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SUMMARY

To bind two entities together, an attractive interaction is needed. In biological systems,
such interactions are often between ligands and receptors. But this interaction con-
stantly breaks and forms because it is (too) weak. To ensure a lasting bond, the system
can form multiple weak bonds that form an overall strong bond – similar to velcro. An
interesting feature of a weak multivalent system is the sharp discrimination between sur-
faces based on receptor density. That means that when multivalent particles encounter
surfaces with the specific receptor but different densities, they will most likely bind to
the surface with the highest density, because it has the highest binding probability. This
phenomenon is called superselectivity and emerges from the large entropic contribu-
tion in a multivalent system: The more ligands and receptors are involved in the binding,
the more possibilities the system has to form a bond and hence a large entropy. In this
thesis we investigate how the interaction strength and entropy influences superselective
binding. In doing so, we study superselective binding of microparticles with hundreds of
interactions and, additionally, particles with only few interactions of the size of nanome-
ters.

First, we looked at a system with fully mobile ligands and receptors, where hundreds
of interactions participate in the bond. Chapter 2 describes an experimental model sys-
tem consisting of micrometer sized spherical particles that can bind to a target surface.
DNA molecules mediate the interactions between particle and surface with their spe-
cific basepair matching. A fluorescent molecule on each DNA strand allows for the visu-
alization of the receptor and ligand interactions, because we only detect a signal when
receptor and ligand bind. We test how many particles can bind for different interaction
strength between ligand and receptor. We find that the system becomes more superse-
lective, the weaker the interactions between the individual receptor and ligand.

This was the first time to directly visualize a multivalent bond in a superselective
system on the molecular level. The possibility to locate the DNA between the particle
and surface made it possible to investigate the formation of the bond and the bond itself.
In chapter 3, we visualize and track the receptor and ligand recruitment towards the
colloid-surface contact area during bond formation. We observe that particles bound
to the surface can still diffuse. But this motion depends on the interaction strength and
the number of interacting ligand-receptor pairs in the bond. We show that the particle
motion reduces with increasing number of interactions in the contact area.

After intensive study of a multivalent system with hundreds of interactions, we in-
troduce in chapter 4 a DNA construct on the nanoscale. The construct is a DNA “nanos-
tar” that results from the complementary interactions between multiple DNA strands,
forming a star-like shape with multiple branches (arms). Each arm has a free end that
can interact with a complementary DNA strand. We use the DNA nanostar to study su-
perselectivity for a precisely defined number of (1−10) interactions. In doing so, each
DNA nanostar has a fluorescent molecule such that we can visualize its binding to a sur-

7



8 SUMMARY

face covered with receptors. We find that the DNA nanostars can bind superselectively
and that the superselectivity increases with weaker interactions. The superselectivity in-
creases even more when the surface contains DNA that cannot specifically bind to the
DNA nanostars. This observation indicates that there seems to be an additional binding
mode that binds the DNA nanostars to the surface, which has a strong impact on the
superselectivity of the system.

In chapter 5, we investigate the motion of receptors inside a membrane. We observe
that the receptor motion reduces with increasing number of biomolecules integrated in
the membrane. Moreover, after adding DNA nanostars to the system, we observe a clear
decrease in receptor motion, because the binding to the nanostar limits the receptor dif-
fusion.

Alltogether, the results in this thesis show that a large entropy and weak interactions
are necessary for superselective binding. The insights gained in this thesis will hopefully
help to improve the design of drugs, where the precise targeting of surfaces is crucial.



SAMENVATTING

Om twee objecten samen te binden is een attractieve interactie nodig. In biologische
systemen zijn deze attractieve interacties vaak tussen liganden en receptoren. Maar deze
binding wordt herhalend gevormd en weer verbroken wanneer zij (te) zwak is. Om toch
een blijvende binding aan te gaan, kan het systeem meerdere zwakke bindingen gebrui-
ken die samen sterk zijn - zoals bijvoorbeeld bij klittenband. Een deeltje is multivalent
als het meerdere liganden heeft en daarmee aan meerdere receptoren op een opper-
vlakte bindt. Een interessante eigenschap van multivalent deeltjes met zwakke bindin-
gen is hun scherpe onderscheidsvermogen tussen oppervlakken waarvan de dichtheid
van receptoren verschilt. Dit betekent dat een multivalent deeltje bij voorkeur aan het
oppervlak met het hoogste aantal receptoren bindt, omdat daar de kans voor binding
exceptioneel hoog is. Dit fenomeen wordt superselectiviteit genoemd en is een gevolg
van een groot entropisch effect in multivalente systemen: het aantal mogelijkheden, en
daarmee de kans, om te binden neemt toe als meer liganden en receptoren onderdeel
zijn van een system. In deze dissertatie bestuderen we hoe superselectiviteit van sys-
temen wordt beïnvloed door de sterkte van interacties en de entropie van het systeem.
Daarvoor bestuderen we de superselectiviteit van deeltjes met honderden interacties ter
grootte van micrometers en ook deeltjes met slechts enkele interacties ter grootte van
nanometers.

