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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.  
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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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PART I 



Theoretical background 



(12)8 



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 



(22)18 


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). 



(38)34 


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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