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1 Introduction  
 Biomolecular interactions and investigations of these interactions are of 

paramount importance for the understanding of life processes at the molecular level. 

Surface plasmon resonance (SPR) biosensors (also referred to as plasmonic 

biosensors) represent the most advanced affinity method that enables the direct 

monitoring of biomolecular interactions in real-time without the need for additional 

labelling. Since their first demonstration in the early 1990s [1], SPR biosensors have 

become a well-established technology in the study and characterization of molecular 

interactions and have been used to study relationships between interacting 

biomolecules as well as to analyze both the equilibrium and kinetic aspects of 

biomolecular interactions [2, 3]. In addition to the analysis of biomolecular 

interactions, SPR biosensors have also been applied for the sensitive detection of a 

broad range of analytes related to medical diagnoses, environmental monitoring, food 

safety, and security [4-7]. 

 Conventional SPR biosensors are based on propagating surface plasmons (SPs) 

and creating sensor outputs by integrating signals from the interactions occurring 

within the macroscopic areas of the surface of a metal that supports SPs. In contrast to 

such conventional biosensors, SPR imaging and microscopy are methods that aim to 

allow the localization of these interactions through the imaging of the metal surface by 

means of SPs. Moreover, SPR imaging and microscopy platforms are suitable for the 

multiplexed observation of biomolecular interactions in a large number of independent 

areas of the sensing surface. SPR imaging and microscopy platforms have been applied 

to high-throughput analyses of a variety of biomolecular interactions such as small 

drug–protein receptors [8, 9], protein–nucleic acid [10, 11], and protein–protein 

interactions [12]. Recently, SPR imaging and microscopy methods have also been 

introduced in cell research [13, 14].  

 Recent advances in both plasmonics and nanofabrication technologies have 

opened new avenues for research into plasmonic biosensors. Biosensors based on 

plasmonic modes excited on metal nanostructures (rather than continuous films) have 

emerged as alternatives to conventional SPR biosensors [15, 16]. Although such 

biosensors have been applied to the study of biomolecular interactions to a 

significantly lesser extent than conventional SPR biosensors [17], they nonetheless 

offer some interesting features that are not available from SPR biosensors, such as the 



  

2 

 

detailed examination of the structural information of relevant biomolecules (including 

orientation and conformational changes of proteins and nucleic acids[18]) and protein–

membrane interactions [19].  

 This doctoral thesis is concerned with the advances in the SPR biosensor 

method and its applications for the investigation of biomolecular interactions. The 

thesis summarizes publications that resulted from research into SPR biosensors carried 

out by the author at the Institute of Photonics and Electronics of the Czech Academy 

of Sciences, Prague. 
  

1.1 Principle of SPR biosensors  
 SPR based sensors use SPs to probe changes in the refractive index (RI) 

occurring in the close vicinity of a sensor surface [20]. In SPR sensors, SP is excited 

at the interface between a thin metal film and a dielectric medium and is characterized 

by its electromagnetic field (EM) distribution and a propagation constant. The EM 

field of the SP is confined to the interface and decays exponentially into both the metal 

and the dielectric. The propagation constant of an SP is very sensitive to changes in 

the RI in the proximity of the surface [21]. A change in the propagation constant 

(produced by changes in the RI) alters the coupling condition between an incident light 

and the SP and this change is determined by measuring changes in one of the 

characteristics of the light coupled to SP, for example, changes in the resonant 

wavelength, angle or intensity as indicated in Figure 1, right [4].  

 SPR affinity biosensors incorporate biorecognition molecular elements that are 

able to selectively bind a target molecule (analyte). In the SPR affinity biosensor 

literature, the biorecognition elements are also referred to as receptors or ligands 

depending on the field of application. For simplicity, we use the term receptor within 

this doctoral thesis. When a solution containing analyte molecules is brought into 

contact with the SPR biosensor, the capture of an analyte by a receptor immobilized 

on the sensor surface gives rise to a change in the RI in the region close to the surface 

(Figure 1, left), which is optically measured. By tracking changes in RI in time, the 

information regarding the receptor–analyte interaction can be derived which makes 

SPR affinity biosensors a real-time and label-free sensing technology. 
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Figure 1 (Left) Principle of an SPR affinity biosensor. (Right) Change in the SPR 

spectra associated with the change in the refractive index of the dielectric media. 

Parameters λr, θr, and I denote the shift in the resonant wavelength, the resonant angle 

of incidence, and the change in reflected light intensity. Reproduced from [22] and [4]. 

 

 

The change in the RI produced by the capture of analyte biomolecules depends 

on the concentration of analyte molecules and their properties. If the binding occurs 

within a thin layer at the sensor surface of thickness h, the sensor response is 

proportional to the binding-induced RI change Δn, which can be expressed as  

 

 

 
Δ𝑛𝑛 =  �

d𝑛𝑛
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 (1) 

 

where (dn/dc)vol denotes the volume RI increment of the analyte molecules and ΔΓ 

denotes the corresponding change of surface concentration [7]. The value of RI 

increment (dn/dc)vol ranges from 0.1 to 0.3 cm3/g for most relevant biomolecules [23], 

whereby proteins and nucleic acids typically exhibit an RI increment around 

0.18 cm3/g [24].  

 

1.2 Functionalization methods for SPR biosensors 
 The immobilization of receptors onto the sensing surface (often referred to as 

surface functionalization) is a delicate process that is of an utmost importance for 

proper functioning of a SPR affinity biosensor and has direct impact on its 

performance characteristics (e.g., sensitivity, specificity, limit of detection (LOD)).  
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 An ideal surface functionalization method is expected to create a functional 

coating that: i) provides a desired (i.e., defined and sufficiently high) density of 

receptors creating a homogeneous and stable layer; ii) preserves the stability and 

biological activity of receptors; and iii) suppresses the non-specific adsorption of non-

target molecules to the sensing surface. In addition, functionalization method should 

be selected with respect to the type of receptor, the size of target analyte and specifics 

of the application (e.g., sample composition) [25].  

In order to enable the use of SPR biosensors in a broad range of applications, 

numerous types of receptors have been immobilized onto plasmonic substrates (both 

continuous and nanostructured) such as proteins [26], nucleic acids [27], aptamers 

[28], molecular imprinted polymers [29], lipid bilayers [30], bacteria [31] and even 

cells [32]. Given the diversity of receptors, it is clear that no single functionalization 

method could offer the best conditions for all the applications. Instead, a 

correspondingly wide variety of functionalization methods is exploited [33].  

 

1.2.1 Linker layers  

 Although direct physical adsorption of receptors represents the most simple 

and straightforward functionalization approach, it often results in a reduction of 

biological activity (due to conformational changes), unfavorable orientation or 

uncontrollable release of receptors, or high non-specific adsorption to the 

functionalized surface [34]. Therefore, prior to the immobilization of receptors, a 

sensing surface is coated with a linker layer to introduce functional groups or 

molecules for controlled attachment of receptors and to minimize non-specific 

adsorption.  

