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Introduction 

In the last decades, a remarkable success and significant progress have been achieved in 

the fields of life sciences, such as biology, medicine, or biochemistry. With such a fast 

expansion of knowledge and breakthrough scientific achievements, the inherent physico-

chemical limitations of techniques or study systems have inevitably become a key topic. 

When working with real-world complex samples, the nonspecific adsorption of biomass 

on the surfaces (fouling) of industrial tools, medical instruments, sensitive sensor 

surfaces, packages, or even compensatory and medical aids, interferes critically with their 

performance and affects their lifespan. The consequences are substantial — implant 

rejection, spread of nosocomial, foodborne, or other infectious diseases, impairment of 

biosensors and other analytical methods, ship hulls and underwater constructions 

deterioration are only a few examples (Dür; and Thomason; 2010; Chan; and Wong; 2010; 

Shirtliff; and Leid; 2009). 

Considering the fouling-based limitations of technology performance, the limitations of 

transferring laboratory-developed technologies into real-world routine industrial 

practices, and the extra financial burden linked to damages caused by fouling, it is clearly 

necessary and scientifically and economically very essential to solve the fouling question 

once and for all. Consequently, a tremendous effort has been made to deal with the 

fouling phenomenon lately, raising the number of publications in a wide range of research 

fields in the last two decades remarkably (Figure 1). 
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Figure 1: Publication statistics: citation report for terms ”fouling” and ”antifouling” in 

years 20002019 from the Web of Science (Web of Science [v.5.35]  Web of Science Core 

Collection Basic Search; webofknowledge.com) on the 16th of December 2020. A: Number 

of publications per different years for both topics. B: Research areas dealing with fouling 

according to Web of Science. 

The critical topic in material research and life-sciences is the research of functional bio-

interfaces. In-depth research of a wide range of functional coatings triggered advanced 

practical applications and stressed the importance of studying specific and nonspecific 

molecular interactions at the surfaces. To define precisely the interactions at the 

interface, dual-functional coatings effectively resisting fouling from complex media and 

simultaneously facilitating the functionalization (functionalizable antifouling coatings) are 

promising platforms. 

This doctoral dissertation thesis aims to address the critical issues in functional antifouling 

materials and in coatings research. The physico-chemical properties of coatings bearing 

an antifouling character and the molecular processes influencing coating resistance, e.g. 

activation and deactivation, functionalization, or environmental changes, were 

extensively studied by a plethora of techniques. The acquired findings were then applied 

in engineering of new functionalizable antifouling materials with enhanced desired 

properties. Finally, the tailored coatings have been employed in a number of applications, 

studying specific interactions of complex biological samples with functional surfaces.  

https://apps.webofknowledge.com/
https://apps.webofknowledge.com/
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This work is divided into three parts. The first part (Part 1 — Theoretical Background) aims 

to summarize several key topics related to the study of biomolecular and biological 

interactions at the surfaces with the emphasis on a complex samples environment. It 

presents short reviews on the theory of the interactions between biomolecules and the 

surfaces, surface functionalization tactics and antifouling strategies. The second part (Part 

2 — Experimental Methods) covers useful methods for surface-mediated biomolecular 

interaction research, which were used in this study. The third part (Part 3 — Results) 

summarizes results and findings obtained by the research during the course of the work. 

The Appendix to this work contains detailed outcomes of the research in the form of 8 

publications in high-impact journals with the total of 186 citations (up to 02/18/2021; self-

citations excluded; source: Web of Science™), one submitted manuscript and three 

manuscripts in preparation, to be submitted in March 2021. Moreover, three filed patent 

applications and one in preparation as well as two functional samples as a result of the 

applied research are appended. 
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1. Biological systems and their complexity 

A biological system is understood here as any formation consisting of a range of 

biomolecules or higher biological structures including interactions among them. For 

example, the biological system here can be an arrangement of cells in a cell growth 

medium, interactions between bacteria and their pathogens, or a set of biomolecules 

performing specific interactions in a real-world complex sample.  

The term "complex sample " covers an inexhaustible number of different types of 

matrices, e.g., real-world water, soil, or other environmental samples, foods, drinks and 

other industrial products, or bodily fluids. Typically, such a sample contains orders of 

magnitude higher concentrations of a variety of biomolecules, other compounds and 

interactions among them, compared to investigated analytes or interactions. All matrices 

can be characterized by a range of physico-chemical properties, which may significantly 

differ among each other (e.g., tremendous diversity in physico-chemical properties in 

foods (Sikorski 2006) or among bodily fluids (Pereira et al. 2014; Yu et al. 2011)). Working 

with real-world complex samples means dealing with a wide range of pH, ion strength, 

viscosities, structures, and compositions. Such diversity is a great issue, hampering 

probing or controlling of specific interactions and the development of fast and versatile 

analytical or diagnostic methods. 

Most of the time, the biological system is too complex to characterize single intended 

compound or interaction. On the other hand, the properties of each single component 

are dependent on the environment composition and complexity (Latham and Kay 2012; 

Yu et al. 2016). Therefore, significant insight can be obtained through detailed study of 

biological interactions in well-defined low-complex in vitro environments (e.g. buffer 

solutions), but the experiements performed in real-world complex samples or native 

environment are critical for comprehensive understanding of interactions taking place in 

real-world samples or in vivo experiements. 
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2. Interactions of biological systems with surfaces 

In principle, surface-mediated interactions of any entity, inorganic or organic, can be 

distinguished according to target specificity into two groups — specific and nonspecific 

interactions. While the first group of interactions reaches a particular target or targets 

only (in some range of tolerance expressed as cross-reactivity), the second type is not 

selective. In all fields working with complex samples, especially in bio-interface 

engineering and research, it is essential to consider both types of interactions to find the 

best performing harmony between enhancement of the specific interactions and 

suppression of the nonspecific ones. 

 

2.1. Nonspecific surface-driven interactions 

By introducing any artificial surface into a complex sample, the nonspecific adsorption of 

biomaterial immediately starts accumulating on the surface (fouling). On a very general 

level, two types of fouling can be distinguished — inorganic fouling, caused mostly by 

deposits from corrosion, dirt, suspended particles, or crystallization, and organic fouling 

that appears due to organic mass nonspecific adsorption (Bhushan 2018; Bixler and 

Bhushan 2012). The organic fouling is triggered mostly by protein adhesion; however, at 

later stages of the organic fouling, the significant part of adhered biomass is formed by 

adhesion of microorganisms, macroorganisms (sometimes called “macrofouling”), and 

formation of colonies and is often addressed as biofouling. However, both terms, organic 

fouling, and biofouling are often used as synonyms. Further in this work, mostly organic 

fouling is discussed and is referred to as “fouling”. 

It was proven that fouling is a dynamic and complex phenomenon (Casals et al. 2010). 

Highly motile smaller proteins adhered in the early stage of the fouling event are 

exchanged in time for less motile higher molecular weight proteins with higher affinity to 
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the surface (Figure 2). Such cascade of adsorption and replacement, so-called Vroman's 

effect, was reported for fibrinogen in human blood plasma in the '60s–'80s (Vroman and 

Adams 1969; Vroman et al. 1980). Even though some hypotheses to explain the effect in 

solutions of fibrinogen and other proteins have been raised lately (Jung et al. 2003; Noh 

and Vogler 2007), Vroman's effect has not been clearly explained on molecular nor 

confirmed on general level yet.  

The fouling event can be divided into five steps (Norde 1986; Wahlgren and Arnebrant 

1991) — transport towards the surface, adsorption, adsorption-induced conformational 

changes, desorption/exchange, and transport away from the surface. All the mentioned 

steps should be considered while attempting to control fouling, as all of them can in 

principle determine the rate of the fouling event. 

 

Figure 2: Vroman's effect illustration. Upon contact with the surface, proteins get 

adsorbed and may change conformation. Subsequently, they are exchanged by bigger less 

motile molecules with higher affinity to the surface. 

 

2.1.1. Transport towards the surface 

Transport of mass in liquids is generally described as convection and is composed of 

diffusion (non-directional transfer along the gradient of concentration) and advection 

Adsorption and 
Conformational Change

Exchange: sequential detachment 
and new adsorption
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(transfer along with the bulk flow). There are different types of convection, depending on 

the driving forces of the particle movement. The most important are natural convection 

caused by temperature-related changes in the density of fluids affected by gravity, and 

forced convection driven by external forces, such as mixing or pumping (Mostafa 2018). 

However, regardless of the effectivity of forced convection, no-slip, or partly-slip 

boundaries are assumed on the surface/liquid interface in a good approximation (Lauga 

et al. 2007; Neto et al. 2005). As a consequence, a stagnant or nearly stagnant layer is 

formed on the surface through which the protein has to migrate by diffusion (Young et al. 

1988). Indeed, especially for lower protein concentrations, diffusion appears to be a rate-

limiting factor for adsorption (Norde 1986; Pignatello and Xing 1996; Zhdanov and Kasemo 

2010). 

The diffusion coefficient for a spherically shaped particle (approximate shape of a typical 

protein in an aqueous environment) is according to the Stokes-Einstein formula directly 

proportional to the temperature, and inversely proportional to the dynamic viscosity of 

the liquid, and the radius of a spherical particle (Peskir 2003). For the same liquid, larger 

particles will exhibit a lower diffusion coefficient, limiting their diffusion-driven motility 

and so postponing their access to the site of adsorption, compared to smaller and so more 

motile particles. 

 

2.1.2. Adsorption and the interactions involved 

After reaching the surface, the adsorption of small molecules (e.g., ions) and proteins onto 

the surface starts immediately. With increasing surface coverage, the adsorption rate is 

decreasing and can get below the rate of diffusion, becoming a new rate-limiting factor 

for the fouling (Norde 1986; Young et al. 1988).  

Due to a wide range of interactions involved in the adsorption, mutually occurring among 

the proteins, the sorbent surface, other solvent molecules, and the low-molecular weight 

ions, the adsorption is a complex and still not fully described dynamic event.  
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Hydrophobic interactions 

A major factor driving the adsorption of proteins onto surfaces is the entropy of a more-

or-less ordered three-dimensional hydrogen-bonded water network nearby the surface. 

Specifically, in contact with non-polar surfaces with high interfacial energy,  the water 

network arranges itself in a less dense highly ordered matrix to equilibrate chemical 

potential with bulk water (Gragson and Richmond 1997). Adsorption of molecules on the 

surface is then energetically preferable, as the replacement of ordered water molecules 

by adsorbed solute decreases interfacial energy, increasing the entropy of the system 

(Elwing et al. 1987). On the other hand, surfaces competing with the water-self 

association by offering sites feasible for hydrogen bond formation cause collapse of highly 

ordered water structure, decreasing interfacial energy and increasing entropy of the 

system. Adsorption becomes an energetically unfavorable process (Vogler 1998). The 

promptness of the surface to create hydrogen bonds with water molecules is referred to 

as hydrophobicity/hydrophilicity of the surface and can be described by measurement of 

water wettability of the surface using contact angle measurements (see also Chapter 4.5 

Contact angle measurements or (Feng and Jiang 2006; Vogler 1998)). 

Due to the propagation of the arrangement changes in the hydrogen-bonded water 

network, hydrophobic interaction may be effective till a distance of tens of nanometres, 

decaying exponentially from the surface (with surface-characteristic decay length). 

Typically, hydrophobic interaction in water is reported to be effective till ~ 1–50 nm from 

the surface (Ederth et al. 1998; Israelachvili and Pashley 1982). Though, regarding the pure 

intrinsic hydrophobic effect, later results lean more towards the lower limit of the range, 

assigning a longer-range part of the interaction to other effects (Ducker and Mastropietro 

2016; Zeng et al. 2016). 

Electrostatic interaction 

Besides the entropically driven hydrophobic effect, intermolecular forces contribute to 

the fouling extensively (Hlady and Buijs 1996; Roth and Lenhoff 1993). The “long-range” 

force, acting for distances > 1nm, is Coulomb force, mediating electrostatic interaction 
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between fixed or induced charges. In any polar media, two main surface charging 

mechanisms are involved – i) adsorption of ions, ionic surfactants, or charged polymers, 

and ii) dissociation of chemically bound groups. Presenting charged surface to solvent, a 

thin layer of concentrated ions of the opposite sign will compensate the charge of the 

surface to fulfill the overall electroneutrality (Adamczyk 2003). Nevertheless, such uneven 

distribution of ions near the surface leads to local pH changes resulting in a different 

charge of pH-dependent ionizable groups in bulk solution and on the surface (Biesheuvel 

et al. 2005). Other changes in electrochemical properties of the interface after particle 

adsorption may happen due to other interactions, such as charge transfer or metallic 

screening. The overall charge of the surface evolves in time with new particles adsorbed, 

creating a different interface environment for new particles or molecules coming (Lang et 

al. 1985). 

Depending on charges involved, Coulombic interaction can be attractive or repulsive. 

Overall surface charge and the charge of solutes are strongly influencing adsorption. In 

the basic theory, the energy decays as ~ 1 ⁄ ��, where � is the distance between charges, 

and � is the dielectric constant of the medium. So, in a polar medium (water) the distance 

is substantially decreased due to the high dielectric constant, but also due to other effects, 

such as dipole and ionic screening effects (Seyedi et al. 2019).  

Van der Waals and solvation forces 

Weak Van der Waals forces (Huber et al. 2019) and somewhat stronger hydrogen bonds 

operate in sub-nanometre to nanometre range, creating weakly bound molecular 

complexes (Blaney and Ewing 1976). 

Van der Waals intermolecular forces term covers three major electrostatic interactions 

between electrically neutral molecules acting over nanometer-scale distances – Keesom 

interaction (electrostatic interaction between permanent multipoles, sometimes called as 

orientation force), induction or Debye force (interaction between permanent multipole 

and induced multipole), and dispersion or London force (attractive interaction between 

instantaneous multipoles created by quantum fluctuations in non-polar particles), all 
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decaying with distance proportionally to ~ 1 ��⁄ . Usually (but not always), among Van der 

Waals forces in medium, dispersion force contribution is greater than the contribution of 

dipolar interactions (Israelachvili 2011b). 

Based on previously described forces, another important effect arises in aqueous 

solutions. In highly polar solvents, such as water, a layer of oriented solvent molecules is 

created around dissolved ions (called solvated or hydrated ions). The so-called solvation 

pressure and solvation force arise due to different solvent densities around two 

interacting entities, such as surface/ion, two hydrated ions, or two surfaces. Solvation 

forces can be attractive, repulsive, or oscillatory and depend on properties of the solvent 

and physico-chemical properties of the surfaces (hydrophobicity, roughness, atomic 

structure, rigidity,…) (Israelachvili 2011a). 

 

2.1.3. Adsorption-induced conformational changes 

The substantial change in the environment of the protein near the surface typically causes 

a thermodynamically driven conformational rearrangement shift of the native structure 

to a new arrangement during adsorption (Ahmad et al. 2015). The final conformation 

depends on parameters, such as type of the surface, intramolecular forces stabilizing 

protein structure (Hlady and Buijs 1996), type and composition of the solvent, or amount 

of proteins adsorbed on the surface previously. It often leads to an alternation in 

biological activity and a more thorough attachment of the molecule.  

In (Brandes et al. 2006) authors show, that a total collapse of the protein structure during 

adsorption is not common. Some residual structures are always retained, creating a 

conformationally heterogeneous population of adsorbed molecules (Zoungrana et al. 

1997). Alfa-helical secondary motif seems to be the most sensitive structure regarding 

adsorption-induced rearrangement (Brandes et al. 2006; Zoungrana et al. 1997). The claim 

of the preservation of the part of the structure agrees with a work of Buijs et al., 
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nevertheless, significant changes in β‐sheet structure content were described in 

immunoglobulin G after adsorption (Buijs et al. 1996).  

 

2.1.4. Desorption or Exchange 

Due to the adsorption-induced conformational changes following adsorption, the process 

of adsorption appears to be essentially irreversible and the desorption hardly occurs upon 

a simple dilution (Hlady and Buijs 1996). The bonding participated in adsorption is rather 

a dynamic process of simultaneous creating and breaking bonds. The probability of 

simultaneous breaking of most bonds between molecule and surface is highly unlikely, 

making desorption upon simple dilution rather unfeasible (Wahlgren and Arnebrant 

1991). However, weak forces are temperature, pH, or ionic-strength dependent — partial 

desorption (or stronger adsorption) can be achieved by changing these parameters.  

Besides desorption, the adsorbent can be exchanged by other compounds of the solution 

by sequential detachment. While one segment of the adsorbed molecule is loosened for 

a while, a segment of another molecule can be adsorbed at the spot, leading to the 

eventual displacement of the previously adsorbed molecule and exchange for the new 

one. Such a process is more probable than the desorption by dilution, as the activation 

free energy depends only on one segment at a time, compared to the whole molecule at 

once (Norde 1986). 

 

2.1.5. Transport away from the surface 

Transport away from the surface is a process opposite to transport towards the surface, 

following the same rules. The first and most limiting step after desorption is the diffusion 

followed with the transport of the particle along with the flow of the convection. Once 
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desorbed, protein can either be transported completely away from the surface or can be 

only shifted to another spot of the surface and be adsorbed again. 

 

2.2. Specific interactions and molecular recognition at the 

interfaces  

Although the theory behind specific and nonspecific interactions is rather complex 

(Kiselev 1965; Leckband et al. 1994), for the purpose of this work the intuitive imagination 

of specific interaction as a "lock-key" system is sufficient. While nonspecific interactions 

happen always, spontaneously, and immediately after contact of any molecule with a 

surface, controlled interactions between molecules and unmodified surfaces are not so 

common. Usually, the interface has to be modified to be capable of controlled 

interactions. In practice, the modification means an immobilization of an element with 

desirable functionality in the way, that it will not lose its activity (functionalization).  

The most common way to functionalize the surface is the immobilization of the bio-

functional entities (e.g., biorecognition or bioactive elements, BEs). In this work, the most 

extensively studied functionality is a biorecognition, even though, it is important to stress 

out, that not only biorecognition functionality has been researched. The comprehensive 

review of all possible controlled functionalities, functionalization processes, and 

functional elements for surface functionalization is out of the scope of this work and can 

be found elsewhere (Gorb 2009; Hermanson 2013; Morales and Halpern 2018). Further, 

the selection of the most common or promising methods and BEs is presented. 
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2.2.1. Biofunctional elements 

Nowadays, a wide set of different BEs with unique characteristics, such as physico-

chemical properties, operating ranges, immobilization possibilities, affinities, or stability 

is available. They range from naturally occurring molecules (or complexes) benefiting from 

ages of evolution of physiological processes, to artificially designed structures developed 

to mimic natural interactions. While naturally occurring BEs usually exhibit great affinity 

to their target, they often lack stability in non-native conditions (e.g., after 

immobilization), wide ranges of pH, or temperature (Luan et al. 2018). 

Antibodies 

Among naturally occurring BEs, the most common in use for surface modifications are 

antibodies, performing so-called affinity-based biorecognition (Lin et al. 2010; Rusmini et 

al. 2007). These highly soluble serum glycoproteins (immunoglobulins) of the size of 

~150 kDa consist of two regions, Fc (constant fragment) and Fab (antigen-binding 

fragment), created by 4 peptide chains fixed together by disulfide bridges — two heavy 

(50kDa each) and two light chains (25 kDa each) (Sharma et al. 2016) (Figure 3).  

Production of antibodies is usually expensive and demanding, requiring work with either 

living animals (in vivo production of polyclonal antibodies by multiple B-lymphocytes in 

the blood of infected hosts), or hybridoma line (in vitro production of monoclonal 

antibodies by hybrid cell line based on a fusion of B-lymphocyte of infected host and 

myeloma cancer cells) (Pohanka 2009). Compared to monoclonal antibodies, polyclonal 

antibodies can be generated faster and cheaper. They are heterogeneous, binding a wide 

range of antigen epitopes. Their polyspecificity assures lower susceptibility of 

biorecognition activity to structural changes of antigen epitope or chemical modifications 

of antibody.  Moreover, polyclonal antibodies are more stable regarding environmental 

conditions, such as pH or salt concentrations. However, they are more prone to batch-to-

batch variability and cross-reactivity. Monoclonal antibodies, targeting only a single 

epitope, are produced in 10-fold higher concentration and much higher purity. Their 
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production, quality, and performance are highly reproducible and do not depend on the 

varying host response to antigen (Lipman et al. 2005). 

