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Chapter 1 

 

General Introduction 

 

The influenza virus is a pathogen that causes severe infections in birds and mammals, 

including humans.1 Seasonal epidemics occur in humans, causing the infection of a large part 

of the population worldwide.2 Occasionally, more acute outbreaks or pandemics occur due 

to the adaptation of animal viruses to humans which efficiently transmit across the human 

population.3 Specifically, in the last 130 years, six pandemics have occurred causing the death 

of millions of people.4 For this reason, influenza remains a threat to global health and an 

important economic burden as well.  

Different variants of viruses are characterized by the specific glycoproteins hemagglutinin 

(HA) and neuraminidase (NA) displayed on the virus membrane.5 In particular, HA plays an 

important role in the first stage of the virus infection, when multiple HAs bind in a multivalent 

fashion to sialic acid receptors expressed on the cell surface.6 Subsequent to the virus uptake, 

the infection starts and the virus replicates. The specificity of the virus for a particular species 

therefore resides in the affinity of these glycoproteins for specific receptors. Alteration or 

mutation at the receptor binding site can be thus at the origin of phenomena such as inter-

species transfection. 

To better understand the molecular mechanisms that are behind these biological phenomena, 

it is important to develop platforms that are able to mimic and quantify the interactions at the 

interface. The fabrication of such platforms can contribute to the development of (bio)sensors 

that can predict the infectivity or the hazard of new emerging virus strains.    

Adequate surface modification methods are required, which ensure the control of specific 

properties. Among all, the control of the surface ligand density as well as the prevention of 

non-specific interactions are two of the major requirements that need to be met in the 

modification of surfaces for biosensing applications. Development of such methods can 

therefore be extended to a wide range of, both monovalent and multivalent, biological 

interactions.  

The research described in this thesis aims at developing surface functionalization methods 

for the investigation of multivalent biological systems at interfaces. Specifically, two 

different approaches were chosen here to modify substrates. One part of the work is focused 

on the formation of poly-L-lysine (PLL)-based monolayers on several types of substrates 

(Chapters 3 and 4). In the second part (Chapters 5-7), supported lipid bilayers (SLBs) are 
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investigated as a platform technology. The control over the ligand density at the interface and 

the quantification of the interactions are two major objectives presented in this work. 

Chapter 2 provides a literature overview of literature methods employed in the modification 

of surfaces which provide control over the ligand density. Particular emphasis is put on 

methods employed for the study of biological systems.  

Chapter 3 reports the development of a fast and effective substrate functionalization method 

for the selective immobilization of biomolecules, employing the combination of PLL 

adsorption and click chemistry. This system has been employed to investigate the 

immobilization of DNA probes on both silicon dioxide and gold surface. The capability of 

such probes to recognize complementary sequences in solution has been investigated. 

Finally, control over the DNA probe density on the surfaces has been assessed by surface 

adsorption and electrochemical methods.   

In Chapter 4, modified PLLs have been developed for the effective modification of 

polymeric substrates such as cyclic olefin polymer (COP) and Ormostamp, both employable 

in the fabrication of (bio)medical devices, with biomolecules. As a proof of concept, DNA 

probes were used for the modification of these substrates. Soft lithography techniques were 

used for the patterning of PLL on the surface for the further modification with DNA probes. 

Antifouling properties, stability of the surface modification and biorecognition capability 

have been assessed. 

Chapter 5 describes the development of a SLB platform for the quantification of multivalent 

interactions of influenza viruses at the interface. Biotinylated SLBs were used in order to 

functionalize surfaces with streptavidin (SAv) and subsequently with biotinylated polymeric 

receptors. The control over the surface ligand density by variation of the lipid composition 

was investigated. Recombinant hemagglutinin (HA) nanoparticles were employed instead of 

full viruses for a better quantification of the interactions and the interaction area.  

Based on the findings of Chapter 5, the same platform was used in Chapter 6 for the study 

of the interaction of full viruses with receptor-modified surfaces. Selectivity and specificity 

of the virus-receptor interaction were successfully tested. Quantification of the interactions 

was targeted using full titrations with viruses. Parameters such as glycan receptor density and 

glycan length were varied in order to investigate their effect on the overall virus binding.  

Finally, in Chapter 7, SLBs have been employed for the investigation of the phenomenon of 

receptor clustering in cell membranes. In particular, the recruitment of SAv upon binding of 

multivalent biotinylated small and giant unilamellar vesicles was studied. Densities of SAv 

receptors on the surface and of biotin in the vesicles were varied in order to study their effect 

on the binding in a quantitative fashion. An analysis of the molecular parameters involved in 

the interaction, such as the number of receptors recruited and the interacting area, is provided 

here. 
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Chapter 2 

 

Surface Modification with Control over Ligand 

Density for the Study of Multivalent  

Biological Systems 

 

In the study of multivalent interactions at interfaces, the density of the ligands or receptors 

displayed at the interface plays a pivotal role, affecting overall binding affinities and 

valencies involved in the interactions. In order to control the ligand or receptor density at 

the interface, several approaches have been used, concerning the functionalization of a wide 

range of surfaces. In this chapter, different methods employed in the modification of surfaces 

with controlled densities of ligands are being reviewed. Examples of such methods 

encompass the formation of self-assembled monolayers (SAMs), supported lipid bilayers 

(SLB) or polymeric layers on surfaces. Particular emphasis is given to the methods employed 

in the study of different types of multivalent biological interactions and their working 

principles.   
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2.1 Introduction 

Multivalency is a fundamental principle involved in a wide variety of biological systems, 

such as protein-protein interactions, cellular recognition and modulation of cell signaling.1-3 

Several weak, non-covalent and reversible interactions, for example between proteins and 

carbohydrates, can provide an overall strong and highly specific binding when occurring in 

a multivalent fashion. In this way, enhancement of binding affinities of several orders of 

magnitude is generally achieved.4  

The enhancement of the affinity due to multivalent interactions plays an important role in the 

improvement of selectivity in the target recognition in biological processes.5 Pathogens, for 

example, take advantage of multiple protein-carbohydrate interactions for cell adhesion 

which is the onset for the invasion or infection of the host cell.6 One of the most studied 

multivalent systems is the influenza virus, which binds multivalently with its hemagglutinin 

(HA) protein to sialic acid residues expressed on the cell surface in the first stage of the 

infection (Figure 2.1A). The cholera toxin (CT) secreted by Vibrio cholerae, composed of 

one toxic A subunit and five identical B subunits responsible of the uptake of the toxin, binds 

multivalently to GM1 residues of epithelial cells in the small intestine facilitating endocytosis 

(Figure 2.1B).7,8  More examples have been extensively reported in literature.1, 9 

The study and the quantification of multivalent interactions is important in order to obtain 

molecular insight into the biological systems in which they are involved. For this reason 

numerous synthetic systems have been developed to investigate multivalency and its 

principles. Some contributions in this field have promoted the understanding of multivalent 

interactions both in solution and at surfaces in a quantitative manner.10,11  

Applications of multivalency principles have been investigated in several fields. Multivalent 

molecules have been synthesized, for example, to induce cellular responses.12 Application of 

strong multivalent receptor-protein interactions have been employed for the preparation of 

inhibitors of pathogens such as Escherichia coli13 or influenza.14 Other multivalent 

molecules, such as dendrimers, have been extensively used in nanomedicine.15 A large 

number of multivalent structures, employing scaffolds to which multiple ligands are 

anchored, have been synthesized, with varying size, shape, valency and physical 

characteristics for a wide range of applications.16,17 
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Figure 2.1. Examples of biological multivalent systems. (A) Schematic representation of the 

multivalent interaction of a virus with a cell membrane. Adapted from ref. 2 with permission from John 

Wiley and Sons. (B) Structure of the pentavalent B subunits of cholera toxin binding to five mannose 

residues. Reproduced from ref. 8 by permission of The Royal Society of Chemistry. 

 

In this Chapter, a general overview of the surface functionalization methods employed for 

the study of multivalent interactions at interfaces is provided, with a focus on the methods 

that allow control over the ligand density. In particular, this chapter aims at providing an 

overview of functionalization methods for two-dimensional surfaces. Modification of 

nanoparticle surfaces with controlled ligand density, although largely reported in literature,18-

20 is beyond the scope of this review. In the first part, surface modification methods employed 

for the control of the of ligand density is discussed. The second part aims at providing an 

overview of multivalent systems investigated at interfaces. 

 

2.2 Multivalency at surfaces 

Although less investigated than multivalent systems in solution, multivalent interactions at 

interfaces are particularly important.21 Surfaces modified with several monovalent ligands or 

receptors can be considered as multivalent platforms at which multivalent interactions can be 

studied.21 Therefore, interactions at surfaces (e.g. of cell membranes, self-assembled 

monolayers and lipid membranes) can be investigated in order to better understand 

multivalency principles and their effect on biological systems.  

Several studies of multivalent principles at interfaces have been reported. A large 

contribution was given by Reinhoudt and Huskens in this field by their studies of multivalent 

systems binding at β-cyclodextrin self-assembled monolayers (CD SAMs).22-25 In their 

studies, these so-called molecular printboards have been developed for the selective binding 

of molecules with defined valencies and binding affinities. Moreover, models have been 

described for the interpretation of the binding of multivalent molecules to interface-

immobilized receptors.  
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Concomitant to the study of the fundamental principles of multivalency, the application of 

multivalent interactions at interfaces has been largely investigated. Multivalent binding of 

molecules and proteins at functionalized surfaces has been used in nanotechnology for the 

fabrication of dynamic nanochips or biosensors. Reversible DNA binding on surfaces was 

achieved by using photolabile multivalent dendrons, which release DNA upon UV irradiation 

due to degradation and charge‐switching multivalency.26 In another example, Fragoso et al. 

immobilized Cytochrome c at an electrode surface via multivalent supramolecular 

interactions.27 Tkac and coworkers developed lectin biosensors for the detection of 

glycoproteins with a detection limit in the femtomolar range (Figure 2.2A).28 More recently, 

Chen and coworkers reported a dynamic supramolecular multivalent platform capable of 

specifically capturing and releasing bacteria (Figure 2.2B).29 Numerous glycan microarrays 

have been developed for the selective modification of surfaces with monovalent or 

multivalent ligands in order to bind carbohydrate binding proteins (CBP) in a multivalent 

fashion.30,31 In this way, the binding affinities and selectivities of CBPs for specific receptors 

have been investigated. 

 

 

Figure 2.2. (A) Schematic representation of a self-assembled monolayer of 11-mercaptoundecanoic 

formed on a gold surface, and subsequent activation of the –COOH group for the immobilization of 

lectins for the detection of glycoproteins. Adapted with permission from ref. 28. Copyright (2013) 

American Chemical Society. (B) Localized release of bacteria on the Au surface: area (I) refers to the 

region without UV irradiation, area (II) to the boundary region, and area (III) to the region irradiated 

with UV. Adapted with permission from ref. 29. Copyright (2017) American Chemical Society. 
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2.2.1 Role of the ligand density on the surface 

In the study of multivalent biological systems, bioactive surfaces need to meet specific 

requirements to provide an optimal performance of interaction. First of all, surfaces must 

provide a high and well-controlled binding capacity of the biomolecules, which must prevent, 

at the same time, their denaturation upon binding. Secondly, non-specific interactions of 

biomolecules need to be prevented. Therefore, adequate surface modifications that provide 

antifouling properties are required.32 Additionally, ligand-receptor interactions are known to 

be strongly dependent on a threshold ligand density.33 In multivalent interactions, the average 

density of ligands on the surface needs to match the density of binding sites of the receptors 

in order to provide an efficient recognition.34 In the case of low ligand densities, average 

inter-ligand distances are too large and only weak monovalent interactions occur. When 

ligand densities reach a minimum value (threshold), multivalent interactions can occur, 

providing a stronger and more stable binding. For this reason, the surface ligand density 

appears to be a fundamental parameter that needs to be taken into account for the achievement 

of optimal interactions at the interface.  

The importance of the control of the ligand density at surfaces was discussed by Kiessling 

and coworkers with an illustrative example in their study of the interaction of concanavalin 

(ConA) with mannose-functionalized surfaces.35 ConA, a tetrameric lectin with a binding 

affinity for mannose residues and presenting binding sites with a distance of approximately 

6.5 nm, can bind divalently to ligand-functionalized surfaces. In this study, the authors 

observed that the adsorption of ConA on gold surfaces, detected by SPR, was strongly 

dependent on the saccharide density at the interface (Figure 2.3A). Specifically, a small 

adsorption of proteins onto the surface was observed at low ligand surface densities, for 

which the average carbohydrate spacing was larger than 6.5 nm. The reduced adsorption was 

attributed to a weak monovalent ligand-receptor interaction. By increasing the carbohydrate 

density on the surface (i.e. with an average distance of less than 6.5 nm), a much higher 

protein adsorption was obtained owing to the occurring multivalent interaction. A further 

increase of the ligand density, however, did not result in an increased amount of protein 

bound to the surface. Due to the rigidity, the low valency and large spacing of ConA, several 

carbohydrates remained unbound at the surface. 

Additional effects such as steric hindrance or electrostatic repulsion between ligands on the 

surface may affect the overall ligand-receptor interaction, leading to alteration or even a 

decrease of binding affinities at increasing ligand densities. Cremer and coworkers, for 

example, have reported an effect of ligand clustering in the binding of the cholera toxin B 

subunit (CTB) with ganglioside GM1 at a supported lipid bilayer (SLB). By varying the 
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concentration of GM1 from 0.02 to 10.0 mol% in the phospholipid membrane, the binding 

of cholera toxin proteins was weakened upon increase of the ligand density (Figure 2.3B).36  

 

 

Figure 2.3. (A) Schematic model of the binding of ConA on mannose-modified surfaces. In case of 

low mannose densities, the average distance between residues is too large to enable ConA to bind with 

two residues. At an intermediate carbohydrate coverage, the distance between mannose residues allows 

the protein to interact with multiple carbohydrates on the surface. A high ligand density does not lead 

to a further increase of the amount of protein bound to the surface. Reprinted with permission from ref. 

35. Copyright (2003) American Chemical Society. (B) Schematic representation of the inhibition of 

CTB binding caused by clustering of GM1. Reprinted with permission from ref. 36. Copyright (2007) 

American Chemical Society. 

 

2.3 Methods for controlling the surface density 

Several approaches for the functionalization of surfaces with a wide range of ligands have 

been reported. Self-assembled monolayers (SAMs), supported lipid bilayers (SLBs) and 

different types of polymers have been extensively employed for the functionalization of 

substrates with ligands such as carbohydrates, peptides or DNA strands. Among all the 

surface modification strategies, three main conceptual approaches can be used for the 

modification of surfaces with a precise control over the ligand density displayed at the 

interface: i) mixing of active and inactive ligands; ii) using pre-functionalized polymers or 

proteins; iii) controlling surface modification in three-dimensional structures. In this section, 

some examples for each of the mentioned method are reported. A brief overview of the 

different types of chemistry employed for the modification of surfaces is also provided. 
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2.3.1 Mixing of molecules in solution 

Among the different approaches generally employed for the control over the ligand density 

on the surface, the mixing of functionalized and non-functionalized molecules in solution 

prior to the functionalization of surfaces is by far the most used. In particular, two main 

approaches can be used for a controlled modification of substrates: Surfaces can be modified 

in a first step with active functional groups such as N-hydroxysuccinimide (NHS) or click 

chemistry groups, which subsequently react with ligands bearing proper chemical 

modification. Alternatively, ligand-modified molecules can be directly reacted onto the 

surface. In both cases, the molar ratio of functionalized molecules in the mixture determines 

the density of ligands displayed at the surface. This method is mainly used with SAMs, SLBs 

and protein-modified surfaces. 

 

Self-assembled monolayers (SAMs)  

One of the most commonly employed surface modification methods for the study of 

interactions at interfaces is the formation of SAMs.37 SAMs are well-known two-dimensional 

nanostructures formed by the ordered assembly of molecules onto a large variety of solid 

surfaces.38 The two most commonly used classes of SAMs are the sulfur-containing 

molecules (sulfides, disulfides and thiols) on gold (and other noble metal) substrates and the 

alkylsilanes on oxide surfaces. Due to the ease of preparation, the high stability, and the 

possibility of modifying substrates with desired properties, SAMs have been largely 

employed for the modification of surfaces for a wide range of applications. Detailed 

descriptions of the properties and applications of SAMs have been exhaustively illustrated in 

several reviews.38-40  

The formation of SAMs of sulfur-containing molecules on gold is an exquisite method for 

the modification of surfaces with controlled ligand density.41 The most commonly used 

method to form SAMs consists of the mixing of alkanethiols in different ratios with thiols 

containing a functional group, such as NHS or maleimide. Subsequently, ligands bearing 

complementary functional groups (i.e. amino groups or thiols) are reacted onto the thiol-

modified substrates. Alternatively, in order to improve the antifouling properties of the 

SAMs, thiols containing poly(ethylene glycol) (PEG) chains are used in the mixtures. Gold 

surfaces are therefore incubated with these solutions in order to form monolayers with a 

stochastic display of functional groups. By varying the molar fraction of thiols bearing 

functional groups in the thiol mixture, it is possible to accurately tune the ligand density on 

the surface in the second step. This method has been used for a large variety of applications 

such as the formation of micro-arrays and (bio)sensors for multivalent interactions.42-44 
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Impedimetric glycan biosensors have been developed using mixtures of thiols on gold 

substrates by Hushegyi et al.45 Mixed SAMs of sialic acid residues were made with controlled 

ligand densities. Specifically, mixtures of 11-mercaptoundecanoic acid (MUA) with 6-

mercaptoexanol were used for the functionalization of gold substrates, with MUA molar 

fractions ranging from 5% to 50%. After activation of the carboxylic acid groups of MUA 

with EDC/NHS, the formed esters were reacted with amine-terminated glycans. By using the 

same approach, Magnusson and coworkers functionalized surfaces with controllable 

densities of modified chemoattractant peptides.46 Solutions of maleimide-terminated and 

OEG-containing alkyldisulfides were used for the formation of SAMs on gold (Figure 2.4). 

Cys-terminated ligands were subsequently bound on the surface by coupling with maleimide. 

In another example, Mrksich and coworkers formed SAMs on gold using thiols presenting 

maleimide groups for the anchoring of carbohydrates and peptides.47  

 

 

 

Figure 2.4. (A) Immobilization of Cys-modified peptides on gold surfaces modified with SAMs formed 

from maleimide and OEG-containing thiols. The maleimide allows the specific functionalization with 

peptides whereas the OEG improves the antifouling properties of the surface. Adapted with permission 

from ref. 46. Copyright (2008) American Chemical Society. (B) Schematic representation of 

electrochemical oxidation [O] of hydroquinone to quinone and subsequent reaction with a soluble 

oxyamine-tagged ligand (RONH2) to give the redox-active oxime conjugate on the surface. Adapted 

from ref. 48 with permission from John Wiley and Sons. 

 

Yousaf and Mrksich pioneered the formation of electroactive SAMs for the controlled 

functionalization of surfaces with ligands.48 Hydroquinone-functionalized thiols, which can 

be chemically or electrochemically oxidized to benzoquinone, were employed for the 

modification of surfaces. After oxidation, the obtained quinone monolayer can subsequently 

react, for example, with cyclo-pentadiene-modified peptides by a Diels-Alder reaction,49,50 

or with oxyamine ligands to give a redox-active oxime conjugate51 on the surface (Figure 
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2.4B). In this way, a large variety of biologically active ligands can be reversibly anchored 

to the surface. Surfaces were, for example, functionalized using high-throughput microarray 

technology with controlled densities of FLAG or RGD peptide ligands. After the 

immobilization of the thiolated hydroquinone, the hydroquinone headgroups were converted 

to quinone by electrochemical oxidation at 750 mV. In this way the quinone monolayer was 

reacted with an aminooxy-functionalized peptide. The molar fraction of hydroquinone-

functionalized thiols in the formation of the SAM regulates the peptide ligand density at the 

interface.  

By exploiting click chemistry reactions, Dubacheva et al. reported the formation of SAMs 

composed of mixed pegylated thiols with and without azide functional groups for the 

modification of surfaces with controlled ferrocene (Fc) or adamantane (Ad) densities.52 

Alkyne derivatives of the guests were added to the surface by exploiting the azide-alkyne 

click reaction. Control of the guest density was achieved by tuning the fraction of azide-

modified thiols mixed with the regular PEG thiol in the first step. The variation of the 

functional group densities from 0.5 to 330 pmol/cm2 led to average distances between 

neighboring ferrocenes ranging from 18 to 0.7 nm, respectively. 

With a different approach, SAMs can be directly formed with ligand-functionalized thiols. 

In this approach, a chemical modification of the ligand is performed prior to adsorption onto 

the surface. In this way, Houseman et al. functionalized surfaces with controlled densities of 

Gly-Arg-Gly-Asp-Ser (GRGDS) peptide ligands by exploiting the formation of alkanethiol-

based SAMs on gold.53    

The formation of silane monolayers on glass substrates is a valid alternative for the 

functionalization of surfaces with ligands. Compared to thiol-based SAMs, silane-terminated 

monolayers have a higher chemical stability, thus allowing a broader range of chemical 

reactions on surfaces.54 However, silanes present the disadvantage of being highly reactive. 

Moreover, the control over ligand density appears to be less predictable for silane-based 

monolayers than for thiols on gold. A binary mixed SAM consisting of 3-

aminopropyltriethoxysilane (APTES) and octadecyltrimethoxysilane (ODS) showed that 

APTES is significantly enriched in the mixed SAM compared to the starting solution.55 

Similarly, when amino-terminated silanes and methyl-terminated silanes were mixed in 

different ratios to form SAMs on aluminum oxide surfaces by co-adsorption of the silanes, 

the composition of the monolayer, as studied with AFM, contact angle, XPS and mechanical 

tests, indicated that the amine-terminated silanes adsorbed two times faster than the methyl-

terminated silanes.56 An efficient modification of substrates with controlled ligand densities 

was achieved by Wayment et al. by mixing a low concentration of (3-

aminopropyl)triethoxysilane (APTES) and a much larger concentration of (2-

cyanoethyl)triethoxysilane (CETES). The low amino group density on the surface due to the 
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presence of APTES, allowed the modification of surfaces with a very low fraction of biotin 

moieties (<10-7).57 

 

Supported lipid bilayers (SLBs) 

Although extensively used for the study of biological interactions at interfaces, SAMs 

resemble only remotely real biological membranes and lack some typical membrane 

properties, such as membrane fluidity, which is essential to mimic mobility and ligand 

reorganization occurring at cell membranes upon interactions.58 In this regard, the formation 

of SLBs has emerged as a valid alternative method for the modification of surfaces for 

biological studies.59,60 SLBs are two-dimensional fluid platforms consisting of phospholipids 

retaining some of the relevant properties of cell membranes.61 Phospholipid vesicles, under 

specific conditions, rupture on activated hydrophilic surfaces such as mica, glass and silicon, 

forming a notably stable lipid bilayer.59 The presence of a thin water layer (approx. 10 Å 

thick)62 between the formed lipid bilayer and the underlying surface allows the mobility of 

the lipids on the surface providing fluidity to SLBs. In particular, the fluidity of the system 

can be regulated by varying the chemical composition of the SLB.63  

SLBs have been reported to present excellent antifouling properties, preventing the 

nonspecific adsorption of proteins and cells onto their surface.64 Methods for the introduction 

of ligands/receptors of choice in the SLB have been reported in literature.61 Briefly, lipids 

modified with a particular functional moiety can be added to the lipid mixture during the 

vesicle preparation and thus get displayed on the surface after the formation of the SLB. 

Subsequently, as in the case of SAMs, modified ligands that react or interact with these 

functional groups can be anchored onto the surface. In a different approach, ligand-modified 

lipids can be directly added to the lipid mixture before the formation of the SLB. In both 

approaches, controlling the molar fraction of functionalized lipids in the lipid mixture 

provides an exquisite method to control the surface density. 

Several ligands and receptors have been anchored to SLBs with tunable densities by 

exploiting both non-covalent and covalent interactions. Biotinylated lipids can be introduced 

in SLBs by mixing 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or 1-palmitoyl-2-

oleoyl-glycero-3-phosphocholine (POPC) lipids with biotinylated phosphatidylethanolamine 

(biotin-DOPE) during the preparation of vesicles.65 Streptavidin (SAv) can, therefore, be 

used as a linker for the further functionalization of surfaces with biotinylated linkers by 

exploiting the strong non-covalent biotin-SAv interaction.66 Koçer and Jonkheijm, for 

example, varied the amounts of DOPE-biotin (between 0.01 and 1 mol%) in fluid DOPC and 

non-fluid DPPC-based SLBs in order to functionalize surfaces with varying RGD ligand 

densities.67 Alternatively, lipid molecules containing a nitrilotriacetic acid (NTA) head group 
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can be doped into the SLB, and proteins modified with histidine tags can be chelated with 

the NTA lipids in the presence of Ni2+ ions.68 Multiple histidine are typically added to ensure, 

at the same time, the stability of the attachment of the proteins and their proper orientation at 

the interface. Lipids modified with two NTA moieties (bis-NTA) were synthesized by Piehler 

and coworkers for the modification of SLBs with histidine-tagged proteins.69  

In the case of covalent modification of SLBs, lipids containing reactive functional groups, as 

for example maleimide, can be incorporated into the bilayer for the binding of 

complementary, e.g. thiol, functionalized molecules or proteins containing cysteine residues. 

Thid et al. used vesicles doped with 0-5% maleimide-terminated lipids for the formation of 

SLBs on SiO2 substrates, which were subsequently functionalized with IKVAV-containing 

peptides.70 A different approach consists of the direct modification of biomolecules with a 

lipid that can be inserted into the SLB. Control of the surface ligand density can be 

quantitatively achieved by adjusting the molar fraction of modified lipids in the lipid mixture 

during the preparation of the vesicle. Synthetic glycolipids have been used, for example, for 

the introduction of controlled densities of glycans in SLBs.36, 71,72    

As a valid alternative to SLBs, supported lipid monolayers (SLMs) can be also employed for 

the modification of surfaces with ligands. Methods as Langmuir-Blodgett or Langmuir-

Schaefer can be used for the formation of monolayers.73 Alternatively, SLMs can be formed 

from the rupture of lipid vesicles on hydrophobic self-assembled monolayers.74 

Octadecanethiol on gold or octadecyltrichlorosilane on glass surfaces are two typical 

examples of hydrophobic monolayers used for hybrid bilayer formation, owing to the 

possibility of forming highly ordered and well-packed monolayers.75,76 

Kiessling and coworkers developed an SLM in order to control the mannose ligand density 

on surfaces (Figure 2.5).77 In their studies, POPC liposomes containing different ratios of 

synthetic glycolipids bearing mannose groups where added on gold surfaces pre-

functionalized with alkanethiols. As in the case of SLBs, by tuning the molar ratio of 

synthetic glycolipids in the mixture with POPC during the formation of liposomes, it was 

possible to control the density of mannose exposed on the surface.  
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Figure 2.5. Scheme illustrating control over ligand density using supported lipid monolayers. Adapted 

with permission from ref. 77. Copyright 1998 American Chemical Society. 

 

Formation of protein layers 

The formation of protein layers on surfaces has been also employed for the control of the 

surface density on the surface. In particular, the functionalization of substrates with SAv has 

been largely used for the modification of surfaces with biotinylated receptors. Techniques 

such as biolayer interferometry (BLI), for example, employ SAv-covered surfaces for the 

modification of surfaces with controlled densities of saccharides. By controlling the molar 

ratio of biotinylated ligands with biotinylated dummy molecules, it is possible to tune the 

ligand density displayed on the surface. Xiong et al. functionalized surfaces with varying 

densities of sialic acid residues this way.78,79       

 

2.3.2 Pre-modified polymers and proteins 

The use of modified polymers or proteins represent an alternative way to functionalize 

surfaces with control over the exposed ligand density. In particular, polymers and proteins 

can be modified with specific ligands prior to their adsorption . The modification and the 

inter-ligand spacing on the polymer backbone or the protein provides thereby control of the 

ligand density displayed at the interface. 

Several examples of polymers and polyelectrolytes which allow an easy and controlled 

modification have been reported. Among several types of polymers, poly-L-lysine (PLL) has 

been extensively employed for the modification of surfaces with ligands. Owing to its 

positive charge at physiological pH, PLL can adsorb spontaneously from aqueous solutions 
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on negatively charged substrates (such as glass, titanium, niobium oxide) by electrostatic 

interactions, thus forming molecular monolayers.80 At the same time, the presence of terminal 

amino groups present at the lateral chains allows easy modification of the polymer.80, 81 PLL 

can be, for example, grafted with (PEG) chains by an NHS coupling reaction to generate 

PLL-graft-PEG (PLL-g-PEG), and the grafting ratio can be easily controlled during the 

synthesis step. PLL-g-PEG has been generated carrying additional biologically relevant 

ligands such as peptides,82 biotin83 or NTA84 at the termini of the PEG side chains allowing 

the display of these ligands on the functionalized surface. The control of the grafting ratio of 

the copolymer leads to the possibility of tailoring the ligand density on the surface. Among 

several reported examples, Barth et al. showed the possibility of tuning the saccharide density 

on the surface by using mannoside-functionalized PLL-g-PEG.85 In this study, a series of 

PLL-g-PEGs was synthesized containing either mono or oligo-mannosides, and these 

polymers were assembled on Nb2O5-coated glass surfaces. The mannose surface density was 

hereby varied between 0 and 26 pmol/cm2. 

More recently, Duan and coworkers employed oligo(ethylene glycol) (OEG)-grafted PLL 

(PLL-OEG) for the fabrication of a bio-functionalized film on nano-bioFETs.86 OEG and 

OEG-biotin moieties were grafted in different ratios to produce PLL-g-OEG-biotin 

containing different ligand densities. The total degree of functionalization of the PLL was 

varied to study the optimal functionalization to obtain both stability of the PLL on the surface 

and maximal adsorption of SAv. In our group, maleimide (Mal) groups were used instead of 

biotin in order to generate substrates modified with tunable densities of functional groups.87 

By exploiting the coupling between maleimide and thiolated peptide nucleic acid (PNA), 

PNA probes were displayed on the surface to form a biorecognition surface that allows the 

detection of complementary DNA (cDNA). The responses for cDNA hybridization were 

found to depend on the PNA probe density displayed at the interface which was set during 

the preceding PLL synthesis step, by controlling the amount of Mal in the polymer.  

Another intriguing example of control over ligand spacing using polypeptides is given in the 

work of Lin et al.88 Here, a polyproline helix type II (PPII), which is a non-charged 

polypeptide, was used as a scaffold for the binding of proteins onto surfaces. PPII was 

selectively modified at one side with glycans, whereas the other side was modified with 

fluorous groups which allowed the anchoring of the peptide on fluorous slides (Figure 2.6A). 

By tuning the number and the position of lateral fluorous chains, the display of the polymers 

on the surface was controlled. The surface density control was achieved by diluting the 

functionalized scaffold with unfunctionalized ones.88 

Alternatively, neoglycoproteins have been used to control the density of ligands on surfaces. 

Gildersleeve and coworkers have presented the use of glycoproteins bearing mannose 

residues for the modification of surfaces (Figure 2.6B).34 With this method, mannose residues 
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with different lengths were displayed on the surfaces to bind multivalently ConA proteins. 

Ligand density control was achieved by mixing BSA with glycoproteins in solution prior to 

adsorption onto the surface.  

 

Figure 2.6. (A) Schematic representation of different arrangements of polyproline scaffolds on fluorous 

surfaces for the control of carbohydrate densities. Reprinted with permission from ref. 88. Copyright 

(2017) American Chemical Society. (B) Different binding modes of ConA proteins to substrates with 

high and low neoglycoprotein density. Reprinted with permission from ref. 34. Copyright (2010) 

American Chemical Society. 

 

Polymer brushes 

An attractive alternative approach to engineer surfaces with controlled ligand density is 

represented by the use of polymer brushes. These polymers consists of either block 

copolymers or end-grafted polymers which are tethered to a surface at one end, allowing the 

formation of coatings with desirable thickness in a nanometric range.89 The other end of the 

polymer chain, instead, presents a functionality which can influence the property of the 

surface and can allow secondary functionalization of substrates. Several reviews have been 

reported, thoroughly describing properties and applications of this class of polymers.90-92 By 

reacting or anchoring ligands such as carbohydrates or peptides to the functional groups 

displayed at polymer brushes, it is possible to modify surfaces with ligands with controlled 

density.93, 94 

Haag and coworkers reported a polyglycerol (PG)-based block copolymer, synthesized from 

PG and a poly(allyl glycidyl ether) (PAGE), which was used for the functionalization of a 

large variety of surfaces with controlled RGD peptide densities.95 Interestingly, the addition 

of azide groups in the PG copolymer can allow secondary modification of the polymer with 

RGD by exploiting the strain-promoted cyclo-addition. By mixing azide-terminated with 
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bromide-terminated polymers it was possible to tune the grafting density of RGD on the 

surface. 

 

Figure 2.7. Representation of surface modification with PG-based amphiphilic block copolymers. The 

PG catechol groups contribute to binding to polar surfaces, while the phenyl groups are used for 

anchoring to non-polar surfaces. The N3 or Br terminal groups allow secondary modification of the 

surfaces. Adapted with permission from ref. 95. Copyright (2017) American Chemical Society. 

 

In a different example, polymer brushes were grafted from a surface by using surface‐

initiated atom transfer radical polymerization (SI-ATRP). Non-fouling poly(2-hydroxyethyl 

methacrylate) (PHEMA) and poly(poly(ethylene glycol)methacrylate) (PPEGMA) brushes 

were prepared on glass and silicon substrates with thicknesses between 20 and 150 nm with 

controlled RGD densities.90 Post-modification of the surface, performed with different 

concentrations of RGD-based peptide ligands in solution, led to ligand surface densities 

ranging between 0.5–12 pmol/cm2.  