As most of the plasmonic biosensors employ noble metals such as gold or 

silver, surface modification with a linker layer is mainly mediated through the thiol 

groups which forms covalent bonds with the metal. Therefore, the majority of surface 

functionalization is based on the well-established concept of self-assembled 

monolayers (SAMs) of alkanethiolates [35]. The strong coordination of sulphur and 

gold together with van der Waals interactions between alkyl chains drive the formation 

of densely packed and very stable monolayer [36]. SAMs composed of alkanethiolates 

bearing different functional groups are used to provide linker layers with various 

properties. Most often, alkanethiolates terminated with one functional group (e.g., 
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carboxyls, amines, biotin) are used to covalently anchor receptors (e.g., by amino 

coupling), while alkanethiolates terminated with other functional group (e.g., 

hydroxyls, ethylene glycols (EG)) are used to suppress non-specific adsorption [37]. 

Alternatively, linker layers such as carboxymethylated dextrans can form 3D structure 

with a thickness of hundreds of nanometers providing more binding sites and higher 

receptor surface densities [38]. However, dextran layers are prone to higher non-

specific adsorption [39] and are also less suitable for interaction analysis as the analyte 

penetration through the dextran matrix affects the observed binding kinetics [40]. A 

more detailed overview of other common linker layers is given in [41] and [42]. 

 To provide even higher degree of resistance to non-specific absorption 

(fouling), several other linker layers have been developed [43]. The most successful 

ones are based on polymer brushes of various types of (meth)acrylic polymers with 

hydrophilic side groups/chains, or zwiterionic polymer brushes containing identical 

numbers of anionic and cationic moieties and thus maintaining an electro-neutral state 

[44]. Such polymer brushes exhibit ultralow fouling properties (i.e., non-specific 

adsorption below 5 ng/cm2) even when exposed to undiluted complex biological media 

[45, 46]. 3D polymer structure provides higher amount of receptor binding sites; 

however, a certain minimal brush thickness is required to form a coating that can resist 

the fouling. This requires a good control of brush thickness during the brush 

preparation.  

 

In this section, the main methods used for the functionalization of continuous 

plasmonic substrates are reviewed that are based on the direct adsorption to the sensing 

surface, on the binding to a linker layer or on the combination of both. The 

functionalization approaches discussed in more details include a chemisorption of 

thiolated receptors to the bare gold sensing surface, a covalent binding of receptors to 

SAM linker layer and an attachment of receptors via non-covalent high-affinity 

interactions such as DNA hybridization or avidin–biotin system (Figure 2). 
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Figure 2 Schematic representation of functionalization approaches based on 

chemisorption of receptors directly to a sensing surface, covalent attachment to the 

functional groups of a SAM linker layer and immobilization via biomolecular linkers.  

 

 

1.2.2 Chemisorption 

 Chemisorption of receptors is driven by the strong coordination between 

functional thiol group(s) on a receptor and gold sensing surface and as such allows 

overcoming some limitations of the simple physical adsorption of receptors. 

Chemisorption provides strong attachment of partially oriented receptors and has been 

commonly used for the immobilization of thiolated oligonucleotides (ONs) [47] or 

aptamers [48]. The immobilization of both ONs and aptamers is typically carried out 

in a combination with thiolated oligo-EGs (Figure 3), which reduce the density of the 

receptors and improve the resistance of the coating to the non-specific adsorption [49-

51]. Chemisorption has been also employed for the immobilization of antibody single-

chain variable fragments [52], or dendrimers or dendrons [53, 54].  

 
Figure 3 Chemisorption-based immobilization of thiolated ONs complemented with 

thiolated oligo-EGs.  
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Chemisorption is ideally suited for spatially resolved immobilization and high-

throughput array applications. Immobilization of protein receptors driven by ON 

hybridization can be particularly attractive for the preparation of protein microarrays. 

In this approach, a designed pattern of different ONs is spotted and bound to the sensor 

surface. Then an array of different proteins conjugated with specific complementary 

ONs is created via ON hybridization (for details, see section 1.2.4). 

 

1.2.3 Covalent attachment 

Covalent attachment presents a well-defined functionalization method, where 

a functional group on the receptor is coupled to another appropriate functional group 

on the sensing surface. Such coupling may require inclusion of an activation step in 

order to transform one or both of the functional groups into a more reactive form [39]. 

This approach provides strong and stable attachment of receptors (albeit with a random 

orientation) and offers the possibility to reuse the biosensor without release of 

receptors during the assay regeneration step.  

The formation of a covalent bond can be achieved via several approaches such 

as amine, thiol or aldehyde coupling. The most versatile and widely used approach is 

the amine coupling (Figure 4) which involves reactive nucleophile functional groups 

and carboxylic moieties and is most often realized via binding between primary amines 

of the receptor and carboxylic groups of the linker layer, typically a carboxy/EG mixed 

SAMs. More detailed descriptions of other means of covalent couplings such as click 

chemistry or photocrosslinking is given in [25]. 

 
Figure 4 Covalent attachment of receptors based on the amine coupling to carboxy/EG 

SAM, in which the carboxylic groups are pre-activated to reactive esters to bind amine-

containing receptors.  
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1.2.4 High-affinity interactions with molecular linkers 

When the receptor is unstable under the required covalent coupling conditions, 

lacks the proper functional group or the group is suspected to be situated close to the 

binding site and thus its biological activity may be impaired, immobilization via non-

covalent high-affinity interactions with molecular linkers is a preferred option. An 

additional benefit of this approach is the possibility of oriented attachment of receptors 

with binding sites directed towards the solution with analyte.  

The popular approach is based on the specific binding of biotin to avidin (or its 

streptavidin or neutravidin variants) that is anchored to the sensing surface, most 

commonly via covalent coupling to the SAM-coated sensor surface (Figure 5). Owing 

to the almost irreversible character of biotin–avidin bond, the attached biotinylated 

receptors create well defined and oriented functional coating [55]. Another favored 

strategy is based on a sequence-specific interaction of complementary single stranded 

DNA (ssDNA) strands referred to as a DNA-directed immobilization. In this approach, 

one of the ssDNA is coupled to the receptor and via hybridization process is site-

specifically immobilized to the complementary ssDNA, typically chemisorbed on the 

sensor surface. While this method is particularly useful for high throughput SPR-based 

analysis, where it is exploited for spatially resolved immobilization of proteins, it 

suffers from higher levels of non-specific adsorption in complex samples and from 

rather poor performance under conditions that destabilize DNA–DNA interactions. 

The drawback of both the above mentioned approaches is the conjugation of biotin or 

ssDNA to the receptor which can impair the biological activity of the receptor. 

Therefore, alternative strategies including molecular linkers such as protein A/G, 

antibodies against recombinant tags or chelation agent nitrilotriacetic acid have been 

also studied [56].  

 
Figure 5 The principle of coupling the biotinylated ssDNA to the streptavidin that is 

covalently attached to the SAM-coated sensor surface.  
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1.2.5 Functionalization methods for advanced plasmonic biosensors 

Development and advances in functionalization methods go hand in hand with 

the development and advances in plasmonic biosensors such as in SPR imaging and 

microscopy or biosensors based on plasmonic nanostructures. To fully exploit the 

potential of spatially resolved SPR imaging and microscopy methods, 

functionalization approaches are desired that can deliver different receptors to different 

areas of plasmonic surface with a high accuracy. In Appendix I [57], the 

functionalization approaches used in SPR imaging and microscopy methods that allow 

for spatially resolved delivery of receptors to plasmonic substrates are reviewed with 

the focus on advances in the formation of arrays on macroscopic areas (i.e., continuous 

surfaces).  

