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Chapter 1 

Dynamic bioactive surfaces via supramolecular host-

guest functionality* 

 

Bioactive mimetic interfaces are of great interest to probe the effects of biomolecules on 

cell behavior and to advance the development of biomaterials. Designing the interface 

between cells and materials is a challenging task due to the complexity in which cells read 

their natural environment and consequently respond to it. Numerous biomimetic surface 

strategies continuously extend our knowledge base for the further development of new 

approaches to optimize materials’ interfaces for engaging with cells. Non-covalent host-

guest interactions to anchor bioactive ligands have not been widely explored. Particularly 

interesting is the possibility to create dynamically responsive surfaces, which allow for the 

temporal control of cell-ligand interactions. In this chapter, concepts and components 

involved in this developing field have been detailed.  
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1.1. Introduction  

Cells live in a complex environment, responding not only to spatially well-coordinated 

clues[1-3] that activate specific signaling pathways, but also to their dynamic 

regulations in time. The cell surface itself is decorated with a plethora of finely 

regulated fingerprints composed of various lipids, proteins and carbohydrates that 

equally rearrange and respond dynamically to changes in environmental cues in space 

and time. Creating well-defined artificial environments that allow us to mimic the 

natural cellular environment is a major challenge in the fields of cell biology and 

regenerative medicine.[4, 5] A large amount of work has been dedicated to achieve 

spatially well-defined bio-interfaces that imitate the extracellular matrix (ECM).[6] In 

many cases, ECM protein motifs, such as the integrin binding sequence Arg-Gly-Asp 

(RGD), have been used to induce cellular responses. More recently, ligand dynamicity 

has been introduced in order to come closer to imitating naturally occurring 

systems.[7] To achieve this, dynamic systems that can change bioactive properties in 

response to external stimuli, such as pH, temperature, light and electrochemistry have 

been design ed.[8, 9] Self-assembled monolayers (SAMs) in combination with various 

chemical switches have been designed for temporal control of cell-adhesive properties 

of interfaces.[10-13] In biological systems the interface between cells and their 

surroundings is based on dynamic non-covalent bonds. Supramolecular host-guest 

systems are therefore an attractive approach to engineer such responsive biomimetic 

interfaces as these systems are based on molecular building blocks that interact via 

non-covalent bonds in physiologically relevant conditions.[14-16] 

1.2. Cell adhesion  

In their natural environment, adherent cells interact with ECM proteins such as 

fibronectin, collagen, laminin and many others.[17] Recognition between the ECM and 

cells is mainly mediated by a family of transmembrane receptors, the integrins (Figure 

1.1.). Integrins have the remarkable ability to mediate bidirectional signaling across the 

cell membrane, called ‘inside-out’-signaling.[18, 19] Binding of an integrin with a 

component of the ECM can induce signaling towards the cell interior and signals within 

the cell can lead to outward signaling to control integrin activation. Their activation can 

be triggered by recognition of specific amino acid sequences in ECM proteins, the most 

common of which is the minimal recognition peptide Arg-Gly-Asp (RGD) (Figure 

1.1.).[20] Upon activation, integrins undergo conformational changes and transduce 

signals to the intracellular domain, causing a cascade of signals leading to the assembly 
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of adhesion complexes and cytoskeletal actin fibers. Several studies could show that 

the clustering and spacing of RGD has essential influence on cell signaling in cell 

spreading, migration and stem cell differentiation.[21-23] Upon ligand recognition, 

integrin receptors cluster and induce the formation of multiprotein adhesion 

complexes that mediate the connection between the ECM and actin cytoskeleton. 

 

Figure 1.1. Integrin mediated signaling upon interaction with ECM proteins. Left: Upon recognition 
of signaling sequences in the ECM, integrins are activated and trigger further binding events of 
multiple adhesion proteins, such as focal adhesion kinase (FAK), paxillin, talin, vinculin, tensin, zyxin, 
actin and myosin. Activation requires integrin clustering with optimal inter-receptor spacing. Right: 
a selection of integrin receptors is given that recognize common RGD peptide sequences in various 
extracellular matrix protein such as fibronectin, vitronectin, fibrinogen, fibrillin and osteopontin.  

Several types of focal adhesions can be found, which are regulated dynamically over 

time in cellular processes such as cell adhesion, spreading, migration, mitosis or 

differentiation. Different adhesion proteins (Figure 1.1.) are involved throughout the 

maturation of focal adhesions (Figure 1.2.). Important adhesion proteins are talin, 

paxillin, focal adhesion kinase (FAK), vinculin, zyxin and tensin, which, upon integrin 

activation, hierarchically assemble at different stages of adhesion maturation. Nascent 

adhesions are highly dynamic nanometer sized assemblies appearing at the cell 

periphery.[19] These nascent adhesions can further mature into focal complexes, 

likewise mainly found at the periphery of spreading cells and at the leading edge of 

migrating cells. These focal complexes mature further into larger focal adhesions, 

which have a significantly longer life time and can be found at the cell periphery as well 

as at more central parts of the cell at the end of actin stress fibers. Fibrillar adhesions 
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are large elongated highly stable adhesion structures found in parallel to extracellular 

fibronectin fibrils.[19, 24] Key regulators in the adhesion dynamics are RhoA and Rac, 

which are members of a family of small signaling G proteins.[25, 26] The dynamics of 

these adhesion assemblies are highly important in cell migration, where turnover on 

specific subcellular domains leads to forward cellular movement.  

 

 

Figure 1.2. Overview of focal adhesion maturation. Different maturation states of focal adhesions 
can be observed, involving differences in molecular composition, size and lifetime. In directionally 
migrating cells their distribution is often polarized as schematically displayed, having less mature 
adhesions at new protrusions at the front and more stable adhesion structures towards the cell 
body for stability and forward traction.[19]  
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1.3. Migration  

Migration of cells plays a crucial role in many biological as well as pathological 

processes, such as embryogenesis, wound healing, immunological responses and 

cancer. A migrating cell has a typical polarized morphology (Figure 1.2.) with a broad 

front and a sharp trailing rear. At the leading edge flat membrane protrusions called 

lamellipodia extend forward and finger-like protrusions called filopodia form, driven by 

actin assembly (Figure 1.2.).[27] Nascent and small focal complexes stabilize the 

lamellipodium. Cellular traction forces generated through the integrin-linkage of the 

ECM to actin filaments are important regulators in cell migration. The rate of 

protrusion, adhesion maturation and associated signaling is generated by this tension 

of adhesions on the substratum.[28, 29]  

 

Figure 1.3. Cell polarization and migration. For cell migration, cells polarize, thereby displaying a 
distinct shape and reorganization of intracellular organelles, such as the placement of the Golgi 
apparatus and microtubule organizing center (MTOC) in front of the nucleus. During migration 
multiple stages of cellular and cytoskeletal reorganization, including protrusion of the leading edge 
and detachment of the rear, result in ultimate forward movement of the cell. 

Migration speed reaches its maximum at intermediate adhesion strength, and is in 

reverse proportion to the size of focal adhesions. The strength of cell attachment 

depends on the density of adhesive ligands, the density of adhesion receptors as well 

as the affinity of adhesive ligands for their corresponding receptors. The required force 

for cell displacement transmitted from the actin stress fibers to the ECM is created 
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through focal adhesions and is regulated through a large number of cellular signaling 

processes. Ultimately, cell migration completes with the retraction of the trailing edge 

by focal adhesion disassembly. [28, 30] The underlying regulatory mechanisms of this 

disassembly process are less well understood. During migratory cell polarization 

organelles, such as microtubule organizing center (MTOC) and the Golgi apparatus, 

organize towards the leading edge of the polarized cell (Figure 1.3.).[29] 

1.4. Bioengineered surfaces  

The complexity of cellular interactions with their extracellular environment poses an 

extraordinary quest for engineers and biologists to design materials that can act as 

biomimetics and induce the intended cellular responses. The growing advances in 

technology continuously permit deepening of our understanding of both the cellular 

perspective as well as the material design criteria. 

1.4.1. Extracellular matrix bio-mimetics  

The interaction of cells with their natural ECM creates a dynamic tissue environment 

which is well coordinated in space and time. The ECM organization and composition 

coordinate the flexibility, strength and complexity in order to establish defined tissue 

properties. Biomimetic materials inspired by the interplay between cells and ECM are 

numerous and range from mimicry of microstructure, porosity, topography, ECM 

protein design and assembly to the direct use of native ECM components. Direct 

material coating of ECM proteins has been widely used to investigate for instance cell 

attachment[31], spreading[32, 33], migration[34] or differentiation[2, 35, 36]. 

Elucidating active binding sequences of ECM proteins has eased the incorporation of 

bioactive ligands to materials. Common fibronectin derived amino acid sequences such 

as RGD, LDV, REDV and PHSRN have been used as ECM biomimicry sequences, where 

RGD is the most frequently employed sequence.[37, 38] Similarly sequences of other 

ECM proteins such as collagen and laminin have been identified to create biomimic 

materials. GFOGER[39] and DGEA [40] from collagen type I as well as YIGSR and 

IKVAV[40-43] from laminin are some examples. 

1.4.2. Cell adhesive areas and ligand density  

Early studies on micrometer-scale printed ECM patches have revolutionized our 

understanding of cell adhesion, spreading and apoptosis[1, 44]. Patterns of fibronectin 

with different pattern sizes and inter-pattern spacing were shown to have a 
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tremendous effect on cell spreading and survival (Figure 1.4.). When endothelial cells 

were adhered to individual patterns of sizes of ≤ 25 µm, an increasing amount of 

programmed cell death with decreasing pattern sizes was found.[1] Spacing of 5-25 µm 

between patterns allowed cells to spread, but reached a critical separation at ≥ 30 

µm.[44] Total surface coverage of ≥ 15% was found to induce optimal cell spreading. 

Printed arrays have been employed to demonstrate that spatial confinement regulates 

cell-cilia formation,[45] actin-related gene expression[46] and podosome 

organization.[47] Printed arrays can also be used to coordinate cell and nuclear 

shape[48] and modulates collective cell migration[49]. In regenerative medicine, one 

of the pioneering studies on human mesenchymal stem cells (hMSCs) demonstrated 

that hMSCs seeded on various printed ECM protein micro-patterns responded to 

particular patterns by osteogenic lineage commitment.[50] Mrksich and co-workers 

printed more complex patterns with varying pattern composition, shape and size. In 

one study, variation in the shape symmetry, having different curvatures, was shown to 

influence the commitment between adipose versus osteogenic lineage.[51] Using 

polymer pen lithography (PPL), Mirkin and co-workers showed a relation between 

nano-level sized features of fibronectin and stem cell differentiation to osteogenic 

lineage.[52] 

 

Figure 1.4. Effect of ECM patterns on cell spreading and survival. Ability of spreading on µm sized 
patterns of ECM protein fibronectin depends on pattern sizes as well as spacing between patterns.  

Nano-patterned arrays have enabled variations in spacing between individual integrin 

ligands to study the effect of receptor clustering on cell adhesion, spreading and 

migration.[2, 21, 23, 53] These studies have shown that a spacing of 58-70 nm is optimal 
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to induce functional cell adhesion and spreading. This corresponds with maximal 

estimated distances between integrin-binding sequences in fibronectin, one of the 

proteins residing in the ECM.[54] Ding and co-workers could show that ligand spacing 

along with substrate stiffness direct stem cell fate.[55] The effect of ligand spacing was 

also found to be biphasic in cell migration. Cells migrated fastest on intermediate 

fibronectin or RGD ligand densities.[23, 34, 41] Salaita and co-workers proposed that 

ligand density affects the stability of integrin clustering through actomyosin-driven 

tension.[53] At higher inter-ligand spacing an increased turnover rate of focal adhesion 

might be caused by destabilization of integrin clusters as an effect of generated 

tension through actomyosin.  

1.5. Dynamic bioactive surfaces  

The highly complex composition of the ECM and its interaction with molecular 

fingerprints on the cell membrane make it a highly challenging task to create model 

systems that allow us to mimic their molecular complexity, spatial as well as temporal 

organization.  

1.5.1. Self-assembled monolayers 

Due to their advantage in being well-ordered, permitting high interfacial control of 

specific bioactive ligands and allowing great flexibility in creation of complex substrates 

with spatial precision, SAMs have been a particularly attractive monolayer fabrication 

strategy since their discovery in the early 80-ies. Analogous to self-assembling systems 

in solution, SAMs are highly ordered nanostructures that spontaneously organize. 

Unlike in solution forming assemblies, SAMs adsorb on a surface from a liquid or gas 

phase to form a monolayer.  

More recently, SAMs are also actively investigated as model substrates for dynamic cell 

studies. SAMs do not only allow the spatial control of bioactive ligands, but additionally 

permit control of their presence on the substrate in time. Dynamic SAMs can change 

their surface properties in response to external stimuli such as a change in pH, 

temperature, light or electrochemical stimuli. However, since cells require stable 

physiological conditions, like pH and temperature, conversion of substrate properties 

in response to light[56-63] or electrochemical stimuli is favourable for cell studies. To 

date, a number of different types of substrate materials and chemical strategies to 

immobilize bioactive ligands have been exploited for use as dynamic substrates. The 

majority of SAMs use alkanethiols on gold for a number of advantages: being bio-inert, 
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allowing simple and well-ordered functionalization and being available to various 

substrate analysis techniques. Alkanethiolates form densely packed well-ordered 

monolayers on gold where the thiol head group is coupled to the underlying gold 

substrate. They can furthermore be simply functionalized with several different 

functional groups in order to modify the substrate with specific bioactive ligands.  

1.5.2. Covalent approaches  

In a recent study alkanethiols were used to achieve subcellular control by 

functionalizing a gold electrode array with cell-adhesive RGD peptides.[64, 65] 

Modification of the intermediate glass regions with polyethylene glycol (PEG) was done 

to achieve selective cell-adhesion to the RGD-terminated electrodes. Spatial design of 

subcellular distances between adjacent electrodes allowed cells to spread over multiple 

electrodes. When Searson and co-workers applied a negative voltage pulse on an 

individual gold lane, selective release of the RGD-terminated alkanethiols was triggered 

and consequently retraction occurred of those parts of cells that initially covered this 

electrode. Modulating cell detachment in this manner opens a new road to gain 

significant insights involved in cellular pathway signals.  

Flexibility in alkanethiol functionalization makes them a useful tool for creation of 

multi-purpose cell culture surfaces with modular cell-repellent and cell-adhesive 

regions. The combination of micro-patterning technology with self-assembly of 

differentially terminated thiols presents a powerful approach to generate spatially 

resolved micro-confinements to create multifunctional SAM profiles on the 

substrate.[8, 10, 66, 67] Various groups demonstrated great potential of such systems 

for studies on cell-motility and different types of cell-cell interactions.[10, 66, 68]  

Since coupling alkanethiols to a desired biomolecule can be laborious, other coupling 

strategies taking place directly at the interface of a pre-assembled monolayer have 

been explored. Some of the frequently employed organic strategies include redox-

active hydroquinone (HQ) monolayers in combination with Diels-Alder conjugation,[8, 

69] oxime reaction[12, 70-72] and Cu(I)-catalysed Huisgen cycloaddition (Figure 1.5. 

A).[73] The electrochemical conversion of HQ-terminated monolayers on gold has been 

a successfully employed strategy to chemically regulate interfacial cell-substrate 

interactions. HQ can undergo oxidation upon an electrochemical stimulus and convert 

to  benzoquinone (BQ), which, in turn, can react with a number of functional 

groups.[8][74]  
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To ensure specific interactions, selective to the bioactive ligand of choice, a critical step 

is to block the background against unspecific binding of proteins present in biological 

media. Short ethylene glycol linkers have proven themselves as a very efficient choice 

for that purpose, commonly at 1:99% ligand to ethylene glycol (EG) ratios. When HQ 

groups present in a cell-inert background are oxidized to BQ, they can readily form a 

covalent adduct via a Diels-Alder reaction with a cyclopentadiene.  

 

Figure 1.5. Covalent strategies for dynamic biointerfaces. A) SAMs bearing the hydroquinone (HQ) 

functional group can be oxidized to benzoquinone (BQ). RGD-tethered aminooxy or cyclopentadiene 

can subsequently react with BQ, respectively. B) A dual switch strategy displaying HQ groups as well 

as azide functional groups on the surface. A dual-functional biomolecule can react via an alkyne 

functional group to the surface anchored azide and via oxyamine to oxidized HQ. Reduction to BQ 

leads to release of the biomolecule from the oxime linkage.[73] Copyright 2011, American Chemical 

Society. 
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When such a cyclopentadiene is functionalized with cell-adhesive RGD a reversible 

substrate is obtained that allows for controlling cell-repellent and cell-adhesive areas by 

changing the redox-potentials as described by Mrksich and co-workers.[8] For spatial 

control of cell adhesion and migration this strategy was extended using micro-

patterns.[69] In a similar fashion, the redox-active HQ-terminated SAMs can, when 

oxidized to the resulting BQ, be coupled to aminooxy-terminated ligands by an oxime 

reaction as described by Yousaf and co-workers.[12, 70-72] Oxyamine reacts covalently 

with the ketone groups on BQ in high yield under physiological conditions to form a 

stable oxyamine linkage. The reacting aminooxy groups can furthermore be introduced 

in most biomolecules by using standard synthetic procedures. Complex surfaces with 

well-defined spatial control were generated based on this approach by advancing the 

system with microarray or micro-patterning techniques.[70, 71]                                                                                                                                                                                                                                                                                                                                                                                                                      

In regenerative medicine a challenging and rewarding task is to understand the 

underlying mechanisms driving stem cell differentiation. Combining electroactive SAMs 

with microarray technology was demonstrated to be an elegant and promising strategy 

to immobilize a library of bioactive ligands on a substrate to screen for optimal 

conditions.[12] A similar platform has been used for studies of single cell 

polarization.[72]  

Cu(I)-catalyzed Huisgen cycloaddition between azides and alkynes connects functional 

biomolecules chemo-selectively under mild reaction conditions and therefore makes it 

an attractive approach for fabricating dynamic SAMs. Recently it was applied in 

combination with oxime reaction as an in situ “hide-and-reveal” strategy of small 

biomolecules to create a dual chemo-selective SAM, displaying switchable (HQ) as well 

as non-switchable azide functional groups (Figure 1.5.B).[73] Bifunctional bioactive 

moieties were created by co-coupling the peptides with an oxyamine as well as an 

alkyne end group, which are the respective chemical partners for the BQ and azide. 

When the moieties were switched from presenting linear to cyclic RGD, by application 

of a mild electrochemical potential, they could monitor real-time changes in cell 

behaviour such as changes in cell adhesion and migration.[73] Cu(I)-catalyzed Huisgen 

alkyne-azide cycloaddition has also been reported by Yeo and co-workers as a direct 

strategy for electroactive substrate dynamicity without use of the HQ linkage.[75] 

Alkyne-terminated monolayers were masked with dicobalt hexacarbonyl complexes, 

making them inert to react with azides. Upon electrochemical activation the dicobalt 

hexacarbonyl complex was oxidatively degraded and the thus exposed alkyne groups 

available for their reaction with azides. Coupling azides to a cell-adhesive peptide 
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resulted in substrates that were turned from cell-repellent to cell-adhesive upon 

reaction with alkynes. 

1.5.3. Non-covalent supramolecular approaches  

Since natural interfaces between the cell and its interacting ligands build on non-

covalent interactions, chemical systems relying on non-covalent binding such as 

hydrophobic, van der Waals, ion-dipole or hydrogen bonds are being explored and are 

an interesting approach to mimic natural cell-ECM interactions. An appealing strategy 

to create dynamic interfaces to cells is the use of supramolecular host-guest 

chemistry.[13, 14, 76] The most frequently employed families of supramolecular hosts 

for biological applications are the cucurbit[n]urils (CB[n]) and cyclodextrins (CD) 

(Figure 1.6). They are highly attractive due to their ability of binding various guest 

molecules with high affinity in aqueous media.[76-79]  

CB[n]s are macrocylic pumpkin-shaped molecules made of individual glycoluril 

monomer units (Figure 1.6.). Their hydrophobic core and electronegative carbonyl rim 

allows for highly specific interactions with small hydrophobic guest molecules.[80, 81] 

CB[7] recognizes hydrophobic guests such as ferrocene with exceptionally high (nM – 

pM) affinities. CB[8], having a larger core diameter, has the unique ability to 

simultaneously bind two aromatic guest molecules. It can for instance include two N-

terminal tryptophan or phenylalanine amino acids[77, 78, 82, 83] or electroactive 

methylviologen (MV2+) along with naphthol[84], N-terminal tryptophan[83] as well as 

azobenzene derrivatives[85].  

CDs are non-symmetrical cyclic oligosaccharides (Figure 1.6.) known to interact with 

hydrophobic guest molecules such as naphthol[15], ferrocene[86], adamantane[15] and 

azobenzene[16] with association constants in the micro- to millimolar range. 

Modification of these molecular guests with small biomolecules makes them available 

for interaction with living cells. Exploration of this concept has led to various designs of 

supramolecular host-guest hydrogels[87], polymers[88], nanoparticles[89-92] and 

surfaces[9, 15, 16, 93-96] intended for biological applications. Specific interaction of CDs 

and CB[n]s with light-responsive or electroactive molecules as well as their tunability in 

binding strength by choice of guest, has made them attractive for dynamic bioactive 

surfaces.[9, 13, 14, 16, 93, 96, 97] Stupp and co-workers used alginate hydrogel surfaces 

decorated with βCD as host substrate for the biomolecule functionalized guest 

molecules naphthol and adamantane. [15]  Attaching naphthol to cell adhesive RGD and 

adamantane to non-cell adhesion supporting RGES was used as a competitive surface 
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switch. Starting with a cell adhesive napthol-RGDS fibroblasts were spreading on the 

surfaces. When adamantane-RGES was introduced, cells would detach as a 

consequence of higher binding strength of adamantane when compared to naphthol 

(Figure 1.7. A).  

 

Figure 1.6. Cyclodextrin and cucurbit[n]uril. Chemical structures of CB[7] and-[8] as well as α-and β-

CD along with molecular dimensions and examples of their respective guest (G) molecules.[79, 83, 

85, 95, 98-100]  

Another approach is to incorporate light-responsive azobenzene which is known to 

interact with multiple supramolecular hosts. Zhang and co-workers created αCD 

monolayers on a quartz substrate.[16, 97] Azobenzene modified with an RGD peptide 

was used as a guest to form an inclusion complex with αCD when present in the trans 
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isomer. UV irradiation of 365 nm triggered trans-to-cis isomerization of azobenzene 

which lead to release of the azobenzene complex and thus also release of the cells 

from the substrate (Figure 1.7. B).[16, 97] We could recently apply this concept in our 

group using βCD monolayers on gold to release bacteria from surfaces.[101]  

Using electroactive MV2+ as a guest has also been used to design stimuli-responsive 

systems.[9, 85, 89, 102-104] MV2+ can interact with CB[8] and a second aromatic 

guest.[9, 89, 103] Reduction of MV2+ to its radical monocation MV+• weakens this 

ternary complex, leading to release of the second guest (Figure 1.7. C).  

 

Figure 1.7. Supramolecular dynamically switchable strategies. A) Competitive release of the first 

guest by the second guest based on differences in binding strength to βCD host.[15] B) Switching 

from trans to cis-azobenzene limits the interaction with the αCD host.[16, 97] C) Electrochemical 

reduction of MV2+ leads to weakening of the charge –transfer-complex with naphthol inside the 

CB[8] cavity. D) Trans-azobenzene and MV2+ can simultaneously interact within the CB[8] host. 

Electrochemical reduction of MV2+ or light causes release of the azobenzene from the CB[8] 

cavity.[85, 89] Molecules are schematically depicted. 
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We could apply this concept by immobilization of MV2+ to a gold surface via a thiolated 

alkyl chain spacer.[9] Cell-adhesive RGD could act as a second guest when terminated 

with the aromatic amino acid motif Trp-Gly-Gly (WGG) or naphthol to bind to CB[8]. 

When this ternary complex was assembled on gold substrates to form a monolayer, 

cells were able to spread on the available RGD epitopes. Electrochemical activation of 

the ternary complex led to reduction of MV2+ and caused a release of RGD, thus causing 

cellular release. In a sophisticated approach, both azobenzene and MV2+ can be 

combined to interact with CB[8] to create dual control.[85, 89] Trans-azobenzene and 

MV2+ can both act as simultaneous guest inside the CB[8] cavity (Figure 1.7. D). 

Electrochemical reduction of MV2+ leads to favourable interaction of two MV+• inside 

the CB[8] cavity, thereby excluding the trans-azobenzene. Optical switching with light 

leads to formation of cis-azobenzene, which does no longer fit inside the CB[8] cavity 

along with MV2+. To our knowledge this system has not been applied for dynamic bio-

switches with cells. 

1.6. Scope and outline of thesis 

In this thesis different approaches to fabricate cell-bioactive interfaces via CB[n]-

mediated host-guest assembly are described. In all Chapters the surface immobilization 

of either CB[7] or CB[8] and their interaction with guest molecules functionalized with 

the cell-adhesive motif RGD is used. 

In Chapter 2 the results are given on investigating a strategy to use CB[7] as host 

surfaces for cellular adhesion is investigated.  A ferrocene guest is coupled to RGD and 

the immobilization and interaction with CB[7] monolayers is investigated using multiple 

surface characterization techniques. Specific interaction of these surfaces with cells 

and their viability is evaluated.  

Chapters 3-6 report the development of CB[8] mediated assemblies with MV2+ as a 

surface immobilized first guest. As second guest either a tryptophan-amino acid motif 

or a naphthol group is used. These second guests are functionalized with a cell 

adhesive RGD ligand. In Chapter 3 the complexation of CB[8] to MV2+ on gold surfaces 

is investigated and the feasibility of electrochemically triggered cell detachment via 

MV2+ reduction is demonstrated. In Chapter 4 the immobilization of MV2+ is improved 

by coupling MV2+ to a preformed mixed ethylene glycol and maleimide monolayer.  

Details are given of the interaction and binding of the host and second guest to this 

MV2+ layer. Furthermore cellular attachment and spreading to these supramolecular 

monolayers is studied. In Chapter 5 a platform for controlled subcellular detachment is 
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developed using the surface strategy developed in Chapter 4. In the final Chapter 

dynamic and static RGD ligands on surfaces are compared for cell adhesion, cell 

spreading and cell migration properties. Ligands bound via the dynamic supramolecular 

immobilization strategy induced a cell response closer to that of native fibronectin in 

comparison with cells bound via static RGD ligands. In the epilogue an outlook for 

further directions of CB-mediated materials for cells is given. 
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Chapter 2 

Supramolecular control over cell adhesion via 

ferrocene-cucurbit[7]uril host-guest binding* 

 

Herein we investigate a supramolecular host-guest chemistry approach as a tool for 

creating self-organizing responsive materials to guide cell adhesion. To this end, the 

supramolecular macrocyclic host cucurbit[7]uril (CB[7]) was immobilized onto gold 

surfaces. Ferrocene (Fc) served as the supramolecular guest and was coupled to a cell-

adhesion targeting Arg-Gly-Asp (RGD) peptide. Formation of the supramolecular self-

assembled monolayer (SAM) was confirmed via various surface characterization methods. 