Lately, recombinant antibodies, such as single-domain antigen-binding fragments known 

as nanobodies (Muyldermans 2013), have become popular as an alternative to 

monoclonal antibodies. These semi-natural and semi-engineered products are prepared 

in vitro typically by phage display using pre-prepared high-yield expression vectors 

containing genetic code of whole antibodies or the biorecognition part of antibodies 

(Bradbury et al. 2011). Recombinant antibodies are similar to monoclonal ones in their 

performance, bringing the highest level of reproducibility and consistency between 

production batches, allowing genetic modifications. The production is quick with very high 

throughput (Krebs et al. 2001). Phage-display antibodies and nanobodies are used in 

diagnostics applications (Hairul Bahara et al. 2013; Huang et al. 2010) and medical 

applications (Jefferis 2009).  

 

 

 

 

Fab

Fc

Antigen-binding sites

Heavy chains
Light chains

Disulfide bonds

Figure 3: Scheme of antibody IgG1. IgG 

consists of two heavy chains and two light 

chains fixed together by disulphide bridges. 

The structure consists of Fab (antigen-

binding fragment) and Fc (constant 

fragment). 
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Other protein-based BEs: receptors, enzymes, and short peptides 

Natural molecular receptors are typically membrane proteins binding specific ligands, 

resulting in a cellular response in native conditions. Receptors can possess high affinity 

and specificity. Hardly detectable small molecules like toxins and mediators naturally 

target receptors, which can be used with an advantage for analytical applications 

(Subrahmanyam et al. 2002). 

Enzymes are widely used in many scientific and industrial fields. They introduce 

biocatalytic functionality to the surface. However, immobilization of enzymes on a solid 

surface may produce alterations in their observed activity, specificity, or selectivity 

(Hoarau et al. 2017; Rodrigues et al. 2013). Moreover, poor stability and critical 

operational conditions influence enzyme activity. To address these issues, recombinant 

and modified enzymes have been developed lately (Bazin et al. 2017).  

Short peptides can be easily designed to carry the required properties, such as charge, 

hydrophilicity, biorecognition abilities (Hoyos-Nogues et al. 2018), or can promote specific 

interactions with cells. For example, RGD-moiety containing peptides promote human cell 

adhesion (Takada et al. 2007; Víšová et al. 2020a) (APPENDIX VII), while other peptides 

are reported to have antimicrobial effects (Lim et al. 2013; Yasir et al. 2020).  

Another group of non-antibody-based peptides/small proteins (~6.5kDa) reporting high 

affinity to target analyte consists of artificially engineered single domain proteins called 

affibodies. Affibodies may represent a superior alternative to antibodies, focusing on 

therapeutic, in vivo imaging, and biotechnological applications (Löfblom et al. 2010). 

Nucleic acid-based BEs 

Together with proteins/peptides and polysaccharides, nucleic acids belong to the group 

of the most important biopolymers creating life. They are composed of sugar-phosphate 

backbone, containing ribose in RNA and deoxyribose in DNA, and nitrogenous bases 

(pyrimidines and purines) (Figure 4). So-called base stacking, the negative charge of the 
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backbone, and hydrogen bonds between bases generate a stable structure and effective 

way of pairing complementary sequences into a secondary or higher-order structure 

(Figure 5). Typically, DNA tends to create a double helix structure joining two linear 

strands of complementary DNA, while RNA with a more flexible backbone and more 

hydrogen bond donors/acceptors in a structure may occupy more variable arrangements, 

creating for example loops, kissing loops, hairpins, bulges, or helical structures in a single 

strand or multi-strand manner (Figure 4). In general, nucleic acid-based detection may be 

more specific and sensitive than immunological-based detection, while the latter is faster 

and more robust (Iqbal et al. 2000). 

 

 

 

Figure 4: DNA/RNA structure and Watson-Crick base pairing. The DNA structure contains 

a deoxyribose sugar and usually takes double helix form (upper left). RNA contains a ribose 

sugar, allowing for more flexible and less ordered 3D structures (upper right). Typically, 

DNA and RNA follow the so-called Watson-Crick base pairing (bottom), even though it is 

not the only possible way of pairing. 
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Figure 5: Stabilization of DNA double helix by base stacking (π-π interaction, yellow dashed 

lines), hydrogen bonds (blue dashed lines), and negatively charged phosphates (red) 

stabilize the DNA double helix structure. 

The nucleic acid primary structure with the ability of highly specific complementary 

binding allows the use of nucleic acid-based BEs for biorecognition applications. In 

principle, any DNA or RNA sequence can be detected using a well-designed 

complementary short nucleic acid sequence as a probe immobilized on the surface (Kim 

et al. 2009; Nelson et al. 2001; Vaisocherova et al. 2015b) (APPENDIX I). Moreover, 

introducing a DNA probe on the surface can bring a possibility for subsequent surface 

functionalization by specific and highly selective attachment of other structures to the 

surface — e.g., nanoparticles (Kuzyk et al. 2012; Nie et al. 2018), biomolecules (Brambilla 

et al. 2021) or DNA origami (Stephanopoulos et al. 2010).   

Effective use of the secondary, tertiary, or quaternary arrangements in the design of 

nanoengineered applications and advanced surface functionalizations approaches is 

mediated by nucleic acid polymer flexibility, thermodynamic stability, predictability, and 

programmability of interactions among structures and with the environment. DNA 

origami (Seeman and Sleiman 2017) are well-defined 1D–3D complex self-assembled 

structures with the possibility of additional and precisely located functionalization. 

Recently, a typical nanometre-scale size range of DNA structures was extended up to a 
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micrometer-scales (Yao et al. 2020). Representative applications cover assembling 

inorganic or organic nanostructures using DNA origami scaffolds (Paukstelis and Seeman 

2016), creating nanocages (Douglas and Young 1998) used as nanoreactors, fine 

positioning of reaction reagents (Fu et al. 2012), or cells in the extracellular matrix (Wang 

et al. 2019), engineering of nanorobots capable of walking (Xing et al. 2017), or other 

nanomechanical tasks (Thubagere et al. 2017). 

The structural flexibility of nucleic acids is used to bring a biorecognition functionality to 

a surface using nucleic acid aptamers (Iliuk et al. 2011). The single-stranded DNA or RNA 

strands selected in vitro from large libraries in procedure SELEX (Systematic Evolution of 

Ligands by Exponential Enrichment) are determined by their ability to create a tertiary 

structure with high affinity to almost any target molecule under study, mimicking 

selectivity and specificity of monoclonal antibodies (Mallikaratchy 2017). A wide range of 

targets have been used to prepare aptamers lately — from different ions (Liu et al. 2018; 

Liu et al. 2017), through small molecules and toxins (Kuang et al. 2010; Neves et al. 2015; 

Nguyen et al. 2013) to large biomolecules (Jiang et al. 2017). They offer key features like 

sensitivity, specificity, low immunogenicity, rapid response, and when aptamer is selected 

once, relatively cheap, fast, and very reproducible way of production. However, the 

susceptibility of aptamers to degradation by nucleases or low thermal stability still need 

to be addressed (Keefe et al. 2010; Kratschmer and Levy 2017). Moreover, due to the 

biorecognition activity dependency on the folding process and final tertiary structure, the 

resulting effectivity may be influenced by i) immobilization — the orientation, the surface 

net charge or length of the spacer between aptamer and surface play an important role 

in correct aptamer folding (Walter et al. 2008), and ii) the incubation conditions and 

running buffer/sample composition (Baldrich et al. 2004). When the conditions are 

optimal, and aptamer properly selected, the target-affinity can be similar or better 

compared to the affinity of antibodies (Crivianu-Gaita and Thompson 2016). 

In 1982 a discovery of enzymatic activity of RNA structures (ribozyme) was announced 

(Kruger et al. 1982). From that time, ribozymes, DNAzymes, or aptazymes (ribozymes 

selected or engineered in the way, that their activity is modulated by the presence of 

target analyte) with a wide range of catalytic activities were identified or prepared. 
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Several different applications of DNAzymes/ribozymes can be found in literature, mostly 

serving as biorecognition elements for biosensing (Müller et al. 2006).  For example, small 

peptide detection (2.4kDa) was performed using aptazyme immobilized on the quartz 

crystal microbalance (QCM) surface (Knudsen et al. 2006). Elsewhere, metal ions were 

detected using DNAzyme (Huang et al. 2017b; Zhang et al. 2011). In (Niazov et al. 2004) 

authors turn gold nanoparticles into catalytic labels by DNAzyme immobilization. In 

nanotechnology, DNAzymes are employed to obtain smart nanomaterials sensitive to 

chemical stimuli or to construct molecular motors with open-close or walking motions (Lu 

and Liu 2006; Ma and Liu 2020). 

Artificial materials to mimic the function of natural BEs 

To overcome insufficient stability, improve bioactivity or introduce greater variability of 

naturally occurring BEs, mimicking artificial constructs partly copying and partly modifying 

work of nature are developed. They range from semi-artificial, where at least part of the 

original structure is preserved, to fully artificial. Examples of semi-artificial structures are 

modified DNA or RNA strands resistant to nuclease activity (Beigelman et al. 1995; Keefe 

et al. 2010) or peptide nucleic acid (PNA). PNA is DNA-mimic polymer with negatively 

charged sugar-phosphate backbone changed for neutral N-(2-aminoethyl)glycine 

(Figure 6). In principle, glycine can be substituted with any other amino acid without 

hampering PNA properties, opening possibilities of additional engineering of final surface 

parameters (i.e. hydrophobicity or charge) (Nielsen 1997). Intramolecular distances are 

similar to the original DNA structure, so PNA can interact with other PNA or hybridize with 

DNA or RNA in a manner as DNA does. However, PNA is chemically stable and is resistant 

to hydrolytic or enzymatic cleavage, which makes it promising BE for medical, 

biotechnical, and biosensing applications (Cai et al. 2014; Endo et al. 2005; Moretta et al. 

2020; Ray and Norden 2000). 
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Examples of purely synthetic alternatives to antibody-based molecular recognition are 

smart synthetic polymer materials prepared by templating the target analyte into the 

polymer structure (Figure 7) — so-called molecularly imprinted polymers (MIPs). Due to 

the intrinsically robust and stable nature of polymers, MIPs are a feasible alternative to 

antibodies for performing in extreme conditions, such as acid/basic environment, organic 

solvents, high temperatures or pressures, or after long term storage in a dry state at room 

temperature (Haupt and Mosbach 2000).  Molecular imprinting methods are well 

established for small molecule biosensing (Cieplak and Kutner 2016; He et al. 2015; 

Ostovan et al. 2018). Last decade, MIPs used for cell recognition have been researched 

and reported (Pan et al. 2018). 

 

 

 

 

 

Figure 6: PNA structure. Amino acid-based 

PNA backbone (dark blue) is decorated with 

purine or pyrimidine bases (black).  Light blue 

dashed lines show possible hydrogen bonds 

with complementary bases of other 

PNA/DNA/RNA strand.  
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Taking into account the inexhaustible amount of all possible functionalities that can be 

demanded to assign to an artificial surface for all different applications, it is clear, that 

there is no correct answer for the “What is the best BE?” question. There are multiple 

choices of different kinds of BEs for single target. For the best performance of the 

application, it is of great importance to select the optimal BE considering overall 

conditions, an environment of work, and demanding properties, such as selectivity, 

reusability, reproducibility, stability, reaction rate, or the possibility of long-term storage 

(Morales and Halpern 2018). 

 

Figure 7: Scheme of MIPs formation. The functional monomers are attached to the 

template molecule and subsequently, the crosslinked polymer with imprinting cavity is 

formed, followed by template molecule removal. 
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2.2.2. Surface Functionalization 

Surface functionalization, i.e., introducing functionality to a surface (usually by the 

attachment of a BEs), is a complex process influencing both surface properties and 

bioactivity and the overall performance of the BE. The optimally functionalized surface 

performs its function strictly with the intended yield and activity. To achieve such a 

challenging outcome, the proper strategy of functionalization and a suitable type of the 

BE (see 2.2.1. Biofunctional elements) must be applied, so 

- the BE is immobilized according to the application requirements (covalently, non-

covalently, reversibly) 

- the BE maintains its intended bioactivity after functionalization 

- the BE is accessible to the environment if necessary for its performance. 

The BE can be attached directly to the surface via adsorption. However, that may decrease 

bioactivity dramatically (see Chapter 2.2.2.1 Adsorption-driven functionalization). 

Typically, some intermediate layer (functionalizable coating) at the surface/BE interface 

is used as a platform for BE immobilization, preserving its bioactivity and improving overall 

surface performance. For most of the applications working with real-world complex 

samples, the “improvement of the performance” means ensuring resistance to 

nonspecific adsorption. Antifouling functional coatings will be discussed later in Chapter 

3. Antifouling functional coatings. 

The sorting of functionalization tactics is challenging, as often the processes employed 

during the immobilization can be included in more groups. Here, three main groups of 

tactics of functionalization are presented. It is non-covalent immobilization (adsorption), 

covalent bonding, or specific biochemical interactions. Examples are given, however, the 

classification of some of the examples may be questionable. 
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2.2.2.1. Adsorption-based functionalization 

The easiest and most straightforward approach of BE immobilization on the surface is 

adsorption. Hydrophobic, electrostatic, weak Van der Waals intermolecular forces or 

hydrogen bonds can participate in adsorption (see also Chapter 2.1. Nonspecific surface-

driven interactions) (Catimel et al. 1998; Jesionowski et al. 2014). However, adsorption as 

a direct way to immobilize BE on the surface may discredit its bioactivity by denaturation 

or random orientation (Sharma et al. 2016; Um et al. 2011). Moreover, adsorption is 

environmentally dependent and desorption can occur with the change in conditions such 

as pH, temperature, or ionic strength (see Chapter 2.1.4 Desorption or Exchange).  

Physisorption 

According to the changes in the electronic structure of BE upon adsorption, two types of 

the process can be distinguished. Physisorption is nonspecific interaction including weak 

Van der Waals forces and hydrophobic interaction, happening fast, while the electronic 

structure of the BE is only slightly modified. On the other hand, chemisorption is 

chemically specific, slower and the electronic structure of BE is changed significantly upon 

adsorption, creating new bonds with the surface (Leed et al. 2005; Long 2013). In  (Huber 

et al. 2019) it was shown, that physisorption can evolve into chemisorption by simply 

changing environmental conditions. Physisorption as an immobilization technique usually 

leads to lower bioactivity of BEs. In (Kaur et al. 2016; Um et al. 2011) authors reported 

improved activity of antibodies electrochemically immobilized or covalently attached via 

EDC/NHS chemistry, compared to physisorbed ones. 

Self-assembled monolayer (SAM) 

The most common utilization of directional adsorption in surface functionalization is self-

assembled monolayer (SAM). As a result of a complex and delicate combination of 

adsorption interactions between surface and adsorbate, and intermolecular and 

intramolecular interactions among adsorbates, highly ordered single-molecule thick 

assemblies are spontaneously formed on the surface under equilibrium conditions (Ulman 
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1996). Even though the fabrication of SAM layers is technologically attractive and cost-

effective, SAMs are robust and stable and they do not tend to contain many defects, as 

these are thermodynamically unfavorable (Whitesides et al. 1991).  

There are numerous mechanisms for SAM creation. For example, Langmuir-Blodgett films 

are formed when amphiphilic molecules (or nanoparticles) are spread on a liquid-air 

interface, creating a layer, which is transported on a solid surface via immersing (Davis 

and Higson 2005). Polymer and polymeric composite Langmuir-Blodgett films were 

applied in a wide range of fields, from biosensors, electroluminescence devices, polymeric 

light-emitting diode to microelectronic devices (Kausar 2017). Another example is 

electrostatic self-assembly (ESA) formed mostly due to the electrostatic interaction of 

oppositely charged ions. Multilayer polymeric thin films composed from polyanion and 

polycation layers were reported and applied in chemical sensing, non-linear optics, or as 

functional films in other applications (Decher 1997; Huie 2003; Vakurov et al. 2005; Wang 

et al. 2006b; Xu et al. 2005). 

A special group of SAM consists of chemisorbed self-assembled monolayers, originated 

from an interaction between surface and specific functional group of adsorbent, resulting 

in the creation of chemical bond (Netzer and Sagiv 1983). The structure of such molecule 

can be written as R1-(hydrophobic moiety)-R2, where R1 is a hydrophilic functional moiety, 

R2 is a moiety chemically reactive to the substrate, and (hydrophobic part) is usually 

alkane chain (CH2)n, typically for n > 11. Hydrophobic interaction between the middle part 

and chemisorption of the reactive R2 group onto the surface assures the creation of a 

densely packed and firmly bound layer of hydrophilic moieties facing into the biological 

sample (Figure 8). The commonly used R2 groups for surface functionalization are silanes 

and thiols. 
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In situ formation of Si-O-Si bond between hydroxylated surface and organo-functional 

alkoxysilane molecules (Issa and Luyt 2019) allows the creation of SAM on surfaces, such 

as silicon oxide, aluminium oxide, quartz, glass, mica, zinc selenide, germanium oxide, gold 

(Ulman 1996) or even carbon nanotubes (Ma et al. 2006). The quality of SAM provided by 

the process of silanization is dependent on precise condition control – optimized 

concentration of water in the solution, temperature, or the structure of the surface can 

influence the result. The advantage of silanization is the possibility to functionalize 

transparent substrates, such as glass if needed for the application, thermal stability up to 

250 °C, and the fact that they do not swell in the presence of solvents (Lessel et al. 2015). 

Silanes have been used in many applications to functionalize surfaces for cell adhesion 

studies (Faucheux et al. 2004), biosensors (Hideshima et al. 2013), engineering of higher 

Figure 8: SAM layer formation. The layer is formed by functional group adsorption 

(dashed black line) and hydrophobic interaction among alkan chains (orange). Left: 

Thiolated SAM layer on gold surface. Right: Silane SAM layer on hydroxylated surface.  
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and more sophisticated structures (Ruckenstein and Li 2005) or to passivate the surface 

against nonspecific interactions (Cox et al. 2002). 

Sulfur and selenium have a strong affinity to transition metal surfaces. The most 

frequently used metal surface for biomolecular interactions studies is gold, as can be used 

for electrochemical, SPR, or reflection-based measurements. A wide range of 

organosulfur compounds was reported to create a SAM layer on gold, the most popular 

and best understood are alkanethiols. A fully saturated surface exhibit a dense “standing 

up” position, creating an oriented few nanometres thick layer of functional molecules. 

The extended studies were performed to understand thiol-gold interaction and creation 

of SAM layer to be used in different chemical, biophysical, or sensing applications (such 

as surface passivation, creation of initiator layer for other chemical reactions, 

functionalizable biosensing platform, etc.) reviewed elsewhere (Al-Rawashdeh and Azzam 

2011; Chaki and Vijayamohanan 2002; Luderer and Walschus 2005; Wink et al. 1997) 

2.2.2.2. Covalent immobilization 

Covalent attachment of BE is the most stable and long-term durable way of 

immobilization. Usually, the creation of a covalent bond between two naturally non-

interacting biological moieties is thermodynamically unfavorable and requires some kind 

of activation – physico-chemical or chemical.  

Depending on the technique used, covalent immobilization of BEs may lack control over 

orientation and accessibility of bioactive sites — especially when the immobilization 

chemistry depends on BE's endogenous functional groups which are not present only at a 

unique and site-specific location on BE surface. However, even in those cases, the 

immobilization is not completely random – before covalent attachment, BE must undergo 

physisorption. The orientation of the molecule during physisorption is dependent on pKa, 

an isoelectric point of BE, and pH of the environment. By optimizing the immobilization 

conditions, at least partial orientation after immobilization can be achieved (Pei et al. 

2010; Yuan et al. 2012).  
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Carboxy group conversion 

The direct conversion of a carboxylic acid into an amide in mild conditions is 

thermodynamically unfavorable, the equilibrium reaction of the carboxy group is 

esterification. To favor amide formation, activation of carboxylic acid carbon allowing 

subsequent attack by the amino group is necessary. A plethora of methods how to 

activate carboxy components can be found – acyl halides, acyl azides, acyl imidazoles, 

anhydrides, esters, etc (Montalbetti and Falque 2005). Every method has advantages and 

drawbacks, which can result in low yields, racemization, degradation, or difficult 

purification. For the field of surface functionalization, the most commonly used methods 

are the two listed below. 

The most popular tactic to conjugate carboxy groups with primary amines is carbodiimide-

based chemistry proceeding through the O-acylisourea intermediate. For carboxy 

activation in non-aqueous applications, (e.g., organic synthetic methods) 

dicyclohexylcarbodiimide (DCC) or diisopropylcarbodiimide (DIC) are feasible to use 

(Huang et al. 2017a). For bio-functionalization, the aqueous environment is usually 

required and so water-soluble molecule 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide 

(EDC) is the preferable choice. Figure 9 shows the reaction schemes. After the reaction of 

the carboxy group with the activation agent, an unstable O-acylisourea intermediate is 

formed. Further, four different pathways of reaction are possible. The entering reaction 

is reversible, so intermediate may decompose into original reactants. Also, a stable side 

product of the reaction N-acylurea can be formed. Finally, O-acylisourea can turn into 

amide either through an intermediate step (anhydride formation) or by nucleophilic 

attack from primary amine creating amid directly (Iwasawa et al. 2007).  