Shi et al. presented the use of polymer brushes in combination with non-covalent host-guest 

interactions for the control of lysine ligand densities.96 Lysine-functionalized surfaces were 

prepared by integrating lysine-modified CD derivatives by host-guest interactions onto 

adamantyl-pre-modified copolymer brushes. Control of the localized and average lysine 

density at the surface was achieved by changing the lysine valency on the CD scaffolds and 

by diluting lysine-modified CD with pure CD, respectively (Figure 2.8). The influence of 

surface presentation of lysine residues and their local density in the binding affinity of 

plasminogen (Plg) was investigated by using lysine-modified polymer brushes. As a main 

conclusion, the displacement and the density of the lysines was found to affect not only the 
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binding affinities but also the valency of the overall interactions. Copolymer surfaces 

modified with heptavalent lysines [CD(Lys)7] showed higher Plg adsorption and higher Plg 

binding affinities compared to the monovalent ones [CD(Lys)1].  

 

 

Figure 2.8. Schematic representation of the modulation of localized and average lysine densities of 

surfaces by host-guest interactions using polymer brushes. Adamantyl-modified polymer brushes are 

modified with lysine-functionalized cyclodextrins bearing different numbers of lysines in order to 

produce different surface ligand densities. Adapted with permission from ref. 96. Copyright (2015) 

American Chemical Society. 

 

2.3.3 Formation of 3D layers  

While the formation of monolayers and bilayers are the most used methods for the 

functionalization of surfaces with ligands, these platforms allow only a 2D arrangement of 

the ligands on surfaces. However, the formation of a 3D environment, which resembles the 

in vivo conditions of biological interactions, can be particularly important in the study of 

biological systems. Cells, for examples, have shown different responses when placed in a 3D 

environment compared to 2D.41, 97 

In order to achieve a surface modification with 3D structures, glycodendrimers have been 

anchored onto surfaces. Pieters and coworkers anchored glycodendrimer-based glycan 

microarrays on porous aluminum oxide.98-99 Specifically, alkyne-functionalized dendrimers 
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were anchored on a maleimide-functionalized surface via an amine functional group linked 

to the core of the dendrimers. Subsequently, azide-functionalized carbohydrates were linked 

onto the surface by copper-catalyzed click chemistry. By controlling the valency of the 

carbohydrate-modified dendrimers, the ligand density at the surfaces was varied.  

Alternatively, microarrays based on end-point immobilization of oriented glycopolymers 

have been employed to mimic natural cell surface glycans in 3D. Sun and coworkers 

presented an O-cyanate chain-end functionalized glycopolymer for the modification of 

surfaces with glycans.100 Glycopolymers were pre-complexed with boronic acid ligands 

composed of varying lengths and then immobilized by isourea-bond formation at high pH 

onto an amine-functionalized glass slide. After the immobilization, the boronic acid ligands 

were released from the immobilized glycopolymers at a reduced pH to generate the oriented 

and density-controlled glycopolymer microarray. 

In a different approach, Musah et al. immobilized polyacrylamide-based hydrogels on a glass 

surface with varying densities of RGD peptides.101 Specifically, hydrogels bearing 

succinimidyl ester groups were used for the modification of surfaces. After the formation of 

the hydrogel, the activated esters were reacted with a mixture of an amine bearing a 

maleimide group and glucamine. While the former was used for peptide attachment by the 

coupling with a cysteine residue, the latter was employed as inert component. The ratio of 

glucamine and the maleimide-containing amine was varied in order to tune the peptide 

density. In another study by Murphy et al., PEG-based hydrogels where modified with 

varying densities of RGD peptides.102 The ligand density on the surfaces was varied by 

mixing RGD and RDG (inactive peptide) hydrogels, while keeping the total peptide 

concentration constant.  

 

2.4 Multivalent studies at functionalized platforms 

A large number of multivalent systems such as molecules, proteins, viruses or cells has been 

investigated at ligand-functionalized platforms. CD-modified surfaces have been used, for 

example, for the binding of multivalent polymers, and SAMs have been used for the 

formation of glycan arrays for the study of the interactions of proteins and cells. In this 

section, an overview of some relevant examples reported in the literature is provided. 

Examples of platforms with control over the ligand density are here reported, in which the 

density-dependent, multivalent affinity and binding behavior has been investigated. 

Examples of multivalent reversible binding are also discussed in this section.  
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2.4.1 Binding of molecules and polymers at interfaces 

The multivalent binding of several types of molecules at interfaces has been reported. Both 

small oligovalent ligands and large polyvalent polymers and dendrimers have been 

investigated, showing strong binding affinities for ligand-modified surfaces. The improved 

binding affinities and stability of the molecules on the surface, in comparison to the 

monovalent parent interaction, have been found to correlate with the multivalent nature of 

the interactions. Several examples of synthetic multivalent host-guest interactions at 

interfaces have been reported by Huskens and coworkers, providing a detailed understanding 

of the thermodynamic contributions of multivalent binding at interfaces.103-104 Stronger 

binding affinities were observed for multivalent interactions at the interface compared to the 

equivalent systems in solution due to a local high concentration (also called effective 

molarity) of receptors created by surface immobilization. 

In a recent report, the binding of fluorescent dye-labelled multivalent azopyridine molecules 

to gold and plastic substrates was investigated by Valderrey et al.105 In this work, 

heteroternary host–guest complexes of multivalent azopyridines with methyl 

viologen/cucurbit[8]uril inclusion complexes were formed at viologen-functionalized 

surfaces. Surface binding constants of multivalent ligands, determined  by SPR, showed 

binding affinities that were two orders of magnitude higher than that of the monovalent one. 

Interestingly, supramolecular exchange experiments performed by patterning of mono and 

divalent molecules on surfaces, showed a substitution of the monovalent guest by the 

multivalent ones. 

The dynamic binding of multivalent redox-active ferrocenyl dendrimers at β-CD monolayers 

was investigated by Nijhuis et al.106, 107 The dendrimers of higher generations formed 

kinetically stable supramolecular assemblies at the CD surface presenting up to eight 

multivalent interacting pairs. Desorption of the dendrimers was achieved by electrochemical 

oxidation of the Fc end groups of the dendrimers which led to an efficient unbinding of the 

molecules from the host surface. Desorption and re-adsorption of the dendrimers were 

repeated several times without significant decomposition of the system. 

Several examples of the binding of polyvalent polymers at modified platforms have been 

reported. Polymer systems have been used as models for the investigation of biological 

interactions. The multivalent interaction of p-tert-butylphenyl or adamantyl-functionalized 

poly(iso-butene-alt-maleic acid)s at CD SAMs, leading to thermodynamically and kinetically 

stable multivalent assemblies, was reported by Crespo-Biel et al.108 The polymer 

concentration and the nature or number of the functionalization did not affect the adsorption 

notably, nor did addition of monovalent competitors in solution lead to measurable polymer 

desorption, showing the strength of the overall interaction. The polymers were found to 
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adsorb in a conformationally fully unwound fashion, leading to very thin (<1 nm) layers with 

practically complete usage of the polymer-attached guest sites. 

Dubacheva et al. reported the interaction of CD-modified hyaluronan (HA) polymers with 

ferrocene (Fc) or adamantane (Ad)-modified surfaces (see above).52 The variation of Ad and 

Fc densities allowed the study of the superselective binding behavior of the multivalent 

polymers. In this work, an analytical model was developed that provides quantitative 

predictions of the tuning of the superselective binding properties of the polymer, based on 

molecular characteristics such as affinity and valency. The effect of the ligand mobility at 

surfaces to the superselective binding  was recently investigated.109 The binding of 

multivalent CD-modified HA polymers was found to be enhanced and shifted to lower 

receptor densities at fluid interfaces (based on SLBs) compared to immobile ones (based on 

SAMs). 

 

2.4.2 Binding of proteins and peptides at interfaces 

Multivalent interactions at interfaces of a wide range of proteins have been investigated, 

which generally showed a strong dependence of the overall binding affinity on the surface 

ligand density. One of the most studied polyvalent proteins is ConA. The weak binding 

affinity of ConA to mono-saccharide ligands (Ka ~ 104 M-1), enforced by multivalent 

interactions, together with its tetrameric structure, makes ConA an ideal model for the study 

of protein-carbohydrate interactions at the interface.110 Hereby some of the most relevant 

examples of studies of the binding of ConA at surfaces are reported.  

Sato et al. designed a lectin-recognizing molecular interface for ConA by using SAMs 

consisting of 12-mercaptododecyl β-maltoside (MalC12SH) and OH-terminated thiols 

(HOCnSH, of varying length) as filling molecules (Figure 2.9A).111 Variations of both ligand 

density and dummy thiol length led to the optimization of the protein-carbohydrate 

interaction. Specifically, the enhancement of the valency of the interaction was controlled by 

creating a significant height difference between the saccharide and the terminus of the filling 

molecule. An optimal ligand density was found at 10% of MalC12SH in the mixed monolayer. 

Kiessling and coworkers investigated the multivalent binding of ConA at SLMs, where the 

best sensitivity of the interaction was achieved with 10% of functionalization with mannose 

in the total lipid mixture.77 Alternatively, a mannose-containing cross-linked polyacrylamide 

(c-PAAm) was employed as a surface-immobilized polyvalent ligand for the multivalent 

recognition of ConA on surfaces.112 With this approach, high-affinity binding (∼106 M-1) and 

highly sensitive detection were achieved.  
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Figure 2.9. Multivalent binding of proteins on ligand-presenting platforms. A) Schematic 

representation of binding of ConA for different densities of β-maltoside. Different densities of 

saccharide-modified thiols in the total thiol mixture causes a difference in the binding valency and 

affinity of ConA. Reprinted with permission from ref. 111. Copyright (2012) American Chemical 

Society. (B) Schematic representation of the formation of a flavin-modified dsDNA layer. The use of 

DNA mixtures with and without flavin allows the variation of flavin density on the surface, leading to 

different valency in the overall interaction with dodecin proteins. Adapted with permission from ref. 

115. Copyright (2015) American Chemical Society. (C) Binding of an ant-biotin antibody on a biotin-

modified SLB resulting in an increased fluorescence of Texas Red DHPE-lipids. Adapted with 

permission from ref. 116. Copyright (2009) American Chemical Society. 

 

A wide range of multivalent protein-carbohydrate interactions at interfaces has been 

investigated. SAMs containing mannose, lactose, or α-Gal trisaccharide were used in the 

study of specific carbohydrate-protein interactions with ConA, ECL-lactose and anti-Gal, 

respectively. Overall binding constants for these interactions were determined by QCM, SPR 

and electrochemistry studies.113  

The multivalent binding of the Lens culinaris (LENS) lectin was investigated on mannose-

functionalized crystalline Si(111) surfaces.114 After the modification of the surfaces with 

glycan  residues by “click” coupling, the multivalent interactions were investigated by 

quantitative attenuated total reflectance Fourier transform infrared spectroscopy  (ATR-

FTIR) and atomic force microscopy (AFM). The variation of the ligand density at the surface 

(varied from 7.2 × 1012 to 1.2 × 1014 molecules per cm2) showed an effect on the protein 

binding, and optimal binding was achieved at a fraction of 10 mol% of mannose residues on 

the surface. At a lower mannose density (1 mol%), only monovalent interactions occurred, 
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which resulted in a decrease of protein adsorption. At high ligand density (100%) instead, 

limitations in protein adsorption were observed as a consequence of steric hindrance between 

mannose residues, as the average inter-ligand density (0.91 nm) resulted to be lower than the 

size of the carbohydrate recognition domain (1.4 nm).114 

Nöll and coworkers reported the multivalent interaction of the flavoprotein dodecin with a 

flavin-terminated DNA monolayer.115 Surfaces were modified with controlled densities of 

flavin by using single-stranded DNA (ssDNA) which was stably anchored on a gold surface 

using three dithiane groups. In a following step, a complementary flavin-modified ssDNA 

was added for hybridization. By mixing flavin-free and flavin-modified complementary 

DNA in different ratios, it was possible to tune the ligand density displayed at the interface. 

The density was found to influence the valency of the dodicin interaction at the interface. 

Low flavin surface coverages (<17%) led to weak monovalent binding with the protein, while 

at high densities (>31%) multiple binding events allowed a more stable multivalent binding 

(Figure 2.9B). At high flavin coverage up to three binding pockets were estimated to be 

accessible for each dodecin due to the octahedral arrangement of the six dodecin binding 

pockets. By using multivalent interactions, dodecin proteins were also tested for the 

generation of stable sandwich-type flavin-apododecin-flavin architectures on surfaces.115 

The multivalent interaction of anti-biotin antibodies and cholera toxin B subunits with biotin 

and GM1-modified surfaces, respectively, was presented by the group of Cremer.116 SLBs 

were doped with pH-sensitive ortho-Texas Red-DHPE lipids, which fluoresce at acidic pH 

and become non-fluorescent at higher pH. The binding of a negatively charged protein, 

causing a local decrease of pH at the interface, affected the fluorescence at the SLB (Figure 

2.9C). By following the increase in fluorescence intensity upon binding of the protein, 

equilibrium dissociation constants were obtained with affinities in the nM range.  

Cremer and coworkers inserted 2,4-dinitrophenyl (DPN) in the SLBs, and studied the effect 

of the density of DPN to the binding with their associated IgG antibodies by using a high-

throughput microfluidic device.117 By mixing DPN-conjugated lipids with egg 

phosphatidylcholine (egg-PC) in different ratios in the vesicle preparation step, the DPN 

density in the lipid membranes was varied from 0.1 to 5.0 mol%.  Interestingly, the results 

showed that the density affects the affinity of the interaction. The apparent dissociation 

constant, KDapp, between DNP and the antibodies, obtained with epifluorescence microscopy, 

increased by about a factor of 10 by increasing the DNP density from 0.1 to 3.75 mol%, while 

higher densities did not lead to a further increased affinity. 

Joubert et al. formed microarrays based on poly(bis-SorbPC) lipids doped with GM1 lipids 

for the study of the interaction with the cholera toxin protein.118 After UV-initiated 

polymerization, air stable poly(lipid) bilayer microarrays were obtained. GM1 molar ratios 

in the lipid mixture were varied from 0 to 10% leading to varying adsorption of labeled CTB 
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proteins. The extent of binding of CTB in each spot, detected by fluorescence microscopy, 

was correlated to the mole percentage of GM1. CTB proteins were successfully removed 

from surfaces by exposure of GM1-modified arrays to denaturants. In this way the 

regeneration of the arrays was achieved, and the CTB binding capability was confirmed after 

multiple regeneration cycles. 

Brock and coworkers investigated the binding selectivity of oligo-histidines to immobilized 

multiple NTA moieties.119 By means of microarrays, mono-, bis-, tris- and tetrakis-NTA 

chelators were spotted at different surface densities. The ability of histidine-based 

multivalent binders to discriminate fluorescently labelled hexa and decahistidine peptides 

was tested. This work showed that, when both peptides were incubated together, an increased 

affinity of decahistidine was observed compared to hexahistidine, while also showing a 

strong dependence on the chelator density. Binding assays by dual-color total internal 

reflection fluorescence spectroscopy revealed active exchange of His6 by His10, thus 

confirming the high selectivity towards His10. 

 

2.4.3 Binding of viruses and virus-like particles at interfaces 

Interactions of viruses with receptor-modified surfaces have been widely investigated. 

Functionalization of surfaces with precise control of the ligand densities was achieved for the 

development of biosensing surfaces able to detect low concentrations of virus in solution. 

Quantification of the interaction of several types of viruses was also achieved. Mixed SAMs 

with control over the density of sialic acid residues were developed by Hushegyi et al. (see 

above) to form impedimetric glycan biosensors for the detection of the influenza A virus 

(IAV) hemagglutinins in the attomolar range.45 Aptamer-based sensors (aptasensors) were 

developed by Bai and coworkers for the detections of IAV.120 The aptamer surface density 

appeared to affect the binding affinity between surface-anchored aptamers and viruses, 

showing a more than 100 times higher sensitivity when the surface density was increased 

from 4.8 × 1011 to 14 × 1011 molecules/cm2 (Figure 2.10A). Alternatively, a mucin-mimetic 

glycopolymer-based microarray was employed for the study on the binding of IAV with sialic 

acid receptors (Figure 2.10B).121 Printing of azide-modified glycopolymers on cyclooctyne-

coated surfaces produced microarrays with increasing glycopolymer densities. H1N1 and 

H3N2 viruses were incubated on the platform, showing selectivity for specific glycans. 

Reversible binding of viral proteins and viruses was obtained by using pH-switchable 

monolayers. Recently, Sellergren and coworkers reported the interaction of the H5N1 

(A/Anhui/2005) influenza virus on a sialic acid-modified reversible SAM (rSAM).122  
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Figure 2.10. (A) Representation of the interaction of IAV with aptamer-modified sensors in which the 

density of aptamers on the surface affects the binding affinity of viruses. Adapted from ref. 120 with 

permission from Elsevier. (B) Schematic representation of the interaction of IAV with a mucin-mimetic 

microarray. Reproduced from ref. 121 by permission of The Royal Society of Chemistry. (C) Schematic 

representation of stepwise assembly of the CB[8] monolayers and subsequent multivalent interaction 

of modified CCMV viruses. Reproduced from ref. 123 by permission of The Royal Society of 

Chemistry. 

 

Weineisen et al. reported the controlled and switchable immobilization of modified viruses 

on surfaces.123 Azobenzene-modified Cowpea chlorotic mottle virus (CCMV) was 

multivalently bound to surfaces by the formation of a photoresponsive, hetero-ternary 

complex between azobenzene, cucurbit[8]uril (CB[8]) and methylviologen (MV). The 

association constant (Ka = 1.4 × 106 M-1) obtained for this system was found to be several 

orders of magnitude higher than that of a single interaction (Ka = 3 × 103 M-1)124, showing the 

multivalent nature of the binding. Subsequent irradiation of the surface with UV light for 5 

min caused a trans-cis isomerization of the azobenzene moieties resulting in the release of 

the viruses.  

Höök and coworkers presented a study of a multivalent model system for the investigation 

of virus binding at interfaces. In order to mimic virion association to a cell membrane, small 

lipid vesicles (100 nm diameter) were used. The binding of the vesicles to an SLB was 

achieved through multiple cholesterol-based DNA linker molecules. Total internal reflection 

microscopy was used to track single attached vesicles, which showed that the variation of the 
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numbers of linking DNA tethers led to variation of the vesicle diffusion coefficient on the 

surface.125  

 

2.4.4 Binding of cells and bacteria  at interfaces 

A large variety of platforms has been modified with receptors for the investigation of the 

interactions of cells and bacteria at surfaces. SAMs of alkanethiols were formed on gold 

surfaces presenting RGD peptides for the study of the attachment of cells. The 

microenvironment in which the ligands are displayed affects the attachment and the 

morphology of the adhering cells.53 In other studies, SLBs functionalized with 19-mer 

peptides containing the IKVAV sequence were used to investigate the attachment of PC12126 

and AHP127 cells on the surface. A nonlinear correlation was observed between the density 

of IKVAV presented on the SLB and the number of attached AHP cells, showing a threshold 

of ligand density necessary for cell attachment. The effect of the ligand density on the cell 

behavior has also been reported in other reviews.41, 128 

An example of multivalent interactions of bacteria at the interface was presented by Guo and 

coworkers, in which SLB-based microarrays were developed for the adhesion of E. coli.72 

The density of mannose on the surface was varied over 2 orders of magnitude (between 

0.002-0.3 molecules per nm2), showing that the FimH adhesion protein of E. coli changes 

avidity from monovalent to multivalent as the density of mannose increases (Figure 2.11). 

The same interaction was studied by Van Weerd et al., utilizing an SLB-based platform on 

which a continuous, locked-in mannose gradient was formed.129 This study demonstrated the 

specific binding of FimH proteins and the selective binding above a threshold density of 

mannose. Binding affinities corresponding to a Kd of 0.9 × 10−21 M were obtained, confirming 

the multivalent nature of the interaction, as monovalent interactions have been reported to be 

in the μM  range.130 
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Figure 2.11. Formation of a mannose-presenting SLB surface, made from unilamellar vesicles, and a 

schematic illustration of a glycan density gradient microarray for studying pathogen adhesion. Glycan 

density on the surface can be tuned by varying the molar ratio of the glycan-functionalized lipid in the 

mixture during the preparation of the vesicles. Adapted with permission from ref. 72. Copyright (2009) 

American Chemical Society. 

 

2.5 Conclusions 

The ligand density displayed at the interface is a fundamental parameter in the study of the 

multivalent systems. The variation of the density of ligands appears to influence the valency 

involved in the multivalent interactions and, therefore, the overall binding affinity and 

selectivity. In this chapter, a review of the surface modification methods employed in the 

functionalization of surfaces has been provided. 

The first part has focused on the different chemical approaches employed for the modification 

of surfaces for the control of the ligand density. SAMs, SLBs, modified polymers and 

proteins have been extensively used for a controlled functionalization of surfaces with 

ligands. Inter-ligand distances on surfaces that match spacing of the receptor binding sites of 

proteins generally improve the binding of proteins. Moreover, the importance of a ligand 

threshold density has been shown, as a minimum density of ligands is required to provide 

strong multivalent interactions.  

In the second part of this chapter, examples of multivalent systems have been discussed. The 

binding of multivalent molecules, proteins, viruses and cells have been extensively 

investigated. The development of methodologies for studying multivalent interactions at 

interfaces through density variation is important for a detailed understanding of the relevant 

molecular aspects of the interaction.  
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The use of platforms for the study of biological interactions at interfaces, despite the increase 

in the last years, is still very limited. However, the development of such platforms that allow 

selective biological recognition events and their quantification is essential for a wide range 

of applications. For example, biosensors for the identification of pathogens such as bacteria 

and viruses could provide timely treatments of patients after an infection. Sensors for the 

quantification of virus interactions with cell receptors can be useful for the development of 

virus warning systems in the prevention of epidemics or pandemics. Alternatively, platforms 

can be employed for the development and testing of new drugs. A future synergy of chemists, 

biologists, biochemists and biophysicists in this field can contribute to a fast outgrowth of 

platforms able to investigate a wide range of biological interactions. 
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Chapter 3 

 

Clickable Poly-L-Lysine for the Formation of 

 Biorecognition Surfaces 

 

 

The use of click chemistry reactions for the conjugation of molecules onto surfaces has 

rapidly increased over the past years owing to their mild reaction conditions and their bio-

orthogonality. In this chapter, a novel substrate functionalization method for the 

immobilization of biomolecules onto surfaces, employing copper-free click chemistry 

reactions, is reported. Poly-L-lysine (PLL) polymers modified with click chemistry moieties 

were employed for the modification of gold and silicon dioxide surfaces. The fast adsorption 

of PLL on activated surfaces together with the versatile reaction conditions offered by 

catalyst-free click chemistry provides an excellent way to functionalize surfaces in a fast and 

selective way. As a proof of concept, surfaces were modified with DNA probes which showed 

the capability of recognizing complementary DNA sequences from aqueous solutions. Quartz 

crystal microbalance with dissipation monitoring (QCM-D) showed the successful formation 

of PLL monolayers and the subsequent attachment of DNA probes and DNA recognition. 

Quantification of the probe density displayed at the interface was achieved both by 

measuring the mass adsorption of DNA with QCM-D and by electrochemical methods.  
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3.1 Introduction 
 

The immobilization of biomolecules onto surfaces is of fundamental importance in several 

fields such as analytical chemistry, medical diagnostics, tissue engineering and biomolecular 

chemistry.1-3 Therefore, surface modification routes for the controlled immobilization of 

biomolecules on substrates have attracted enormous interest over the last decade.4 In 

particular, monolayers have been prepared on surfaces by several methods in order to 

guarantee the bio-activity of the biomolecules such as enzymes, antibodies or nucleic acids, 

and to exert control over their functionalization at the molecular scale.5-7  

Important routes for the ligation of molecules are the click chemistry reactions. Other surface 

modification methods may have undesired effects, such as incomplete conversion, low 

specificity, and side reactions, and these have been overcome successfully by employing 

click reactions. Click reactions have been studied first in solution, and have subsequently 

been extended to a wide range of surfaces.8 The conventional copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) has been extensively used for the controlled modification of surfaces 

and for the formation of patterns on surfaces in a rapid and controlled way for biological 

applications.9-11 However, the use of Cu ions, or other metals, as a catalyst poses a serious 

disadvantage for several applications. In biological applications, for example, Cu ions are 

known to be cytotoxic12 and can disturb the conformation of the biomolecule, such as DNA.13 

In electronic applications, instead, metal ions on the surface can affect the conductivity of 

the substrate.14,15 For this reason, catalyst-free bio-orthogonal click reactions have been 

developed, which provide a remarkable contribution to the field of bioconjugation.16,17  

The strain-promoted alkyne-azide cycloaddition (SPAAC) reaction between ring-strained 

cyclooalkynes and azides, pioneered by Bertozzi and co-workers, shows fast and selective 

bioconjugation in solution.18,19 Even though the SPAAC reaction presents lower reaction 

rates than the CuAAC reaction, the coupling between cyclooctynes and azides in solution is 

achieved at ambient temperature without the use of a metallic catalyst. As the rates and 

conversion of SPAAC reactions strongly depend on the exact chemical structure of the 

cyclooctyne, a large number of cyclooctyne derivatives have been developed in order to 

improve the reactivity for azides.19-23 Due to the advantages delivered by this type of 

chemistry, SPAAC reactions have been used for the modification of surfaces.2,4,16,17,23,24  

More recently, the inverse electron-demand Diels-Alder (iEDDA) reaction of tetrazine with 

strained alkenes reported by Fox et al. introduced a broader range of compounds with even 

faster kinetics into the area of click chemistry.25 Tetrazine can react with trans-cyclooctyne 

(TCO) or norbornene groups at room temperature, atmospheric pressure and micromolar 

concentrations with faster kinetics and allowing up to 100% conversion, while avoiding 

byproducts. Since their introduction, this type of reaction has therefore gained increased 



Chapter 3 

 

41 

attention and has emerged as a promising strategy for the conjugation of biomolecules.26 

Reactions of tetrazine with trans-cyclooctene (TCO) were used for the modification of 

electrodes,27 for the formation of small molecules micro-arrays,28 and for the immobilization 

of proteins29 or carbohydrates30 in micropatterns within a few min. 

Most of the surface modification methods reported before employ covalent immobilization 

of one of the two click chemistry moieties onto the surface prior to the conjugation. As an 

alternative method to the covalent modification of substrates, the physisorption of modified 

polyelectrolytes on surfaces for the immobilization of biomolecules has shown several 

advantages.31 In particular, poly-L-lysine (PLL) has been reported to present excellent 

biochemical properties such as biocompatibility and hydrophilicity. At physiological pH, the 

amino groups of the lateral chains of the lysine are positively charged, allowing a fast 

adsorption of the PLL on a broad variety of negatively charged substrates through multiple 

electrostatic interactions.32,33 The modification of the polymer with additional functional 

groups and non-ionic, anti-fouling side-chains, such as oligo(ethylene glycol) (OEG), enables 

the engineering of surfaces with selective receptors as well as antifouling properties. A 

variety of different functional groups have been explored. For example, PLL has been 

functionalized with biotin to be conjugated with streptavidin.34 Alternatively, the RGD 

peptide motif has been used to promote cell binding,35 and modification with maleimide has 

been used to bind PNA with control over the density at the surface.36 However, the 

modification of PLL with ‘clickable’ units to achieve bioconjugation at surfaces, has so far 

not been reported. 

Here we report a surface functionalization method for a fast and selective immobilization of 

molecules onto substrates by using PLL polymers modified with click chemistry moieties. 

The employment of these polymers provides the combined advantages of using 

polyelectrolytes and click chemistry reactions for the modification of surfaces. In order to 

functionalize surfaces in a fast and controlled way, PLL was first modified with either 

methyl-tetrazine (Tz) or dibenzocyclooctyl (DBCO) functional groups and adsorbed onto 

surfaces for the subsequent immobilization of, respectively, TCO- or azido-modified 

biomolecules via fast and catalyst-free bioorthogonal click reactions. In order to test the 

proper reactivity and selectivity of the functionalized surfaces, DNA probes were anchored 

onto the surface. A subsequent hybridization with complementary DNA (cDNA) to the 

immobilized probe on the surface was investigated in order to prove the accessibility of DNA 

probes onto the surface. Variation of the degree of functionalization of PLL was investigated 

for the quantification of the DNA probe density at the interface. The deposition of the 

polymer on the surface, as well as the functionalization with DNA probes and the recognition 

of cDNA sequences was analyzed with quartz crystal microbalance with dissipation 

monitoring (QCM-D) and electrochemical methods. 
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3.2 Results and discussion  

Figure 3.1 shows a schematic representation of the stepwise approach used in this work to 

selectively functionalize surfaces with DNA. Hereto, PLL was grafted with OEG units and 

either Tz or DBCO moieties. The grafting of OEG to the polymer improves the antifouling 

properties of PLL, thus preventing non-specific adsorption of molecules onto the PLL-

functionalized surface. Short OEG chains are here preferred over longer ones for a better 

control over the PLL grafting.37 Specifically, three different types of polymers have been 

synthesized: one displaying only OEG as functionalization (PLL-OEG), one presenting both 

OEG and DBCO (PLL-OEG-DBCO) and one with OEG and Tz (PLL-OEG-Tz). The 

different PLLs were afterwards absorbed in one step onto activated substrates, thus 

displaying the respective functional groups at the interface. Consequently, TCO or DBCO-

modified DNA (15 nts) was added on the surface for the catalyst-free coupling with Tz and 

DBCO, respectively. Afterwards, the correct formation of a DNA probe layer onto the surface 

and the possibility of forming DNA duplexes was tested by the addition of fully 

complementary DNA (cDNA) sequences (36 nts, see Experimental Section). Non-

complementary (ncDNA) sequences  were used as well to perform control measurements. 

The modification of substrates with modified PLL, as well as the further immobilization of 

DNA probes and their interaction with the corresponding cDNA sequences, were monitored 

in situ and in real time by QCM-D.  
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Figure 3.1. Schematic representation of the functionalization of activated surfaces with clickable PLL 

to bind complementarily functionalized DNA probes. After activation, silicon dioxide and gold surfaces 

are functionalized with either Tz or DBCO-functionalized PLL. Hereafter, TCO or azide-DNA 

sequences are selectively anchored on the PLL-modified surface by click chemistry reactions. The 

proper presentation of DNA probes on the surface is monitored by the hybridization with cDNA 

sequences. 

 

Modified PLLs were synthesized by adapting a previously reported procedure.38 PLL (MW 

15-30 kDa) was functionalized in a one-step reaction, by mixing different molar ratios of 

NHS-(OEG)4-methyl (without a functional group) and either NHS-(OEG)4-Tz or NHS-

(OEG)4-DBCO (see Scheme 3.1, Experimental Section). By varying the molar ratios of the 

components in the mixture it is possible to tune the degrees of functionalization of the PLL. 

Therefore the abbreviation PLL-OEG(x)-X(y) is used for a PLLs modified with x% of OEG 

and y% of functional group X grafted to the PLL.  

High degrees of functionalization of the PLL can prevent the adsorption of the polymer on 

the surface, while a low degree of functionalization adversely affects its antifouling 

properties.38 Consequently, a total functionalization of approximately 30-40% of the lysine 

groups was used throughout this work. After the synthesis and purification by dialysis, 1H-

NMR was used to quantify the total degree of functionalization (x+y) of the polymer, 

employing the relative integrals of the peaks at 3.0 ppm (free lysine) and at 3.1 ppm 

(functionalized lysine). Characteristic peaks of the functional groups were employed to 

X-DNA
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modified PLL

cDNA

DBCO

TCO-DNA
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derive the degree (y) of functional group attachment. Table 3.1 shows the PLLs synthesized 

and the degrees of functionalization calculated by NMR. 

 

Table 3.1. Degrees of functionalization of modified PLLs calculated by NMR. 

 

Modified PLL Free lysine 

% 

Coupled 

lysine % 

Tz/DBCO 

% 

PLL-OEG 72.0 28.0 0 

PLL-OEG31.7-Tz0.5 67.8 32.2 0.5 

PLL-OEG26.0-Tz4.9 69.1 30.9 4.9 

PLL-OEG27.3-Tz14.6 58.1 41.9 14.6 

PLL-OEG24.5-DBCO6.7 68.8 31.2 6.7 

 

After the synthesis, the adsorption of PLL polymers was tested on both silicon dioxide and 

gold substrates. Figure 3.2 shows a typical QCM measurement where both SiO2 and gold 

surfaces were modified with PLL-OEG-Tz to test the immobilization of TCO-DNA and the 

subsequent recognition of cDNA. After the activation of the substrates by UV/ozone, the 

surfaces were flushed with a solution of PLL-OEG-Tz (0.1 mg/mL, in PBS at pH 7.4). Right 

after injection of the PLL solution, a clear and rapid frequency change (Δf) was observed, 

confirming a fast self-assembly of the modified polymer onto the surface. An only moderate 

desorption of the PLL after rinsing with buffer indicated the stability of the remaining 

polymer, and the small dissipation signals confirmed the formation of a thin and rather rigid 

PLL film. No relevant differences between the two substrate materials were observed.  
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Figure 3.2. QCM-D sensograms of the assembly of PLL-OEG(26.0)-Tz(4.9) (0.1 mg/mL in PBS) on 

silicon dioxide (A) and gold (B) surfaces, followed by TCO-DNA (1 µM in PBS) and cDNA (1 µM in 

PBS). The frequency shift (Δf5) is represented by the blue lines and the dissipation signal (D5) by the 

red lines. The dark-colored lines represent traces using cDNA, while the light-colored ones indicate the 

use of ncDNA as a control. All adsorption steps are shown in grey vertical bars, while the washing steps 

with PBS are in white. 