In comparison with the functionalization of continuous metal films used with 

conventional SPR biosensors, the functionalization of plasmonic nanostructures is 

much more challenging, as (unlike their flat predecessors) plasmonic nanostructures 

are often comprised of multiple materials (e.g., glass and gold) and exhibit surface 

curvatures (e.g., edges, tips). Moreover, the dimensions of the EM field are often 

incompatible with the (larger) sizes of linker layers. Furthermore, in biosensors based 

on plasmonic nanostructures, it is preferred that the receptors are not attached to the 

entire metal surface, but rather to the active areas (hot spots) where the EM field is 

strongly enhanced. The main methods used for the functionalization of plasmonic 

nanostructures are reviewed in Appendix II [58], including both the methods that 

immobilize receptors across entire metal surface and the methods for spatially resolved 

immobilization of receptors. 

  

1.3 Molecular interactions 
 Characterization of biomolecular interactions is an important step towards 

understanding of biological systems. SPR biosensors have been used to investigate 

equilibrium and kinetic aspects of interactions of a diverse set of biomolecules 

(including low molecular weight compounds [59], proteins[60], nucleic acids [61] or 

lipids [62]) as well as to quantify a variety of properties of biomolecular complexes 

(thermodynamic properties[63], binding stoichiometry [64], epitope mapping [65]). 

SPR biosensors have been also applied for the study of molecular mechanisms and 

processes ranging from protein-peptide interactions [66] to membrane transport and 
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cellular analysis [67]. The review of advances in the use of SPR biosensors for the 

investigation of molecular interactions in biological systems, such as bacteria and 

cells, is provided in Appendix I [57].  

The biomolecular interactions occurring on the surface of an SPR biosensor are 

typically studied in a flow-through manner using a (micro)fluidic system delivering 

sample solution to the biosensor under a constant flow. Typical SPR biosensor 

response to the analyte binding to receptors immobilized on the sensor surface is 

shown in Figure 6. Prior to the injection of an analyte, running buffer is flowing along 

the sensor surface until the stable baseline is established (Phase I). During the 

injection, binding of the analyte (association) produces an RI change in the proximity 

of the sensor surface, resulting in a gradual increase of the sensor response (Phase II). 

Finally, the sensor surface is typically washed with the same running buffer and the 

dissociation of the analyte complex is observed as a gradual decrease of the sensor 

response (Phase III). The amount of bound analyte at the sensor surface can be 

determined as a difference of the sensor response between the equilibrium level after 

washing the bound surface with running buffer (at the end of Phase III) and the 

baseline level obtained when the same running buffer was flowed before the injection 

of solution with analyte (at the end of Phase I). The SPR biosensor response is 

proportional to the amount of bound molecules and the shape of the sensor response 

curve depends on kinetic characteristics of the interaction [68]. 

 

c = c0 c = 0c = 0
DissociationAssociation
Phase IIIPhase IIPhase I

Baseline
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Time  
Figure 6 A typical real-time SPR biosensor response to the analyte binding to 

immobilized receptors. The formation (Phase II) and the dissociation (Phase III) of a 

biomolecular complex is observed as an increase or decrease in the sensor response, 

respectively.  
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1.3.1 Analysis of kinetic parameters of biomolecular interactions 

 SPR affinity biosensors measure temporal changes in the RI caused by the 

interaction between receptors immobilized on a sensor surface and analyte molecules 

in a liquid sample. To derive the kinetic parameters through SPR analysis, 

mathematical models need to be included. The most simple interaction model 

considers 1:1 molecular interaction and can be described as follows  

 

 𝐴𝐴 +  𝐵𝐵 ⇄  𝐴𝐴𝐵𝐵  (2) 

 

where A represents the analyte in solution, B represents the receptor attached to the 

sensor surface and AB is the formed complex. ka resp. kd is association resp. 

dissociation kinetic rate constant, which characterizes the reaction rate of complex 

formation and dissociation, respectively. The equilibrium dissociation constant can be 

then defined as  

 𝐾𝐾D  =
[𝐴𝐴][𝐵𝐵]
[𝐴𝐴𝐵𝐵] =

𝑘𝑘𝑑𝑑
𝑘𝑘𝑎𝑎

 (3) 

        

where [A] is the concentration of free analyte, [B] is the surface concentration of 

receptors, and [AB] is the surface concentration of formed complexes. KD then 

describes the strength of the interaction between the receptor and analyte. Assuming 

that the concentration of the analyte is maintained constant (most of the SPR 

biosensors are operated in a flow-through manner) the interaction between the analyte 

and receptor may be considered to follow the pseudo first-order kinetics [69]. It should 

be noted that this model assumes specific interactions, receptors uniformly distributed 

with all binding sites being equivalent and independent. Then, the time-dependent 

amount of complexes may be written as   

 

 d𝛾𝛾
𝑑𝑑𝑑𝑑

 = 𝑘𝑘𝑎𝑎𝛼𝛼0(𝛽𝛽 − 𝛾𝛾) − 𝑘𝑘𝑑𝑑𝛾𝛾 (4) 

 

where γ is the surface concentration of the complexes formed per unit time, α0 is the 

concentration of the analyte and β is the surface concentration of the receptors [70]. 

Thus β - γ is the amount of free (unbound) receptors. Both β and γ are expressed in 

terms of surface density.  
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 In reality, the observed sensor response; however, may differ from this simple 

model due to more complex interaction mechanism and mass transport effects. To 

achieve sufficient accuracy of derived kinetic parameters, it is necessary to use 

appropriate (and often much more complex) kinetic models [71] and to design an 

experiment in order to improve the rate of the analyte transport toward the sensor 

surface. Typically, the methods for improvement involve optimization of 

(micro)fluidic operating conditions (the flow rate increase and optimized flow-cell 

geometry [72], the use of passive mixers [73]), reduction of surface density of 

receptors [74] or decrease of the size of the sensing area where the analyte/receptor 

interaction takes place [75].  

 Despite their advances and successful applications, it is important to note that 

plasmonic biosensors provide only a simplified picture of two isolated molecules 

interacting under idealized conditions. This picture is only an approximation of much 

more complex situation of biomolecules interacting in their natural environment that 

contains potentially large and diverse populations of other molecules that may affect 

the biomolecular interaction under study. For instance, the non-specific binding of 

components from blood plasma to functionalized surfaces has a large dependency on 

the composition of blood plasma and may differ considerably from sample to sample 

[76]. Due to the interaction between complex (and potentially unknown) sample and 

active surface of a biosensor, plasmonic biosensors fail in analysis of molecular 

interactions under real-world conditions. Therefore, research into advanced 

functionalization methods and biosensing methodologies is pursued worldwide in 

order to provide platforms for the investigation of biomolecular interactions in 

complex biological environments. 
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2 Goals 
 The main goal of this doctoral thesis is to advance the SPR biosensor method 

and to expand its utility as a platform for the investigation of biomolecules and their 

interactions. To achieve this goal, challenges on multiple fronts of SPR biosensor 

research will be tackled. In particular, these include the development of methods that 

allow for the immobilization of diverse biomolecules on specific areas of SPR 

biosensor surfaces and the development of biosensing methodologies that improve the 

performance and robustness of the SPR biosensing method. Finally, advances in the 

SPR biosensor method will be applied in a variety of studies concerning biological 

entities, such as proteins, nucleic acids, antibodies, and enzymes. 
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3 Results 
 The presented doctoral thesis is based on the papers authored or co-authored 

by the author of the thesis. The individual journal papers are attached as Appendices 

I-XIV. Contribution of the author of the thesis to these papers is provided in the List 

of Appendices. The reported results are organized into three chapters, that are 

concerned with:  

• approaches to immobilization of receptors in SPR biosensors (Chapter 3.1), 

• methodologies for suppression of effects interfering with SPR biosensing 

(Chapter 3.2), and 

• investigation of biomolecular interactions by means of SPR biosensors 

(Chapter 3.3). 