O-acylisourea is prone to fast hydrolysis in aqueous solutions. The resulting low reaction 

yield can be improved using additives like N-hydroxysuccinimide (NHS) or sulfo-NHS, 

converting unstable O-acylisourea into a more stable NHS-ester, which efficiently forms 
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an amide with a primary amine in a slightly alkaline solution at room temperature (Yan et 

al. 2015). 

 

Generally, it is assumed that unreacted NHS esters may be effectively hydrolyzed and all 

the corresponding carboxy groups recovered (Lim et al. 2014). Even though amine-

reactive NHS ester in solution was reported to hydrolyze fast (Cline and Hanna 1988), 

Schönherr et al. showed a significant decrease in rate constants of hydrolysis of active 

Figure 9: Scheme of the EDC/NHS based functionalization. Surface carboxy groups are EDC 

activated to form O-acylisourea.  O-acylisourea can be subsequently hydrolysed back to 

carboxy groups, rearranged into a stable side product of N-acylurea, reacted with NHS to 

form more stable NHS-ester or turned into amide directly or through an intermediate step 

of anhydride formation. 
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esters bound to surface caused by in-plane confinement effects (Schönherr et al. 2003). 

Later, Lísalová at al. observed only partial hydrolysis of NHS-esters in zwitterionic polymer 

brush coatings even after tens of minutes of hydrolysis (Lísalová et al. 2017) (APPENDIX 

IV). The residual NHS esters may potentially react with smaller non-target nucleophiles 

presented in the analyzed medium, therefore it is of great importance to include a proper 

deactivation step into a functionalization procedure. Besides hydrolysis, the most 

commonly used EDC/NHS deactivation is the covalent attachment of small molecules 

containing primary amines, such as ethanolamine. Lately, for zwitterionic structures, 

more advanced deactivation procedures were suggested (Lísalová et al. 2017) (APPENDIX 

IV, APPENDIX XIII, APPENDIX XIV, APPENDIX IX, APPENDIX XVI). The further study on 

deactivation processes in zwitterionic structures is a part of this thesis — more 

information can be found in Chapter 5.2. 

Hydroxyl group conversion 

In general, the hydroxyl group is not very reactive, therefore it needs to be activated 

before the amid formation (Morpurgo et al. 1999; Rodriguez-Emmenegger et al. 2011b). 

Frequently used reagent N,N´-disuccinimidyl carbonate (DSC) is not water-soluble, and in 

aqueous solutions hydrolyze fast into two molecules of NHS and carbon dioxide. In the 

non-aqueous environment, DSC reacts with the hydroxyl group creating succinimidyl 

carbonate and subsequently, after reaction with a primary amine, highly stable carbamate 

(Figure 10). To increase the reaction yield and decrease side products, additive 4-

(dimethylamino)pyridine (DMAP) or hydroxybenzotriazole (HOBt) can be used. 

DSC/DMAP immobilization tactic was used for example to attach anti-bacterial antibody 

onto hydroxy-functional poly(2-hydroxyethyl methacrylate) (pHEMA) polymer brush. 

However, once the surface was activated, it completely lost its resistance to fouling 

(Vaisocherova et al. 2014). Elsewhere, poly(oligo(ethylene glycol) methacrylate) 

(pOEGMA) brushes were successfully streptavidin-functionalized using DSC chemistry 

(Trmcic-Cvitas et al. 2009). 
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Figure 10: Scheme of DSC based surface functionalization. The surface-attached hydroxyl 

group is activated by DSC creating succinimidyl carbonate and subsequently, after reaction 

with a primary amine-containing molecule the carbamate covalent bond between the 

molecule and surface is creating. 

Epoxide-amine reaction  

Due to the electrophilic character of the heterocyclic moiety and ring strain, epoxides (also 

called oxiranes) are prone to nucleophilic ring-opening reactions. Nucleophilic attack on 

the epoxide group has been demonstrated using nitrogen nucleophiles (Fan et al. 2006b), 

carbon nucleophiles (Faiz and Zahoor 2016), or sulfur (Polshettiwar and Kaushik 2004) 

nucleophiles. Depending on the nucleophile used and the structure of the molecule 

bearing epoxide moiety, the product of the epoxide ring-opening reaction can be flexibly 

varied (Figure 11). 

Mostly, the ring-opening reaction is used as a polymerization tactic, even though BE 

functionalization can be found in literature too. In a review, Wheatley and Schmidt discuss 

the enhancement of the immobilization of BEs (proteins, oligonucleotides, and peptides) 

to epoxide-activated silica or polymers using high concentrations of certain salts, such as 

ammonium sulfate and potassium phosphate (Wheatley and Schmidt Jr 1999). In (Thomas 

et al. 2014) authors utilize surface epoxide groups on the graphene oxide to functionalize 

it with thiol groups, further used for functionalization. Elsewhere, authors used epoxide-

opening ring reaction to create antibacterial polypeptoid containing sulfonium and 

oligo(ethylene glycol) (OEG) moieties (Zhang et al. 2020). In (Li et al. 2008) authors used 
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epoxide-amine coupling reaction to immobilize DNA onto epoxide group-containing 

coating of an electrochemical biosensor.  

 

 

Figure 11: Epoxide-amine ring-opening reaction in surface functionalization. Nucleophilic 

attack of a primary amine of a molecule on the surface-immobilized epoxide group creates 

a covalent bond between the surface and the molecule. 

Photoactivation 

Besides chemical-based activation, photoactivation has been studied intensively. The 

light-induced reaction between photoreactive probes (such as benzophenone) and C-H 

bonds of BE can create a covalent bond (Browne 2008). Unlike chemical activation, 

photoactivation allows using of the photolithographic approaches, producing BE 

micropatterning (Hahn et al. 2006). Such a method can be used for the preparation of 

polymer-modified surfaces using spin-coating of polymerizable monomers on the 

substrate, followed by polymerization using UV light. For example, in (Wang et al. 2010) 

such coating was used in a biosensor for IgG detection based on optical waveguide 

spectroscopy. Nahar et al. used UV irradiation of photoreactive aromatic azide 1-fluoro-

2-nitro-4-azidobenzene to activate polystyrene surface for subsequent enzyme 

immobilization (Nahar et al. 2001). Photoactivation can be used to induce polymerization 

during MIPs preparation (see also Chapter 2.2.1)  (Piletsky et al. 2000), or to induce a click-

chemistry-based reaction, e.g. thiol-en reaction (Uygun et al. 2010). 
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Click-chemistry 

To solve the non-oriented immobilization problem and possible loss of the bioactivity of 

BE when endogenous groups are used in the covalent attachment, bioorthogonal 

chemistry was introduced to the field of functionalization. Bioorthogonal chemistry is a 

subclass of the so-called click chemistry. It covers a group of highly selective reactions that 

with high yield, under ambient conditions, without side-products, and without interfering 

with any biological or chemical process create covalent bonds (Jewett and Bertozzi 2010). 

Specifically, the presence of the biorthogonal group is not influencing or cross-reacting 

with BEs endogenous functional groups and it is not altering its bioactivity, however, it 

reacts with functional groups of the surface, enabling the specific immobilization of target 

BEs in a spatially confined fashion under mild conditions.  

The most common orthogonal click-chemistry reaction is copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) or strain‐promoted 1,3‐dipolar cycloaddition (SPAAC) of azides and 

alkynes (Figure 12 A and B) (Dommerholt et al. 2016; Parrillo et al. 2017; Rostovtsev et al. 

2002). The azide-based click-chemistry was used for example in (Alemán et al. 2009) for 

DNA immobilization for single-molecule fluorescence studies, or in (Huang et al. 2014) to 

immobilize sulfobetaine groups on cellulose membranes. 

Another example of click-chemistry is a thiol-en reaction, which after photochemical or 

thermal initiation creates a covalent thioether bond between thiol and alkene 

(Figure 12 C) (Campos et al. 2008; Connal et al. 2009). In (Mahmoud et al. 2011) authors 

presented copper(I)-catalyzed azide-alkyne and thiol-en click-reaction for self-assembled 

coiled-coil peptide fibers functionalization. Thiol-maleimide interaction (Figure 12 D) 

(Northrop et al. 2015) was used in bioconjugation (Martínez-Jothar et al. 2018; Miyadera 

and Kosower 1972) and polymer and material synthesis (Pounder et al. 2008; Qin et al. 

2017; Stenzel 2013).  
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Figure 12: Examples of click-chemistry reactions. A: Copper-catalyzed azide-alkyne 

cycloaddition (CuAAC). B: Strain-promoted cycloaddition (SPAAC). C: Thiol-en reaction. D: 

Thiol-maleimide reaction. 

2.2.2.3. High-affinity molecular systems 

Due to the frequent use, a specific high-affinity molecular systems earn its category 

among previously described interactions. The affinity is given by a combination of non-

covalent forces and steric complementarity. Such a system can be used for bio-detection 

directly (as BE and target pair), or another BE can be modified using one of the two affinity 

partners to be attached on the surface using high-affinity pair interaction. A list of 

examples is given below. 
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Streptavidin/avidin/NeutrAvidin – biotin interaction 

Streptavidin, avidin, or NeutrAvidin are tetrameric proteins isolated from actinobacterium 

Streptomyces avidinii, eggs of birds, or engineered from avidin, respectively. The high 

affinity of all of them to small molecule biotin (dissociation constant Kd~10-15 M) is given 

by the formation of multiple hydrogen bonds, van der Waals forces, and steric effects 

given by changes in streptavidin structure after binding of the biotin (Weber et al. 1989). 

One protein can bind up to 4 biotins. 

Even though avidin and streptavidin show similarities in structure and affinity to biotin, 

they report very little amino acid homology. Avidin is highly glycosylated and has a basic 

isoelectric point (10–10.5), therefore it is easily soluble in aqueous solutions. On the other 

hand, streptavidin has no carbohydrates and an acidic pI (5) resulting in lower solubility in 

water. Moreover, streptavidin is more costly to produce (Almonte et al. 2014; Chaiet and 

Wolf 1964). Streptavidin suffers less from nonspecific binding (especially due to the 

absence of lectin-carbohydrate reactions and lower pI) compared to avidin. However, 

streptavidin contains bacterial recognition RYD motif, which can cause nonspecific 

background in some applications. To overcome most of the disadvantages, artificially 

engineered deglycosylated avidin called NeutrAvidin was introduced. It reduces lectin 

binding, has nearly neutral pI (6.3), and does not have an RYD motif, which all significantly 

decrease nonspecific interactions in typical applications. 

Avidin/streptavidin/NeutrAvidin-biotin interaction is considered to be the strongest non-

covalent interaction between protein and ligand, fast and stable in extreme pH, 

temperature, organic solvents, or presence of denaturing agents. Many applications use 

biotinylation of targets or BEs as a gentle method to tag proteins and/or to immobilize 

them on avidin/streptavidin/NeutrAvidin surface (Figure 13). For example, in (Caswell et 

al. 2003) authors used a biotin-streptavidin-biotin system for the end-to-end connection 

of biotin‐functionalized nanorods creating μm‐range sized constructs. Streptavidin‐

coated metal nanoparticles can be used for signal amplification in SPR biosensors – for 

example, Vaisocherová et al. showed up to two orders of magnitude increase in SPR signal 

after interaction of streptavidin-coated gold nanoparticles with biotin-labeled anti-
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bacterial antibodies used in the sandwich assay for the detection of Escherichia coli 

(E. coli) O157:E7 in crude food samples (Vaisocherová-Lísalová et al. 2016b) (APPENDIX 

II). Biotinylated DNA probe was immobilized on avidin layer prepared on QCM surface in 

nucleic acid biosensor development (Caruso et al. 1997). 

However, one has to keep in mind, that there may be more biotin-binding molecules in 

complex samples and that biotin is a naturally occurring molecule in bodily fluids or foods. 

Non-zero background, cross-reactivity, and specificity issues must be considered in 

experiments using avidin/streptavidin/NeutrAvidin-biotin interaction. 

 

Immunoglobulin-binding proteins 

Protein A, G, and L are cell wall surface proteins from the Staphylococcus aureus 

(S. aureus), Streptococcal bacteria, and Peptococcus magnus, respectively. While protein 

G and A show a high affinity for the binding of the heavy chain of the Fc region of most 

immunoglobulins, protein L binds immunoglobulins specifically through the variable 

domain of Ig light chains, without interfering with the antigen-binding site (Björck 1988; 

Nilson et al. 1993). Therefore, protein L binds representatives of all classes of antibodies, 

single-chain variable fragments, and Fab fragments. Comparing protein A and protein G 

avidity for IgG, protein G reports greater avidity than protein A although over a narrower 

spectrum of Ig classes (Kim et al. 2010). 

Figure 13: Streptavidin-biotin based BE immobilization.  
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Often, the protein A and G are used to create easy-to-use chromatography media for 

routine purification of antibodies (Liu et al. 2010). Also, both proteins are used for 

oriented immobilization of antibodies (Bae et al. 2005; Horáček and Skládal 2000; Lu et al. 

2008). Oriented immobilization of haptoglobin antibodies on gold nanoparticles 

deposited on QCM crystal was performed using protein A and used for biosensing (Wang 

et al. 2004). In (Yamazoe 2019) authors show improvement in biotin binding capacity of 

anti-biotin antibodies immobilized using protein G compared to covalently attached 

antibodies randomly immobilized using EDC/NHS chemistry. Elsewhere, protein G was 

conjugated with a short single-strand DNA sequence and immobilized on the surface using 

a complementary DNA probe. After, the anti-human prostate-specific antigen antibody 

was immobilized using protein G interaction, and detection of prostate-specific antigen 

was performed (Jung et al. 2007). 

It is worth mentioning, that different recombinant forms of protein A, G, and L can be 

found in the literature. In (Seo et al. 2013) authors introduced recombinant protein A, G, 

and L containing antibody binding motifs while C-terminal possesses motifs for further 

click chemistry application.  Protein AG (Eliasson et al. 1988) or LG (Kihlberg et al. 1996) 

are recombinant fusion proteins combining IgG binding domains of protein A and G or 

proteins L and G. 

Lectin-glycan interaction 

Lectins are carbohydrate-binding proteins, highly specific for carbohydrate groups 

(Duverger et al. 2003). They are used in a wide range of applications, e.g., cell studies, 

bacterial detection and biosensors, blood typing, or therapeutics research. Comparing to 

antibodies, lectins are cheaper and bind generally specific groups of glycans, while 

antibodies show higher specificity to certain glycans (Cummings and Etzler 2009). 

For example, in (Garcia-Gradilla et al. 2013) authors engineered magnetically guided 

ultrasounds-powered nanowire motors functionalized with lectin and anti-protein A 

antibody to capture and transport bacteria E. coli and S. aureus. Perhaps the most widely 

used plant lectin is α‐mannose / α‐glucose‐binding lectin concanavalin A (ConA) extracted 



41 
 

from Canavalia ensiformis containing 4 binding sites for glucose per one molecule. ConA 

was extensively studied as a receptor in glucose sensors (Pickup et al. 2005) or as a 

receptor used for bacterial separation (Campuzano et al. 2012). ConA conjugated to 

pesticide 2,4-dichlorophenoxyacetic acid was attached to surface using SPR chip modified 

with covalently bound α-d-glucose, creating regenerable indirect detection assay for 

pesticide detection (Švitel et al. 2000). 

Coiled-coil protein motif 

The coiled-coil is a motif of tertiary protein structure created by amphipathic interaction 

between two zipping domains. Both domains have a specific repetition-based primary 

structure allowing interaction of both domains and creation of tertiary structure in a 

manner, that hydrophobic amino acid residues (leucine or leucine-like residues) can be 

buried at the interface of both domains, while other hydrophilic residues face the 

environment (Figure 14). The resulting motif is made of two α‐helices wrapping around 

each other forming a stable supercoil (Yu 2002). Coiled-coil motifs were extensively 

studied and de novo engineered structures were suggested for biosensor applications 

(Chao et al. 1998) or self-assembled protein architectures, such as nanocages and 

nanocarriers used as cargo delivery (Lim et al. 2017). For example in (Kruis et al. 2016), 

leucine zipper (subgroup of coiled-coil motifs) interaction was used for site-specific 

protein immobilization in biosensor application. Another functionality brought coiled-coil 

structures to mesoporous silica nanoparticles, where it works as thermoresponsive valves 

for cargo releasing (Martelli et al. 2013). Coiled-coil tethering was used for growth factors 

immobilization on chondroitin sulfate coating while preserving growth factors bioactivity 

(Lequoy et al. 2016).  
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Mussel adhesive proteins 

The inspiration by nature brought mussel-inspired adhesive peptides into a focus of 

surface engineering and research of adhesives, as a universal anchor for surface 

modification. A mussel produces 20 types of adhesive mussel foot proteins, performing 

extraordinary long-term adhesive capabilities even in a wet and saline environment, 

adhering to virtually all types of inorganic and organic surfaces (Lee et al. 2006). Further 

research of the proteins pointed out the amino acid 3,4-dihydroxy-L-phenylalanine 

(DOPA) containing catechol group as a key component in the adhesion process. Lately, 

proteins and polymers incorporating DOPA or other catechol group moiety have been 

engineered.  

Catechol group in a helical N-propargylamide copolymer provided structure with metal 

ion-adsorption abilities (Li et al. 2010). Elsewhere, a catechol group was used in the 

preparation of hydrogel structure to introduce extraordinary stretchability, high 

toughness, and stimuli-free self-healing ability. Importantly, the hydrogel film could be 

repeatedly adhered on / stripped from a variety of surfaces, introducing a great platform 

for further functionalization of various surfaces (Han et al. 2017). Catechols are used as 

Figure 14: Scheme of the typical coiled-coil arrangement. Amino acids are arranged in 

repeating blocks of 7 residues. Residuum "a" and "d" are hydrophobic, "e", "g" usually 

oppositely charged and "b", "c", "f" are hydrophilic. 



43 
 

anchoring layers for antifouling and antibacterial polymer brushes (Kirk et al. 2013; Li et 

al. 2011; Sundaram et al. 2014; Yang et al. 2011b; Yu et al. 2014) or immobilization of BEs. 

ConA immobilized on gold, indium, and iridium (Morris et al. 2009), bovine serum 

albumin (BSA) on diamond-like carbon, or polyethylene membranes (Tao et al. 2009; Zhu 

et al. 2011), bone morphogenetic protein 2 on TiO2 nanotubes (Lai et al. 2011), or heparin 

on poly(vinylidene fluoride) (Zhu et al. 2009) were reported.  

The great advantage of catechol-based interaction is a wide range of organic and inorganic 

surfaces where the adhesion is effective. On the other hand, nonspecific interactions with 

complex samples must be actively suppressed, otherwise, they will strongly interfere with 

the experiments. 

Disulfide bridge 

Disulfide bridges are formed after oxidation of two thiol groups. It is typical interaction 

between two cysteines, helping to create and hold the secondary, tertiary, or quaternary 

structure of the proteins. The disulfide bridge is stronger than the hydrogen bond, but 

weaker than the covalent bond and is feasibly cleavable in mild conditions using a 

reducing agent. In (Kam et al. 2005) authors created thiol-functionalized single-walled 

carbon nanotubes for repeatable functionalization. Disulfide bridges are used in the 

preparation of degradable polymers (Tsarevsky and Matyjaszewski 2005), for preparation 

of thiol-functionalized polymers for attachment of biomolecules (Bontempo et al. 2004) 

or in reversible photopatterning strategy based on a photoinduced disulfide exchange 

reaction allowing reversible photofunctionalization, patterning, or removal of surface 

functional groups (Du et al. 2015) 

 

Figure 15: Disulfide bridge between two cysteines. 
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Specific metal-protein interactions 

Metal affinity non-covalent interactions between complexes of nitrilotriacetate with Ni2+ 

or Cu2+ and oligohistidine sequence is typically used in biochemical and bioanalytical 

applications. Polyhistidine tags are used for surface-based protein purification in metal-

affinity chromatography (Arnold 1991; Block et al. 2009; Jain et al. 2007; Xu et al. 2011), 

protein interaction studies (Li et al. 2016), or in biosensors (Auer et al. 2017; Ferapontova 

et al. 2001). For example, reversible oriented immobilization of histidine-tagged anti-

lysozyme fragment onto a gold surface using self-assembled synthetic chelator thioalkane 

was used to demonstrate the usefulness of such immobilization method for bioanalytical 

applications (Kröger et al. 1999). 
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3. Antifouling functional coatings 

  

Working with biological and real-world complex samples inevitably leads to a need for an 

extra surface functionality – resistance to nonspecific fouling. Reducing fouling-based 

interferences provides a control over the unique functionalities and the interactions 

occurring at the functionalized surface. A common approach to reduce the fouling used 

to be using of the dextran surface chemistry, surfactants (e.g., Tween), or additives (e.g., 

BSA or casein) to saturate possible binding spots on the surface before complex sample 

introduction. However, such blocked surfaces have only limited antifouling properties 

(Masson 2017). Moreover, blocking the surface may lead to a substantial reduction in the 

biorecognition activity of immobilized BEs (Vaisocherová-Lísalová et al. 2016b; 

Vaisocherova et al. 2014; Vaisocherova et al. 2008) (APPENDIX II). To achieve high-

performing functionalize antifouling coatings, other approaches need to be adopted. 