 

After surface functionalization with PLL-OEG-Tz, TCO-DNA (1 μM) was flushed over the 

PLL-modified substrates. A clear frequency shift, observed upon TCO-DNA addition, 

demonstrated a fast attachment of DNA probes on the surface, thus confirming the successful 

Tz-TCO coupling within 10-15 min. The observed reaction time is in agreement with 

previously reported systems in which Tz-functionalized surfaces reacted with norbornene-

modified molecules within 15 min.8  

Subsequently, the availability of DNA probes for the recognition of a specific complementary 

DNA (cDNA) was tested by flushing solutions of cDNA or ncDNA (36 nts, 1 μM). The clear 

frequency change, and concomitant dissipation change, upon binding of cDNA and the 

stability of the signal upon rinsing with buffer demonstrate the effective hybridization of the 

cDNA strands. The formation of DNA duplexes at the interface, stretching out from the 

surface, causes a change of the viscoelastic properties of the layers which is represented by 

an increase of the dissipation signal.39  In contrast, the absence of both frequency and 

dissipation changes upon addition of ncDNA confirmed that DNA binds exclusively in the 

presence of the complementary sequence.  
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Figure 3.3. (A, B) QCM-D sensograms of the assembly of PLL-OEG-Tz functionalized with varying 

percentages of Tz (0, 0.5, 4.9 and 14.6), followed by coupling with TCO-DNA and adsorption of cDNA, 

for both SiO2 (A) gold (B) substrates. The frequency shift (Δf5) is represented by the blue lines and the 

dissipation signal (ΔD5) by the red lines. (C, D) Correlation between adsorption of PLL-OEG-Tz, 

expressed in Δf5, as a function of varying percentages of Tz for SiO2 (C) and gold (D) substrates. The 

red lines represent linear fits to the data points. (E, F) Correlation between the Δf5 obtained upon 

addition of TCO-DNA (red) and cDNA (blue) for increasing degrees of functionalization of PLL with 

Tz, measured for both SiO2 (E) and gold (F) substrates. Dashed lines are guides to the eye. 
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The effect of the Tz content in the PLL backbone on the adsorption of DNA was assessed by 

QCM. Different amounts of Tz anchored to the PLL are expected to lead to varying amounts 

of DNA probes and therefore different responses for the cDNA absorption. Hereto, PLLs 

containing different degrees of functionalization with Tz groups (0%, 0.5%, 4.9% and 14.6%) 

were tested, and all adsorption steps were plotted as a function of the percentage of Tz in the 

PLL backbone, for both gold and SiO2 surfaces. Figure 3.3A/B shows the full QCM time 

traces obtained upon adsorption of PLL, TCO-DNA and cDNA for different PLLs on both 

types of surfaces.  

For the PLL adsorption step, the observed frequency shifts appeared to be quite strongly, but 

linearly, dependent on the degree of Tz functionalization (Figure 3.3C/D). Plotting the same 

data as a function of the total degree of PLL functionalization (data not shown) did not reveal 

a clear trend. The observed trends for the degree of Tz (Figure 3.3C/D) cannot be explained 

solely by the increase in molecular weight upon functionalization with Tz. Possibly, 

differences in the adsorbed PLL surface density occur and/or in the degree of hydration of 

the adsorbed PLL. However, these aspects were not investigated further here.  

In the case of PLL-OEG (Tz = 0%), the absence of Tz groups on the surface prevented the 

binding of TCO-DNA, thus confirming the specificity of the Tz-TCO conjugation on the 

surface (Figure 3.3A/B). The low adsorption of cDNA (≤ 2 Hz) confirmed the antifouling 

properties of the designed PLL. For low Tz contents (i.e., 0.5 and 4.9), the data shows a clear 

correlation between the Tz density at the interface and TCO-DNA absorption (Figure 

3.3E/F). At higher Tz contents, instead, no further increase of the amount of TCO-DNA on 

the surface was observed. These results indicate that a saturation of the surface with TCO-

DNA probes is obtained at approx. 5% of Tz in the PLL backbone (Figure 3.3E/F). This is 

attributed to electrostatic repulsion and steric hindrance between the DNA probes. Very 

similar trends were observed for the adsorption steps of cDNA, indicating that the 

hybridization efficiency was not affected by variations of the degree of Tz functionalization. 

Some differences in the adsorption steps were, however, observed for the two types of 

substrates. First of all, the TCO-DNA steps appeared to be larger on SiO2 surfaces compared 

to gold. Moreover, adsorption of cDNA appeared to be larger on the gold surface indicating 

a higher hybridization efficiency and/or a difference in the degree of hydration. At the same 

time, some dissipation changes were observed for the TCO-DNA adsorption steps, whereas 

smaller increments were observed on gold substrates compared to SiO2. These observations 

may suggest that differences in the substrate charge occur after activation which might 

influence the adsorption of TCO-DNA and cDNA in subsequent steps and/or the hydration 

of the layer. As a consequence, the apparent hybridization efficiency, defined as the ratio of 

the frequency shifts induced by cDNA and TCO-DNA, was higher for gold surfaces 

compared to silicon dioxide. By taking into account the different lengths of the TCO-DNA 
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(15 nts) and cDNA (36 nts), hybridization efficiencies (uncorrected for possible differences 

and changes in hydration) of 130% and 65% were obtained for gold and silicon dioxide 

surfaces, respectively. Different DNA lengths as well as the formation of a DNA duplex can 

cause a change in the degree of hydration, which is detected by QCM.39,40  

Control over the probe density is important for an optimal interaction of the immobilized 

probes with the target molecule.41 For example, when considering the design of sensors for 

DNA detection, steric hindrance between the probes and electrostatic repulsion between 

DNA strands can cause a loss of hybridization efficiency.  When deriving probe densities 

from QCM measurements, the hydration of the molecules needs to be taken into account. 

Here, we assume that the 80% of the mass absorbed in the TCO-DNA step is due to water.39 

This leads to a calculated DNA probe at the SiO2 substrates ranging from 0.43 to 4.8 × 1012 

molecules/cm2, whereas for gold substrates a density between 0.44 to 3.3 × 1012 

molecules/cm2 was obtained. The hybridization step leads to values ranging respectively 

between 0.47 and 2.8 × 1012 molecules/cm2, and between 0.73 and 4.3 × 1012 molecules/cm2 

for silicon dioxide and gold surfaces, respectively. Notably, the density obtained from the 

measurements appear to be below the reported limit for electrostatic repulsion, where values 

of above 5 × 1012 molecules/cm2 are known to affect the hybridization efficiency.41   

Recently, our group demonstrated that using PLL functionalized with maleimide, the density 

of PNA probes on the surface can be controlled in the preceding synthetic step of the 

customized PLL.36  Based on the empirical prediction of PNA probes on the surface by using 

PLL-OEG-maleimide, in which each percentage of grafted maleimide in the PLL 

corresponds to 1.24 ± 0.02 × 1012 probes per cm2, it was possible to predict the density of 

DNA also with the current system. By adopting the same relationship for PLL-OEG-Tz, we 

calculated probe densities ranging between 0.66 and 6.1 × 1012 DNA probes/cm2. These 

values are in good agreement with the quantification of DNA probes obtained from the QCM 

measurements described above. The difference observed between the predicted and the 

calculated values can be attributed to a different water content that cannot be precisely 

estimated by QCM. Another reason may be found in differences between the maleimide and 

tetrazine moieties which may induce a different adsorption behavior due to differences in 

size and hydrophobicity. 

To underline the versatility of the PLL chemistry to provide a selective biorecognition layer, 

a different click chemistry was tested. For this purpose, PLL was functionalized with DBCO, 

which is known to react with azido groups with a slower kinetics compared to the Tz-TCO 

coupling.4 Based on the results obtained with PLL-OEG-Tz, the functionalization of the PLL 

with DBCO was tuned to around 6%. After the synthesis and characterization of the polymer, 

the surface modification and the coupling with azide-modified DNA were monitored with 

QCM-D (Figure 3.4). Silicon dioxide surfaces were modified with PLL-OEG-DBCO, which 
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gave clear frequency and dissipation changes. Thereafter, N3-DNA was flushed over the 

surface, and again a clear frequency shift was observed, confirming that the reaction between 

the two click chemistry moieties was successful.  

 

Figure 3.4. QCM-D sensograms of the assembly of PLL-OEG-DBCO(6.7) (0.1 mg/mL in PBS) on 

silicon dioxide surfaces, followed by N3-DNA (1 µM in PBS) and either (A) cDNA (1 µM in PBS) or 

(B) ncDNA (1 µM in PBS). The frequency shift (Δf5) is represented by the blue line and the dissipation 

signal (ΔD5) by the red line. All adsorption steps are shown in grey vertical bars, while the washing 

steps with PBS are shown in white. 

 

As expected, the reaction rate of the coupling of DBCO with azido-DNA appeared to be 

somewhat slower than the rate observed for the reaction between Tz and TCO-DNA. The 

half-time of the reaction of DBCO with azido-DNA measured by QCM resulted to be approx. 

5 min, while, under the same conditions the Tz-TCO coupling showed a half-time of approx. 

1 min. After the probe coupling, a solution of cDNA was added, and hybridization of the 

DNA occurred as visualized by a clear change of both frequency and dissipation. In case of 

a control using ncDNA, no frequency change was observed. For this system, based on the 

recorded frequency shift, we obtained a density of 3.5 × 1012 molecules/cm2 for the N3-DNA, 

and 3.0 × 1012 molecules/cm2 for the cDNA. These values are in good agreement with the 

density obtained previously with PLL-OEG-Tz, indicating that PLL functionalization above 

5% does not increase the DNA probe density on the surface. Additionally, the predicted DNA 

probe density for such PLL functionalization, calculated as described before, indicated a 

density of approx. 8.3 × 1012 molecules/cm2. The discrepancy between the calculated and 

predicted values can be attributed, as in the case of PLL-OEG-Tz, to the estimation of water 

content of the DNA and difference in size and hydrophobicity between maleimide and DBCO 
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moieties. At the same time, the predicted value does not take into account the steric hindrance 

and the electrostatic repulsion that might occur at such DNA probe densities. 

As an additional method to study the probe density and to show the applicability of the click 

chemistry/PLL method for electrochemical biosensing schemes, we employed 

chronocoulometry (CC) as a convenient electrochemical method for the detection of the 

adsorbed analytes on an electrode surface.42,43 CC is a fast and non-destructive technique, 

particularly useful for analytes like DNA, RNA, which are quite susceptible to degradation,44 

and the method has recently been used to detect single or duplex strands of DNA immobilized 

on an electrode surface. In this method, the surface-bound DNA probe moieties are exposed 

to a cationic redox probe in solution, such as ruthenium(II/III)hexamine (RuHex), which 

electrostatically interacts with the phosphate groups of the DNA probe. The CC signal is 

proportional to the density of phosphate groups of the nucleic acids present at the surface, 

and a follow-up hybridization step can therefore be observed by an increase of the adsorbed 

RuHex probe molecules.43 Accordingly, we used here the interaction of RuHex to DNA to 

obtain information about the coupling of DNA probes at the surface, and to detect the surface 

coverage before and after the hybridization step. PLL-OEG-Tz bearing 0.5 and 4.9% of Tz 

were used in these measurements. The gold electrodes were modified with PLL-OEG-Tz 

(0.25 mg/mL) in PBS solution. After rinsing the surface, a solution of TCO-DNA (1 µM in 

PBS) was added onto the electrode for 1 h, and subsequently cDNA (1 µM in PBS) was 

adsorbed during an additional 1 h. Typical CC curves for the gold electrodes were obtained 

in the presence of 50 μM RuHex in 20 mM Tris buffer (Figure 3.5), while the type and density 

of PLL were varied.  

The surface densities for TCO-DNA, resulting from the CC measurements, were 1.1 × 1012 

molecules/cm2 and  2.3 x 1012 molecules/cm2 for PLL-OEG-Tz 0.5 and 4.9% respectively. 

The densities of cDNA were found to be 2.0 and 3.4 × 1012 molecules/cm2, respectively. 

These values are in reasonable agreement with the previously reported results in which 

densities between 1 and 10 × 1012 molecules/cm2 were measured.45 However, both in the case 

of the DNA probe and the cDNA, these values are very comparable to the ones calculated 

from the QCM measurements. The relatively small observed differences can be, once more, 

attributed to the difficulty in estimating the exact water content in the QCM measurements. 

At the same time, the hybridization efficiency calculated for this system appears to be higher 

than 100 %, indicating a possible overestimation of the DNA density calculated with this 

method. Interestingly, a different behavior was observed, instead, in case of N3-DNA. As 

shown in Figure 3.5, the measured DNA probe density appeared to be lower than the 

measured cDNA, thus resulting in a lower hybridization efficiency. At the same time, no 

clear difference was observed between values of cDNA densities obtained with PLL-OEG-

Tz4.9 and PLL-OEG-DBCO6.7. This observation  can find an explanation in the different 
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degrees of functionalization of the PLL. In particular, a higher amount of DBCO can lead to 

the (observed) surface functionalization with DNA probes. However, due to steric hindrance 

and electrostatic repulsion, not all the probes can hybridize with cDNA, resulting in a lower 

hybridization efficiency. Therefore, these results support the previous observations, where at 

a PLL functionalization above 5%, no further increase of cDNA was observed.   

 

 

Figure 3.5. (A) Example of CC curves measured for the gold electrodes modified with 0.25 mg/mL of 

PLL-OEG-Tz4.9, 1 µM TCO-DNA and cDNA in the presence of 50 μM RuHex in 20 mM Tris buffer. 

(B) Surface coverage of Au electrode surfaces modified with PLL-OEG-Tz0.5, PLL-OEG-Tz4.9 and 

PLL-OEG-DBCO6.7 and subsequently with TCO-DNA and N3-DNA, before and after hybridization 

with cDNA. 

 

3.3 Conclusions 

In conclusion, a surface modification method has been developed, based on PLL polymers 

functionalized with catalyst-free click chemistry moieties, for a fast and selective 

immobilization of biomolecules. Gold and silicon dioxide surfaces have been functionalized 

selectively with DNA probe molecules in less than 20 min using two different coupling 

chemistries, and the modified surfaces showed hybridization with fully complementary DNA 

sequences while not responding to non-complementary DNA. The correlation between PLL 

functionalization and DNA density was assessed, resulting in a surface saturation with DNA 

for PLL functionalization above 5%. This surface modification method appears to be suitable 

for the modification of substrates for biomedical applications, in which biosensors can be 

developed with a precise control of probe density. Furthermore, we believe that this method 
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can be applied for fast surface immobilization of a several types of biomolecules, such as 

proteins and antibodies, thus allowing the recognition of a broad range of analytes in solution. 
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3.5 Experimental section 

3.5.1 Materials   

Phosphate-buffered saline tablets (PBS, pH 7.4), and poly-L-lysine-HBr (PLL-HBr) (15–30 

kDa), DMSO ≥99.9% anhydrous, sodium dodecyl sulfate (SDS) ≥98.5%, and DBCO-OEG4-

NHS were purchased from Sigma Aldrich and used without further purification. Methyl-

OEG4-NHS was purchased from ThermoFischer Scientific, while methyltetrazine-OEG4-

NHS was purchased from Click chemistry tools. TCO-DNA (15 nt, 5’-TCO-PEG4-C5-

TCGTACCATCTATCC-3’) and N3-DNA (15 nt, 5’-Azido-PEG4-C5-

TCGTACCATCTATCC-3’) were obtained from Biomers, cDNA (36 nt, 5’-

CGCGGTCTCAGGATACCCCCCGGATAGATGGTACGA-3’) and ncDNA (36 nt, 

5’AATGCTTCTCGCGCTTTTTTTTAGACTTCGCGCGTT-3’) sequences were purchased 

from Eurofins Genomic. Au and SiO2 QCM chips (AT cut, 5 MHz, 14 mm diameter) were 

purchased from Biolin Scientific. Milli-Q water with a resistivity ˃18 MΩ cm was used in 

all experiments. 
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Figure 3.6: Chemical structures of the TCO linker (A) and of the azido linker (B) used in this work for 

the modified DNA sequences. The exact sequences are described in the Materials. 

 

3.5.2 Synthetic procedures 

Synthesis of PLL-OEG-Tz 

PLL-OEG(x)-Tz(y) with varying percentages of functionalization where synthesized based 

on a procedure reported by Duan et al (see Scheme 3.1).38 PLL was dissolved in PBS 

(pH=7.2) at a concentration of 10 mg/mL. NHS-OEG4-methyl and NHS-OEG4-

methyltetrazine, both dissolved in DMSO at a concentration of 250 mM, were added to the 

PLL solution simultaneously under nitrogen atmosphere in desired ratios. The total volume 

of the mixture was adjusted with PBS in order to obey the maximum solubility of 1.8 mM of 

NHS-OEG4-methyltetrazine. The reaction was conducted for 4 h at room temperature under 

vigorous stirring. Afterwards, the reaction mixture was dialyzed with a dialysis membrane 

(cut-off 6-8 kDa) for 3 days against PBS and water. The solution was then freeze-dried 

overnight. The final product was stored at -20 °C as a stock solution of 10 mg/mL in Milli-

Q water.  
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Scheme 3.1. Synthesis of PLL-OEG-Tz and PLL-OEG-DBCO. PLL is reacted with desired relative 

ratios of either Tz-OEG4-NHS or DBCO- OEG4-NHS, and methyl-OEG4-NHS ester to give the final 

modified PLL with the desired degrees of functionalization. 

 
1H NMR of PLL-OEG-Tz (400 MHz D2O) δ [ppm] = 1.26–1.56 (lysine γ‐CH2), 1.61‐1.82 

(lysine β, δ‐CH2), 2.49 (ethylene glycol CH2 from both OEG and Tz coupled, ‐CH2‐C(=O)‐

NH), 2.99 (free lysine, H2N‐CH2), 3.16 (ethylene glycol CH2 of coupled lysine from both 

OEG and Tz, C(=O)‐NH‐CH2‐), 3.35 (OEG methoxy, ‐O‐CH3), 3.58-3.79 (ethylene glycol 

from both OEG and Tz, CH2‐O‐), 4.29 (lysine backbone, NH‐CH‐C(O)‐), 8.4 and 7.2 

(tetrazine from coupled Tz, HCAr=CArH). 

 
The overall grafting ratio (the percentage of the OEG and OEG-Tz chains) was determined 

by adapting a previously reported procedure.36 The grafting densities of tetrazine moieties 

(y%) were calculated by eqn 1: 

 

% 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
integral of one Tz peak

integral of free lysine+integral of coupled lysine
 ×  100 (1) 

 

Synthesis of PLL-OEG-DBCO 

PLL-OEG-DBCO was synthesized in a similar way as PLL-OEG-Tz (see Scheme 3.1). NHS-

OEG4-DBCO was dissolved in DMSO at a concentration of 50 mM, and this solution was 

added together with a solution of NHS-OEG4-methyl to the PLL solution simultaneously 

under nitrogen atmosphere in the desired ratio. The reaction was conducted for 4 h at room 
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temperature under vigorous stirring. Afterwards, the reaction mixture was dialyzed with a 

dialysis membrane (cut-off 6-8 kDa) for 3 days against PBS and water. The solution was 

freeze-dried overnight. The final product was stored at -20 °C as a stock solution of 10 

mg/mL in Milli-Q water. 

 

1H NMR of PLL-OEG-Tz (400 MHz D2O) δ [ppm] = 1.26–1.56 (lysine γ‐CH2), 1.61‐1.82 

(lysine β, δ‐CH2), 2.49 (ethylene glycol CH2 from both OEG and DBCO coupled, ‐CH2‐

C(=O)‐NH), 2.99 (free lysine, H2N‐CH2), 3.16 (ethylene glycol CH2 of coupled lysine from 

both OEG and DBCO, C(=O)‐NH‐CH2‐), 3.35 (OEG methoxy, ‐O‐CH3), 3.58-3.79 (ethylene 

glycol from both OEG and DBCO, CH2‐O‐), 4.29 (lysine backbone, NH‐CH‐C(O)‐), 7.42 

(DBCO from coupled DBCO, CArH). 

 

The grafted densities of DBCO moieties (y%) were calculated by eqn 2:  

 

% 𝑜𝑓 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
(integral of DBCO peak )/4

integral of free lysine+integral of coupled lysine
 𝑥 100                (2) 

 

 

3.5.3 Methods  

Quartz crystal microbalance with dissipation monitoring (QCM-D) 

QCM-D measurements were performed with a Q-Sense E4 4-channel quartz crystal 

microbalance with a peristaltic pump (Biolin Scientific). All experiments were performed in 

PBS buffer (0.01 M phosphate and 0.138 M NaCl and 0.0027 M KCl, pH 7.4) using a flow 

rate of 100 µL/min at 22°C and operated with four parallel flow chambers.  

Gold surfaces were cleaned using basic Piranha solution (Milli-Q water : H2O2 (30%) : 

NH4OH (25%), in ratio 5:1:1) for 5 min, then rinsed with Milli-Q water, dried in a N2 stream 

and treated with UV-ozone for 10 min. Silicon dioxide surfaces were submerged in 2% SDS 

in water and sonicated for 10 min. Afterwards, the surfaces were rinsed with Milli-Q water 

and activated for 20 min in UV-ozone. 

The relationship between the measured frequency shift (Δf) and the adsorbed mass per unit 

area (Δm) was established using the Sauerbrey equation (eqn 3):   

 

∆f= -C∆m (3) 
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where C is the Sauerbrey constant (17.7 ng Hz-1 at f = 5 MHz). Throughout this work, the 

fifth overtone was used for the normalized frequency (Δf5) and dissipation (ΔD5). 

 

Electrochemical measurements 

All electrochemical measurements were performed with a CHI 760D potentiostat (CH 

Instruments, Austin, Texas), connected to an electrochemical cell containing the modified 

gold chip as a working electrode, an Ag/AgCl reference electrode, and a platinum wire as a 

counter electrode. Chronocoulometry (CC) for the quantification of the DNA (TCO-DNA or 

N3-DNA) surface density and monitoring of the hybridization with the cDNA was carried 

out in 50 µM of RuHex in 20 mM Tris buffer (pH = 7.4). The buffer was purged with nitrogen 

for 15 min before the experiments. To obtain a stable signal, the solution was left to 

equilibrate for 5 min before each measurement. All measurements were taken under the same 

conditions where a two-step potential was employed with the following parameters: initial 

potential = -0.5 V; final potential = 0.2 V; pulse width = 1 s; pulse period = 1000 ms; sample 

interval = 0.002 s; quiet time = 2 s.  

 

Quantification of DNA  

The surface coverage of DNA was calculated by using the following equation:   

 

 𝑄𝑡𝑜𝑡𝑎𝑙 =
2𝑛𝐹𝐴𝐷0

1/2𝐶0
+

𝜋1/2 𝑡1/2 + 𝑄𝑑𝑙 + n𝐹𝐴Г0   (4) 

 

Where n is the number of electrons in the electrode reaction (n=1), F is the Faraday constant 

(96485 C/equivalent), A is the electrode area (0.044 cm2), Qdl is the capacitive charge (C), 

nFAГ0 is the charge produced by the adsorbed RuHex and Г0 is the amount of RuHex 

confined on the electrode surface (mol/cm2). The intercept at t = 0 is the sum of the capacitive 

charge (Qdl) and the surface excess terms (nFAГ0). 

 

                            Qtotal=Qdl+nFAГ0                     (5) 

 

To achieve a much more indicative view of DNA surface density, a meaningful conversion 

is necessary. ГDNA, the probe coverage in molecules/cm2, can be written as in Eq. 5, where m 

is the number of base pairs in the DNA, z is the charge of the redox molecules (z=3) and NA 

is Avogadro’s number. 

 

                                               Г𝐷𝑁𝐴 = Г0 (
𝑧

𝑚
) 𝑁𝐴                               (6) 
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Substituting Eq. 5 into Eq. 6: 

 

                                            Г𝐷𝑁𝐴 =
𝑄𝑡𝑜𝑡𝑎𝑙−𝑄𝑑𝑙

𝑛𝐹𝐴
(

𝑧

𝑚
) 𝑁𝐴               (7) 

                   

 

Figure 3.7. CC measurements showing a typical DNA density calculation. The represented Figure is 

the same as Figure 3.5, with additional indications for the calculation of DNA densities, where Qdl 

represents the capacitive charge, QDNA is the measured charge for TCO-DNA and QcDNA is the charge 

measured upon addition of cDNA.   
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Chapter 4 

 

Patterning of Polymeric Biosensing Surfaces 

by Modified Poly-L-Lysine Polymers*
 

 

The immobilization of biomolecules onto plastic surfaces employable in the fabrication of 

biomedical devices is generally a challenging issue, as the absence of functional groups in 

such materials does not allow the use of common surface chemistries. This chapter reports 

the use of modified poly-L-lysine (PLL) as an effective method for the selective modification 

of polymeric materials with biomolecules. Cyclic olefin polymer (COP) and Ormostamp 

surfaces were patterned with modified PLLs displaying either biotin or maleimide functional 

groups by means of micromolding in capillaries (MIMIC). The surface modification and its 

stability were tested with fluorescence microscopy, contact angle and X-ray photoelectron 

spectroscopy (XPS), showing an effective functionalization of substrates stable for over 20 

days. By exploiting the strong biotin-streptavidin interaction or the thiol-maleimide coupling, 

DNA and PNA probes were successfully displayed on the surface of the materials showing 

the capability to specifically recognize complementary DNA sequences from solution. 

  

                                                            
* Part of this chapter has been published as: J. Movilli, D. Di Iorio, A. Rozzi, J. Hiltunen, R. Corradini,  

J. Huskens, ACS Appl. Polym. Mater., submitted. 
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4.1 Introduction 

The interest in novel polymer materials for microfabrication and biomedical applications has 

rapidly increased owing to their moldability, optical clarity and high solvent resistance.1,2 

Especially in biotechnology and biosensing applications, the use of plastic substrates has 

been intensively fueled by the need for reliable, cost-effective ways of producing simple-to-

use devices, such as microfluidic and optical chips, lab-on-a-chip devices and disposable 

biosensing systems.3,4,5  

Multiple examples of polymeric materials have been described for biomedical and biosensing 

purposes. Polycarbonate (PC) substrates have been used for the detection of DNA3 and in 

microarrays, poly(dimethylsiloxane) (PDMS) in microfluidic chips for digital PCR6 and 

DNA detection in nanochannels,7 and cyclic olefin (co)polymer (COP/COC) platforms for 

sandwich immuno-assays for antibodies5 and micro-electromechanical systems (MEMS).8 In 

particular COP substrates are gaining interest as materials in biotechnology and biosensing 

owing to their ideal properties such as optical transparency, good chemical resistance and 

low water absorption.9 Similarly, Ormostamp has been successfully investigated as material 

for biosensing applications owing to its excellent imprinting capabilities.10,11 However, in 

general all plastic materials present a major drawback of lacking chemically reactive groups 

to allow for stable, covalent surface functionalization. The absence of functional groups 

therefore prohibits the direct use of commonly applied surface functionalization protocols, 

such as thiol adsorption on gold12,13 or silanization on SiO2 substrates.14,15  

Alternative functionalization methods, comprising photografting,16,17 photochemical 

patterning1 and APTES silanization after oxidative treatment,5,18 have been exploited to 

anchor biomolecules to the initially unreactive polymeric substrates. Likewise, the use of 

positively charged polymers on negatively charged surfaces has been demonstrated to be an 

effective method to modify both metallic and metal oxide substrates, introducing at the same 

time specific functional moieties and antifouling properties.19-23 Particularly poly-L-lysine 

(PLL) and modified versions thereof, which are biocompatible and positively charged at 

physiological pH, have been proven to adsorb strongly onto negatively charged substrates 

such as inorganic (SiO2,24 TiO2,25 Nb2O5,26) and polymeric ones for example 

polydimethylsiloxane (PDMS),27,28 poly(methyl methacrylate) (PMMA)28 and polystyrene 

(PS).29 Stable electrostatic interactions are achieved upon activation of these surfaces, 

retaining high stability and reliability over time. 

Owing to the easy functionalization and fast self-assembly of PLL, grafted antifouling 

poly(ethylene glycol) (PEG) groups30,31 and binding moieties, such as biotin,32,28  

nitrilotriacetic acid (NTA),33,34 catechol,35 and functional RGD peptides36 or fluorescein37 

were anchored onto fully covered oxide or polymer substrates. At the same time, 
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micropatterns and microarrays for selective immobilization were formed with modified PLL-

PEG polymers on multiple metal oxide surfaces in combination with stamping,37,38 

molecular-assembly39,40 and electrochemical41 patterning techniques. Duan et al. reported 

silicon nano-BioFET biosensors covered by a uniform layer of PLL co-grafted with short 

oligo(ethylene glycol) (OEG4) and OEG4-biotin moieties, retaining the anti-fouling 

properties and strong surface adhesion.42 Recently, we have demonstrated that PLL polymers 

with customizable fractions of OEG and maleimide moieties can be easily adsorbed onto 

both gold and silicon dioxide surfaces, while controlling the type and the density of probe 

molecules at the interface in the preceding synthetic step.43  

In this Chapter, we report an approach to functionalize different types of plastic surfaces 

commonly used in biosensing applications, such as COP and Ormostamp, by exploiting the 

adsorption of PLL grafted with OEG4-biotin or OEG4-maleimide for fast and efficient 

immobilization of biomolecules. Aim of this work is to demonstrate the versatility and 

stability of modified PLL polymers in combination with patterning techniques to form 

microstructures at various polymeric surfaces. By exploiting the electrostatic interactions 

between the negatively charged polymer surface and the positively charged modified PLL, a 

self-assembled monolayer is formed on the surface, bestowing the possibility of bio-

orthogonally anchoring a wide range of molecules of biological interest. In particular, COP 

and Ormostamp surfaces were patterned by micromolding in capillaries (MIMIC) with 

modified PLL. Modified PLLs bearing biotin or maleimide as reactive moieties were 

employed as adhesion layers, to which biomolecules can be anchored by different reactions. 

Engineered DNA and peptide nucleic acid (PNA) probes were immobilized on the substrates 

as proof of concept for the detection of complementary DNA (cDNA) sequences in solution. 

 

4.2 Results and discussion 

4.2.1 Soft lithography strategies based on modified PLL 

Figure 4.1 shows a schematic overview of the soft lithography strategy used to pattern the 

surface of polymer substrates (of COP and Ormostamp (as a thin layer on poly(ethylene 

terephthalate), PET) with modified PLL, and their proof-of-principle application to DNA 

detection. The formation of bioresponsive patterns was achieved by MIMIC (Figure 4.1A/B). 

Upon oxygen plasma activation, COP and Ormostamp substrates were functionalized with 

biotin or maleimide-modified PLL.  

PLL polymers (15-30 kDa) were grafted with oligo(ethylene glycol) (OEG) spacers, and 

either biotin or maleimide (Mal) moieties, following reported procedures.42,43 All the 
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modified PLLs synthesized, namely PLL-OEG, PLL-OEG-biotin and PLL-OEG-Mal, 

present the OEG functionality to enhance the antifouling properties of the substrate, 

providing concomitantly a secondary functional group for further bio-orthogonal 

modification, such as biotin or maleimide (Figure 4.1C). The total degree of functionalization 

of the PLL polymers has been determined by 1H-NMR (see Table 4.4, Experimental section), 

and has been intentionally kept between 20% and 40%, to maintain a balance between a 

stable surface adhesion and antifouling properties.42-44 

 

 

Figure 4.1. Soft lithography methods used to pattern polymeric substrates with PLL. After oxygen 

plasma treatment, MIMIC with either (A) PLL-OEG-biotin or (B) PLL-OEG-Mal defines modified 

PLL lines on COP or Ormostamp substrates, which are used to orthogonally anchor specific probes as 

(A) biotinylated DNA or (B) thiol-PNA for cDNA detection. (C) Structures of the PLL polymers, 

modified with OEG, OEG-biotin, OEG-Mal, employed for the surface functionalization. x and y 

indicate the relative fractions of the modified lysine subunits. Structures of the dyes with linkers and 

oligonucleotide sequences are shown in the Experimental section. 

 

Subsequently, DNA probes were anchored on the surface in order to selectively recognize 

complementary DNA sequences in solution. PLL-OEG-biotin or PLL-OEG-Mal were used 

to either anchor streptavidin  conjugated with fluorescein isothiocyanate (SAv-F) and 

biotinylated DNA (biotin-DNA1) by exploiting the non-covalent SAv-biotin interaction, or 

to covalently bind PNA-thiol probes on the substrate by using the specific thiol-ene reaction, 

MIMIC with 

PLL-OEG-biotin

(A)
SAv-F

MIMIC with 

PLL-OEG-Mal

Oxygen plasma

biotin-DNA cDNA-dye

cDNA-dyeThiol-PNA

PLL-OEG

PLL-OEG-biotin

PLL-OEG-Mal

(B)

(C)
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respectively (structure of dyes and probe sequences are given in the Experimental section). 

Fluorescently labelled cDNA was used to visualize the resulting patterns using fluorescence 

microscopy. 

 

4.2.2 Surface patterning by MIMIC 

In order to investigate the applicability of modified PLLs on different polymeric materials, 

we used the thermoplastic COP and the thermosetting Ormostamp as substrates. After 

activation by oxygen plasma, a PDMS mold (containing channels 100 µm wide and spaced 

100 µm) was used to pattern PLL-OEG-biotin (0.1 mg/ml in PBS, pH 7.4) by MIMIC. After 

removal of the stamp and rinsing the substrate, fluorescently labelled SAv-F (PBS, pH 7.4) 

was adsorbed.  

 

Figure 4.2. Fluorescence microscopy images of SAv-F on (A,B) COP (1500 ms, ISO 200) and (C,D) 

Ormostamp (2000 ms, ISO 400) surfaces, upon patterning (A,C) PLL-OEG-biotin or (B,D) PLL-OEG 

(antifouling) by MIMIC (scheme of Figure 4.1A). All experiments were performed using 0.1 mg/ml of 

modified PLL polymers during MIMIC, and 0.1 mg/ml of SAv-F in PBS at pH 7.4 during subsequent 

incubation.  

Figure 4.2A and 4.2C show clear fluorescent lines obtained after the functionalization of the 

substrates, owing to the successful adsorption of SAv-F onto both patterned surfaces. The 

empty areas in between the lines indicates that the SAv bound only to the areas where PLL-

biotin was deposited. The absence of clear fluorescent lines in the control experiments 
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(Figure 4.2B and 4.2D), where patterns were made with only PLL-OEG, i.e., without biotin 

moieties prior to the SAv-F binding, confirms the absence of non-specific adsorption of SAv. 