 Although each paper has been assigned to a specific chapter based on its main 

topic, several papers include results pertinent to different areas and therefore are 

mentioned also in other chapters. 

 

3.1 Approaches to immobilization of receptors in SPR biosensors 
 In this section, results of research into methods for the immobilization of 

various biomolecules on continuous SPR surfaces are presented.  

 

3.1.1 Immobilization of proteins 

 A direct immobilization of proteins to a linker layer consisting of mixed SAM 

was pursued in Appendix III [77]. In this paper, we covalently attached vascular 

endothelial growth factor A (VEGF-A) to a mixed SAM-coated surface. As negatively 

charged acidic residues in the active site of VEGF-A are critical for the affinity 

interaction with its target molecule – the physiological counterpart soluble vascular 

endothelial growth factor receptor (VEGFR-1) [78], we immobilized VEGF-A via 

amine coupling of the amino groups of VEGF-A with the negatively charged 

carboxylic groups of alkanethiolates, leaving the negatively charged residues of 

VEGF-A accessible for the binding of VEGFR-1 via the physiological pathway. In the 

used mixed SAM, carboxy-terminated alkanethiolates provided functional groups for 

covalent attachment of VEGF-A, while hydroxy-terminated alkanethiolates were used 

to suppress non-specific adsorption. The ratio of carboxy- and hydroxy-terminated 

alkanethiolates was set to 7:3, as this ratio provides balanced combination of high 
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enough surface density of receptors and low fouling. In order to further increase the 

resistance of the sensing surface to the non-specific adsorption, bovine serum albumin 

(BSA) was covalently attached to the areas of the surface not coated with VEGF-A as 

illustrated in Figure 7. The resulting surface coverage ratio of VEGF-A and BSA was 

approximately 2:1 as we have found that higher amounts of attached BSA result in a 

lower sensor response to the subsequent binding of VEGFR-1 to VEGF-A. We 

suppose that it is because the BSA multilayer reduced the access of VEGFR-1 to the 

binding sites of VEGF-A. 

 

 
Figure 7 Temporal sensor response to the immobilization of VEGF-A and BSA on the 

SAM-coated sensor surface. Reproduced from [77].  

 

 

Proteins can be immobilized also indirectly via high affinity molecular linkers.  

In Appendix IV [79], we used protein A/G covalently attached to the SAM-coated (a 

mixture (7:3) of carboxy- and hydroxy-terminated alkanethiolates) sensor surface for 

specific capture and orientation of antibodies. Since protein A/G does not specifically 

bind BSA, we functionalized the sensing channel with a mixture (4:1) of capture and 

reference antibody to suppress the non-specific adsorption. This also makes chemical 

characteristics of the surface in sensing (capture and reference antibody) and reference 

(reference antibody) channel more similar, which increases the accuracy of specific 

(reference-compensated) sensor response.  
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The indirect immobilization of proteins in stable yet selective manner can be 

achieved also via the DNA-directed immobilization. The protein receptor conjugated 

to ssDNA can be immobilized via hybridization with complementary ssDNA attached 

beforehand to the sensor surface. This is particularly useful approach when combined 

with the microspotting technology, as it facilitates the production of high-density 

protein arrays. The DNA-directed immobilization was pursued out in Appendix V 

[80], where we prepared an antibody array to be used in conjunction with the SPR 

imaging biosensor. Initially, an array of sensing spots was prepared on the sensor 

surface by means of contact microspotting of thiolated DNA probes to bare gold 

surface. Then, the microspotted surface was coated with carboxy-terminated 

alkanethiolates and BSA was covalently attached via amine coupling to provide the 

sensor with a low-fouling background. Finally, antibody–DNA conjugates were 

immobilized. This approach allows to block the surface prior to the immobilization of 

antibody and thereby avoids the impairment of activity of the antibody by the used 

surface blocking procedure. A scheme of functionalized sensor surface with an 

antibody array and a low-fouling background is depicted in Figure 8, top. In this work, 

we immobilized antibodies against human chorionic gonadotropin (hCG) and 

activated leukocyte cell adhesion molecule (ALCAM), the protein biomarkers relevant 

to cancer diagnostics. 

Flow chamber

Sensing area

Reference area

Distance ~ 100 mμ

 
Figure 8 (Top) Cross-section of the sensor surface depicting the functionalization with 

an antibody array and a low-fouling background. (Bottom) Array of sensing and 

reference spots in the SPR image distributed in five flow chambers of the biosensor. 

The imaged area is 3 mm × 3 mm. Reproduced from [80].  
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 Using this functionalization procedure, we prepared an array comprised of a 

total of 120 sensing spots (density of the array: 1500 spots/cm2). An SPR image of the 

array is shown in Figure 8, bottom. The functionalization procedure was optimized in 

terms of concentration of DNA probes, concentration of BSA and the length of 

alkanethiols in order to provide most suitable functional coating. The antibody array, 

prepared by using the optimized immobilization procedure, exhibited the non-specific 

adsorption from 10% human plasma lower than 5 ng/cm2.  

 Another approach that allows for fabrication of arrays with controlled levels of 

covalently attached receptors and low-fouling background is based on the combination 

of special flow-cell and SAM-coated surface. This is especially useful, as 

microspotting techniques, despite all their benefits, are not well suited to provide 

arrays of covalently attached receptors. Due to the hydrophilic nature of carboxy-

terminated SAMs, the microspotted solution with receptors spreads extensively across 

the sensing surface hence not allowing to create higher number of independent sensing 

spots. In addition, the control over the amount and surface density of attached receptors 

is crucial to ensure optimal and reproducible conditions for the interaction with an 

analyte. Therefore, in situ flow-through immobilization approach is an attractive 

option, as it allows for the monitoring of the immobilization process. We designed a 

special orthogonal flow-cell with two possible orientations of flow chambers 

(horizontal and vertical). The first orientation of the flow-cell was used for surface 

functionalization (under flow in situ attachment of receptors), while the second 

(perpendicular) orientation was used for the analysis of samples with analyte 

molecules as indicated in Figure 9. In this figure, an SPR image of an array comprised 

of a total of 25 sensing areas (the density of the array: 100 spots/cm2) is shown. We 

employed this orthogonal flow-cell approach to create a small size array of proteins 

(Appendix VI [81]) to screen potential biomarkers of Myelodysplastic syndromes 

(MDS) in 10% blood plasma. Although the array density is one order of magnitude 

lower than that achieved via the microspotting approach, the orthogonal flow-cell 

provides control over the attachment of receptors, which is not possible when ex situ 

microspotting is used.    
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Figure 9 Immobilization method based on a special flow-cell. An SPR images 

corresponding to immobilization of receptors (R1–R5) and to the final array of 25 

sensing spots for sample analysis (S1–S5). The imaged area is 6.5 mm × 6.5 mm.  