As the best-proven designer, nature has effective tactics to teach us how to avoid fouling. 

Hydrophobic surfaces of plants, butterflies’ wings or feathers of birds, active cleaning 

mechanisms to remove any undesirable impurities – mechanically or using a secretion, 

low drag shapes and microtextures, sloughing layers, or even more sophisticated 

methods, such as highly hydrophilic zwitterionic moieties employment (Bixler and 

Bhushan 2012; Jiang and Cao 2010). Studying nature's tactics, practically three 

approaches to diminish fouling can be distinguished. It is either super-hydrophobic or 

super-hydrophilic surface treatment or active removal of fouling using chemical additives 

or stimuli-responsive smart materials. 

 



46 
 

3.1. Super-hydrophobic surface treatment 

Employing unique chemical properties and specifically designed nanostructures, super-

hydrophobic surfaces were created to repel water molecules. The contact angle is usually 

greater than 150°, introducing an air barrier between water and surface (Simpson et al. 

2015). Even though such coatings have been proven to protect the surface from fouling, 

they are not feasible for further functionalization nor biomolecular interaction studies.  

In biological and biomolecular research, super-hydrophobic coatings are usually used to 

either diminish fouling completely, create micropatterning, or control the flow of water-

based fluids. For example, hydrophobic Slippery Liquid-Infused Porous Surfaces is claimed 

to reduce bacterial biofilm approximately 35 times better and over a longer timeframe 

compared to state-of-the-art PEGylated surface (Epstein et al. 2012). Wang et al. created 

micropatterning of living cells using hydrophilic/super-hydrophobic patterned surface 

(Wang et al. 2006c). In (Chen et al. 2019a) authors used super-hydrophobic-based 

concentration of molecules for SERS-based detection. Other non-biological applications 

of hydrophobic treatment are self-cleaning surfaces, fluidic drag reduction and controlled 

fluid transportation, humidity-proof coatings for electronic devices, super-hydrophobic 

textiles, or micro condensation (Ma and Hill 2006; Zhang et al. 2008).  

 

3.2. Hydrophilic antifouling coatings 

3.2.1. Key parameters for antifouling properties 

Hydrophilicity 

Hydrophilicity is one of the key properties of antifouling coatings. When two hydrophilic 

surfaces are separated by a very thin water layer, the hydration (solvation) repulsive force 

prevents them from approaching. So, the hydration level formed by the water near 
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hydrophilic surfaces presents an extra energy barrier for molecules to be adsorbed, 

preventing the fouling (Chen et al. 2010; Kanduč et al. 2016; Zheng et al. 2005).  

Hydrophilic non-charged structures get hydrated using weak and temperature-dependent 

hydrogen bonds between water and surface-attached hydrogen bonds donors/acceptors 

(Corkhill et al. 1987), while charged structures employ stronger electrostatic-based ionic 

solvation. Generally, both electrostatically induced hydration and hydration via hydrogen 

bonds are influenced by environmental properties, such as salt ion presence. In 

theoretical work (Urbic 2014) author shows that the presence of ions in the proximity of 

hydrogen donors/acceptors will change the strength of hydrogen bonds which can lead 

to the rearrangement of water molecules in the structure. In (Leng et al. 2014) the SFG 

results indicate that the surface hydration of zwitterionic materials is mediated by 

environmental parameters including ionic strength, ion size, charge, and pH. 

A typical strategy to increase the hydrophilicity of the surface is introducing some 

hydrophilic moiety into the coating — hydrophilic peptides, zwitterionic groups, oligo- or 

poly(ethylene glycol) group (OEG or PEG, respectively), or saccharide based hydrophilic 

moieties, such as hyaluronic acid or dextran sulfate polymers. 

Thickness 

The other crucial parameter for antifouling properties is the coating thickness, creating 

steric hindrance between sample matrix and hydrophobic substrate (Chen et al. 2014; 

Chou et al. 2016b; Yang et al. 2008; Zhao et al. 2011). Depending on the coating flexibility 

and level of hydration, the thickness may be a dynamic variable responding to the 

environment (ionic strength, pH, temperature) (Víšová et al. 2020c) (APPENDIX VI). 

Transition changes between hydrated and dehydrated states are called swelling or 

collapse. The dry thickness, corresponding to the collapsed dehydrated material of the 

coating, is the most commonly used parameter to characterize coatings. However, the 

swelling after hydration may change the thickness up to 3 orders of magnitude, as was 

reported for example in hydrogel structures (Hoffman 2012). Subsequently, the sensitivity 

and reliability of surface-sensitive characterization methods (e.g., surface plasmon 
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resonance (SPR), surface-enhanced vibration spectroscopies, or ellipsometry) may be 

impaired. 

Charge 

The electrostatic force is an important part of the nonspecific interactions, therefore 

charge control is crucial in antifouling coatings. The coating can be designed according to 

the application needs — it can be positively charged, negatively charged, neutral or 

zwitterionic. The best performing antifouling coatings are typically either neutral or 

zwitterionic. In some applications, the original charge of the surface may be used to 

streamline the immobilization, while after BE attachment subsequent reactions turn 

coating into a charge-neutral surface. Such strategy is used for example in negatively 

charged alkanethiolated SAMs with carboxy functional groups. After EDC/NHS activation 

and BEs attachment, the deactivation step turns remaining active esters into non-reactive 

neutral hydroxyl groups using covalent attachment of small molecule ethanolamine 

(Chadtová Song et al. 2019; Špringer et al. 2020; Vaughan et al. 1999).  

Zwitterionic materials, inspired by the surface of mammalian cell membrane rich in 

zwitterionic phosphatidylcholine, introduce very promising antifouling properties. An 

ionic molecule with a neutral net charge is created by the same amount of negative and 

positive charges situated close to each other. Such coatings naturally decreased 

electrostatic nonspecific interactions and possess a high level of strong hydration, 

supported by hydrogen bonds and ionic solvation. However, their isoelectric point should 

be considered during the design of the application, as pH can change the coating charge 

and subsequently its properties (Guo et al. 2015). Some of the more common zwitterionic 

functional groups used in antifouling coatings are amino acid cysteine, phosphorylcholine, 

or betaines (e.g. sulfobetaine, carboxybetaine, phosphobetaine, sulfopyridinium betaine, 

or sulfobetaine siloxane) (Schlenoff 2014). Using zwitterionic functional blocks, different 

structures can be built — from SAM layers to polymer brush coatings or hydrogels. A short 

review of such coatings will be given further in appropriate sections.  
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Resistance 

The combination of the previously mentioned parameters generates the surface 

resistance. In (Vaisocherova et al. 2015a) Vaisocherová et al. defined three categories of 

functionalizable resistant coatings according to nonspecifically adsorbed mass after 

exposure to the complex samples. Coatings with the fouling level < 100 ng/cm2 in single-

protein or complex solutions are in general referred to as antifouling coatings. However, 

there is a great difference in the performance of such coatings when exposed to undiluted 

blood plasma. Coatings with undiluted blood plasma-fouling levels < 10 ng/cm2, 

< 5 ng/cm2, and below the detection limit of the technique used are classified as low-

fouling, ultra-low fouling, and non-fouling coatings, respectively. Using such categories 

may look helpful at first glance, however, the technique used for fouling level assessment, 

experimental conditions, and the reading of the fouling level from the data collected 

influence the result significantly, making most of the results in literature very hard to 

compare [APPENDIX VI, X, (Víšová et al. 2020c)].  

 

3.2.2. Architectures of hydrophilic antifouling coatings 

Considering parameters important for antifouling properties (chapter 3.2.1. Key 

parameters for antifouling properties), different strategies of coatings preparation have 

been reported. Typically, antifouling SAM layer, polymer brush coating, or hydrogels are 

applied to reduce fouling and introduce sites for further functionalization. 

3.2.2.1. Antifouling SAM layers 

The alkanethiolated oligo(ethylene glycol)-terminated carboxy-functional SAMs (AT-OEG 

SAM) on the gold substrate have been recognized as the standard and the most widely 

used antifouling coatings in the field of bioanalytics (Figure 16). Even though AT-OEG 

SAMs were reported to present nearly non-fouling resistance against single-molecule 

solutions (Harder et al. 1998; He et al. 2008; Herrwerth et al. 2003; Li et al. 2005; Prime 
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and Whitesides 1993; Zheng et al. 2004; Zolk et al. 2000), they fail in complex samples 

such as blood plasma or blood serum, showing fouling level of ~100–300 ng/cm2 (Benesch 

et al. 2001; Bolduc et al. 2009; Rodriguez-Emmenegger et al. 2011b; Vaisocherova et al. 

2014). Other non-AT based OEG/PEG SAM layers are mentioned in Chapter 3.2.2.2. 

 

 

The screening of the resistance of the SAM created by short peptides of different 

composition and length using 3-mercaptopropionic acid linker (3-MPA) to attach the 

peptides onto a gold SPR chip was performed by Bolduc et al. While the best performing 

homopeptide coating consists of non-ionic 3-MPA-(serin)5-OH SAM, showing fouling level 

of 132 ng/cm2 after exposure to undiluted bovine serum (Bolduc et al. 2009), using binary 

patterned block peptides 3-MPA-(A)3(B)2-OH (for A: S, H, L, D, and B: D, S, H) decreased 

the fouling level to 23–79 ng/cm2 (Bolduc et al. 2010). 

Zwitterionic SAMs were introduced in few different forms. Holmlin et al. prepared the 

SAM layer as a 1:1 mix of alkanethiols terminated with positively charged 

tri(methyl)ammonium and negatively charged sulfonate group. They demonstrated an 

influence of the surface net charge on the fouling from a solution of negatively and 

positively charged proteins fibrinogen and lysozyme, respectively (Holmlin et al. 2001). 

Mixed SAM of zwitterionic peptide EKEKEKE-PPPPC and adenosine-triphosphate (ATP)-

Figure 16: Scheme of the AT-OEG SAM on gold. 
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binding thiolated aptamer was attached to the gold electrode decorated with 

electrodeposited gold nanoparticles. The surface was further passivated by 6-

mercaptohexanol and used for the detection of the ATP in biological media. Even though 

the limit of detection (LOD) of ATP aptasensor was estimated as 0.1 pM in PBS, 

characterization in 1 % blood plasma and 5% whole blood showed detectable fouling 

already (Wang et al. 2018). SAMs composed of alkanethiols with zwitterionic end groups, 

such as sulfobetaine (Holmlin et al. 2001; Shen and Lin 2013), 

phosphorylcholine/oligophosphorylcholine (Chen et al. 2006; Tegoulia et al. 2001), or 

carboxybetaine (Bertok et al. 2015) were presented to improve fouling typically from 

single protein solutions only. In (Yang et al. 2014) authors showed crosslinked 

carboxybetaine SAM coated nanoparticles resisting the fouling from undiluted blood 

serum. 

SAM layers prepared using a variety of other hydrophilic groups demonstrated the high 

resistance to single protein solutions (Bandyopadhyay et al. 2011; Deng et al. 1996; Luk et 

al. 2000; Wyszogrodzka and Haag 2009), but only partial resistance to complex solutions 

(Aubé et al. 2017). Generally, SAM coatings are usually highly reproducible and well-

described structures creating a great tool to study molecular interactions in a non-natural 

and well-defined environment, such as buffer solution or very highly diluted (1–5 %) 

biological samples. However, if exposed to real-world complex samples, such as bodily 

fluids, the fouling level increases up to 50–400ng/cm2. 

3.2.2.2. OEG and PEG-based coatings 

Poly(ethylene glycol) is a widely used flexible, uncharged, and hydrophilic polymer formed 

by repeating units of ether oxygen with the chemical structure of H−(O−CH2−CH2)n−OH. 

Even though PEG naturally bears only hydroxyl group, OEG or PEG can be in principle 

functionalized by further modifications (Cui et al. 2016; Cheng et al. 2007; Wang et al. 

2001).  

PEG has been considered biologically inert, biocompatible, and safe to use in in vivo 

studies and therapies by the regulatory authorities. The PEG-modification of biomolecules 
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and nanoparticles in therapeutics and especially in drug delivery is a widely adopted 

approach to extend circulation time, and improve drug efficacy (Huckaby and Lai 2018; 

Kingshott and Griesser 1999; Otsuka et al. 2003). However, only recently the evidence of 

the immune answer to PEG has appeared (Yang and Lai 2015). Anti-PEG antibodies were 

reported not only in humans using PEG-containing therapy, but even in a wide healthy 

population, possibly evoked by long-last exposure to free PEGs in cosmetics, 

pharmaceuticals, processed food, etc. (Armstrong 2009; Garay et al. 2012; Hong et al. 

2020). Moreover, the percentage of the population never cured by PEG-containing 

therapies yet having a measurable level of the anti-PEG antibodies in the blood increased 

from 0.2 % in 1984 (Richter and Åkerblom 1984) to 25 % in 2009 (Armstrong 2009) 

(depending on detection limits of methods used for the detection). Most recent studies 

show up to 72 % of the healthy population with pre-existing anti-PEG antibodies (Yang et 

al. 2016). Such immunization of the population may lead to accelerated blood clearance 

pushing down drug circulation time, significantly decreasing the efficiency of PEG-based 

drugs. In the future, alternative high hydratable, fouling resistance, biocompatible but 

non-immunogenic, and non-antigenic coating will be of great importance for drug delivery 

and biomedical applications. 

Except for biomedical applications, PEGs are widely used in analytical methods and 

surface engineering as surface passivation agents, introducing antifouling properties onto 

the surface (Lowe et al. 2015). For example, the procedures for passivation glass against 

nonspecific interactions from single protein solutions or cell suspensions by grafting PEGs 

using silane-based chemistry are widely used in microscopic techniques or cell studies 

(Gidi et al. 2018; Chandradoss et al. 2014; Jo and Park 2000; Sauter et al. 2013). 

Electrostatic or hydrophobic physisorption has been attempted as another way of PEG 

coating immobilization on different substrates; however, only poor stability and poor 

resistance to fouling were observed (Amiji and Park 1992; Orgeret-Ravanat et al. 1988). 

Thiolated PEGs were grafted onto gold surfaces (Du and Brash 2003; Unsworth et al. 

2005b) while catechol containing PEGs were grafted onto different metal oxides (Dalsin 

et al. 2003). In (Dalsin et al. 2005) authors show a strong correlation between the 

thickness and the surface density of the adsorbed PEG-DOPA chains on TiO2 substrate and 
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the fouling level from serum. In the most optimal case, the fouling level was reported to 

be below 1ng/cm2, the detection limit of the technique used. 

One of the limiting factors for the creation of the ultra-resistant PEG-based coating is the 

low grafting density of the chains. A dense PEG coating was prepared by melting PEG at 

75 °C on epoxide-functionalized silanes attached to the silica surface. Upon incubation 

with 10 % calf serum, the fouling level was 15 ng/cm2 (Piehler et al. 2000). The maximal 

grafting density on any kind of surface was reported using dopamine-melanin anchoring 

layer and subsequent grafting of PEG from the melt. The optimized grafting conditions led 

to the ultra-resistance of the coating (2 ng/cm2 and 14 ng/cm2 from human blood plasma 

and human blood serum, respectively). However, after only one day of storage in PBS, the 

resistance of the coating was impaired (90 ng/cm2 and 23 ng/cm2 from human blood 

plasma and human blood serum, respectively) (Pop-Georgievski et al. 2011).  

PEGs were reported to be prone to degradation by oxidation (Han et al. 1997; Kawai 

2002), hydrolysis (Haines and Alexander 1975), photooxidation (Morlat and Gardette 

2001), or thermal-oxidative degradation (Han et al. 1997; Yang et al. 1996) in the most of 

the biochemical solutions (Zhang and Chiao 2015). Therefore, despite the promising 

antifouling properties, PEG-based coatings suffer from only short-term stability in 

biological media, hampering their performance as antifouling surface coatings. 

3.2.2.3. Polymer brush coatings: theory 

Polymer brushes are 3D-structures formed by polymer chains one end-tethered to the 

interface. The attachment can be mediated either by an end-functionalized polymer chain 

reacting with the substrate via physisorption, chemisorption, or covalent bond (“grafting 

to” method) or can be surface-initiated when the polymer grows from the initiator 

immobilized on the surface (“grafting from” method) (Minko 2008). “Grafting to” method 

allows grafting density and chain-molecular mass control. However, due to steric 

hindrance caused by previously attached chains, “grafting to” methods usually result in 

less dense polymer brushes compared to more demanding “grafting from” methods 

(Brittain and Minko 2007)(Figure 17). Typically, the fouling decreases with increasing 
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grafting density and/or increasing length of the attached polymer (Norde and Gags 2004; 

Szleifer 1997; Unsworth et al. 2005a; Yoshikawa et al. 2012).  

 

 

Figure 17: Scheme of the approaches for polymer brush preparation. A. “Grafting from” 

method: polymer brush grows from the initiator layer fixed on the surface. B. “Grafting to” 

method: pre-prepared polymer chain with attaching moiety (red) is immobilized on the 

surface. The functional attaching groups are typically thiols, NHS-esters, or catechol-based 

moieties. 

The theories describing thermodynamic and physical properties of polymer brushes, such 

as the brush conformation dependency on the length, or the density of the polymer 

chains, or the phase transition of the structure with changing of the external parameters 

have been reported during the time. The first and successful approach describing polymer 

chain conformation in a real polymer brush where non-neighboring monomers can 

interact with each other is the Flory theory (Bhattacharjee et al. 2013).  

The Flory theory predicts chain expansion in a solvent where the monomer-monomer 

interactions are not attractive (so-called good solvent) and every monomer unit occupies 

A. B.
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the volume that cannot be occupied by any other monomer unit (excluded volume) at the 

fixed temperature. The free energy of the system is composed of two contributions — the 

osmotic pressure which tends to swell the chain, and the conformational entropy giving 

elastic retracting force arising from the coil expansion to a less probable arrangement of 

bonds (Flory 1949). By minimizing the free energy, the theory shows that the equilibrium 

average dimension R of a polymer with N monomer units becomes asymptotically 

proportional to N, � ≅ ��/�. Lately, more advanced Flory-type self-consistent field 

theories for the description of the thermodynamic and structural properties of the flexible 

single polymer chains in a solvent under the different external stimuli (e.g., temperature, 

pH, solvent composition, pressure, or external electric field) have appeared (Budkov and 

Kiselev 2017; Currie et al. 2003). 

The chains end-grafted onto the surface in a low density adopt different conformations 

according to a solvent-chain and surface-chain interactions. In a good solvent non-

absorbed polymer tethered to a surface will be in a coil conformation (sometimes called 

mushroom-like conformation), follows original Flory's dependence. Under so-called bad 

solvent conditions, where the monomer-monomer interactions are attractive, the 

polymer chain will adapt collapsed globule conformation, showing � ≅ ��/�. For the 

surface-polymer system, where the polymer is effectively attracted to a surface, the chain 

may adopt the so-called flat pancake conformation under the good solvent conditions 

with predicted � ≅ ��/� (Currie et al. 2003) (Figure 18 A–C). 

When the number of chains per unit area (grafting density) crosses above the critical value 

and the distance between chains is smaller than R, the intermolecular osmotic 

interactions result in stretching of the grafted polymers away from the surface, creating 

polymer brush structure (de Gennes 1980; Milner et al. 1988) (Figure 18 D).  
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Figure 18: Theoretical conformations of polymer chain attached to the surface. A: Polymer 

chain in collapsed globule conformation in a bad solvent. B: Polymer chain in coil 

conformation (mushroom-like conformation) in a good solvent. C. Polymer chain attracted 

to a surface in a flat pancake conformation in a good solvent. D. Increasing grafting density 

of the polymer chains creates brush-like structure. 