Therefore, also the antifouling behavior of the locally self-assembled PLL on the plastic 

surface was proven. The line edge irregularities along the fluorescent lines on the Ormostamp 

surface (Figure 4.2C) are likely due to imperfections and roughness of the material itself. 

Overall, PLL can be successfully adsorbed on both materials owing to the electrostatic 

interactions between the positively charged amino groups at the lysine side chains at 

physiological pH49,25 and the negatively charged surfaces after oxygen plasma treatment, and 

the subsequent molecular recognition is specific. 

To further confirm the attachment of the PLL polymers to the substrates, contact angle 

goniometry was performed on COP and Ormostamp substrates fully covered with PLL-OEG. 

The measurements (Table 4.1) indicate for both substrates a similar value of approximately 

31.5°, proving the adsorption of the modified PLL. This value was measured homogeneously 

all over the surface.  

 

Table 4.1 Contact angle values of COP and Ormostamp substrates before and after activation, and after 

immersion in PLL-OEG solution in PBS 7.4 (control substrates dipped just PBS solution). Thereafter, 

substrates where immersed in Milli-Q water and the contact angle values monitored up to 10 days. 

Standard deviations (in brackets) were calculated measuring three different spots of the same substrate. 

 

Substrate 
Before 

activation 

After 

activation 

After 

PLL-OEG 
Day 1 Day 4 Day 10 

Bare COP 

 

96.7° 

(±1.2°) 
<15° 

<15° 

(only PBS) 

23.0° 

(±1.5°) 

25.7° 

(±2.7°) 

38.9° 

(±2.6°) 

PLL-OEG 

on COP 
/ / 

31.7° 

(±2.7°) 

32.4° 

(±2.1°) 

35.9° 

(±2.6°) 

35.6° 

(±1.3°) 

Bare 

Ormostamp 

58.5° 

(±1.1°) 
<15° 

<15° 

(only PBS) 

20.3° 

(±1.2°) 

23.4° 

(±1.6°) 

27.6° 

(±2.2°) 

PLL-OEG 

on 

Ormostamp 

/ / 
31.4° 

(±1.9°) 

33.4° 

(±2.7°) 

34.9° 

(±2.5°) 

35.3° 

(±2.8°) 
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In addition, X-ray photoelectron spectroscopy (XPS) was performed on fully functionalized 

COP surfaces. Figure 4.3A and 4.3B report the N1s and S2p spectra, respectively, for bare, 

PLL-OEG, and PLL-OEG-biotin-functionalized surfaces. Nitrogen peaks were visible only 

on substrates functionalized with PLL (both PLL-OEG and PLL-OEG-biotin), while the 

presence of the S2p peak of the sulfur was observed only for the PLL-OEG-biotin 

modification, confirming the desired functionalization of the substrates. All atom percentages 

are given in Table 4.2. The carbon data show a decrease upon adsorption of PLL, caused by 

the larger amount of heteroatoms in PLL compared to the polymer substrate. The highly 

comparable carbon decrease and concomitant N and O increase observed for PLL-OEG and 

PLL-OEG-biotin compared to the unmodified substrate, indicate adsorption of the PLL 

variants with comparable coverage. 

 

 

Figure 4.3. XPS element spectra of (A) nitrogen and (B) sulfur for COP surfaces: non-functionalized 

(black), functionalized with PLL-OEG (red) or with PLL-OEG-biotin (blue). 

 

Table 4.2. XPS values from bare and functionalized COP samples. 

 

Sample Element 

 C N O S 

Bare COP 86.19 0.21 13.53 0.07 

COP with PLL-OEG 78.41 5.19 16.37 0.03 

COP with PLL-OEG-biotin 77.63 5.65 16.52 0.20 
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Figure  4.4. Fluorescence microscopy images and corresponding 3D fluorescence intensity profiles of 

a COP substrate patterned by MIMIC with PLL-OEG-biotin followed by the adsorption of SAv-F (1500 

ms, ISO 200) and stored in a solution of PBS (pH 7.4) and BSA (1.0 mg/ml) for (A) 0, (B) 1, (C) 4, (D) 

8, E) 20 days. (F) Normalized fluorescence intensity profiles (average) of the COP sample patterned 

with PLL-OEG-biotin and SAv-F monitored after incubation in PBS solution with 1.0 mg/ml BSA, at 

day 0 (black), 1 (red), 4 (blue), 8 (purple) and 20 (green). The experiment was performed using 0.1 

mg/ml solutions of PLL-OEG-biotin and 0.1 mg/ml of SAv-F in PBS at pH 7.4. 

 

The surface functionalization with modified PLL requires stability for a considerable period 

of time in order to be used in biomedical devices. Contact angle measurements showed only 

slightly increased contact angles for PLL-modified surfaces over 10 days when leaving such 

functionalized substrates in Milli-Q (Table 4.1), which confirmed long-term coverage of the 

substrates with PLL. Additionally, the stability of a MIMIC-patterned substrate in solution 

was tested both over time (Figure 4.4) and upon ultrasonication. Figure 4.4F shows the 

normalized intensity of fluorescent SAv-F-patterned lines on PLL-biotin-covered COP, 

monitored during 0, 1, 4, 8 and 20 days in PBS (pH 7.4) with 1.0 mg/ml bovine serum 

albumin (BSA) to mimic biological samples. The fluorescence intensity slowly decreased 

over time with a total loss of 40% after 20 days (Figure 4.4F). The same effect was observed 

by 10 min sonication with an intensity loss of around 7% (not shown). Some pattern 

inhomogeneities were observed as well, in particular after 20 days (Figure 4.4E). These 
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results contrast to some extent the contact angle data described above. Possibly, the loss of 

fluorescence over time is caused by photobleaching of the dye as well as detachment of SAv 

(by denaturation), but some partial desorption of PLL cannot be excluded. 

 

4.2.3 DNA recognition at MIMIC-patterned substrates 

The ability of easily customizing patterned surfaces upon self-assembly of modified PLL is 

highly appealing for the detection of biomolecules such as proteins and DNA. Therefore, we 

tested the biosensing properties of two differently modified PLL polymers, PLL-OEG-biotin 

and PLL-OEG-Mal, to detect cDNA sequences from solution both on COP and Ormostamp 

biochip surfaces (Figure 4.5). As described above, we used MIMIC with either PLL-OEG-

biotin or PLL-OEG-Mal followed by the anchoring of the probes (Figure 4.1A/B). In the case 

of PLL-OEG-biotin, the consecutive immobilization of SAv-F (0.1 mg/ml) and biotin-DNA1 

(1 µM) formed the biorecognition pattern on the surface of COP. In the case of PLL-OEG-

Mal, the thiolated probe PNA2 (activated by TCEP treatment just before coupling)43 was 

reacted onto the Ormostamp surface.  

 

Figure 4.5. Fluorescence microscopy images of COP (A-D) and Ormostamp (E-F) substrates. COP 

substrates were patterned (using MIMIC) with PLL-OEG-biotin, followed by the consecutive 

deposition of SAv-F and biotin-DNA1. Ormostamp substrates, instead, were functionalized with PLL-

OEG-Mal and reacted with thiol-PNA2. Subsequently, COP substrates were incubated with cDNA1-

RRED (A,B) or ncDNA1-RRED (C,D), while Ormostamp substrates were incubated with cDNA2-

RRED (E) or ncDNA2-RRED (F). Samples were imaged in the green (A,C, SAv-F) and red (B,D-F, 

RRED) channels, where the image pairs A/B and C/D were measured at the same area of the same 

samples. All experiments were performed using 0.1 mg/ml solutions of modified PLL polymers, 0.1 

mg/ml of SAv-F, and 1 µM of DNA/PNA probes, cDNA and ncDNA in PBS at pH 7.4. Fluorescence 

parameters used: (A,C) 1500 ms, ISO 200, (B,D) 2000 ms, ISO 200, (E,F) 2500 ms, ISO 200. 
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Upon immobilization of the probes (biotin-DNA1 or PNA2) onto the surfaces, solutions of 

corresponding fluorescent dye-functionalized cDNA-Rhodamine Red (RRED) sequences 

were put onto the substrates. Figure 4.5B and 4.5E show the fluorescence images of the COP 

and Ormostamp substrates after the cDNA-RRED additions. In case of the COP substrates, 

functionalized with PLL-OEG-biotin and fluorescent SAv, the presence of clear and bright 

red patterns shows that the hybridization of the cDNA with the DNA probe had occurred 

successfully. Moreover, the co-localization of the green lines (Figure 4.5A), indicating the 

presence of SAv, with the red ones (Figure 4.5B), due to the presence of cDNA1-RRED, 

confirms the selective hybridization of the cDNA to the areas covered with the biotin-DNA1 

probe, indicating the absence of non-specific interactions. When, in a similar experiment, the 

same type of biorecognition surface was treated with a non-complementary DNA grafted 

with the RRED dye (ncDNA1-RRED), the concomitant presence of green (Figure 4.5C) and 

the absence of red fluorescence (Figure 4.5D) confirmed the binding selectivity of cDNA. 

Analogously, the PNA2 molecule grafted to PLL-OEG-Mal polymer on Ormostamp 

exhibited a similarly selective and specific response as evidenced by the comparison between 

Figure 4.5E and 4.5F, employing the complementary and non-complementary DNA 

sequences, respectively. These results show not only the similar behavior and applicability 

for both types of materials surfaces, but also the possibility of using different engineered 

probes (DNA and PNA) on the polymer surface. Moreover, the use of PLL-OEG-Mal 

presents the additional advantage of functionalizing substrates with a probe in a single step, 

avoiding the extra SAv addition used for the functionalization with PLL-OEG-biotin.  

To test the stability of the PNA2/cDNA2-RRED-patterned Ormostamp, the substrate was 

sonicated for 10 min. Despite a loss of fluorescence intensity of about 10% after the treatment 

(not shown), the line width and homogeneity were maintained, indicating the strong, 

spatioselective adhesion of PLL on Ormostamp and the subsequent formation of the 

cDNA/PNA complex.  

The DNA biorecognition of a probe-modified PLL-OEG-Mal layer on a polymer substrate 

was also tested in continuous flow by quartz crystal microbalance with dissipation (QCM-

D). A SiO2 chip, spin-coated and cured with a thin film of Ormostamp, was activated by 

oxygen plasma, and then subjected to a solution of either PLL-OEG-Mal or PLL-OEG (as a 

control), followed by anchoring of the deprotected thiol-PNA2. Figure 4.6 shows the QCM-

D time traces (frequency shifts, Δf, in blue) of the binding process for cDNA2-RRED and 

ncDNA2-RRED sequences on the PLL-OEG-Mal and antifouling PLL-OEG layers. A 

detectable frequency shift was only observed for cDNA2 adsorbed on a PNA2-bound PLL-

OEG-Mal layer, confirming the successful adhesion of PLL, the subsequent probe binding 

and specific hybridization. 
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Figure 4.6. QCM time trace for the evaluation of the selectivity of the PNA2-functionalized PLL-OEG-

Mal layer. Thin film Ormostamp spin-coated QCM chips (SiO2), activated by oxygen plasma, were 

functionalized with 0.1 mg/ml solution of (A) PLL-OEG-Mal and (B) PLL-OEG (control), followed 

by incubation with 1µM of activated PNA2 solution (PBS, 7.4). After rinsing with Milli-Q water and 

blown dry under nitrogen flow, both chips were mounted in the QCM chamber and flushed with 1 µM 

solutions ncDNA2-RRED and cDNA2-RRED, consecutively. A PBS washing step at pH 7.4 (white 

bars) was flushed, between each step. The 5th overtone was used for both Δf and ΔD 

 

4.3 Conclusions 

In summary, we have demonstrated the versatile formation of micro-patterns on two different 

polymeric materials (COP and Ormostamp) by exploiting modified poly-L-lysine polymers 

for orthogonal adhesion and selective recognition of biomolecules. As a proof of concept, 

DNA and PNA probes were anchored onto the polymeric substrates, and the formed 

biorecognition surfaces showed excellent selectivity for complementary DNA sequences.  

All in all, these results underline the versatility of modified PLL in combination with 

patterning techniques for biorecognition and future biosensing applications, on a large variety 

of substrate materials. The strategy outlined here to attach modified PLL with customized 

appending groups is promising for the specific and stable anchoring of biomolecules onto 

virtually any polymeric substrate that presents negative charges. This work may contribute 

to the development of customized responsive (bio)interfaces in medical devices, 

environment-friendly biosensors and versatile coatings. 
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4.5 Experimental section 

4.5.1 Materials 

Poly-L-lysine hydrobromide (MW = 15-30 kDa by viscosity), EDC, NHS and tablets for 10 

mM PBS solution (pH 7.4), 3-trichlorosilylpropylmethacrylate, 2-hydroxyethylmethacrylate 

(HEMA), ethyleneglycoldimethacrylate (EGDMA), bovine serum albumin, ammonium 

persulfate (APS) and NaCl salt were purchased from Sigma-Aldrich. Methyl-OEG4-NHS 

ester, biotin-OEG4-NHS ester and Mal-OEG4-NHS ester, the Zeba™ spin desalting columns 

(7 kDa MWCO, 5 mL), the immobilized TCEP disulfide reducing gel (tris[2-carboxyethyl] 

phosphine hydrochloride immobilized onto 4%-crosslinked beaded agarose) and the 

streptavidin-Fluorescein conjugate were obtained from ThermoFisher Scientific. 

Oligonucleotides were purchased from Eurofins Genomics and used as received. SiO2 QCM 

chips (with fundamental frequency of 5 MHz) were purchased from Biolin Scientific. 

Poly(dimethylsiloxane) Sylgard 184 and curing agent were used as received from Dow 

Corning. Ormostamp material and MA-T1050 were purchased from Microresist. 

 
 
Figure 4.7. Structure of the (A) Fluorescein, (B) Rhodamine Red (RRED) dyes linked to the ncDNA 

and cDNA molecules, and (C) biotin tetra(ethylene glycol) linker and (D) protected thiol 3-(2-

pyridyldithio)propionyl (SPDP)-tetra(ethylene glycol) linker at the PNA molecules (see Table 4.3 

below). 

  

(A) (B) (C)

(D)
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Table 4.3. Sequences of functionalized DNA and PNA molecules used. 

Oligo Sequence 5’ 3’(number of nucleotides) Role 

biotin-DNA1 
BITEG-ATG CGC AGC GCG TTG GCA 

CGC (21) 
DNA Probe 

PNA2 
SPDP-dPEG4-CTA CGC CAC CAG CT-

Gly-NH2 (14); ε (260 nm): 127900 M-1cm-1 

PNA probe 

WT KRAS 

cDNA1-

RRED 

RRED-GCG TGC CAA CGC GCT GCG 

CAT (21) 

Complementary to 

biotin-DNA1 (MIMIC) 

ncDNA1-

RRED 

RRED-ATG CGC AGC GCG TTG GCA 

CGC (21) 

Non-complementary to 

biotin-DNA1 (MIMIC) 

cDNA2-

RRED 
RRED-AGC TGG TGG CGT AG (14) 

Complementary to 

PNA2 (MIMIC + QCM) 

ncDNA2-

RRED 
RRED-CTA CGC CAC CAG CT (14) 

Non-complementary to 

PNA2 (MIMIC + QCM) 

 

4.5.2 Methods 

Synthesis of modified PLLs  

All modified PLLs were synthesized according to previously reported procedures.42,43  

1H NMR (400 MHz D2O) PLL-OEG(26.1)-biotin(5.7) δ [ppm] = 1.26–1.58 ((lysine γ‐CH2), 

1.63‐1.85 (lysine β,δ‐CH2), 2.25 (biotin linker, ‐CH2‐C(=O)‐NH-), 2.49 (ethylene glycol CH2 

from both OEG and biotin coupled, ‐CH2‐C(=O)‐NH), 2.75 (biotin, -S-CH2-), 2.98 (free 

lysine c, H2N‐CH2-), 3.15 (ethylene glycol CH2 of coupled lysine from both OEG and biotin 

b, C(=O)‐NH‐CH2‐), 3.35 (OEG methoxy, ‐O‐CH3), 3.53-3.78 (oligo ethylene glycol from 

both OEG and biotin, CH2‐O‐), 4.26 (lysine backbone a, NH‐CH‐C(O)‐), 4.40 (biotin d1, -

CH-NH-C(=O)-NH-), 4.59 (biotin d2, -CH-NH-C(=O)-NH-). 

Adapting a previously reported procedure,5,6 the quantification of grafted percentages of 

compounds OEG and biotin were achieved by using the integral ratios of characteristic peaks 

at the 1H-NMR. All the integrals were normalized using the peak at 4.29 ppm (lysine 

backbone a, NH‐CH‐C(O)‐). The specific integrals are at 3.00 ppm (free lysine c, H2N‐CH2), 
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3.15 ppm (CH2 of coupled lysine of both biotin and OEG side groups b, for both OEG and 

biotin), and the sum of both integrals at 4.40 and 4.59 ppm (biotin d1 and d2, -CH-NH-C(=O)-

NH-). 

All integrals of interest (b, c, and d1 + d2) correspond to two protons and they can be used 

with no further modification. Moreover, the sum of b and c equals the 100% of Lys (both 

functionalized and free) at the PLL backbone. Therefore eq. 1 and 2 were used to calculate 

the molfraction of OEG (x%) and biotin (y%) for the PLL-OEG-biotin employed: 

 

biotin% = [(𝒅𝟏 + 𝒅𝟐)/(𝒃 + 𝒄)] ∗ 100     Eq.1 

OEG% = [𝒃/(𝒃 + 𝒄)] ∗ 100 − biotin%    Eq.2 

 

1H NMR (400 MHz D2O) PLL-OEG(20.3)-Mal(4.5) δ [ppm] = 1.26–1.56 (lysine γ‐CH2), 

1.61‐1.82 (lysine β,δ‐ CH2), 2.49 (ethylene glycol CH2 from both OEG and Mal coupled, ‐

CH2‐C(=O)‐NH), 2.99 (free lysine, H2N‐CH2), 3.16 (ethylene glycol CH2 of coupled lysine 

from both OEG and Mal, C(=O)‐NH‐CH2‐), 3.35 (OEG methoxy, ‐O‐CH3), 3.58-3.79 (oligo 

ethylene glycol from both OEG and Mal, CH2‐O‐), 4.29 (lysine backbone, NH‐CH‐C(O)‐), 

6.85 (maleimide from coupled Mal, -C(=O)-CH-CH-C(=O)-). 

The amount of grafted OEG and Mal to both PLL-OEG and PLL-OEG-Mal polymer was 

quantified by 1H-NMR according to our previously reported procedure.5  

Table 4.4. Functionalization of PLL used in this work. 

 

Type of modified PLL OEG% biotin/Mal% 

PLL-OEG 24.9 / 

PLL-OEG-biotin 26.1 5.7 

PLL-OEG-Mal 20.3 4.5 

 

 

Preparation of PDMS substrates  

PDMS substrates (for use of the stamping device) and molds for MIMIC were prepared as 

reported previously.50,51,45 In short, a 10:1 (v/v) mixture of poly(dimethylsiloxane) and curing 

agent Sylgard 184 was casted against either a flat petri dish or a silicon master with etched 

structures (100 x 100 µm) prepared by lithography. After overnight curing at 60°C, the 
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PDMS in the petridish was stored as is, while the PDMS on the silicon master was cut in 

small MIMIC molds, and their edges were opened with a scalpel before storing.  

 

MIMIC on COP/Ormostamp 

MIMIC was performed following previously reported procedures.50,45 Both PDMS mold and 

either COP or Ormostamp substrates (approx. 1.5 x 1 cm) were cleaned by sonication in a 

mixture of Milli-Q water and EtOH (1:1), dried by a stream of nitrogen and activated by 

oxygen plasma for 1 min (Plasma Prep II, SPI Supplies; 200-230 mTorr, 40 mA). Thereafter, 

the mold was placed on top of the activated polymeric material to form the network of 

channels, owing to the conformal contact. A drop (10-20 µl) of desired modified PLL 

solution (0.1 mg/ml in PBS, pH 7.4) was placed at the open edge of the PDMS mold and the 

liquid filled the channels as a result of capillary forces. The mold was peeled off, and the 

patterned PLL lines were rinsed copiously with Milli-Q water. 

 

Functionalization of substrates patterned by MIMIC 

PLL-OEG-biotin patterned substrates were functionalized by consecutively depositing 80 µl 

of 0.1 mg/ml SAv-F solution in PBS (pH 7.4) for 5 min, and 1 µM of biotin-DNA in the same 

buffer for 10 min. The substrates patterned with PLL-OEG-Mal were covered for 10 min 

with 80 µl solution of PNA-thiol probe (1µM in PBS, pH 7.4), freshly deprotected from the 

disulfide group (SPDP = 3- (2-pyridyldithio)propionyl) using the TCEP reducing gel 

following the procedure described in our previous work.43 Hybridization experiments were 

performed by placing on top of both patterned recognition surfaces (COP and Ormostmap) 

80-100 µl of corresponding ncDNA-RRED or cDNA-RRED solutions (1µM in PBS, pH 7.4) 

for 10 min. After every deposition step, substrates were rinsed with Milli-Q water and blown 

dry in a stream of nitrogen.  

 

Fully covered COP/Ormostamp substrates for contact angle and XPS measurements 

COP and Ormostamp substrates (1.5 x 1.0 cm) were activated as previously described, 

immersed in a solution of PLL-OEG (0.1 mg/ml in PBS, pH 7.4) for 30 min and then rinsed 

with Milli-Q water. Control samples were immersed in PBS (pH 7.4) solution, without PLL. 

Contact angle measurements were recorded before and after the activation, and after the 

functionalization. Control experiments where done dipping the activated substrates in just 

PBS solution. Thereafter, the substrates were stored in Milli-Q water, and the contact angle 

was monitored for 10 days. COP substrates for XPS were prepared following the same 

procedure, and fully dipped in the solutions of pure PBS, without or with PLL-OEG or PLL-

OEG-biotin (0.1 mg/ml, pH 7.4). 
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Spin-coating of Ormostamp on SiO2 QCM and PET substrates 

For all regular Ormostamp substrates described above, using an adapted procedure 

previously reported,52 a drop of Ormostamp solution was manually dispensed on a PET 

substrate. By using a laboratory customized imprinting set-up, a flat glass wafer previously 

coated with anti-adhesion coating tridecafluoro-(1,1,2,2)-tetrahydrooctyl-trichlorosilane was 

pressed against uncured Ormostamp. UV-light from OmniCure LX400 with 365 nm LED 

source was exposed through the glass wafer acting as an imprint tool. After being released 

from the mold, a flat layer  of approximately 30 µm of cured Ormostamp was formed on the 

PET substrate. 

Prior to coating, the QCM chips were treated by oxygen plasma (Pico, Diener Electronic 

GmbH) for 30 s. The Ormostamp material was diluted in Ma-T1050 (1:10,v/v) and spin-

coated at 3000 rpm for 60 s. After the spinning, the Ma-T1050 thinner was evaporated out at 

130°C for 10 min on a hot plate. To UV-cure the Ormostamp layer, QCM chips were placed 

in a vacuum chamber (Pico, Diener Electronic GmbH) and UV-light from OmniCure® 

LX400 with 365 nm LED source was exposed through a window, forming a 200 nm 

Ormostamp thin layer.   

 

Quartz crystal microbalance with dissipation monitoring (QCM-D)  

Silica-coated (50 nm, QSX303) QCM-D sensors from LOT-Quantum were spin-coated with 

Ormostamp, and then washed with Milli-Q water and EtOH, sonicated in EtOH for 5 min, 

dried in a stream of nitrogen and finally oxidized in oxygen plasma (Plasma Prep II, SPI 

Supplies; 200-230 mTorr, 40 mA) for 1 min. Activated chips were fully immersed in a 

solution of either PLL-OEG or PLL-OEG-Mal (0.1 mg/ml in PBS, pH 7.4) for 30 min, 

followed by incubation in 1 µM of activated PNA2 thiol solution (PBS, pH 7.4) for 30 min. 

After each modification step, the Ormostamp-coated chips were gently rinsed with Milli-Q 

water and dried in a stream of nitrogen. QCM-D measurements were performed using a Q-

Sense E4 4-channel quartz crystal microbalance with a peristaltic pump (Biolin Scientific), 

monitoring the 5th fundamental overtone. All experiments were performed in PBS buffer (pH 

7.4) with a flow rate of 80 µl/min at 22°C.  

 

X-ray photoelectron spectroscopy (XPS).  

XPS measurements were performed using a Quantera SXM machine (scanning XPS 

microprobe) from Physical Electronics equipped with a monochromatic Al Kα X-ray source 

(1486.6 eV). During the analyses, the filament current was kept at 2.6 mA and the power at 

50 Watt. The working chamber pressure was maintained at 3 10-8 torr. The size of the X-ray 

beam used in the analysis was 200 µm. 
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Fluorescence microscopy 

Fluorescence microscopy images were taken in air using an Olympus inverted research 

microscope IX71 equipped with a mercury burner U-RFL-T as light source and a digital 

Olympus DP70 camera. A combination of Dapi and Olympus cubes were used to have blue 

(λex = 430 nm ; λem = 470 nm), green (460 nm ≤ λex ≤ 490 nm; λem = 525 nm) and red (510 

nm ≤ λex ≤ 550 nm ; λem ≥ 590 nm) filter. The linear (average) and 3D intensity profiles were 

obtained by a rectangular selection over the whole picture, elaborated with Image J software. 
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Chapter 5 

 

Weak Multivalent Binding of Influenza 

Hemagglutinin Nanoparticles at a Sialoglycan-

Functionalized Supported Lipid Bilayer* 

 

Quantification of the multivalent interactions of influenza viruses binding at interfaces may 

provide ways to tackle key biological questions regarding influenza virulence and zoonoses. 

Yet, the deconvolution of the contributions of molecular and interfacial parameters, such as 

valency, interaction area and receptor density, to the binding of whole viruses is hindered by 

difficulties in the direct determination of these parameters. We report here a chemical 

platform technology to study the binding of multivalent recombinant hemagglutinin (rHA) 

nanoparticles at artificial sialoglycan cell receptor-presenting interfaces in which all these 

parameters can be derived, thus allowing the desired full and quantitative binding analysis. 

SiO2 substrates were functionalized with supported lipid bilayers containing a targeted and 

tunable fraction of a biotinylated lipid, followed by the adsorption of streptavidin and 

biotinylated polyvalent 2,3- or 2,6-sialyl lactosamine (SLN). rHA nanoparticles were used 

as a virus mimic to provide a good prediction of the number of interactions involved in 

binding. Low nanomolar affinities and selectivities for binding at the 2,6-SLN platforms were 

observed for rHA particles from three different virus variants. When fitting the data to a 

multivalency model, the nanomolar overall affinity appears to be achieved by 6-9 HA-sugar 

molecular interaction pairs, which individually present a rapid association/dissociation 

behavior. This dynamic behavior may be an essential biological attribute in the functioning 

of the influenza virus. 

                                                 

* Part of this Chapter has been published as: D. Di Iorio, M. L. Verheijden, E. van der Vries, P. 

Jonkheijm, J. Huskens, ACS Nano 2019, 13, 3413-3423. 
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5.1 Introduction 

 
Influenza remains a threat to global health causing millions of human infections and 

substantial mortality every year.1,2 Influenza A viruses are subtyped based on the antigenic 

properties of the two glycoproteins hemagglutinin (HA) and neuraminidase (NA).3 HA is 

responsible for binding of the virus to sialic acid (SA)-terminated carbohydrates present at 

cell membranes, and the resulting adsorption of the virus to a cell membrane embodies the 

onset of the infection. The initial virus attachment to the cell is regulated by multivalent 

interactions, where homotrimeric HA binds to SAs and multiple HA trimers are involved in 

the interaction with the carbohydrate-covered cell surface.4 The NA, instead, facilitates the 

release of the virus from the cell after reproduction, by cleaving the SA residues present on 

the cell membrane.5 

The overall affinity of the virus binding depends on the virus strain, expressed in the 

occurrence of different HA and NA subtypes, in combination with the specific form and 

density of SA presented at the membrane. Together, these factors determine the specificity 

of a virus for a particular host species. For example, avian influenza viruses bind 

preferentially to 2,3-sialyl-(N-acetyl-lactosamine) residues (2,3-SLN) while human influenza 

viruses show a preference for 2,6-sialyl-(N-acetyl-lactosamine) residues (2,6-SLN).6,7 

Switching of a virus’ specificity to another host species occasionally occurs, and may cause 

a pandemic when such a ‘zoonotic’ virus further adapts to humans by improving its 

replication/transmission efficiencies.8,9 The latest example – the outbreak of the 2009 

influenza pandemic10 – stresses the importance of a thorough understanding of the factors 

driving such events. Alteration of the binding specificity is essential at this first stage, and 

this involves, for instance, mutation at the HA binding site and/or re-assortment of different 

HA and NA glycoproteins. However, subsequent adaptations appear to be required,8,9  

including those that improve the functional balance between the HA and NA glycoproteins. 

To better understand these virus changes, it will be key to thoroughly understand the 

relationship between multivalent HA binding and virus infectivity at the molecular level.  

A first step towards an improved molecular understanding is to provide a platform to study 

the binding selectivity of various virus strains for different SA residues and to quantify their 

interaction at these artificial cell surface mimics. Some examples of 2D sensor platforms 

bearing surface modifications for the study of the interaction of viruses with model cell 

receptors have been reported.8,11,12 These platforms, based on streptavidin-modified surfaces 

at which a fast and easy modification with biotinylated receptors or aptamers is achieved, 

allow an efficient detection of viruses. However, this type of surface modification does not 

resemble the structure and properties of the cell surface, such as, for example, the membrane 

fluidity. Moreover, the sugar density at cell membranes is known to affect the binding 
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characteristics of the influenza virus strongly, by influencing the valency and the multivalent 

effect of the overall interaction.13,14 Therefore, it is important to design platforms that allow 

a good control over the SA density at the surface.  

Various methods have been developed to achieve control over surface densities of ligands or 

receptors, using self-assembled monolayers (SAMs) or (fluid) supported lipid bilayers 

(SLBs), to obtain static or laterally mobile layers, respectively.15-17 For example, the surface 

density of surface-exposed NTA(Ni) moieties was controlled using mixed SAMs of suitably 

modified thiols for His6-tag protein immobilization,18 the surface density of arginine-glycine-

aspartic acid (RGD) peptide was varied using SAMs to investigate the effect on cell 

binding,19 and the surface density of biotin was controlled both using SAMs and SLBs to 

investigate the multivalent binding of streptavidin.20 However, so far, SLBs have not been 

used to quantify the interaction of influenza viruses. 

A surface analytical technique such as biolayer interferometry (BLI), has proven to be 

suitable for the study of virus-platform interactions, and it allows the determination of the 

selectivity of different virus variants or mutants for specific SA residues at surfaces at which 

the SA density is varied.8 However, a molecular understanding of the avidity observed for 

the interactions between influenza viruses and SAs is required to better understand the 

mechanism of virus infection and the role of multivalent binding therein. Another important 

open question is whether the bound virus remains dynamic upon adsorption, which is in large 

part determined by the nature of the multivalent binding. Technical issues of the BLI 

technique, such as limited knowledge of the surface presentation of the sugars at the detection 

platforms, as well as biological ones, such as the inhomogeneity of whole virus samples 

regarding size distribution, contact area when adsorbing to a surface and distribution of HA 

and NA proteins, prohibit a better understanding of the valency of the binding and the 

resulting multivalent effects.  

Here, we report a SA receptor-presenting SLB platform that functions as a mimic for a cell 

membrane, and aims to provide control over the receptor density. Together with the use of 

recombinant protein clusters (“rosettes”) of HA (rHA) as virus models, this system enables 

control of the interaction area between the surface and the virus-like particle, and thereby of 

the binding valency. The surface modification with SLBs provides a well-known cell 

membrane mimic that offers ease of preparation, controlled functionalization by 

incorporation of tunable fractions of functionalized lipids, and excellent non-fouling 

properties.21 By introducing tunable amounts of biotinylated lipids in the SLB, followed by 

the attachment of streptavidin (SAv), the surfaces have been functionalized with biotinylated 

human or avian receptors with control over their surface density. rHA rosettes bind 

selectively to the receptors, and their interactions have been quantified using quartz crystal 

microbalance with dissipation monitoring (QCM-D). The tunable sugar density at the SLB 
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platform, together with the controlled valency of the rHA protein cluster in its interaction 

with this platform, enables the use of a multivalent binding model to quantify the multivalent 

interaction in terms of the individual affinity constant of a single HA-receptor site, the 

valency, and the, receptor density-dependent, effective molarity.   

 

5.2 Results and discussion 

5.2.1 Design and characterization of the SLB platform 

In order to achieve control over the interaction area between the cell surface mimic and a 

virus particle, we have employed small rHA nanoparticles, also called rosettes, as a model 

for the influenza virus, while at the same time reducing complicating factors due to the 

heterogeneity of whole influenza viruses regarding their size, shape, and HA and NA 

fractions. Transmission electron microscopy (TEM) measurements (Figure 5.1) showed that 

these rosettes are approximately 22 nm in size and consist of, on average, 10-12 recombinant 

HA0 (rHA) trimers embedded in a surfactant layer.22,23 rHAs of different influenza A/H1N1 

viruses, with affinities for different receptors, have been used here: Influenza viruses 

A/California/07/2009 (Cal/09), A/New Caledonia/20/99 (NC/99) and A/Brisbane/59/07 

(Bris/07) virus. All three viruses have been reported to bind preferentially to human sialic 

acid (2,6-SLN) residues.24-26 

 
Figure 5.1. Electron micrograph of HA trimer rosettes from influenza virus embedded in phospho-

tungstic acid (PTA, 1% (w/v), pH 7.4). (A) rHA rosettes from A/New Caledonia/20/99. (B) rHA 

rosettes from A/Brisbane/59/07. 
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The SLB-based interaction platform was built up in a number of steps as schematically 

presented in Figure 5.2A. Unilamellar vesicles consisting of both 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) lipids and a targeted fraction of the lipid 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(biotinyl) (DOPE-biotin) were prepared by extrusion, using a 

polycarbonate membrane with 100 nm pore size, and their size was measured to be 78 ± 29 

nm by dynamic light scattering (DLS). Such vesicles are known to adhere to and rupture on 

oxidized glass substrates, resulting in SLBs that display biotin moieties at the SLB-water 

interface.20,27 SLBs consisting of zwitterionic DOPC lipids have been demonstrated to 

suppress non-specific interactions effectively.21 This is of particular importance here, 

considering that the binding of viruses to the SLBs is based on multiple weak specific 

interactions, necessitating the suppression of non-specific interactions. 