Als eerste hebben we een systeem met mobiele liganden en receptoren bestudeerd,
waar honderden interacties samen de binding vormen. Hoofdstuk 2 beschrijft een ex-
perimenteel modelsysteem met ronde deeltjes op de schaal van een micrometer die aan
een oppervlakte kunnen binden. De binding tussen het deeltje en oppervlak komt tot
stand door de specifieke interacties van DNA strengen die basenparen vormen. Door
een fluorescerend molecuul op elke DNA streng kunnen we de specifieke interacties tus-
sen de receptor en ligand met een microscoop zien, omdat deze alleen fluoresceren als
receptor en ligand aan elkaar gebonden zijn. We testen dan het aantal deeltjes dat kan
binden voor variërende sterktes van de interactie tussen ligand en receptor. We ontdek-
ten dat het systeem meer superselectief wordt als de interacties tussen receptoren en
liganden zwakker zijn.

Deze experimenten maakten voor de eerste keer een multivalente binding in een su-
perselectief systeem zichtbaar. Het kunnen observeren van de verdeling van DNA tussen
het deeltje en oppervlakte maakte het mogelijk om het ontstaan van de verbinding en de
verbinding zelf te bestuderen. In hoofdstuk 3 volgen en visualiseren we de accumulatie
van receptoren en liganden in het contactgebied tussen het deeltje en oppervlak tijdens
het ontstaan van de binding. We ontdekten dat deeltjes die aan het oppervlakte gebon-
den zijn zich nog steeds over het oppervlak kunnen bewegen. Maar deze beweging hangt
af van de sterkte en het aantal interacties in de binding. We demonstreren bijvoorbeeld
dat de beweging van deeltjes afneemt als het aantal interacties of hun sterkte toeneemt.

Na deze studie over multivalente systemen met honderden interacties, introduceren
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10 SAMENVATTING

we in hoofdstuk 4 een DNA constructie op de schaal van een nanometer. De constructie
is een DNA “nanosterretje”, dat gebruik makend van de complementaire interacties tus-
sen meerdere DNA strengen een stervormig construct vormt met verschillende aftakkin-
gen (armen). Iedere arm heeft een einde dat vrij is om interacties met andere moleculen
aan te gaan. We gebruiken het nanosterretje om superselectiviteit te bestuderen voor
een precies gedefinieerd aantal (1 tot 10) verbindingen. Daarvoor heeft elk nanosterretje
een fluorescerend molecuul dat alleen fluoresceert als het gebonden is aan de specifieke
receptoren op een oppervlak. We ontdekten dat de nanosterretjes superselectief kunnen
binden en dat de superselectiviteit toeneemt bij zwakkere interacties. De superselecti-
viteit neemt verder toe als het oppervlak ook DNA bevat dat niet aan het nanosterretje
kan binden. Tot slot lijkt het erop dat de nanosterretjes ook op een tot nu toe onbekende
manier aan het oppervlakte binden, en deze onbekende manier van binden heeft een
grote invloed op de superselectiviteit van het system.

In hoofdstuk 5 bestuderen we de beweging van receptoren in een membraan. We
zien dat de mobiliteit van receptoren vermindert als het aantal biomoleculen in het
membraan toeneemt. Na het toevoegen van nanosterretjes aan het oppervlak neemt
de beweging van gebonden receptoren in het membraan af, omdat deze nu ook vast zit-
ten aan het nanosterretjes.

Samen laten deze observaties zien dat een grote entropie en zwakke interacties no-
dig zijn voor een superselectieve binding. De bevindingen in deze dissertatie kunnen
worden gebruikt om het ontwerp te verbeteren van medicijnen waarvoor binding aan
het juiste oppervlak van groot belang is.