The polymer brush conformation and so its properties are highly dependent on the 

solvent-chain and chain-surface interactions (allowing dynamic regulations using external 

stimuli) and polymer chain density and length (allowing optimization of the dynamic 

response range for different applications). Due to that, the polymer brushes may create 

smart materials with tunable properties, such as wettability (Azzaroni et al. 2007), self-

cleaning properties (Howarter and Youngblood 2007; Chen et al. 2019b; Kroning et al. 

2015), controlled cell adhesion (Mizutani et al. 2008; Okano et al. 1995), controlled drug 

delivery (Bajpai et al. 2008) or antifouling background for bioanalytical applications 

(Halperin and Kröger 2009; Ma et al. 2019). 

 

A. B. C.

D.
Grafting density

R
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3.2.2.4. Antifouling functionalizable polymer brush coatings 

Generally, the best performing antifouling functionalizable coatings are neutral polymer 

brushes — either non-ionic or zwitterionic. The 3D structure of the non-charged 

hydrophilic brushes possesses a great fouling resistance and usually high loading capacity 

for subsequent BE immobilization (Figure 19). Typically, antifouling polymer brush 

structures contain acrylamide, methacrylamide, acrylate, or methacrylate backbone with 

various pendent groups or short chains, e.g., PEG / OEG, hydroxy-, or zwitterionic 

moieties. 

 

Figure 19: Antifouling polymer brush coating preventing fouling from a complex sample. 

Every side chain of the structure may possess the ability for further functionalization. 

Design of the figure: Daniel Špaček, neuroncollective.com. 

 

http://neuroncollective.com/
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Polymer brush coatings with OEG side chains were reported as thermoresponsive (Hu et 

al. 2010; Vancoillie et al. 2014) and antifouling coatings (Ma et al. 2004). Mono-hydroxy 

and mono-methoxy terminated poly[oligo(ethylene glycol)methacrylate] (pHOEGMA) and 

poly[oligo(ethylene glycol) methyl ether methacrylate] (pMeOEGMA) were prepared via 

controlled atom transfer radical polymerization (ATRP) (Brown et al. 2005). The authors 

presented simple thickness adjustability by polymerization time control. Later, the 

optimal thickness of pMeOEGMA or pHOEGMA brush to decrease the fouling was 

reported to be ~ 30 nm, showing fouling level from undiluted complex samples, such as 

blood plasma,  25–50 ng/cm2 (Riedel et al. 2013; Rodriguez-Emmenegger et al. 2012a; 

Rodriguez-Emmenegger et al. 2012b; Rodriguez-Emmenegger et al. 2011c). 

Functionalization of OEG-based brushes was performed using DSC chemistry and the 

enhanced binding specificity/capacity of pHOEGMA brushes compared to SAM layer was 

reported (Lee et al. 2007). Elsewhere, the pHOEGMA-based copolymer was functionalized 

with a natural antibacterial peptide to prepare antibacterial coating (Glinel et al. 2008). 

The dependence of the durability of the cell fouling resistance on the number of ethylene 

glycol units in the side chains of 100 nm thick pMeOEGMA on Ti substrate was shown in 

(Fan et al. 2006a). The longest studied side chain containing 23 ethylene glycol monomers 

resists cell attachment for 11 weeks. 

The hydroxy-functional polymer brush coatings with high fouling resistance, particularly 

the poly(2-hydroxyethyl methacrylate) (pHEMA) (Beers et al. 1999; Horak 1992; 

Montheard et al. 1992; Robinson et al. 2001), poly(3-hydroxypropyl methacrylate) 

(pHPMA), or poly(N-(2-hydroxypropyl) methacrylamide) (pHPMAA) (Raus and Kostka 

2019) were reported to be prepared by various “grafting to” and “grafting from” 

techniques and have been used in biomedical applications widely as the hydroxyethyl or 

hydroxypropyl groups in the structure confer high hydrophilicity and good 

biocompatibility of the material.  

In (Yoshikawa et al. 2012) authors showed the dependence of antifouling properties on 

grafting density of pHEMA brush. With optimized grafting density, pHEMA brush showed 

non-fouling properties in undiluted fetal bovine serum or after 24 hours of adhesion test 

of human umbilical vein endothelial cell. Zhao et al. define the optimal thickness of 
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pHEMA for antifouling properties in a range between 20–45 nm. From undiluted human 

blood serum and plasma, they reported fouling of 3 and 3.5 ng/cm2, respectively (Zhao et 

al. 2011). In another study, 3T3 fibroblast adhesion on RGD-functionalized pHEMA 

brushes with RGD buried in different depths in the polymer brush structure was studied, 

showing that RGD deeper than 42 nm from the brush interface does not promote cell 

adhesion anymore. Bare pHEMA resists cell adhesion even after 48h (Desseaux and Klok 

2015). In biosensors, pHEMA brush was used for fast and sensitive detection of aflatoxin 

M1 (Karczmarczyk et al. 2016) or Cronobacter (Rodriguez-Emmenegger et al. 2011a) in 

milk, showing non-fouling properties (unlike OEG-based polymer brush coatings). On the 

other hand, another hydroxy-functional methacrylate pHPMA was reported to exhibit 

only limited resistance compared to other hydroxyl-based polymer brush coatings. The 

pHPMA brush with the thickness of 25–40 nm show fouling level from undiluted blood 

serum and plasma in a range of 25–53 ng/cm2  (Rodriguez-Emmenegger et al. 2011b; Zhao 

et al. 2010), which may be too high for biosensor applications.  

Non-fouling properties were reported using pHPMAA brush coatings. The level of 

undiluted blood plasma fouling was reported to be below 0.03 ng/cm2, the detection limit 

of the method used (Rodriguez-Emmenegger et al. 2011b). Unlike OEG-based coatings, 

pHPMAA brushes were shown to keep their resistance even after two years of storage in 

PBS. Moreover, unlike other functionalizable antifouling structures, pHPMAA exhibits 

non-fouling properties across all different complex samples, such as bodily fluids from 

single donors, pooled bodily fluids, or food samples (Pereira et al. 2014; Rodriguez-

Emmenegger et al. 2012b; Vaisocherová-Lísalová et al. 2016a) (APPENDIX III). Despite its 

outstanding non-fouling properties, pHPMAA is not widely functionalized in biosensor 

applications. In (Vaisocherova et al. 2014) authors show the impairment of hydroxy-

functional polymer brush fouling-resistance after DSC-based functionalization. Therefore, 

to avoid hydroxy- group activation, pHPMAA was copolymerized with carboxy-functional 

monomers. Such coatings perform excellent resistance to fouling and high BE loading 

capacity without significant resistance impairment after EDC-based activation (Kotlarek et 

al. 2019; Riedel et al. 2017; Riedel et al. 2016; Vaisocherová-Lísalová et al. 2016a) 

(APPENDIX III). 
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Nowadays the most promising functionalizable and ultralow fouling polymer brushes are 

prepared using zwitterionic compounds (Jiang and Cao 2010; Mi and Jiang 2014; Schlenoff 

2014). Due to high hydrophilicity and wettability, poly(carboxybetaine acrylamide) 

(pCBAA) and poly(carboxybetaine methacrylamide) (pCBMAA) perform ultralow- to non-

fouling resistance from different kinds of complex samples, only slightly lower compared 

to pHPMAA brushes (Lísalová et al. 2017; Pereira et al. 2014; Rodriguez-Emmenegger et 

al. 2012b; Vaisocherova et al. 2015a; Vaisocherova et al. 2014) (APPENDIX IV). They 

exhibit a high BEs loading capacity using amino coupling-based functionalization and 

biocompatibility (Víšová et al. 2020b) (APPENDIX V). Specifically, pCBAA show higher 

resistance to fouling from complex samples compared to pCBMAA, while pCBMAA was 

shown to copolymerize easily with other methacrylates, such as pHPMAA (Vaisocherová-

Lísalová et al. 2016a) (APPENDIX III). 

Typically, pCBAA polymer brush coatings are used as biosensing platforms. Yang et al. 

present the optimal thickness of antifouling pCBAA coatings to be ~20 nm and perform 

the detection of ALCAM in blood serum using anti-ALCAM antibody functionalized pCBAA 

polymer brush (Yang et al. 2009). In (Vaisocherová-Lísalová et al. 2016b) (APPENDIX II) the 

detection of foodborne bacteria was conducted from food samples using the pCBAA-

based platform with a detection limit of 57 CFU/mL in hamburger samples. pCBAA 

functionalized with amino-modified probes was used for detection of microRNA from 90% 

erythrocyte lysate at a subpicomolar level without the need for RNA extraction. The 

fouling level was reported lower than 2 ng/cm2 (Vaisocherova et al. 2015b) (APPENDIX I). 

Carboxybetaines were used for two-layer polymer brush architecture with the bottom 

denser antifouling layer and the loose second layer for BE immobilization. For optimized 

coating, fouling from undiluted blood plasma was reported < 2 ng/cm2 (Brault et al. 2012). 

Another commonly used zwitterionic compound is sulfobetaine. However, the lack of 

functionalization capabilities hampers the versatile use of SB-based coatings. Due to their 

biocompatibility (Kim et al. 2012a) and low-fouling properties, they are used as antifouling 

coatings to diminish cell adhesion and control cell patterning (Chou et al. 2016a; Kim et 

al. 2012b; Leigh et al. 2017; Quintana et al. 2014; Sun et al. 2018; Ye et al. 2016), or as a 

moiety for copolymerization with other functionalizable compounds (Berlinova et al. 
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2000; Wang et al. 2006a) (APPENDIX XII). Recently, Lange et al. introduced an orthogonal 

chemistry approach for the preparation of functionalized p(SB)-based brushes. 

Copolymerization of a new sulfobetaine-based monomer equipped with a clickable azide 

moiety with well-established standard sulfobetaine monomer resulted in an antifouling 

polymer brush structure with a tunable number of clickable groups ready for 

functionalization (Lange et al. 2016).  

p(SB)-based coatings show a lower degree of resistance compared to p(CB) coatings (Leigh 

et al. 2017; Rodriguez-Emmenegger et al. 2009), however due to very low pI of sulfo-

group, the zwitterionic character of the sulfobetaine remains unchanged in a wide range 

of pH. Chang et al. found the fouling resistance to a single protein solution of 

poly(sulfobetaine methacrylate) remains low in a pH range of 7.4–11.0 and ionic strength 

range of 0.1–1.0 M (Chang et al. 2008). 

3.2.2.5. Antifouling functionalizable hydrogels 

Hydrogels are composed of a 3D polymer network with a high swelling capacity resulting 

in a high water content, softness, flexibility, and biocompatibility. The swelling after 

exposure to water may reach up to 3 orders of magnitude (Hoffman 2012). Due to their 

remarkable hydratability, hydrogels are extensively used in tissue engineering (Camci-

Unal et al. 2014), drug delivery (Hamidi et al. 2008), and other biomedical and 

bioengineering applications (Hoffman 2012; Peppas et al. 2006).  

Typically, hydrogel coatings are prepared by physical or chemical crosslinking of 

hydrophilic polymer chains. The polymers used for hydrogel construction may be natural 

(e.g., hyaluronic acid, fibrin, agarose, or chitosan), synthetic (e.g., pHEMA, PEG, pCBAA), 

or biohybrid. Combining both groups the tailored properties can be achieved, such as 

desired biodegradability (Hennink and van Nostrum 2012; Hoare and Kohane 2008), or 

responsivity (Bajpai et al. 2008; Qiu and Park 2001; Tokarev and Minko 2009; Ulijn et al. 

2007). 

 Mostly, the functionality of hydrogels is given by their stimuli-responsivity and fouling 

resistance, so further functionalization is not usually employed (Bajpai et al. 2008; Richter 
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et al. 2008). For example, Cao et al. prepared a smart hydrogel coating with two 

switchable regimes. Under acidic conditions, the positively charged carboxybetaine 

derivative-based hydrogel coating had antibacterial properties, while in a basic 

environment it turned into ultra-low fouling zwitterionic regime, releasing killed bacteria 

and other adhered material (Cao et al. 2013).  pHEMA hydrogels have been widely used 

as a highly wettable and biocompatible (Klomp et al. 1983) material for implant coating 

(Chirila et al. 1993), drug delivery (Hsiue et al. 2001), or in ophthalmology for hydrogel 

contact lenses (Chirila et al. 1998). Antifouling pCBAA hydrogel thin film prepared using 

carboxybetaine diacrylamide crosslinker exhibited fouling from undiluted blood plasma 

< 5 ng/cm2, showing high BE loading capacity without compromising its resistance (Chou 

et al. 2016b). In other work, Yang et al. used p(CB)-based hydrogel to protect implantable 

electrochemical glucose biosensor in undiluted blood plasma (Yang et al. 2011a). 
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4. Methods for probing the biomolecular interactions 

at interfaces 

The technical part of the study of biomolecular interactions at interfaces is specific – the 

presence of the surface and native (aqueous) environment at the spot of the 

measurement may be challenging. A list of a few examples of experimental methods used 

for the research in this work is presented. 

 

4.1. Surface plasmon resonance (SPR) 

SPR biosensors represent a surface-sensitive optical method based on the interrogation 

of changes in the propagation constant of an electromagnetic surface wave mode 

travelling along the interface between a metal and a dielectric. This interface supports 

surface plasmon polaritons (SPPs) that originate from collective oscillations of charge 

density and associated electromagnetic field. The most common approach to optically 

excite the SPPs is using a prism coupler relying on the attenuated total reflection method 

(Figure 20). The SPPs are then coupled with an evanescent field formed upon the total 

internal reflection of the excitation light beam at prism base carrying a thin metallic film. 

The coupling is only possible when the propagation constant of the SPP at the interface 

(���) matches the parallel component of the propagation constant of the excitation beam 

forming the evanescence field (���). For � being a free-space wavelength, the resonant 

coupling occurs when the following equation holds: 

 
��� =

��

�
�� sin � = ��{���} = �� �

��

�
�

����

�����
+ ∆��, 

(1) 
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 where the real part of ��� is a function of the permittivity of the dielectric environment 

��, metal permittivity ��, and ∆� relates to the small changes in the SPP propagation 

constant due to the prism presence and finite thickness of the metal layer. The parallel 

component of the propagation constant of the incident beam depends on the angle of 

incidence � and refractive index of the prism �� (Homola 2006). Importantly, this phase-

matching condition is altered when the permittivity of the dielectric environment �� 

changes and thus it leads to variations in the coupling between the incident optical beam 

and the SPPs at the metal surface. 

 

 

The three most common modulated parameters in SPR-based biosensing are the angle of 

incidence, wavelength, or intensity of incident light. Angular SPR sensors use 

monochromatic light to excite an SPP. Subsequently, they interrogate the angular 

dependency of the intensity of the light reflected from the surface. The wavelength-

modulating SPR sensors use polychromatic light at a fixed angle of incidence, studying the 

spectral changes after light reflection. The coupling of SPP and incident light is observed 

as a dip in the reflectance spectrum for a particular angle or wavelength, respectively.  The 

Prism, ��

Dielectrical sample, ��

Light source, λ

θ

Detector

Plasmonic metal, ��SPP field

Figure 20: Prism-based SPR experiment layout. 
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intensity-based SPR sensors measure the change in reflected light intensity at a fixed angle 

for a fixed wavelength. Time dependency of the dip position or intensity change gives SPR 

sensorgram and allows for real-time kinetic measurements (Figure 21).  

Real-time kinetic measurements of biomolecular interactions (Karlsson et al. 1991; 

Peterlinz and Georgiadis 1996; Schuck 1997) or detection of minute amounts of target 

chemical or biological species (Homola 2003; Homola et al. 1999; Nguyen et al. 2015; 

Figure 21: Typical angle-interrogation or wavelength-interrogation SPR for the monitoring 

of biomolecular binding events. A: SPR surface is brought in contact with a buffer solution 

and a stable baseline is established in a real-time sensorgram D (blue). B: Analyzed 

complex sample is contacted with the SPR surface. Permittivity change related to the 

presence of the biomolecules in the sample and their binding to the surface is causing a 

gradual shift of SPR dip, corresponding to a kinetic in a real-time sensorgram (green). C: 

SPR biosensor surface is washed with a buffer solution. Bulk sample and only weakly-

bound mass are washed off. The remained mass (specifically or nonspecifically bound) is 

ascribed to a shifted SPR in the equilibrium (red) with respect to the blue or green ones. D. 

SPR sensorgram showing time dependency of the SPR dip position. The difference between 

the blue and the red baseline corresponds to a mass adsorbed/detected on the SPR-

surface (grey arrow in D). 
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Scarano et al. 2010) are the most common applications in SPR biosensors. The SPR 

biosensors are commercially available, typically with refractive index detection resolution 

~ 5 x 10-7 RIU for angular and ~ 10-6 RIU for spectral interrogation SPR (Ho et al. 2017).  

SPR sensor sensitivity to the permittivity changes close to the plasmonic surface brings 

three main considerations. i) Permittivity change is not molecular-specific, therefore SPR 

needs a BE attached to its surface. Effectivity of the BE, nonspecific interactions, and cross-

reactivities are limiting factors for the applications. In addition, robust surface chemistry 

for the coupling of BE to the SPR biosensor surface (typically gold) is a key for the 

successful implementation of SPR biosensor for the aimed applications. ii) The SPP field 

decays exponentially from the surface into the dielectric environment and is characterized 

by the penetration depth (distance from the surface, where the field decrease by factor 

1/e). The penetration depth ranges between ~100–600 nm depending on the wavelength 

used. The longer wavelength, the higher the penetration depth. As a consequence, only 

coatings with limited thickness may be used for a standard SPR sensor surface 

functionalization. Moreover, using an angular SPR system with monochromatic light, 

different results are obtained for different wavelengths used. The sensitivity of the SPR 

dip position-change caused by changes at the surface interface is lower for longer 

wavelengths compared to shorter ones. iii) Environmentally-dependent swelling of the 

coating may significantly interfere with SPR kinetic or sensing measurements. The theory 

for the deconvolution of the swelling contribution to SPR dip shift is still missing. 

The SPR experiments in this work were measured using a wavelength-modulation based 

four-channel spectroscopic SPR sensor (Homola et al. 2002) and high-resolution SPR 

imaging (SPRi) system with polarization contrast and internal referencing (Piliarik et al. 

2010) developed at the Institute of Photonics and Electronics of the Czech Academy of 

Sciences (Prague, Czech Republic), and four-channel angular MP-SPR system NAVI 200 

with LED sources of 670 nm and 785 nm (BioNavis Ltd, Finland). 
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4.2. Spectroscopic ellipsometry 

Ellipsometry is a powerful optical technique for the characterization of thin layers and 

multilayers. It measures the complex reflectance ratio of a system, parametrized by the 

amplitude component Ψ and the phase difference Δ. Specifically, the complex reflectance 

ratio � measured by ellipsometry is given as a ratio of the reflected polarization state 

component oscillating parallel to the plane of incidence (���
���

�����
���

) to the component 

oscillation perpendicular to the plane of incidence (���
���

�����
���

), both normalized to their 

initial (incidence) values (���
��������

���
 and ���

��������
���

, respectively). Then, parameter 

���(Ψ) corresponds to a ratio of normalized reflected amplitudes 
��

��
  and Δ to a phase 

shift upon reflection (Eq. 2) 

 

� ≡
���

���
�

���
����

���
����

���
���

�

����
���

����
���

����
���

����
��� =

��

��
��(∆��∆�) = tan(Ψ)��� 

(2) 

To determine real physical properties of the studied material (e.g., optical constants and 

thicknesses of layers, uniformity, or roughness), the model-based analysis of Ψ(λ) and 

Δ(λ) must be performed. However, to get correct results, a model corresponding closely 

to the real sample must be set, keeping as few unknown parameters as possible. Typically, 

layer-by-layer sample examination must be performed before the multi-layer study. 

Subsequent analysis and evaluation of the physical correctness of the results may be 

complicated (Jellison 2005). 

The great advantage of spectroscopic ellipsometry is a non-destructive and non-contact 

character of the measurements with potentially high sensitivity down to sub-nm thickness 

level of the determination. In the research of biointerfaces, spectroscopic ellipsometry 

was used to monitor effects like adsorption, molecular interactions at interfaces, kinetics, 

or layer composition  (Arwin 2005; Elwing 1998; Goyal and Subramanian 2010; Hinrichs 
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and Eichhorn 2018; Yin et al. 2011). However, using ellipsometry in the research of the 

biomolecular thin layers is hampered by the absence of a well-established methodologies 

for ellipsometric measurements in aqueous solutions. 