 

 

 
 

Figure 5.2. Schematic representation of the SLN-modified SLB platform and its interaction with rHA 

nanoparticles. (A) Step-by-step formation of the platform: the first step consists of the formation of the 

biotinylated SLB on a silicon oxide substrate presenting water at the interface, followed by adsorption 

of SAv and subsequently by the adsorption of biotinylated polyvalent SLN (biotin-PAAm-SLN) that 

can interact with the rosettes. (B) Molecular structure of the molecules used for the formation of the 

platform. 
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The density of biotin moieties displayed at the SLB can be conveniently controlled by mixing 

in the desired fraction, here varied from 0.1 to 5%, of the DOPE-biotin lipid during vesicle 

preparation. Subsequently, streptavidin (SAv) was bound to the surface by exploiting the 

strong biotin-SAv interaction. The surface-bound SAv presents additional free binding 

pockets, and these were used to bind a poly[N-(2-hydroxyethyl)acrylamide]-based (PAAm) 

polymer (biotin-PAAm-SLN, see Figure 5.2B), presenting both biotin and SLN moieties in 

a random fashion at the PAAm backbone. Polymers with an average of 22 SLN moieties and 

5.5 biotins per polymer chain (thus with a ratio of 4 SLNs per biotin unit) were used. By 

controlling the biotin density in the SLB, the SAv density and ultimately the SLN density 

can be tuned. Such polymers are routinely used for the variation of SLN density in virus 

binding studies using BLI.28,29 

QCM-D was used to monitor in-situ the step-by-step formation of the SLB platform as well 

as the interaction of the rosettes with surface-bound SLNs (Figure 5.2A), thus allowing 

quantitative comparison of the experiments for different (2,6 and 2,3) SLN receptors and 

different rHA particles. An important consideration when using QCM-D for the 

(quantitative) analysis of biological entities at surfaces is the contribution of hydrated mass 

to the QCM-D output parameters, i.e. frequency (f) and dissipation (D). Because the 

associated water fraction is generally unknown, the relative surface coverages of bound 

molecules or particles can be determined from the QCM-D output (as the relative coverage 

will depend linearly on the frequency shift), but the absolute coverages cannot be determined 

exactly. Therefore, we primarily used the frequency shifts (Δf) to obtain relative coverages 

of rHA rosettes. Yet, the relative contribution of the mass of hydrated water can still depend 

on the packing density of the adhered particles; especially at high packing densities, where 

hydration shells can significantly overlap, deviations from linearity may occur.30 

In Figure 5.3A, an example of four parallel QCM-D measurements is presented, where the 

DOPE-biotin fraction was varied between 0.1 – 5%. The first step, corresponding to the 

adsorption of the vesicles and their subsequent rupture, indicates the formation of high quality 

SLBs (i.e. Δf = -24 ± 1 Hz and ΔD < 0.5×10-6) on the SiO2-coated sensors.27 An intriguing 

property of SLBs is the lateral mobility of individual lipid constituents. The lateral mobility 

of the lipid bilayer, as well as of SAv bound to the biotin groups in a subsequent step, was 

confirmed using a fluorescently labeled lipid and fluorescently labeled SAv, respectively. 

DOPC-based SLBs with 1 mol% DOPE-biotin showed a lateral mobility of bound SAv 

similar to that of the native SLB, as was verified by fluorescence recovery after photo-

bleaching (FRAP). 
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Figure 5.3. Control over the SLN density at the SLB platform. (A) Example of four parallel QCM-D 

measurements showing SLB formation using DOPC vesicles with a molfraction x (0.1, 0.4, 1 and 5%) 

of DOPE-biotin followed by binding of SAv (0.5 µM) and subsequently of biotin-PAAm-2,6-SLN (4 

µg/ml) . Grey areas indicate the binding steps and white areas indicate buffer wash steps. All steps are 

under flow. (B) Correlation between QCM-D frequency shifts (Δf5, 5th overtone) of SAv binding as a 

function of the DOPE-biotin fraction. The red dashed line is a guide to the eye. (C) Correlation between 

QCM-D frequency shifts of the biotin-PAAm-2,6-SLN binding as a function of the frequency shift for 

SAv binding. The red dashed line is a linear fit to the data points. 

Subsequently, all four substrates were washed with buffer and incubated with SAv. The 

frequency shift induced by adsorption of SAv as a function of the fraction of biotin in the 

SLB is reported in Figure 5.3B. The data shows a close-to-linear trend between the biotin 

density and the coverage of SAv up to 1% of DOPE-biotin, but the SAv coverage saturated 

at higher DOPE-biotin fractions. This observation suggests that above 1-2 mol% of DOPE-

biotin, the surface reaches physical saturation with SAv, which is in agreement with 

previously reported dense packing of SAv at SLBs that were functionalized with 5% or 10% 

of biotin.31,32 The frequency shift of the subsequent binding of biotin-PAAm-2,6-SLN onto 

the SAv-modified substrates was found to be linearly related to the coverage of SAv that was 

reached in the preceding step (Figure 5.3C). 
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The results discussed above show that this platform is suited to tune the density of the sialic 

acid residues presented at the SLB platform. When we assume (i) that every SAv binds to 

two biotin moieties of DOPE-biotin present in the SLB,20 and (ii) that all biotin moieties of 

biotin-PAAm-SLN bind to and saturate the remaining available binding pockets of SAv, SLN 

densities values are estimated between 0.92 and 45.8 pmol/cm2 for 0.1 and 5% of biotin, 

respectively, here ignoring packing effects of SAv. Experimental average SLN densities 

ranged from 3.5 to 26 pmol/cm2, corresponding to 6.9 and 2.5 nm average spacing between 

SA residues, respectively. These values are based on an estimated 80% water content (based 

on experimental values ranging from 70-90% obtained for other large biomolecules)21 and 

the assumption that the Sauerbrey model is valid (a reasonable assumption considering the 

small increase in dissipation for the polymer binding step). The observed differences between 

the calculated and the experimental values for the SLN densities has reasonable explanations 

at both the lower and higher biotin densities: At a low fraction of DOPE-biotin in the SLB, 

and a concomitantly low coverage of SAv, the polymeric sugar probably binds to the surface 

with only two (of approx. 5.5) biotin moieties per polymer chain, allowing the attachment of 

a higher relative amount of polymer on the surface. At the other limit, the calculated value 

does not take into account the SAv saturation on the surface that occurs at a biotin percentage 

above 2% (Figure 5.3B), and thus not every biotin from DOPE-biotin can bind to SAv 

because of steric hindrance and, therefore, this omission leads to an overestimation of the 

polymer density on the surface. Yet, both the experimental and model values are average 

densities, and do not take into account the probably inhomogeneous SLN distribution over 

the sensor surface which is related to the use of a polymer with a fixed degree of 

functionalization with biotin and SLN moieties. This issue is discussed in more detail below.  

 

5.2.2 Rosette binding on the SLB platform 

The specificity and selectivity of the interaction between the rHA rosettes and the SLN-

displaying platform were investigated by studying the adsorption of the different 

nanoparticles onto SLBs with varying types and densities of SLN receptors. After verifying 

the formation of biotin-functionalized SLBs, the subsequent binding of SAv and of a 

biotinylated PAAm polymer, two different concentrations (0.14 and 0.56 nM) of Cal/07 rHA 

rosettes were flown over SLBs modified with biotin-PAAm (without SLN) or biotin-PAAm-

2,6-SLN. Figure 5.4A shows the successful binding of rosettes to surfaces that were 

functionalized with 2,6-SLN, while no binding was observed in the absence of 2,6-SLN at 

the SLB. The higher dissipation signals relative to the obtained frequency shifts, in 

comparison with the results presented in Figure 5.3A, suggests that the rosettes interact with 

the SLB as intact particles. These results indicate that nonspecific interactions between the 
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platform and the rosettes are negligible and that the binding of the rosettes to the SLN-

functionalized platform is caused by specific, i.e. SLN-HA, interactions. 

 

 

Figure 5.4. Selectivity of the binding of HA rosettes at the SLB platform. (A) QCM-D results of the 

binding of A/California/07/2009 (Cal/09)  rHA rosettes to SLBs modified with biotin-PAAm-2,6-SLN 

or biotin-PAAm (without SLN). (B) QCM-D results of the binding of A/Brisbane/59/07 (Bris/07)  rHA 

rosettes to SLBs modified with biotin-PAAm-2,6-SLN or biotin-PAAm-2,3-SLN. Steps shown here 

were performed after (not shown): formation of SLB presenting biotin groups, subsequent binding of 

SAv, and of biotin-PAAm with/without SLN groups. DOPE-biotin densities were (A) 1% and (B) 0.4%. 

Grey areas indicate the binding steps and white areas indicate buffer wash steps. All steps were recorded 

under flow. 

Various influenza viruses are known to bind selectively to specific glycan structures. 

Therefore, the selectivity of the binding of the Bris/07 rHA rosettes to both 2,6-SLN and 2,3-

SLN-functionalized SLBs was evaluated. A much higher (approx. 4-fold) QCM-D response 

was observed (see Figure 5.4B) for the 2,6-SLN-modified SLBs indicating a preference for 

binding of the Bris/07 rHA virus particles to the human 2,6-sialic acid residues. This 

difference was not due to a different density of SA residues bound to the sensor surface, since 

the coverages of biotin-PAAm-SLN at the biotin-SAv-modified SLB were comparable 

(<10% difference in Δf5). The rHA rosette binding was evaluated at two concentrations, 

showing an increased amount of binding at the higher concentration but with similar 

selectivity. Even more selective binding was observed in the case of binding of Cal/09 and 

NC/99 rHA clusters to 2,6-SLN-modified SLBs: no significant binding was observed for 

either of these clusters on 2,3-SLN surfaces while significant binding was observed at 2,6-

SLN surfaces (see also data presented in Figure 5.6 below). 

To determine the overall dissociation constant (Kd) of the interaction of Cal/09 rHA clusters 

with the 2,6-SLN-modified SLBs, solutions of Cal/09 rHA clusters at concentrations ranging 

from 0.14 to 4.2 nM were titrated at the surface, and adsorptions were monitored with QCM-
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D. Biotin fractions in the SLB of 0.4 and 5 mol% were used, and Figure 5.5A reports the 

frequency shifts obtained in the titration performed with the SLB containing 0.4% of DOPE-

biotin. Figure 5.5A shows clear binding steps at all concentrations, visible both in the 

frequency and dissipations signals, in agreement with the adsorption of soft particles. The 

adsorption steps reached a plateau in approx. 10 min, while flow of the respective solutions 

was maintained for 40 min, indicating that equilibrium was reached in each step. The 

reversibility of the particle binding is further indicated by the observed, though slow, 

desorption upon switching the flow to buffer after the last particle solution. The data confirms 

qualitatively that the rosettes allow the assessment of their binding affinity by employing 

regular titrations performed under thermodynamic equilibrium. 

 

 

Figure 5.5. Affinity of Cal/09 rHA rosettes at the 2,6-SLN surface and effect of sugar density. (A) 

QCM-D titration of the Cal/09 rosettes at a 2,6-SLN-presenting SLB with 0.4 mol% of DOPE-biotin 

present in the SLB. Grey areas indicate the binding steps and white areas indicate buffer wash. All steps 

were performed under flow. Surface functionalization up to the rHA cluster binding was monitored as 

well but not shown here. (B)  Binding curves from QCM-D titrations for Cal/09 rHA clusters at 2,6-

SLN surfaces starting from 0.4% (red circles, left y-axis) and 5% (black squares, right y-axis) DOPE-

biotin. Langmuir model fitting (solid lines) provided the binding constants shown.  

Figure 5.5B shows the resulting binding data when plotting the plateau values of the 

frequency shift after each rosette binding step versus the concentration of the rosette. A Kd 

of 5.2 nM was found from fitting the 0.4 mol% DOPE-biotin data with a standard 1:1 

(Langmuir) model. When the same type of titration was performed on a 2,6-SLN-modified 

SLB with a higher fraction (5 mol%) of DOPE-biotin, which resulted in a three times higher 

surface coverage of 2,6-SLN (based on Figure 5.3C), a very similar Kd of 9.4 nM was found 

(Figure 5.5B). In correspondence with this relatively strong binding, limited, but notable, 

desorption was observed at the measurement time scale when washing the surface with buffer 

after the titration (Figure 5.5A). 
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The Langmuir fits of the dissociation constants (Figure 5.5B) require co-fitting of the 

frequency shift plateau values that correspond to saturation of the surface with rHA 

nanoparticles. For the 0.4% and 5% platforms, these saturation frequencies, Δfmax, were 95 

and 335 Hz, respectively. These values agree reasonably well with the relative differences in 

SLN receptor and SAv densities at these platforms as mentioned above. However, the plateau 

values estimated by these fits have a relatively large error, since the titration data do not level 

off sufficiently to estimate more accurate values of the saturation levels. Limited stock 

concentrations of the rosettes prohibited us, however, from extending the titrations to higher 

concentrations.  

QCM measurements of the binding of biotinylated lipid bilayer vesicles of 100 nm in 

diameter at SAv-modified SLBs showed a maximal binding frequency of about 150 Hz at 

dense vesicle coverage (see Chapter 7). This suggests that the here used smaller rHA rosettes 

probably bind in a close to dense fashion at the 5% platform and that the plateau frequency 

will most likely not be much larger than now estimated. Consequently, the estimated Kd 

values will not be much higher than the fitted values given above. Overall, this analysis 

indicates that the dissociation constants are definitely in the low nM regime.  

Noteworthy, the Kd values for the interaction of the 0.4% and 5% platforms with the Cal/09 

rosette are very similar. This seemingly contradicts published work performed on whole 

viruses which have shown strong dependencies of the binding affinity on the (polyvalent) 

sugar density.8,13,29  At the same time, however, it must be noted that these data may not be 

directly comparable, as these are often performed at only one virus concentration. As a 

consequence, full titrations (i.e., with different concentrations of virus to obtain different 

surface coverages), like done here for the rosettes, are normally not performed with whole 

viruses. For example, concentrations of 100 pM of whole influenza virus were used by 

Gamblin et al.13 to achieve either partial or full virus coverage of surfaces coated with the 

same biotin-PAAm-2,6-SLN polymer as used in this work, and were used for monitoring 

relative differences between viruses without determining the binding constants. 

Similar titrations were performed for rHA rosettes derived from NC/99 (at 0.4 mol% DOPE-

biotin only) and Bris/07 (at 0.4 mol% and 5 mol% DOPE-biotin) (see Figures 5.6), and the 

resulting overall dissociation constants are summarized in Table 5.1. Comparing the results 

for the three rosettes, very similar dissociation constants were found for the 2,6-SLN 

presenting surfaces, all in the low nM concentrations. Both the Cal/09 and Bris/07 rosettes 

showed (slightly) higher dissociation constants, i.e. weaker binding, at the 5% platforms in 

comparison to the 0.4% platforms. The differences in binding affinity may be due to the error 

involved with estimating the saturation frequency values, as indicated above, and possibly to 

small deviations from the linear frequency dependence at the densely packed 5% surface (see 

below), but it contrasts data on whole viruses that show generally stronger binding at higher 
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receptor densities. Moreover, higher saturation values were obtained for Bris/07 clusters 

compared to the other clusters tested here. This may be due to a difference in size of the 

nanoparticles and, therefore, a different packing density on the surface, as well as a difference 

in the hydration of the rosettes. However, when the data were fitted by fixing the saturation 

values to 100 Hz and 300 Hz at 0.4 mol% and 5 mol% DOPE-biotin, respectively, the Kd 

values obtained from the fitting did not decrease significantly: values of 1.9 nM and 6.4 nM 

were found for the lower and higher SLN densities, respectively, confirming the same low-

nM Kd range already observed for the Cal/09 rosettes described above. 

 

Table 5.1. Dissociation constants for rHA rosettes of three different viruses at 2,6-SLN-presenting 

surfaces with 0.4 mol% or 5 mol% DOPE-biotin. In brackets are given the saturation frequency shifts 

calculated from the Langmuir fits for each titration.  

DOPE-biotin  

(mol%) 

Kd/nM (Δfmax/Hz) 

Cal/09 

Kd/nM (Δfmax/Hz) 

Bris/07  

Kd/nM (Δfmax/Hz) 

NC/99  

0.4 5.2   (95) 3.2   (130) 3.4  (71) 

5 9.4   (335) 20    (739) - 
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Figure 5.6  QCM-D binding profiles for titrations of rHA clusters onto SLB platforms and Langmuir 

binding model fitted to the binding data: (A) NC/99 rHA rosettes at a 2,6-SLN surface with 0.4 mol% 

DOPE-biotin, (B) NC/99 HA rosettes at 2,3-SLN and 2,6-SLN surfaces with 0.4 mol% DOPE-biotin, 

(C) Bris/07 rHA rosettes at 2,3-SLN and 2,6-SLN surfaces with 0.4 mol% DOPE-biotin, and (D) 

Bris/07 HA cluster at a 2,6-SLN surface with 5 mol% DOPE-biotin. Grey areas indicate the binding 

steps and white areas indicate washing with HEPES saline buffer at pH 7.4. All steps were performed 

under flow. (E) NC/99 at 0.4% DOPE-biotin in SLB with 2,6 SLN (see A), (B) Bris/07 at 0.4% DOPE-

biotin in SLB with 2,6 SLN (see C) and (C) Bris/07 at 5% DOPE-biotin in SLB with 2,6 SLN (see D). 

Dissociation constants Kd are given and plateau values were co-fitted with Kd. Plateau values obtained 

from the fits are 71, 130 and 739, respectively for A, B and C. (H) ΔD5 as function of –Δf5 for the rHA 

cluster titration step for the three tested clusters at surfaces with 0.4% or 5% DOPE-biotin, and with 

the 2,6-SLN receptor. 
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As mentioned above, the relative contribution of hydrated water can depend on the packing 

density of the adhered entities, in this case the rHA rosettes. To evaluate whether possible 

hydration shell overlap influences the observed binding curves, we evaluated the dissipation 

signal as a function of the frequency shift for all titrations. Figure 5.6H shows that these -

Δf/ΔD plots were largely linear at 0.4 mol% DOPE-biotin density, whereas at 5 mol% DOPE-

biotin density, the corresponding titrations showed nonlinear behavior with the ΔD leveling 

off at higher Δf values, which may be related to increasingly overlapping hydrations shells 

of the rHA rosettes. This indicates that the relative frequency shifts and the saturation 

frequencies are more reliable for the 0.4% platforms, and therefore we interpret the binding 

data obtained at the 5% platforms to be essentially very similar in affinity as observed for the 

0.4% ones. 

When we assume a plateau value to hold for a particular rosette (for example, of 130 Hz for 

Bris/07 at the 0.4% platform), Kd values for the 2,3-SLN platforms can be determined as well, 

leading to a Kd value of 26 nM of the Bris/07 rosette on the 0.4% platform. The one order of 

magnitude weaker binding to the 2,3-platform compared to the 2,6, is a clear signature of the 

difference in binding selectivity of the HA of this rosette. 

As observed (Figure 5.5, and Table 5.1, Δfmax values), the absolute amounts of binding are 

higher at the higher sugar densities. However, these results do not show the expected 

increased affinity for the higher sugar density. Instead, the affinities (Kd values) appear 

unaffected by the SLN surface density suggesting that the sugar density sensed by the HA 

rosettes does not change with increasing densities of biotin-PAAm-SLN. Therefore, we here 

propose that this insensitivity of the rosette binding to the sugar density is caused by a fixed 

local SLN density, due to restriction of the interaction area of a rosette to a single polymeric 

biotin-PAAm-SLN at the SLB platform.  

Figure 5.7A shows a schematic top view of the surface and how a rosette particle interacts 

with it. Looking at the composition and structure of the SLN-modified polymer, the biotin-

PAAm-SLN contains approx. 115 acrylamide monomer units with a stretched main chain of 

approx. 30 nm, of which, on average, 22 monomer units contain an SLN moiety and 5.5 a 

biotin group. One polymer chain can therefore bind 2-3 SAv proteins simultaneously. Indeed, 

adsorbed biotin-PAAm-SLN has been shown to cover an area with a diameter of 15 nm,33 

i.e., of 175 nm2, which can easily accommodate the area of the SAv molecules it binds to 

(approx. 25 nm2 per protein). From the SAv-bound biotin moieties located at the surface, 

small chain segments with a length of a few nm may stick out upward and sideward, exposing 

SLN units (and their linker chains) to provide additional flexibility.  
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Figure 5.7. Interaction and contact area of an HA rosette binding to a single biotin-PAAm-SLN 

polymer at the SLB platform. (A) Schematic presentation of the constant local SLN density sensed by 

the HA rosettes for different biotin-PAAm-SLN coverages. (B) Representation of a single rosette 

interacting with three of its HA trimers with a single SLN-polymer at the SLB substrate. 

The HA clusters have a diameter of 22 nm, assuming a diameter of about twice the length of 

one HA trimer.22 With 10-12 HA trimers, we can view such a particle as an icosahedron with 

an HA trimer at (almost) each apex, with an angle of 63° between neighboring trimers. This 

gives a contact area in which three trimers interact with the substrate, while the other trimers 

will be >5 nm away from the surface. At the protruding tips of the trimers, tip-tip distances 

of 15 nm can be estimated in this geometry, which is not far off from the 11 nm trimer-trimer 

distance in whole viruses.34,35 The somewhat larger tip-tip distance in the rosettes is a direct 

result of the much higher curvature of the smaller rHA rosettes compared to the whole virus.  

Taken together, these considerations indicate an excellent match between the contact area of 

a rHA rosette and that of a single biotin-PAAm-SLN polymer molecule displayed at the 

sensor platform. This analysis supports the observed lack of density dependence in the 

binding behavior of the rHA rosettes, and it also explains the seemingly contradictory 

coverage-dependent virus binding observed in literature. Because the whole virus has a 

diameter of approximately 100 nm, it has a much larger contact area and valency with the 

substrate than an rHA nanoparticle. As a consequence, the virus can interact with multiple 

biotin-PAAm-2,6-SLN polymer molecules simultaneously, whereas the rosettes only bind to 

a single polymer molecule at a time, making the interaction of the whole virus sensitive to 

the polymeric SLN density whereas that of the rosette is not.13  

The relatively small and well-defined contact area between an rHA rosette and the substrate 

allows for a detailed description of the multivalent interaction and the overall affinity 

resulting from the interaction. From an estimated interaction area involving three HA trimers, 

a valency of 6-9 can be estimated, depending on whether all three sites of a trimer can interact 

or not. For a tripodal arrangement of trimers, maximally two sites of each bonding trimer can 
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be in direct contact with the substrate at any time. Yet, the third site of these trimers is at a 

distance of approx. 2.5 nm from the surface. Seen the length and flexibility of the biotin-

PAAm-SLN polymer and the linker connecting the SLN moieties to the polyacrylamide 

backbone, we estimate that this distance can be bridged easily by the SLN-modified polymer 

segments protruding from the surface.  

The overall binding affinity, Kov (which is the inverse of Kd experimentally assessed above), 

of a multivalent ligand at a surface, following methodology developed earlier in our group,36 

can be described as follows (Equation 1).  

Here, Ki is the intrinsic affinity constant of a single interaction pair, here between an HA 

monomeric binding site and an SLN moiety, EM is the effective molarity, which is a measure 

for the probability of intramolecular bond formation applicable to additional interaction pairs 

formed upon formation of the first intermolecular interaction, and n is the valency of the 

multivalent interaction. Here, we ignore statistical pre-factors and differences in probabilities 

of intramolecular bond formation resulting from the tripodal trimeric arrangement, which 

would formally need a nested multivalent approach. Yet, because of the flexibility of the 

biotin-PAAm-SLN polymer, and the similar distances between binding sites with an HA 

trimer (5 nm) and between sites from neighboring trimers (7-8 nm), we here assume one 

value for EM to hold for all intramolecular binding steps of the rHA particle to the surface. 

Furthermore, Equation 1 only holds when the multivalent enhancement factor, KiEM, which 

is a measure of how much Kov is enhanced when an additional binding site is added to the 

multivalent interaction, is substantially larger than 1.37  

From the titrations with the rHA rosettes at the 0.4% platforms (see Table 5.1) and the 

nanomolar Kd values found here, Kov values can be calculated to be approx. 2-3 × 108 M-1. 

Values for the monovalent interaction affinity (Ki) of SLN with HA have been reported in 

the literature for different influenza variants, and we here assume a value of 1000 M-1 (a Kd 

of 1 mM).13 When assuming all sites of three HA trimers to be involved (n = 9), KiEM can 

be calculated to be approx. 5, leading to an EM value of approx. 5 mM. For two sites per HA 

trimer (n = 6), KiEM can be calculated to be around 12, leading to an EM value of approx. 12 

mM. It should be noted that this analysis of the KiEM and EM values is rather insensitive to 

changes in n and Kov. This is a direct result of the exponential relationship shown in Equation 

1. When rewritten as Equation 2, it becomes clear that KiEM is only logarithmically 

dependent on the ratio Kov/Ki and inversely on the number of intramolecular bonds, n – 1 . 

 1

𝐾𝑑
=  𝐾𝑜𝑣 = 𝐾𝑖(𝐾𝑖𝐸𝑀)𝑛−1 (1) 
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Therefore, limited accuracy in the determination of Kov can be tolerated, as even variations 

of an order of magnitude have limited influence on KiEM. Likewise, the range of n values 

assumed here has only limited effect on KiEM, as already shown above. Errors in Ki have a 

similarly low effect on KiEM, but have of course a direct influence on EM. 

EM values on the order of 10 mM are not unreasonable for such surface densities, and slightly 

higher values (on the order of 100 mM) have been obtained for cyclodextrin host-guest 

surface assemblies that have a higher surface receptor density.38 Besides the difference in 

binding site density, the lower EM value obtained for the rHA rosettes compared to other 

systems might be attributed to the rigidity of the rosettes interacting with the receptor surface. 

It should be noted that assuming a lower valency leads to a higher EM value needed to explain 

the overall affinity, as explained above. 

Apparently and noteworthy for this system, KiEM is well above 1 confirming the validity of 

Equation 1, but is at the same time only moderately high, on the order of 10. The moderate 

nature of the value of KiEM indicates that an increase of the valency of the system has only 

a moderate effect on the overall affinity. In other words, the here observed difference of 

approx. 5 orders of magnitude in affinity between the monovalent (Ki) and multivalent 

interaction (Kov), is reached with 6-9 molecular interaction pairs (of which 1 is regarded as 

intermolecular, and 5-8 as intramolecular), so less than 1 order of magnitude per added site. 

Such avidities are not uncommon for biological systems like influenza inhibitors,39 but are in 

contrast to much stronger multivalent effects observed for synthetic systems where KiEM 

values of >1000 have been observed.38,40 

What is the biological relevance of the multivalent enhancement factor KiEM? Apart from 

the molecular understanding of what a binding site contributes to the overall affinity increase 

in a multivalent system, it gives insight into the dynamics of a system. The ratio of lifetimes 

of the bound and unbound states of an interaction pair in an intramolecular system is given 

by KiEM:1, and therefore the corresponding relative bound/unbound fractions by 

KiEM/(KiEM+1) and 1/(KiEM+1), respectively. For moderate values of KiEM, say ranging 

from 0.1-10, these bound and unbound lifetimes are of the same order of magnitude, 

indicating that each interaction pair is dynamically equilibrating between its bound and 

unbound states, the frequency of which is dictated by the intrinsic dissociation rate constant, 

kd,i. For considerably stronger multivalent systems with KiEM >>10, for example >1000 as 

observed before for cyclodextrin surfaces,38,40 the bound lifetime is orders of magnitude 

higher than the unbound one, and consequently the bound/unbound dynamics is reduced. 

This kinetic trapping at high KiEM has been observed in an earlier study,39 where only a 

 𝐾𝑖𝐸𝑀 = log (
𝐾𝑜𝑣

𝐾𝑖
)/(𝑛 − 1) (2) 
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divalent guest showed measurable surface diffusion along a cyclodextrin-coated surface, 

while mobility of a trivalent guest was not observed due to too strong binding. 

The binding energy landscape of a multivalent particle at a surface is therefore described by 

both a thermodynamic parameter (the difference between the overall and monovalent 

affinities) as well as a kinetic parameter (the average fraction of bound sites). Figure 5.8 

shows this energy landscape graphically, by plotting the bound fraction, KiEM/(KiEM+1), 

and the avidity parameter, log Kov - log Ki, as a function of the multivalency parameters, i.e., 

the valency, n, and the multivalent enhancement factor, KiEM. When KiEM<0.1, the system 

behaves basically as a monovalent system: Kov ≈ Ki and the bound fraction of the interaction 

sites (and for each site individually) is below 10%. At high KiEM, >10, Kov scales as given 

by Equation 1, and thus log Kov is linearly dependent on n and on log KiEM. That means that 

systems with high valencies reach very high Kov values. Taken together with a bound fraction 

that approaches 1, indicating that all sites are practically all of the time in the bound state, 

such systems get kinetically trapped: neither spontaneous desorption, which would require 

dissociation of all binding sites, nor interfacial mobility, which is based on partial site 

dissociation, are possible under these circumstances. In between these extremes, we call these 

systems “weakly multivalent”: for moderate values of KiEM, ranging from 0.1-10 (as 

indicated green in Figure 5.8), the system is multivalent and dynamic at the same time. 

Additional binding sites do contribute to the overall affinity, but with less than one order of 

magnitude, and the fractions of bound and unbound sites are comparable, as well as their 

lifetimes. Therefore, such systems can exhibit dynamic behavior, especially in processes like 

interfacial mobility in which only partial site dissociation is needed. We coin this part of the 

multivalent binding energy landscape to be called the “sweet spot”. 
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Figure 5.8. Energy landscape of multivalent interactions. Average bound fraction (left y axis), of all 

interaction pairs at any given time, given by KiEM/(KiEM +1), and avidity parameter log Kov – log Ki 

(right y axis), here for three cases with n=6, 9, and 12, as a function of KiEM. The dark grey area (right 

upper corner) indicates the kinetic trap: slowing dynamics of the system when the number of potentially 

interacting sites, n, increases at high KiEM: the bound fraction approaches 1 and log Kov scales with log 

KiEM and with n. The green area indicates the “sweet spot”: the multivalent enhancement factor is not 

too low (KiEM <0.1, bound fraction < 0.1), where an increased valency does not lead to enhanced 

multivalent binding, nor too high (KiEM >10, bound fraction > 0.9), where the system becomes 

kinetically trapped. 

 

As a result of the above analysis, we believe that the biological origin of the here observed 

weakly multivalent behavior of HA rosettes is inherent to the function of the adhesion process 

of influenza in real life: a virus may bind to a cell surface or to the mucus layer, but the 

interaction remains dynamic until a site is found at the cell surface where endocytosis is 

induced. This notion also provides insight in why the intrinsic binding affinity of an HA site 

of influenza is always of the same order of magnitude: mutations that would take the virus-

cell surface interaction outside the sweet spot would either render the virus non-binding or 

running into a kinetic trap upon interaction, which are both detrimental for virus proliferation. 

How realistic is the rosette-SLB interaction for mimicking the interaction of whole viruses at 

cell surfaces and for understanding the interaction at a quantitative level? This question has 

aspects that affect the platform and those that deal with the rosette as a virus-like particle. 

While the cell surface with its glycocalyx is a tremendously complex system,41 we here look 

only to the density of the displayed glycans. On the cell level, the quantitative determination 

of the glycan density is a recent and important technical development, and densities of 107 

sialic acids per cell have been reported.42 However, knowledge on local areal density, type 

of glycan and determinations on relevant cell types will have to be performed to provide a 
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more quantitative comparison. At a more technical level, the BLI method employs SAv-

coated surfaces which have a similar density43 as the SLB platform developed here. Since the 

BLI method has been used on whole viruses,8,13 we are confident that our platform can exhibit 

the right glycan densities to study the binding of whole viruses with similar quantitative rigor 

as the rosettes described here. 

When comparing smaller virus-like particles, such as the rHA clusters employed here, with 

whole viruses, some considerations need to be discussed. As stated above, a virus is 

considerably larger than a rosette, and some differences are expected for these systems for 

their binding behavior on platforms like the one reported here. First of all, as larger particles 

experience slower diffusion towards the surface and whole viruses are normally applied at 

lower particle concentrations, reaching thermodynamic equilibrium for whole viruses 

binding to the interaction platform might be slower, and therefore verification of equilibrium 

will be necessary when designing full titration experiments to acquire thermodynamic 

binding constants. Moreover, several examples have been reported in the literature where 

binding of whole viruses is observed on platforms using a fixed concentration of 100 pM.8,13 

Therefore, relevant values of Kov of the interaction of these viruses are expected to be in the 

range of, approximately, 1010-1013 M-1, which are significantly higher than the ones measured 

for the rHA clusters reported here. Obviously, higher values of Kov are expected, as the 

contact area of a whole virus with the platform (or host cell) surface is expected to be much 

larger than the one of a rosette, and consequently many more HA trimers are involved in the 

overall interaction. When we assume that, for example, only 5% of the outer surface area of 

a virus binds to the platform surface, and that the trimer-trimer distance in a virus is 11 

nm,34,35 an average of approx. 12 HA trimers, i.e. 36 HA-sugar molecular interaction pairs, 

is involved in the interaction with the platform surface, which will increase the avidity 

accordingly. When we assume at the same time that the HA densities at a whole virus and a 

rosette are similar – and we note that EM in the KiEM factor is primarily governed by this 

density –, the individual HA-sugar interaction pairs will remain dynamic, which will cause 

the overall binding behavior of the virus to be dynamic as well. Future work on studying the 

overall binding behavior of whole viruses and their dynamics will have to be performed to 

verify this behavior experimentally. 