 

 

3.1.2 Immobilization of nucleic acids 

Due to the chemical nature of nucleic acids, their direct covalent 

immobilization is not feasible under mild conditions and chemical modification of 

DNA strand is usually required.  

In Appendix VII [82], we used amine-terminated DNA probes and covalently 

immobilized them via amine coupling. The sensor surface was coated with an 

ultralow-fouling functionalizable poly(carboxybetaine acrylamide) (pCBAA) brush. 

As the fouling properties of the pCBAA brush could be affected by the attachment of 

receptors [83], we functionalized a series of pCBAA with different thickness with a 

similar level of DNA probes and we explored the effect of pCBAA brush thickness on 

both the resistance to fouling from erythrocyte lysate (EL, 87%) and the surface probe 

density. While there was a significant effect of the pCBAA thickness on the surface 

probe density (Figure 10, left), we observed no significant effect on the ability of 

probe-functionalized pCBAA to resist fouling from EL sample. The average level of 

fouling was found to be ~ 1 ng/cm2, even when using rather thin pCBAA coatings (15-

20 nm). We further optimized DNA probe surface density, procedure of DNA probe 

attachment to pCBAA and running buffer composition in order to achieve the best 

conditions for the subsequent screening of microRNA (miRNA) biomarkers in EL. As 

indicated by the calibration curves established in running buffer and EL samples 

(Figure 10, right), we observed minimal influence of the EL matrix on the DNA probe–
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miRNA biomarker interaction. This demonstrates benefits of the low-fouling 

functional coatings.  

 

   

Figure 10 (Left) Dependence of DNA probe surface coverage on pCBAA brush 

thickness. (Right) Calibration curve for miR-16 in running buffer and erythrocyte 

lysate using the SPR imaging sensor. Reproduced from [82].  

 

 

3.1.3 Immobilization of small molecules 

Immobilization of small molecules is rather challenging as small molecules do 

not feature many functional groups and usually are not water-soluble. Therefore, in 

most cases, they need to be derivatized or conjugated prior to the immobilization. In 

Appendix VIII [84], we aimed to explore several different approaches for the 

immobilization of low molecular weight (1kDa) cyanotoxin microcystin (MCLR). 

Besides the attachment of unmodified MCLR, we also pursued the immobilization 

exploiting biotinylated MCLR and MCLR conjugated to ovalbumin (OVA-MCLR) in 

combination with several functionalization methods. Principles of individual 

immobilization approaches are depicted in Figure 11, left (III-VIII). In particular, we 

immobilized biotinylated MCLR via high affinity interaction with neutravidin that was 

attached either covalently to carboxy-terminated SAM (III.a) or non-covalently to 

biotin-SAM (III.b). We immobilized OVA-MLCR conjugate via physical adsorption 

to bare gold surface (IV), via covalently cross-linked double layer (V) or via covalent 

attachment to carboxylic-SAM (VI). We covalently attached unmodified MLCR either 

via its amine groups to carboxylic-SAM (VII) or via its carboxylic groups to amine-

terminated SAM (VIII). The used SAM layers were optimized in terms of their 

composition, concentration and method of preparation. We evaluated all the 
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immobilization approaches with respect to the interaction of the immobilized MCLR 

with an anti-MCLR antibody employed in an inhibition assay for detection of MCLR, 

i.e. according to the ratio of the sensor response obtained in the presence or absence of 

MCLR in analyzed sample (Figure 11, right).  

 

 

Figure 11 (Left) Immobilization approaches: (I) covalent immobilization of the 

antibody via carboxylic-SAM; (II) covalently cross-linked antibody double layer; (III) 

immobilization of a biotin-MCLR conjugate on a neutravidin layer; (IV) physical 

adsorption of an OVA-MCLR conjugate; (V) covalent immobilization of an OVA-

MCLR conjugate; (VI) covalently cross-linked OVA-MCLR double layer; (VII) 

covalent immobilization of MCLR via amino groups and (VIII) covalent 

immobilization of MCLR via carboxylic groups. (Right) Comparison of respective 

immobilization approaches (n = 3). Reproduced from [84].  

 

 

 The best levels of retained biological activity and non-specific adsorption were 

achieved with the immobilization approach VIII exploiting unmodified MCLR and 

amine-terminated SAM. Our findings suggest that the interaction of immobilized 

MCLR with its antibody is strongly affected by the functionalization approach used 

or, more precisely, by the functional group of MCLR that is used for attachment or 

conjugation. This effect was most pronounced when unmodified MCLR was 

covalently attached to the SAM via its amine or carboxylic group. Having selected the 

best immobilization approach, we also evaluated the effect of several other factors 

(e.g., nature and concentration of antibody, composition of the carrier buffer, blocking 

and regeneration solutions) on performance of the sensor. The optimized assay allowed 
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for the detection of MCLR at levels well below the provisional guideline value 

proposed by the World Health Organization. 

 

3.2 Methodologies for suppression of effects interfering with SPR 

biosensing 
 To properly assess and evaluate biomolecular interactions (not only in complex 

solutions) one needs to properly account for the effects that interfere with the 

measurements such as non-specific adsorption, heterogeneity of biological samples or 

limited analyte transport to the sensing surface. In this section, results of research 

addressing some of these challenges are presented. 

 

3.2.1 Non-specific adsorption   

 SPR biosensors (as other optical affinity biosensors) are inherently susceptible 

to interferences that produce RI changes in the proximity of the sensor surface. In 

complex matrices, the main representative of such an interference is the binding of 

non-target molecules to the sensing surface (non-specific adsorption). Typically, label-

free affinity biosensors are composed of sensing (detection) channels that respond to 

both analyte (producing the specific sensor response) and interferences as well as 

reference channels that respond to interferences only. These channels usually employ 

different functional coatings to produce a reference-compensated sensor response. 

This method is referred to as dual surface referencing (DSR). This referencing 

approach fails when used in complex biological samples primarily due to the following 

factors: (i) the sensing and reference channel employ functionalized surfaces that 

exhibit different physical and chemical characteristics and (ii) the non-specific binding 

properties of the sample are not known in advance, making it difficult to create sensing 

and reference surfaces with the same non-specific binding response (for a given 

sample). In Appendix IX [85], we proposed a new approach (referred to as single 

surface referencing (SSR)) that uses a single functionalized surface split into the 

sensing and reference channel to which complex sample (sensing channel) and 

complex sample mixed with biomolecules binding to the analyte and thus inhibiting 

the binding of the analyte to the functionalized surface (reference channel) is 

introduced (Figure 12). This approach ensures that (i) only the sensing channel 
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captures the analyte and (ii) non-specific binding incurred in the sensing and reference 

channels are the same as much as possible.  