In this work, ellipsometric measurements were used for polymer brush coating 

characterization and swelling research (Víšová et al. 2020c) (APPENDIX VI). Moreover, the 

ellipsometric skills were practiced and the methodology for dry sample measurements 

were prepared during the studies on the optical parameters of thin layers of Cr and NiFe 

(Hashim et al. 2020) (APPENDIX VIII). The measurements were performed using 

spectroscopic ellipsometers SE 850 (Sentech, Germany) and VASE (J.A.Woollam, Lincoln, 

USA). For measurements in a water environment, custom-made cell-holder and cell with 

incorporated sample holder were developed at the Institute of Physics of the Czech 

Academy of Sciences (Prague, Czech Republic) (Figure 22).  

 

 

Figure 22: Custom-made cell (left) and cell holder (right) for VASE ellipsometer (right) 

(Víšová et al. 2020c). 
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4.3. Quartz crystal microbalance (QCM) 

The QCM is an acoustic sensor probing in real-time the changes in the resonant frequency 

of the piezoelectric crystal resonator. Typically, the alternating current is applied to the 

piezoelectric crystal (usually quartz) using a pair of golden electrodes, to induced 

oscillations at the resonant frequency. The typical resonant frequencies used in 

biomolecular research are ~ 5–10 MHz and are inversely proportional to the thickness of 

the crystal. 

For uniform, thin and rigid film of mass ∆� adsorbed on the QCM crystal with sensitive 

area �, thickness �, and density �� in air, the change in frequency ∆� follows theoretical 

equation (Sauerbrey 1959) 

 
∆� = −

�∆�

����
= −��� 

(3) 

The sensitivity factor �� = −
��

����
 is a constant for the crystal of given parameters and � 

is a change of mass per unit area. 

However, such linear dependency of ∆� on ∆� is not valid in liquids, where the interface 

layer is created by flexible, soft, and viscoelastic films. Due to mechanical losses, the liquid 

environment causes the dissipation of oscillation energy. QCM-D method excites resonant 

frequency oscillations of the crystal by a short impulse of the driving voltage and 

subsequently the voltage decay is recorded as a function of time. By fitting the decay curve 

as exponentially dampened sinusoidal wave  �(�) 

 �(�) = ����/� sin(2��� + �) (4) 
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for ��, is an amplitude, � is a decay time constant, � resonant frequency, and � phase 

angle, the frequency and dissipation can be obtained at the same time, being a function 

of the film thickness, density, viscosity or elasticity. 

Using the viscoelastic Voight model, Voinova et al. showed for a viscoelastic layer of 

thickness  ℎ, viscosity � and elastic shear modulus � on a QCM crystal with the thickness 

ℎ�, density ��, and angular frequency of oscillations � under a bulk Newtonian liquid with 

viscosity �� and viscous penetration depth of the shear wave in the bulk liquid ��, that ∆� 

and ∆� are proportional to viscoelastic properties of the system as follows in Equation 5 

and Equation 6 (Voinova et al. 1999). 

 
∆� ≈ −

1

2���ℎ�
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� 

(5) 
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� 

(6) 

Recording the ∆� and ∆� at multiple overtones of a fundamental resonance frequency of 

the QCM crystal and using different mathematical models, the physical characteristics of 

the adsorbed layer, such as adsorbed layer mass, thickness, density, shear elasticity, 

viscosity, and kinetics of the viscoelastic film can be obtained (Domack et al. 1997; 

Muramatsu and Kimura 1992; Rodahl et al. 1997; Wu et al. 2015). 

In this work (i) the QCM device developed at the Institute of Physics of the Czech Academy 

of Sciences (Prague, Czech Republic) combined with openQCM Q-1 (Novaetech, Italy) and 

tailored microfluidic system, and (ii) a custom‐made two‐channel apparatus consisting of 

portable QCM Analyzer (KEVA, Brno, Czech Republic) and a microfluidic-based crystal 

holder were used for polymer brush coating characterization and biosensor development. 

Au‐coated QCM crystals with the resistance of max. 30 Ω and frequency range around 

10 MHz were used for polymer-brush coated sensor preparation (Víšová et al. 2020c) 

(APPENDIX VI, APPENDIX XII, APPENDIX XIX). 
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4.4. Infrared spectroscopy 

A wide range of vibrational methods is a great tool for the characterization of biomaterials 

on a molecular level (Barth 2007; Fabian and Mäntele 2001; Schrader 2008). Adsorption 

of infrared light (IR) with frequencies matching the frequencies of some vibrational modes 

of molecules brings deep information about molecular structure and creates the finger-

print-like character of the infrared absorption spectra (Socrates 2004). Even though IR 

spectroscopy brings valuable insight into molecular structure, it is not a feasible method 

for the analysis of complex samples or aqueous-based solutions. 

In this work, IR spectroscopy was used for polymer and copolymer brush structure 

characterization and probing of the molecular changes caused by functionalization 

(Lísalová et al. 2017; Vaisocherová-Lísalová et al. 2016a) (APPENDIX IX, APENDIX IV, 

APENDIX III). The infrared spectrometer used was the Thermo Scientific™ Nicolet™ iS50 

FTIR Spectrometer equipped with the PEM module for polarization modulation-infrared 

reflection-absorption spectroscopy (PM-IRRAS) feasible for measuring of the ultrathin 

layers on mirror-like substrates, and Thermo Scientific™ Smart SAGA™ accessory for very 

thin film layer analysis under grazing angle of incidence. 

 

4.5. Contact angle measurements 

Contact angle measurement allows a quantitative determination of wetting of the surface 

by a liquid. The angle is defined as the angle formed by the liquid at the 

surface / gas (air) / liquid interface. Physico-chemical properties of all three components 

and roughness and structure of the surface are influencing the results. The traditional 

definition of the contact angle was given by Young who proposed the contact angle as a 

result of the equilibrium of a drop resting on a plane solid surface under the action of 

three surface tensions — at the interface of liquid / vapor, solid / liquid, and solid / vapor 

(Zisman 1964). Typically, the surface is considered to be hydrophilic for the contact angle 
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θ < 90°, hydrophobic for θ > 90°, and super‐hydrophobic for θ > 150° (Figure 23) (Law 

2014). 

 

 

Figure 23: Drop of water on a surface for probing the wetting characteristics. Dark blue 

arrows depict interface tensions modulating drop shape. Left: Water drop on a hydrophilic 

surface, contact angle θ is rather small. Right: Water drop on a hydrophobic surface, 

contact angle is high. 

The contact angle can be probed using static (sessile drop) or dynamic measurements. 

The sessile drop experiment is done by simply placing a drop of liquid on the surface and 

is suitable for smooth and homogenous surfaces. During dynamic angle measurement, 

the advancing and receding angles are recorded while the drop volume (and so the 

contact line) is increasing and decreasing, respectively. The contact angle hysteresis gives 

information about chemical and topographical inhomogeneities, swelling, surface 

rearrangement, or alternations caused by the solvent presence. In this work, both 

methods were used for polymer brush coating characterization (Vaisocherová-Lísalová et 

al. 2016a; Víšová et al. 2020b) (APPENDIX III, APPENDIX V) measured by Contact angle 

goniometer OCA 20 (DataPhysics Instruments, Germany) equipped with SCA 21 software. 

 

θ θ

Hydrophilic surface Hydrophobic surface
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4.6. Other techniques 

Among other techniques used for surface characterization in the presented work, 

scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used for 

detailed surface imaging. Both methods have a great resolution, however, measuring in a 

native environment (aqueous-based solutions) is limited and demanding. 

Electron microscopy was used for nanoparticle characterization and bacteria imaging. 

Samples were fixed by glutaraldehyde fixation method and then dehydrated either by 

simple drying or using the critical point drying procedure. Dual Beam Scanning Electron 

Microscope (Versa 3D DualBeam™ (FEI Company, USA) and e_LiNE plus system (Raith, 

Germany) were employed for the measurements. 

AFM scanning was performed using Dimension Icon (Bruker, USA) at the Institute of 

Physics of the Czech Academy of Sciences (Prague, Czech Republic) for polymer brush 

surface characterization, and Dimension FastScan Bio (Bruker, USA) in semi-contact 

PeakForce Tapping mode at Masaryk University in Brno for studies of bacteria surface-

attachment and bacteriophage-bacteria interactions. More details can be found in the 

publication in preparation (APPENDIX XI) 

Fluorescent microscopy was employed to imaging cells and protein fouling on different 

ultra-low fouling coatings. The high-resolution spinning disk confocal microscopy (Spin SR, 

Olympus) was used for fluorescent measurements presented here. The details of the 

experiments are summarized in the appropriate publications.  (Víšová et al. 2020a; Víšová 

et al. 2020b; Víšová et al. 2020c) (APPENDIX V, APPENDIX VI, APPENDIX VII). 

  

https://www.accurion.com/dual_beam_scanning_electron_microscope-fei_company-versa_3d_dualbeam.html
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5. Probing of the antifouling polymer brush properties 

5.1. Optimization of polymer brush coatings preparation 

A set of different types of antifouling polymer brushes was prepared to study the 

interactions among antifouling polymer brush coatings and biological systems. (For more 

details on the state-of-art of the antifouling polymer brushes see Chapter 3.2.2.4). Three 

different zwitterionic and one non-ionic acrylamide and methacrylamide-based 

monomers with different physico-chemical properties (CBAA, CBMAA, SBMAA, and 

HPMAA, (Figure 24)) were used for homopolymer or copolymer brushes preparation. The 

advanced copolymer brush structures were patented and published (for more details see 

Chapter 5.3).  

 

Figure 24: Scheme of the zwitterionic and non-ionic monomers used for polymer brushes 

preparation (Víšová et al. 2020c). 
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Two methods of polymerization were employed. Typically, polymer brush coatings on 

gold or glass surfaces were prepared by optimized “grafting from” method, the surface-

initiated atom transfer radical polymerization (SI-ATRP) (Figure 25). Moreover, reversible 

addition-fragmentation chain transfer (RAFT) was studied for the preparation of polymer 

brush chains with reactive groups for polymer-biomolecules conjugation. 

 

 

In general, RAFT and SI-ATRP methods are described in detail elsewhere (Barbey et al. 

2009). Briefly, RAFT polymerization was performed according to the previously published 

method (Rodriguez-Emmenegger et al. 2011d), using 4,4-azobis(4-cyanopentanoic) acid 

as initiator and 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid as raft agent (CTA). 

The type of the solvent and the CTA:initiator ratio was optimized according to the 

application (intended polymer chain molecular weight and monomer-type used). The 

polymerization solution was then dialyzed against Milli-Q water for 72 h and the final 

product was characterized using IR spectroscopy and gel permeation chromatography. 

Additional modifications were subsequently applied to introduce the groups for polymer 

Figure 25: Synthesis of homo- or copolymer brushes via SI-ATRP. The golden surface 

coated with SAM layer of Br-initiators is incubated with catalyst solution and a mix of 

monomers according to the intended coating composition. In pCBAA the methyl group 

from pCBMAA marked (*) is replaced with H. 
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chain attachment. The set of NHS- or SH-ended pCBAA in a range of sizes of 5 kDa–30 kDa 

and a copolymer structure p(SBMAA-ran-CBMAA-ran-HPMAA) (for more details on the 

copolymer see Chapter 5.3) were prepared by an optimized RAFT procedure. 

The SI-ATRP process (especially the initiation efficiency and rate of the polymerization), 

and the resulting properties of the polymer brush coatings (e.g., thickness or grafting 

density) prepared by SI-ATRP are dependent on parameters such as time of 

polymerization, types of catalysts, monomers, and their molar ratios, or the solvent 

polarity in the polymerization solution (Horn and Matyjaszewski 2013; Mastan et al. 2016; 

Matyjaszewski et al. 1999; Yan et al. 2016). While optimizing all mentioned parameters, 

two different catalytic solutions were studied in this work. First, CuBr, CuBr2, and 2,2'-

bipyridyl were successfully used for the preparation of thick and dense pCBAA coatings 

(Vaisocherová-Lísalová et al. 2016b; Vaisocherova et al. 2015b) (APPENDIX I, APPENDIX 

II). However, the solution was very sensitive to residual oxygen. Later, the solution of CuCl, 

CuCl2, and Me4Cyclam was used for the preparation of all types of polymer brush coatings 

reported here (Lísalová et al. 2017; Vaisocherová-Lísalová et al. 2016a; Víšová et al. 2020a; 

Víšová et al. 2020b; Víšová et al. 2020c) (APPENDIX III, APPENDIX IV, APPENDIX V, 

APPENDIX VI, APPENDIX VII).  

To simplify the demanding preparation of polymer brush coatings by SI-ATRP, the new 

laboratory for polymer brush coatings preparation and a custom-made polymerization 

apparatus was built at the Institute of Physics during the course of the study. The 

apparatus consists of a multipath vacuum line for the work in the inert atmosphere (easy 

and repeatable switch between vacuum or nitrogen / argon atmosphere) and a multi-

reactor carousel with replaceable reactors for effective preparation of up to 140 coated 

chips of different sizes, shapes, and substrates (SPR chips, QCM crystals) in up to 7 

different polymerization solutions of a minimal volume, simultaneously (Figure 26). 

The optimized SI-ATRP approaches were used for preparation of polymer brush coatings 

of a variety of physico-chemical properties for further research. More details on the 

individual coatings, their parameters, and the description of optimized procedures of 

preparation can be found further in Chapter 5, Chapter 6, and in relevant publications. 
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5.2. Influence of functionalization on polymer brush fouling 

resistance 

The effects of the molecular mechanisms involved in functionalization of ultra‐low fouling 

carboxy-functional coatings on the BE capacity and especially on the resistance to fouling 

were investigated extensively during the course of this work. In (Lísalová et al. 2017) 

(APPENDIX IV) it was shown, that despite the general opinion, hydrolysis is not effective 

enough to restore the polymer brush structure after EDC/NHS or EDC/sulfoNHS activation 

(see also Chapter 2.2.2.2), impairing the post-modified resistance of the coating.  

Multipath vacuum line for the
work in the inert atmosphere

The carousel for the
reproducible preparation
of polymer brush coatings

Continuous degasing
of the solvents

Figure 26: The SI-ATRP apparatus at the Institute of Physics of the Czech Academy of 

Sciences (Prague, Czech Republic) for reproducible and effective polymer brush coating 

preparation. 
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Specifically, the SPR data showed relatively high fouling levels from undiluted blood 

plasma after EDC/NHS activation and hydrolysis-based deactivation using different 

deactivation buffers, reaction times, and procedures. The optimized deactivation 

procedure using 30 min of hydrolysis-based deactivation of activated pCBMAA in the 

deactivation buffer (10 mM sodium borate + 10 mM imidazole + 10 mM NaCl, pH 8.0) led 

to the fouling levels from the undiluted blood plasma of ~ 18–25 ng/cm2 compared to the 

levels of ~ 0–5 ng/cm2 on the non-activated surface (Figure 27A). The XPS measurements 

confirmed that only about 63 % of active sulfo-NHS esters were hydrolyzed back to 

carboxy groups after 30 min of hydrolysis. Moreover, IR spectroscopy revealed another 

important aspect of the EDC-based activation — the ratio between bands assigned to 

ionized COO- and nonionized COOH significantly differ after EDC/NHS activation and 

deactivation by hydrolysis compared to non-activated coating, possibly impairing the 

zwitterionic character of the post-modified structure (Figure 27B). Experimental details 

and more results on the topic can be found in (Lísalová et al. 2017) (APPENDIX IV). 
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To restore post-modified brush properties more effectively, the deactivation of EDC/NHS 

activated p(CB)-brushes based on covalent attachment of small primary amine and 

carboxy groups containing molecules was suggested. In the typical SPR fouling experiment 

studying the p(CB)-brush resistance recovery (Figure 28), p(CB)-brush was mounted in SPR 

and washed with ultrapure water (Q-water) (for 5 min). Afterwards, the carboxy groups 

of the p(CB)-brush were turned into active esters using 0.1 M EDC and 0.5 M NHS aqueous 

solution (20 min). Then, the BE in optimized immobilization buffer was added (20 min), 

followed by the deactivation agent (30 min). Between all mentioned steps, 2 min long 

control injections of Q-water were performed. Subsequent measurements of the fouling 

from complex samples (e.g., undiluted blood plasma) consisted of the injection of PBS 

buffer for up to 10 min followed by the incubation with complex sample (10 min) and 

washing with PBS (10 min). The fouling level was determined as the difference between 

the two PBS baselines. Typically, the higher ionic strength PBS (750 mM NaCl) was 

Figure 27: Representative data show disruption of the p(CB)-brush structure and 

impairment of the resistance after activation and deactivation by 30 min of hydrolysis 

in deactivation buffer. A: Non-activated, and activated/deactivated by hydrolysis 

pCBMAA coatings were exposed to undiluted human blood plasma. The fouling level 

was assessed by SPR. B: Infrared absorption spectra of non-activated and 

activated/deactivated by hydrolysis pCBMAA brushes. The decrease in the bands of 

1608 cm-1 and 1370 cm-1 (bands of ionized carboxy group) before activation and after 

deactivation is apparent. 
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introduced for 5 min followed by PBS again, to wash off all weakly electrostatically bound 

material and to specify firmly attached nonspecific mass only. 

 

 

The screening of the deactivation of p(CB)-brushes by covalent attachment of the 

deactivating agents under optimized conditions was performed. Figure 29A shows the set 

of the deactivating molecules; they were chosen to have a carboxy group, primary amine 

for covalent attachment, and different lengths of aliphatic chain.  Figure 29B shows SPR 

fouling measurements on p(CB)-brush coating after activation and deactivation by 

covalent attachment of the respective molecules from Figure 29A. For comparison, 

hydrolysis-based deactivation is included. With the increasing length of the aliphatic chain 

the fouling increases (Figure 29B). The best performing non-ethoxy-based deactivation 

agent was reported to be glycine (1 M glycine, pH 7). The additional improvement of the 

resistance recovery can be achieved by adding an ethoxy group to increase the 

hydrophilicity of the resulting deactivated structure [(2-aminoethoxy) acetic acid, AEAA)].  

Infrared spectra showed an improvement in ionized carboxy group band recovery after 

deactivation by a reaction of active esters with glycine molecule. After activation, the 

ionized carboxy group band at 1608 cm-1 decreased to 60 % of the original band of the 
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Figure 28: Typical SPR sensorgram of the experiment to evaluate the performance 

of the deactivation method. 
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non-activated coating. After covalent attachment of glycine, the band recovers to 90 % of 

the original value, compared to 70 % recovery using hydrolysis-based deactivation (Figure 

30). Moreover, in (APPENDIX IX) the IR spectroscopy confirmed, that AEAA restores the 

ionic form of the carboxy group even more effectively compared to glycine. 

 

 

Figure 29: p(CB)-brush deactivation by covalent attachment of primary amine-containing 

small carboxy-ended molecules. A: Structures of the deactivating agents used. B: Fouling 

levels on the activated and deactivated pCBMAA using different deactivation agents 

measured by SPR. 
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Figure 30: PM-IRRAS spectra of pCBMAA (1) before activation, (2) after EDC/NHS-based 

activation, (3) after activation and deactivation with glycine, (4) after activation and 

deactivation by hydrolysis, (5) after deactivation with ethanolamine. (2*) depicts a part of 

the difference-spectrum (2)-(1) (Lísalová et al. 2017) (APPENDIX IV). 

 

It was demonstrated that only the covalent coupling of optimized amino acid-based 

agents (such as glycine or AEAA) to active NHS esters in the p(CB)-brush substantially 

improved resistance of activated/deactivated, or BE-functionalized p(CB)-brushes to 

plasma fouling, while the biorecognition activity stays impaired. These findings were 

published in (Lísalová et al. 2017) (APPENDIX IV) and are subjects of the patent 

applications (APPENDIX XIII and APPENDIX XIV). 

The successful deactivation procedure has to recover the neutral zwitterionic structure of 

the functionalized polymer brush, which is a key prerequisite for its antifouling properties. 