Specific interaction of cells with supramolecular SAMs and patterns was demonstrated 

using bright field as well as fluorescence microscopy of immuno-labelled cells. 
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2.1. Introduction  

Supramolecular chemical strategies provide innovative platforms for the study of 

fundamental aspects of cell biology, as a basis for the engineering of biomaterials with 

self-adaptive cell interface properties.[1-3] Through the spatial or temporal localization 

of ligands structured interfaces can be formed on surfaces with molecular precision 

and is possible on a scale relevant to cellular function.[4, 5] With the appropriate 

combination of ligands, the surface functionality can be tuned to specifically 

manipulate and monitor cell adhesion and migration. This offers unique opportunities 

for the development of biomaterials for cell-responsive engineering.[6] The use of 

semi-synthetic proteins, growth factors or peptides in various patterns can direct 

adhesion and migration of  cells. Supramolecular chemistry would allow for potentially 

reversible or stimuli-responsive surfaces with interesting properties[5, 7], currently 

being integrated into biological systems[2, 8-10] and biomaterials with intended 

regenerative medicine applications.[2, 11]  

For the investigation of supramolecular control over cell adhesion, the ferrocenylamine 

(Fc)-cucurbit[7]uril (CB[7]) based host-guest system offers suitable  properties (Figure 

2.1.). [12-14] The (ferrocenylmethyl)-trimethylammonium cation binds to CB[7] in 

solution with a Ka in the range of 1011 M–1.[15, 16]  

CB[7] spontaneously adsorbs onto gold surfaces to form a stable self-assembled 

monolayer (SAM). Although binding affinities to CB[7] immobilized on surfaces might 

differ from those in solution, site-selective and monovalent biomolecule immobilization 

using this supramolecular system has been possible.[17, 18] Fluorescent proteins, 

monovalently labelled with ferrocenylamine, bind in a potent and reversible manner to 

CB[7]-coated gold surfaces.[19] This surface immobilization system bodes well for 

exploration of cellular applications such as cell adhesion studies, and is potentially 

attractive due to the ease of CB[7] SAM formation and gold’s low toxicity. Crucial to the 

high affinity of this system is the benzylic amino functionality present in the ferrocene 

guest molecule. While the ferrocene ring system fills the lipophilic CB[7] cavity, the 

protonated benzylic amino functionality protrudes from the cavity, where it makes 

stabilizing electrostatic interactions with the polar carbonyl groups located at the CB[7] 

rim.[15]  

To enable studies of cell adhesion on such CB[7]-coated surfaces, cell adhesive Arg-Gly-

Asp (RGD) peptides [20-23] were attached to the key ferrocenylamine moiety via an 

oligoethylene glycol (OEG)-based linker. The use of OEG was suitable for the envisioned 

purposes due to its biocompatibility and inertness to gold surfaces.[24] The choice of 
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linker length was based on previous investigations into the immobilization of 

ferrocenylamine-labelled fluorescent proteins on CB[7]-coated gold monolayers.[19] 

Following a strategy based on Cu(I)-catalyzed azide-alkyne click chemistry[25], Fc-

modified peptides were synthesized affording the guest molecules FcRGD and FcRAD, 

respectively. 

Herein, the controlled creation of such supramolecular-based biointerfaces is 

investigated. CB[7] forms the base monolayer on gold surfaces, hosting a ferrocene-

labelled RGD peptides via non-covalent interactions. Surfaces featuring successful 

assembly of the supramolecular host-guest system and, thus, displaying the RGD motif 

with adequate affinity, are anticipated to enable specific cell adhesion in a controlled 

manner.  

 
Figure 2.1. Scheme of supramolecular host-guest surface functionalization. Showing coating steps 

of gold surfaces with CB[7] (cucurbit[7]uril), ferrocene-modified binding epitope FcRGD and EG6SH. 

2.2. Results and discussion  

2.2.1. Surface characterization 
 

CB[7] coated gold surfaces were prepared according to precedent methods.[14, 17-19] 

Subsequent immobilization of the ferrocene-peptide conjugates on the CB[7] coated 

surfaces was achieved by immersion in a 50 μM solution of FcRGD or FcRAD. For 

blocking of unspecific protein (and cell) adsorption to the gold surface, a thiolated 

(hexa)ethyleneglycol (EG6SH) was used. The morphological properties of the CB[7]-
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coated gold surfaces have previously been described.[18] Cyclic voltammetry (CV) 

measurements suggested that the CB[7] SAM covers at least 48% of the gold surface 

[17, 18], and atomic force microscopy (AFM) indicated that the surface adsorbed CB[7] 

molecules are accessible for the immobilization of ferrocene-labelled proteins via a 

specific monovalent CB[7]–ferrocene interaction.[19]  

 

 
Figure 2.2 QCM-D of Fc-peptide binding to CB[7] monolayers. Fc-peptide was titrated to CB[7] 
functionalized gold coated QCM crystals (left). Saturation values of titration curves as a function of 
Fc-peptide concentration was fitted with Langmuir (right). 

To verify the assembly steps of the supramolecular host-guest system, surfaces were 

characterized using Quartz Crystal Microbalance (QCM), Fourier-transform infrared 

reflection absorption spectroscopy (FT-IRRAS), X-ray photoelectron spectroscopy 

(XPS) and static water contact angle (WCA).  

First, to study the binding of the Fc-peptide to a monolayer of CB[7], Quartz Crystal 

Microbalance with dissipation (QCM-D) was used. In QCM-D a quartz crystal is 

oscillated at its resonance frequency. As mass adsorbs to the surface, the frequency 

changes accordingly. For measurements showing < 10% dissipation, the Sauerbrey 

model applies[26], in which change in frequency is directly proportional to mass. After 

stabilizing the baseline with buffer for 5 min, different concentrations of Fc-peptide 

were added at a flow rate of 50 µM/min for 15 min and finally rinsed with buffer. 

Binding curves for different concentrations are shown in Figure 2.2. (left). Reversibility 

of the system was assumed by the decrease in frequency during the final buffer wash. 

A Ka = 3.41 ± 0.52 mM-1 (Kd = 293 ± 58 µM) was found by a Langmuir adsorption model fit 

of the frequency values as a function of Fc-peptide concentration (Figure 2.2., right). 

This value is significantly lower than values reported for comparable solution based 
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systems[16]. Binding of the guest to the host is mediated by hydrophobic interactions 

inside the CB cavity as well as ion/dipole-dipole interaction of the guests’ NH with the 

CB rim. The observed reduced affinity of the Fc-peptide to the CB[7] host surface 

indicates that these interactions are less optimal. This is probably related to the direct 

assembly of CB[7] to the gold surface, which could restrict the optimal inclusion of the 

Fc-moiety into the cavity.  

 

 

Figure 2.3. FT-IRRAS spectra of SAMs. CB[7]∙FcRGD + EG6SH (blue), CB[7]∙FcRGD (red) and CB[7] 
(black). 

FT-IRRAS spectra (Figure 2.3.) show CB[7]-coated gold surfaces before (black) and after 

incubation with FcRGD (red) and blocking with EG6SH (blue). Characteristic peaks for 

CB[7] can be seen at 1477 cm-1 (C-N) and 1740 cm-1 (C=O). Upon incubation with FcRGD 

additional peaks appear at 1430, 1540, 1577 cm-1 (amino acid side chains) as well as at 

1670-1700 cm-1 (amide C=O bonds). Characteristic peaks for the EG6SH can be seen at 

1116 cm-1 (C-O-C).  

WCA measurements (Table S1, Supporting Information) show at first a decrease from 

92º, as expected for a clean gold surface, to 32º upon formation with CB[7]. CB[7] is, in 

comparison to some other CB[n] derivatives highly water soluble and this decrease in 

WCA is therefore indicative of formation of CB[7] on the gold surface. Upon further 

incubation with the FcRGD guest the WCA increased from 32 to 58o, which is suggestive 
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of the immobilization of the ferrocene-peptide conjugate and is in agreement with 

previously reported values for similar surfaces.[19]  

XPS spectra (Figure 2.4.) were recorded from surfaces with CB[7] only and CB[7]∙FcRGD 

coated surfaces. The expected C/N/O ratio of 3/2/1 for CB[7] coated surfaces was 

observed as well as the appearance of an Fe-signal upon incubation with FcRGD. The 

surface characterization data thus demonstrate the successful immobilization of the 

ferrocene-peptide conjugates on the CB[7]-coated gold surfaces via a specific 

ferrocene-CB[7] host-guest interaction.  

 
Figure 2.4. XPS spectra of SAMs. A+B) C1S spectra, 4 scans averaged and Gaussian fit of  A) CB[7] and 

B) CB[7]∙Fc-RGD, and C) Fe2p spectra on CB[7]∙Fc-RGD. D) Percentage of elements on CB[7] and 

CB[7]∙Fc-RGD surfaces, theoretical and experimental.  

2.2.2. Cell adhesion 

Human umbilical vein endothelial cells (HUVECs) as well as the murine myoblast cell line 

C2C12 were used as a model system to study cellular adhesive as well as migratory 

response to SAMs displaying FcRGD or control epitope FcRAD. First, a 2 day cell 
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adhesion time was chosen to test the blocking efficiency to unspecific cell adhesion to 

free gold areas with EG6SH.[19] This blocking molecule was chosen due to an efficiently 

long ethylene glycol chain, shown to largely reduce unspecific protein adsorption and 

cell adhesion[27], as well as sufficiently short total length to not interfere with guest-

to-CB[7] binding.  

 

Figure 2.5. Blocking of unspecific cell adhesion upon use of EG6SH at different SAM assembly steps. 
Bright field micrographs of HUVEC adhered for 2 days to respective SAMs. Surfaces were incubated 
with 0.1 M EG6SH at different assembly steps as indicated in the scheme. Scale bar = 200μm. 

Blocking was tested by incubation with 0.1 mM EG6SH for 2 min at different assembly 
steps of the SAMs. When cells adhered to EG6SH modified or unmodified SAMs were 
imaged after 2 days (Figure 2.5.) without addition of EG6SH, cells adhered unspecifically 
and in equal amounts to all of the surfaces. 
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Figure 2.6. Cell adhesion to SAMs. A) Bright field (top) and fluorescence micrographs (middle, 

bottom) of cells adhered to the indicated surfaces. Middle panel scale bar 200 µm. Bottom panel 

with magnified images have scale bar 50 µm. B) Area of cells measured using Cell Profiler from 

fluorescence images. C) Average relative cell number on SAMs.  

 

While addition of EG6SH prior to CB[7] incubation seems to hinder CB[7] to assemble on 

the surface, as seen by deficient cell adhesion to both CB[7]∙FcRAD and CB[7]∙FcRGD 

surfaces, addition of EG6SH directly after the incubation of the surface with 

CB[7]∙FcRAD or CB[7]∙FcRGD was effective.  
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Specific adhesion of cells to SAMs was verified with bright field microscopy as well as 

fluorescent microscopy of immuno-labelled cells for cytoskeletal cell adhesion markers 

(Figure 2.6.). Cells on CB[7]∙FcRGD showed actin stress fibre formation as well as 

peripheral expression of focal adhesions at the end of actin stress fibres, seen by 

presence of tyrosine Y118 phosphorylated paxillin (Figure 2.6. A). 

These structural cell features were absent on cells grown on control surfaces. Surfaces 

displaying the CB[7]∙FcRGD functionality furthermore induced cells to spread more and 

surfaces were largely covered with cells when compared to control surfaces, as 

quantified from three independent experiments (Figure 2.6. B, C).  

To verify more long term cell viability on supramolecular SAMs, a live-dead assay using 

an acetomethoxy derivate of calcein (calcein AM) and ethidium homodimer 1 (EthD-1) 

was performed and compared to cells adhering to standard tissue culture plastic (TCP) 

and the extracellular matrix (ECM) protein fibronectin (S1, Supporting Information). 

Calcein AM can be transported through the cell membrane and fluoresce upon 

cleavage of the acetomethoxy group by intracellular esterases in live active cells. EthD-1 

can on the contrary not enter live cells, but exclusively in cells of which the membrane 

becomes ruptured to allow it to enter and bind to DNA. We observed that cells 

behaved highly similar on all the tested substrates, having almost no unviable cells after 

an incubation of 4 days.  

To look at the cells’ ability to migrate on SAMs, a wound assay was performed on 

surfaces functionalized with CB[7]∙FcRGD (Figure 2.7.). To this end a full monolayer of 

HUVEC on CB[7]∙FcRGD was allowed to form, whereafter it was gently scratched using 

a pipette tip to form a small ‘wound’ of approximately 200 µm in width into the 

monolayer. The closure of this wound was monitored every two hours and full recovery 

of the cell monolayer was observed within 8h. This recovery rate corresponds well to  

migration speed of HUVECs as reported in other studies performing the same 

assay.[28]   

To further demonstrate the specificity and possibility of modulating cell adhesion using 

supramolecular SAMs, patterned gold lines on glass were functionalized with 

CB[7]∙FcRGD SAMs and controls. To assure specific adhesion to the patterns, the 

surrounding glass was first functionalized with polyethylene glycol (PEG).[5, 29] The 

gold patterned lines (5 µm width, spacing 10 µm) where then functionalized with 

CB[7]∙FcRGD or controls and cells allowed to adhere to the patterned lines. 

Fluorescently labelled actin and tyrosine Y118 phosphorylated paxillin was used to 

immuno-label the cells and monitor their spreading and selective adhesion to the 

patterned lines (Figure 2.8.). 
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Figure 2.7. Cell migration on CB[7]∙FcRGD SAMs. Bright field micrographs of HUVECs adhered to 

CB[7]∙FcRGD SAMs in a monolayer and monitored after wound formation every 2h from i) t=0 to v) 

t=8h). Scale bar: 200 μm. 

On the CB[7]∙Fc-RGD coated lines, cells spread across multiple functionalized lines and 

displayed significant cell spreading. Formation of actin stress fibers across lines and 

specific localization of paxillin Y118 on the functionalized areas can be observed only in 

the case of RGD present on the patterns. Furthermore selective adhesion is achieved 

exclusively to the functionalized lines. On control surfaces, cells align predominantly 

along one or two lines and no actin stress fibers as well as paxillin Y118 expression is 

observed. Also less cells adhere to the control surfaces as compared with the FcRGD 

displaying line patterns (Figure 2.8. C).  

2.4. Conclusion 
 
In conclusion, the ferrocene-CB[7] based host-guest system allows for supramolecular 

control over surface cell adhesion. A first example of spatial resolution of 

supramolecular cell adhesion with this system was demonstrated on functionalized 

gold line patterns. Combined with investigations into different surface types[30] and 

supramolecular approaches[5, 31], such systems could lead to beneficial switching 

properties, building further on contemporary covalent methods[32, 33] by introducing 

reversibility and adaptability to surface immobilization through the chemical fine-tuning 

of the host-guest chemistry.  
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Figure 2.8. Cell adhesion to CB[7]∙FcRGD SAM patterns. A) Fluorescence micrographs of cells 

adhered to SAM line patterns and immuno-labelled for actin (red), nuclei (blue) and additionally 

(right panel) for paxillin Y118 (green) Scale bar 200 µm and 50 µm. B) Quantification of cell spreading 

on number of lines. Each diamond represents number of cells on one image normalized to 

percentage per total number of cells in one image. C) Average number of cells on SAM line patterns.  
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2.6. Experimental Section 

Synthesis and characterization FcRGD and FcRAD moelcules were synthesized and 

characterized by Dr. Pauline Neirynck (TU/e). Synthesis schemes and purification 

methods are described in detail in [34] and [35]. 

Surface functionalization 20 nm gold coated glass surfaces were purchased from Ssens 

(Netherlands), cleaned with piranha solution (H2SO4/H2O2, 3:1, v/v) for 10-15 s and 

extensively washed with Milli-Q® water. prior to incubation for 4 h in a 0.1 mM solution 

of cucurbit[7] uril (CB[7]) in Milli-Q®. CB[7] modified surfaces were then washed with 

water Milli-Q® and subsequently incubated for 3 h in a 50 μM solution of FcRGD or 

FcRAD. Upon incubation, substrates were again rinsed with Milli-Q® and finally 

incubated for 2 min in a 0.1 mM solution of 6-mercapto-1-hexanol (EG6SH). After final 

rinsing with water Milli-Q®, surfaces were dried under gentle N2 flow and used directly 

for further experiments.  

Patterned gold array functionalization Line patterned arrays of gold on borofloat glass 

(5 μm wide, 10μm spacing) were fabricated by photolithography as previously reported 

and as detailed in Chapter 5.[5] For modification of the glass with PEG, substrates were 

first cleaned with piranha for 20-30s, rinsed thoroughly with Milli-Q® and dried with N2. 

Polyethylene glycol (PEG) functionalization was done as previously described.[5] 

Briefly, substrates were immersed in 2% (v/v) 2-[methoxy(polyethyleneoxy)propyl]-

trimethoxysilane in anhydrous toluene for 2h, rinsed in toluene and baked at 120ºC for 

2h. Prior to further functionalization of the gold arrays, substrates were sonicated 5 

min in toluene, rinsed in toluene, rinsed in ethanol, sonicated in ethanol 5 min, rinsed in 

ethanol and dried with N2 and then further modified as described above (starting with 

incubation in CB[7]).  

QCM-D  Gold coated crystal QCM-D sensors (QSX 301, LOT-QuantumDesign) were used 

in a E1 QCM-D setup from Q-Sense connected to a peristaltic pump (Ismatec Reglo 

Digital, M-2/12).  Sensors were functionalized with the CB[7] monolayer and subsequent 

2 min incubation in EG6SH as described above. Fc-peptide concentrations were 

prepared in phosphate buffered saline (PBS). A fresh CB[7] coated sensor was used for 

each measurement. Prior to each measurement, baseline was equilibrated with PBS. 

Experiments were carried out at room temperature (RT). 

FT-IRRAS For the measurements, 200 nm gold coated Si wafers of sizes 2x2 cm were 

functionalized with SAMs as described above. Fourier Transform Infrared Reflection 
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Absorption Spectroscopy (FT-IRRAS) was carried out using a Thermo Scientific TOM 

optical module. Polarized FT-IRRAS spectra were obtained by 1000 scans at 2 cm-1.  

X-ray Photoelectron Spectroscopy (XPS) Experiments were performed on a PHI 

Quantera SXM, using a monochromated Al K-alfa X-ray source with an energy of 1486.6 

eV. The X-ray beam has a diameter of 100 micrometer and a power of 25 W. Survey 

scans (-5eV to 1345 eV) were collected at 45 degree take-off angle and at a pass energy 

of 224 eV (0.4 eV step size). Samples were neutralized with low energy Ar+ ions and 

electrons. Atomic concentrations were calculated using Multipak 9.2.1.0 software from 

PHI. 

Water Contact Angle Measurements were performed in triplicate on freshly 

functionalized surfaces using a Krüss G10 contact angle measuring instrument, 

equipped with a CCD camera. Images were analyzed using the software Drop Shape 

Analysis version 1.90.0.2 and ImageJ[36]. 

Cell adhesion experiments Human Umbilical Vein Endothelial Cells (HUVEC) (Lonza) 

were used between passage 2 and 5  for the cell experiments and cultured in EGM-2 

(Lonza) cell medium according to Lonza protocol. For determination of blocking 

conditions cells were seeded at high densities, 12-16 000 cells/cm2. After 3 hour 

adhesion, substrates were moved to fresh wells and medium refreshed to remove any 

non-adherent cells. Cells were monitored further and imaged at 24 h (not shown) and 

48 h time point.  

Cell Culture for immunocytochemistry C2C12 mouse myoblasts were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) sublimated with L-Glutamine, 1% Penicillin-

Streptomycin and 10% Fetal Bovine Serum (FBS). Cells having passage 8 – 22 were used 

for the experiments. C2C12 cultured on functionalized SAMs were cultured in DMEM 

without FBS.  

Immunocytochemistry Cells grown on substrates were fixed in 4% paraformaldehyde 

for 10 min, rinsed 3x in PBS, permeabilized and blocked in 0.1% Triton X-100 (TX) and 

0.5% BSA (Bovine Serum Albumin) in PBS (PBST) for 1h at room temperature (RT). 

Incubation of 1:500 Paxillin Y118 in PBST and 1:100 Phalloidin 568 in PBST was done for 

1h at RT, followed by washing 3x with PBST. Incubation with secondary antibody was 

done at 1:400 (mouse-anti-rabbit Alexa 488) in PBST for 1h and followed by 2x rinsing 

with PBST incubation and once in PBS. Cell nuclei were stained by 1:1000 incubation 

with 4',6-Diamidino-2-Phenylindole (DAPI) for 10 min at RT in PBS. Cells were then 
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rinsed 2x in PBS and mounted on glass coverslips for imaging. Imaging was done using 

an inverted fluorescence microscope with corresponding excitation and emission filters 

(Olympus, 1X71, Melville NY, USA). Image analysis was done using the open source 

software CellProfiler[37]. Quantitative image analysis of cells was based on a minimum 

of 2 independent experiments and 5 images at 10x magnification per substrate and 

condition. For imaging the substrates were placed upside down on a clean cover glass 

to reduce any quenching that might be caused by the gold. 

Wound assay Human umbilical vein endthothelial cells (HUVECs) were seeded at high 

density and allowed to adhere overnight to form a dense cell monolayer. A 200 µl 

pipette tip was used to gently scratch the cell monolayer, whereafter the cells were 

washed gently with medium to remove any detached cells. HUVEC migration was 

monitored by acquiring images every 2 hours at the same spot of the created wound.  

Live/dead assay The LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells from 

Molecular Probes, Invitrogen was used. The two components, Calcein AM and Ethidium 

homodimer 1 (EthD-1) were used at a 1:1000 dilution in PBS. Cells were incubated with 

the Calcein/EthD-1 solution 96h after cell seeding and imaged 30 to 45 minutes later 

using a fluorescence microscope (Olympus, 1X71, Melville NY, USA). The following 

filters were used: Calcein AM (green): Exitation 460-490 nm, Emission 525 nm and 

EthD-1 (red): Exitation 510-550 nm, Emission 590 nm, LP. 

  



Supramolecular Control over Cell Adhesion via Ferrocene-Cucurbit[7]uril  
Host-Guest Binding 

Chapter 2 

 

 

 

37 

2.7. References 

1. Lutolf, M.P. and J.A. Hubbell, Synthetic biomaterials as instructive extracellular 
microenvironments for morphogenesis in tissue engineering. Nature Biotechnology, 
2005. 23(1): p. 47-55. 

2. Boekhoven, J. and S.I. Stupp, 25th anniversary article: supramolecular materials for 
regenerative medicine. Advanced Materials, 2014. 26(11): p. 1642-1659. 

3. Brinkmann, J., et al., About supramolecular systems for dynamically probing cells. 
Chemical Society Reviews, 2014. 43(13): p. 4449-4469. 

4. Shah, R.N., et al., Supramolecular design of self-assembling nanofibers for cartilage 
regeneration. Proceedings of the National Academy of Sciences of the United States of 
America, 2010. 107(8): p. 3293-3298. 

5. An, Q., et al., A supramolecular system for the electrochemically controlled release of 
cells. Angewandte Chemie-International Edition, 2012. 51(49): p. 12233-12237. 

6. Webber, M.J., J.A. Kessler, and S.I. Stupp, Emerging peptide nanomedicine to regenerate 
tissues and organs. Journal of Internal Medicine, 2010. 267(1): p. 71-88. 

7. Yang, L.T., et al., Reversible and oriented immobilization of ferrocene-modified proteins. 
Journal of the American Chemical Society, 2012. 134(46): p. 19199-19206. 

8. Uhlenheuer, D.A., K. Petkau, and L. Brunsveld, Combining supramolecular chemistry with 
biology. Chemical Society Reviews, 2010. 39(8): p. 2817-2826. 

9. Gong, Y.H., et al., Photoresponsive "smart template" via host-guest interaction for 
reversible cell adhesion. Macromolecules, 2011. 44(19): p. 7499-7502. 

10. Boekhoven, J., et al., Dynamic display of bioactivity through host-guest chemistry. 
Angewandte Chemie-International Edition, 2013. 52(46): p. 12077-12080. 

11. Kieltyka, R.E., et al., Modular synthesis of supramolecular ureidopyrimidinone-peptide 
conjugates using an oxime ligation strategy. Chemical Communications, 2012. 48(10): p. 
1452-1454. 

12. Sobransingh, D. and A.E. Kaifer, Binding interactions between the host cucurbit[7] uril 
and dendrimer guests containing a single ferrocenyl residue. Chemical Communications, 
2005(40): p. 5071-5073. 

13. Masson, E., et al., Cucurbituril chemistry: a tale of supramolecular success. RSC Advances, 
2012. 2(4): p. 1213-1247. 

14. Pinjari, R.V. and S.P. Gejji, Electronic structure, molecular electrostatic potential, and NMR 
chemical shifts in cucurbit[n]urils (n=5-8), ferrocene, and their complexes. Journal of 
Physical Chemistry A, 2008. 112(49): p. 12679-12686. 

15. Liu, S.M., et al., The cucurbit[n]uril family: Prime components for self-sorting systems. 
Journal of the American Chemical Society, 2005. 127(45): p. 15959-15967. 

16. Assaf, K.I. and W.M. Nau, Cucurbiturils: from synthesis to high-affinity binding and 
catalysis. Chemical Society Reviews, 2015. 44(2): p. 394-418. 

17. An, Q., et al., A general and efficient method to form self-assembled cucurbit[n]uril 
monolayers on gold surfacest. Chemical Communications, 2008(17): p. 1989-1991. 

18. Gomez-Casado, A., P. Jonkheijm, and J. Huskens, Recognition properties of 
cucurbit[7]uril self-assembled monolayers studied with force spectroscopy. Langmuir, 
2011. 27(18): p. 11508-11513. 

19. Young, J.F., et al., Strong and reversible monovalent supramolecular protein 
immobilization. Chembiochem, 2010. 11(2): p. 180-183. 



Chapter 2 
Supramolecular Control over Cell Adhesion via Ferrocene-Cucurbit[7]uril  

Host-Guest Binding 

 

 

 

38 

20. Gottschalk, K.E. and H. Kessler, The structures of Integrins and integrin-ligand complexes: 
Implications for drug design and signal transduction. Angewandte Chemie-International 
Edition, 2002. 41(20): p. 3767-3774. 

21. Hersel, U., C. Dahmen, and H. Kessler, RGD modified polymers: biomaterials for 
stimulated cell adhesion and beyond. Biomaterials, 2003. 24(24): p. 4385-4415. 

22. Yea, C.H., et al., The immobilization of animal cells using the cysteine-modified RGD 
oligopeptide. Ultramicroscopy, 2008. 108(10): p. 1144-1147. 

23. Massia, S.P. and J.A. Hubbell, An RGD spacing of 440nm is sufficient for integrin alpha-v-
beta-3-mediated fibroblast spreading and 140nm for focal contact and stress fiber 
formation. Journal of Cell Biology, 1991. 114(5): p. 1089-1100. 

24. Mrksich, M., A surface chemistry approach to studying cell adhesion. Chemical Society 
Reviews, 2000. 29(4): p. 267-273. 

25. Meldal, M. and C.W. Tornoe, Cu-catalyzed azide-alkyne cycloaddition. Chemical Reviews, 
2008. 108(8): p. 2952-3015. 

26. Sauerbrey, G., Verwendung von Schwingquarzen zur Wagung dunner Schichten und zur 
Mikrowagung. Zeitschrift Fur Physik, 1959. 155(2): p. 206-222. 

27. Zhu, B., et al., Chain-length dependence of the protein and cell resistance of oligo(ethylene 
glycol)-terminated self-assembled monolayers on gold. Journal of Biomedical Materials 
Research, 2001. 56(3): p. 406-416. 

28. van der Meer, A.D., et al., A microfluidic wound-healing assay for quantifying endothelial 
cell migration. American Journal of Physiology-Heart and Circulatory Physiology, 2010. 
298(2): p. H719-H725. 

29. Wildt, B., D. Wirtz, and P.C. Searson, Programmed subcellular release for studying the 
dynamics of cell detachment. Nature Methods, 2009. 6(3): p. 211-213. 

30. Hwang, I., et al., Noncovalent immobilization of proteins on a solid surface by 
cucurbit[7]uril-ferrocenemethylammonium pair, a potential replacement of biotin-avidin 
pair. Journal of the American Chemical Society, 2007. 129(14): p. 4170-4171. 