 

 
Figure 12 Principle of the SSR and conventional DSR approaches. Ab, AbR, and CCS 

denote antibody against analyte, reference antibody, and components of a complex 

sample, respectively. Reproduced from [85].   

 

 

 In order to investigate how molecular interactions in complex samples are 

affected by non-specific adsorption to sensor surface, we employed a model system of 

cancer biomarker carcinoembryonic antigen (CEA) and its antibody (covalently 

attached to the sensor surface via amine coupling). We examined the binding of CEA 

to its antibody (for CEA concentrations of 200 and 500 ng/mL) in buffer and three 

different plasma samples using both the SSR and DSR approaches. Reference-

compensated sensor response to the binding of CEA in phosphate buffer and 50% 

human blood plasma for the SSR approach is shown in Figure 13, left. We have 

demonstrated (Figure 13, right) that the SSR approach provides more accurate results 

and lower biological variability than the conventional DSR approaches that rely on 

reference surfaces functionalized with different antibodies. In particular, the SSR 

approach improves the relative deviation of the sensor response by at least 2.1 and 3.3 
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times for CEA concentrations of 200 and 500 ng/mL, respectively; and provides better 

biological variability of the sensor response than the DSR approach by a factor of 

2.2−6.0 and 3.9−9.3 for CEA concentrations of 200 and 500 ng/mL, respectively.  

 

 
Figure 13 (Left) Reference-compensated binding of CEA in buffer (upper graph) and 

50% human blood plasma P1 (lower graph) for the SSR approach. Curve (a) denotes 

the response to the concentration of CEA of 500 ng/mL (sensing channel). Curve (b) 

presents the sensor response to the mixture of 500 ng/mL CEA with an addition of 

5000 ng/mL AbCEA (reference channel). (Right) Normalized difference between the 

reference-compensated sensor response in plasma and buffer for three different plasma 

samples (squares, circles, and triangles, respectively) and two different concentrations 

of CEA, 200 ng/mL (upper plot, open symbols) and 500 ng/mL (lower plot, solid 

symbols). Reproduced from [85].   

 

 

 In Appendix III [77], we studied the interaction of VEGF-A (covalently 

attached to the SAM-coated sensor surface) and VEGFR-1 (contained in solution) in 

buffer and diluted blood plasma (2%). To minimize the non-specific adsorption and to 

allow for direct detection of VEGFR-1 in complex samples, we used the sequential 

injection approach. This approach is made possible by a dispersionless microfluidic 

and is based on a sequential injection of the blood plasma sample and a special running 

buffer in short (30-sec) cycles [86]. We designed the running buffer (high ionic 

phosphate buffer with addition of BSA) in such a way as to remove the non-

specifically adsorbed molecules from the surface while not affecting VEGFR-1 

molecules bound to the immobilized VEGF-A. As follows from Figure 20 (section 

3.3.4), the specific sensor responses to the tested concentrations of VEGFR-1 in 
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diluted blood plasma are comparable to those measured in buffer by conventional 

approach. The average amount of non-specifically adsorbed molecules from the blank 

sample (2% blood plasma with no VEGFR-1 added), albeit rather diluted, was as low 

as 1.7 ng/cm2.  
  

3.2.2 Limited analyte transport  

 The rate of analyte–receptor interaction is affected by the analyte transport 

toward the sensing surface, therefore a decrease of the analyte concentration in the 

solution (e.g., due to longitudinal dispersion or analyte adsorption on microfluidics 

surfaces) could result in the reduced analyte transfer, and thus decreased analyte 

binding rates. On the contrary, by increasing the rate of analyte delivery to the sensing 

surface one could enhance the sensing performance of the biosensor and reduce the 

effect of analyte transport on the results of investigation of biomolecular interactions. 

 In case of parallel monitoring of interactions in a multi-spot array where 

multiple capture spots are situated downstream from one another, the analyte depletion 

along the fluidic channel gives rise to an inhomogeneous sensor response along the 

flow channel. In Appendix V [80], we found out that the non-specific adsorption from 

the blood plasma sample was not uniform within a single flow channel and decreased 

along the array of capture spots as much as by 30% (Figure 14).  

 

     
Figure 14 Sensor response to 10% blood plasma in reference and sensing channels as 

a function of the position of the channel along a single flow chamber. Reproduced from 

[80]. 
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 We attributed this inhomogeneity of the sensor response to the depletion of the 

plasma components in the vicinity of the sensor surface. In Appendix X [87], we 

combined SPR imaging and a microfluidics with passive mixing structures to address 

this issue. We used a model system of DNA hybridization to characterize how passive 

mixing structures within a flow cell influence the interaction of target ssDNA in 

solution with an array of DNA probe capture spots situated downstream within a flow 

channel. We demonstrated that a microarray sensor using the passive mixing structures 

exhibits increased analyte binding rates and leads to homogenous sensor response 

along the multi-spot array.  

 In Appendix XI [88], we monitored interaction characteristics (i.e., binding 

rates) of two model analytes with different diffusivity - ssDNA and Escherichia coli 

bacteria and their receptors (complementary DNA probe and anti-E. coli antibody) 

attached to the sensor surface in order to examine the experimental use of the staggered 

herringbone mixer (SHM) for the signal enhancement (Emix) in an SPR imaging 

biosensor (Figure 15). We found that Emix is dependent on the SHM groove geometry, 

the flow rate, and the overall microchannel length L. We also demonstrated that for 

realistic experimental conditions, the enhancement that the SHM can provide is in the 

range of 1 < Emix < 2.6. 

 

 
Figure 15 Sensor enhancement (Emix) vs the Péclet number for the binding of ssDNA 

and E. coli bacteria regarding three SHM-based groove geometries, denoted as A, B, 

and C. Mixer C was only used for the detection of E. coli bacteria. The symbols 

represent experimental measurements, whereas the solid lines represent theoretical 

predictions. Reproduced from [88]. 
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3.3 Investigation of biomolecular interactions by means of SPR 

biosensors 
 In this section, results of study of biomolecular interactions (in both buffers 

and complex solutions) are reported. Example of parallelized analysis of biomolecular 

interaction is presented as well as the introduction to the novel interactomic approach 

pertinent to diseases diagnosis.  