In general, the balance between negative and positive charges is disrupted either through 

the consumption of carboxy groups for the conjugation with BE, the net charge of the BE 

itself, or impairing of zwitterionicity of betaines caused by molecular changes in the brush 

structure after activation (Lísalová et al. 2017) (APPENDIX IV).  
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To compensate for these effects, improve resistance, and recover the functionalized 

p(CB)-brush neutral net charge, the advanced deactivation by covalent attachment of a 

mixture of low molecular-weight molecules bearing primary amines and additional 

negatively charged moieties was suggested. Besides the two previously studied carboxy-

terminated compounds — glycine and AEAA, the two permanently negatively charged 

agents, 2-aminoethyl hydrogen sulfate (D1), and aminomethanesulfonic acid (D2) were 

employed (Figure 31). The mixture with the optimized ratio of permanent negative 

charges along with carboxy groups allows to optimize the charge balance of the surface 

and restore its post-functionalized resistance to fouling. The deactivation of the pCBAA 

homopolymer and pCBMAA-based copolymer was tested using SPR fouling experiments 

(Figure 32) and IR spectroscopy.  

 

 

Figure 31: CBAA monomer unit before activation (left), the detail of the structure after BE 

immobilization (right top), and products of deactivation by glycine, AEAA, D1, and D2. 

Positively charged atoms are marked green, negatively charged atoms are red. 

 

 

The Figure 32 shows fouling levels after pCBAA deactivation with selected deactivation 

mixtures (complete data can be found in (APPENDIX IX). Compared to the fouling level 

after glycine-based deactivation, a significant improvement (7.5 times reduction of the 
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fouling level to 3.8 ng/cm2) was observed after the addition of a very small amount of 

negative permanent charge of D1 (4 %) (96G:4D1). However, the higher content of D1 

impairs the resistance again.  

 

 

The IR spectra analysis revealed an expected decrease in absorption of ionized carboxyl 

after all deactivation procedures, however, strong bands of sulfate group at 1253 cm-1, 

1229 cm-1, and 1010 cm-1, and sulfo group at 1230 cm-1, and 1010 cm-1 appear after D1-, 

or D2-based deactivation, confirming the attachment of D1, and D2, respectively. The 

extra permanent negative charge in the deactivated structure addresses the misbalance 

of the charge density caused by functionalization, restoring more effectively fouling 

resistance. Moreover, the deactivation method is generic, the same trends were observed 

for the p(CB)-copolymer brush (the magnitude of the change was proportional to the 

amount of carboxy groups in the structure). 

Figure 32: Fouling levels on IgG-functionalized and deactivated pCBAA after exposure to 

undiluted human plasma. A: Glycine-based mixtures were used for surface deactivation. 

96G:4D1/4D2 = 960 mM G + 40 mM D1 or 40 mM D2, 90G:10D1/D2 = 900 mM G + 100 

mM D1 or 100 mM D2, 50G:50D1/D2 = 500 mM G + 500 mM D1 or 500 mM D2. B: AEAA-

based mixtures were used for surface deactivation. 96A:4D1/4D2 = 960 mM A + 40 mM 

D1 or 40 mM D2, 90A:10D1/D2 = 900 mM A + 100 mM D1 or 100 mM D2, 50A:50D1/D2 = 

500 mM A + 500 mM D1 or 500 mM D2.  
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The biorecognition capabilities of the anti-bacterial IgG antibody-functionalized pCBAA 

biochip for the detection of E. coli H157:O7 from crude food sample (minced meat) 

employing new optimized deactivation procedures were explored. To assure the best 

comparability with the state-of-art deactivation methods, the glycine-based procedure 

was used along with the new suggested mixtures. Using 90G:10D2 mixture or AEAA 

deactivation solution, the fouling from minced meat on the functionalized coating was 

suppressed to 2.1 ng/cm2 and 1.0 ng/cm2, respectively, compared to fouling level on 

glycine-deactivated coatings (10.1 ng/cm2). The limit of detection was improved by two 

orders of magnitude, compared to glycine-based deactivation. All the data and more 

information can be found in a submitted paper (APPENDIX IX) 

The proposed deactivation strategy using the tailored composition of a deactivation 

mixture brings an attractive way to recover the p(CB)-based brush resistance to fouling 

after functionalization and tune its post-modified characteristics (such as surface net 

charge).  Moreover, we showed that such an approach is generic and can be used to 

improve fouling resistance of any p(CB)-brush coating, which makes it a very promising 

tool for high-performance label-free biosensor applications, as well as for fields including 

studies on cell interactions with surface and cell-on-chip technologies. 
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5.3. Tailoring of the new antifouling functionalizable 

polymer brush structures 

Functional polymer coatings that combine the high resistance to nonspecific fouling from 

complex media with bioactive element (BE) immobilization capacity represent an 

emerging class of new functional materials for a number of biological, bioanalytical, and 

biosensor technologies and create an important platform for studies of biomolecular 

interactions in native complex conditions (Banerjee et al. 2011). The state-of-art pCBAA 

zwitterionic polymer brushes showing superior resistance and high BEs loading capacity, 

however, suffer from the resistance impairment after EDC/NHS functionalization (Chapter 

5.2) and relative sensitivity to different physico-chemical properties of the complex 

samples (Chapter 3.2.2.4). During the course of this thesis, we have developed, patented, 

and published/prepared for publication two types of new copolymer brush coatings with 

lower susceptibility to functionalization-based impairment and improved antifouling 

properties. 

A random copolymer brush structure combining high resistance of hydroxy-ended 

pHPMAA and feasible functionalization of carboxy-ended pCBMAA was introduced in 

(Rodriguez-Emmenegger et al. 2016; Vaisocherová-Lísalová et al. 2016a) (APPENDIX III) 

(Figure 33). The p(CBMAA-ran-HPMAA) coatings were prepared via the SI-ATRP method 

(Chapter 5.1, Figure 25). Due to the similar polymerization rates of both monomers, the 

control over the surface molar content of the pCBMAA was achieved by simple tuning of 

the volume concentration of CBMAA in the polymerization feed (Figure 34). 
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The fine-tuning of the CBMAA content in the copolymer structure allows tailoring the 

physico-chemical properties of the coating. With increasing content of hydrophilic 

carboxy-ended CBMAA the overall hydrophilicity (Figure 35) and BE-loading capacity 

increase.  However, due to the susceptibility of the resistance of p(CB) to 

Figure 34: Dependence of the surface 

molar content of CBMAA in 

copolymer brush on CBMAA molar 

ratio in polymerization solution 

determined from PM-IRRAS spectra. 
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functionalization-based impairment (Chapter 4.2), the fouling level increases at the same 

time (Figure 36). 

 

Figure 36: The characterization of p(CBMAA-ran-HPMAA) brush properties in dependency 

on the content of pCBMAA in the structure. A: Level of immobilization increases with 

increasing CBMAA content. B: Fouling level increases with increasing CBMAA content. 

pCBAA is depicted in A and B as a reference state-of-art antifouling polymer brush coating 

(Vaisocherová-Lísalová et al. 2016a) (APPENDIX III). 
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 The easy tailoring of the p(CBMAA-ran-HPMAA) brush fouling resistance, BE loading 

capacity, level of hydrophilicity, and level of zwitterionicity creates the tunable platform 

for applications in high-performance biosensors or research of biomolecular and 

biological interactions near surfaces with different properties. In particular, p(CBMAA-

ran-HPMAA) brush biocompatibility (Víšová et al. 2020b) (APPENDIX V) makes it a great 

tool for living cell studies. More details on p(CBMAA-ran-HPMAA) preparation and 

characterization can be found in (Vaisocherová-Lísalová et al. 2016a; Víšová et al. 2020a; 

Víšová et al. 2020b) (APPENDIX III, APPENDIX VII, APPENDIX V). 

Based on the research on p(CBMAA-ran-HPMAA) copolymer brush and the research on 

the pCB deactivation issues, new functionalizable antifouling polymer brush material with 

an optimized architecture based on a statistical distribution of CBMAA, HPMAA and 

SBMAA were designed. The addition of a small amount of SBMAA, which in contrast to 

carboxybetaine bears permanent negative charge, helps to optimize the charge state after 

functionalization. The fouling levels from undiluted plasma were compared for anti-

bacterial antibody-functionalized pCBAA, p(CBMAA/15mol%-ran-HPMAA/85mol%), and 

poly(SBMAA/3mol%-ran-CBMAA/15mol%-ran-HPMAA/82mol%) deactivated using AEAA-

based deactivation procedure (see chapter 5.2), showing increasing tendency in 

resistance of more advanced structures (14.5 ng/cm2, 7.9 ng/cm2 and 4.5 ng/cm2 from 

undiluted blood plasma, respectively). Moreover, the composition of the terpolymer 

brush can be adjusted for a specific application. The negatively charged short amino-

modified oligonucleotide probes were successfully immobilized on the 

p(SBMAA/0.5mol%-ran-CBMAA/15mol%-ran-HPMAA/84.5mol%), showing a fouling level 

of 0 ng/cm2, compared to 3 ng/cm2 of the p(CBMAA/15mol%-ran-HPMAA/85mol%). 

When positively charged BE is immobilized, the higher amount of permanent negative 

charge can be used with advantage – the p(SBMAA/30mol%-ran-CBMAA/15mol%-ran-

HPMAA/55mol%) exhibited fouling level of 6 ng/cm2, compared to 11.7 ng/cm2 of the 

p(CBMAA/15mol%-ran-HPMAA/85mol%). The new structure is the subject to the patent 

applications (APPENDIX XV and APPENDIX XVII).  

The composition of the random copolymers p(CBMAA-ran-HPMAA), and p(SBMAA-ran-

CBMAA-ran-HPMAA) can be easily tuned to maintain sufficient binding capacity, while 
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enhancing post-functionalization antifouling properties. Moreover, physico-chemical 

properties of the coatings, such as hydrophilicity, rigidity or ionicity can be simply 

adjusted. Such antifouling functional platforms with tunable properties are promising 

tools for many biological and biomedical applications, such as cell research or biosensors 

applications. Some of the applications of both copolymer structures are further described 

in Chapter 6. 
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5.4. Polymer brush preconditioning and swelling studies 

For a deeper understanding of the superior fouling resistance properties of ultra-low 

fouling polymer brush coatings, the environment-dependent structural changes of 

zwitterionic and non-ionic polymer brushes were studied. The model set of homopolymer 

brushes with the comparable architecture of the polymer backbone, varying in monomer 

structure and functional groups represents a series of different surface physico-chemical 

properties (Figure 24). Particularly, pCBAA and pCBMAA allow a comparison of the role of 

acrylamide and methacrylamide backbones, respectively, and pCBMAA, pSBMAA, and 

pHPMAA reflect the role of different functional groups (i.e. carboxy-, sulfo- and hydroxy 

groups, respectively) in environment-evoked structural changes and shifts in polymer 

brush properties. 

To describe the structural changes in the polymer brush layer, spectroscopic ellipsometry 

was employed. The ellipsometric spectra of dried and wet coatings were recorded using 

optimized hardware for measuring thin layers in an aqueous environment (Figure 22, 

Chapter 4.2) developed at the Institute of Physics of the Czech Academy of Sciences 

(Prague, Czech Republic). 

Typically, the empirical Cauchy or advanced Cauchy-Urbach, or Sellmaier models have 

been used in literature for fitting the ellipsometric data of dielectric transparent molecular 

layers (Furchner et al. 2013; Kroning et al. 2015; Tang et al. 2001; Wiarachai et al. 2016). 

However, for zwitterionic brushes having a more complex structure, the simple 

parameters of these models were found to be insufficient to obtain a best-fit in full 

measured energy region (especially in a higher energy range) (Figure 37). Moreover, no 

universal fitting model was found to describe sufficiently all polymer brushes under study. 

Therefore, the models using a more complex parametrization were suggested and 

optimized for every polymer brush type separately. Specifically, a single-oscillator (Tauc-

Lorentz) model was employed in pCBAA and pSBMAA brushes, and a double-oscillator 

(Gaussians) model in pCBMAA and pHPMAA brushes of the thickness of 60-130 nm. The 

analysis of the thicker brushes of pCBAA (more than 200 nm) revealed the graded 

refractive index distribution decreasing monotonically away from the surface (Figure 38). 
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Examples of the fitted spectra of all four polymer brushes and more details about 

experiments can be found in Supporting Information in (Víšová et al. 2020c) (APPENDIX VI) 

 

 

Figure 37: The pCBAA brush ellipsometric data measured in water environment fitted using 

standard Cauchy model (A), and optimized advanced multi-oscillator model suggested in 

the study (B). Bottom line (C) compares physical parameters obtained from applied 

models. 
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The changes in the effective thickness and refractive index of homopolymer brushes 

regarding the monovalent and bivalent ionic strength of the environment were studied 

using spectroscopic ellipsometry. Interestingly, with increasing ionic strength in the 

aqueous buffer (HEPES), all zwitterionic coatings exhibited an increase in effective 

thickness, whereas the effective thickness of non-ionic pHPMAA systematically decreased 

(Figure 39). Carboxy-functional zwitterionic coatings (pCBAA, pCBMAA) responded about 

3 times more intensively to monovalent (NaCl) than bivalent (MgCl2) ions presence. On 

the other hand, the thicknesses of both pHPMAA and pSBMAA brushes were only weakly 

affected by ion type. 

Figure 38: Refractive index 

dependency (at 500 nm) on the 

distance from the substrate for 

pCBAA with the thickness of 

232 nm in water. Background: 

scheme of the polymer brush 

with graded density of polymer 

chains decreasing with the 

distance from the gold substrate. 
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Figure 39: Changes in the effective thickness (a) and refractive index at 785 nm (b) of 

polymer brushes at varying ionic strength of monovalent (left column) and bivalent 

(right column) ions. The %-increase depicted in (a) is calculated as a change of thickness 

in 1M salt regarding the thickness in non-salt environment  (Víšová et al. 2020c) 
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Interestingly, data from ellipsometry showed, that for all studied types of brushes, with 

increasing ionic strength and increasing thickness, the refractive index slightly increased 

as well. Moreover, QCM experiments argued, that the salt ions were bounded in the 

polymer structures (data and discussion in greater detail can be found in (Víšová et al. 

2020c) (APPENDIX VI). Based on the ellipsometric and QCM experiments, the hypothesis 

of polymer brush swelling was suggested (Figure 40). While non-ionic pHPMAA responded 

to an increase in ionic strength by shrinking attributed to dehydration, and only a small 

amount of salt ions were bounded in the structure, zwitterionic materials exhibited much 

more complex behavior. For the zwitterionic brush with lower packing density, the 

polymer chains were likely more coil-like near the surface in the environment with no 

added salts. Around 10 mM of the salt, the chains started to uncoil as the electrostatic 

interactions between chains were shielded. The “unbound” structure increased in 

thickness, but decreased in refractive index and increased in the QCM signal. Above 

OH

Figure 40: Scheme of the swelling hypothesis.  Left: antifouling zwitterionic polymer 

brush (I-a) introduced to higher ionic strength environment exhibited increase in 

thickness and refractive index, caused by bounding salt ions in the structure and 

shielding of intra-polymer brush interactions (I-b). Right: antifouling non-ionic polymer 

brush (II-a) introduced to higher ionic strength environment exhibited shrinking assigned 

mainly to dehydration (II-b). For both types of brushes, such changes may influence the 

polymer brush fouling resistance (I-c and II-c). Design of the figure: Daniel Špaček, 

neuroncollective.com. 

http://neuroncollective.com/
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100 mM salt, the effect of binding salt ions in the structure counterweighted the effect of 

chains straightening, increasing thickness, refractive index, and decreasing QCM signal.  

The structural changes in antifouling polymer brushes described above were shown to 

influence the fouling resistance. The polymer brush coatings were incubated in solutions 

of different salt ion concentrations for 20 min and then immediately exposed to undiluted 

human blood plasma. The fouling level was observed by fluorescent microscopy, as it is 

not a swelling-sensitive method (Figure 41). Interestingly, the optimal NaCl concentration 

for preconditioning of methacrylamide-based brushes was found to be 500 mM, while 

acrylamide-based brush showed the optimal preconditioning concentration to be around 

100 mM. Even though, the pCBMAA is considered to be slightly less resistant to fouling 

from undiluted blood plasma than pCBAA (see also Chapter 3.2.2.4), the fouling levels on 

the preconditioned pCBAA and pCBMAA using optimal NaCl concentrations are 

comparable. However, pCBAA reports higher resistance to undiluted blood plasma under 

physiological conditions (~ 150 mM). 

 

Figure 41: Fouling from undiluted blood plasma on homopolymer brushes pre-incubated in 

different ionic strength environments measuered by fluorescent microscopy (Víšová et al. 

2020c). 
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To describe the preconditioning of the polymer brush coatings in greater detail, the 

reversibility of hydration of polymer brush coatings after drying followed by rehydration, 

and the influence of drying-induced changes on fouling resistance were studied. All 

brushes exhibited a slight decrease in refractive index (Figure 42 A) and increase in wet 

effective thickness (Figure 42 B) after rehydration compared to non-dried structures. This 

suggests a higher level of hydration in the rehydrated layer, compared to the non-dried 

coatings. These results were supported by SPR measurements – the fouling level from 

undiluted blood plasma was significantly decreased after polymer brush rehydration 

(Figure 42 C; for more details on the influence of hydration on the fouling resistance see 

Chapter 3.2.1.). 

 

 

Figure 42:  Influence of drying-based preconditioning on the polymer brush structure, 

and the fouling level from undiluted blood plasma.  The properties of non-dried and 

after-drying rehydrated homopolymers in water was measured by spectroscopic 

ellipsometry A: Refractive index changes B: The effective thickness changes. D: Fouling 

levels from undiluted blood plasma measured by SPR. (Víšová et al. 2020c) 
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The study on preconditioning (Víšová et al. 2020c) (APPENDIX VI) describes the response 

of the structure and properties of antifouling polymer brush coatings to changes of ionic 

strength of their environment and drying with subsequent rehydration. It was shown, that 

simple preconditioning can significantly influence antifouling resistance, introducing a 

simple way of polymer brush resistance tailoring and highlighting the importance of an in-

depth understanding for processes occurring in the brush layers in relevant environments. 
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6. Antifouling polymer brushes: applications 

6.1. Antifouling polymer brush coatings in cell research 

6.1.1. Antifouling coatings as tunable platforms for cell-surface 

interaction studies 

The cell-surface interactions describe a complex relationship between surface properties, 

protein adsorption, and cell adhesion and function. The physico-chemical properties of 

the interface influencing cell adhesion and response are for example roughness and 

topography, surface stiffness, biochemical cues and functional groups, charge, or 

wettability (Alves et al. 2010; Oliveira et al. 2014; Schweikl et al. 2007; Stevens and George 

2005; Van Kooten et al. 1992; Van Wachem et al. 1987; van Wachem et al. 1985). 

Therefore, well-defined antifouling polymer brush coatings guaranteeing negligible 

nonspecific protein adsorption, biocompatibility, and sufficient level of functional groups 

for further functionalization represent an attractive approach to elucidate the effects of 

surface physico-chemical properties on cellular behavior and create a promising platform 

for studies of highly specific surface-cell interactions. 

In (Víšová et al. 2020b) (APPENDIX V), the set of well-defined antifouling polymer brushes 

with tailored physico-chemical properties was employed to study the effect of wettability, 

surface charge, and swelling of antifouling platforms on the cell growth, shape, and 

cytoskeleton distribution. In particular, using of the human hepatocellular carcinoma cell 

line (Huh7), the tendency of the cell growth, cellular shaping, cytoskeleton distribution, 

and clustering upon contact with the p(CBMAA-ran-HPMAA) with different amount of 

pCBMAA (0–100 mol%) and pCBAA was analyzed using the high-resolution spinning disk 

confocal microscopy.  

After 4 days of incubation of Huh7 cells on antifouling coatings, cells were viable but were 

not fully adhered to any type of brushes — they could be easily washed out from the brush 

structure using mild solutions such as PBS or water. The lowest cell settlement was 

observed for the highest amounts of pHPMAA in the structure [pHPMAA and 

p(CBMAA/35mol%-ran-HPMAA/65mol%)] and it slightly increased with the increasing 
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amount of pCBMAA. The highest settlement was found on pCBAA, but still an order of 

magnitude lower than that observed using a solution-based positive control. The same 

trend was described by studying cluster formation and the shape of the cells (Figure 43). 

For pHPMAA, the lowest cluster area and strictly round shape of cells were detected, 

while pCBAA showed the highest cluster area and the cells became more irregular in shape 

with the cytoskeleton distribution exhibiting a prerequisite of the cell adhesion pattern.  

Comparing such observation with Figure 35, the increasing wettability of antifouling 

polymer brushes may induce increasing settlement of cells with more irregular shapes and 

higher cluster area. However, a significant difference in the cell shape was observed 

between pCBAA and pCBMAA, both showing extremely high wettability. Only the cells on 

pCBAA exhibited growth and shape patterns indicating well-spread cells, whereas growth 

on pCBMAA resulted in a decrease in cell spreading with more rounded morphology and 

peripheral cytoskeleton distribution. 