31. Gonzalez-Campo, A., et al., Supramolecularly oriented immobilization of proteins using 
cucurbit[8]uril. Langmuir, 2012. 28(47): p. 16364-16371. 

32. Koepsel, J.T. and W.L. Murphy, Patterned self-assembled monolayers: efficient, 
chemically defined tools for cell biology. Chembiochem, 2012. 13(12): p. 1717-1724. 

33. Yeo, W.S., M.N. Yousaf, and M. Mrksich, Dynamic interfaces between cells and surfaces: 
Electroactive substrates that sequentially release and attach cells. Journal of the 
American Chemical Society, 2003. 125(49): p. 14994-14995. 

34. Neirynck, P., et al., Supramolecular control of cell adhesion via ferrocene-cucurbit[7]uril 
host-guest binding on gold surfaces. Chemical Communications, 2013. 49(35): p. 3679-
3681. 

35. Neirynck, P., Supramolecular surfaces for cell adhesion. 2014. 
36. Rasband, W.S., ImageJ, U. S. National Institutes of Health, , Bethesda, Maryland, USA, 

http://imagej.nih.gov/ij/,. 1997-2014. 
37. Carpenter, A.E., et al., CellProfiler: image analysis software for identifying and quantifying 

cell phenotypes. Genome Biology, 2006. 7(10). 

 

http://imagej.nih.gov/ij/,


Supramolecular Control over Cell Adhesion via Ferrocene-Cucurbit[7]uril  
Host-Guest Binding 

Chapter 2 

 

 

 

39 

 

2.9. Supplementary information  

Substrate Average Water Contact Angle (WCA) 

Gold substrate 92 o 

CB[7] 32 o 

CB[7] + Fc-RGD 58 o 

Table S1. Water contact angle measurements. 

CB[7] + Fc-RGDFibronectinTCP

Calcein

Calcein +
EthD-1

EthD-1

 

Figure S1. Cell viability test. Live-dead assay on Tissue Culture Plate (TCP, left), 

fibronectin-coated TCP (middle) and CB[7] ∙ Fc-RGD coated gold substrate (right) after 

96h proliferation. Scale bar: 200μm. 
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* Part of this chapter has been published in:  

Q. An, J. Brinkmann, J. Huskens, S. Krabbenborg, J. de Boer, P. Jonkheijm, A 
Supramolecular System for the Electrochemically Controlled Release of Cells, Angewandte 
Chemie-International Edition 51 (2012) 12233-12237. 

 

 

Chapter 3  

CB [8] mediated host-guest assembly for reversible 

cell adhesion* 

 

Supramolecular host-guest chemistry on surfaces displaying bioactive ligands for 

interaction with cells was explored for the creation of dynamic and stimuli-responsive 

materials. Self-assembled monolayers (SAMs) with supramolecular functionality were 

created using host molecule cucurbit[8]uril CB[8] that works as a link between surface-

bound methylviologen (MV2+) and solution exposed RGD peptides. Ternary complex SAMs 

were formed on gold surfaces and were suitable for cell adhesion and spreading. 

Electrochemical properties of MV2+ allowed for triggered dissociation of the ternary 

complex, thus giving opportunity to induce stimulated cell release. Electrochemical 

reduction dissociated the complex, released the peptides, and thus released the cells from 

the substrates. Exploring the versatility of this stimuli-responsive system, subcellular 

release was achieved from patterned SAMs formed on gold electrodes. 
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3.1. Introduction  

Monitoring cell behaviour in the cellular environment has enormous significance for 

research in the field of cell biology and regenerative medicine.[1-13] Thus far, probing 

the response of cells to surrounding signals in real time is still a major challenge. 

Existing methods, including flow cytometry, enzyme linked immunosorbent assay, 

immunostaining, and polymerase chain reaction, are highly valuable, however, often 

involve stepwise staining, washing, and manipulation prior to analysis. Furthermore, 

most assays measure markers under static conditions and do not allow monitoring cell 

sensing and response in real time, in a dynamic manner. Recent progress in this field 

has directed the development of novel biomimetic substrates with properties that can 

be dynamically controlled and are used as tools to elucidate mechanistic information 

on cell fate such as signal transduction, adhesion, and migration.[1-4, 14]  

As redox reactions are non-invasive and give quantitative results, electrochemically 

programmable interfaces hold considerable promise as responsive substrates.[15-19] In 

an elegant approach, Mrksich and co-workers showed how cell adhesion was restored 

upon positioning a carbonic anhydrase fusion protein containing an Arg-Gly-Asp (RGD) 

motif with micromolar affinity between substrate-bound benzene sulfonamides and 

membrane-bound integrins.[20] In other examples by Mrksich, cell responsive 

monolayers have used hydroquinone chemistry to electrochemically control 

conjugation with a RGD-peptide motif.[21-23] Teixeira and co-workers recently reported 

a route to achieve electroactive supramolecular control over stem cell differentiation; 

this control was achieved by modulating the availability of growth factors upon 

oxidation of a conjugated polymeric system.[24] To date, attempts to engineer the 

surface chemistry of substrates so that it can interface with cells with electrochemical 

control over cell fate decision have mostly involved covalent immobilization or physical 

entrapment strategies.[21, 23, 25-34]  

As non-covalent interactions dominate the formation of biological systems in nature 

and allow for reorganization of cellular receptors upon interaction with bioactive 

molecules, the use of supramolecular chemistry is an attractive non-covalent approach 

to achieve responsive biomimetic functions,.[8, 35-44] Synthetic supramolecular motifs 

employ well established non-covalent interactions and their incorporation into 

molecular constructs has led to the formation of biological surfaces with novel 

properties.[39, 45-47] Cucurbit[8]uril (CB[8]), a macrocyclic host molecule capable of 

binding two aromatic guest molecules simultaneously, is a suitable candidate for 
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reversible binding where guest binding can be controlled by external conditions.[48-

50] As a result, a variety of biomimetic systems bearing this CB[8] host motif have 

already been investigated.[51-55] However, synthetic supramolecular host molecules 

have been scarcely used on surfaces and for responsive cell adhesion and migration 

studies.[56, 57] The existing systems developed to date use affinity based exchange of 

a guest competitor switch between surfaces properties[57] or use UV-light exposure to 

switch an RGD-functionalized azobenzene guest[56]. Herein, we develop a CB[8]-

mediated system for the preparation of non-covalent cell adhesive surfaces that can be 

electrochemically controlled (Figure 3.1). 

 

Figure 3.1. General scheme of supramolecular self-assembled monolayers (SAMs). Showing coating 

steps of gold surfaces with EG3SH 1 and EGSH 2 (v/v: 99/1 %) to give the slides a cell-repellent nature 

and subsequent ternary complex assembly of  tryptophan-motif modified RGD (W-RGD), 

cucurbit[8]uril (CB[8]) and thiolated methylviologen (MV2+). After cell adhesion, electrochemical 

reduction leads to the release of the peptide and detachment of cells from the surface.  
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3.2. Results and discussion 

3.2.1. Ternary complex formation in solution 

For interaction with the CB[8] host, the generic cell adhesive RGDS peptide sequence 

was extended with an N-terminal Trp-Gly-Gly (WGG) motif to yield the first 

supramolecular guest molecule WGGRGDS (W-RGD). The WGG tripeptide has been 

shown to bind as a ternary complex in the cavity of a MV2+∙CB[8] inclusion complex 

with an association constant of 105 M-1.[51] Electroactive MV2+ was modified with an 

alkyl thiol group to achieve binding with a gold surface. To confirm that CB[8]-mediated 

supramolecular complexation occurs in media suitable for cell culture, the addition of 

the synthesized W-RGD peptide to a solution of 0.5 mM MV2+∙CB[8] in cell medium was 

monitored by UV/Vis absorption, emission, and 1H NMR spectroscopy (Figure 3.2).  

 

Figure 3.2. Formation of ternary complex. A) UV-vis spectra of 0.5 mM MV2+∙W-RGD (black) and 
MV2+∙CB[8]∙W-RGD (red) in cell medium. B) Fluorescence spectra of 12.5 μM W-RGD (green), MV2+∙W-
RGD (black), and MV2+∙CB[8]∙W-RGD (red) in cell medium. C) 1H NMR at 25 ⁰C in deuterium oxide for 
0.5 mM MV2+∙CB[8]∙W-RGD; W-RGD; MV2+∙CB[8], and MV2+.  

The appearance of a band at λ=430 nm in the UV/Vis spectrum (Figure 3.2. A) and the 

fact that the indole emission was quenched (Figure 3.2. B), as a result of formation of a 
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charge-transfer complex between electron-donating indole and electron-accepting 

MV2+ inside the cavity of the CB[8] ternary complex, indicate that the peptide was 

bound as anticipated.  

 

Figure 3.3. ESI-MS of supramolecular complex. Measurements were taken in  positive ionization 
mode in D2O. MV2+∙CB[8]: Calculated mass: 838.5 (M/2); Measured mass: 837.8. MV2+∙CB[8]∙W-RGD: 
Calculated mass: 1205.2; Measured: 1206.  

 

Figure 3.4. ITC of complex interaction. A) Interaction of CB[8] with MV2+; cell: 0.1 mM CB[8] and 
syringe: 1 mM MV2+, B) Interaction of MV2+∙CB[8]  with w-RGD; cell: 0.1 mM MV2+∙CB[8] and syringe: 1 
mM W-RGD. 
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Broadening and upfield shifts of the aromatic signals in the 1H NMR spectra (Figure 3.2. 

C) of both MV2+ and tryptophan showed that both MV2+ and the indole moiety from the 

peptide were bound in the cavity of CB[8]. Electrospray mass spectrometry (ESI-MS) 

further confirmed the existence of both the MV2+∙CB[8] complex as well as the 

MV2+∙CB[8]∙W-RGD ternary complex (Figure 3.3).The thermodynamic stability of the 

RGD-conjugated ternary complex in cell culture medium was verified using isothermal 

calorimetry measurements (Figure 3.4). A 1:1 binding stoichiometry was observed both 

in the case of the binding of MV2+ to CB[8] as well as in the case of subsequent binding 

of W-RGD to the 1:1 MV2+∙CB[8] complex with an association constant of Ka=3.6 · 105 M-1 

and Ka=4.4 · 105 M-1 respectively, which are in good agreement with reported values for 

binding in aqueous solution of MV2+, CB[8], and WGG-peptide motif.[51-55, 58]  

3.2.2. Ternary complex formation on surfaces 

Next, the assembly of SAMs that are modified with the RGD-conjugated ternary 

complexes on gold surfaces was investigated. These bioactive monolayers should be 

resistant to unspecific adsorption in areas surrounding the ternary complex and upon 

release of the RGD peptide.[21, 23, 25-34]  To this end, we adopted a strategy involving 

the insertion of the in solution formed ternary complex into a pre-assembled cell-

repellent monolayer (Figure 3.1.).[59]  

To analyze this process, Fourier-transform attenuated infrared reflection-absorption 

spectroscopy (FT-IRRAS) was used to directly compare the monolayers prior to and 

after insertion (Figure 3.5. A). Although monolayers of longer ethylene glycol chains 

(EG), such as a mixed monolayer of hexa- and tri-(ethylene)glycol (EG6SH and EG3SH) 

had excellent cell-repellent properties (Figure S1, Supporting Information), the 

insertion of the ternary complex into these monolayers was unsuccessful (data not 

shown). Conversely, when monolayers of EG3SH (1) and 2-mercaptoethanol (EGSH, 2) in 

a ratio of 99:1 (v/v) were co-adsorbed to clean gold surfaces , the labile nature of the 

EGSH within in the mixed SAMs of EG3SH allowed the insertion of the MV2+∙CB[8]∙W-

RGD ternary complexes from solution.[59] In presence of the ternary complex the 

typical IR bands of the peptide were observed at 3282 cm-1 and 1645 cm-1 as well as 

those of CB[8] at 1746 cm-1 and 1470 cm-1 (Figure 3.5. A, red).  Control experiments were 

performed using a ternary complex of CB[8], W-RGD, and (-)MV2+, which lacks a thiol 

group. When this control ternary complex was assembled onto gold without the cell-

repellent monolayer, the corresponding IR spectrum shows bands for both CB[8] and 

the peptide, thus indicating that they were adsorbed onto the gold surfaces (Figure 3.5. 

A, purple). When we attempted to insert this control ternary complex into the mixed 
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monolayer of EG3SH and EGSH, IR bands indicative of neither CB[8] nor peptide were 

observed in the corresponding spectrum (Figure 3.5. A, blue). Taken together, these 

results indicate that the mixed ethylene glycol terminated monolayers prevent the 

unwanted electrostatic adsorption of CB[8] and the peptide to both the underlying 

gold surface[17, 18] and the cell-repellent mixed EG monolayer. Moreover, our strategy 

ensures the chemospecific and oriented insertion of the supramolecular complex into 

these cell-repellent monolayers through the thiol–gold interaction. 

 

Figure 3.5. Characterization of supramolecular SAMs. A) FT-IRRAS spectra of (i) MV2+∙CB[8]∙W-RGD, 

(ii) MV2+∙CB[8], and (iii) (-)MV2+∙CB[8]∙W-RGD on gold slides with a mixed monolayer of EG3SH and 

EGSH, (iv) (-) MV2+∙CB[8]∙W-RGD, and (v) W-RGD on gold surfaces without a mixed monolayer of 

EG3SH and EGSH. Green arrows indicate the bands from the peptide and the black arrows indicate 

peaks from CB[8]. B) Chronoamperometric  response of the surface-confined complex 

MV2+∙CB[8]∙W-RGD at -0.5 V (vs. Ag/AgCl) for 200 s. C) Cyclic voltammograms of the substrate 

modified with the ternary complex MV2+∙CB[8]∙W-RGD before (red) and after (green) the 

chronoamperometry experiment. D) SPR sensograms of MV2+∙CB[8]∙W-RGD (red) and MV2+∙CB[8] 

(black) modified substrates. Normalized SPR intensities versus time upon electrochemcial reduction 

of MV2+. 
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Using surface plasmon resonance (SPR) spectroscopy with in situ cyclic voltammetry 

(CV) measurements along with several control experiments the incorporation of the 

ternary complex in our mixed monolayers of EG3SH and EGSH was further investigated. 

Monolayers functionalized only with mixed EG3SH:EGSH exhibited no electrochemical 

response corresponding to MV2+ (Figure S2, Supporting Information).  

When MV2+ was inserted into the mixed monolayer, a peak corresponding to 

methylviologens’ first electron reduction was observed (Figure 3.5. C, red).  From the 

integration of the area of the reduction peak, the coverage of MV2 was calculated to be 

6.5 · 10-11 mol/cm2, corresponding to 3.9 · 1013 molecules/cm2. Assuming the presence of 

intact ternary complexes and the host being the largest molecule, thus setting the 

boundary for the maximal amount of ternary complexes aligning on the surface, the 

maximal coverage of CB[8] was calculated. The outer diameter of a single CB[8] 

molecule is 17.5Å[60] and CB[8] molecules packed closely on a surface area of 1 cm2 

would have a maximal possible packing of CB[8] with about 3.7 · 1013 molecules/cm2 

(assuming a dense hexagonally packed arrangement). Our measurement thus indicates 

the presence of a well packed layer of CB[8] on the surface.  

After measuring a CV scan on MV2+∙CB[8]∙W-RGD (Figure 3.5.C, red), verifying the 

presence of the MV2+ reduction peak, a chronoamperometric potential of -0.5 V (vs. 

Ag/AgCl) was applied. This potential is cathodic to the first (reversible) one-electron 

reduction potential of -0.46 V (vs. Ag/AgCl), that is the potential at which MV2+ is 

reduced and thus the RGD ternary complex is expected to dissociate[61-67]. In a 

subsequent CV scan, the negative shift (30 mV) of the one-electron reduction potential 

of MV2+ indicates the release of the W-RGD peptide, supported by findings in 

literature.[67] 

To investigate the surface immobilized MV2+ electrochemical kinetic properties, we 

used a chronoamperometric measurement on MV2+∙CB[8]∙W-RGD SAMs, where the 

potential of the working electrode was set at a constant potential of -0.5 V (vs. Ag/AgCl) 

for 200 s and the resulting current occurring at the electrode monitored as a function 

of time (Figure 3.5.B). The recorded current decayed continuously over time. A plot of 

its capitative current versus t-1/2 is linear indicating a process where the current is 

diffusion limited (inset Figure 3.5. B).[21]  

A custom SPR set-up, allowing simultaneous electrochemical chronoamperometry 

experiments, was then used to follow the dissociation of W-RGD upon electrochemical 

reduction of MV2+. To this end the change in reflectivity in the SPR sensograms prior to 



CB [8] mediated host-guest assembly for reversible cell adhesion Chapter 3 

 

 

 

49 

and after the chronoamperometric experiments was evaluated (Figure 3.5. D). Upon 

applying a potential of -0.5 V at t=5 min, a sudden change in the SPR intensity was 

observed in the case of MV2+·CB[8] monolayers (Figure 3.5. D, black), thus indicating 

the formation of radical-cation methylviologen (MV+•), which results in a broad 

plasmon resonance owing to strong optical absorption at the λ=633 nm as used in the 

SPR experiment.[68] After stopping application of the negative potential at t= 8.3 min, 

the initial SPR intensity was restored in 22 min, confirming that both MV2+ and CB[8] 

remained on the surface. In contrast, when MV2+∙CB[8]∙W-RGD SAMs underwent 

electrochemical reduction, the SPR intensity was only partially recovered and therefore 

suggesting release of the W-RGD peptide (Figure 3.5. D, red). 

3.2.3. Cell adhesion  

After MV2+∙CB[8]∙W-RGD SAMs are believed to form successfully and hence displaying 

cell adhesive epitopes, we wanted to test the ability of cells to adhere to them with 

specific cell recognition of the RGD sequence. First, mouse myoblast C2C12 cells were 

seeded for 1 h in serum starved culture medium. Cells were fixed and labelled for the 

cytoskeletal markers actin and paxillin. Cells stained for actin and phosphorylated focal 

adhesion protein paxillin Y118 (Figure 3.6. A) expressed clearly visible actin stress fibers 

and peripheral focal adhesion formation on the RGD-displaying SAMs. To test 

specificity of this activation to the RGD-displayed epitope, cells were seeded on control 

surfaces displaying the scrambled peptide sequence RGE (MV2+∙CB[8]∙W-RGE), 

MV2+∙CB[8] only or EG3SH:EGSH. Clearly reduced number of cells and extend of 

spreading was observed on these control surfaces. Formation of actin stress fibers as 

well as expression of paxillin Y118 was additionally highly limited. More quantitative 

analysis shows largest cell area (Figure 3.6.B) as well as cell number (Figure 3.6.C) on 

RGD-displaying surfaces when compared to controls. These experiments indicate a 

specific activation of the integrin mediated adhesion by the immobilized RGD.  

To test the cell viability on MV2+∙CB[8]∙W-RGD SAMs, a live-dead assay using an 

acetomethoxy derivative of calcein (calcein AM) and ethidium homodimer 1 (EthD-1) 

was performed. Calcein AM can be transported through the cell membrane and 

fluoresces upon cleavage of the acetomethoxy group by intracellular esterases in live 

active cells. EthD-1 can on the contrary not enter live cells, but exclusively cells which 

membrane becomes ruptured to allow it to enter and bind to DNA. We observed 

almost exclusively viable cells on our SAMs (Figure 3.6. D).  

Next, we patterned gold lines of 5 µm width and separation of 10-15 µm to allow for 

spatial control at the subcellular level[32]. To allow specific adhesion to the lines, first, 



Chapter 3 CB [8] mediated host-guest assembly for reversible cell adhesion 

 

 

 

50 

the glass areas were covalently modified with a silane-tethered poly(ethylene glycol) 

(PEG).  

 

Figure 3.6. Cell adhesion and viability on SAMs. A) Fluorescence micrographs of C2C12 on indicated 

surfaces and stained for actin (red), nuclei (blue) and paxillin (green). Scale bar  200 µm or 50 µm for 

magnified images. B) Quantitative measurement of cell area and C) Relative number of cells. D) 

Fluorescence micrograph of C2C12 on MV2+∙CB[8]∙W-RGD SAMs incubated with Calcein AM and EthD-1 

to test cell viability. Scale bar 200 µm. 

Subsequently, the substrates were cleaned electrochemically to remove any residual 
physisorbed PEG from the gold, immersed in EG3SH:EGSH (99:1) and MV2+·CB[8]·W-RGD 
to form the SAMs on the gold lines. When C2C12 cells were plated for a minimum of 20 
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min on these patterns, more than half of the cells were aligning along a single gold line 
while other cells already spread across multiple gold lines (data not shown). 

 

Figure 3.7. Cell adhesion to line patterned SAMs. A) Bright field and fluorescence micrographs of 

C2C12 adhered to SAM functionalized line patterns and controls. Cells are stained for actin (red), 

nuclei (blue) and paxillin (green). Scale bar 200 µm or 50 µm for magnified images. B) Quantitative 

analysis of cell spreading across the patterns. 

Cells allowed to adhere for 1 h were specifically aligning and spreading on the 

functionalized gold lines (Figure 3.7. A, top). Then these cells were fixed and stained for 

actin and paxillin. Localization of the actin filaments and focal adhesions matched with 
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the RGD-modified gold lines (Figure 3.7., fluorescence micrographs). The concave 

shape of the cell periphery between gold lines supports furthermore that adhesion is 

exclusively mediated through the patterns and not supported by the PEG-glass gaps. In 

control experiments cells also aligned on the gold functionalized areas, however did 

not form clear actin stress fibers or expressed paxillin. When quantifying the spreading, 

cells on the RGD-displaying SAMs clearly spread over multiple lines, whereas they 

limited spreading to 1-2 lines on all the control surfaces (Figure 3.7. B).  

3.2.4. Cell migration 

To further test the functionality of SAMs to cellular response, we performed a wound-

healing assay in which the closure of a ‘wound’ that was mechanically created was 

monitored as a mean to study collective cell migration.[69] To this end, human 

umbilical vein endothelial cells (HUVEC) were seeded and grown to confluence on the 

RGD-displaying SAMs (Figure 3.8. A).  

 

Figure 3.8. A) Confluent layer of HUVECs cells plated on slides modified with the ternary complex 

MV2+∙CB[8]∙W-RGD and (B-G) wound closure with 2h interval. Scale bar 200 µm.  

A ‘wound’ was then created within the monolayer by gently removing the cell layer 

using a pipette tip. Closure of the wound was monitored by imaging the same area in 2 

h intervals (Figure 3.8. B–G). HUVECs on the RGD-functionalized substrates showed an 

even faster recovery of the wound, when compared to a control experiment on tissue 

culture plastic (TCP). The recovery percentage of HUVECs on MV2+∙CB[8]∙W-RGD after 

10 h was around 95%,  whereas that of cells on TCP was around 60%. On fibronectin 

coated surfaces HUVEC migration speed is comparable to our RGD-displaying 

SAMs[70]. This assay further supports that cells can successfully interact with and 

respond to the supramolecularly displayed RGD. 
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3.2.5. Reversibility of cellular adhesion 

To test the reversibility of cell adhesion, cells were allowed to adhere and spread on 

surfaces for 1 h, whereafter an chronoamperometric potential of -0.5 V (vs. Ag/ AgCl) 

was applied to the substrates at 37ºC for 200 s. Over 90% of the original adherent cells 

were removed from the surface by gentle washing with phosphate buffered saline 

(PBS) and the remaining cells displayed a round morphology, indicative of reduced 

adhesion to the surface (Figure 3.9.).  

 

Figure 3.9. Reversibility of cell adhesion on SAMs. Bright field images of cells A) before and B) after 

electrochemical activation at -0.5 V (vs. Ag/AgCl) for 200 s. The white dots on the substrate serve as 

markers to indicate the same observation area. The scale bar is 100 μm.  

To show that the developed supramolecular strategy is applicable to trigger cell 

adhesive response at the single cell level, we next conducted cell experiments on an 

array of gold lines on glass substrates (Figure 3.10.). These electrodes are 

interdigitated, such that every other electrode is being activated, while the other half is 

not activated. Applying a voltage pulse to an supramolecularly RGD-modified set of 

gold lines resulted in rapid desorption and detachment of the cells that resided on only 

that gold line (Figure 3.10.  A,B). In the case a cell spanning between different gold lines 

(Figure 3.10. C), addressing a preselected gold line to release the RGD peptides 

triggered the detachment of the cell from the targeted lines (Figure 3.10. D). Cell 

staining with a live/dead assay kit showed that cells had intact membranes and 

remained viable after a voltage pulse of -0.5 V for 200 s (Figure S3, Supporting 

Information). Additional control experiments, that is, cells plated on gold lines with 

either EG3SH:EGSH (99:1), MV2+, or MV2+∙CB[8] showed a rounded cell morphology and 

did not release after applying the same pulse.  
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Figure 3.10. Subcellular release of cells from patterned SAMs. Bright field images of C2C12 cells 

cultured on microelectrodes modified with MV2+∙CB[8]∙W-RGD complex. Images (A, C) are prior and 

(B,D ) after electrochemical activation of the same areas. The microelectrodes addressed with an 

electrochemical potential are indicated with  white asterisks.  

3.3. Conclusion  

In summary, a supramolecular methodology has been developed to immobilize RGD 

ligands onto surfaces to create specific bioactive interfaces for (single) cell 

experiments. Moreover, the electrochemical element in the host-guest system allows 

triggered dynamic control over cell attachment.  

Activation of MV2+ resulted in dissociation of the supramolecular complex, release of 

the RGD ligands, and detachment of cells from the surfaces. Access to tools to 

intervene with spatial and temporal resolution is important to study details of 

biological processes at the (sub)cellular level.[71-74]  
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3.5. Experimental Section 

Materials. Cucurbit[8]uril was purchased from Strem Chemicals UK, Ltd., or Sigma-

Aldrich. Both batches of CB[8] yielded similar experimental results. Fmoc-protected 

amino acids and coupling agents for peptide synthesis were purchased from 

Novabiochem. 2-(2-(2-mercaptoethoxy)ethoxy)ethanol (2) was purchased from 

ProChimia, while other chemicals were purchased form Sigma-Aldrich. Cell staining 

reagents were purchased from Invitrogen. 

Equipment. A JMS-T100LC mass spectrometer was used to determine the mass of the 

peptide and the ternary complex. A microcalorimeter (VP-ITC Microcal, Inc) was used at 

25 ºC. 1H-NMR spectra were collected in deuterium oxide on a Varian Unity 600 MHz 

spectrometer at 25 ⁰C using a pre-saturation pulse to suppress the signal from residual 

non-deuterated solvent. UV-vis spectra were recorded using a Perkin Elmer Lambda 

850. Fluorescence spectra were recorded using a Perkin Elmer LS 55. Attenuated total 

reflectance Infrared (ATR-IR) (Thermo NICOLET 6700) was employed for IR 

characterization. Surface plasmon resonance (SPR) experiments were conducted using 

50 nm SPR gold substrates from Ssens bv on a Resonant-probes SPR. A flow cell was 

used for SPR-CV experiments. The reflectivity was measured at fixed angle at which 

point the linear region of the SPR curve stopped. Electrochemical experiments were 

conducted using an AUTOLAB PGSTAT10. HPLC (Waters) Reverse Phase 18 preparative 

columns were used for purification of the peptide. An Olympus microscope CKX41 was 

used for recording bright field images. An Olympus microscope 1X71 with filters were 

used for recording fluorescence images. 

Synthesis. Peptide W-RGD and W-RGE was synthesized using an automatic solid phase 

peptide synthetic robot (Multisyntech), following standard Fmoc protocols. 