 

5.3 Conclusions 

We have reported the development of a platform that mimics the multivalent interaction of 

influenza A viruses at host cell membranes. The use of biotinylated supported lipid bilayers 

(SLBs) provides control over the type and density of sialoglycan receptors on the surface. 
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Selectivity for human sialic acid residues was established as expected for the here used 

recombinant hemagglutinin (rHA) rosettes. Low nanomolar affinities for the rHA rosettes 

binding to the SA-presenting surfaces were obtained from full titration curves. Due to the 

small size of the rosette and its limited number of HA trimers compared to the whole virus, 

the interaction area and the valency in binding to a surface can be estimated relatively well. 

This allowed us to assess the extent of multivalent binding, and quite low multivalent 

enhancement factors, KiEM, of about 5-10 were found, indicating that each additional binding 

site contributes with less than one order of magnitude to the overall binding affinity of the 

rHA particle. Because of the similar HA site density present at whole influenza A viruses, 

we assume that these have similarly low multivalent enhancement factors as the rosettes 

studied here.  

By evaluating the relationship between the overall binding affinity Kov, the individual Ki, the 

valency n, and the effective molarity EM, a binding energy landscape has been sketched in 

which a sweet spot is evident for weakly multivalent systems, that is, for systems in which 

the individual binding sites equilibrate between bound and unbound with similar frequencies, 

rendering the multivalent system dynamic in nature. Future work will be focused on scaling 

the interaction area and valency to the values found in whole viruses. In addition, the 

methodology and analysis developed here may be applied to screen for future antiviral drugs 

or antibodies, which have the potential to block influenza virus binding.39,44  Finally, the 

quantitative assessment of weak multivalency may also be applicable to study different virus-

host cell interactions, or other biological systems in which multivalent interactions  drive 

cellular responses, such as the mono- or low-valency ligand interactions triggering the B-cell 

antigen receptor.45-47   
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5.5 Experimental section 

5.5.1 Materials 

Chemicals were purchased from Sigma Aldrich and Acros Organics. Commercial lipids were 

obtained from Avanti Polar Lipids. Streptavidin labelled with Alexa Fluor®  488 (SAv488) 

was obtained from ThermoFisher. HEPES buffer contained 0.01 M HEPES and 0.15 M 

sodium chloride was made using Milli-Q water (MQ, Millipore, 18.2 mΩ) and adjusted to 

pH 7.4 at 25 °C using sodium hydroxide. Biotin-PAA-SLN was obtained from Lectinity and 

used as received. rHA protein clusters were obtained from Protein Sciences Corporation. The 

concentration of the stock solutions of the protein clusters used in this work ranged from 100 

nM to 246 nM. 

 

5.5.2 Methods 

QCM-D measurements 

QCM-D measurements were performed using a Qsense Analyser (Biolin Scientific). 

Measurements were performed at 22 ºC and operated with four parallel flow chambers, using 

two Ismatec peristaltic pumps with a flow rate of 100 l/min. Throughout this work, the fifth 

overtone was used for the normalized frequency (f5) and dissipation (D5). SiO2-coated 

sensors (QSX303, Biolin Scientific) were used. During every rHA protein cluster addition, 

solutions were recycled.  

 

Large unilamellar vesicles (LUV)  and supported lipid bilayer (SLB) formation 

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(cap biotinyl), sodium salt (biotin-PE) were stored in chloroform at 

-20ºC. The head group modified lipid-dye conjugate, Texas Red-1,2-dihexadecanoyl-sn-

glycero-3-phosphoethanolamine (TR, ThermoFisher scientific) was stored in methanol at -

20 ºC. Dissolved lipids were mixed in desired molar ratios before use and dried under a flow 

of nitrogen in a glass vial in order to create a film of lipid material at the glass wall. This film 

was further dried under vacuum for at least 1 h and subsequently hydrated by vortexing with 

Milli-Q water to form multilamellar vesicles at 1 mg/mL. The lipid suspension was extruded 

11 times through a polycarbonate membrane (Whatman) with 100 nm pore size, resulting in 

large unilamellar vesicles (LUVs) that were stored in the fridge and used within two weeks. 

The LUVs’ size was measured with DLS after preparation.  
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Figure 5.9. Dynamic light scattering (DLS) data of DOPC vesicles containing 5 mol% DOPE-biotin, 

extruded 11x through a membrane with a 100 nm pore size. 

 

For SLB fabrication, vesicles were diluted to a concentration of 0.1 mg/ml in HEPES directly 

before use. SLB formation was achieved by flowing this solution on a cleaned and activated 

surface. For flat QCM-D sensors or glass bottom well plates, cleaning was performed using 

a 2 wt% sodium dodecyl sulfate (SDS) solution and thorough rising with Milli-Q. Activation 

was performed with 30 min UV/ozone treatment (for QCM-D sensors) using a Bioforce 

chamber (Nanosciences) or overnight incubation in 2% Hellmanex and again thorough Milli-

Q rinsing (for well plates). The quality of SLBs was monitored by fluorescence recovery after 

photobleaching (FRAP) or in situ by QCM-D (where high quality SLB defined as Δf = -24 ± 

1 Hz and ΔD < 0.5*10-6). After SLB formation, care was taken to keep the surface submerged 

in buffer and without bubbles. 

 

Fluorescence recovery after photobleaching (FRAP) 

A DOPC SLB was doped with 0.2 mol% of TR and 1% of biotin-PE. Subsequently, the 

surface was incubated with 0.2 µM SAv488 for 1 h, and washed carefully with buffer for at 

least 15 times. Using a confocal microscope, a spot of 10 µm diameter was bleached and 

subsequently, the fluorescence intensity in this bleached region was monitored. The intensity 

was normalized and corrected for acquisition bleaching by using the fluorescence intensity 

in a location not too close to the bleached spot. The FRAP protocol consisted of 11 imaging 

loops (1 s interval) before bleaching, 10 loops bleaching with no delay in between loops and 

300 loops of recovery (1 s interval). For confocal microscopy, a Nikon confocal (A1) 

microscope was used equipped with a 488 nm laser and a 525/50 nm emission filter and with 
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a 561 nm laser with a 595/50 nm emission filter. In microscopy images displayed in this 

work, contrast and brightness were adapted for using ImageJ.  

 

 

Figure 5.10. Fluorescence recovery after photobleaching (FRAP) by confocal microscopy of DOPC 

SLB with 0.2 mol% TR-DHPE and 1 mol% DOPE-biotin after 1 h incubation of 0.2 uM SAv488 and 

subsequent rinsing with HEPES buffer. A) red channel from TR-DHPE after photobleaching (top) and 

after 5 min recovery (bottom). B) green channel from SAv488 after photobleaching (top) and after 5 

min recovery (bottom). C) Fluorescence intensity recovery profiles vs time of the Texas Red-DHPE 

and SAv488 after photobleaching. 

 

Transmission electron microscopy (TEM) 

The original solution of rHA was diluted 1:2 with PBS. Then 5 µl of the suspension was 

pipetted onto a hydrophilized (by 60 s glow discharging at 8 W in a BALTEC MED 020 

device (Leica Microsystems, Wetzlar, Germany)) Formvar®-supported carbon-covered 

microscopical copper grid (400 mesh). After 30 s, a piece of filter paper was used to remove 

excess fluid. Subsequently, 5 µl of a contrast-enhancing heavy metal staining solution (1% 

phosphotungstic acid, pH 7.4) was applied and blotted again after 45 s. After air-drying, a 
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standard holder was used to transfer the sample into a Talos L120C microscope (Thermo 

Fisher Scientific Inc., Waltham, Massachusetts, USA) equipped with a LaB6-cathode 

operated at an acceleration voltage of 120 kV. Micrographs were recorded with a 4k × 4k 

Ceta™ 16M camera at a nominal magnification of 57,000x. 

 
 

Calculation of the quantification of receptors on a surface 

Considering that one DOPC lipid covers 0.725 nm2 and, therefore, the lipid density in SLB 

is 1.38 molecule per nm2 (= 2.3×10-10 mol/cm2 = a), we obtain as follows: 

 

- fraction DOPE-biotin = x; 

- Θ(bt, SLB) = x × a = xa; 

- Θ(SAv) = ½xa; 

- Θ(bt, PAA) = xa; 

- Θ(SLN, PAA) = 4xa (= ratio SLN/biotin in PAA). 

Therefore at x = 0.1%: Θ(SLN) = 0.92 pmol/cm2, etc. 
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Chapter 6 

 

Multivalent Interaction of the Influenza Virus at 

Sialoglycan-functionalized Supported Lipid Bilayers 

 

In this chapter, the study of the interaction of whole viruses on receptor-functionalized 

supported lipid bilayers (SLBs) is reported. In particular, the SLB platform described in the 

previous chapter has been adapted and investigated for the quantification of binding 

affinities of whole viruses with sialoglycan receptors at the interface. After the formation of 

biotinylated SLBs and the subsequent adsorption of streptavidin, the surfaces were 

functionalized with tunable densities of monovalent artificial sialoglycan cell surface 

receptors, and their interaction with three variants of the influenza virus was tested. The 

binding selectivity of both hemagglutinin (HA) and neuraminidase (NA) virus proteins for 

specific receptors was established. Full titrations with whole viruses were conducted, and 

the binding constants at varying receptor densities were determined, which resulted in 

affinities in the picomolar range. Measurements of plateau values for the adsorption of whole 

viruses on surfaces, obtained at different receptor densities, showed a superselective binding 

of the viruses. In this way, the quantification of a receptor threshold density needed for the 

binding of virus at the surface was determined. Quantitative analysis of the binding affinities 

allowed the estimation of the contact area of a virus with the receptor-functionalized 

platform, which resulted to be 1-5% of the total virus area, corresponding to a total number 

of interaction pairs between 9 and 45. These results confirm that the binding of the virus to 

this cell surface mimic occurs in the weakly multivalent regime. Variation of the receptor 

length showed that strong affinity dependencies on the linker length can occur.   
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6.1 Introduction 

The influenza A virus (IAV) is a pathogen that infects millions of people every year causing 

an acute viral disease of the respiratory tract.1,2 Based on the antigenicity of their 

hemagglutinin (HA) and neuraminidase (NA) coat proteins, viruses are classified into 16 HA 

subtypes (H1-H16) and 9 NA subtypes (N1-N9).3 Based on the specificity of HA and NA, 

viruses show different affinities for sialoglycan receptors present at the outer surface of cells 

of the respiratory tract. In particular, some virus variants present affinities for receptors found 

on avian cells, while others show a preference for binding to mammalian/human receptors. 

Interspecies transmission of IAVs circulating in birds has occasionally led in the past to 

severe influenza outbreaks in mammals, including humans.4 For example, the H1N1 ‘Spanish 

flu’ pandemic of 1918/1919, caused by the transmission of the avian influenza virus to 

humans, killed 50 million people worldwide. Similarly, the H2N2 ‘Asian’ in 1957 and H3N2 

‘Hong Kong’ 1968 influenza pandemics originated from reassortant viruses, i.e. hybrid 

viruses consisting of a mixture of human and avian influenza genes.5,6 

For predicting infectivity and future pandemics, reliable methods to measure the affinity of 

several types of viruses and their mutated forms for specific receptors are essential for a better 

understanding of the binding and the relation to disease properties. In the development of 

platforms, control of various parameters, such as receptor surface density and the number 

(valency) of individual protein-carbohydrate binding pairs at the virus-cell interface, are 

essential for a better understanding of the factors that determine viral pathogenicity and 

transmissibility.   

Biolayer interferometry (BLI) is a label-free technique commonly used in the study of the 

binding selectivity of viruses for specific receptors. The technique allows the variation of the 

sugar density expressed at the interface.7-9 Effects of virus mutations on the selectivity for 

specific receptors have been successfully reported.8, 10 Despite the success of BLI, the 

technique presents some limitations. In particular, quantitative analyses are difficult to 

perform, despite the possibility of qualitatively assessing the receptor selectivity of viruses. 

Determination of binding affinities with full virus titrations are normally not performed as a 

constant concentration of a virus is typically used to determine full or partial coverage of 

receptor-functionalized surfaces.7 Moreover, due to the type of substrates generally employed 

in the preparation of BLI sensors, typical biological properties of cell surfaces, such as lipid 

mobility, are not reproduced and the arrangement of the receptors at the interface is scarcely 

known. Therefore, BLI provides limited information about multivalent binding parameters 

such as valency, affinity and effective molarity.  

Supported lipid bilayer (SLB)-based platforms, such as the one reported in Chapter 5,11 

therefore, appear to be an exquisite alternative for BLI for the quantification of receptor-virus 
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interactions. In Chapter 5, we have shown that a suitably modified SLB platform can be used 

to discriminate different HA nanoparticles. More importantly, full titrations provided direct 

access to the overall binding affinities, and other parameters such as valency and effective 

molarity were determined from a quantitative multivalent analysis of the HA nanoparticle 

titrations. This analysis resulted in the affirmation that HA nanoparticles bind in a weakly 

multivalent fashion at such surfaces. 

In this contribution, we investigate the use of an SLB-based platform for the quantification 

of the interaction of whole influenza viruses with receptor-modified surfaces. SLBs were 

modified with controllable densities of biotinylated, monovalent sialoglycan receptors. After 

confirming the selectivity and specificity of the interaction of viruses with the interaction 

platform, modified with either human-like or avian-like receptors, the binding affinities were 

assessed employing full titrations. Plateau values for the adsorption of whole viruses on 

surfaces were obtained for varying receptor densities, allowing the measurement of the 

receptor threshold density required for the binding of the viruses. Lastly, the SLB-virus 

interaction was investigated for receptors with varying lengths. The tunable sugar density 

together with an accurate estimation of the number of HA trimers involved in the interaction 

enables the use of a multivalent binding model for a understanding of the interaction at a 

molecular level. 

 

6.2 Results and discussion 

6.2.1 Receptor density control at sialoglycan-modified SLBs  

In order to study the interaction of influenza A viruses at the interface of receptor-modified 

surfaces, we employed and adapted the SLB-based platform previously described in Chapter 

5. Briefly, after activating a silicon dioxide surface with UV/ozone, a DOPC-based SLB 

containing a controllable molar fraction of a biotinylated lipid (DOPE-biotin) was formed at 

the substrate. In a subsequent step, streptavidin (SAv) was bound to the biotin-modified SLB, 

followed by the addition of a biotinylated sialyl-N-acetyllactosamine (SLN)-based receptor 

(Figure 6.1). As previously shown, the control of the molar fraction of DOPE-biotin in the 

lipid mixture during the formation of the SLB, ensures the control over the SAv density, 

which is related to the density of receptors at the surface. In this chapter, a monovalent 

biotinylated receptor was used for the modification of the platform, compared to the 

polyvalent one described in the previous chapter. The monovalent receptor provides a better 

control of the receptor density on the surface and avoids differences between local and global 

densities which were experienced using the multivalent receptors.11  
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Figure 6.1. Schematic representation of the functionalization of the SLB-based platform with 

monovalent biotinylated SLNs and its interaction with full viruses, in which the SLN density can be 

varied in two different ways: in (A) the SLN density is tuned by varying the molar fraction of DOPE-

biotin in SUVs used for forming the SLB; in (B) the SLN density is controlled by fully covering SLBs 

with SAv (i.e. using a 2% molar fraction of DOPE-biotin in SUVs) and mixing the SLN receptor in 

varying ratios with a dummy receptor ((LN)2-biotin). (C) Chemical structures of the biotinylated 

sialoglycan receptors employed. 

 

The SAv-SLB platform allows two methods of controlling the SLN density. The first method, 

also used in Chapter 5, provides control over the SLN density by variation of the DOPE-

biotin fraction in the SLB (Figure 6.1A). Specifically, as the SAv uses two of the four 
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available binding pockets to bind to two biotins in the SLB and the remaining two are used 

for the binding with biotinylated molecules,12 the SLN ligand density is directly correlated to 

the DOPE-biotin fraction in the SLB. As a second method, to avoid possible experimental 

deviations in the SAv density, we employed platforms densely packed with SAv, and 

supplied the SLN receptor in a mixture with a biotinylated dummy sugar (here typically 

biotin-(LN)2) (see Figure 6.1B). Control over de molar ratio of the two sugars provides the 

desired SLN density control in this case. 

SLNs containing three repeat units of N-acetyllactosamine (S(LN)3) were used here as virus-

binding receptors primarily. The additional saccharides, which function as a flexible linker, 

ensure a larger length of the receptors facilitating the binding with viruses. Both 2,3 and 2,6-

S(LN)3 were used in this work for the modification of surfaces. In the last section, however, 

also the length was varied to shorter sequences with only 1 or 2 LN repeats to study the effect 

of the linker length on virus binding.  

 

6.2.2 Virus binding at sialoglycan-modified SLBs  

The formation of the platform as well as the subsequent binding of viruses was studied with 

quartz crystal microbalance with dissipation monitoring (QCM-D). Figure 6.2A shows the 

in-situ formation of the platform monitored in real-time by following the frequency change 

of every adsorption step. As more thoroughly described in Chapter 5, SLBs were formed by 

rupture of small unilamellar vesicles (SUVs) with a diameter of 100 nm on activated silicon 

dioxide surfaces. Δf5 values of approximately 24 Hz and ΔD5 < of 0.5 obtained upon vesicle 

addition, confirmed the formation of good quality SLBs. The first two steps in Figure 6.2A 

show the formation of a stable SLB containing 1% of DOPE-biotin in the lipid mixture and 

the subsequent formation of a SAv layer. Subsequently, a smaller, though clear, frequency 

shift, together with an evident dissipation change, was observed upon addition of either 

biotinylated 2,3 or 2,6-S(LN)3, with no relevant differences between the two different 

receptors. The stable frequency signals obtained upon rinsing with buffer demonstrate the 

stability of the formed sialoglycan-functionalized platform.  
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Figure 6.2. QCM-D graphs representing: (A) Formation of the sialoglycan-presenting SLB platform. 

SLBs containing 1 mol% of DOPE-biotin were formed on SiO2 sensors. Subsequently, SAv and either 

biotinylated 2,3 or 2,6-S(LN)3 (100%) were added. Adsorption of PR8 virus on (B) 2,3-S(LN)3 or (C) 

2,6-S(LN)3-modified SLBs. Blue lines represent the frequency shift (Δf5) and the red lines the 

dissipation change (ΔD5). Gray areas represent additions (in B/C: of virus in the presence of zanamivir) 

while white areas represent buffer washing steps (in the absence of zanamivir). 

 

After the successful formation of the interaction platform, the binding with viruses was 

tested. In preliminary studies, UV-inactivated A/Puerto Rico/8/34/Mount Sinai H1N1 (PR8) 

viruses (see Experimental Section) were used to study the interaction. Hereto, after the 

addition of SLN receptors on the surface, full viruses were added to study their interaction 

with the receptor-modified platforms. In order to prevent the sialic acid-cleaving activity of 

the NA protein, which would remove the sialic acid residues from the surface, virus 

adsorption steps were carried out in PBS buffer containing 100 µM of zanamivir, a well-

known NA inhibitor. Increasing concentrations (1.66, 3.32 and 8.30 pM) of PR8 in PBS 

buffer were added onto surfaces functionalized with 2,3 or 2,6ʼ-S(LN)3, and the responses 

were monitored with QCM. Figure 6.2B/C shows the frequency shifts observed in response 

to the addition of PR8 to the two surfaces. Notably, comparable frequency shifts, 
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accompanied by large dissipation signal changes, were observed for both surfaces, with 

amplitudes proportional to the concentration of PR8 in solution. The observed responses of 

PR8 indicate a binding affinity of the virus HAs for both the 2,3 and 2,6 receptors, in 

agreement with the literature.13 At the same time, the absence of any frequency shift (data 

not shown) obtained upon virus addition to surfaces functionalized either with only SAv or 

with (LN)2-biotin, proved the specificity of the virus-receptor interactions.  

These preliminary results confirmed that the developed platform is suitable for the study of 

whole viruses at the interface. In order to establish whether the selectivity of a particular virus 

for a specific receptor can be detected, two different recombinant, UV-inactivated viruses 

were tested on the platform. In particular, the H1N1 A/Common teal/NL/10/00 (CT/NL/00) 

and H2N9 A/Mallard/Sweden/36/03 (M/Sw/03) avian viruses, both expected to present a 

higher affinity for the 2,3-S(LN)3 receptor, were tested on the platform. Figure 6.3A/B shows 

the QCM response of the surfaces after addition of solutions with 8.3 and 16.6 pM virus. The 

larger frequency responses observed for surfaces modified with 2,3-S(LN)3 compared to 2,6-

S(LN)3 for both the recombinant viruses confirmed the expected preference of these virus 

variants for avian receptors. In particular, the CT/NL/00 virus showed a 2-fold stronger 

binding on the 2,3-platform, while the M/Sw/03 virus showed even a 5-fold enhancement.  

These results confirm the possibility of using the SLB platform for testing virus selectivity.  

 



Multivalent Interaction of the Influenza Virus at Sialoglycan-functionalized SLBs 

 

116 

 
Figure 6.3. QCM-D measurements for probing the selectivity of virus binding to receptor-modified 

surfaces. Binding of (A) CT/NL/00 and (B) M/Sw/03 viruses (in presence of zanamivir) on 2,3 and 2,6-

S(LN)3-modified SLBs (employing 2% DOPE-biotin and 100% S(LN)3). Binding of the CT/NL/00 

virus on platforms with (C) 2,3-S(LN)3 and (D) 2,6-S(LN)3 followed by rinsing with PBS with and 

without 100 µM of zanamivir. Gray areas represent virus binding (in the presence of zanamivir) 

whereas white areas represent buffer rinsing steps (without zanamivir unless specified differently). 

 

Interestingly, for all three viruses tested, no virus desorption was observed (Figure 6.2B/C, 

Figure 6.3A/B) for the 2,6-S(LN)3-functionalized surfaces upon rinsing with buffer without 

zanamivir subsequent to the binding of the virus. In contrast, a fast and almost complete 

desorption was observed for the 2,3-S(LN)3 platform. When zanamivir was present in the 

rinsing buffer, the viruses were maintained on the surface until the zanamivir was removed 

(Figure 6.3C/D). These observations are attributed to differences in binding affinity and 

reactivity of NA for the two receptors.14 The rinsing of the surfaces in the absence of 

zanamivir apparently reinstates the enzymatic activity of NA. When comparing the release 

rates for the three viruses, some interesting aspects can be noted. PR8 and M/Sw/03 desorb 

practically completely, whereas 30-50% of CT/NL/00 remains after a steep desorption step. 
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Also interesting to note is that a higher coverage of CT/NL/00 provides a shorter lag time 

before desorption sets in and leads to more complete desorption in the end. These effects may 

be in agreement with a model in which the viruses move along the surface but stay attached 

to the surface as long as SLN moieties are present, and only desorb when the SLN density 

falls below a critical density. However, a more detailed investigation of these aspects falls 

outside the scope of this study. These data confirm that the SLB platform used in this study 

is suitable not only for the investigation of HA binding for several virus variants, but also to 

study the role and the activity of NA.  

 

6.2.3 Quantification of the virus-receptor affinity at the SLB platform 

After confirming that selectivity and specificity of the interaction between receptor-

functionalized SLBs and viruses can be detected, the binding affinity of the interaction was 

determined. For this purpose, 2,3-S(LN)3-modified SLBs were used to quantify the binding 

of the PR8 virus, as no significant difference was observed between the two receptors at the 

specific SLN densities used in the preliminary experiments. The correlation between the 

QCM response and the concentration of PR8, observed in the previous selectivity studies, 

suggests that the assessment of the binding affinity can be achieved by performing full 

titrations with the whole viruses.  

First, a titration of PR8 was performed on an SLB functionalized with a high coverage of 2,3-

S(LN)3 receptors. Based on the observations made in Chapter 5, biotin molar fractions in the 

SLB above 2% lead to a densely packed SAv layer on top of the SLB. Therefore, an SLB 

containing 2% of DOPE-biotin was chosen for this experiment, resulting in a 2,3-S(LN)3 

density of approximately 2.9 pmol/cm2. Figure 6.4A shows the titration performed with PR8 

concentrations ranging between 8.31 and 166 pM, for which each solution was flushed for 

40 min. For each virus addition, approximately 90% of the total frequency shift was obtained 

within the first 30 min, whereas in the remaining 10 min a significantly smaller change was 

observed. This suggests that the chosen time was sufficient for the viruses to approach 

thermodynamic equilibrium at these concentrations. Therefore, we assume that the Kd value 

of the interaction can be assessed with full titrations. Interesting to note also is that at the 

highest concentration (166 pM) hardly any more virus bound to the surface, indicating that 

the surface became fully covered.  

   

 



Multivalent Interaction of the Influenza Virus at Sialoglycan-functionalized SLBs 

 

118 

 

Figure 6.4. (A) QCM-D measurement of a titration of PR8 onto a 2,3-S(LN)3-modified SLB containing 

2% molar fraction of DOPE-biotin. The SLB was subsequently functionalized with SAv and with 1 µM 

of  biotinylated 2,3-S(LN)3 (no dummy sugar used). Surface functionalization up to the virus binding 

was monitored as well but not shown here. Gray areas indicate the virus adsorption steps (in the 

presence of zanamivir) and the white areas indicate the buffer steps (without zanamivir). (B) Frequency 

shifts (data points) and Langmuir fits (lines) obtained from titrations of PR8 virus binding to surfaces 

containing varying densities of 2,3-S(LN)3. Percentages refer to the 2,3-S(LN)3 molar fraction used in 

the receptor mixture with (LN)2-biotin for the functionalization of the SAv-coated surfaces (see Figure 

6.1B). (C) Plots of ΔD5/Δf5 derived from titrations of PR8 for varying relative 2,3-S(LN)3 densities on 

the surface. (D) Plot of plateau frequency shift values measured from the titrations shown in (B) versus 

the relative density of the 2,3-S(LN)3 receptor on the surface. The dashed line is a guide to the eye. 

 

Figure 6.4B (100% dataset) shows the binding curve obtained from the PR8 titration (Figure 

6.4A) by plotting the values of the frequency shifts after 40 min adsorption time, measured 

for every virus addition as a function of the virus concentration. A Langmuir fit of the 

obtained binding curve allowed the quantification of the dissociation constant of the virus 

with the platform, which resulted to be 65 pM. When using a Langmuir model for the fitting 

of the binding curve, the plateau value of the frequency shift, indicating the saturation of the 

surface with viruses, is co-fitted in the numerical analysis. The saturation value obtained from 
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the Langmuir fit in Figure 6.4B (100% dataset) resulted to be 533 Hz. The frequency 

responses measured in the titration at high virus concentrations, i.e., at 83 and 166 pM, 

suggest that the actual saturation of the surface with viruses may be reached at a lower 

frequency. Specifically, the decreasing dissipation changes correlated with the  frequency 

shifts obtained at higher virus concentrations suggests that, at such concentrations, the 

stiffness of the adsorbed layer is changing, indicating that the viruses start touching and that 

a densely packed virus layer is already being approached (Figure 6.4A and Figure 6.4C, 

100% dataset). This may in part explain the relatively poor fit quality obtained in the 

Langmuir fit for this dataset, possibly caused by an underestimation of the frequency shifts 

obtained at higher virus densities. Therefore, it may be reasonable to assume that an actual 

plateau value can be estimated as 360 Hz. When fixing the saturation value at 360 Hz, only 

a 2-fold lower Kd was found, corresponding to 29 pM. This observation confirms that the 

binding constant is anyway in the picomolar range, in agreement with previous reports of 

viruses binding on different glycan array platforms,15,16 and that the inaccuracy of the plateau 

value has only a limited effect on the fitted Kd value. 

The platform developed here presents the possibility of finely tuning the receptor surface 

density at the interface. This allows investigation of the effect of the ligand density on the 

binding affinity. For this purpose, in order to tune the 2,3-S(LN)3 density at the SLB interface 

a 2% molar fraction of DOPE-biotin in the SLB was used to obtain surfaces fully covered 

with SAv. Thereafter, the biotinylated S(LN)3 was mixed with the dummy (LN)2-biotin in 

different ratios, thus providing control over the density of SLN at the surface (Figure 6.1B). 

In this way, the molar ratio of 2,3-S(LN)3 in the glycan mixtures was varied between 2% and 

100%. By assuming a 1:1 ratio between DOPE-biotin in the SLB and biotinylated receptor 

anchored to the SAv, and noting that saturation of surfaces with SAv occurs for molar 

fractions of biotinylated lipids above 1% (see Chapter 5), these percentages lead to densities 

ranging between 0.09 and 2.9 pmol/cm2.  

Figure 6.4B shows the binding curves obtained from the titrations and the corresponding 

Langmuir fits at varying receptor densities. Interestingly, the measurements showed that the 

binding of the virus was strongly influenced by the density of receptors on the surface, and 

lower 2,3-S(LN)3 densities led to a lower surface coverage with viruses, resulting in reduced 

plateau frequency shift values. Surprisingly, however, the fitted Kd values hardly varied, and 

values between 62 and 67 pM were obtained. In contrast, one might have expected that lower 

receptor densities would cause smaller binding affinities, but this is clearly not the case. 

Moreover, the Langmuir fits followed the datapoints better at lower receptor densities (Figure 

6.4B), indicating that dense virus packing played less of a role. The plots of the dissipation 

signal as a function of the frequency change (Figure 6.4C) confirmed that the dissipation 

signal is virus coverage-dependent, and thus that the frequency values at higher virus 
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coverages are less reliable. Overall, comparison of the datasets obtained at different receptor 

densities (Figure 6.4B) indicates that the virus binds at all platforms with similar affinities, 

but lower maximal coverages are achieved at lower densities. This may tentatively be 

explained by receptor clustering occurring at these platforms, whereby diffusion of lipid-

anchored and receptor-exposing SAv molecules along the interface permits receptors to 

group together in the contact area with a bound virus, at the same time leaving other areas 

deprived of sufficient receptors to bind more virus particles. Further investigation of this 

phenomenon falls, however, outside the scope of this study, although a study on receptor 

recruitment in a model system is presented in Chapter 7. 

By plotting the plateau values, obtained for each titration as presented in Figure 6.4B, as a 

function of the molar fraction of 2,3-S(LN)3 in solution, it was possible to estimate the 

threshold value of the 2,3-S(LN)3 density necessary for the binding of the PR8 virus. Figure 

6.4D shows the sigmoidal curve obtained from the plot, which indicates a strongly non-linear 

behavior of the plateau value as function of the receptor density. In this way, a threshold of 

12% of 2,3-S(LN)3 was obtained, corresponding to a density of 0.33 pmol/cm2.  

The sigmoidal nature of the curve (Figure 6.4D) is indicative of superselective binding of 

viruses on the surface, which is a direct consequence of the multivalent binding of the virus.17 

When receptors are too far apart, the virus can bind only monovalently to the surface and the 

weak monovalent interaction does not provide a stable adsorption of viruses on the surface. 

As soon as the ligand density is high enough to ensure multivalent binding, in addition to the 

mobility of the receptor on the surface, a drastic increase of the binding is observed. Around 

the threshold value, a more than linear increase of the virus coverage is observed, and the 

receptor densities are apparently high enough to provide a stable multivalent binding. 

Therefore, at high receptor densities (above the threshold value), the differences in binding 

affinity of viruses for specific receptors may become less evident, if not completely absent. 

Contrarily, clear differences could be observed at receptor densities close to threshold 

densities. Hence, the determination of exact threshold density values for the binding of 

viruses is crucial in the determination of binding selectivity. This might also explain the 

similar binding affinities of PR8 for both 2,3 and 2,6-SLN observed above.   

How many interactions are involved at the interface upon the binding of a virus? In order to 

address this question, few considerations need to be taken into account. First of all, viruses 

have a diameter of approx. 100 nm and present approximately 300 HA trimers on their 

membrane.18 This leads to a quite high HA binding site density (1.5 pmol/cm2). At the same 

time it is known that a virus has a quite rigid structure and therefore a limited deformation of 

the virus membrane is expected to occur upon binding to the surface. If we assume that only 

1% of the virus surface interacts with a cell membrane, only 3 HA trimers interact with the 

surface, corresponding to a maximum of 9 protein-receptor interaction pairs. When instead a 
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contact area of 5% is assumed, 15 HA trimers are estimated to be involved in the interaction, 

i.e., maximally 45 interacting pairs.  

As previously used for HA rosettes (see Chapter 5),19 the overall multivalent binding affinity 

(Kov) can be described as follows: 

With Ki representing the monovalent interaction, EM the effective molarity and n the number 

of interactions involved at the interface, respectively. From all titrations performed with PR8, 

binding affinities of approx. 65 pM were obtained, resulting in a Kov value of approximately 

1.5×1010 M-1. For Ki, a value of approx. 1000 M-1 (Kd = 1 mM) can be assumed, based on 

previous reports.20 When using 3 (n=9) or 15 (n=45) HA trimers binding to the receptors, a 

multivalent enhancement factor (KiEM) is calculated to be 7.9 or 1.5, resulting in EM values 

of 7.9 mM and 1.5 mM, respectively. Most noteworthy, these values confirm that also whole 

viruses bind in the weakly multivalent regime as was already established for HA particles 

(Chapter 5). 

When taking the values for the HA rosettes (Kov = 5 nM, KiEM = 4.6, while assuming n=9 

and Ki = 1000 M-1) in comparison, it is plausible that the whole viruses have a larger contact 

area than the HA particles, as observed by their larger size (100 vs 25 nm) and a 2 orders of 

magnitude larger overall affinity. With a KiEM of 4.6, the 2 orders of magnitude larger 

affinity is achieved with 3 additional interaction pairs, which would indicate that a full virus 

can reach the here observed affinities with a number of interactions of about 12, 

corresponding to 4 trimers or 1.3% of the total virus area. Taking into account the observed 

receptor threshold density of 0.33 pmol/cm2, which is about a factor 4-5 lower than the HA 

site density at the virus surface, the contact area of a virus with the surface may provide 

access to maximally about 50 HA sites, corresponding to 5.5% of the surface area. This 

analysis confirms that the estimation of the contact area of 1-5% of the virus surface area is 

in line with the observed affinities. 