The fouling studies of the coatings used for the cell adhesion research showed no 

detectable fouling neither from undiluted human blood plasma nor cell-free culture 

medium, however, a certain degree of fouling from the cells in the culture medium was 

observed. This may suggest, that the high surface resistance to nonspecific protein 

adsorption may not be a sufficient prerequisite to prevent cell adhesion or vice versa 

(Ostuni et al. 2001; Pape et al. 2017) and that as one of the critical parameters, wettability 

should be considered. 
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p(CBMAA/35mol%-ran-HPMAA/65mol%) p(CBMAA/65mol%-ran-HPMAA/35mol%)

Figure 43: Analysis of cellular shape influenced by antifouling polymer brush background. 

Cells were seeded on different substrates for 4 days and labeled with MitoTracker Red 

(red dye), Hoechst 33342 nuclear stain (blue dye). Cell membranes were labeled with 

CellMask™ Green (green dye) (Víšová et al. 2020b).  
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To demonstrate the applicability of antifouling coatings in cell-surface interaction 

research, the study on RGD-induced yes associated protein (YAP) connected 

mechanotransduction in cells was conducted (Víšová et al. 2020a) (APPENDIX VII). The 

RGD-peptides are known to promote cell adhesion through specific integrin interaction, 

triggering a certain mechanical stress response in cells (Hersel et al. 2003). Such surface-

mediated stress response may be detectable by probing the YAP translocation in Huh7 

cells. 

 The set of RGD-functionalized p(CB)-based antifouling brushes was employed as a 

smooth approach to control the level of extracellular mechanical stress. The antifouling 

background diminished nonspecific interactions of cells and cell culture media with the 

surface and can accurately tailor the cell-surface interactions by creating a controlled cell-

surface interface. 

Two different strategies to prepare a surface with varying concentrations of RGD peptide 

were performed (Figure 44). First, carboxy-functional coatings pCBAA (or carboxy-ended 

OEG-SAMs as a reference surface) were functionalized using solutions with different 

concentrations of RGD-peptides (Figure 44-A1 and 44-A2). Second, a gradient of surface 

carboxy groups (Figure 44-B1 and 44-B2) was prepared by using p(CBMAA-ran-HPMAA) 

with varying ratio of carboxy-functional and hydroxy-functional monomer units (or OEG 

SAM coatings as a reference surface). 
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Figure 44: Functionalization strategies to prepare coatings with varying concentrations of 

RGD peptide. RGD-functionalized variable sets of p(CB)-coatings (C1) and OEG SAM 

coatings (C2) were prepared using two different approaches. (A) Activated only-carboxy-

functional coatings were exposed to varying concentrations of RGD-peptide solutions. (B) 

A set of coatings with varying ratios of carboxy groups in relation to non-reactive hydroxy 

groups was exposed to a high concentration of RGD-peptide after activation (Víšová et al. 

2020a) (APPENDIX VII). 

 

Functionalized coatings with different amounts of RGD-peptide and different levels of 

resistance to fouling were exposed to Huh7 cells for 3 days. While functionalized 

antifouling p(CB)-based brushes showed a clear dependency of cell growth on the RGD-

peptide immobilized level, there was no dependency found for OEG SAM coatings, 

highlighting the importance of antifouling background in cell-surface interaction research 

(Figure 45). 

. 
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Figure 45: Huh7 cells on RGD-functionalized only-carboxy-ended coatings. Staining: YAP 

(red), F-actin (green), nucleus (blue). Upper line: RGD-functionalized pCBAA (0, 100, 

500µg/mL) and plot of the dependency of the cell growth (number of cells per high-power 

field) on the RGD-peptide concentration. One-way analysis of variance with Newman-

Keuls test was performed, data are expressed as means ± SEM, ***P < 0.001. Bottom line: 

OEG SAM coatings (no dependency found) and control for experiments (Víšová et al. 

2020a) (APPENDIX VII). 

 

The colocalization of YAP in the nucleus was determined for all sets of prepared 

functionalized coatings that are supposed to induce different levels of RGD-dependent 

surface-driven stress (Figure 46). 
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Figure 46: Yap colocalization in the nucleus in cells growing on different RGD-

functionalized surfaces. Top: antifouling pCBAA coatings functionalized with different 

amounts of RGD-peptide. Middle: Set of RGD-functionalized copolymer p(CBMAA-ran-

HPMAA) antifouling coatings with increasing content of pCBMAA. Bottom: RGD-

functionalized mix of carboxy- and hydroxyl group ended OEG SAM with varying content 

of carboxy group.  

 

Figure 46 and (Víšová et al. 2020a) (APPENDIX VII) clearly show the importance of 

antifouling background for research of surface-driven cell responses. While cells on p(CB)-

pCBMAA-ran-HPMAA

RGD concentration

pCBAA brush functionalized with varying concentrations of RGD peptide

Set of RGD-functionalized poly(CBMAA-ran-HPMAA) with varying content of
carboxy groups

pCBAA

RGD-functionalized OEG SAM coatings

OEG-based SAM
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based RGD-functionalized coatings exhibited clear dependency of YAP colocalization in 

the nucleus on RGD-amount immobilized on the surface, both low-fouling OEG SAM-

based methods failed. Moreover, comparing the colocalization of YAP in the nucleus in 

cells growing on antifouling carboxy-ended RGD-functional homopolymers pCBAA and 

pCBMAA, the difference is apparent (Figure 46 – Middle). In (Víšová et al. 2020b) 

(APPENDIX V) the higher tendency of the F-actin cytoskeleton to spread on pCBAA 

compared to pCBMAA was demonstrated. However, F-actin polymerization was reported 

to induce the increase of YAP level in the nucleus (Low et al. 2014; Moroishi et al. 2015). 

These findings suggest, that other physico-chemical properties of the surface (not only 

resistance to fouling and biocompatibility) should be taken into account while explaining 

cell behavior, bringing more possibilities for finer tuning of the required amount of the 

stress level. 

These observations highlight the tailored antifouling functionalizable coatings as essential 

tools in surface-driven cellular response studies. 

 

6.1.2. Antifouling coatings in bacteria – bacteriophage interaction 

research 

Nowadays, antibiotic resistance is of great concern, as the number of multidrug-resistant 

bacterial strains increases (Nikaido 2009; Sultan et al. 2018). A promising alternative could 

be phage-based therapy, which possesses highly specific bacteriophage antimicrobial 

activity that is not subject to the development of the resistance (Sulakvelidze et al. 2001; 

Wittebole et al. 2014). However, bacteriophage – cell interactions and especially the 

discovery of new bacteriophage species are still subjects of ongoing researches. 

We suggested the functionalizable antifouling coatings as a platform for bacteriophage – 

cell interaction studies. In principle, two strategies employing antifouling coatings were 

explored using SPR. (i) Immobilization of bacteriophage on the antifouling surface and 

subsequent detection of bacteria using a phage as BE. (ii) Immobilization of bacteria on 

the antifouling surface, and subsequent interaction with bacteriophages (or another lytic 

agent). While the first approach may be interesting for the field of biosensors, the second 
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approach may be a feasible tool for fast and high throughput screening of bacteriophages 

interactions with bacteria in native conditions. 

As the first step, the real-time study on a model host-phage pair of S. aureus RN4220 

ΔtarM and Phage vB_SauP_P68 (P68) was performed to characterize bacterial lysis using 

standard surfaces. As a reference, the antibacterial enzyme Lysostafin was studied. The 

advanced AFM methodology for real-time imaging of bacterial lysis on the single-cell level 

in the native conditions of the growth medium is reported in a publication in preparation 

(APPENDIX XI). 

The preliminary data show successful employment of antifouling coatings in strategies (i) 

and (ii): (i) The pCBAA coating was EDC/NHS activated and the bacteriophage P68 was 

successfully immobilized using an optimized procedure followed by AEAA-based 

deactivation. Then, different concentrations of S. aureus RN4220 ΔtarM in Tris-based 

buffer were detected (Figure 47). 

 

 

(ii) The lysis of S. aureus RN4220 ΔtarM and S. aureus 2124 epidermidis immobilized on 

pCBAA was induced by Lysostafin and observed in real-time by SPR.  

Figure 47:  Example of SPR detection of 

S.aureus using phage P68 - 

functionalized antifouling coating. The 

reference channel is bacteriophage AS3 - 

functionalized and 1 x 108 CFU/mL of 

S.aureus was injected. 
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The preliminary results indicate that antifouling functionalizable brushes may be a useful 

tool for further research of bacteriophage – bacteria interactions in real-world complex 

samples. The potential of the coating in such field will be further studied. 
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Figure 48:  Example of lysis of S. aureus 

RN4220 ΔtarM and S. aureus 2124 

epidermidis with Lysostafin detected 

by SPR. In the reference channel, the 

Lysostafin-resistant Kocuria kristinae 

was immobilized. 



111 
 

6.2. Antifouling coatings in biosensors 

6.2.1. Food safety applications 

Foodborne illnesses are a significant threat to public health worldwide — every year, 

millions of foodborne illness outbreaks influence hundreds of millions of people. For 

successful recovery of infected patients and cost reduction, the time needed for pathogen 

identification and quantification is crucial.  

The universal biochip technology for real-time multi-detection of pathogens in tens of 

minutes, without a need for sample incubation or filtration, based on antifouling 

functionalizable coatings was developed (Figure 49). In the course of this work, the SPR 

and QCM real-time detection of foodborne pathogens E. coli O157:E7 and Salmonella 

typhimurium was performed in different crude food samples.  

Infected food sample

Crude food sample

Biochip

Quantification of the

pathogen in the

sample

Real-time 
detection

Figure 49:  The scheme of antifouling biochip-based detection. The food sample is 

simply homogenized and without a need for cultivation or filtration introduced on 

the biochip. In few minutes the data can be analysed and the pathogen is quantified. 
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A three-step detection assay was typically employed using antifouling coatings 

functionalized with anti-bacterial antibody deactivated by simple hydrolysis (see Chapter 

4.2). The assay was performed as follows: (i) primary detection of bacteria in crude food 

sample after sample injection was followed by (ii) the injection of a biotinylated anti-

bacteria antibody and finally (iii) the signal was enhanced using streptavidin-coated 

spherical gold nanoparticles (Figure 50). 

The assay was performed using SPR on antifouling pCBAA coating, showing LOD for E. coli 

in hamburger and cucumber samples to be 17 CFU/mL and 57 CFU/mL, respectively, and 

for Salmonella 12 × 103 CFU/mL and 7.4 × 103 CFU/mL, respectively (Vaisocherová-

Lísalová et al. 2016b) (APPENDIX II). A similar LOD was achieved using the same detection 

scheme on the optimized structure of p(CBMAA/15mol%-ran-HPMAA/85mol%), 

performing LOD of E. coli detection of 81 CFU/mL in cucumber (Vaisocherová-Lísalová et 

Figure 50:  The scheme of the three-step bacteria detection assay in crude food 

samples. I. The bacteria spiked crude food sample is injected on the functionalized 

antifouling biochip surface followed by primary detection. II. Biotinylated anti-

bacterial antibody is reacting with captured bacteria. III. The detection signal is 

enhanced using streptavidin-coated gold nanoparticles (Vaisocherová-Lísalová et 

al. 2016b) (APPENDIX II). 
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al. 2016a) (APPENDIX III). However, only the deactivation by hydrolysis was performed in 

both cases. In (APPENDIX IX) the significant improvement in LOD of bacteria detection was 

reported using the optimized method of deactivation by covalent attachment of small 

deactivating agents, showing LOD of primary detection (only step (i) in Figure 50) of E. coli 

in minced meat sample to be ~ 102 CFU/mL. Up to one order of magnitude lower LOD of 

Salmonella in hamburger crude sample was achieved by employing the antibody-

functionalized and AEAA deactivated p(CBAA) coating in QCM biosensor (APPENDIX XVIII). 

 

6.2.2. Biosensors for medical applications 

The success of most therapies lies in the early initiation of the treatment. Therefore, rapid 

detection of biomarkers of diseases in the early stages is crucial. However, bodily fluids 

show great complexity and diversity among donors, complicating the detection 

procedures by extra isolation or multiplications steps. Antifouling functionalizable 

coating-based biosensors may bring a great advantage of zero-fouling background 

enabling fast and reliable detection directly from undiluted bodily fluids. 

MicroRNA (miRNA) is a short non-coding RNA regulating gene expression and so 

influencing all cellular machinery. There is an increasing number of works correlating 

circulating miRNA to the pathogenesis of most human malignancies and their prognosis 

(Calin and Croce 2006; Esquela-Kerscher and Slack 2006; Lu et al. 2005). In the 

(Vaisocherova et al. 2015b) (APPENDIX I) the biosensor based on the SPR imaging for rapid 

and multiplexed detection of miRNA directly from erythrocyte lysate, without the need 

for extraction or pre-amplification was reported. 

Amino-modified short DNA probes complementary to half of the sequence of the 

detected miRNA were immobilized using EDC/NHS activation on pCBAA brush, followed 

by hydrolysis-based deactivation. Then, the erythrocyte sample was pre-mixed with the 

short biotinylated DNA probe complementary to the second part of the miRNA sequence 

(Figure 51). Subsequently, the sample was introduced to the surface for sandwich-type 

hybridization (Figure 51‐I), followed by signal amplification by streptavidin‐functionalized 

gold nanoparticles (Figure 51-II). 
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The developed SPRi biosensor allowed the detection of sub-picomolar concentrations of 

different miRNAs from ~ 90% erythrocyte lysate sample in less than 45 min. Further, the 

biosensor was used for the screening of endogenous levels of miRNAs miR-16, miR-181, 

miR-34a, and miR-125b in samples from patients with myelodysplastic syndrome, 

compared to a normal sample (from a donor with no myelodysplastic syndrome 

diagnosis). The results and more discussion can be found in (Vaisocherova et al. 2015b) 

(APPENDIX I). 

 

Figure 51:  The scheme of the two-step miRNA detection assay in erythrocyte lysate 

sample. I. The miRNA contained erythrocyte sample mixed with short biotinylated DNA 

probe (complementary to a part of miRNA sequence) was injected on the functionalized 

antifouling biochip surface, followed by sandwich-type hybridisation with the immobilized 

probe. II. The detection signal is enhanced using streptavidin-coated gold nanoparticles  

(Vaisocherova et al. 2015b) (APPENDIX I). 
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The worldwide pandemic outbreak of the SARS-CoV-2 virus burdens the health care 

systems significantly and hampers the economy all over the world. Nowadays, the hot 

topic helping fight pandemic is the fast and reliable detection of the virus that would 

prevent its spreading.  

A new portable and easy-to-use multichannel QCM-based sensor with a tailored 

microfluidics system allows fast (~ 10 min), reliable, sensitive, and repeatable quantitative 

detection of SARS-COV-2 virus in a wide range of different clinical samples with minimum 

pre-treatment steps. Such a new biosensor employing the p(SBMAA-ran-CBMAA-ran-

HPMAA) copolymer brush-based biochip technology (see Chapter 4.3) is reported in 

(APPENDIX XII, APPENDIX XIX) (Figure 52).   

The cell-expressed high-affinity anti-nucleocapsid protein N of SARS-CoV-2 antibody was 

immobilized using EDC/NHS activation on the advanced polymer brush coating, followed 

by AEAA deactivation. The fouling resistance was proved for oropharyngeal, 

nasopharyngeal, stool, and throat swabs, showing a wide range of different samples for 

potential detection of the virus. The calibration curve measured in spiked cell medium 

shows the LOD of 6.7 × 103 PFU/mL (plaque-forming units) (APPENDIX XII), which is a 

clinically relevant value (Wölfel et al. 2020). Moreover, a comparative QCM and RT-qPCR 

study was performed analysing naturally-contaminated clinical nasopharyngeal swabs 

from healthy and infected donors. The qualitative agreement for all studied samples 

wasachieved, demonstrating the real potential of the QCM biosensor for clinical 

applications (APPENDIX XII).  
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Kam dál?

Figure 52:  Illustration of antifouling biochip-based detection of SARS-COV-2. 

Design of the figure: Daniel Špaček, neuroncollective.com. 

http://neuroncollective.com/
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Conclusion 

In this doctoral dissertation thesis, we focused on the processes influencing the 

performance of functional antifouling polymer brush coatings, tuning and optimizing their 

binding capacity, functionalization procedures, and fouling resistance when incubated 

with real-world biological samples. 

It was shown that a change in the properties of polymer brushes can occur not only as a 

result of chemical interventions in their structure but also by purely physical effects, such 

as repeated drying and swelling and the presence of salts in the environment. 

Spectroscopic ellipsometry and QCM have shown that zwitterionic polybetaine brushes 

(pCBAA, pCBMAA, pSBMAA) swell with increasing salt concentration while binding the salt 

ions into the structure, while nonionic pHPMAA shrinks. Such structural changes were 

shown to influence the coating resistance and can be used for preconditioning polymer 

brushes to increase the resistance. While for pCBAA the optimum NaCl concentration of 

the environment before the complex sample introduction is around 100 mM, i.e. close to 

physiological conditions, pCBMAA requires a higher concentration of 500 mM NaCl. 

Moreover, the polymer brush coatings exhibited higher swelling after drying and 

rehydration compared to non-dried coatings, significantly improving the fouling 

resistance. Thus, it is suggested that the repeated shrinkage and relaxation of the chains 

allow a more advantageous arrangement to be established.  

It was also reported that functionalization of poly(carboxybetaine)-based brushes, i.e., 

immobilization of the biorecognition elements, can lead to a disruption of the chain 

arrangement and substantial changes of surface physicochemical properties such as 

charge state, resulting in a deterioration of antifouling properties. To address the issue, 

the advanced deactivation procedure was introduced. The active esters remaining after 

EDC/NHS activation were deactivated with (2-aminoethoxy) acetic acid, AEAA, or with a 

tailored mixture of permanently charged deactivating agents, aminomethanesulfonic 

acid, or 2-aminoethyl hydrogen sulfate, and carboxy ended small molecules (e.g., glycine 

or AEAA). The tuning with mixed reagents resulted in a significant improvement in 
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antifouling properties and biorecognition capabilities compared to commonly used 

glycine and many other studied deactivation procedures. 

Reflecting functionalization-related resistance impairment studies, two advanced 

copolymer brush architectures were developed. The approach of copolymerization of 

functionalizable poly(carboxybetaine methacrylamide), pCBMAA, with non-reactive poly 

(N-(2-hydroxypropyl methacrylamide), pHPMAA, is newly shown in the presented work. 

Nonionic pHPMAA itself has excellent antifouling properties and, as a non-reactive 

component, serves to control the amount of carboxyl groups in a tunable manner, i.e. to 

reduce the chemical intervention with the brush structure to an acceptable extent. The 

composition of this random copolymer can be tuned to maintain sufficient binding 

capacity and excellent antifouling properties even at high HPMAA contents. By adding a 

suitable amount of the zwitterionic SBMAA compound bearing the permanently ionized 

sulfo group into the copolymer structure, the post-modified resistance is more effectively 

recovered. Even a very small amount of SBMAA in terpolymer p(SBMAA-ran-CBMAA-ran-

HPMAA) brings a significant improvement in the properties of the functionalized platform 

(e.g. resistance to undiluted blood plasma). 

The results of the fundamental research obtained in this work was further used in several 

applications. It was demonstrated that newly developed antifouling polymer brushes can 

be used as tunable platforms for mechanotransduction controlling and cell response 

manipulation, highlighting the antifouling background as an essential prerequisite for 

cellular response studies. Preliminary data suggested that such platforms can be useful in 

cell-virus interaction research as well. 

Antifouling functional polymer brushes and optimized functionalization procedures were 

employed in the development of advanced biochip technologies for food safety and 

biosensors for medical applications. Without the need for cultivation, incubation, or 

filtration, bacteria E. coli and Salmonella were detected from crude hamburger, 

cucumber, or minced meat samples in less than 30 min with LODs sufficient for the 

minimal infective doses detection. The detection assay for the screening of multiple 

miRNAs of the clinically relevant concentrations directly from the erythrocyte lysate using 

one biochip in less than 45 min was developed. Moreover, a novel QCM-based biosensor 

with advanced functional antifouling polymer brush biochip technology for rapid, cheap, 
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and point-of-care detection of coronavirus SARS-CoV-2 directly from complex cell lysate 

samples or bodily fluids in clinically relevant concentrations is under development. 

The results obtained in the course of this work contributed to 8 papers published in peer-

reviewed journals, 4 manuscripts submitted or in preparation, ~16 conference 

contributions, several invited lectures, and 7 outcomes of the applied research in a form 

of patent applications and functional samples. 
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