Purification of the peptide was done by reversed phase HPLC, and characterized by 

analytical HPLC, 1H-NMR,  and mass spectrometry. ESI-MS as well as HPLC spectra can 

be found in Chapter 4. Compound MV2+ (1-(10-mercaptodecyl)-1'-methyl-[4,4'-
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bipyridine]-1,1'-diium bromide iodide) was synthesized following reported 

procedures.[67]  

Preparation of SAMs on gold substrate. Gold substrates were first washed with 

piranha solution (H2SO4 + 30% H2O2, v/v 70/30), and rinsed with copious amounts of 

water (MilliQ). Substrates were then immersed into a mixed solution of 1 and 2 at a 

ratio of 99:1 (v/v) for 3 min to yield EG3SH:EGSH functionalized substrates, rinsed with 

water (MilliQ), and dried with N2. The ternary complex of MV2+·CB[8]·W-RGD was 

formed at a concentration of 1 mM, and was  inserted into the EG3SH modified gold 

surfaces by overnight incubation. After rinsing with water for 10 min the substrates 

were used for characterization or cell experiments. 1% of 2 was added in the first 

modification step to improve the efficiency of the post-insertion. Varying the ratio of 2 

from 1% to 20% did not lead to improved insertion efficiencies as was indicated by the IR 

intensity. SPR, CV and cell experiments were done using 1% of 2. 

Fabrication of gold microelectrode. Line patterned arrays of gold on borofloat glass (5 

μm wide, 10-15 μm spacing) were fabricated by photolithography as previously 

reported and detailed in Chapter 5.[75] Gold arrays had a total thickness of about 20 

nm to allow optical transparency and consisted of an adhesion layer of 3 nm titanium or 

chromium and top layer of approximately 17 nm gold. 

Preparation of SAMs on gold microelectrodes. The glass substrate was first modified 

by poly(ethylene glycol) (PEG) by incubation in a solution of 2% 2-

[methoxy(polyethyleneoxy)propyl]trimethoxysilane (AB111226, ABCR, Germany)  (v/v%) 

in anhydrous toluene for 2 h at 60 ºC. After washing and drying, the substrate was kept 

at 120 ºC for 2 h.  Electrochemical washing was then performed in aqueous solution of 

0.05 M H2SO4 by cycling the potential between -1.6 and 1.9 V versus Ag/AgCl, for 5 

cycles, with a scan rate of 0.05 V/s, to clean the gold electrodes. After a final washing, 

the gold microelectrode were modified with SAMs as described above. 

Cell culture. C2C12 cells were cultured in DMEM supplemented with L-glutamine, and 1%  

penicillin/streptomycin and 10% fetal bovine serum (FBS). For cell experiments on 

surfaces serum was omitted from the medium. Cells between passages 8 and 14 at a 

cell seeding density of 15,000 cells/ml (~3000 cells/cm2) was used. Cells were 

maintained at incubator at 37 ºC for 20 min or 1 h, with 5% CO2, and washed with PBS 

buffer prior to imaging or release studies.  

Immunocytochemistry Cells grown on substrates were fixed in 4% paraformaldehyde 

for 10 min, rinsed 3x in PBS, permeabilized and blocked in 0.1% Triton X-100 (TX) and 

0.5% BSA (Bovine Serum Albumin) in PBS (PBST) for 1h at room temperature (RT). 
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Incubation of 1:500 Paxillin Y118 in PBST and 1:100 Phalloidin 568 in PBST was done for 

1h at RT, followed by washing 3x with PBST. Incubation with secondary antibody was 

done at 1:400 (mouse-anti-rabbit Alexa 488) in PBST for 1h and followed by 2x rinsing 

with PBST incubation and once in PBS. Cell nuclei were stained by 1:1000 incubation 

with 4',6-Diamidino-2-Phenylindole (DAPI) for 10 min at RT in PBS. Cells were then 

rinsed 2x in PBS and mounted on glass coverslips for imaging. Imaging was done using 

an inverted fluorescence microscope with corresponding excitation and emission filters 

(Olympus, 1X71, Melville NY, USA). Image analysis was done using the open source 

software CellProfiler[76]. Quantitative image analysis of cells was based on a minimum 

of 2 independent experiments and 5 images at 10x magnification per substrate and 

condition. 

Live/dead assay The LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells from 

Molecular Probes, Invitrogen was used. The two components, Calcein AM and Ethidium 

homodimer 1 (EthD-1) were used at a 1:1000 dilution in PBS. Cells were incubated with 

the Calcein/EthD-1 solution after cell adhesion and imaged 30 to 45 minutes later using 

a fluorescence microscope. The following filters were used: Calcein AM (green): 

Exitation 460-490 nm, Emission 525 nm and EthD-1 (red): Exitation 510-550 nm, 

Emission 590 nm, LP. 

Wound migration assay Human umbilical vein endothelial cells (HUVECs) (Lonza, 

Walkerswille MD, USA) were cultured in 5% CO2 at 37 ºC in EGM-2 medium (Lonza, 

Walkerswille MD, USA). Cells were seeded at 40.000 cells/cm2 and grown for 6h to 

obtain a cell monolayer. Experiments were performed on cells between passage 3 and 

4. Using a 200 µl pipette tip, a scratch was created in the confluent cell monolayer. The 

wound closure was monitored using an inverted light microscope (Olympus, LTX41, 

Melville NY, USA ) by acquiring images in 2h intervals. 
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3.5. Supplementary information 

 

Figure S1. Bright field images of C2C12 cells cultured for 1h on substrates modified as indicated. The 
scale bar is 100 μm. 

 

Figure S2. CV response of only mixed ethylene glycol (2:1 = 99:1)layer on gold electrode. No redox 
process takes place within the potential window [-0.5 V – 0 V (vs. Ag/AgCl)]. The desorption of thiols 
starts around -0.55 V, and finishes around -0.8 V. 

 

Figure S3. Live/Dead assay before and after electrochemical activation on MV2+∙CB[8]∙W-RGD – 
modified microscopic gold electrode. 

Live-dead assay before & after electrochemical activation

Before electrochemical activation After electrochemical activation

Figure S7
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J. Brinkmann, S. Sankaran, S. Rinnen, H.F. Arlinghaus, J. de Boer, P. Jonkheijm, Cellular 
Responses to Dynamic Reversible Interfaces Employing Supramolecular Cucurbit[8]uril-
Mediated RGD Ligand Assembly. (Manuscript submitted) 

 

 

Chapter 4  

Insight into the influence of binding strength of RGD 

ligands on cellular response using CB[8]-mediated 

host-guest interactions* 

Cells interact by spatiotemporal coordinated reversible bond dynamics, which is 

challenging to closely mimic, yet essential for advancing cell biology and biomaterial 

research. Supramolecular host-guest chemistry entails an encouraging approach, as the 

interactions involved are reversible and dynamic. Here we comprehensively characterized 

different CB[8]-mediated ligand display strategies on surfaces of tryptophan (W) or 6-

hydroxy-naphthol (Np) terminated RGD ligands to vary the affinity of the complexes. Well-

packed CB[8] layers on cell-repellent methylviologen modified SAMs were formed and 

subsequent binding of Np bearing ligands (overall Ka of 2.3 x 1010 M-1) showed little 

influence of the surface confinement as studied by QCM-D, SPR and CV. A higher density of 

ligands was achieved in the case of Np- compared to W-terminated RGD ligands following 

step-wise assembly. The CB[8]-mediated assembly of Np-RGD was further confirmed by 

ellipsometry and ToF-SIMS. Although cell spreading occurred on all supramolecular RGD 

SAMs, on SAMs with higher RGD densities and stronger bound RGD ligands, larger actin 

fibers and more mature focal adhesions were formed, while less actin fibers and impaired 

FA clusters were observed on SAMs with lower RGD densities and weaker bound RGD 

ligands. Similary, best surface registry was observed on supramolecular grids when 

employing Np-RGD ligands. Time-lapse bright field microscopy imaging on Np-RGD grids 

revealed that electrochemical dissociation of the ternary complex led to retraction of 

cells, which strongly depended on the maturation of the integrin-mediated adhesion. 
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4.1. Introduction   

Cells live in a complex environment responding not only to spatially well-coordinated 

cues,[1-3] but their dynamic regulations in time are equally decisive for activating 

specific cell signaling pathways and biochemical cascades that lead to cell behavior 

such as adhesion, migration and differentiation. Creating artificial environments with 

spatial precision in time realizes a closer mimicking of the natural cellular environment, 

which is a major challenge in cell biology and biomaterial research.[4, 5] A large amount 

of work has been historically dedicated to achieve well-defined biointerfaces that 

imitate the intricacy of the extracellular matrix (ECM).[1, 2, 6, 7] For example, in many 

cases ECM protein motifs, such as the integrin binding sequence Arg-Gly-Asp (RGD), 

have been included on surfaces to induce specific cellular responses. Yet, only recent 

efforts have been dedicated to include ligand dynamism in cell-interface systems.[8-13]  

A variety of interfaces have been described that can switch its bioactive properties in 

response to external stimuli, such as pH, temperature, light and electrochemistry.[14-

26] Mrksich, Yousaf and co-workers have generated precise ligand patterns on surfaces 

by employing the electrochemical conversion of hydroquinones to quinones for 

subsequent bio-orthogonal covalent immobilization of cell-adhesive ligands. A series of 

these elegant interfaces have been used to study some effects of spatial ligand display 

and ligand density on cell adhesion and migration.[17-20, 26] Elegant studies by several 

groups have demonstrated that a reversible change in orientation of immobilized RGD 

ligands upon photoisomerization of azobenzenes, electrical potentials or biomolecules 

can result in a reversible change in the access to the immobilized RGD ligands by 

cells.[21] [23, 27, 28] 

While the interface between cells and their surroundings in vivo is frequently 

remodeled, relying heavily on dynamic reversible bonds, in particular achieving cell-

interface systems with adaptive cell ligand display constitute an attractive engineering 

avenue for responsive biomimetic interfaces for cells.[12, 13, 29] Some examples, by us 

and others, have shown the potential of bio-orthogonal supramolecular host-guest 

chemistry to create dynamic reversible interfaces for cells on various types of surfaces 

and materials.[12, 29-43] Recently, Stupp and co-workers have used competitive 

binding of RGD-modified guest molecules with different affinities to a β-cyclodextrin 

host to generate dynamic cell responses,[33] while Zhang and co-workers have used 

the photoisomerization of an RGD-modified azobenzene to change the affinity to an α-

cyclodextrin host immobilized on glass.[34]  

Previously, we have reported a reversible system for cell adhesion using the 

electrochemical stimulated release of RGD peptides from cucurbit[8]uril (CB[8]).[43] In 
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this supramolecular system, CB[8] was exploited to display RGD peptides via an N-

terminal tryptophan onto electroactive methylviologen (MV2+) functionalized gold. 

CB[8] is a macrocyclic host molecule that is capable of simultaneously encapsulating 

two guests within its cavity, forming a stable, yet dynamic ternary complex.[44, 45]  

While emerging applications of the possibility of photo- and electrochemical responsive 

CB[8]-mediated supramolecular host-guest assemblies have been reported for 

generating surface-related bio-applications, such as peptide, protein, bacteria and cell 

arrays,[42, 43, 46-52] quantitative precedent for comparative dynamic interfaces in 

understanding cellular responses, particularly in terms of ligand density and ligand 

binding with the surface is still scarce. This contrasts with well-documented binding 

properties of CB[8] ternary host-guest complexes in solution.[53-58] Many relevant 

aspects on the binding characteristics of the ternary CB[8] host-guest complexes on 

surfaces are of interest, whether the complex formation is effected by the surface 

confinement, how the assembly strategy of the ternary complexes onto the surfaces 

affects the final surface density and whether these factors have an influence on cell 

adhesion and spreading is not yet demonstrated and requires sophisticated cell-based 

assays to study the effects. 

 
Figure 4.1. General scheme of self-assembled monolayer (SAM) components and assembly. A) 

Overview of compounds used in this study. B) Overview of strategies to yield CB[8]-mediated RGD 

ligand assembly on SAMs. 
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Additionally, we have noted for specific cell interactions to occur on CB[8]-mediated 

supramolecular substrates that the cell-repelling properties of the background of these 

substrates is of critical importance. We now present a comprehensive study employing 

surface plasmon spectroscopy (SPR) and quartz crystal microbalance with dissipation 

monitoring (QCM-D) for characterizing different CB[8]-mediated ligand display 

strategies on surfaces of RGD peptides equipped with either N-terminal tryptophan or 

6-hydroxy-naphthol to vary the affinity of the complexes (Figure 4.1. A,B). Furthermore, 

the assemblies on the surface were analyzed by time-of-flight secondary ion mass 

spectrometry (ToF-SIMS). Additionally, the supramolecular assembly path of these 

ternary complexes on solid supports (Figure 4.1. B) was related to cell adhesion and 

spreading in terms of ligand density and affinity. Likewise, the performance of the 

different supramolecular patterned surfaces was evaluated for specific interactions 

with cells, cellular adhesion and spreading, and the electrochemically induced cellular 

responses were monitored in detail (Figure 4.2.). 

 

Figure 4.2. Schematic of cell studies with dynamic reversible interfaces employing supramolecular 

CB[8]-mediated RGD ligand assembly. Patterned SAMs allow for subcellular addressability to 

reverse site-specific cell adhesion upon electrochemical reduction of methylviologen.  

4.2. Results and discussion  

4.2.1. Formation of cell-repellent supramolecular monolayers 

To achieve specific cell interactions on CB[8]-mediated supramolecular substrates it is 

critical to optimize and verify the cell-repelling properties of the background of these 

substrates. Maleimide-tetra(ethylene glycol) (Mal-EG4, 2) terminated mixed monolayers 

were selected for their known anti-fouling properties as well as their access to more 

precise control over the ligand density.[59] Mal-EG4 SAMs were reacted with thiol-

modified MV2+ (Figure 4.1. A). MV2+ and CB[8] can form ternary complexes with the 

aromatic amino acid tryptophan as N-terminal Trp-Gly-Gly (WGG) or 6-hydroxy-naphthol 
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derivatives (Np) with an association constant Ka = 105 M-1.[53-55] Both of these guest 

molecules were functionalized with cell adhesive RGD sequences (W-RGD, Np-RGD, 

Figure 4.1. A) to trigger interaction with cell transmembrane integrin receptors (Figure 

4.2.). RGD modified peptides and control peptides were synthesized and characterized 

(Figure 4.1. A, experimental section Figure 1-4). The formation of supramolecular SAMs 

followed different routes. Figure 4.1. B summarizes the formation procedures of the 

supramolecular monolayers on EG background layers.  

 

Figure 4.3. Ethylene glycol (EG) blocking of cell adhesion. Bright field micrographs of C2C12 cells 
adhered for 2 h on SAMs of A) EG3SH (formed in 3 min, denoted with *) and B) EG4C11SH (formed 
overnight). Scale bar 200 µm. C) Comparison of normalized C2C12 cell adhesion (2 h) on different 
SAMs (EG3SH* (formed in 3 min) and EG3SH, EG3C11SH, EG4C11SH (all formed overnight)). 

The ternary complexes on the supramolecular SAMs were formed in a one-step 

procedure by immobilizing a pre-assembled ternary complex or, alternatively, in steps 

by building up the ternary complex on the surface (Figure 4.1. B). As described in 

Chapter 3, CB[8]-mediated RGD assembly was achieved through insertion of the 

supramolecular ternary complex, which was formed in solution, into a monolayer of 

short ethylene glycols (EGs) EGSH (3) and EG3SH (4)[43] in a 1:99 ratio (Figure 4.1. B, 

upper panel). Although this insertion method was fast (3 min), these monolayers were 
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less well-packed,[60] which led to significant non-specific cell adhesion (Figure 4.3., 

denoted EG3SH*). To improve the cell- repellent properties of the supramolecular 

CB[8]-mediated SAMs, cell adhesion on EG3SH alone was compared with various 

EGnC11SH SAMs (n = 3, 4), which are commonly used cell-repellent SAMs.[17, 59] As 

anticipated, overnight incubation of EG4C11SH was considerably more efficient to repel 

C2C12 cell adhesion when compared to our initial EG3SH SAM that was used for the 

insertion method (Figure 4.3.).  

4.2.2. Characterization of CB[8]-mediated assembly on monolayers.  

The characterization of the CB[8]-mediated ligand assembly on EG4C11SH based 

monolayers was achieved by combining data from cyclic voltammetry (CV), SPR 

spectroscopy, QCM-D, ToF-SIMS, ellipsometry and water contact angle (WCA) 

measurements. Into EG4C11SH (1) SAMs Mal-EG4 (2) was mixed to allow chemical 

reaction with thiol-MV2+. Mixed Mal-EG4 SAMs on gold were formed using a mixture of 1 

and 2 in a ratio of 99:1 (Figure 4.1. A). Mal-EG4 SAMs were subsequently incubated with 

1 mM or 100 µM MV2+ in phosphate buffered saline (PBS) for different times in the 

range of 10 min to 24 h. The reaction of MV2+ to Mal-EG4 SAMs was verified using CV 

measurements. When MV2+ was conjugated to Mal-EG4 SAMs, a reduction peak at -0.43 

V vs. Ag/AgCl was observed, while this peak was absent prior to coupling MV2+ onto 

Mal-EG4 SAMs or remained absent when MV2+ lacked a thiol group (Figure 4.4. A). This 

reduction peak signifies the first electron reduction of MV2+ to MV+●.[43, 61]  

 

Figure 4.4. Cyclic voltammetry (CV) on MV2+ SAMs. A) Ip reads from cyclic voltammograms of MV2+ 
reacted to 1% Mal-EG4 at 100 µM (red) and 1 mM (blue) for different reaction times. Inset: typical CV 
(scan range -0.2 to -0.6 vs. Ag/AgCl, scan rate 100 mV/s, in 0.1 M K2PO4) of a Mal-EG4 SAM prior to 
(black) and after (green) reaction with MV2+. B) CV peak potentials (Ep) of MV2+(black) and 
MV2+·CB[8] (red) on 1% Mal-EG4 at different scan rates. 
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Over the course of 24 h of reacting MV2+ to Mal-EG4 SAM, the peak currents (Ip) of MV2+ 

were measured and plotted in Figure 4.4. A. No substantial differences were observed 

between 1 mM and 100 µM solutions of methylviologen nor had the length of 

incubation any significant influence, indicating that the reaction was complete. For all 

subsequent experiments 1 h incubation using 100 µM MV2+ was used. In the presence of 

CB[8] a shift of the MV2+ peak potentials was observed (Figure 4.4. B), characteristic of 

MV2+ inclusion into CB[8].[43, 61] Next, the binding of 50 µM of CB[8] to MV2+ at 

different surface concentrations of Mal-EG4 was evaluated using QCM-D. No increase in 

the binding of CB[8] to MV2+ was observed beyond 1% Mal-EG4 mixed into the 

monolayer (Figure 4.5. A), indicating that the packing of CB[8] on MV2+ monolayers 

saturates at 1% maleimide, in the same range as observed for other thiol-modified 

molecules.[59]  

 
Figure 4.5. Characterization of supramolecular SAM. A) QCM with CB[8] on different concentration 
MV2+ SAMs B) SPR titration curves with CB[8] on MV2+ SAM (◊) and rinsing with buffer (●). Negative 
control (-ve) 50 µM FeCH2NMe3

+. C) QCM-D titration curves with CB[8] on MV2+ SAM. D) Change in 
angle in SPR (red) and change in frequency in QCM-D (blue) were plotted against CB[8] 
concentration and fitted with a 1:1 Langmuir isotherm. 
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As a next step, the binding of CB[8] to MV2+ SAMs (on 1% Mal-EG4 SAMs) was 

investigated by SPR (Figure 4.5. B) and QCM-D (Figure 4.5. C). After reaching a stable 

baseline by flowing buffer, a titration series of CB[8] over a range of 2.5 – 50 µM was 

performed at a flow rate of 50 µL/min. During the association of CB[8] to MV2+ 

negligible dissipation over the entire titration was observed, while CB[8] in the 

presence of a high affinity guest such as ferrocenyl methyl trimethyl ammonium 

prevented binding of CB[8] to the SAM.[62] To determine the association constant Ka 

of CB[8] binding to surface bound MV2+, saturation values of the change in frequency 

(QCM-D) and the change in angle (SPR) were plotted in Figure 4.5. D. The SPR and 

QCM-D data are in good agreement and fits to a 1:1 Langmuir binding model yield 

association constants of Ka = 1.28 x 105 M-1 (SPR) and Ka = 0.9 x 105 M-1 (QCM-D).  

 

Figure 4.6. Formation of ternary complex. (A) QCM on MV2+ monolayers with 50 µM CB[8] until 
saturation (◊) followed by 50 µM 1:1 CB[8]·W-RGD (○) and 50 µM W-RGD (□). (B) QCM of 50 µM CB[8] 
until saturation (◊) followed by 50 µM 1:1 CB[8]·Np-RGE (○) or 50 µM Np-RGE (□, inset). Rinsing with 
buffer (●). (C) QCM of 50 µM CB[8] until saturation (◊) and subsequent titration with of Np-RGE with 
50 µM CB[8]. (D) QCM saturation values plotted against Np-RGE concentration and corresponding 1:1 
Langmuir fit. 
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These values favorably compare to previous solution studies on CB[8] binding with 

MV2+ showing that the surface has little influence on the CB[8] assembly step.[53-55] 

From the 50 µM QCM-D data a close to saturated packing of CB[8] was estimated on 1% 

Mal-EG4 SAMs, which supports distances between RGD ligands favorable for integrin 

activation on cell membranes.[2] Subsequently, the binding of the second guests W-

RGD or Np-RGD to pre-formed MV2+·CB[8] dimers on the SAM was analyzed using QCM-

D (Figure 4.6.). To this end, MV2+ functionalized surfaces were initially rinsed with 

buffer to form a stable baseline, followed by flowing 50 µM CB[8] until saturation 

(Figure 4.6. A). Then, W-RGD was flowed over the surface along with 50 µM CB[8] in a 

1:1 ratio. In this case no change in frequency was observed, however when W-RGD was 

flowed without CB[8] present in solution, a large decrease in frequency was observed 

indicative of partial dissociation of CB[8] from the surface. While in solution a 

heteroternary complex of CB[8], MV2+ and the WGG motif has a higher binding affinity 

than a homoternary complex of CB[8] and two WGG motifs,[63] the reduced 

concentration of surface bound MV2+ favors the formation of the homoternary 

complex of W-RGD and CB[8] in solution when flowing W-RGD in the last step without 

CB[8] when assembling the heteroternary complex of W-RGD, MV2+ and CB[8] on the 

SAMs.  

In contrast to W-RGD, Np-RGD does not form homoternary complexes with CB[8] and 

when Np functionalized ligands were flowed over MV2+·CB[8] SAMs a different 

response in the frequency was noted. When Np-RGE in a 1:1 ratio with 50 µM CB[8] was 

flowed over SAMs of pre-formed dimers of MV2+ and CB[8], a decrease in frequency 

was observed resembling a clear binding curve (Figure 4.6. B and 4.6.C). When Np-RGE 

was introduced without CB[8] to the MV2+·CB[8] SAMs (Figure 4.6.B, inset), initially a 

decrease in frequency occurred indicative of binding of Np-RGE to the SAM, however 

promptly the frequency increased again indicative of dissociating compounds from the 

SAM until equilibrium is reached between surface bound species and species in 

solution. CB[8] at the surface will dissociate simultaneously upon flowing Np-RGE in 

absence of CB[8], which is in agreement with the observation in Figure 4.6. C where 

CB[8] dissociates from the MV2+ SAM when rinsing with buffer. Flowing solutions of Np-

functionalized instead of tryptophan terminated ligands, in the presence of CB[8], will 

therefore yield a higher density of peptide ligands at the surface when following a 

stepwise assembly scheme.  

To determine the binding affinity of Np-RGE to surface bound MV2+·CB[8] SAMs, a 

titration series of Np-RGE in the range of 0.5 – 40 µM in the presence of 50 µM CB[8] 

was performed while monitoring the changes in frequency in QCM-D (Figure 4.6. C). 

The corresponding binding curve was fitted with a 1:1 Langmuir model (Figure 4.6. D) to 
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yield an association constant of Ka = 1.8 x 105 M-1 and gives an overall binding constant 

for the heteroternary complex of Ka = 2.3 x 1010 M-1. These values are in agreement with 

values found for heteroternary complex formation between Np, MV2+ and CB[8] in 

solution[54] suggesting that the binding properties are not compromised by the 

surface confinement in our system. 

 To further verify the stepwise assembly of the heteroternary complex of Np, MV2+ and 

CB[8] on the SAM, the assembly was monitored by ellipsometry in situ with QCM 

(Figure 4.7.). Upon flowing CB[8] over the MV2+ SAM an increase of the layer thickness 

of ca. 1 nm was observed concomitant with the change in frequency indicating that 

binding of CB[8] leads to a well-packed CB[8] surface.  

 
Figure 4.7. Ternary complex assembly. QCM-D (black) and simultaneous ellipsometry (red) 

measurement monitoring the build-up of supramolecular SAM. After initial CB[8] binding, 50 µM 

naphthol is added (*) to pre-formed MV2+ monolayers at 50µM and dissociation upon rinsing with 

buffer and competitor (50 µM FeCH2NMe3
+). 

 

Next, when Np-RGD was introduced a further increase in layer thickness of about 0.4 

nm was observed simultaneously with a change in frequency confirming successful 

build-up of the supramolecular monolayer. Changes in WCA also showed that binding 

of CB[8] onto MV2+ SAMs (420) led to a more hydrophilic surface (380), which turned 

even more hydrophilic (330) when Np-RGD was assembled to the SAM (data not 

shown). More in depth chemical analysis was performed using ToF-SIMS on the 

heteroternary CB[8]-mediated RGD ligand assembly (Figure 4.8.).  
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Figure 4.8. ToF-SIMS spectra. ToF-SIMS spectra  of positive and negative secondary ions recorded on 

samples representing each SAM assembly step; gold (Au) (orange), Mal-EG4 and EG4C11SH (blue), 

MV2+ (green), CB[8] (grey), Np-RGD (purple). (A) AuS- mass peak of each assembly step, (B) Mal-EG4 

and MV2+ in range 130 - 400 m/q (positive ions), (C) spectra in the range 700 - 1500 m/q of all 

assembly steps (positive ions) and (D) spectra of CB[8] and Np-RGD in the range of 140 - 145 m/q 

(negative ion).  
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Each assembly step was examined on gold lines of 5 µm in width following the 

sequential assembly steps from gold to the mixed Mal-EG4 and EG4C11SH SAM, MV2+, 

CB[8] and Np-RGD. The AuS--peak appeared after addition of Mal-EG4 and EG4C11SH and 

this peak gradually decreased due to shielding during the assembly process (Figure 4.8. 

A). The addition of MV2+ was verified in the positive ion spectrum (Figure 4.8. B) by 

observing m/q = 156.07 (C5H4N)2
+), its fragment at m/q = 78.03 (C5H4N+) as well as 

(C5H4N)2(CH2)x up to (C5H4N)2(CH2)12S+ fragments in the mass range of m/q = 170 - 360. 

Furthermore, upon complexation of CB[8] to the MV2+ layers, additional peaks were 

detected that can clearly be identified in the positive ion mass spectrum (Figure 4.8. C). 

The entire CB[8] macrocycle cationized with sodium and potassium, which were 

observed at m/q = 1351.39 and m/q = 1367.38, respectively, with their corresponding 

isotope pattern. In addition, the fragments of CB[8] form a distinct background signal 

in the mass range below CB[8]. After further incubating the layers with Np-RGD, 

changes were observed in the negative ion mass spectra ranging from m/q 140 - 400. 