 

3.3.1 Investigation of the interaction of RAYT enzyme and DNA 

 The process of DNA transposition is composed of the binding, cleavage, and 

recombination of specific DNA segments (e.g., repetitive extragenic palindrome 

elements (REPs)) and is catalysed by special enzymes called transposases (e.g., REP-

associated tyrosine transposases (RAYTs). The DNA binding and cleavage activity of 

RAYT has been demonstrated in vitro (typically by monitoring of the co-migration of 

DNA and RAYT) using size exclusion chromatography, separation on gel 

electrophoresis, and electrophoretic mobility shift assay [89, 90]. Although these 

methods provide sufficient sensitivity, they, unlike SPR biosensors, typically require 

labelling and only provide semi-quantitative information on the DNA/RAYT 

interaction. In Appendix XII [91], we demonstrated for the first time the SPR 

biosensor for monitoring and quantification of interaction between the RAYT from E. 

coli (strain MG1655) and its DNA substrate. We designed a system of biotinylated 

DNA hairpin probes (mimicking the natural REP sequence) and short ONs to monitor 

the cleavage of target REP DNA by RAYT transposase. The principle of the assay is 

illustrated in Figure 16, left. Two separate channels (sensing and reference) were 

functionalized with the same DNA hairpin probe via binding to streptavidin-coated 

sensor surface. The sensing channel was then incubated with RAYT (so that the DNA 

cleavage could occur), while the reference channel was incubated only with running 

buffer. We quantified the amount of cleaved probes in both the sensing and reference 

channels by using three consecutive hybridization/regeneration cycles of short ONs 

complementary to the three separate segments of the immobilized DNA probes. A 

typical sensorgram corresponding to the consecutive hybridization of respective short 

ONs (C-3, C-5, and C-middle) to the DNA probe (b-EC) is shown in Figure 17.  
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Figure 16 (Left) Schematic principle of the SPR biosensor-based assay for 

investigation of the interaction of RAYT enzyme and DNA. (Right) Schematic 

representation of the secondary structures of biotinylated DNA probes and 

complementarity of short oligonucleotides to specific segments of each DNA probe. 

Grey sections denote changes in the natural sequence of b-EC. Reproduced from [91]. 

 

 

 
Figure 17 Temporal SPR biosensor response to the consecutive 

hybridization/regeneration of C-3, C-5 and C-middle short oligonucleotides, 

respectively. Reproduced from [91]. 

 

 

 The RAYT enzyme interacts with the target REP through a recognition 

mechanism that exploits both the DNA hairpin secondary structure and the 5′ GTAG 
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guide tetranucleotide. In addition, it has been suggested that the cleavage process is 

CT dinucleotide specific [92]. We used the reported assay to investigate the ability of 

the RAYT to cleave DNA using a natural REP sequence and sequences with 

modifications targeting specific features in the DNA crucial for the RAYT/REP 

interaction. These modifications consisted of a mutation in the GTAG guide 

tetranucleotide or its complete deletion, aberrations in secondary hairpin structure or 

the cleavage site (Figure 16, right), and the absence of Mn2+. Our findings suggested 

that (i) the imperfect palindrome in DNA hairpin stem is not necessary for the 

interaction, and (ii) even though the cleavage occurs with the highest efficiency at the 

CT dinucleotide in the preferred location, it can also occur at a more distant CT site, 

albeit with a lower efficiency.  

  

3.3.2 Investigation of the interaction of SSc5D membrane receptor and bacteria 

Interaction between protein membrane receptors and bacteria were 

investigated in the work presented in Appendix XIII [93]. SSc5D is a recently 

described soluble scavenger receptor cysteine-rich (SRCR) protein, which is expressed 

in immune cells and is assumed to function in the immune defence against microbes. 

However, the ability of its SRCR domains to specifically recognize bacteria (referred 

to as the pattern recognition receptor properties) remains to be characterized. We 

developed an SPR biosensor for observation of physiological interaction between 

SSc5D (covalently attached to the SAM-coated surface via amine coupling) and 

different bacteria (E. coli, Listeria monocytogenes) contained in buffer solution. We 

studied the bacteria-binding capacity of the SSc5D (considered as the amount of 

captured bacteria) and compared it with those of other SRCR-family proteins serving 

as positive (Spα) or negative controls (CD5, CD6) in the same SPR assay. The 

interactions of SSc5D and Spα with E. coli (1 × 107 CFU/mL) were found to be 

relatively strong and specific sensor responses increased proportionally to the applied 

concentration of bacteria. We showed for the first time that SSc5D, like some other 

human SRCR proteins, is capable of specific binding of bacteria through its SRCR 

domains. We demonstrated that SSc5D compares with Spα in the capacity to bind to 

E. coli and L. monocytogenes, and further that SSc5D and Spα can distinguish between 

different types of bacteria on one hand and different strains (pathogenic and non-

pathogenic) of one type of bacteria on the other (Figure 18). 
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Figure 18 Temporal SPR biosensor response to the binding of different E. coli strains 

(1 × 107 CFU/mL) to Spα (left) and SSc5D (right), respectively. Reproduced from [93]. 

 

 

3.3.3 Investigation of the interaction of PAPP-A2 

 We investigated interaction of pregnancy associated plasma protein A2 (PAPP-

A2) with its antibody in buffer and blood plasma. In Appendix XIV [94], we reported 

an SPR-based assay exploiting PAPP-A2 antibodies combined with BSA covalently 

attached to SAM via amine coupling. Since the sensor response to the capture of 

PAPP-A2 was concealed by the non-specific adsorption of non-target molecules to the 

sensor surface from blood plasma, we utilized a sandwich assay with secondary 

antibody (Ab-2) and functionalized gold nanoparticles (AuNPs) for signal 

enhancement [95] and made use of the SSR approach (see section 3.2.1) to further 

improve the performance of the sensor. The principle of the assay is depicted in Figure 

19, left. We studied PAPP-A2 interaction with its antibody in buffer and blood plasma, 

we tested the cross-reactivity with PAPP-A analogue, PSA and CEA biomarkers and 

also evaluated the matrix effect of blood plasma and serum on the interaction. Based 

on the calibration curves established in buffer and 30% blood plasma (Figure 19, 

right), we assumed binding of PAPP-A2 to be negatively affected both due to the 

interaction between PAPP-A2 and plasma components making PAPP-A2 less 

recognizable to its primary or secondary antibodies and due to non-specific interaction 

between plasma matrix and sensor surface. 
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Figure 19 (Left) Temporal sensor response corresponding to respective steps of the 

assay for PAPP-A2 in buffer. In „top-down“ order: direct detection of PAPP-A2; 

binding of biotinylated Ab-2; binding of streptavidin-coated AuNPs for signal 

enhancement. (Right) Calibration curve for direct (grey) and enhanced (blue) detection 

of PAPP-A2 in buffer and enhanced detection in 30% blood plasma (red). Reproduced 

from [94]. 
   
 

3.3.4 Investigation of the interaction of VEGFR-1 and VEGF-A 

Interaction of VEGF-A with transmembrane receptor VEGFR-1 mediates the 

signaling pathways that are assumed to be involved in the pathogenesis of MDS. In 

Appendix III [77], we monitored interaction between VEGFR-1 and its VEGF-A 

ligand covalently bound to the surface of the SAM-coated SPR sensor. This assay took 

advantage of the affinity interaction of real physiological counterparts (a membrane 

receptor and its ligand). This provides more accurate representation of the biological 

system than the use of artificial receptors e.g. antibodies. This approach also allows 

for the detection of complexes of VEGFR-1 with other molecules, which would not be 

possible using antibodies, mainly due to stoichiometric and steric reasons. We 

exploited the sequential injection approach (see section 3.2.1) in order to monitor the 

protein-protein interaction directly in blood plasma. As shown in Figure 20, the 

interaction of VEGFR-1 with VEGF-A is specific, concentration-dependent and 

stable. In spite of the reference compensated sensor responses (obtained by subtracting 

the blank sample response) in blood plasma agreed well with those measured in buffer, 

the achieved biosensor performance (e.g., LOD) was negatively affected by the 

adverse effects associated with the complex sample composition (i.e., biological 

variability, immense amount of non-target molecules). Nevertheless, this work 
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constitutes a model for a prospective proteomic analysis based on protein–protein 

interactions under physiological conditions, which could help to diagnose as well as 

clarify the molecular pathogenesis od MDS [96].  
 

