,H 17.7, 0.8 Hz, 1H, H-8b), 5.43 (dd, 2JH,H = 11.0, 0.8 Hz, 1H, H-8a), 4.50 (s, 

2H, H-9), 3.59 – 3.37 (m, 2H, H-10), 3.07 (s, 6H, H-12,H-13), 2.98 – 2.84 (m, 2H, H-11), 2.30 

(s, 6H, H-14, H-15).13C-NMR: (151 MHz, D2O, 298 K) δ [ppm] = 139.84 (C6), 135.69 (C7), 

133.21 (C1, C5), 126.76 (C2, C4), 126.12 (C3), 116.36 (C8), 68.22 (C9), 60.58(C10), 50.68 

(C11), 49.93 (C12, C13), 44.23 (C14, C15). HRMS (ESI+): (m/z) für [M]+ = 233.2013 

(calculated) und 233.2009 (found). 
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9.2.4 NMR Spectra  

1H-NMR VB-DMP in D2O, 600 MHz. 

  

13C-NMR VB-DMP in D2O, 151 MHz. 
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1H-NMR VB-TMEDA in D2O, 300 MHz. 

 

13C-NMR VB-TMEDA in D2O, 151 MHz 
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9.3. Hazardous Material 

 

Substance 
Hazard 

pictograms 
Hazard Statement  

Precautionary 

Statements150 

1,3-Propanesultone 

 

H301, H312, H315, 

H318, H350 

P201, P202, P280, 

P301+P310, 

P302+P352+P312, 

P305+P351+P338 

1,4 dimethyl piperazine 

 

H225, H302, H314 

P210, P233, P280; 

P305+361+353, 

P305+P351+P338, 

P402+P235 

1,4-Diaza-bicyclo [2.2.2] 

octane 

 

H228, H302, H315, 

H318 

P210, P240, P280, 

P301+P312, P302, 

P305+P351+P338 

2,2′-Azobis(2-

methylpropionitrile)  

H242; H302+H332, 

H412, EUH044 

P210, P235, P273, 

P304+P340+P312, 

P370+P378, P403 

2,2-Diphenyl-1-

picrylhydrazyl 

 

H242, 

H302+H312+H332, 

H315, H317, H319, 

H334 

P210, P215, P280, 

P302+P352+P312, P370 

+P378, P403 

4-Toluenesulfonyl 

chloride  

H290, H315, H317, 

H318 

P234, P261, P264, P280, 

P302+P352, 

P305+P351+P338 

4-Vinylbenzyl chloride 
 

H302, H311, H314, 

H317 

P261, P270, P280, 

P301+P312, 

P303+P361+P353, 

P305+P351+P338 

Acetic acid 
 

H226, H314 

P210, P233, P240, P280, 

P303+P361+P353, 

P305+P351+P338 
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Substance 
Hazard 

pictograms 
Hazard Statement  

Precautionary 

Statements150 

Acetone 
 

H225, H319, H336, 

EUH066 

P210, P240, 

P305+P351+P338, 

P403+P233 

Acetonitrile 
 

H225, 

H302+H312+H332, 

H319 

P210, P280, P301+P312, 

P303+P361+P353, 

P304+P340+P312, 

P305+P351+P338 

Ammonium persulfate 

 

H272, H302, H315, 

H317, H319, H334, 

H335 

P210, P280, P301+P312, 

P302+P352, 

P304+P340+P312, 

P304+P351+P338 

Copper-(I)-bromide 

 

HZ302+H312, 

H315, H318, H410 

P264, P273, P280, 

P301+P312, 

P302+P352+P312, 

P305+P351+P338 

Crystal violet 

 

H302, H318, H351, 

H410 

P202, P273, P280, 

P301+P312, 

P305+P351+P338, 

P308+P313 

Ethanol 
 

H225, H319 
P210, P233, P240, P241, 

P242, P305+P351+P338 

Ethyl acetate 
 

H225, H319, H336, 

EUH066 

P210, P233, P240, 

P305+P351, P338, 

P403+P235 

Hydrochloric acid 
 

H290, H314, H335 

P280, P303+P361+P353, 

P303+P361+P353, 

P350+P351, P310 

Hydrogen peroxide 30% 

 

H272, H302, H332, 

H318 

P220, P261, P280, 

P305+P351+P338 

Isopropanol 
 

H225, H319, H336 

P210, P240, 

P305+p351+P338, 

P403+P233 
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Substance 
Hazard 

pictograms 
Hazard Statement  

Precautionary 

Statements150 

Methanol 

 

H225, 

H301+H311+H331, 

H370 

P210, P233, P280, 

P301+P310, 

P303+P361+P353, 

P304+P340+P311 

N, N, N′, N′, N″-

Pentamethyl-

diethylenetriamine 
 

H302, H311, H314 

P280, P301+P312+P330, 

P303+P361+P353, 

P305+P351+P338+P310 

Pentane 

 

H225, H304, H336, 

H411, EUH066 

P210, P273, 

P301+P310+P331 

Sodium-dodecylsulfate 

 

H228, H302+H332, 

H315, H318, H335, 

H412 

P210, P261, P280, 

P301+P312+P330, 

P305+P351+P338+P310, 

P370+P378 

Sodium-hydroxide 
 

H290, H314 

P280, P301+P330+P331, 

P305+P351+P338, 

P308+P310 

Sulfuric acid 
 

H290, H314 

P280, P301+P330+P331, 

P303+P361+P353, 

P305+P351+P310 

Tetramethyl-

ethylenediamine 

 

H225, H332, H302, 

H314 

P210, P280; 

P301+P330+P331, 

P303+361+353, 

P304+P340+P312, 

P404+P351+P338 

Triethylamine 

 

H225, H302, 

H311+H331, H314, 

H335 

P210, P280, P301+P312, 

P303+P361+P353, 

P304+P340+P311, 

P305+P351+P338+P310 
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