The naphthol moiety of Np-RGD was clearly identified at m/q = 143.05 (C10H7O-) and  m/q 

= 142.04 (C10H6O-) (Figure 4.8. D). Taken together, the analysis by QCM-D and SPR 

confirm that the CB[8]-mediated assembly of Np-RGD ligands has similar association 

constants as compared to solution studies indicating that the SAM and the surface 

confinement is not interfering with the host-guest chemistry. In addition, the increase 

in layer thickness was followed with ellipsometry and WCA while the addition of 

supramolecular components were detected after each assembly step using ToF-SIMS 

further verifying the CB[8]-mediated assembly on the SAMs. Furthermore when 

following the stepwise assembly process in the case of Np-RGD a qualitative higher 

density of RGD ligands was reached when compared to W-RGD ligands.  

 

4.2.3. Cell response on SAMs with CB[8]-mediated RGD ligands.  

Cell adhesion and spreading as well as the ability to induce signaling of the integrin 

receptors to form characteristic actin stress fibers and focal adhesion (FA) complexes 

were studied on different supramolecular monolayers (Figure 4.1.). C2C12 mouse 

myoblast cells were allowed to adhere for 1 h prior to staining of the cellular actin 

cytoskeleton, FA protein vinculin and cell nuclei. All surfaces displaying the cell 

adhesive peptide RGD through ternary complexation with the MV2+ and CB[8] showed 

formation of actin stress fibers and FA complexes at the cell periphery (Figure 4.9. A), 

indicating activation of integrin receptors residing on the cell membrane.[64]  
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Figure 4.9. Cell adhesion to supramolecular SAMs. (A) Fluorescence micrographs of C2C12 on SAMs 
after 1 h adhesion. Cells are stained for actin (red) and cell nuclei (blue) and in the magnified images 
additionally for FA protein vinculin (green). Scale bar 50 µm. Spreading behavior of the cells was 
quantified as (B) cell area and (C) cell circularity (where 1 represents a perfect circle). Data points 
represent individual cells (n ≥ 414 cells per condition) and red lines represents the mean. (D) C2C12 
after 1 h adhesion on Np-RGD SAMs stained for vinculin (green). FAs length was measured as average 
4.5 ± 1.3 μm (n = 3 cells, 23 FAs measured). The intensity profile of one FA corrected for background 
intensity is shown on the right. The magnified image indicates the FA measured (white arrow). Scale 
bar 10 µm. 
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Figure 4.10. Cell adhesion to control SAMs. C2C12 on Np-RGE and C-RGD after 1 h adhesion. Cells 

stained for actin (red) and nuclei (blue). Scale bar 100 µm (A,C) and 50 µm (D,E). 

Although some cells also attached to CB[8] or MV2+ alone, these cells spread much less 

and, more importantly, showed no actin stress fiber assembly and vinculin was located 

only cytoplasmic. Additionally, when cells were seeded on a negative control sequence, 

Np-RGE, cell spreading was not induced (Figure 4.10. A, B). Another control was 

conducted in which an N-terminal cysteine modified RGD peptide (C-RGD) was 

covalently immobilized onto Mal-EG4 SAMs (Figure 4.1.A). On these covalently 

displayed RGD SAMs adhesion of cells for 1 h was found comparable to the 

supramolecular SAMs displaying RGD through a ternary complex (Figure 4.10. C,D).  

Even though cell spreading was induced on all supramolecular surfaces displaying RGD, 

from analyzing over 400 individual cells on each type of surface, much to our surprise, 

substantial differences were revealed depending on the assembly strategies followed. 

Especially the SAMs onto which W-RGD was assembled, either as a ternary complex or 

in a stepwise manner, there were remarkable cell morphological differences. When W-

RGD was assembled in a stepwise manner, less actin stress fiber formation was 

detected and in addition smaller and fewer FAs in the cell periphery were observed. 

Since not only the presence of RGD, but also the spatial availability of RGD plays a 
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crucial role in integrin mediated signaling,[2, 64, 65] the lower density of W-RGD at the 

surface when assembled in a stepwise manner, might induce insufficient integrin 

spacing when using this supramolecular strategy to generate the SAMs. Consequently, 

impaired clustering leads to a reduced activation of the integrin pathway to induce FA 

formation.[64, 65] For the W-RGD assembled as a ternary complex (W-RGD*), the 

response was more similar to Np-RGD SAMs, however in the latter case, the largest and 

most distinct FAs were observed. Quantitatively, the largest difference in cell size and 

circularity is observed between RGD-displaying supramolecular SAMs and controls 

(Figure 4.9. B and 4.9. C). Cells interacting with RGD-displaying supramolecular SAMs 

were significantly larger and had a more eccentric, less circular spreading behavior 

resulting in smaller cells. On W-RGD SAMs, following stepwise assembly, the FAs were 

not distinctly displayed as separate large complexes (Figure 4.11.), but rather as thinner 

structures when compared to W-RGD SAMs that were made from assembling the 

ternary complex directly (W-RGD*), and Np-RGD.  

 

Figure 4.11. FA formation on SAMs. Fluorescence micrographs of C2C12 on SAMs after 1 h adhesion to 
supramolecular SAMs. Scale bar 10 µm. 

W-RGD* SAMs had larger FAs in the cell periphery, however, were not easily 

distinguished as single large adhesions. On Np-RGD surfaces large distinct FAs could 

easily be identified as single FAs (Figure 4.9. D), which were measured to be on average 

4.5 ± 1.3 µm in length. FA structures of this size have been reported to exclusively form 

when RGD distances allow for integrin clustering[2, 66] and permit force 

generation.[66]  

These results suggest that the ligand density remains sufficiently high during cell 

culture in the case of Np-RGD SAMs. Furthermore, the results indicate that multivalent 

interactions between integrin receptors and Np-RGD SAMs can promote sufficient 

force generation of the cell to the substrate, which is not the case on W-RGD* and W-

RGD SAMs. We assign these observations to ligands that bind with a lower affinity to 
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the surface and the lower ligand density on these surfaces, which is in agreement with 

observation made in the SPR and QCM-D experiments on W-RGD SAMs. 

 

4.2.4. Subcellular response on supramolecular patterns. 

 
To achieve subcellular definition for cell reversibility, patterns of supramolecular SAMs 

were assembled on micro-patterned gold lines on glass (Figure 4.12.). The glass was 

passivated against non-specific cell adhesion by a silanized-PEG. The gold lines were 5 

µm in width and spaced by 10 or 15 µm, distances that were previously found optimal 

for FA assembly and cell spreading in the case of  patterning of fibronectin.[67] 

 
Figure 4.12. Patterned gold electrode chip. Gold patterned microelectrode array and its bonding to 
a Teflon well for live cell imaging. (A) Electrode chip with gold line electrode patterns having width 5 
µm and spacing 15 µm. (B) Bright field micrograph of gold electrode array. (C) Teflon well mounted 
on chip by Meltmount™ adhesive and sealed by nail polish. Scale bar 1 cm. 

C2C12 cell adhesion and spreading occurred specifically on the RGD coated gold lines 

after 1 h of cell adhesion while negligible adhesion to the intermediate PEG-coated 

areas was observed (Figure 4.13. A).  

The RGD-displaying lines showed more cell spreading and FA formation when 

compared to control conditions using an RGE ligand (4.14. A, B) or no RGD (Figure 4.13. 

A) whereas on lines with positive control, covalently attached, C-RGD ligands the 

observed spreading of cells was comparable to Np-RGD SAMs (Figure 4.14. C, D). Upon 

close inspection, FAs that were detected on all RGD-displaying SAMs were exclusively 

located over the supramolecular SAM-patterned lines. As an example, Figure 4.13. B 

and 4.13. C give intensity profiles of actin and vinculin staining on Np-RGD 

supramolecular lines showing an increase in intensity on the RGD functionalized lines. 

Interestingly, the FAs were most pronounced on the Np-RGD lines in comparison to the 

W-RGD displaying lines (Figure 4.15.), indicating that the cells adhered to the 

supramolecularly functionalized lines through strong and dense attachment points in 

agreement with cell adhesion and spreading behavior on full surfaces.  
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Figure 4.13. Cell adhesion to patterned SAMs. Fluorescence micrographs of C2C12 after 1 h adhesion 
on 5 µm line-patterned SAMs (A). Cells were stained for actin (red), vinculin (green) and cell nuclei 
(blue). Patterned lines are indicated by white dotted lines in the magnified images. (C) Intensity 
profile of vinculin (left) and actin (right) across multiple lines. The colored shades in the plot 
represent the areas of coated Np-RGD lines. Scale bar 50 µm.  
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Figure 4.14. Cell adhesion to control patterned SAMs. C2C12 on C-RGD and  Np-RGE after 1 h 

adhesion. Cells stained for actin (red) and nuclei (blue). Scale bar 100 µm (A,C) and 50 µm (D,E). 

 
Figure 4.15. FA formation on patterned SAMs. Fluorescence micrographs of C2C12 on patterned 
SAMs after 1h adhesion to supramolecular SAMs. Scale bar 10 µm. 
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Quantitative analysis of the spreading of about 440 cells on the grids in each case of 

supramolecular assembly confirmed significant differences in the spreading behavior of 

C2C12 on gold lines with CB[8]-mediated RGD ligand display. While the majority of cells 

seeded on MV2+ (98%) or CB[8] (85%) modified grids elongate along 1 line and only 

spread over up to a maximum of 2 lines in both MV2+ and CB[8] grids (Figure 4.16.A), 

the RGD-patterned supramolecular SAMs induced spreading to more lines. In 

particular, Np-RGD stands out with the largest spreading behavior of nearly 80% over 

more than 1 line and some cells spread over up to 6 lines indicating a cellular response 

of better surface registry when compared to both types of W-RGD grids (Figure 4.16. 

A). In addition, when considering the major-to-minor axis ratio of the cells after 

spreading, cells on Np-RGD lines reveal a distribution in spreading behavior that is more 

uniform compared to that on W-RGD surfaces (Figure 4.16.B). Also the major-to-minor 

axis ratio on Np-RGD surfaces was considerably smaller in absolute value, signifying 

most spreading occurred on these surfaces.  

To look into more detail of the specific adhesion of cells to the grids displaying Np-RGD 

ligands, time lapse imaging was performed during initial cell adhesion. To this end, a 

glass chip with gold lines was mounted to a custom made cell culture well made of 

Teflon (Figure 4.12. C). Cell viability in response to all bonding materials was tested 

positive (see details Chapter 5). C2C12 cells were monitored during initial adhesion and 

shortly imaged every minute. Initial attachment of cells to and cell spreading along a 

single line occurred within 15 min. This time is in line with results found in literature.[65, 

66]  

Depending on the initial distance to an adjacent Np-RGD line on the grid, cells 

demonstrated a different spreading behavior. When cells attached and spread on top 

of a single Np-RGD line (Figure 4.17. A), the spreading time to adjacent lines on the grid 

showed a delay and only continued as the cell bridged the distance to a neighboring 

Np-RGD line on the grid. Bridging occurred after an average of 14 min, followed by 

another bridging event to a third Np-RGD line after an average of 21 min. This 

observation is in agreement with observations in literature where inadequate ligand 

density, and thus spacing, caused insufficient engagement of integrin ligands.[65] 
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Figure 4.16. Cell spreading quantification. (A) Quantitative analysis of C2C12 spreading behavior on 
gold electrode patterns as percentage of cells spreading over minimum 1 to maximum 6 lines. Each 
blue diamond represents the percentage of cells spread over a given number of lines per image 
analysed. Red lines represent mean value. ANOVA, ** p ≤ 0.01. (B) Box chart with binned data (46 
bins) showing ratio between major and minor axis of cells (n ≥ 469 cells).  
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Another portion of cells initially touched down onto two Np-RGD lines of the grid 

(Figure 4.17. B), however in contrast, these cells spread in ca. 7 min across two Np-RGD 

lines before further spreading and bridging occurred to a third and fourth Np-RGD-line 

after on average 16 and 27 min. 

With confidence in the specificity of integrin mediated spreading exclusively observed 

on the gold lines with supramolecular CB[8]-mediated RGD ligands, which closely 

resembles integrin mediated spreading as observed in natural cell-ECM patterns, the 

dynamic retraction of sub-cellular resolution was investigated in more detail. An 

electrochemical stimulation on the gold lines employing a potential of -0.5 V vs. Ag/AgCl 

to reduce MV2+ to MV+● will disrupt the charge-transfer complexation with Np-moieties 

in the CB[8] cavity resulting in the release of Np-RGD from the chip. C2C12 were allowed 

to adhere to Np-RGD lines for different amounts of time and their response to 

electrochemical stimulation was followed by time-lapse bright field microscopy 

imaging. Cells that were given 55 min to adhere to the Np-RGD lines, retracted 

significantly to become a rounded cell shape during chronoamperometric (CA) 

activation at -0.5 V vs. Ag/AgCl for 10 min (Figure 4.18. A). Cells that were initially 

adhered for 90 min also retracted, however, these cells strikingly showed a different 

response (Figure 4.18. B). In this case the initial retraction was not as fast and the 

contracted cellular volume within the same time frame was less. Dynamic responses of 

cells to electrochemical stimulated release after initial cell adhesion on the grids for 55, 

75 and 90 min were analyzed (Figure 4.18. C).  

The analysis reveals that longer adhesion times prior to release slowed down the cell 

contraction upon stimulated release. However, much to our surprise, stimulated 

release of cells after a shorter adhesion time of 25 min did not follow this behavior. We 

tentatively assign this to a change in the dynamics of cellular contraction that is related 

to the stage of maturation in integrin mediated adhesion.  

If cells do not build tension through myosin II, but rather through actin polymerized 

fibrils slower dynamics could be expected.[66] The retraction dynamics on our 

supramolecular grid with CB[8]-mediated RGD ligands showed longer and more 

gradual time frames than observed by others when RGD ligands were subcellularly 

released through electrochemically breaking the thiol-gold bond.[68] Staining of the 

actin cytoskeleton before and after electrochemical stimulation on Np-RGD line 

patterned supramolecular SAMs (Figure 4.18. D) showed complete retraction of the 

actin fibers and loss of FAs upon activation. To verify that electrochemical stimulation 

induces no cell retraction, the same experiment was repeated on C-RGD lines. Cells 

were allowed to adhere for 1 h and subsequently monitored during 10 min 
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electrochemical activation at -0.5 V vs. Ag/AgCl (Figure 4.18.E). No retraction was 

observed. Furthermore cell viability during activation was tested (see experimental 

section, Figure 6) observing no dead cells after 10 min of electrochemical stimulation 

indicating that cellular function is maintained during the course of electrochemical 

activation. 

 

Figure 4.17. Dynamics of cell spreading to Np-RGD patterned SAMs. Live cell imaging monitoring 
C2C12 adhesion to 5 µm patterned Np-RGD SAMs spreading from initial attachment to adjacent lines. 
Left panel shows bright field micrographs of C2C12 during 40 min initial adhesion (A) starting initial 
attachment on top of a line and (B) starting initial attachment between 2 lines. Right panel shows 
quantification of adhering cells for both observations (n ≥  10 cells). Data points represent individual 
cells and the red line represents the mean. Video S1 of cell attachment is available. 
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Figure 4.18. Reversible subcellular release upon electrochemical stimulus. Bright field micrographs 
of C2C12 C12 on MV2+ CB[8] Np-RGD functionalized gold electrodes before and during stimulation 
with -0.5 V (yellow asterisk) after (A) 55 min and (B) 75 min initial cell adhesion. (C) Quantitative 
observation of relative cell contraction after different time points of initial cell adhesion (n≥5 cells). 
(D) Fluorescence micrographs of C2C12 with labeled actin (red) and vinculin (green) before (left) and 
after (right) release. (E) Bright field micrographs of C2C12 on gold electrodes functionalized with C-
RGD before (left) and after (right) electrochemical stimulus.  

4.3. Conclusion 

In this study we have investigated the CB[8]-mediated assembly of RGD ligands on cell-

repellent background SAMs. Assembly routes have been characterized in terms of 

ligand density and affinity with the surface. We conclude that the surface confinement 

shows negligible influence on the association constant of CB[8] to methylviologen 

functionalized SAMs. In the case of stronger binding Np-RGD ligands a higher surface 

density has been achieved when compared to weaker binding W-RGD ligands following 

step-wise assembly.  

Cell studies on the supramolecular SAMs showed a highly specific interaction with the 

RGD-displaying supramolecularly modified surfaces. Large FA complexes form on Np-

RGD SAMs, while not observed on W-RGD SAMs, indicate biologically relevant receptor 

clustering[65, 66] and the possibility of cells to generate force on the substrate on Np-

RGD SAMs. Cell adhesion to patterned regions was highly specific and adhesion times 

to Np-RGD patterns were comparable to studies on the importance of RGD distances 
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on integrin receptor clustering.[65] Cell adhesion has been reversed by local 

electrochemical dissociation of the RGD ligands. General insight from differentially 

modulating dynamic reversible bio-interfaces can lead to new ways to improve the 

interface of materials and devices for better integration with cells and tissue. 
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4.5. Experimental section  

Reagents All chemical reagents were of analytical grade and were used without further 

purification. Cucurbit[8]uril, fetal bovine serum (FBS), L-glutamine, Dulbecco’s modified 

eagle medium (DMEM), (11-mercaptoundecyl) tri(ethylene glycol), (11-

mercaptoundecyl) tetra(ethylene glycol), bovine serum albumin (BSA), monoclonal 

vinculin-FITC antibody and phosphate buffered saline  (PBS) were purchased from 

Sigma-Aldrich. 6-Hydroxy-2-naphtoic-acid and Triton X-100 were purchased from Acros 

Organics. 2-(2-(2-mercapto ethoxy) ethoxy) ethanol, maleimide-terminated disulfide 

and tetra(ethylene glycol) disulphide were purchased from Prochimia. Fmoc-protected 

amino acids and agents for peptide synthesis were purchased from Novabiochem and 

Multisyntech GmbH Chemicals. 2-[Methoxy (polyethylene oxy) propyl] trimethoxy 

silane was purchased from ABCR GmbH. Mounting medium was purchased from 

Polysciences. 20 nm gold substrates were purchased from Ssens (Enschede, 

Netherlands). Meltmount™ was purchased from Electron Microscopy Sciences.  

Synthesis Thiol-functionalized methylviologen (MV2+) was synthesized as previously 

reported.[69] Peptides WGGRGDS (W-RGD), NpGGRGDSG (Np-RGD), NpGGRGESG (Np-

RGE) were synthesized using an automatic solid phase synthetic robot (Syro II, 

Multisyntech) following standard Fmoc procedures on a Rink amide resin. GGCGGRGDS 

(C-RGD) was synthesized with a MultiPep RSi, Intavis Bioanalytical Instruments using 

standard solid phase peptide synthesis protocols on a Wang resin. Purification was 

done by reversed phase high-performance liquid chromatography (HPLC (Waters)), 

followed by analysis with analytical HPLC and mass spectrometry.  
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W-RGD 

 
Figure 1. Mass spectrum and analytical HPLC trace of peptide WGGRGDS. 

Np-RGD

 

 

Figure 2. Mass spectrum and analytical HPLC trace of peptide NpGGRGDSG. 
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Np-RGE

 

 

Figure 3. Mass spectrum and analytical HPLC trace of peptide NpGGRGESG. 

C-RGD

 

 

Figure 4. Mass spectrum and analytical HPLC trace of peptide GGCGGRGDS. 
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Surface functionalization Monolayer gold substrates (20 nm) were cleaned with 

piranha for 20-30 s followed by thorough rinsing in Milli-Q water and drying with N2. 

Substrates were immersed overnight in mixed 1 mM solution of 1 and 2 in a 99:1 (v/v) 

ratio in ethanol under N2 protection (except for the blocking study of unspecific cell 

adhesion, where 1 mM solutions of either EG3SH (3), EG3C11SH or EG4C11SH in ethanol 

were used). MV2+ was then reacted with 2 by incubation in 100 µM (or 1 mM, where 

indicated) MV2+ in PBS pH 7 for 1h at RT (or as indicated). Further incubation with either 

CB[8] or CB[8]·Np-RGD was done for 1h at 50 µM in 0.1x PBS. For stepwise assembly 

with W-RGD, CB[8] functionalized monolayers were incubated with 50 µM W-RGD in 

0.1x PBS for 1 h. Complex assembly of MV2+·CB[8]·W-RGD was done by preassembly at 

100 µM in PBS in solution, followed by subsequent incubation on the mixed mal-EG4 

monolayers for 1 h. CB[8] was dissolved in solution by sonication at 80 0C for 1-2 h. 

Fabrication of gold electrode arrays Electrode arrays of 3 nm chromium adhesion layer 

and 17 nm gold were fabricated by bilayer lift-off on 4 inch borofloat glass wafers as 

previously described.[43] For higher resolution live cell imaging custom made cover 

glass thin (0.17 mm) borofloat wafers (Sydor Optics, Inc., USA) were used.  

Gold electrode functionalization Gold arrays on glass were cleaned with piranha for 20-

30 s, rinsed thoroughly with Milli-Q® and dried with N2 just prior to modification of the 

glass with poly(ethylene glycol) (PEG). PEG functionalization was done as previously 

described and detailed in Chapter 5.[70] Briefly, substrates were immersed in 2% (v/v) 2-

[methoxy (polyethyleneoxy) propyl] trimethoxysilane in anhydrous toluene for 2 h, 

rinsed in toluene and baked at 120 0C for 2 h. Prior to further functionalization of the 

gold arrays, substrates were sonicated 5 min in toluene, rinsed in toluene, rinsed in 

ethanol, sonicated in ethanol 5 min, rinsed in ethanol to remove any physisorbed PEG 

residues from the gold and dried with N2 or directly incubated in mixed Mal-EG4 

solution as described above.  

 

Figure 5. C2C12 after 1 h adhesion on 5 µm patterned gold line patterns functionalized with Np-RGD 
and PEG-treated glass.  
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Water contact angle Monolayers with the various functionalization steps were 

prepared freshly and static water contact angle imaged in triplicates. Angles were 

measured from obtained images using the free software ImageJ version 1.46r.  

Electrochemistry Cyclic Voltammetry (CV) of MV2+ was done using a Autolab 

potentiostat with a setup using a 0.44 cm2 platinum counter electrode and Ag/AgCl 

reference electrode in 0.1 M potassium phosphate buffer (K2PO4) pH 7.5. 

Chronoamperometry (CA) during cell release was done in serum free DMEM using a 

setup with Ag/AgCl wire (Ø 380 µm, A-M systems) reference electrode and platinum 

wire counter electrode (Ø 1 mm). 

Quartz crystal microbalance (QCM-D) All QCM-D measurements were performed using 

the Q-sense E1 module from BiolinScientific/Q-Sense (Göteborg, Sweden). Q-sense 

microsensors were cleaned, incubated in 1 mM mal-EG4 solution overnight and freshly 

functionalized with MV2+ as described for monolayer gold substrates above. 

Measurements were equilibrated in 0.1x PBS buffer to achieve a stable baseline. CB[8], 

Np-RGD and W-RGD was introduced in combinations as indicated at a flow of 50 µl/min 

and their adsorption measured until saturation at various concentrations. After 

saturation, 0.1x PBS buffer was used to rinse. Ellipsometry measurements were 

performed on a M-2000X ellipsometer (J.A. Woollam) at an angle of 65°. Window 

corrections were applied for the windows of the flow cell. The optical dispersion of the 

QCM-crystal was represented by a B-Spline fit, and the layer thickness was fitted using 

a Cauchy optical dispersion.  

Surface plasmon resonance (SPR)  Measurements were performed in a two channel 

vibrating mirror angle scan setup obtained from Resonant Probes GmBH. The 

instrument consists of a HeNe laser (JDS Uniphase, 10 mW, λ = 632.8 nm) whose light 

passes through a chopper that is connected to a lock-in amplifier (EG & G 7256). The 

modulated beam is directed through two polarizers (OWIS) to control the intensity and 

the plane of polarization of the light. The light is coupled via a high index prism (Scott, 

LaSFN 9) in the Kretschmann configuration to the backside of the gold contacted 

substrate which is optically matched using an index matching oil (Cargille; series B; nD
25 

= 1.700 ± 0.002). A Teflon cell with a diameter of 10 mm was placed on the monolayer. 

The light that leaves the prism passes through a beam splitter; subsequently the s-

polarized light is directed to a reference detector, and the p-polarized light passes 

through a lens which focuses the light onto a photodiode detector. Laser fluctuations 

are filtered out by dividing the intensity of the p-polarized light (Ip) by the intensity of 
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the s-polarized light (Is). The SPR experiments were performed in a flow cell system. 

Gold (50 nm thick) substrates from Ssens were used and monolayers were formed as 

described above. In the experiments, a continuous flow of 0.1 ml/min was used. CB[8] 

titration experiments were performed as explained in the QCM-D section above. 

Time of flight – secondary ion mass spectroscopy (ToF-SIMS) Measurements were 

conducted on an IONTOF-type IV compatible TOF-SIMS instrument. Positive and 

negative mass spectra were recorded with a liquid metal ion gun (IONTOF GmbH, 

Münster/Germany) utilizing Bi3+ clusters (25 keV) as primary ions in a spectrometry 

mode with a mass resolution of m/Δm > 7000 at mass 41 u. Positive and negative mass 

spectra were taken over an area of 100 × 100 μm² with 128 × 128 pixel and a primary ion 

dose density of approximately 9.4 × 1011 cm-2. The mass calibration in the higher mass 

range is based on Aux cluster ions originating from the substrate. 

Cell culture C2C12 mouse myoblast cells were cultured in DMEM sublimated with L-

glutamine, 1% penicillin-streptomycin and 10% FBS. Cells having passage 8 – 22 were 

used for the experiments. C2C12 cultured on functionalized supramolecular SAMs were 

cultured in DMEM without FBS.  

Immunocytochemistry Cells grown on substrates were fixed in 4% paraformaldehyde 

for 10 min, rinsed 3x in PBS, permeabilized in 0.5% Triton X-100 (TX) for 10 minutes and 

blocked with 0.1% TX and 5% BSA (PBST) for 30 min at room temperature (RT). 

Incubation of 1:100 monoclonal vinculin-FITC and 1:100 Phalloidin 568 was done for 1h at 

RT in PBST, followed by washing 2x in PBS and incubation 1:1000 with DAPI for 10 min at 

RT in PBS. Cells were rinsed twice in PBS and mounted on glass coverslips for imaging. 

Imaging was done using an inverted fluorescence microscope with corresponding 

excitation and emission filters (Olympus, 1X71, Melville NY, USA). 

Cell viability assay For cell viability that was tested during live cell release studies, 

calcein AM and ethidium homodimer 1 were introduced to the culture medium 1:1000 

30 min prior to release. Cell viability was monitored for 10 minutes during 

electrochemical activation using live cell imaging (see below).  
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Figure 6. Viability of C2C12 cells adhered to 5 µm Np-RGD patterend lines for 1 hour and after 

activation with -0.5 V for 10 min. (A) Bright field channel and fluorescence micrographs of (B) Calcein 

(green), (C) Ethidium homodimer-1 (red) and (D) merge of B and C.  

Live cell imaging Nikon confocal A1 microscope system equipped with a live cell 

imaging chamber and CO2 supply or an Olympus inverted microscope was used for live 

cell imaging. A custom made Teflon well was used as a culture well and attached to 

substrates using Meltmount™ thermoplastic as a bonding reagent. For bonding, a 

fraction of Meltmount™ was melted on a clean glass coverslip placed on a heat plate 

kept at 65 °C. The bottom parts of the well, used for bonding, were very briefly dipped 

into the liquefied Meltmount™ and rapidly transferred to the substrate, as its cooling 

and solidification is instantaneously. Additional sealing of the well to substrate was 

done with a thin layer of nail polish. For re-use of the Teflon well, we found that 

sonication in large amount Milli-Q® with Hellmanex® for 30 min and subsequent 

sonication in large amount Milli-Q® was most efficient and favorable for subsequent cell 

re-culture. 