The difference between the necessary minimal receptor density (i.e., the threshold density) 

and the HA site density of the virus is striking. It may indeed indicate that not all HA sites 

need to be involved in binding simultaneously to achieve sufficient binding strength. 

However, as mentioned above, recruitment may occur as well, and local receptor densities 

may be higher than estimated from the averages. At the one extreme, when the viruses are 

densely packed, each virus occupies a surface footprint of approx. 2.6×104 nm2. At 100% 

relative sugar density, corresponding to 2.9 pmol/cm2, which is actually 2-fold higher than 

the estimated HA density at the virus surface, this indicates that our platform is able to 

saturate all HA sites and even provide local oversaturation so that statistical affinity 

1

𝐾𝑑
=  𝐾𝑜𝑣 = 𝐾𝑖(𝐾𝑖𝐸𝑀)𝑛−1 (1) 
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enhancement by redundancy is possible. At this limit, we presume all SAv sites are bound to 

a biotin group of an SLN receptor, so two SLNs per SAv.  

At decreasing SLN fractions in the mixture with the dummy biotin-(LN)2, however, the 

probability of obtaining two SLNs per SAv becomes less and less likely, and the distribution 

will shift to a mixture of SAv molecules with 0 and 1 SLN per SAv. Therefore, at decreasing 

receptor densities, the maximal SLN density that can potentially be achieved by recruitment 

will lower, to half of the original value, i.e., 1.4 pmol/cm2, which is now comparable to the 

HA site density at the virus. When now viewing the lower receptor density limit where dense 

virus packing occurs, which is at a relative SLN density of approx. 30%, corresponding to an 

average of 0.86 pmol/cm2, there are approx. 130 SLN moieties available per virus particle in 

the footprint area, which is much more than needed to saturate the 9-45 HA sites. At the same 

time, 9% of the SAv is bound with 2 SLNs, 42% with 1 SLN, and 49% with none. With this 

distribution, recruitment may still provide all SLN-SAv dimers in the contact area and thus 

the same local SLN density as at 100% relative coverage.  

At the threshold density of 12%, corresponding to 0.33 pmol/cm2, only 1.4% of the SAv 

molecules has 2 SLNs, while 21% has 1 SLN and 78% has none. At the same time, the area 

over which recruitment can occur is twice larger (as the coverage of virus is only half at the 

threshold density), indicating that about 50 SLNs are available per virus particle. In this 

situation, binding has to occur mostly through monovalent SLN-SAv moieties, and 

recruitment seems necessary to explain the observed coverage. At an average SLN density 

of 5%, corresponding to 0.14 pmol/cm2, no virus adsorption is observed anymore. This may 

indicate that the entropic penalty for recruitment becomes too high at this low density. 

 

6.2.4 Influence of the receptor length on the interaction affinity 

A real biological environment presents a tremendously high complexity compared to the 

simplified SLB system described here. Therefore, many more factors besides the receptor 

density can influence a biological multivalent interaction, such as the one of a virus with a 

cell membrane. For this purpose, systems which provide better mimics for the complexity of 

real biological systems, notably of the glycocalyx, need to be developed.  

A first step in increasing the platform complexity can be found in the modification of surfaces 

with receptors presenting different lengths. For this reason, we employed the SLB platform 

to investigate the role of the receptor length in the binding with viruses. Following the 

procedure reported above, SLBs containing 2% of DOPE-biotin were functionalized with 

either 2,3 or 2,6-SLNs containing one, two or three LN units (see Figure 6.1B/C). 

Subsequently, titrations were performed on the functionalized surfaces, and binding curves 
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were obtained for each receptor. Figure 6.5 shows the binding curves and corresponding 

Langmuir fits obtained for these titrations. 

 

 
Figure 6.5. Binding curves obtained for full QCM-D titrations of PR8 viruses on SLBs containing 2% 

of DOPE-biotin and functionalized with (A) 2,3 or 2,6-SLN, (B) 2,3 or 2,6-S(LN)2, and (C) 2,3 or 2,6-

S(LN)3. 

 

Interestingly, for the 2,6-S(LN)n functionalized surfaces, viruses showed no binding with 

receptors presenting the mono-SLN. The introduction of a second LN unit, however, 

contributed to a much pronounced binding and no differences were observed between S(LN)2 

and S(LN)3. In contrast, in the case of 2,3-SLN-modified SLBs no significant differences 

were observed for the three different receptor lengths.  

The data obtained from the measurements showed a clear effect of receptor length on the 

binding of viruses, suggesting that the virus-receptor interactions do not only depend 

exclusively on the affinity between the binding pocket and the receptor, but also on other, 

e.g. steric, factors. In particular the drastic difference in binding shown for the 2,6-S(LN)n 

receptors, indicates a critical length parameter to be involved in efficient binding. 

Considering the high receptor density chosen for these measurements, the observed absence 

of binding for 2,6-SLN cannot be attributed to a too low density. However, an increase in 

linker length does not only provide better accessibility but also increased rotational degrees 

of freedom which may lead to enhanced entropic losses upon binding. Future studies, with 

different glycans and variation of density, possibly accommodated with molecular modeling, 

will have to shed more light on the various contributions of these effects on the binding 

behavior.  

 

6.3 Conclusions  

Summarizing, we have reported here a study of the interaction of influenza A viruses with an 

SLB-based platform which allows control over the sialoglycan receptor density. Receptor 

binding selectivities of three different viruses were established with QCM-D, and release 

profiles in the absence of NA inhibitor showed differences in NA activity. Binding affinities 
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for whole PR8 viruses to 2,3-S(LN)3-presenting surfaces were assessed with full titrations, 

which provided Kd values in the picomolar range. Measurement of the binding affinities at 

varying receptor densities showed a superselective binding of the viruses, and a receptor 

threshold density of 0.33 pmol/cm2 was determined. A contact area between an adsorbed 

virus and the receptor-functionalized platform was estimated to be between 1 and 5% of the 

total virus surface, resulting in 9-45 HA-receptor interacting pairs involved in the multivalent 

interaction. Values for the multivalent enhancement factor, KiEM, were found to range 

between 1.5 and 7.9. Similarly to what we have reported in the study of the binding of rHA 

clusters (Chapter 5), the binding of whole viruses is weakly multivalent, where each 

additional binding contributes moderately to the overall affinities, thus providing dynamicity 

to the whole interaction. 

We have demonstrated that this platform is suitable for the investigation of binding affinities. 

In the future, it can be used as a tool to investigate, for example, the hazard of new arising 

virus mutants. At the same time, we believe that this platform and the methods used in this 

work are suitable for the investigation of a large range of biological multivalent interactions. 
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6.5 Experimental section 

6.5.1 Materials  

Chemicals were purchased from Sigma-Aldrich, while commercial lipids were obtained from 

Avanti Polar Lipids. Streptavidin was purchased from ThermoFisher and dissolved in 10 mM 

PBS buffer (1 mg/mL, in 2,7 mM potassium chloride and 137 mM sodium chloride, pH 7.4) 

at 25 °C using Milli-Q water (MQ, Millipore, 18.2 mΩ). Biotinylated glycans were prepared 

based on already reported procedures.22-23 
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6.5.2 Methods 

Virus stock preparation 

Influenza A/Puerto Rico/8/34 virus (Mt. Sinai strain) stocks were prepared by propagating 

the virus in 10-days-old embryonated chicken eggs at 33°C (GD Animal health, Deventer, 

the Netherlands). Allantoic fluids were harvested after 48-72 h and cleared from debris by 

centrifugation at 3000 rpm for 10 min at 4°C. Subsequently, the viruses were pelleted by 

centrifugation at 7000 rpm  for 18 h at 4°C and resuspended in PBS (pH 7.4) (Lonza). Viruses 

were then purified further by loading of the virus sample on a discontinuous sucrose gradient 

(10-50% w/v) and centrifugation for 45 min at 25,000 rpm using a SW41 swing-out rotor. 

The virus-containing sucrose layer was finally harvested and dialyzed (Slide-A-Lyzer, 

Thermo Scientific) for 48 h at 4°C to remove the remaining sucrose. Finally, the virus particle 

count was determined using a NS300 nano-particle tracking analyzer (Malvern, Nanosight), 

and diluted to a final stock concentration of 1×1011 particles/ml, UV-inactivated (50 mJ/cm2, 

at a wavelength of 365 nm) and aliquots were frozen at -80°C. Inactivation was confirmed 

by growing of these viruses on Madin-Darby canine kidney (MDCK) cells. A 

hemagglutininin (HA) assay was performed as described elsewhere21 to obtain a titer of 2048. 

The same procedure was followed to obtain stocks of recombinant influenza A/H1N1 virus 

A/Common teal/NL/10/00 and A/H2N9 A/Mallard/Sweden/36/03, both at a final 

concentration of 1×1010 particles/ml and an HA titer of 256. 

 

Small unilamellar vesicle (SUV) preparation 

Supported lipid bilayer (SLB) formation and streptavidin deposition were carried out as 

follows. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(cap-biotinyl), were stored in chloroform at −20°C. Dissolved lipid 

solutions were mixed in desired molar ratios before use and dried under a flow of nitrogen in 

a glass vial in order to create a film of lipid material at the glass wall. This film was further 

dried under vacuum for at least 1 h and subsequently hydrated with Milli-Q water to form 

multilamellar vesicles at 1 mg/mL. The lipid suspension was extruded 11 times through a 

polycarbonate membrane (Whatman) with a 100-nm pore size, resulting in small unilamellar 

vesicles (SUVs) that were stored in the refrigerator and used within 2 weeks. For SLB 

fabrication, vesicles were diluted to a concentration of 0.1 mg/mL in PBS directly before use. 

SLB formation was achieved by flowing this solution over a cleaned and activated SiO2 

surface. The quality of the SLBs was monitored in situ by QCM-D, where a high quality SLB 

was characterized by Δf = −24 ± 1 Hz and ΔD < 0.5 × 10−6.  
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QCM-D measurements 

QCM-D measurements were performed using a QSense analyzer (Biolin Scientific). SiO2-

coated sensors (QSX303, Biolin Scientific) were used. The sensors were cleaned using a 2 

wt% sodium dodecyl sulfate (SDS) solution and thoroughly rinsed with Milli-Q. Activation 

was performed with 20 min UV/ozone treatment, and the baseline was made flushing PBS 

buffer. Measurements were performed at 22 °C and operated with four parallel flow 

chambers, using two Ismatec peristaltic pumps with a fixed flow rate of 30 μL/min. 

Throughout this work, the fifth overtone (Δf5) was used for the normalized frequency and 

dissipation (ΔD5).  
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Chapter 7 

 

Recruitment of Receptors at Supported Lipid 

Bilayers Promoted by the Multivalent Binding of 

Ligand-Modified Unilamellar Vesicles 

 

The development of model systems that mimic biological interactions and allow the control 

of both receptor and ligand densities, is essential for a better understanding of biomolecular 

processes, such as the clustering of receptors at interfaces, at a molecular level. Here we 

report a synthetic system based on supported lipid bilayers (SLBs) for the investigation of 

the clustering of receptors. Biotinylated SLBs, used as cell membrane mimics, were 

functionalized with streptavidin (SAv), used here as receptor. Subsequently, biotinylated 

small (SUVs) and giant (GUVs) unilamellar vesicles were bound to the SAv-functionalized 

SLBs by multivalent interactions and found to induce the recruitment of both SAv on the SLB 

surface and the biotin moieties in the vesicles. The recruitment of receptors was investigated 

with quartz crystal microbalance with dissipation monitoring (QCM-D), which allowed the 

identification of the biotin and SAv densities necessary to obtain receptor recruitment. The 

optical visualization of the clustering at the interface of individual GUVs with the SLB 

platform was achieved with fluorescence microscopy, showing recruitment of SAv at the 

contact area as well as the deformation of the vesicles upon binding. Two different vesicle 

binding regimes were observed for lower and higher biotin densities in the vesicles. A 

quantitative analysis of the molecular parameters implied in the interaction, such as the 

number of receptors recruited at the interacting area, shows a correlation between the 

receptor density at the interface and the contact area.  
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7.1 Introduction 

The clustering of receptors in cell membranes plays an important role in a large number of 

biological processes. In living cells, phenomena such as signal transduction, which are 

fundamental for immunological responses and neurotransmission, are often associated with 

the formation of domains and the clustering of receptors at a cell surface.1-3 Multivalent 

ligand-receptor interactions at the interface, in combination with the fluidity of the cell 

membrane, promote the rearrangement and co-localization of receptors on a surface, and 

thereby govern these biological responses.4 

The molecular processes of binding, diffusion and clustering occur at characteristic length 

and time scales, and these can be distinctly different from those associated with the biological 

processes that they induce. To deconvolute the various contributions to the biological 

processes, the molecular and biophysical aspects of receptor clustering need to be 

investigated. Molecular aspects, such as the number of receptors involved in the interactions, 

the local receptor density and the lateral diffusion on the cell membrane, are critical factors 

playing a role in these phenomena.5 To provide quantitative insight into these molecular 

parameters, it is necessary to build synthetic models that can mimic the biological interaction 

at the interface and in which parameters such as receptor density and surface fluidity can be 

controlled and quantified.  

Supported lipid bilayers (SLBs) have been reported extensively to be good cell-membrane 

mimics, and they are already employed heavily for their excellent antifouling properties.6-7 

Among their manifold advantages, SLBs present a two-dimensional fluidity, a very important 

feature that allows the mimicking of mobility and rearrangement processes occurring at a cell 

membrane.8 The fluidity of an SLB can be tuned by changing the chemical composition of 

the lipids.9 Moreover, the possibility of modifying the composition of the SLB by 

incorporating a controllable fraction of a functionalized lipid, which, for example, allows the 

attachment of receptors, provides an exquisite method to control the surface density.10 

Here we report a well-defined SLB model system that allows the study and the microscopic 

visualization of the phenomenon of receptor clustering at a cell membrane, by mimicking a 

biological interaction occurring at the interface. Our goal is to investigate whether the 

interaction of multivalent ligand carriers, such as vesicles with ligand binding sites anchored 

to fluidic membranes, can cause ligand clustering at the surface they bind to, and how this 

phenomenon is correlated to the densities of receptor and ligand sites expressed at the 

interface. Accordingly, SLBs and vesicles were chosen as mimics for the fluidic membrane 

and for the interacting multivalent biological system, respectively, owing to the possibility 

of accurately controlling both ligand and receptor densities at the interface in these systems.  
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The strong, non-covalent biotin-streptavidin interaction was taken as a model for a typical 

biological interaction. Biotinylated SLBs were used as bio-mimetic platforms, which were 

functionalized with streptavidin (SAv), used here as receptor. Biotinylated small (SUVs; 

approx. 100 nm) and giant (GUVs; approx. 15-20 μm) unilamellar vesicles were employed 

as multivalent carriers to induce recruitment of SAv on the SLB surface. Specifically, SUVs 

were used in ensemble surface binding studies using quartz crystal microbalance with 

dissipation monitoring (QCM-D). Because of their size, GUVs were used for direct optical 

visualization of individual recruitment events by fluorescence microscopy. By controlling 

the densities of both biotin and SAv at the interface, we quantitatively analyzed the clustering 

of the receptor sites at the interface and investigated the role of both ligand and receptor 

density on a fluid surface. An analysis of the size of the contact area between vesicle and 

SLB is also provided in order to evaluate the number of interacting sites involved during the 

receptor clustering. 

 

7.2 Results 

7.2.1 Ensemble binding of 100-nm unilamellar vesicles to supported lipid 

bilayers 

In order to investigate the recruitment of receptors at an SLB interface induced by a 

multivalent interaction, we first employed biotinylated small unilamellar vesicles (SUVs) 

with a diameter of 100 nm, able to bind multivalently to a SAv-functionalized SLB. Here, 

the strong non-covalent interaction between biotin and SAv (Kd = 10-14 M)11 was chosen as a 

model for a general ligand-receptor interaction occurring in a real biological system. The 

high affinity of this interaction is expected to provide the maximal possible recruitment.  

Figure 7.1 reports a schematic representation of the formation of the platform used in this 

work and the interaction with SUVs. In a first step, a biotinylated SLB is formed on an 

activated SiO2 substrate. For the formation of the SLB, unilamellar vesicles consisting of 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) mixed with varying molar ratios of a 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (DOPE-biotin) were formed by 

extrusion through a polycarbonate filter with a diameter of 100 nm, and the vesicle size was 

confirmed by dynamic light scattering measurements. These vesicles are known to rupture 

on activated SiO2 surfaces forming stable and mobile bilayers.12 The presence of biotin in the 

SLB allows the binding of SAv in a following step. In particular, by mixing DOPC with 

DOPE-biotin in different molar ratios, it is possible to precisely tune the (average) density of 
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biotin moieties displayed at the interface. Thereby, the average density of SAv absorbed on 

the surface during the second step, is determined during the vesicle preparation step.  

 

Figure 7.1: (A) Schematic representation of the study of SAv clustering at biotin-containing SLBs 

induced by the multivalent interaction with biotinylated vesicles (SUVs or GUVs). (i) DOPE-biotin-

doped SLBs are formed on activated SiO2 surfaces, (ii) SAv is subsequently bound onto the SLB, (iii) 

biotinylated vesicles are interacting to the SAv-modified surface, and lastly (iv) free SAv is again added 

to the substrate to evaluate the fraction of free biotin groups in the SUVs after adsorption. (B) Chemical 

structures of the components used in the system. (C) Schematic representation of the clustering of the 

biotin groups on the adsorbing vesicles (blue) concomitant to the recruitment of SAv at the SLB 

interface (green). 

 

In this work, three different biotin densities were chosen for the formation of SLB platforms, 

for which 0.1 mol%, 0.4 mol% and 2 mol% of DOPE-biotin were used in the lipid mixture. 

As we reported previously,10 an increasing molar fraction of DOPE-biotin in the SLB up to 

approximately 1% leads to a linear response of adsorbed SAv. Higher concentrations, 

however, cause a physical saturation of the surface with SAv. Taken these observations into 

account and assuming that a single SAv binds to two biotinylated lipids on the surface,13 the 

biotin molar ratios chosen for the formation of SLB lead to (average) SAv densities of 0.11, 

0.46, and 1.57 pmol/cm2. Two remaining SAv binding pockets are therefore assumed to be 

available at SLB-bound SAv for further interactions with biotin ligands presented at the 

adsorbing vesicles.  

In order to probe the lateral mobility of the SLB itself and of SAv bound onto the SLB, both 

the lateral diffusion of a dye-modified lipid added to the lipid membranes containing varying 



Chapter 7 

 

133 

biotin molar fractions and that of adsorbed SAv were assessed through quantitative 

fluorescence recovery after photo bleaching (FRAP). Figure 7.2 shows the FRAP plots of 

Texas-Red fluorescence emitted from the dye-modified lipid in the SLB before modification 

with SAv, and those of of Alexa Fluor 488-labeled SAv, for different biotin densities in the 

SLB. The FRAP curves were fitted to a diffusion model modified by the Bessel function,14 

from which the diffusion coefficients of the lipids for each SLB composition were obtained 

(see Table 7.1). For all biotin densities used in this work, the SLB showed mobility, even 

when modified with a densely packed SAv layer (2% DOPE-biotin). 

 

 

 

Figure 7.2. Confocal FRAP curves on SLBs with 0.1, 0.4 and 2 mol% biotin. FRAP of the Texas Red-

labeled SLB (A) before and (B) after the anchoring of Alexa Fluor 488-labeled SAv. (C) FRAP of the 

Alexa Fluor 488-labeled SAv anchored on the SLB. The fitting curves were obtained from the modified 

Bessel function and the fitted diffusion constants are listed in Table 7.1. 

 

Table 7.1. Diffusion coefficients determined with the FrapAnalyser from Luxembourg University. 

Processed with double normalization and a modified Bessel fitting. 

DOPE-biotin in 

SLB (mol%) 

Diffusion constant 

of SLB before SAv 

(µm2/s) 

Diffusion constant 

of SLB after SAv 

(µm2/s) 

Diffusion constant 

of SAv 

(µm2/s) 

0.1 1.7 ± 0.3 2.5 ± 0.2 1.2 ± 0.1 

0.4 1.2 ± 0.4 0.76 ± 0.10 0.97 ± 0.06 

2 1.1 ± 0.2 0.68 ± 0.09 0.31 ± 0.02 

 

After the formation of a SAv layer on the surface, biotinylated SUVs composed of DOPC 

mixed with DOPE-biotin were added on the surface. SUVs are ideal multivalent carriers, the 

size of which can be finely controlled in the extrusion step. This size control is important in 

our studies, because it allows proper quantification of the number of interactions and the 

interaction area at the interface. The SUVs were prepared in the same way as the vesicles 
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employed in the formation of the SLBs, but were re-dissolved in buffer before extrusion. As 

for the SLBs, varying the molar ratios of DOPE-biotin and DOPC in the lipid mixture allows 

control over the biotin density in the SUVs. In this work, SUVs were made containing DOPE-

biotin concentrations in the range of 0.025% to 5%.  

Quartz crystal microbalance with dissipation monitoring (QCM-D) was used to monitor both 

the in-situ formation of the interaction platform, consisting of the biotinylated SLB and the 

SAv layer attached onto it, and the subsequent interaction of SUVs with this platform in real 

time. Figure 7.3A shows a typical QCM-D measurement in which every adsorption step 

described above is observed by monitoring the frequency shift (Δf5, blue line). Initially, after 

obtaining a stable baseline, an SLB (Δf5 = 24±1 Hz and ΔD5 <0.5x10-6) was formed on a 

SiO2-covered QCM sensor. Subsequently, the surface was rinsed with buffer and a solution 

of SAv (1 μM) was added onto the SLB. Adsorption of SAv onto the SLB was confirmed by 

a clear frequency shift, and surfaces were rinsed again with buffer in order to remove the 

non-bound SAv from the surface. As described before,10 the frequency shift of the SAv 

adsorption step depended on the fraction of DOPE-biotin used in the vesicles to make the 

SLBs. Consequently, the binding of SAv is specific, and occurs through biotin-SAv 

interaction pair formation. In the following SUV addition step, a frequency shift confirms the 

interaction of the vesicles at the SAv-covered platform. The addition of SAv or biotinylated 

SUVs on an SLB containing no DOPE-biotin did not show any frequency shift (data not 

shown), thus confirming the specificity of the interactions observed.  Additionally, the large 

change of frequency in the presence of SAv, accompanied by a large dissipation change, 

suggests that the vesicles remain intact upon binding, maintaining their vesicular structure 

while interacting with the platform.15 The frequency shift obtained upon vesicle adsorption 

appeared to be strongly correlated to the density of both SAv at the interface and the biotin 

content in the vesicles. As a last step, SAv was again added onto the surface in order to detect 

any free biotin moieties in the SUVs remaining after the interaction with the SAv-coated SLB 

surface, thereby obtaining information about possible recruitment occurring in the adsorbed 

SUVs.  
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Figure 7.3.  (A) QCM-D measurement showing stepwise: the formation of an SLB doped with 2 mol% 

of DOPE-biotin, adsorption of SAv, the interaction with SUVs containing 2 mol% of DOPE-biotin, and 

another adsorption step of SAv. The 5th overtone was used throughout the experiments. The frequency 

shift (Δf5, left axis) is shown in blue, and the change in dissipation (ΔD5, right axis) in red. The different 

shadings correspond to the different additions according to Figure 7.1. (B) Limiting frequency shifts 

obtained for the SUV adsorption steps as a function of the DOPE-biotin fraction in the SUVs, in their 

interaction with SLBs containing different (0.1, 0.4 or 2%) biotin-DOPE fractions and saturated with 

SAv. Black, red and blue lines are guides to the eye. (C) Plot of ΔD/Δf values versus the molar fraction 

of DOPE-biotin in SUVs measured on SLBs with biotin fractions of 0.1% (black), 0.4% (red), and 2% 

(blue). (D) Frequency shifts of adsorption steps of SAv (final adsorption step shown in Figures 7.1 and 

7.3A) on SUVs bound to SAv-modified SLBs containing different percentages of biotin. 

 

In order to investigate the effect of the biotin density present in the SUVs on the interaction 

with the SAv-modified SLB surface, the adsorption steps of SUVs containing different 

percentages of biotin, ranging from 0.025% to 5%, were measured on SLBs bearing different 

SAv densities. In the first series of measurements, SLBs containing 0.1% DOPE-biotin were 

chosen in order to provide a low-density SAv layer on the surface with a relatively large 

(average) spacing between each protein. After forming the interaction platform, as described 

above, SUVs bearing different fractions of DOPE-biotin were added to the surface. Figure 

7.3B shows the values of frequency shifts obtained for the binding of the SUVs, measured 

after signal saturation was achieved followed by rinsing of the surface with buffer.  
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Interestingly, in the case of an SLB functionalized with 0.1% of biotinylated lipids, the 

vesicle adsorption onto the surfaces appeared to be correlated to the biotin content used in 

the lipid mixture of the adsorbed SUVs, where both frequency and dissipation signals 

stabilized at specific values depending on the biotin concentrations of the vesicles. In 

particular, a low content of biotin in the SUVs, i.e., 0.025% and 0.1%, led to larger vesicle 

adsorption steps, while higher biotin contents caused smaller frequency changes. A minimum 

adsorption, which gave a frequency shift of only 25% of those obtained at low biotin 

fractions, was obtained for both the 1% and 5% molar fractions, and a clear transition between 

high and low vesicle binding was observed at approximately 0.4 mol% of biotin. The 

differences in vesicle adsorption are exclusively attributed to the differences in DOPE-biotin 

content in the SUVs as no other factors are expected to play a role. Differences in size 

between SUVs with different biotin fractions measured with DLS were within 10% (see 

Experimental Section, Table 7.2). Moreover, no correlation was observed between vesicle 

size and the biotin content, therefore the small differences can be attributed exclusively to 

variations in preparation. Other factors, such as different molecular weights due to the 

presence of different DOPE-biotin molar ratios, were found negligible considering the low 

fractions used. 

Interestingly, when the same set of experiments was repeated on SLBs containing higher 

biotin densities, i.e. 0.4% and 2.0% biotin, different trends were observed in comparison to 

the 0.1% biotin SLB. In the case of an SLB with 0.4% biotin, a correlation between biotin 

content and vesicle adsorption, similar to the one found for the 0.1% platform, was observed. 

However, the values of the frequency shifts in this series of experiments were consistently 

higher than the ones measured for the 0.1% biotin SLB, but the difference was most 

pronounced at the high biotin fractions. This observation suggests that, at a higher SAv 

density on the surface, a higher amount of vesicles was adsorbed onto the surface. When the 

2% biotin SLB was used, the biotin content in the SUVs appeared to have no influence at all 

on the adsorption of vesicles, and high frequency shifts were obtained for all of the SUV 

biotin densities used here. Most likely, the frequency shift (of approx. 150 Hz) obtained in 

this case corresponds to a dense packing of vesicles. 

In order to estimate whether or not differences in biotin density in the SUVs and SLBs affect 

the way in which the vesicles are adsorbed on the surface, e.g., by affecting the contact area 

and/or the viscoelastic properties of the vesicle-SLB layer, the ratio between ΔD5 and Δf5 

was determined for each SUV step (Figure 7.3C). The ΔD5/Δf5 ratios were measured for each 

set of experiments using 0.1%, 0.4% and 2.0% of biotin molar fraction in the SLB. 

Interestingly, differences were observed between these series of measurements, obtained for 

different SAv densities on the SLB. Specifically, a lower ΔD5/Δf5 ratio was observed for 

vesicles adsorbed on SLBs containing a higher SAv density, particularly evident again at 
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high biotin% in the SUVs. Therefore a high SAv density on the surface appeared to lead to 

an increased stiffness of the surface upon binding of vesicles with clear differences between 

SUVs containing high biotin contents. At very low percentages of biotin in the SUVs, instead, 

similar ΔD5/Δf5 ratios were observed, despite the differences in SAv density on the surface. 

Interestingly, all series showed a dip in the ΔD5/Δf5 ratio at 0.4-0.6% biotin fraction in the 

SUVs, coinciding with the biotin percentage in Figure 7.3B at which the binding curves go 

from a relatively sparsely packed vesicle layer (at high biotin%) to a dense vesicle packing 

(at low biotin%). 

After the adsorption of SUVs on the surface, as shown in Figure 7.3A, a solution of SAv was 

added again. In this way, we aimed to determine the availability of biotin on the SUV surfaces 

after binding to the interacting platform and thus to investigate the recruitment of biotin 

moieties displayed at the SUVs. The SAv addition was performed for every combination of 

biotin densities in SUVs and SLBs. Figure 7.3D reports the frequency changes observed upon 

SAv addition onto the SUVs pre-adsorbed on the SLB surface with 0.1%, 0.4% and 2% 

biotin. Notably, for SUVs containing DOPE-biotin fractions below 0.6%, no SAv binding 

was observed for any of the SAv densities at the SLB. This observation implies that complete 

recruitment of all biotin moieties in the vesicles had occurred. Higher biotin contents in the 

SUVs led to an increased adsorption of SAv onto the vesicles, with an onset at approx. 0.6-

0.9% of biotin in the SLB. Here, the total amount of bound SAv resulted to be strongly 

dependent on both the density of SUVs adhered to the surface as well as the biotin fraction 

in the SUVs. Notably, the onset of SAv binding to the vesicles coincides with the biotin 

density at which the transition occurs in the vesicle binding density (Figure 7.3B) and in the 

ΔD5/Δf5 ratio (Figure 7.3C). 

 

7.2.2 Single-vesicle binding of giant unilamellar vesicles to supported lipid 

bilayers 

In order to visualize the clustering of receptors at the SLB interface with imaging techniques 

such as fluorescence microscopy, giant unilamellar vesicles (GUVs) were used as a model 

for immobilization onto the SLB. Although the biotin density of SUVs can be precisely 

controlled, their nanoscale size prevents the direct visualization of receptor clustering and 

contact area, hence necessitating the use of larger vesicles (here, GUVs). Both the GUVs and 

the SLBs were made from lipid mixtures of DOPC, DOPE-biotin, and Texas Red-

functionalized 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Texas Red-DHPE). 

After the deposition of the biotinylated SLB, Alexa Fluor 488-labeled SAv was anchored 

onto the membrane surface to allow direct visualization of recruited SAv molecules in the 
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contact area between the GUV and the SLB, which occurs upon adhesion of biotinylated 

GUVs by the formation of biotin-SAv affinity pairs. 

Fluorescence microscopy images of typical individual, bound vesicles, obtained at different 

focal planes and at different biotin fractions (0.1, 0.4, and 2%) in the SLB, are shown in 

Figure 7.4. The red color of the Texas Red label implemented in the GUVs appears to be 

evenly spread in the GUV membrane, and allows visualization of the size and shape of the 

vesicles. Cross section views of the center section of the GUVs are shown in the 1st column, 

and the bottom section that is in contact with the SLB surface is shown in the 2nd column. 

The data shows that GUVs with diameters of 15 to 20 µm stayed intact upon adhesion to the 

SLB. By gradually lowering the focal plane closer to the binding interface at the SLB, the 

contact area between the adhered GUVs and the SLB became apparent. Most notably, this 

area overlapped with the area of green fluorescence emitted by the Alexa Fluor 488-labeled 

SAv (3rd column in Figure 7.4). Whereas the green SAv fluorescence was homogeneously 

distributed over the surface before vesicle adhesion (not shown), binding of the vesicles 

caused the concentration of the SAv molecules at the vesicle-SLB contact area to facilitate 

the immobilization of the vesicles. Some bright green specks of higher fluorescence intensity 

were observed on the SLBs with 0.4 and 2 mol% biotin receptors, which is likely due to the 

localized aggregation of SAv molecules and/or the rupture of some vesicles on the SLBs at 

higher biotin concentrations. Qualitatively, the co-localized fluorescence of the vesicles and 

SAv in the contact area supports recruitment of SAv into the contact area upon adsorption of 

the vesicles. 
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Figure 7.4. Fluorescence microscopy images of immobilized GUVs (with 0.1 mol% biotin-DOPE) on 

biotin/SAv-modified SLBs containing biotin receptors of different densities (0.1, 0.4 and 2 mol%, 

shown in top, center, and bottom rows, respectively) obtained at different focal planes. 1st column: the 

widest/center section of the GUV; 2nd column: the bottom of GUV obtained from the contact area 

between the GUV and the SLB; 3rd column: clustering of SAv molecules at the contact area; 4th column: 

merged images of the 1st and 3rd columns; 5th column: 3D reconstructions of immobilized GUVs. The 

confocal z-stacks were obtained by scanning the GUV from bottom to top with distance steps of 0.3 

µm. Scale bars indicate 5 µm.  

 

To study the effect of the receptor density on the clustering process, we first fixed the biotin 

density in the GUVs (0.1 mol%) but varied the biotin concentration in the SLB (0.1, 0.4 and 

2 mol%), similarly to what was done in the QCM-D experiments described above. At this 

low mol% of biotin in the GUVs, as described above for the SUVs with 0.1 mol% biotin, all 

or most biotin moieties of the GUVs are expected to be used in binding to the SLB. As shown 

in Figure 7.4, for the SLB with 0.1 mol% biotin, the binding area, visualized both in red and 

green (2nd and 3rd columns), was much smaller (4th column) than the cross section area (i.e., 

the center, 1st column) of the GUV. The green fluorescence was bright and with high contrast 

(Figure 7.4), indicating an efficient, high density clustering, with no or only few SAv 

molecules remaining unbound outside the contact area of the vesicle.  

 

Center of GUV Bottom of GUV SAv at contact area

0.1% biotin in SLB

Merged 3D GUV
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Figure 7.5. The fluorescence profiles of immobilized GUVs on the SLB. (A) 0.1 mol% biotin-GUV on 

0.1 mol% biotin-SLB, (B) 0.1 mol% biotin-GUV on 0.4 mol% biotin-SLB, (C) 0.1 mol% biotin-GUV 

on 2 mol% biotin-SLB. 