 
Figure 20 (Left) Temporal SPR biosensor response to different concentrations of 

VEGFR-1 interacting with VEGF-A immobilized on the surface. (Right) Sensor 

response to plasma samples spiked with different concentrations of VEGFR-1. The 

inset illustrates the sequential injection of plasma sample and running buffer. 
Reproduced from [77]. 

 
 

3.3.5 Parallelized observation of biomolecular interactions in blood plasma 

In Appendix V [80], we used an SPR imaging platform to measure interactions 

between protein biomarkers and their respective antibodies in complex samples. We 

used a high-density antibody array produced by a DNA-directed immobilization (see 

section 1.2.4). To demonstrate the feasibility of the approach, we pursued binding of 

two protein biomarkers relevant to cancer diagnostics, human chorionic gonadotropin 

(hCG) and activated leukocyte cell adhesion molecule (ALCAM) both in buffer and 

in 10% blood plasma samples simultaneously to 120 independent sensing spots (Figure 

8). As illustrated in Figure 21, the binding of biomarkers was specific and increased 

with the concentration of biomarkers. On the other hand, direct monitoring of 

interactions in blood plasma was not only impaired by matrix complexity and 

transition interval required for exchanging the running buffer and blood plasma 

sample, but also by the spot-to-spot analyte depletion (as discussed in the section 

2.2.2). Nonetheless, we observed the binding of hCG and ALCAM in blood plasma at 

clinically relevant levels. 
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Figure 21 Temporal sensor response to different concentrations of ALCAM in running 

buffer (left) and 10% blood plasma (right). Averaged kinetics are shown and error bars 

indicate ± standard deviation. Vertical bars indicate the time interval required for 

exchanging the running buffer and blood plasma sample. Reproduced from [80]. 

 

 

3.3.6 Novel interactomic approach  

 MDS are a heterogeneous group of hematological malignancies associated with 

posttranslational modifications of proteins and variations in the protein expression 

levels [97]. In Appendix VI [81], we describe a novel approach for the diagnosis of 

MDS based on the monitoring of interactions between selected proteins and 

biomolecules in human blood plasma. In contrast to the conventional methods that are 

based on detection of biomarkers via biorecognition molecules (e.g., antibodies), this 

new approach relies on measuring interactions between selected proteins and patients’ 

blood plasma without targeting any specific biomolecules or interactions. We 

combined a protein chip comprised of six proteins (whose levels were found to be 

altered during MDS) and an SPR imaging biosensor that allows observing these 

interactions in a parallelized manner. We also employed an SSR approach (see section 

3.2.1) to suppress the effect of biological heterogeneity of blood plasma samples and 

to improve precision of the measurements. We applied the proposed method to plasma 

samples obtained from MDS patients (three MDS subgroups and MDS progressed into 

acute myeloid leukemia (AML)) as well as healthy controls. The interaction between 

five different immobilized proteins and blood plasma sample for a selected MDS 

patient is shown in Figure 22, left. As follows from Figure 22, right, the proposed 

approach enables discrimination among different MDS subgroups and healthy 

controls. While the reported work demonstrates potential of this novel method for 
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MDS, this approach can be adopted to a broad range of diseases that affect protein 

populations or interactions once appropriate proteins have been identified for the 

immobilization on the SPR imaging sensor. 

 
Figure 22 (Left) Typical SPR biosensor response to a blood plasma sample interacting 

with five selected proteins. (Right) Box plots of SPR responses to plasma samples of 

MDS subgroups (RA/RARS, RCMD, RAEB, AML) and controls interacting with 

different proteins (ICAM, VCAM, fetuin, LRG, clusterin, S100A8) immobilized on 

the surface of SPR biosensor. *P<0.05, **P<0.01, ***P<0.001. Reproduced from [81]. 
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4 Conclusions 
 This doctoral thesis is concerned with advances in the SPR biosensor method 

and the application of these advances to the investigation of biomolecular interactions. 

In particular, it focuses on advances in methods for the immobilization of biomolecules 

and SPR biosensing methodologies as well as on the exploitation of these advances in 

the study of molecular interactions such as protein–protein, protein–antibody, 

enzyme–substrate, and membrane receptor–bacterium.  

  A broad range of functionalization approaches were pursued to enable the 

immobilization of a diverse group of molecules (e.g., proteins, nucleic acids, and small 

molecules) on the surface of an SPR biosensor to provide functional coatings with 

desired characteristics. These include methods such as chemisorption of receptors 

directly to a sensing surface, covalent attachment to functional groups of a linker layer, 

and immobilization via biomolecular linkers. Both the binding and fouling properties 

of the functional coatings were analyzed and optimized to allow for the application of 

SPR biosensors in complex biological media. Attention was also paid to the 

functionalization methods that enable the immobilization of different biomolecules in 

different sensing areas with a high spatial resolution, such as the contact microspotting 

method and the special orthogonal microfluidic flow-cell approach. 

 Several biosensing methodologies were pursued to address the limitations of 

current SPR biosensor technology and to thus improve its accuracy and robustness. A 

novel referencing approach was developed and demonstrated to enable SPR biosensors 

to suppress the effects of non-specific adsorption and the heterogeneity of complex 

biological samples. An enhanced transport of target biomolecules to the sensing 

surface was achieved using a special microfluidic system with passive mixing 

structures, and this approach was demonstrated to improve the performance of SPR 

biosensors for parallelized measurements both in terms of sensitivity and channel-to-

channel reproducibility.  

 Advances in the development of immobilization methods and biosensing 

methodologies were exploited in numerous biomolecular studies targeting a variety of 

problems in molecular biology. In order to better understand the molecular processes 

involved in DNA binding and enzymatic cleavage activities, the interaction between 

the RAYT enzyme and its DNA substrate was studied. The ability of membrane 

receptors to recognize specific bacterial pathogens was explored in the study in which 
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we investigated interactions between the SSc5D membrane protein and different 

bacteria. Interactions between selected protein biomarkers (PAPP-A2, hCG, ALCAM) 

and their respective antibodies were studied to assess the potential of SPR biosensors 

employing such antibodies in the development of a new generation of diagnostic 

devices. The interaction between the membrane receptor VEGFR-1 and its ligand 

VEGF-A, which plays a role in the pathogenesis of myelodysplastic syndromes 

(MDS), was also explored. Furthermore, a plasmonic biosensor for the parallelized 

observation of interactions between MDS-related proteins immobilized on the sensor 

and blood plasma samples was developed and demonstrated to be able to distinguish 

different stages of MDS as well as MDS-diagnosed patients from healthy controls. 

 The results reported in this doctoral thesis contribute to the research of SPR 

biosensors on multiple fronts and present an important step towards SPR biosensor-

based platforms for the real-time, label-free investigation of biomolecular interactions 

in native (complex) biological environments as well as the rapid and sensitive 

detection of disease biomarkers for future diagnostic and treatment monitoring 

modalities. 
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