Image analysis For image analysis of cells on the various substrates the open source 

softwares CellProfiler version 2.1[71] and ImageJ version 1.46r were used. Cell area and 

cell circularity were measured using automated pipeline for cell shape analysis in 

CellProfiler and was based on overlaid phalloidin and DAPI channel images (n ≥ 414 cells 

analyzed). Focal adhesion sizes were measured manually using ImageJ (n = 3 cells, 23 

focal adhesions measured). Spreading over electrodes was measured manually in at 

least 20 images per condition. One-way ANOVA was used for statistical analysis using 

OriginPro version 8.6. Analysis of major/minor axis was done using the same 

automated pipeline as mentioned above, analysing n ≥ 469 cells per condition. Cell 

shape analysis from live cell images was done manually using ImageJ.  
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Chapter 5 

Platform for selective subcellular release via 
supramolecular electroactive functionality 

 

 

Stimulus responsive surfaces are of growing interest for advancing studies of cellular 

processes such as adhesion, detachment, migration and differentiation. Supramolecular 

host-guest chemistry offers a non-covalent approach to modulate cell adhesion reversibly. 

Using cucurbit[8]uril (CB[8]) mediated surface assemblies of electroactive methylviologen 

(MV2+) and naphthol modified with a cell adhesive RGD peptide (Np-RGD), an 

electrochemical potential can be used to selectively disrupt the interaction with Np-RGD 

thereby releasing it from the surface. In this chapter, we describe a platform for 

controlled subcellular cell release allowing for control at single cell level using this 

supramolecular functionality. To this end an electrode array chip having individually 

addressable gold line patterns at dimensions relevant to cell adhesion and spreading was 

designed. For compatibility with electrochemical setup and microscopy, a suitable 

platform was designed, fabricated and tested. Cells adhered specifically to functionalized 

electrode arrays by forming distinct focal adhesions on the RGD-functionalized gold lines 

and spreading well over multiple line patterns. Initial experiments using electrochemical 

activation of a single electrode line were able to selectively target local cell release.  
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5.1. Introduction  

 A plethora of techniques and surface modifications[1-6] have focussed on dissecting 

cellular signalling events during for example cell adhesion[1, 5, 7], detachment[8-10] or 

migration[11-18] and remain a continuous research motivation. Yet, many molecular 

events can be investigated only through continuous development of new technologies 

allowing for probing these processes at a relevant spatial and temporal scale with 

respect to cells.  

The use of stimuli responsive systems to increase temporal control has been highly 

appealing for the development of cell biological applications.[19-23] External stimuli 

through light, pH, temperature and electrochemistry have been shown to be versatile 

tools to be used for cell adhesion, retraction and migration studies.[8, 15, 19-22, 24-26] 

In many of these studies, the focus lies on a population of cells where the substrate can 

be made available or unavailable for cell adhesion, while systems that allow for studies 

of cell mechanisms at higher resolution at the single cell level have thus far been 

limited.[8, 27, 28] This might also be due to limitations in well-defined spatial control of 

most stimuli, where electrochemistry is probably one allowing the most defined 

targeting.[29] Searson and co-workers have shown an elegant approach to 

characterize cell detachment kinetics using thiol-RGD (Arg-Gly-Asp) functionalized gold 

electrode line patterns[8, 27]. Line patterns spaced 10 µm allowed individual cells to 

spread across the electrodes and upon giving an electrochemical potential leading to 

thiol-RGD release, cells retracted fully. Cell retraction and cytoskeletal dynamics could 

be demonstrated, showing to be a great alternative to drug-induced detachment 

studies common till now.  

In cell migration, a cascade of events lead to the movement of the cell, starting from 

extension of the membrane at the front, firming its attachment, sliding of the cell body 

and completing with the detachment of the cell rear.[30-32] Continuous efforts are 

spend to understand cell migration mechanisms and molecular events[33-38] make use 

of advanced microscope techniques[39], modelling[30, 40, 41] and bio-interface 

designs[42, 43]. A number of well-defined switchable surfaces have been designed to 

confine cells to an adhesive pattern and upon a trigger making surrounding areas 

adhesive, thereby allowing cells to migrate upon temporal control.[15, 16, 18, 26, 44-46] 

At the single cell level only a few switchable substrates have been available to study 

cell migration.[28, 47] Maeda and co-workers have described a photoactivatable 
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pattern to assess single cell migration paths[47]. Polleux and co-workers have 

employed laser defined heat-assisted cell migration on lines of gold nanoarrays.[28] 

In Chapter 3 and 4, we described the release of cells from interdigitated electrodes 

using stimulus responsive supramolecular host-guest functionalized surfaces[48]. Cells 

spanning over RGD-functionalized gold lines via host-guest chemical modification 

retracted after an electrochemical potential was applied. To make this system relevant 

at a spatial scale suitable for defined subcellular controlled adhesion and release of 

parts of the cell and to potentially study molecular events in cell migration, we 

anticipated to design a platform suitable for these studies.  

 

Figure 5.1. Scheme of experimental setup. A platform is fabricated to allow cells to adhere onto an 
electrode array chip, which can be activated electrochemically at a particular site to change cell 
adhesion at the subcellular level. The arrays are coated with cell adhesive RGD peptides via 
supramolecular host-guest assembly with electroactive methylviologen (MV2+), host cucurbit[8]uril 
(CB[8]) and naphthol (Np) on maleimide mixed ethylene glycol background (Mal-EG4). When MV2+ is 
reduced by an electrochemical potential, the host-guest complex dissociates.  

A gold electrode array chip, which allows cells to specifically adhere to patterned lines 

that are individually addressable in the array was fabricated. Gold line patterns were 
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functionalized with RGDS via supramolecular host-guest assembly with CB[8] (Figure 

5.1.). The specificity of the cell adhesion to fabricated gold line patterns was 

investigated using immunolabelling of cellular markers. Feasibility of subcellular 

controlled release of a cell from one line pattern was shown.  

5.2. Results and discussion  

5.2.1. Electrode array and platform design  

 

Figure 5.2. Design of individually addressable electrode chip and platform for imaging. A) Five 

array chips were designed to fit onto a 4 inch borofloat glass wafer. Each chip measures 3x3 cm2 and 
has 28 individually addressable connection pads connecting to 28 lines of 3 µm width and 5 µm 
spacing. B) Design of platform to fit the electrode chip. Bottom part was designed to include the 
chip and allow microscopy through an opening in the middle. Middle part is a re-usable well to be 
attached to the chip array and allow addition of cell media and electrodes during electrochemical 
activation. Top seals the chip to the well and includes 28 holes for gold coated pins to interact with 
the 28 contact pads. C) The dimension of the platform fits standard microscope inserts.  
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For the design of an individually addressable electrode chip[8, 27], first, dimensions 

involved in cell adhesion to and spreading on bio-functionalized patterns were 

considered. Patterned lines should be sufficiently small in width to allow precise 

control of subcellular stimulation. Mature focal adhesions in cells have a typical length 

of 2-10 µm[49].  

Optimal cell spreading has been reported at a total coated fibronectin area being above 

15%[50] and dots sizes spanning between 1-3 µm could allow focal adhesion formation if 

distances between individual dots remained below 25 µm. Fibroblast as well as cancer 

cell lines have been shown to be  adherent to patterns and arrays[8, 27, 50]. Such cells 

typically measure about 50 µm in length. Therefore, a width of 3 µm lines and 5 µm gap, 

corresponding to a 37.5% RGD coated area, was selected to allow for focal adhesion 

formation[49] and cell spreading[6, 50]spanning up to 5-7 lines of the array. The 

electrode chip was designed to allow a maximum area for cell adhesion to patterns as 

well as individual contact pads for each of the individual lines (Figure 5.2. A).  

 

Figure 5.3. Chip fabrication and platform set up. A) Electrode chip fabricated with 20 nm gold 
arrays. B) Bright field micrograph of fabricated array. C) SEM micrograph of electrode array. D) 
Assembled platform top view. Inside the well the lines of the array can be seen in the center. E) 
Bottom view of platform. F) Platform during cell experiments with electrochemical setup. The WE is 
directly connected to the desired gold pin to address a single line in the array. Platinum wire CE and 
Ag/AgCl RE are inserted into the well from the top. 
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Furthermore, a platform to connect the chip was designed to allow electrochemistry 

during simultaneous inspection using microscopy (Figure 5.2. B). The platform consists 

of 3 parts – a bottom part with an opening allowing for microscopy on the chip, a well 

for cell medium with space for a reference electrode (RE, Ag/AgCl) as well as a counter 

electrode (CE, platinum wire, Ø= 1 mm) and a top part that seals the well and includes 

28 compressible gold pins for connection with each one of the connection pads on the 

array as working electrode. For compatibility with imaging, the platform size was 

designed to fit standard Petri dish inserts available for most microscope setups.  

The electrode chip (Figure 5.3. A) was fabricated on either 525 µm or custom made 175 

µm thick borofloat glass wafers, which would allow imaging at higher resolution. Bright 

field images (Figure 5.3. B) and scanning electron microscopy (SEM) images (Figure 5.3. 

C) show successful fabrication of the microelectrodes. Electrode width as measured 

from SEM images was found to be an average of 3.04 µm and spaced by 4.92 µm on 

average. Figure 5.3.D shows the platform assembled with the array from the top and 

Figure 5.3.E from bottom. The platform is connected with the electrochemical setup 

under the microscope as shown in Figure 5.3.F. To properly seal the well to the 

electrode array and prevent leakage, the thermoplastic seal material Meltmount™ was 

tested. This thermoplast is liquid at temperatures above 65ºC and rapidly solidifies at 

room temperature. A clean glass slide was placed on a heat plate, heated to 70ºC, and a 

small piece of Meltmount™ was brought to melt on top of the glass and distributed to 

correspond to the size of the well bottom. The part of the well to be attached to the 

array was then carefully dipped into the melted thermoplast and rapidly transferred to 

the array. Nail polish was useful as an additional seal of the outer rim to prevent any 

leakage.  

In order to perform cell experiments, it is essential to verify the compatibility of all 

materials with viable cells. Onto cell culture dishes Meltmount™, nail polish and the 

polystyrene (PS) well were added and cells cultured for 1h. After 30 min of culture 

1:1000 Calcein AM and Ethidium homodimer 1 (EthD-1) were added to the medium and 

allowed to incubate with mouse myoblast C2C12 cells for an additional 30 min, where 

after cells were imaged using fluorescence imaging. If cells are viable Calcein AM 

appears as green fluorescence throughout the cell cytoplasm, while EthD-1 enters the 

nucleus only in dead cells and then fluoresces red. In presence of Meltmount™, nail 

polish and the PS well cells remained fully viable (Figure 5.4.) and cell morphology 

assessed by visual inspection did furthermore not differ from positive controls on 

tissue culture plastic after 1h. Subsequently, three well materials were tested in the 
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presence of cells for 24h.  Two plastic well materials that were made available through 

3D printing (Frosted Detail Plastic (FD), Acrylic Transparent Detail (TD)) and a workshop 

handcrafted PS well were tested as possible well material. All wells had been 

thoroughly cleaned prior to testing, however, the FUD and TD showed significant cell 

death after 24 hours in culture with the cells (Figure S1, Supporting Information). The 

PS well showed remarkably high cell viability even after 24 h of culture. The PS well was 

therefore used for subsequent experiments. 

 

Figure 5.4. C2C12 cell viability in platform. Bright field (top panel) and fluorescence micrographs 
(bottom panel) of cells cultured with (A) Meltmount™, (B) nail polish, (C) polystyrene well mounted 
with Meltmount™ adhesive and nail polish and on (D) +ve control tissue culture plastic for 1h. Cells 
are incubated with Ethidium homodimer-1 and calcein AM to indicate live cells (green) or dead (red). 

5.2.2. Cell adhesion  

Next, we tested if specific adhesion to the RGD-functionalized gold lines can be 

achieved and analysed the spreading ability of cells over multiple lines. First, the 

electrode chips were activated with piranha and glass areas functionalized with poly 

ethylene glycol (PEG) via silane groups, as reported earlier[48]. Gold lines were then 

rinsed to remove any physisorbed PEG, and were next functionalized with Mal-EG4, 

MV2+, CB[8] and Np-RGD. NIH 3T3 mouse embryonic fibroblasts were seeded onto the 

array and were allowed to adhere for 1 h, where after they were fixed and stained for 

actin, nuclei as well as focal adhesion marker vinculin. Cells spread well over multiple 

individual lines (Figure 5.4. A). Manual quantification of 85 cells showed that most cells 
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spread over 4-5 lines, but cells spreading over up to 9 lines was also observed (Figure 

5.4. B). On fluorescence micrographs the specificity of adhesion to lines was clearly 

seen (Figure 5.4. C) and dense assemblies of vinculin was exclusively found on the 

functionalized lines (Figure 5.4. D). These results indicate the specific interaction of 

cells with the RGD line patterns.  

 

Figure 5.4. Cell spreading to array. A) Bright field micrographs of 3T3 fibroblasts adhered to 

functionalized electrode array for 1h. B) Quantification of fibroblast spreading (n=85 cells) to 

number of functionalized lines on the electrode chip. C) Fluorescence micrograph of fibroblasts on 

arrays stained for actin (red), nuclei (blue) and D) additionally stained for vinculin (green). Inset 

shows relative intensity of vinculin measured across the white line. 

Positioning of intracellular structures such as the centrosome and Golgi apparatus in 

polarized cells occurs frontal relative to the nucleus towards the cell front.[51] To 

further evaluate the cell behaviour to the patterned lines, we evaluated the cellular 

orientation. To this end cells were seeded on functionalized arrays for 1h, fixed and 

stained for actin, the Golgi apparatus and nuclei (Figure 5.5. A). Cell orientation was 

measured from images as shown in figure 5.5. B, measuring the centre of the Golgi 
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relative to the electrode line starting from the centre of nuclei. Of n = 100 cells 

measured, the Golgi orientation was found to be random (Figure 5.5. C), indicating no 

particular cell alignment across or along the electrode patterns.   

 

Figure 5.5. Cell orientation on array. A) Fluorescence micrographs of 3T3 fibroblast adhered to 
functionalized arrays for 1h and stained for actin (red), nuclei (blue) and Golgi marker Giantin 
(green). B) Angle of Golgi was measured from center of nucleus through center of Golgi relative to 
the electrode orientation. C) Polar plot of Golgi orientation relative to the center of cell nuclei of n = 
100 cells.  

5.2.3. Subcellular cell release 

Next we tested the feasibility of addressing a well-controlled area of a single cell 

through a single electrode. As also shown in Chapter 3 and 4, an electrochemical 

potential of -0.5V can reduce MV2+ to its radical cation and induce dissociation of the 

supramolecular complex.[48, 52, 53] Stimulating only a single electrode in the array 

with this potential we anticipated controlled subcellular control of a single cell via 

selective release of Np-RGD peptides. To this end 3T3 fibroblasts were allowed to 

adhere to RGD-functionalized arrays pre-mounted to the platform for 1h. The platform 

was then placed under the microscope and connected to the electrochemical setup. An 

electrode connecting to a peripheral site of a spread cell was selected and connected 

as the working electrodes. Bright field microscopy was used to acquire an image every 

10 s during electrochemical activation of that electrode with -0.5 V for 5 min. The 

chronoamperometric measurement of the potential of -0.5V applied for 5 min is shown 

in Figure 5.6.A. 
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Figure 5.6. Subcellular cell release. A) Chronoamperometry of one electrode in the array at -0.5 V. B) 
Bright field images of cells recorded during electrochemical stimulation in an electrode that was not 
stimulated. C) Bright field images of cells recorded during electrochemical activation of an electrode 
that was not stimulated (orange arrow). Cell area was measured at different time points and 
represented as a graphical overlay. Arrows indicate areas retracted or protruded at the given time 
points. 

While cells, were not showing any retraction (Figure 5.6. B) on an electrode that was 

not activated, a clear retraction of the cell rear was seen at the electrode that was 

electrochemically activated (Figure 5.6. C). Over the course of 4 min the measured cell 
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retracted completely from the activated electrode, while the remaining cell body 

remained well attached and started forming new protrusions at different sites after 4 

min. 

5.3. Conclusions  

An electrode array chip that allows for individual addressability of a selected part of a  

single cell was designed and successfully fabricated using lift-off lithography on 

different thickness glass surfaces that are suitable for high resolution microscopy. The 

size of the array was suitable for efficient fabrication of multiple arrays simultaneously. 

The corresponding platform was designed for easy compatibility with most standard 

microscope setups as well as electrochemical setup. The materials selected were non-

cytotoxic.  Functionalization of the arrays with CB[8]-mediated RGD functionality was 

shown to induce specific cell adhesion to the arrays. Cells could form actin stress fibers 

as well as focal adhesions exclusively localized to the RGD-lines. The dimensions of line-

patterns were suitable for cells to spread over multiple lines. We were able to 

demonstrate the feasibility to address a selective part of a single cell using 

electrochemical stimulus. The developed setup is suitable for high resolution imaging, 

making it a promising platform to study mechano-biological signaling of cells. 
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5.5. Experimental section 

Reagents All chemical reagents were of analytical grade and were used without further 

purification. Cucurbit[8]uril, fetal bovine serum (FBS), L-glutamine, Dulbecco’s modified 

eagle medium (DMEM), bovine serum albumin (BSA), monoclonal vinculin-FITC 

antibody and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich. 6-

Hydroxy-2-naphthoic-acid and Triton X-100 were purchased from Acros Organics™. 

Maleimide-terminated disulfide and tetra(ethylene glycol) disulphide were purchased 

from ProChimia. Fmoc-protected amino acids and agents for peptide synthesis were 

purchased from Novabiochem and Multisyntech GmbH Chemicals. Meltmount™ and 

silicone rubber seal chambers were purchased from Electron Microscopy Sciences. 

Giantin (anti-Golgi) antibody was purchased from BioLegend®. Alexa488 Goat-anti-

rabbit secondary antibody was purchased from Invitrogen™.  
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Synthesis Thiol-functionalized methylviologen (MV2+) was synthesized as previously 

reported.[54] Peptide NpGGRGDSG (Np-RGD) was synthesized using an automatic solid 

phase synthetic robot (Syro II, Multisyntech) following standard Fmoc procedures on a 

Rink amide resin. Purification was done by reversed phase high-performance liquid 

chromatography (HPLC (Waters)), followed by analysis with analytical HPLC and mass 

spectrometry. Spectra can be found in Chapter 4.  

Electrode array fabrication Electrodes arrays were fabricated using a previously 

reported method[48, 55] on 4 inch borofloat (BF) glass wafers of 525 µm thickness or 

custom made thickness of 175 µm (Sydor Optics). BF wafers were dehydrated (5 min, 

120ºC), spin coated with hexamethyldisilazane (HDMS, 20 s at 5000 rpm), followed by 

spin coating with lift-off-resist (LOR) 5A (20 s at 5000 rpm) and baking for 10 min at 160 

ºC. A second resist layer was applied by spin coating with HDMS (5s at 400 rpm and 30 s 

at 4000 rpm) and Olin OPD 907-17 photoresist (5s at 400 rpm and 30 s at 4000 rpm) 

followed by a pre-bake step (1 min, 95 ºC). Exposure of the resist was done through a 

patterned photomask (4s, EVG EV620 mask aligner), followed by a post-bake (1 min, 120 

ºC) and development (etching) in Olin OPD 4262 (90s). The wafer was then rinsed in 

Milli-Q®, dried and cleaned with UV-ozone for 5 min. Metal deposition of 3 nm Cr and 17 

nm Au was done using a Balzers BAK 600 evaporator. Metal lift-off was done by 

acetone sonication (20 min), isopropanol sonication (10 min), rinsing in Milli-Q®,, drying 

and immersion in Olin OPD 4262 for 5 min. The wafer was cleaned in Milli-Q®, dried and 

diced using back-end dicing saw (Loadpoint Micro Ace 3). The custom thickness (175 

µm) BF wafers are highly fragile and were handled with extra care in each process. To 

keep all timings correct prior to exposure, no more than 2 wafers of this thickness were 

processed at a time for these steps.  
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Surface functionalization Gold arrays on glass were cleaned with piranha for 20-30 s, 

rinsed thoroughly with Milli-Q® and dried with N2 just prior to modification of the glass 

with poly ethylene glycol (PEG), as previously described.[56] Briefly, substrates were 

immersed in 2% (v/v) 2-[methoxy (polyethyleneoxy) propyl trimethoxysilane in 

anhydrous toluene for 2 h, rinsed in toluene and baked at 120 0C for 2 h. Prior to further 

functionalization of the gold arrays, substrates were sonicated 5 min in toluene, rinsed 

in toluene, rinsed in ethanol, sonicated in ethanol 5 min, rinsed in ethanol to remove 

any physisorbed PEG residues from the gold and dried with N2 or directly incubated in 

mixed 1mM 1% Mal-EG4 (99:1 of 1 and 2) in ethanol overnight. Following rinsing in 

ethanol, surfaces were dried and further incubated with freshly prepared 1 mM MV2+ in 

PBS for 1 h at room temperature (RT). Subsequently surfaces were rinsed thoroughly in 

Milli-Q®  water and dried under N2 stream. MV2+ functionalized samples were further 

incubated in 50 µM Np-RGD·CB[8] in 0.1% PBS for 30 min at RT, briefly dip-rinsed in 

MilliQ® and dried with N2. 

Platform assembly Prior to any experiment the well was sonicated for 15 min in 

Hellmanex® followed by sonication in Milli-Q® for 15 min, rinsing in Milli-Q®  and 

thorough drying. Other common cleaning procedures (e.g. ethanol or acetone followed 

by MilliQ® sonication) probed for re-use of the well were found to effect subsequent 

cell adhesion. A heat plate was brought to 70 ºC and a clean glass slide placed on top. A 

small piece of Meltmount™ was placed on the glass slide and the melted thermoplast 

carefully distributed over the glass slide to correspond to the area of the platform well. 

The platform well bottom was then carefully dipped into the liquid and rapidly 

transferred to the electrode array for bonding. The thermoplast solidifies rapidly, such 

that this step has to be performed with high precision and timing. Sealing the outside 

edge with nail polish has shown additional support against leakage. Alternatively 

double sided tape from Press-to-Seal Silicone Isolators (EMS) compatible for cell 

culture has been found appropriate as a seal between platform and well.  

Cell culture NIH 3T3 mouse embryonic fibroblasts (ATCC® CRL-1658™) were maintained 

in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with L-Glutamine, 1% v/v 

Penicillin/Streptomycin and 10% v/v Fetal Bovine Serum (FBS) and used between 

passage 15 and 30. Cells were sub-cultured on functionalized surfaces in serum 

depleted medium (without FBS).  

Immunocytochemical assays Cells adhered to the surfaces were fixed directly with cold 

4% Paraformaldehyde (PFA) for 10 min at room temperature (RT) and washed thrice in 

PBS. Cells were then permeabilized in 0.5% Triton X-100 and 5% Bovine Serum Albumin 
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(BSA) in PBS for 10 min at RT and blocked with 0.1% Triton X-100 and 5% BSA in PBS 

(PBST) for 60 min at RT. Immunocytochemical labelling of cell proteins was done in 

PBST at 1:200 for Vinculin-FITC 1 hour, 1:100 Phalloidin 568 (Actin), 1:500 Giantin (Golgi) 

and 1:400 secondary antibody (mouse-anti-rabbit Alexa 488). Subsequently cells were 

washed with PBS twice and labelled with 4',6-diamidino-2-phenylindole (DAPI) 1:1000 in 

PBS. Immunolabelled cells were imaged using an inverted fluorescence microscope 

with corresponding excitation and emission filters (Olympus, 1X71, Melville NY, USA).  

Cell viability assay Cells were grown on tissue culture substrates which were treated 

with components used in the platform assembly (Meltmount™, nail polish, well 

materials) for 24h in serum free DMEM. 1:1000 of calcein AM and ethidium homodimer 1 

were then introduced to the medium and cells cultured for additional 30 min, where 

after cells were imaged using an inverted fluorescence microscope with corresponding 

excitation and emission filters (Olympus, 1X71, Melville NY, USA).  

Scanning electron microscopy (SEM) Samples were mounted on SEM specimen 

mounts and directly imaged using a scanning electron microscope (XL 30 ESEM-FEG, 

Philips). 

Electrochemistry Chronoamperometry (CA) during cell release was done in serum free 

DMEM using an Autolab potentiostat with a setup using a platinum wire counter 

electrode (Ø=1mm) and Ag/AgCl wire (Ø 380 µm, A-M systems). 
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5.7. Supporting information  

 

Figure S1 Cell viability with different well materials. Overlay fluorescence micrographs of cells 

cultured on tissue culture plastic mounted with Meltmount™ plus three different wells (acrylic detail 
plastic (TD), frosted detail plastic (FUD) and polystyrene (PS) and Meltmount™ only for 24h. Cells are 
incubated with Ethidium homodimer-1 and calcein AM to indicate live cells (green) or dead (red). 

 

 



Chapter 6 

Cell adhesion and migration responses to host-guest 

immobilized RGD 

 

Supramolecular host-guest chemistry on surfaces allows for dynamic display of bioactive 

ligands for interaction with cells. Self-assembled monolayers (SAMs) were fabricated 

using host molecule cucurbit[8]uril CB[8] to  link  surface-bound methylviologen (MV2+) 

with RGD peptides (NON_COVRGD) in a non-covalent fashion. Furthermore RGD peptides 

were immobilized covalently (COVRGD) on maleimide functionalized SAMs. Cell adhesion to 

both types of monolayers was evaluated in depth and compared to surfaces coated with 

extracellular matrix (ECM) protein fibronectin. Observations made on NON_COVRGD SAMs 

were most closely following the observations made on fibronection coated surfaces. 

Differences in cell polarity and migration were evident between the non-covalently and 

covalently immobilized RGD. Fluid force microscopy (FluidFM) revealed that forces 

required to pull of cells from both surfaces are similar indicating that the integrin-RGD 

bond breaks rather than the non-covalent binding between host and guest.  
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6.1. Introduction  

Cell adhesion to the natural extracellular matrix (ECM) is largely mediated by a family of 

adhesion receptors, the integrins. These transmembrane receptors recognize and 

interact with specific sequences in ECM proteins and transmit signals to the 

intracellular space.[1, 2] The ECM derived amino acid sequence Arg-Gly-Asp (RGD) is the 

minimal adhesion domain of fibronectin[3] and has been employed to introduce 

integrin mediated effects on a large variety of surface engineered systems[4-6]. 

Changes in spatial availability and arrangement of RGD have been shown to influence 

cell adhesion, spreading, migration and stem cell differentiation, while also the affinity 

between RGD and integrins, e.g. linear versus cyclic RGD, plays a role in these cellular 

responses.[6-12] A great amount of studies have been dedicated to reveal new 

mechanisms of cell adhesion and migration by varying the affinity and spatial 

distribution of RGD ligands on integrin mediated signalling[4, 6, 13, 14], which are 

essential for advancing the design of biomimetic materials.  

As supramolecular platforms are, due to their dynamic nature of self-assembled 

multivalent binding interactions, interesting to investigate as new generation 

biomimetic materials[15-17], a deeper understanding of their interaction with cells is 

required for further advances. In the past years supramolecular assemblies for  

biological applications has gained increased interest and many examples have shown 

promising results of using a supramolecular non-covalent dynamic display of bioactive 

ligands[18-22].  