 

When the biotin concentration in the SLB was increased to 0.4 mol%, the contact area, 

relative to the center (4th column in Figure 7.4), became larger than for the SLB with 0.1 mol% 

biotin. At the same time, a weak but clearly visible green fluorescence remained outside of 

the binding site, yielding a lower contrast (Figure 7.5). Both trends continued for the SLB 

with 2 mol% biotin (Figure 7.5C), which can be attributed to the increased biotin density at 

the SLB interface that led to a higher density of fluorescent SAv. Most likely, as described 

for the SUVs with 0.1 mol% biotin discussed above, all or most biotin moieties of the GUVs 

are being used in binding to the SLB. 

During the receptor clustering process, deformable GUVs may undergo morphological 

changes upon binding to the surface of the SLB. In order to visualize the deformation of 

GUVs, confocal microscopy was used to provide 3D structures of the GUVs. As the 5th 

column in Figure 7.4 shows, a GUV bound to the surface of the SLB with 0.1 mol% biotin 

exhibited a clear deformation leading to a flat contact area between the GUV and the SLB. 

As the biotin density in the SLB was increased to 0.4 and 2 mol%, a larger deformation of 

the GUVs became apparent from the sideview of their 3D structures. 

To quantitatively analyze the deformation of GUVs after receptor clustering, changes of the 

area ratio of a GUV, which was defined as the ratio between the contact area (3rd column in 

Figure 7.4) and the projected (widest/center) area of a GUV (1st column in Figure 7.4), were 

plotted as a function of the vesicle size (Figure 7.6A). The morphological changes depended 

on the fraction of biotin receptors at the SLB interface, as shown in Figure 7.6C. In the case 

of 0.1 mol% biotin, the area ratio almost stayed constant at around 0.25 independent of the 

vesicle size, however, this value reached approx. 0.8 when the biotin density in the SLB was 

raised to 0.4 or 2 mol%, indicating that a larger deformation of vesicles was induced by higher 

receptor densities. It is likely that the increased biotin density at the SLB facilitated more 

biotin receptors in the GUV to move into the contact area and interact with SAv, thus 
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providing more biotin-SAv interaction pairs that induce larger morphological changes with 

concomitantly larger contact areas.  

 

 

 

Figure 7.6. Changes of area ratios as a function of the GUVs projected area (i.e. the cross-section area). 

(A) GUVs with 0.1 mol% biotin immobilized on the SLB of different biotin densities (0.1, 0.4 and 2 

mol%). (B) GUVs with different biotin densities (0.1, 0.4 and 2 mol%) immobilized on the SLB with 

0.1 mol% biotin. (C) Area ratios of the contact area (3rd column in Figure 7.4) and the cross-section 

area (1st column in Figure 7.4) of GUVs (with 0.1 mol% biotin) immobilized on SLBs with different 

biotin densities (0.1, 0.4 and 2 mol%). (D) Area ratios of GUVs containing different biotin densities 

(0.1, 0.4 and 2 mol%) immobilized on SLBs with 0.1 mol% biotin. Here only one datapoint is shown 

for 2 mol% DOPE-biotin in the GUVs due to a lower stability in this case. 

 

Furthermore, the receptor clustering was studied by changing the biotin density in the GUVs 

(0.1, 0.4 and 2 mol%) adsorbing onto SLBs with a fixed biotin concentration (0.1 mol%). As 

Figure 7.7A shows, the green fluorescence of the contact areas for GUVs with 0.4 and 2 mol% 

biotin was all bright and with high contrast, comparable to the GUVs with 0.1 mol% biotin 

(1st row in Figure 7.4), indicating an efficient clustering of SAv molecules on the SLB at a 

low receptor density (0.1 mol% biotin) regardless of the biotin density in the vesicles. 
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Although the fluorescence intensities of SAv at the contact area for GUVs with different 

biotin densities were not that different (Figure 7.7B and 7.7C), the area ratios in these three 

cases were distinct from each other. By extracting the area ratios of vesicles of different sizes 

(Figure 7.6B), the morphological changes for GUVs of different biotin densities are shown 

in Figure 7.6D. Similar to the trend in Figure 7.6C, the area ratios of vesicles increased also 

when the biotin densities in the GUVs were increased to 0.4 and 2 mol%. This suggests that, 

in the case of 0.1 mol% biotin in the GUVs, all biotin moieties from the GUVs can be 

arranged into biotin-SAv interaction pairs within a relatively small area. When the biotin 

density in the GUVs is increased to 0.4 and 2 mol%, more biotin-SAv interaction pairs are 

formed, which induces larger morphological changes.  

 

 

Figure 7.7. (A) Fluorescence microscopy images of the immobilized GUVs with biotin ligands of 

different densities (0.4 and 2 mol%) on SLBs with 0.1% biotin. 1st column: the widest/center section 

of the GUV; 2nd column: the bottom of GUVs obtained from the contact area between the GUV and 

the SLB; 3rd column: clustering of SAv molecules at the contact area; 4th column: merged images of 

the 1st and 3rd columns. Scale bars indicate 5 µm. The fluorescence profiles of GUVs containing (B) 

0.4 mol% and (C) 2 mol% biotin on the SLB doped with 0.1% biotin. 
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In the case of GUVs with 2 mol% biotin, the stability was not as high as in the other cases, 

and most vesicles ruptured (Figure 7.8). It is likely that the high biotin% in the GUVs drives 

the system towards an increased contact area between the GUV and the SLB that promotes 

vesicle rupture. This is also an indirect confirmation that, at 0.1% biotin in the GUVs, all 

biotins are being used in the binding to the SLB, whereby an increase of the biotin% in the 

SLB cannot lead to further increase of the contact area. 

 

 

 

Figure 7.8. Ruptured GUVs on the SLB. (A) 0.4 mol% biotin-GUV on 0.4 mol% biotin-SLB, (B) 0.4 

mol% biotin-GUV on 2 mol% biotin-SLB, (C) 2 mol% biotin-GUV on 0.4 mol% biotin-SLB, (D) 2 

mol% biotin-GUV on 2 mol% biotin-SLB. 

 

 

7.3 Discussion 

All the distinctive trends in the vesicles binding to the SLB observed above show that the 

biotin densities both in the vesicles and in the SLB play an important role in the recruitment 

of biotin/SAv interaction pairs into the contact area. Here we attempt to analyze what effects 

play at the molecular level during the binding of the vesicles to the SLB and how this affects 

the recruitment and the deformation of the vesicles at the interface. When viewing the 

biotin% in the SLBs and the vesicles as ranging from low to high, various regimes can be 

distinguished. The different regimes in these vesicles binding processes are depicted in 

Figure 7.9. 
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Figure 7.9. Schematic representation of the adsorption of vesicles for varying DOPE-biotin molar ratios 

both in the vesicles (from left to right) and in the SLB (from bottom to top), indicating situations where 

the biotin% in the vesicles is limiting (top left) or in the SLBs (bottom right), and where vesicle 

deformation is high (right) and vesicle density is high (top). 

 

First we consider the effect of a low biotin density in the vesicles (0.025 to 0.1 mol%) on 

their binding at SLB surfaces functionalized with a low density of SAv. As shown in Figure 

7.3B, low biotin densities in the SUVs cause a high coverage of vesicles on surfaces 

functionalized with low SAv densities (0.1 and 0.4 mol% biotin), leading to large frequency 

shifts (case (i) in Figure 7.9). Similarly, when surfaces are functionalized with a higher 

density of SAv on the SLB, a similar coverage of vesicles is observed (Figure 7.3B and case 

(ii) in Figure 7.9), implying that the density of adsorbed vesicles is not influenced by the SAv 

density at the SLBs. This suggests that the adsorption of vesicles is determined by the amount 

of biotin in the vesicles. In particular, all the biotin moieties on the vesicle are employed in 

the binding with SAv on the SLB surface, as demonstrated by the absence of SAv adsorption 

on bound vesicles for such biotin density (Figure 7.3D). Apparently, the low biotin density 

in the vesicles in cases (i) and (ii) promotes the formation of only a limited number of biotin-

SAv interaction pairs, resulting in recruitment of SAv molecules from a limited area 

surrounding the vesicle, thus promoting a relatively high coverage of the SLB surface with 

vesicles. This was confirmed with the ΔD5/Δf5 ratio calculated for low biotin content in 

SUVs. In fact, a similar ratio was obtained for all three SAv densities (Figure 7.3B), 

suggesting that no difference in the density of the vesicles on the surface is observed. The 

measured stiffness can therefore be attributed to a densely packed vesicle layer formed on 
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the SLB. Moreover, the absence of SAv adsorption after vesicle deposition (Figure 7.3D), 

demonstrates that the biotin moieties displayed on the SUVs are all bound to SAv at the 

surface. Therefore, in this regime, recruitment occurs exclusively for the biotins present in 

the SUVs.  

Subsequently, we consider the effect of a high biotin density in the vesicles, i.e. in the range 

of 1 to 5 mol%, on their binding at the SLB interface functionalized with a low density of 

SAv (case (iii) in Figure 7.9). As shown in Figure 7.3B, high biotin densities in the vesicles 

cause a lower coverage of the vesicles on the surface functionalized with low SAv densities 

(0.1 and 0.4 mol% biotin), leading to small frequency shifts. This phenomenon can be 

attributed to the enhanced recruitment of SAv on the surface promoted by the binding of the 

vesicles. Due to the mobility of the SLB, SAv can diffuse at the interface and as a 

consequence, it is likely that as soon as a single SAv-biotin interaction occurs, more proteins 

bind at the SLB interface that is in contact with the bottom of vesicles. The anchoring of a 

large number of SAv with vesicles thus causes a depletion of free SAv on the SLB interface. 

The recruitment of SAv was confirmed by the observation of the contact area in GUVs 

adsorbed to SLBs and of depletion of SAv outside the contact area  which provided a high 

contrast (Figure 7.4). Overall, compared to case (i), the higher biotin% in the vesicles in case 

(iii) promotes stronger recruitment and the formation of a larger number of interaction pairs 

involving a larger number of SAv molecules, leading to a concomitantly larger contact area. 

The higher coverage of vesicles with a high biotin% observed at larger biotin densities on the 

SLB (2 mol%), demonstrated that the depletion of SAv on the surface is prevented in this 

case. In other words, when the surface can supply more SAv, it is possible to accommodate 

a larger density of vesicles (case (iv) in Figure 7.9).When surfaces are densely covered with 

SAv, the depletion is fully suppressed and the binding of vesicles is purely determined by the 

packing density of SUVs on the surface. The adsorption of SUVs on SLBs containing 

increasing SAv densities, leads to an increase in stiffness of the surface, as also demonstrated 

by the different ΔD5/Δf5 ratios obtained for SLBs containing 0.1, 0.4 and 2% of biotinylated 

lipids (Figure 7.3C). However, the similar vesicle coverage obtained with 1% to 5% of biotin 

in the vesicles, suggests that no further depletion of SAv on the SLB occurs, meaning that 

the maximal density of SAv at the interface with a vesicle is reached with 1% of biotin density 

in the SUVs. Beyond this value, the contact area of the SUVs does not further increase. As a 

consequence, a higher content of biotin in the SUVs implies a higher amount of free biotin 

in the SUVs remaining after adsorption. Conclusively, in both cases (iii) and (iv), the biotin 

density at the vesicle is higher than that is used for bond formation at the contact area, leaving 

free unused biotin moieties available upon adsorption, as witnessed by the SAv attachment 

to these moieties (Figure 7.3D).  
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The cut-off values obtained from Figure 7.3D allow a quantitative estimation of the contact 

area of a vesicle with the surface. Assuming an average diameter of an SUV of approx. 100 

nm and the footprint of a single lipid molecule of 0.725 nm16 (leading to approx. 43000 lipids 

in the outer leaflet at an area of 31000 nm2), we estimate that approximately 260 biotins can 

be involved in the interaction at the interface at the observed cut-off of 0.6 mol% biotin in 

the SUVs. As a consequence, a maximum of approx. 130 SAv can be recruited in the contact 

area. By setting a single SAv area to 25 nm2, the area occupied by densely packed SAv is 

approximately 3250 nm2, corresponding to 10% of the SUV surface area. At the same time, 

this cut-off represents roughly the boundary at which the biotin moieties in SLB and vesicle 

are balanced: at lower biotin% in the SUVs, the biotin density in the SUV is limiting, and 

recruitment occurs primarily within the SUV, consuming all of its biotin moieties in its 

interaction with the SLB. Above the 0.6% boundary, the biotin (and SAv) density in the SLB 

is limiting, and recruitment occurs primarily within the SLB, thus recruiting SAv molecules 

from larger areas, leading to concomitantly lower vesicle coverages. 

Also the SLB areas from which recruitment occurs can be estimated. A maximal dense 

packing of equally sized spheres on a surface is 90.6%, while the random parking limit is 

approx. 55% of the underlying surface area. The QCM data for the additional SAv bound to 

SUVs on an SLB (Figure 7.3D) can provide additional information. Of all values shown in 

this graph, the one with the highest value, corresponding to 5% biotin-modified SUVs at a 

2% biotin SLB, is the most reliable, as it was measured at a dense SUV layer (150 Hz for the 

vesicle adsorption step) and the 5% vesicles have the highest fraction of unused biotins. The 

observed frequency in this case (53 Hz) is approx. twice that of a densely packed SAv layer 

on a 2% biotin SLB (27 Hz). When we assume that the QCM sensitivity for the SAv 

adsorption is the same on an SLB vs a vesicle-coated SLB, the SAv density can be calculated 

as 0.08 SAv per nm2 of SLB area. This SAv density can be reached when the vesicle packing 

density is approx. 66% which is well within the range of the parking limit and the densest 

possible packing. At vesicle frequency changes below 150 Hz, the vesicle density is 

correspondingly lower, and the SLB area per vesicle increases. As shown in Figure 7.3B, this 

effect is most pronounced for high biotin% in the SUVs and low biotin% in the SLB. But 

also at low biotin% in the SUVs (left side of Figure 7.3B), the small differences in frequency 

change may indicate that the coverage at lower biotin% is not completely dense (approx. 60% 

of the densest packing at 0.1% biotin in the SLB). 

For comparison with the SUV data, the recruited numbers of SAv inside the contact area of 

bound GUVs were analyzed as well. It is, however, important to note that the GUV assembly 

is generally done for a relatively short time at much lower vesicle concentrations than in the 

case of the SUVs. Therefore, high vesicle densities are never observed, and in principle every 

vesicle can recruit SAv molecules from a sufficiently large SLB area. Because of their size, 



Chapter 7 

 

147 

the contact area of a bound GUV can actually be measured (Figure 7.4). The projected area 

ratios shown in Figure 7.6 can be recalculated in a straightforward manner to the contact area 

per vesicle area. The high area ratios of approx. 0.8 correspond to a relative contact area of 

21% of the vesicle surface area (see Experimental Section, Table 7.3). This is somewhat 

higher than the 10% estimated from the SUV data described above. Only when the biotin% 

in both the SLB and the GUV is 0.1%, the area ratio is lower (approx. 0.3), which corresponds 

to a contact area of 7%. When we take the number of biotin moieties in the 0.1% GUVs into 

account, we note that the measured contact areas are quite a lot (a factor 4-15) larger than 

needed for a dense SAv packing that would saturate all these biotin groups. Most likely, the 

energy penalty required to deform the GUVs is a lot lower than the SUVs, thus allowing a 

larger contact area and a relatively low-density SAv packing within it. The lower contact 

areas observed at the 0.1% biotin in both GUV and SLB is attributed to insufficient 

recruitment time, see below.  

To estimate the timescale at which recruitment and depletion may occur, we can consider the 

diffusion time. In a homogeneous and two-dimensional system, the diffusion coefficient D 

can be defined through the relation:17 

t ≈ x2/4D 

Here x indicates the displacement of molecules (here biotin-lipid-anchored SAv) in a 

clustering process and t the time. For SUVs of 100 nm with 0.1 mol% biotin, and assuming 

that all biotins of the SUV are involved in binding, all SAv of a 200 nm diameter area of an 

SLB with 0.1 mol% biotin are expected to be recruited. When the SUV has a 5 mol% biotin 

density, the recruited area increases to a diameter of 1.4 μm. Assuming a diffusion constant 

on the order of 1 µm2/s (Table 7.1), these areas correspond to recruitment times of 0.01-0.5 

s, which is way faster than the QCM times used here. For GUVs, however, the larger vesicle 

size leads to larger recruitment areas and therefore longer recruitment times, which can for a 

10 μm vesicle range from 100-5000 s for recruitment within the SLB and on the order of 100 

s for recruitment within the GUV itself. Typically, we took the images of the GUVs approx. 

a few min after adsorption, which is OK to achieve practically complete recruitment for the 

SLBs with 0.4 and 2% of biotin. The longest time is expected for the 0.1% of biotin in both 

GUV and SLB, and therefore the observed smaller contact areas, combined with the complete 

absence of SAv surrounding the bound vesicles in this case, may be a sign of incomplete 

recruitment within the contact area to achieve saturation of all biotins of the GUV within the 

given time. 
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7.4 Conclusions 

In this work, the clustering of SAv molecules on biotin-modified SLBs induced by the strong 

multivalent binding with biotinylated SUVs and GUVs was quantitatively analyzed. 

Different regimes were found for the binding of SUVs in which the modulation of clustering 

is attributed to the densities of biotin moieties both in the vesicles and the SLBs. The 

dependence of the contact area between the vesicles and the SLB was measured with a GUV 

model system to understand how the receptor density affected the formation of receptor 

clustering. The deformation of individual GUVs was quantitatively analyzed to show the 

induced morphological changes during the binding process. Both SUVs and GUVs show that 

the clustering response upon vesicle binding is dependent on the receptor density in the 

membrane, which therefore leads to different working mechanism for the binding process. 

Here, the weak affinity are of great relevance for the understanding of biological systems, in 

which the speed of recruitment is also a critical issue for quantitative analysis and can be 

explored further in our next work. These results may offer a useful tool for assisting the 

analysis of biological examples of ligand/receptor clustering, for example of virus binding 

on cell membranes. 
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7.6 Experimental section 

7.6.1 Materials  

Chemicals were purchased from Sigma Aldrich. 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl), sodium salt 

(DOPE-biotin) were purchased from Avanti Polar Lipids, while Texas Red-1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE) was obtained from Thermo 

Fisher Scientific. Streptavidin and streptavidin-Alexa-Fluor® were obtained from Thermo 

Fischer Scientific. SAv was dissolved in 0.1 M PBS (0.01 M sodium dihydrogen phosphate 

and 0.15 M sodium chloride, pH 7.4) at a concentration of 20 μg mL-1. 
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7.6.2 Methods 

Substrate cleaning and preparation  

QCM-D sensors were immersed in a 2 wt% sodium dodecyl sulfate (SDS) solution for 30 

min , thoroughly rised with Milli-Q and dried under nitrogen stream. Activation was 

performed with 20 min UV/ozone treatment using a Bioforce chamber (Nanosciences). 

 

Preparation of small unilamellar vesicles (SUVs) and giant unilamellar vesicles (GUVs) 

Lipids were first dissolved in chloroform and mixed in desired molar ratio in a glass vial. 

Afterwards, the solvent was evaporated with a nitrogen stream and the obtained lipidic film 

was dried for at least 1 hour in a dessicator connected to a vacuum vacuum pump. The dried 

film was then resuspended in MilliQ water or PBS buffer with a concentration of 1 mg/mL. 

The lipid suspensions were extruded 11 times through a polycarbonate membrane (Whatman) 

with 100 nm pore size, and the obtained SUVs were stored in the fridge and used within 

maximum two weeks. The size of the vesicles was measured by dynamic light scattering 

(DLS) before use. 

For the preparation of GUVs, drops of the solution containing the lipid mixture were put on 

2 titanium oxide-coated glass slides and the solvent was evaporated with a flow of nitrogen 

gas to create uniform lipid films. The lipid-coated slides were dried in a vacuum desiccator 

for 1 h. The dried lipid-coated slides and a clean PDMS spacer are put together to form a 

capacitor cell. The conductive sides of both slides were faced inward and were fixed with a 

clamp to form a chamber. The chamber was filled with 200 mM sucrose buffer solution and 

sealed with plastic paraffin film. Electro-formation was then carried out using a function 

generator. A 10 Hz sinusoidal potential with a 1 V peak-to- peak amplitude was applied 

across the chamber for 2 h, after which the frequency was reduced to 2 Hz for 1 h. The GUVs 

were extracted from the chamber using a pipette, stored in an Eppendorf vial (2 ml) in the 

dark and used the same day. The direct usage of the GUVs is necessary because of the 

relatively high instability of larger vesicles. 
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Table 7.2. Size of SUVs containing varying molar fraction of DOPE-biotin determined by DLS. 

 

DOPE-biotin in DOPC 

vesicles (%) 

Vesicles size (nm) 

0.025 90 ± 30 

0.1 86 ± 29 

0.25 92 ± 30 

0.4 83 ± 27 

0.6 92 ± 28 

1.0 93 ± 30 

5 79 ± 26 

 

 

 

Preparation of the supported lipid bilayers (SLBs) in QCM measurements 

For the fabrication of SLB, vesicles were diluted to a concentration of 0.1 mg/ml in PBS 

buffer directly before use. SLBs were obtained by flowing this solution on a cleaned and 

activated surface, after obtaining a stable baseline. The quality of the SLBs was monitored 

by fluorescence recovery after photobleaching (FRAP) or in situ by QCM-D (where high 

quality SLBs are defined by Δf = -24 ± 1 Hz and ΔD < 0.5×10-6).  

 

Preparation of the supported lipid bilayers (SLBs) in FRAP and confocal microscopy 

measurements 

For the FRAP and GUV assembly experiments, lipid mixtures of DOPC, Texas Red-DHPE 

and Biotinyl-cap-PE (molar ratio 99.85:0.05:0.1) were used to form the supported lipid 

bilayers (SLBs) using the vesicle fusion method. SLBs were deposited in the wells of a 96-

well plate with a glass bottom. Before the formation of the SLB, 400 μL sodium hydroxide 

(NaOH, 2 M) solution was added to the glass substrate for 1 h to form a hydrophilic surface. 

Afterwards, the wells were rinsed with Milli-Q water three times and incubated with 200 μL 

SUV solution for 30 min at room temperature. A detect-free SLB was then formed by the 

rupture of SUVs onto the hydrophilic glass substrate. Excess lipids were removed from the 

well by rinsing with MilliQ water three times. After SLB formation, care was taken to keep 

the surface submerged in buffer and without bubbles. 
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Immobilization of giant unilamellar vesicles 

Before the adhesion of GUVs, the SLB-coated substrate was incubated with Alexa Fluor 488-

SAv (200 μL, 20 μg mL-1) for 20 min and then rinsed consecutively with PBS and sucrose 

buffer, each for three times. After that, 50 μL GUV solutions were added to the well and 

incubated for another 30 min. Then, the well was gently rinsed with sucrose buffer three 

times to remove excess GUVs. 

 

QCM-D measurements 

QCM-D measurements were performed with a Qsense Analyser from Biolin Scientific and 

SiO2-coated sensors (QSX303, Biolin Scientific) were used throughout this work. 

Measurements were done at 22 ºC and operated with four parallel flow chambers, using two 

Ismatec peristaltic pumps with a flow rate of 20 l/min. For every measurement, the fifth 

overtone was used for the normalized frequency (f5) and dissipation (D5).  

 

FRAP measurements 

By a confocal microscope, a circular spot of 10 µm in diameter was bleached, then the 

fluorescence intensity in the bleached regions was monitored. For the SLB immobilized at 

the bottom of the 96-well plate, the FRAP protocol consisted of 11 imaging loops (1 s 

interval) before bleaching, 10 loops bleaching with no delay in between loops, and 300 loops 

of recovery (1 s interval). Then the FRAP curves were fitted in a diffusion model for circular 

spot by the modified Bessel functions.14 

 

Confocal microscopy 

Confocal laser scanning microscopy (CLSM, Nikon A1) was used to observe immobilized 

GUVs and the SLB. The Texas Red-labeled GUVs were examined by CLSM with an 

excitation wavelength (λex) of 595 nm, while the Alexa Fluor 488 SAv was measured with 

λex of 495 nm. 

 

Calculation of the quantification of streptavidin (SAv) on a surface 

Assuming that one DOPC lipid covers 0.725 nm2, i.e. a lipid density in the SLB 

corresponding to 1.38 molecules per nm2 (= 2.3×10-10 mol/cm2 = a), and that a SAv binds 

to two biotin in SLB, we obtain as follows: 

 

- fraction DOPE-biotin = x; 

- density of DOPE-biotin = x × a = xa; 

- density of SAv = ½xa; 



Recruitment of Receptors at SLBs Promoted by Ligand-Modified Unilamellar Vesicles 

 

152 

Therefore at x = 0.1%: Density of SAv = 0.11 pmol/cm2, etc. 

 

Calculations of SAv numbers in Table 3 by using the parameters labeled in Figure 7.10 

- the surface area of the capped GUV: A cap = π * D * (h + d/2) 

- the contact area of a GUV: c.a. = π * (d/2)2 

- the surface area of an intact GUV: A ves = A cap + c.a.  

- the equivalent diameter of the capped GUV: D’= sqrt (A ves/π) 

- the area ratio of the contact area to the project area of a GUV: area ratio = d2/D2 

- the number of lipids in a GUV: # lip ves = (A ves * 106)/25 

- the number of biotinyl lipids in a GUV (with 0.1 mol% biotin): # biotin ves = # lip ves * 

0.1% 

- the area of the recruited SAv: c.a. recr SAv = ½ # biotin ves * 25 * 10-6  

- the ratio of the contact area to the area of the recruited SAv: c.a. ratio =  c.a./ c.a. recr SAv 
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Figure 7.10. Calculation model of the capped-sphere for immobilized GUV on the SLB. 
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Summary 

 

Influenza represents a serious global health issue that causes millions of infections every 

year. Quantification of the multivalent interaction of the influenza virus binding at a host cell 

surface can lead to a better understanding of its multivalent binding energy landscape and 

provide ways to tackle biological questions regarding influenza virulence and zoonoses. For 

this reason, the development of platforms and devices that allow the quantification of these 

interactions is required. Specifically, when designing such platforms, various prerequisites, 

such as good antifouling properties, control over the surface ligand density and capability of 

mimicking cell membranes, need to be met.  

The research discussed in this thesis is aimed at developing surface chemistry methods that 

allow the selective modification of surfaces with biomolecules for the study of multivalent 

biological interactions, such as that of the influenza virus with cell surface receptors. Two 

different approaches were examined in this dissertation. In the first part of the thesis 

(Chapters 3 and 4), the use of functionalized poly-L-lysine (PLL) for the formation of 

polyelectrolyte monolayers has been discussed. With this method, the selective 

functionalization of several types of surfaces was achieved, and its efficacy in detecting DNA 

has been explored. The second part (Chapters 5-7) has focused on the formation of cell 

membrane mimics, based on supported lipid bilayers (SLBs), for the quantification of flu 

virus interactions. 

Chapter 2 offered a literature review of the reported surface functionalization methods that 

allow control of the ligand density displayed at the interface. Particular attention is given to 

methods used in the investigation of multivalent biological interactions, mainly those 

involving protein-carbohydrate interactions. Self-assembled monolayers (SAMs), SLBs and 

different types of polymers have been employed in the modification of the surfaces discussed 

in the examples provided in this chapter. 

Chapter 3 has discussed the combination of the use of PLL polymers and catalyst-free click 

chemistry reactions for the selective and fast modification of surfaces with biomolecules. 

Specifically, gold and silicon dioxide surfaces have been functionalized with PLLs bearing 

either tetrazine or dibenzocyclooctyne (DBCO) groups for the subsequent conjugation of 

either trans-cyclooctene or azide-modified DNA. The capability of recognizing 

complementary DNA sequences from aqueous solution and the control over the DNA probe 

density displayed on the surface were explored successfully. 

Chapter 4 has reported the use of modified PLLs for the modification of polymeric surfaces 

such as cyclic olefin polymer (COP) and Ormostamp. Micropatterning techniques were 
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employed for a selective and efficient functionalization of the substrates. Fluorescence 

microscopy was used for the optical inspection of the surface functionalization. The 

antifouling properties, as well as the stability of the surface modification over time were 

tested, confirming a stable functionalization of substrates with PLL. Finally, the selective 

recognition of complementary DNA was tested, showing the prospect of using PLL for the 

development of customized responsive (bio)interfaces in biomedical devices. 

Chapter 5 shows the development of a supported lipid bilayer (SLB) platform for the 

quantification of the binding of the influenza virus at artificial cell receptors. By employing 

a tunable fraction of a functional ligand in the SLB, control over the receptor density was 

achieved. At the same time, the use of recombinant hemagglutinin (rHA) nanoparticles 

provided an accurate determination of the number of interaction pairs involved in the 

multivalent interactions. Quantification of binding affinities and selectivity of rHA 

nanoparticles for specific receptors were assessed. A multivalency model was employed for 

the analysis of the data, showing a weakly multivalent binding of rHA for the receptor-

functionalized surfaces.  

The methodology developed in Chapter 5 was adapted in Chapter 6 for the quantification of 

the binding of full viruses with receptor-modified SLB surfaces. Binding affinities in the 

picomolar range and selectivities for human and avian receptors were assessed. Additionally, 

the dependence of the binding affinity on varying receptor densities was investigated. By 

plotting the virus binding saturation values versus different receptor coverages, a 

superselective binding behavior was observed. A multivalency model, in combination with 

observations made in Chapter 5, allowed the depiction of a virus binding energy landscape, 

confirming that the flu virus binds in a weakly multivalent manner. 

In Chapter 7, the phenomenon of receptor clustering at the interface was investigated by 

making use of the intrinsic lipid mobility of SLBs. The streptavidin (SAv)-biotin interaction 

was used as model for the general ligand-receptor interactions. Specifically, the recruitment 

of SAv receptors, induced by binding of multivalent biotinylated small and giant unilamellar 

vesicles, was observed. Different vesicle binding regimes were observed at varying 

ligand/receptor densities. Both the interaction area and the number of molecules involved in 

the overall interaction were assessed in a quantitative fashion.  

In summary, different surface modification techniques have been developed in this thesis for 

the study of biological interactions. Results obtained with PLL polymers showed the power 

of functionalizing a wide range of substrates for the controlled modification of surfaces with 

biomolecules while retaining their biological activity. At the same time, the SLB platform 

developed here provided access to the quantification of multivalent binding of the flu virus 

at artificial cell surface mimics with a precise control of the surface ligand/receptor density. 
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We expect that the surface functionalization methods developed here can be used for the 

further development of biosensors, allowing quantification of multivalent interactions and 

the discrimination of different types of flu virus strains. These techniques can be employed 

for the investigation of a wider range of biological, monovalent and multivalent interactions 

at interfaces, thus providing insight into complex biomolecular mechanisms.  
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Samenvatting 

 
Influenza is een wereldwijd gezondheidsprobleem dat elk jaar miljoenen infecties 

veroorzaakt. Het kwantificeren van de multivalente interactie van het influenzavirus bij het 

binden aan het oppervlak van een gastheercel kan leiden tot het beter begrijpen van de 

eigenschappen van het energielandschap dat bij deze binding hoort. Met deze informatie 

kunnen verschillende biologische kwesties worden aangepakt aangaande de activiteit van 

influenza en het optreden van zoönose. Hiervoor moeten platforms en devices ontwikkeld 

worden die deze interacties kunnen bepalen. Bij het ontwerpen van een dergelijk platform 

zijn er verschillende vereisten waaraan voldaan moet worden, zoals goede antifouling-

eigenschappen, controle over de liganddichtheid op het oppervlak en het vermogen om 

celmembranen na te bootsen. 

Het onderzoek beschreven in dit proefschrift is gericht op het ontwikkelen van oppervlakte-

chemische methodes die de selectieve modificatie van oppervlakken met biomoleculen 

mogelijk maakt voor het bestuderen van multivalente biologische interacties. Hieronder valt 

bijvoorbeeld het binden van het influenzavirus met receptoren van een celmembraan. Twee 

verschillende benaderingen zijn onderzocht in dit proefschrift. In het eerste gedeelte 

(hoofdstukken 3 en 4) is het gebruik van gefunctionaliseerd poly-L-lysine (PLL) voor de 

vorming van polyelektrolyt-monolagen besproken. Met deze methode is de selectieve 

functionalisatie van verschillende types oppervlakken bereikt en tevens is de werkzaamheid 

in het detecteren van DNA onderzocht. Het tweede gedeelte (hoofdstukken 5-7) is gericht op 

het nabootsen van celmembranen gebaseerd op oppervlakte-geïmmobiliseerde lipide-bilagen 

voor het kwantificeren van interacties van het griepvirus. 

Samengevat zijn in dit proefschrift verschillende oppervlaktemodificatietechnieken 

ontwikkeld voor het bestuderen van biologische interacties. Resultaten verkregen met PLL-

polymeren bewijzen de kracht van het functionaliseren van een grote verscheidenheid aan 

substraten voor het gecontroleerd modificeren van oppervlakken met biomoleculen met 

behoud van hun biologische activiteit. Tegelijkertijd geeft het lipide-bilaag-platform dat hier 

beschreven is toegang tot het kwantificeren van de multivalente binding van het griepvirus 

aan kunstmatige celmembranen met nauwkeurige controle over de ligand/receptor-dichtheid 

aan het oppervlak. 

Wij verwachten dat de oppervlaktefunctionaliseringmethodes die hier ontwikkeld zijn 

gebruikt kunnen worden voor de verdere ontwikkeling van biosensoren die de bepaling van 

multivalente interacties en het onderscheiden van verschillende types influenzastammen 

mogelijk maken. Deze technieken kunnen gebruikt worden voor het onderzoeken van een 
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breder scala aan biologische, monovalente en multivalente interacties aan grensvlakken en 

zodoende meer inzicht bieden in complexe biomoleculaire mechanismes. 

Meer informatie is verstrekt in de Engelstalige samenvatting van dit proefschrift. 
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