Meijer and coworkers used ureido-pyrimidinone (Upy) polymer matrices of hydrogen 

bond interactions to induce cell adhesion by co-functionalizing the polymer matrix with 

synergistic Upy-functionalized RGD and Pro-His-Ser-Arg-Asn (PHSRN) peptide 

sequences[19]. Stupp and coworkers linked a cyclodextrin host molecule to alginate 

matrix and used guest molecules naphthoic acid and adamantane functionalized with 

either RGD or non-functional RGE sequences, respectively, to switch surfaces between 

cell adhesive and cell repellent[18]. Cell adhesion and its controlled reversibility using 

supramolecular platforms has furthermore been shown by control of light[23, 24] and 

electrochemical switching[22]. Thus far, no reports investigate the integrin mediated 

response to RGD on supramolecular surfaces in greater detail and compare them to 

well-established covalent approaches. 

In Chapter 4, successful cell adhesion and focal adhesion (FA) formation was 

demonstrated on self-assembled monolayers (SAMs) using cucurbit[8]uril to 
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simultaneously include  two guests, methylviologen (MV2+) and naphthol (Np). 

Intriguingly, the non-covalent interactions between individual components involved in 

such supramolecular surfaces are relatively weak (1 - 10 µM) [25, 26] with a high rate of 

association (ka = 9.6 x 107 M-1 s-1) and dissociation (kd = 1200 s-1) for the second guest 

(Np).[27] This could potentially suggest that cell adhesion does not occur on these non-

covalently assembled surfaces to the same extent as it does on well-established SAMs 

where ligands are immobilized in a covalent manner.[5] [28]  

The successful cell spreading and FA formation on these supramolecular surfaces 

suggest that multivalent interaction of the cell-surface linkage overcome individual 

weak binding interactions between supramolecular host and guest. To what extent and 

whether this multivalent interaction effects FA formation, cell spreading and migration 

is subject of detailed studies that are described in this chapter.  

 

Figure 6.1. Scheme of A) components and B) surface assembly for NON_COVRGD  and COVRGD.  

Herein we aim to characterize cell adhesive response to non-covalently bound RGD 

employing supramolecular host-guest complexation and compare to covalently bound 

RGD using established methods (Figure 6.1.).  

6.2. Results and discussion  

6.2.1. Surface analysis 

Mixed self-assembled monolayers of tetra(ethylene glycol) and maleimide (Mal-EG4) 

were employed as a base layer to further functionalize gold surfaces with the cell-
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adhesive RGD peptide via a covalent (COVRGD) or non-covalent supramolecular 

approach (NON_COVRGD). NON_COVRGD follows the same immobilization strategy as 

described and characterized in more detail in Chapter 4. Briefly, a ternary complex of a 

cucurbit[8]uril (CB[8]) host and two aromatic guests, thiolated methylviologen (MV2+) 

and naphthol-coupled RGD (Np-RGD) peptide, were assembled onto the Mal-EG4 

monolayers (Figure 6.1. A). In the COVRGD approach, a cysteine-coupled RGD (C-RGD) 

was directly coupled to the Mal-EG4 monolayers (Figure 6.1. B).  

 

Figure 6.2. FT-IRRAS spectra of COVRGD (black) and NON-COVRGD (red). CB[8] peaks at 1477 cm-1 and 
1740 cm-1 and RGD peptide at 3300 cm-1.  

Formation of both monolayers was investigated with Fourier-transform infrared 

reflection-absorption spectroscopy (FT-IRRAS) (Figure 6.2.). On the NON_COVRGD 

surfaces, peaks of CB[8] can be observed at 1746 cm-1 (C-N) and 1470 cm-1 (C=O) were 

observed, while these peaks were absent on COVRGD. The peptide peaks were visible on 

both SAMs around 3300 cm-1 (N-H) as well as 1670 (C=N), 1544 (C-N) and 1270 cm-1 (C-

OH) [29]. Peaks in the region between 1195 and 1375 cm-1 are characteristic for single 

bond stretching of C-N, C-C and C-O bonds, found in CB[8] as well as the MV2+ and EG4 

alkane chains. Peaks between 2929 and 2865 cm-1 are characteristic for C-H stretching 

vibrations and can be assigned to alkane chains in Mal-EG4 in both NON_COVRGD and 

COVRGD. 

6.2.2. Cell adhesion  

Fibroblasts are commonly used for cell adhesion studies in response to RGD ligand 

variations [7-9, 30] and were therefore chosen for studies on NON_COVRGD and COVRGD 

surfaces. For variation of ligand density, three different densities of RGD were created 
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by changing the Mal-EG4 ratio (Figure 6.3. A) to generate low, medium and high density 

NON_COVRGD and COVRGD surfaces. Qualitative analysis was based on images of cells 

recorded at high magnification to evaluate the actin stress fibre formation and the FA 

assembly. As variations of the cell environment in terms of substrate stiffness and 

ligand availability have been linked to changes in cellular morphology, cell 

morphological analysis is a useful tool to quantitatively describe cellular responses[31-

33]. Quantitative evaluation of cell behaviour to NON_COVRGD and COVRGD surfaces was 

therefore based on cell shape analysis using open source software CellProfiler[34, 35].   

 

Figure 6.3. A) Scheme of quantitative cell adhesion analysis based on fluorescence imaging. 

Fluorescence micrographs of cells labelled with actin and DAPI were used as input for CellProfiler 

analysis of cell shape parameters. Three different densities of RGD were fabricated for each 

condition. B) Cell shape parameters analysed for description of cell morphology.  

Based on overlays of fluorescent images of cell nuclei (DAPI) and actin, CellProfiler was 

used to identify outlines of single cells and to calculate cellular shape parameters 

(Figure 6.3. A). Cell area, form factor, eccentricity and extent were chosen as 

parameters for characterization of cell shape (Figure 6.3. B). Form factor measures the 

circularity of cells, where a perfectly round circle equals 1. Eccentricity is the measure of 

cells displaying an ellipsoid morphology. It is given by the ratio distance between ellipse 

foci and its major axis length. A circle is identified as 0 and a perfect ellipse as 1. Extent 

is given by the cell area divided by the area of its bounding box. The closer to 1, the 
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more compact the cell is and the less cell protrusions or extensions are formed by the 

cells.  

To investigate whether there were any differences in adhesion of cells on NON_COVRGD 

and COVRGD, at first we evaluated cell adhesion and spreading. To this end, NIH 3T3 

mouse embryonic fibroblasts were cultured on NON_COVRGD and COVRGD surfaces as 

well as on fibronectin coated glass substrates and fixated at 15, 30, 45, 60 and 120 min. 

Cells were then stained for their nuclei, cytoskeletal actin and FA marker vinculin. 

 

Figure 6.4. 3T3 fiboblasts on fibronectin. Fluorescence micrographs of NIH 3T3 fibroblasts cultured 
on glass coated with 10 µg/ml fibronectin for 15, 30, 45, 60 or 120 minutes in serum free medium. 
Cells were labelled for their nuclei (blue), actin cytoskeletal protein actin (red) and focal adhesion 
protein vinculin (green). Magnified images show the vinculin staining in more detail.  

On reference fibronectin surfaces, cells started spreading at 15 min (Figure 6.4.), 

displaying a round morphology, characteristic for this initial stage of cell spreading[36, 

37]. At the cell periphery small dots of vinculin were identified as the initial nascent 

adhesion, likewise characteristic for this initial stage of adhesion[38, 39]. After 30 min, 

cells started to adopt a more spread and elongated shape and vinculin was found in 

elongated dot-like structures primarily in protruding lamellapodia[39]. Over 45, 60 and 

120 min the cell elongation matured only marginally. More visibly, actin stress fibres 

became more prominent throughout this time and vinculin adhesive assemblies 

matured into more elongated shapes found throughout the cell, characteristic for FA 

maturation[37, 39].  
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Figure 6.5.  3T3 on low density RGD SAMs. Fluorescence micrographs of NIH 3T3 fibroblasts cultured 
on low density (0.05%) COVRGD and NON_COVRGD  for 15, 30, 45, 60 or 120 minutes in serum free 
medium. Cells were labelled for their nuclei (blue), actin cytoskeletal protein actin (red) and focal 
adhesion protein vinculin (green). Magnified images show the vinculin staining in more detail.  

Cells cultured on low density NON_COVRGD and COVRGD are shown in Figure 6.5. After 15 

min of initial adhesion, cells attached to both NON_COVRGD and COVRGD, however, still 

displayed a spherical morphology with only minor peripheral cell spreading on both 

surfaces. At this stage neither of the two surfaces displayed any peripheral vinculin. 

After 30 min, cells on NON_COVRGD spread significantly, while cells on COVRGD barely 

spread and the cell body still remained largely spherical. At 45 min small structures of 

vinculin were observed on both surfaces with those on NON_COVRGD  slightly more 

elongated than those on COVRGD. At 60 min the vinculin FAs were still more pronounced 

on NON_COVRGD, while they appeared dot-like on COVRGD. At 120 min, the FAs were 

matured and became comparable in size for both types of surfaces and compared well 

with the FA sizes seen on fibronectin coated substrates.  

To evaluate the changes in the cell shape over time quantitatively, CellProfiler analysis 

of n≥ 592 cells was performed and compared to cells cultured on fibronectin coated 
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glass (Figure 6.6.). Cells reached a mean maximum size of 3185 µm2 on COVRGD, 3619 

µm2 on NON_COVRGD and 4106 µm2 on fibronectin after 120 min of adhesion, which is in 

agreement with well spread fibroblast cell sizes[7]. Cells on fibronectin spread fastest 

within the initial 15 min, reaching already a mean 46.1% of their final size compared to 

31.3% and 28.9% for NON_COVRGD and COVRGD, respectively.  

 

Figure 6.6. Quantitative analysis of 3T3 on low density RGD SAMs and fibronectin. Quantitative cell 
shape analysis of NIH 3T3 fibroblast adhered to low density (0.05%) COVRGD  (blue) and NON_COVRGD 
(red) and glass coated with 10 µg/ml fibronectin(green) for 15, 30, 45, 60 and 120 minutes. Each 
diamond represents a single cell, for n ≥ 592 cells analyzed for each condition. The black line 
represents the mean. 

At 30 min cells on both fibronectin and NON_COVRGD reached a large proportion of their 

mean final size, 79.2% and 71.5%, whereas cells on COVRGD only reached 48.1% of their 

final size at this time point. Only cells that have sufficient RGD surface density available 

have been reported to already reach a plateau in cell spreading area within initial time 
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of adhesion[7]. From the analysis of the cell eccentricity the cellular shape appeared 

elongated (ellipsoid) after 120 min on all surfaces with values of 0.73 on COVRGD and 

0.77 on both NON_COVRGD and fibronectin. Cell circularity (form factor) was very similar 

on both NON_COVRGD and COVRGD after 120 min, 0.33 and 0.35, respectively, and slightly 

less elongated than cells on fibronectin (0.26).  

 

Figure 6.7. 3T3 on medium density RGD SAMs. Fluorescence micrographs of NIH 3T3 fibroblasts 
cultured on medium density (0.1%) COVRGD and NON_COVRGD  for 15, 30, 45, 60 or 120 minutes in 
serum free medium. Cells were labelled for their nuclei (blue), actin cytoskeletal protein actin (red) 
and focal adhesion protein vinculin (green). Magnified images show the vinculin staining in more 
detail.  

A quantitative measure for assessing the ability of cells to form protrusions can be 

achieved by evaluating the shape parameter “extent”. Over time cells on all surfaces 

gradually changed from having a more compact circular shape to a more elongated 

shape with protrusions. On fibronectin coated surfaces a significant change was 

already visible after 30 min, whereas this change was more gradual over time for cells 

on either NON_COVRGD and COVRGD SAMs. The final extent of protrusions was slightly 

higher on NON_COVRGD (0.46) than on COVRGD (0.49), however, fibronectin coated 

surfaces showed a higher value of 0.40.  
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Figure 6.8. Quantitative analysis of 3T3 on high medium RGD SAMs and fibronectin. Quantitative 
cell shape analysis of NIH 3T3 fibroblast adhered to medium density (0.1%) COVRGD  (blue) and 
NON_COVRGD (red) and glass coated with 10 µg/ml fibronectin(green) for 15, 30, 45, 60 and 120 
minutes. Each diamond represents a single cell, for n ≥ 493  cells analyzed for each condition. The 
black line represents the mean.  

In all parameters evaluated differences were observed between SAMs onto which RGD 

was immobilized covalently or non-covalently. Interestingly, cells on the NON_COVRGD 

SAMs behave more similar to those on fibronectin coated surfaces than cells on COVRGD 

SAMs. Cells cultured for 15, 30, 45, 60 or 120 minutes on medium density NON_COVRGD 

or COVRGD SAMs are shown in Figure 6.7. On low density NON_COVRGD or COVRGD, cells 

were still somewhat spherical after 15 min, although initial attachment was evident on 

both types of surfaces. At 30 min, cells on NON_COVRGD SAMs have a significantly more 

spread morphology compared to the COVRGD SAMs. After 30 min of adhesion also cells 

on COVRGD SAMs were more spread and on both surfaces small vinculin adhesions were 
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observed along the cell peripheral lamellipodia. After 60 min, vinculin adhesions were 

more pronounced on NON_COVRGD SAMs, a state reached on COVRGD only after 120 min. 

Quantitative analysis of cell shape with CellProfiler analysis of n ≥ 493 cells in 

comparison to fibronectin is shown in Figure 6.8. Cells cultured on COVRGD spread to a 

final size of 3352 µm2 and on NON_COVRGD a size of 3663 µm2, and thereby both more 

similar to fibronectin (4106 µm2) with increasing surface density of RGD. As already 

observed from the qualitative analysis in Figure 6.7., the onset of spreading of COVRGD 

was delayed when compared to NON_COVRGD. At 30 min cells on NON_COVRGD already 

reached 75.1% of its final size also on this surface density, while cells on COVRGD only had 

spread to 39.8% of their final size.  

 

Figure 6.9. 3T3 on high density RGD SAMs. Fluorescence micrographs of NIH 3T3 fibroblasts cultured 
on high density (1%) COVRGD and NON_COVRGD  for 15, 30, 45, 60 or 120 minutes in serum free medium. 
Cells were labelled for their nuclei (blue), actin cytoskeletal protein actin (red) and focal adhesion 
protein vinculin (green). Magnified images show the vinculin staining in more detail.  

Cells on all surfaces at high RGD density were  more elongated in shape than they were 

circular after 120 min of adhesion based on their eccentricity and form factor. This 

behaviour is comparable to that on surface at lower RGD density. Cells on COVRGD were 
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the least elongated (eccentricity mean 0.75, form factor mean 0.32) when compared to 

NON_COVRGD SAMs (eccentricity mean 0.75, the form factor mean 0.32) and fibronectin 

coated surfaces (0.77 and 0.26, respectively). Cellular extent started out to be similarly 

compact between cells on all types of surfaces at 15 min, and was again more rapidly 

changing for cells cultured on fibronectin coated surfaces. The cellular extent was more 

homogeneous on NON_COVRGD SAMs (0.41) and fibronectin coated surfaces (0.40) 

when compared to that on COVRGD SAMs (0.46). Also for this high surface density of 

RGD, cells on NON_COVRGD SAMs behaved more similar to cells on fibronectin coated 

surfaces when compared to COVRGD SAMs.  

 

Figure 6.10. Quantitative analysis of 3T3 on high density RGD SAMs and fibronectin. Quantitative 
cell shape analysis of NIH 3T3 fibroblast adhered to high density (1%) COVRGD  (blue) and NON_COVRGD 
(red) and glass coated with 10 µg/ml fibronectin (green) for 15, 30, 45, 60 and 120 minutes. Each 
diamond represents a single cell, for n ≥ 303  cells analyzed for each condition. The black line 
represents the mean. 
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Cells were cultured for 15, 30, 45, 60 or 120 minutes on high density COVRGD or 

NON_COVRGD SAMs and then imaged (Figure 6.9). On these higher density RGD 

surfaces, cells on both COVRGD and NON_COVRGD SAMs were  spread well after 15 min. 

Small dot-like vinculin adhesion structures were observed at the cell periphery. Upon 

increasing the adhesion time, these vinculin adhesive structures matured, however, 

differences in their size and appearance were observed when comparing COVRGD and 

NON_COVRGD SAMs While vinculin adhesions on COVRGD SAMs matured into compact 

elongated dots, the vinculin structures on NON_COVRGD SAMs  became much longer 

while they remained slightly thinner. Quantitative analysis of cell shape with CellProfiler 

analysis of n ≥ 303 cells in comparison to fibronectin coated surfaces is shown in Figure 

6.10.  

 

Figure 6.11. Cell shape means on low, medium and high density RGD SAMs and fibroectin. Plots of 
data means (stars) from CellProfiler shape analysis combined for low, medium, high RGD densities of 
COVRGD (C) and NON_COVRGD (NC) and compared to fibronectin (Fn). Dashed lines serve as guidelines 
to follow the changes over time.   
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Cells grown on these high density RGD surfaces spread to final sizes of 3265 µm2 on 

COVRGD SAMs and 2910 µm2 on NON_COVRGD SAMs, which is smaller than the sizes 

reached on the medium density RGD. Furthermore, cells on NON_COVRGD SAMs already 

reached 100% of their final size after 30 min, then had a minor mean size drop at 45 and 

60 min. For cells on COVRGD SAMs the size only reached 70.1% after 30 min, which is 

however more than on the lower density RGD surfaces. Cells on NON_COVRGD SAMs 

were the most ellipsoid, elongated in shape after 120 min (0.83) when compared to 

COVRGD SAMs (0.81) and fibronectin coated surfaces (0.77). The form factor was 

however more similar between NON_COVRGD SAMs (0.27) and fibronectin surfaces 

(0.26) in comparison to COVRGD  SAMs (0.35) at 120 min.  

Throughout the earlier time points however the cell roundness was not that similar, 

being closest between NON_COVRGD and fibronectin. When considering the cell extent, 

cells on COVRGD were most compact after 120 min (0.57), when compared to 

NON_COVRGD (0.47) and fibronectin (0.40). Also at this high surface density, cells on 

NON_COVRGD seem to resemble behaviour on fibronectin the closest.  

To take a little closer look at the effect of RGD densities on COVRGD and NON_COVRGD in 

comparison to fibronectin, the means for different surfaces and densities are given in 

Figure 6.11. In terms of cell size, cells on the low and medium density NON_COVRGD were 

most similar to that of fibronectin. For high density NON_COVRGD, the cell size initially 

closely resembled the spreading rate of fibronectin, but then experienced a significant 

drop at 45 min of cell adhesion.  

Cell sizes on COVRGD ended to be very similar for all densities, where the high density 

RGD surfaces however induced the largest amount of spreading in the initial cell 

spreading phases. For lower density RGD, typically a decrease in cell size would be 

observed[7], however, these studies were done on highly ordered RGD ligand spacings, 

which cannot be readily be assumed for our fabrication technique. Interestingly, cells 

on medium and low density NON_COVRGD are the ones resembling behaviour of cells on 

fibronectin the closest, also when compared to cells on COVRGD. Integrin diffusion 

within the plasma membrane is reduced when interacting with surface bound ligands 

compared to interactions with solution based ligands.[40] Furthermore surface 

confinement is thought to decrease the bond stability creating an increased off-

rate.[40] Possibly, the dynamic nature of NON_COVRGD might have an effect on the 

diffusion of ligands when compared to ligands bound fully covalent as in COVRGD.  
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To get a closer insight whether diferrences in cell behaviour would also be evident over 

time on COVRGD and NON_COVRGD surfaces, we employed live cell imaging. As we were 

intrigued by the differences in focal adhesion structures and shape of lamella on 

NON_COVRGD substrates compared to COVRGD, lamellae dynamics of NIH 3T3 fibroblasts 

were monitored using bright field microscopy after 1 hour of initial cell adhesion to high 

density COVRGD and NON_COVRGD surfaces (Figure 6.12). Cells on COVRGD stayed more 

compact throughout the monitoring of 30 min. Measuring 4 lamella protrusion and 

retraction over 30 min additionally reflect this observation. Cells on NON_COVRGD in 

contrast had multiple smooth lamellae forming, which were protruding and retracting 

significantly throughout the initial 30 min. The analysis of multiple lamellae also shows 

an about double distance extension for cells on NON_COVRGD surfaces. The number and 

amount of protrusions was found to be enhanced on homogeneously coated RGD 

surfaces or where the RGD density was found sufficient, when compared to 

insufficiently spaced RGD ligand surfaces[7].  

 

Figure 6.12. Lamella protrusions on RGD SAMs. NIH 3T3 fibroblasts adhered to high density COVRGD 

and NON_COVRGD surfaces for 1 h were monitored for 30 min. Analysis of relative lamellipodial 
protrusion and retraction of the cells over 30 min at 5 min intervals is shown in the plot on the right. 

To further look at the cell dynamics, NIH 3T3 fibroblasts were transiently transfected 

with LifeActGFP using the lipofection method[41] and monitored using a fluorescence 

microscope. Successfully transfected cells were trypsinized using a diluted trypsin 

solution (0.05%) to re-plate the cells on the NON_COVRGD and COVRGD surfaces. Cell 

morphology and ability to spread was found more appropriate using this less 

concentrated trypsin solution. Re-plated cells on NON_COVRGD or COVRGD were allowed 

to adhere for 1 hour, prior to monitoring under the fluorescence microscope. Figure 

6.13. shows cells on NON_COVRGD and COVRGD monitored over the course of 90 min.   
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Figure 6.13. Live cell imaging of cellular actin after 1 h adhesion to RGD SAMs. Fluorescence 
micrographs of LifeActGFP transfected NIH 3T3 fibroblasts on medium density COVRGD and 
NON_COVRGD. White arrows indicate enforcement in actin intensity from previous time point. 
Relative cell area shape is given by the outline with relative percentile change calculated. 
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Figure 6.14. Live cell imaging of cellular actin after 4 h adhesion to RGD SAMs. Fluorescence 
micrographs of LifeActGFP transfected NIH 3T3 fibroblasts on medium density COVRGD and 
NON_COVRGD. White arrows indicate enforcement in actin intensity from previous time point. 
Relative cell area shape is given by the outline with relative percentile change calculated. 
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While cells on COVRGD had multiple clearly visible actin fibres across the cell, cells on 

NON_COVRGD had primarily thinner fibres and concentrated actin intensity was mainly 

found along the cell periphery. Cells on COVRGD displayed furthermore a larger amount 

of new actin dense assemblies between the different time points (Figure S1, Supporting 

Information). When comparing the cellular protrusions forming over the course of 90 

min on different types of SAMs, cells monitored on NON_COVRGD had a larger change in 

the relative cell area between the measured time points (total 36.1% change in cell area) 

when compared to cells on COVRGD (total 27.0%). This correlates with the measurement 

of cell lamella movement. When cells were allowed to adhere for longer time, 4 hours 

prior to the start of imaging, the differences between NON_COVRGD and COVRGD were 

less prominent (Figure 6.14.). The relative cell area change over 90 min was 34.9% and 

37%, respectively. Cells on both surfaces had visible actin fibre formation, which were 

seen to remodel and enforce over time (Figure S2, Supporting Information).  

 

Figure 6.15. Cell polarization on high density RGD SAMs. Fluorescence micrographs represent 3T3 
fibroblasts on high density COVRGD or NON-COVRGD after 1 hour adhesion and immune-labeled for 
actin (red), Golgi (green) and nuclei (blue). Using CellProfiler Analyst n ≥ 100 cells for each condition 
from 3 independent experiments were classified based on having a polarized cell shape.  
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Further representative cells monitored on NON_COVRGD and COVRGD are shown in Figure 
S3, Supporting Information. 

6.2.3. Cell polarity 

In cell migration cells take up a polarized shape that is associated with a characteristic 

triangular shape with a broad lamella in the front and a tip shaped narrow rear.[39, 42, 

43] In the front the membrane extends and enforces attachment to ultimately allow 

movement of the cell body and de-attachment of the rear. Positioning of intracellular 

structures such as the centrosome and Golgi apparatus in polarized cells is frontal 

relative to the nucleus towards the cell front.[44] 

NIH 3T3 fibroblasts cultured on NON_COVRGD and COVRGD for 1 hour and stained for 

actin, nuclei and Golgi apparatus, did show differences in cell morphology and also in 

location of the Golgi (Figure 6.15.). Quantifying whether the location of Golgi being 

directional towards the front lamella from fluorescence images (n ≤ 69 cells per 

condition) showed a higher amount of cells having Golgi localized frontal on 

NON_COVRGD (72.61%)  then on COVRGD (21.73%). To test this further, we used CellProfiler 

Analyst to identify typically polarized cell shapes in a population of n≤100 cells for each 

surface condition. Classified training using CellProfiler Analyst was used identify 

polarized cell shapes. Results of the analysis confirmed the clear differences between 

the extent of cell polarization on NON_COVRGD (59%) and COVRGD (21%). 

6.2.4. Single cell migration   

As cells were found to be more polarized on NON_COVRGD, we investigated single cell 

migration as a next step. To this end NIH 3T3 fibroblasts were monitored over the 

course of 10 hours starting from initial attachment and spreading to the surfaces. 

Typical cell trajectories for cells on fibronectin and different densities of COVRGD and 

NON_COVRGD are shown in Figure 6.16. While cells on low density COVRGD travelled 

larger distances compared to cells on NON_COVRGD, cells on medium density showed 

the reverse response, travelling larger distances on NON_COVRGD when compared to 

COVRGD. For the high density COVRGD and NON_COVRGD the differences were not 

pronounced, cells on both surfaces did not move as large distances as seen possible on 

the lower density surfaces. Another observation that we made was  that cells on 

NON_COVRGD would, even though not moving large distances, remodel their shape and 

direction, while cells on COVRGD generally remaining more static. Cell migration speeds 

calculated from 7-10 cell trajectories per condition were showing a similar density 
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dependent response. For NON_COVRGD the speeds were behaving opposite for the 

different densities when compared to COVRGD.  

 

Figure 6.16. Cell migration tracks of 3T3 fibroblasts on RGD SAMs. Representative trajectories of 
NIH 3T3 fibroblasts monitored on different densities of COVRGD (shades of blue) or NON_COVRGD 

(shades of red) compared to fibronectin coated glass surfaces (10 µg/ml) over the time course of 10 
hours. 

While cells on NON_COVRGD had the highest migration speed at medium RGD density, 

COVRGD had its highest cell speed on lowest density RGD. At the highest density RGD, 

where we had observed clear differences in lamella protrusions and cell polarity on 

NON_COVRGD and COVRGD, the cell speeds were rather similar on both surfaces. Cells on 

fibronectin had, compared to both surfaces, the lowest migration speed with an 

average of 22 µm/h. This concentration of fibronectin has been reported to be 
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correlated with a relatively high migration speed amongst a range of fibronectin 

concentrations.[45, 46] The highest speed was found on medium density NON_COVRGD 

with an average of 56 µm/h, followed by low density COVRGD with 54 µm/h. When 

looking at different concentrations of fibronectin or fibrinogen a biphasic migration 

behaviour of cells has been found, encountering the highest speed on an intermediate 

ligand density[45, 46]. Furthermore ligand clustering and not alone overall RGD density 

was found to have an effect on cell migration speed[13].  

 

Figure 6.17. Average cell migration speeds of 3T3  fibroblasts on RGD SAMs and fibronectin. NIH 
3T3 fibroblasts migration speed on different densities COVRGD (blue) or NON_COVRGD (red), compared 
to fibronectin (green) coated glass surfaces (10 µg/ml) over time course of 10 hours (n ≥ 7 cells per 
condition). 

6.2.5. Force measurements  

To gain understanding of the forces involved between adhered cells and 

supramolecular surfaces, we used a relatively new technique called Fluid force 

microscopy (FluidFM).[47] As shown in Figure 6.19. A, it consists of an atomic force 

microscopy (AFM) cantilever with an integrated microchannel. The device functions as 

an AFM with the possibility to perform aspiration, by applying negative pressure and 

dispensing, by applying positive pressure through the microchannel like a miniscule 
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pipette. For cell-adhesion force measurements,[48] the cantilever is slowly lowered 

until the opening of the microchannel makes contact with a cell. A negative fluid 

pressure is then applied in the microchannel to “grip” the cell, after which the 

cantilever is slowly raised again, resulting in the cell being pulled off the surface as 

shown in Figure 6.19. B. As the cantilever is raised, it gets bent since the cell is still 

“stuck” to the surface with a certain force. Once the force required to bend the 

cantilever exceeds the cell-adhesion force, a rupture event occurs, causing the cell to 

be picked up from the surface and the cantilever to return to its original shape. 

 

Figure 6.18. Cell-adhesion force measurement on RGD SAMs. A) Schematic depicting the FluidFM 

system for cell-adhesion force spectroscopy. B) Representative pictures from a cell pick-up 

experiment. The black bar is the micro-channelled cantilever and the cell immediately to the left of it 

in the “Before pick-up” image is the one that was picked up. C) Representative Force-Distance plot 

beginning right after the cantilever gripped the cell. Box plots of the D) rupture force, E) distance 

and F) work done in the cell pick-up experiments (49 cell in NON_COVRGD, 40 cells in COVRGD). The 

top and bottom of the boxes correspond to the first and third quartiles, the line in the middle 

corresponds to the median and the whiskers represent the standard deviation of the data sets. 
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The bending of the cantilever is measured by optical beam deflection (OBD) in which an 

AFM laser beam is aligned to reflect off of the cantilever’s tip onto a photo-

detector.[49] The position of the beam on the detector is measured in volts (V).  

To determine the distance by which the cantilever tip moves, the sensitivity (S) is 

measured beforehand in nm/V by lowering the cantilever on a hard surface and 

allowing it to bend.  

This distance can then be converted into force (F) using the spring constant of the 

cantilever (k) determined using the Sader method[50] with the units nN/nm. 

Consequently, the force is measured using eq 6.1. 

𝐹 = 𝑉 ∙ 𝑆 ∙ 𝑘 eq 6.1 

A typical force spectroscopy curve from such cell pick-up experiments is presented in 

Figure 6.19. C, in which the initial drop in force represents the bending of the cantilever 

that is being raised after it has “gripped” a cell. The rupture force is the point where 

the force to bend the cantilever equals the cell-adhesion force. Beyond this point, the 

cantilever picks up the cell and returns to its original shape, represented by the force 

curve returning to its initial value. The total distance required to pull the cell off the 

surface is measured from the initial point where the cantilever bending began to when 

it reaches its original shape once more. The area of the shaded region in the force-

distance curve represents the work done by the cantilever to remove the cell from the 

surface and corresponds to the binding energy of the cell with the surface. 

Using this tool, we performed cell-adhesion force measurements on high density 

NON_COVRGD and COVRGD surfaces (Figure 6.18. A). Mouse myoblast C2C12 cells were 

allowed to adhere to these surfaces and spread for an hour after which pick-up 

experiments were done for a time period of up to 4 hours. To verify cell spreading and 

FAs of C2C12 cells on NON_COVRGD and COVRGD surfaces during this time frame f 

measurements, cells were allowed to adhere for 1, 2, 3 and 5 h and were stained for 

actin, nuclei and vinculin. C2C12 formed FAs and actin networks during the course of 

these several hours tested (Figure 6.19.).  

In total 49 cells were successfully picked up from non-covalent surfaces and 40 cells 

from covalent surfaces. From Figure 6.18 D-F, it can be seen that the force, distance and 

work required to pick-up the cells from both surfaces are very similar. Since the data 

sets follow Gaussian distribution with outliers, the non-parametric Mann-Whitney test 

was applied and it was determined that significant differences did not exist between 
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the two types of surfaces for all 3 parameters. These results suggest that, even though 

the components in the non-covalent surfaces are held together by relatively weak 

forces, cells are still able to adhere considerably well. In the covalent system, the 

weakest link in cell-adhesion is the non-covalent interaction between RGD and integrins 

on the cell surface. The rupture force measured during cell pick-up experiments would 

correspond to the breaking of all these interactions.  

 

Figure 6.19. C2C12 adhesion to RGD SAMs. C2C12 adhesion to COVRGD or NON_COVRGD. Cells were 
stained for actin (red), vinculin (green) and cell nuclei (blue).  

Since the rupture force in the non-covalent system is similar to that of the covalent 

system, it suggests that the supramolecular ternary complex is comparably or more 

stable when compared to the RGD-integrin complex. Force measurement studies of 

adamantanes (Ad) with β-cyclodextrin (β-CD) have shown that the rupture force of the 

Ad-β-CD complex is about 100 pN.[51] Since the association and dissociation rate 

constants of this complex (ka = 108 M-1 s-1, kd = 2000 s-1)[51] is in a similar range to the 

rate constants between Np and the CB[8]-MV2+ complex (ka = 9.6 x 107 M-1 s-1, kd = 1200 

s-1),[27] it is fair to assume that the rupture force of the ternary complex could be 

comparable based on a theory developed by Evans and Ritchie [52] On the other hand, 

force spectroscopy studies of individual RGD-integrin complexes have shown that the 

rupture forces required to disassemble this complex are generally less than 100 pN.[9, 

53-55] This supports the idea that individual RGD-integrin interactions are weaker than 

the non-covalent interactions involved in individual supramolecular ternary complexes, 

indicating that the measured rupture forces correspond to the rupture of the RGD-
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integrin complexes in both the covalent and non-covalent systems. These results go to 

show that such non-covalent systems, with dynamic and responsive components, can 

be constructed with similar cell-adhesive properties compared to relatively passive but 

conventional covalent systems.  

 

6.3. Conclusions 

In this work we could show that supramolecular non-covalently immobilized ligands 

can induce cell adhesion, actin stress fibre formation, FA formation, polarization as well 

as cell migration. Furthermore the behaviour was shown to be different from that on 

COVRGD and surprisingly more similar to that on native fibronectin when looking at cell 

morphology. Cell adhesive behaviour on NON_COVRGD was comparable with studies 

reporting functional cell responses to adequately spaced RGD ligands[7, 13]. Further 

analysis of underlying mechanisms will be of interest to investigate this non-covalent 

host-guest approach of ligand immobilization for new applications as tool for cell 

adhesion studies and regenerative materials. 
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6.5. Experimental section  

Reagents All chemical reagents were of analytical grade and were used without further 

purification. Cucurbit[8]uril, fetal bovine serum (FBS), L-glutamine, Dulbecco’s modified 

eagle medium (DMEM), bovine serum albumin (BSA), bovine fibronectin, monoclonal 

vinculin-FITC antibody and phosphate buffered saline  (PBS), Lipofectamine 2000 were 

purchased from Sigma-Aldrich. 6-Hydroxy-2-naphtoic-acid and Triton X-100 were 

purchased from Acros Organics. Maleimide-terminated disulfide and tetra(ethylene 
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glycol) disulphide were purchased from Prochimia. Fmoc-protected amino acids and 

agents for peptide synthesis were purchased from Novabiochem and Multisyntech 

GmbH Chemicals. Mounting medium was purchased from Polysciences. 20 nm gold 

substrates were purchased from Ssens (Enschede, Netherlands). Meltmount™ and 

silicone rubber seal chambers were purchased from Electron Microscopy Sciences. Live 

Cell Imaging Solution was purchased from LifeTechnologies™. Opti-MEM® was 

purchased from Gibco. Giantin (anti-Golgi) antibody was purchased from BioLegend® 

and Alexa488 secondary mouse-anti-rabbit antibody from Invitrogen. 

Synthesis Thiol-functionalized methylviologen (MV2+) was synthesized as previously 

reported.[56] Peptide NpGGRGDSG (Np-RGD) was synthesized using an automatic solid 

phase synthetic robot (Syro II, Multisyntech) following standard Fmoc procedures on a 

Rink amide resin. GGCGGRGDS (C-RGD) was synthesized with a MultiPep RSi, Intavis 

Bioanalytical Instruments using standard solid phase peptide synthesis protocols on a 

Wang resin. Purification was done by reversed phase high-performance liquid 

chromatography (HPLC (Waters)), followed by analysis with analytical HPLC and mass 

spectrometry. Spectra can be found in Chapter 4.  

Surface preparation 20 nm coated gold surfaces were cleaned with piranha for 10-20 s, 

rinsed thoroughly in MilliQ water, rinsed in ethanol and incubated overnight in 0.05%, 

0.1% or 1% 1 mM Mal-EG4 in ethanol. Following rinsing in ethanol, surfaces were dried 

and further incubated with either freshly prepared 1 mM MVSH in PBS (NON_COVRGD) 

or 1 mM C-RGD (COVRGD) in PBS for 1 h at room temperature (RT). Subsequently 

surfaces were rinsed thoroughly in milliQ water and dried under N2 stream. MVSH 

functionalized samples were further incubated in 50 µM Np-RGD·CB[8] in 0.1% PBS for 

30 min at RT (NON_COVRGD).  

FT-IRRAS For the measurements, 200 nm gold coated Si wafers of sizes 2x2 cm were 

functionalized with NON_COVRGD and COVRGD as described above. Fourier Transform 

Infrared Reflection Absorption Spectroscopy (FT-IRRAS) was carried out using a 

Thermo Scientific TOM optical module. Polarized FT-IRRAS spectra were obtained by 

1000 scans at 2 cm-1.  

Cell culture NIH3T3 fibroblasts were maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with L-Glutamine, 1% v/v Penicillin/Streptomycin and 

10% v/v Fetal Bovine Serum (FBS) and used between passage 15 and 30. Cells were sub-

cultured on CovRGD and Non_CovRGD surfaces at 10,000 cells/cm2 in serum depleted 

medium (without FBS). C2C12 mouse myoblasts, used for the force measurements, 
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were maintained in DMEM as above and sub-cultured on COVRGD and NON_COVRGD in 

serum free media prior to force measurements or immunostaining. 

Immunocytochemical assays Cells adhered to the surfaces were fixed directly with cold 

4% Paraformaldehyde (PFA) for 10 min at room temperature (RT) and washed thrice in 

PBS. Cells were then permeabilized in 0.5% Triton X-100 and 5% Bovine Serum Albumin 

(BSA) in PBS for 10 min at RT and blocked with 0.1% Triton X-100 and 5% BSA in PBS 

(PBST) for 60 min at RT. Immunocytochemical labelling of cell proteins was done in 

PBST at 1:200 for Vinculin-FITC 1 hour, 1:100 Phalloidin 568 (Actin), 1:500 Giantin (Golgi) 

and 1:400 secondary antibody (mouse-anti-rabbit Alexa 488). Subsequently cells were 

washed with PBS twice and labelled with DAPI 1:1000 in PBS.  

Image analysis Immunolabeled cells were imaged using an inverted fluorescence 

microscope with corresponding excitation and emission filters (Olympus, 1X71, Melville 

NY, USA). For shape analysis, 5-7 images taken per substrate condition. 2 independent 

experiments were done per condition. Fluorescence microscopy images of actin and 

DAPI were used for Cellprofiler based shape analysis.  

Plasmid expression LifeActGFP plasmid was transformed into NovaBlue 

ultracompetent cells (Novagen®) using the standard protocol and colonies were 

allowed to grow on LB Agar plates with 30 µg/ml Kanamycin. Colonies were inoculated 

in LB media with kanamycin and the cultures were grown in a shaker incubator at 37oC, 

250 rmp overnight. Plasmids were extracted using QIAspin miniprep kit (Qiagen) 

following standard protocols and final plasmid solutions were made in MilliQ water. 

Sequencing was done by Eurofins MWG operon and the gene sequences were found to 

be correct. 

Cell transfection 3T3 NIH fibroblasts were cultured in 24 wells overnight to yield a 50-

80% confluent cell culture prior to transfection. For transfection of a single 24 well, 0.5 

µl Lipofectamine™ 2000 (LF) was diluted in 25 µl Opti-MEM™ medium and the 

LifeActGFP plasmid equivalent to 200 ng/well was diluted in another 25 µl Opti-MEM™. 

Both LF and plasmid solution were then mixed 1:1 and allowed to incubate for 45 min. 

Subsequently the mix of total 50 µl is added to the 24 well with cells and incubated for 

at least 16 hours.  

Live cell imaging NIH 3T3 fibroblasts cultured in 24 wells overnight, transfected with 

LifeActGFP as described above and detached using 0.05% trypsin. Transfected cells 

were re-plated on COVRGD or NON_COVRGD and allowed to adhere for 1 h or 4 h prior to 
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imaging. Prior to imaging medium was exchanged with Live Cell Imaging Solution and 

pre-warmed to 37ºC. A home-build incubation chamber was used for temperature 

control during imaging. Imaging was done using an inverted fluorescence microscope 

with corresponding excitation and emission filters (Olympus, 1X71, Melville NY, USA).  

Cell migration analysis Cytomate® live cell imaging technology (Cytomate 

Technologies B.V., The Netherlands) was used for real time tracking of cells while 

maintained in the cell incubator. Fibronectin, COVRGD or NON_COVRGD substrates were 

prepared as above and NIH 3T3 fibroblasts seeded in serum free medium. Immediately 

after seeding, cells were placed under the Cytomate® and tracking started. Cells were 

monitored for a minimum of 10 hours. For analysis individual cells that did not divide or 

move out of frame within 10 hours of tracking were selected. Tracking of cells was 

done manually using open source software Image J version 1.48v with plugin Mtrack.  

Fluid force microscopy (FluidFM) 4.9 cm x 4.9 cm borofloat glass substrates were 

evaporated with a 3 nm Cr adhesion layer followed by a 17 nm Au layer. Monolayers of 

COVRGD and NON_COVRGD were formed as described above. The substrates were 

mounted into a Teflon liquid cell, sealed with an O-ring. The liquid cell was always 

sterilized in 70% ethanol for at least 20 mins and allowed to dry under sterile conditions 

before mounting the substrate. At the end of the measurements, the liquid cell and 

substrate together were cleaned by incubating with Tergazyme™ (Alconox, USA) for 20 

mins followed by thorough rinsing with MilliQ.  

A custom built FluidFM platform [57]was used together with a tipless FluidFM 

cantilever (Cytosurge AG, Zürich, Switzerland) with an 8 μm circular opening. The 

cantilever spring constant was calibrated using the Sader method,[50] and the 

sensitivity was determined before each experiment in cell medium. The Skeleton was 

operated on a Zeiss AXIOVERT 200 inverted microscope (Carl Zeiss AG, Jena, Germany). 

The over- and underpressure in the FluidFM cantilever was established with a pressure 

controller (Cytosurge) in a range from – 800 mbar to + 1000 mbar with 1 mbar 

resolution and a settling time of 200 ms. 

Approximately 100’000 C2C12 mouse myoblast cells were seeded on the substrates in 4 

mL serum-free DMEM and allowed to adhere for 1 h prior to the measurements. 

Individual pick-ups were performed by approaching a cell with the cantilever at 1 µm/s, 

maintaining +20 mbar overpressure, and stopping for 10 s when a 5% deflection in the  

atomic force microcopy (AFM) laser was detected due to the bending of the cantilever 

when making contact with the cell. At this point an underpressure of -800 mbar was 
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applied and the cantilever was retracted with a velocity of 1 µm/s. Prior to measuring 

another cell, the cantilever was cleaned by first dipping it in 5 % sodium hypochlorite 

and then thrice in pure MilliQ water.  
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6.6. Supplementary Information  

 

Figure S1 3T3 fibroblasts transfected with LifeActGFP, adhered to NON_COVRGD  or COVRGD for 1 h. 

Indicated area was analysed for intensity plots. 

 

Figure S2 3T3 fibroblasts transfected with LifeActGFP, adhered to NON_COVRGD  or COVRGD for 4 h. 

Indicated area was analysed for intensity plots. 
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Figure S3 Representative 3T3 fibroblasts on COVRGD and NON_COVRGD  transfected with LifeActGFP 

after 1 h or 4 h initial adhesion. 
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7.1. Introduction  

In the preceding chapters encouraging results have been described for the further 

exploration of supramolecular host-guest surface chemistry for interaction with cells. 

Supramolecular structures have made great impact on studies for medical applications, 

increasingly so in the most recent decade.[1-6] Although applications of supramolecular 

chemistry on bio-surfaces are yet sparse, there is emerging evidence that 

supramolecular host-guest bio-functionalization is remarkably suitable for interfacing 

cells with surfaces and employ them for cell biology studies. In this epilogue two 

examples of ideas for future developments using systems described in this thesis are 

demonstrated with their corresponding preliminary results. 

7.2. Probing cellular signaling upon electrochemical release 

In Chapters 3-5 we could show cell release on demand using supramolecular 

functionality. The use of surfaces that allow temporal control are an attractive tool to 

study cellular signaling events. The transcriptional regulators YAP (yes-associated 

protein) and TAZ (transcriptional co-activator with PDZ-binding motif) of the Hippo 

tumor suppressor signaling pathway act as sensors and mediators of mechanical input 

from the extracellular matrix (ECM).[7-9] The Hippo pathway is important in tissue 

growth, migration as well as cell fate decisions and is linked to multiple important 

signaling pathways.[10] In many types of cancer this pathway has appeared to be 

switched off.[10, 11] Cell morphology, ECM stiffness as well as cell tension effect YAP 

and TAZ activation.[7, 12] Sasaki and co-workers showed that NIH 3T3 fibroblasts that 

were allowed to spread had YAP localization inside the nucleus. When cells were 

confined to a smaller area, YAP was localized in the cytoplasm.[13] Similarly, when cells 

were detached by trypsinization YAP was transported from the nucleus to the 

cytoplasm.  

To investigate whether our platform could be suitable to probe YAP/TAZ cell signaling, 

we chose to evaluate YAP translocation between the nucleus and cytoplasm upon 

releasing surface tethered cell adhesive RGD ligands through an electrical switch. To 

this end we performed antibody labelling of cells against YAP before and after 

electrochemically stimulated cell detachment (Figure 7.1. A). Arrays with gold 

electrodes were prepared and functionalized with RGD as described in Chapter 4. Cells 

were then allowed to adhere to the arrays for 1h.  
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Figure 7.1. YAP signaling in response to cellular release. A) Schematic illustration of supramolecular 

functionalization of electrode line patterns and triggered cell release. Upon cell retraction YAP 

leaves the nucleus. B and C) Fluorescence micrographs of C2C12 myoblasts on electrode line patterns 

before (B) and after (C) electrochemical release. Cells are labelled against YAP (green).  
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One sample was activated electrochemically to induce ligand release and thereby cell 

retraction and/or cell release, where after cells were directly fixed. Cells on non-

activated arrays were fixed simultaneously. Cells on both samples were then stained 

for YAP and imaged using fluorescence microscopy (Figure 7.1. B, C). Cells that were 

allowed to spread and not stimulated to retract showed highest intensity of YAP inside 

the nucleus (Figure 7.1. B). When cells were retracted from multiple patterns upon 

electrochemical stimulation, YAP intensity was increased in the cytoplasm and reduced 

markedly in the nucleus (Figure 7.2. C). A repetition of the experiments confirmed these 

findings. These results support previous findings on YAP localization in cell detachment 

as well as spreading.[9, 13] These results are encouraging for real-time experiments in 

the future, which, using for instance transfection with fluorescently labelled YAP, 

would allow real-time monitoring of YAP-relocation upon switching. Tuning the 

confinement and localized activation of cells further, our system could allow for 

enhanced spatial control for the analysis of cell signaling events in the future. The 

prospect given by real-time switching between cell spreading and detachment and 

simultaneous monitoring of signaling mediators can open a new road to reduce 

limitations in conventional techniques such as drug intervention, micro contact 

patterning or trypsinization. Temporal switching is well controlled in our system, which 

is advantageous when compared to trypsin induced cell detachment. 

7.3. Functionalization of biopolymers  

In Chapter 6 we could show how cell behavior on supramolecularly immobilized RGD 

was comparable to that of cells on fibronectin coated surfaces. Achieving biomaterials 

onto which bioactive ligands are non-covalently anchored is of interest to improve the 

initial interaction of cells with such biomaterials.  

Coronary artery disease (CAD) arising from atherosclerosis is one of the leading causes 

of death. Implantation of coronary artery stents have, due to their non-invasive nature, 

been the favored and most frequently performed treatment.[14, 15] Despite great 

research efforts in the development of new stent technologies, restenosis and late-

thrombosis after stent placement remain major challenges.[16, 17] Fast re-

endothelialization of a healthy functional endothelium has been proposed as the main 

factor to prevent these complications. Drug-eluting stents are the benchmark material 

used today. Stents are metal-alloy device coated with a biodegradable block copolymer 

of polylactic acid (PLA) and polyglycolic acid (PGA) having a drug encapsulated. This 

biopolymer gradually degrades to release the drug after placement inside the artery.  
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Figure 7.2. Polymer functionalization strategy with MV2+. A) Scheme of surface functionalization. 

The polymer is spin coated onto glass and activated by O2 plasma. Carbonyl groups react with N-(2-

aminoethyl) maleimide (Mal). This bond is further stabilized by sodium cyanoborohydride 

(NaBH3CN) treatment to convert imines to amines. MV2+ (or DT*) reacts with Mal. B) WCA and 

ellipsometry measurements of different stages of surface functionalization.  
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The released drug prevents smooth muscle cell invasion onto the newly placed stent. 

This drug however also effects the ability of endothelial cell attachment, essential to 

prevent restenosis of the stent.[18, 19] Functionalizing these biopolymer surfaces with 

an additional bioactive adhesive ligand to attract endothelial cells would be beneficial. 

Using 1 wt% of polymer mix in chloroform the mixture was spin coated onto clean glass 

surfaces (Figure 7.2. A). Exposure of the films to oxygen plasma (O2 plasma) or UV 

ozone was done to introduce carbonyl groups on the top layer of the biopolymer and 

further functionalization can be achieved by reaction with N-(2-aminoethyl) maleimide 

(Mal). Water contact angle (WCA) and ellipsometry measurements showed that 

treatment of the surface with UV ozone (60 min) removes the coating from the glass 

surface (Figure 7.2. B). We therefore used O2 plasma (10 s) for further experiments. The 

reaction of Mal with the surface and further reaction with  a thiol carrying compound 

was confirmed with WCA. In addition, an increase in the nitrogen composition was 

observed in the X-ray photoelectron spectroscopy (XPS) spectrum. As MV2+ and Mal 

have a similar WCA, we also incubated Mal with a dodecanethiol (DT*), which is known 

to be more hydrophobic. Reaction with DT* was confirmed by an strong increase in 

WCA indicating the successful functionalization of Mal with DT*. To detect the reaction 

of Mal to the polymer using XPS, we first incubated the polymer with 

pentafluorophenol (PFP) and subsequently with Mal. If Mal substituted the PFP 

successfully, detection of fluoride was no longer expected to be present in the XPS. 

This was indeed found when comparing polymer functionalized with PFP and 

substituted PFP (PFP + Mal).  

These results indicate the feasibility of functionalizing a coating material for stents with 

MV2+. Further assembly with host and second guest can be performed as shown in 

other chapters of this thesis and this assembly needs to be confirmed on the 

biopolymers.  
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Summary  

Creating biomimetic materials with tailored cellular responses upon engaging with cells 

is a core challenge in biomaterials, medical devices and tissue regenerative medicine. 

The cell machinery is enormously complex with precisely regulated cues present in 

space and time. Fine tuning the spacing between artificial bioactive cues on surfaces 

has shown to be a crucial design criterium for cells that interact with  materials. By 

adding dynamicity and control over temporal positioning of ligands, stimuli-responsive 

surfaces of biomaterials and devices open up new opportunities to steer cellular fate 

and study cellular mechanisms. Supramolecular host-guest interactions are in itself 

dynamic in nature due to non-covalent interactions between molecules while in 

addition they allow for the incorporation of guests, whose presence can be changed 

using external stimuli. This makes them highly attractive for the exploration of cell-

interactive surfaces for biological applications. 

In this thesis strategies to anchor bioactive ligands employing supramolecular host-

guest chemistry are presented and discussed in the context of engaging these surfaces 

with cells. To ensure specific interaction of the bioactive ligands with cells, different 

surfaces anchoring strategies have been explored in the first part of the thesis. 

Studying the specific interaction with cells and subsequent triggered cell detachment 

using electrochemistry is a central part of this thesis and special attention has been 

given to the development of a suitable platform for performing in vitro cell studies. In 

the final part of the thesis it becomes evident that when bioactive ligands are non-

covalently anchored onto surface the observed cell adhesion temporal dynamics in 

terms of spreading, shape and cell polarization is distinctively different from surface 

bearing bioactive ligands covalently. More surprisingly, the cellular response more 

closely resembles that of cells that are cultured on surfaces with native extracellular 

matrix protein fibronectin and this finding encourages further research to elicit the 

underlying mechanisms of this response. In the epilogue a few examples are given to 

highlight future work on how supramolecular chemistry could be further applied in 

advancing biomedical devices.  
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Samenvatting 

De vraag hoe je materialen moet aanpassen opdat ze een specifieke reactie van cellen 

kunnen uitlokken wanneer ze hiermee in contact komen, is de centrale uitdaging in de 

ontwikkeling van biomaterialen voor regeneratieve geneeskunde. Celmechanismen  zijn 

enorm complex waarbij signalen  precies gereguleerd worden in plaats en tijd. Het 

nauwkeurig afstemmen van de afstand tussen artificiële bioactieve liganden op 

oppervlaktes van biomaterialen blijkt een cruciaal ontwerp criterium te zijn om de 

gewenste interactie tussen cellen en biomaterialen te sturen. Geef je aan deze bioactieve 

liganden beweeglijkheid en verenig je het met controle over de tijdsafhankelijke positie 

van deze bioactive liganden dan is er een ongekende nieuwe mogelijkheid om 

celvorming en celgedrag specifieker te richten of om celmechanismen in groter detail te 

bestuderen. Supramoleculaire gastheer-gast interacties zijn inherent dynamisch doordat 

ze gebaseerd zijn op niet-covalente bindingen. Bovendien kan de  interactiesterkte van 

het gastmolecuul met zijn gastheer eenvoudig worden aangepast door middel van een 

lichtstimulus of een elektrische puls.  

In dit proefschrift worden manieren beschreven om bioactieve liganden te verankeren 

op oppervlaktes door middle van supramoleculaire gastheer-gast chemie en de discussie 

wordt gevoerd in de context van de interactie met cellen. Om specifieke interacties 

tussen bioactieve liganden en cellen te garanderen zijn verschillende 

verankeringstechnieken getest in het eerste deel van dit proefschrift. Centraal in dit 

proefschrift staat het bestuderen van de specifieke interactie met cellen en 

daaropvolgende loskoppeling van cellen door gebruik te maken van elektrochemie. Er is 

speciale aandacht geschonken aan de ontwikkeling van een geschikt platform om in vitro 

celstudies uit te voeren. In het laatste deel van dit proefschrift wordt het duidelijk dat 

bioactieve liganden die op niet-covalent wijze op oppervlaktes verankerd zitten, 

resulteren in een andere celadhesiedynamiek in termen van uitspreiding, vorm en 

polarisatie wanneer je dit vergelijkt met covalent verankerde bioactieve liganden. Nog 

opvallender is dat deze reactie meer lijkt op die van cellen die gekweekt worden op 

oppervlaktes met het natuurlijk voorkomende extracellulair matrix eiwit fibronectine. 

Deze belangrijke bevinding spoort aan tot het doen van verder onderzoek om de 

onderliggende mechanismen van deze celreactie op te helderen. In de epiloog worden 

een paar voorbeelden gegeven van toekomstig werk waar supramoleculaire chemie 

verder toegepast kan worden om biomedische materialen te verbeteren.  
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