1
INTRODUCTION

As little kids we learned about shapes and forms. With puzzles as illustrated in Fig. 1.1a
we trained our understanding of different forms and after some frustration accepted that
the square does not fit into the round opening. This specificity plays an important role
in interactions at the molecular level too, where receptors and ligands follow the "lock"
and "key" metaphor [1]: two complementary geometric shapes that fit can bind, see
Fig. 1.1b. Depending on the situation, ligand and receptor refers to different components
in the system. Here, we refer to ligands as the binding sites on an object that target
receptors on a different object. These objects can have different geometries and sizes:
e.g a spherical particle coated with ligands, which can bind to receptors on a surface, see
Fig. 1.1c. A particle selectively targets the surface when it recognizes the right receptor
type and thus does not distinguish between the number of receptors. Let us complicate
the system by introducing eight ligands of the same type on the particle, see Fig. 1.1d. In
addition, this multivalent particle can feature different binding strengths. Either every
interaction is weak, similar to velcro where individual weak interactions form a strong
bond, see Fig. 1.1e. Or the interactions can be strong as super glue. The definition of
strong and weak is not definite. Generally, van der Waals and hydrogen-bonds govern the
interaction strength between ligands and receptors [2, 3]. Therefore, typical interaction
strength ranges from weak to strong are a few −kBT up to −20 kBT [4, 5].

Now, let’s consider that the particle has a choice between a surface with a low or a
high density of receptors, as shown in Fig. 1.1f. Where does the multivalent particle bind
to? Does it make a difference if the interactions are strong or weak? If the interactions are
strong, one single bond is enough to bind the multivalent particle, similar to a monova-
lent particle, and hence the particle has a high binding probability to both surfaces. But
weak multivalent particles have the unique property that their binding probability in-
creases significantly at a specific receptor density. This increase can almost be like an
on-off behavior and is known as superselectivity [6]. In the following, we want to take
the reader into the world of weak interactions and multivalency in biology and explain
this interesting phenomena called superselectivity in more detail. This thesis unravels
the strength of weak interactions and concludes that strong is not always better.

1
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specificity

receptor

ligand

a b c selectivity

multivalency
d

superselectivity
e

weak bonds strong bonds

Super
Glue

f
interaction strength

Figure 1.1: Motivation. a) The shapes only fit into the matching openings. b) Matching receptors and ligands
mediate specific interactions in biology. c) A particle with one ligand that matches a receptor type can select
for surfaces with that specific receptor. d) Multivalent particle features eight ligands of the same type on its
surface. e) On the one hand, receptor and ligand interactions can be weak and reversible, comparable to
velcro: Many weak interactions form an overall strong bond. On the other hand, the interactions can be strong
and irreversible, similar to super glue: One small drop is enough to adhere two surfaces together. Copyright
2021 Liedewij Laan. f) A weak multivalent particle distinguishes sharply between surfaces based on receptor
density, known as superselectivity.

1.1. MULTIVALENT INTERACTIONS IN BIOLOGICAL SYSTEMS
Multivalent interactions between two surfaces [10] are involved in many biological pro-
cesses: polarity establishment [11], antibodies [12, 13], cell-cell adhesion [7, 14, 15], pro-
teins [9, 16–19] and virus-host invasion [20, 21], see Fig. 1.2a-c.

Cell-cell adhesion is crucial for the formation of tissues and organs. The size of a
cell is typically on the order of a micrometer and their surface is covered with adhesion
mediating proteins, see Fig. 1.2a. As a result, the final bond consists of many interaction
sites in the contact area. Moreover, cells often have a fluidic membrane that provides full
mobility of receptors. This property leads to receptor clustering upon binding, inducing
signal transduction [15, 22] or transport along the cell membrane [23].

On the nanoscale, multivalent binding occurs when virus particles target and invade
host cells for replication of its genome. Compared to cell-cell adhesion, the superse-
lective targeting involves only a few ligand and receptor interactions. In addition, the
small number of interaction sites allows the virus to diffuse on the cell surface prior to
uptake [20]. The uptake into the cell is governed by different mechanisms, depending
on the virus type [24]. Influenza viruses internalize by endocytosis: The virus particle
is wrapped by the cell membrane and enters the cell. The initiation of endocytosis is a
result of receptor clustering induced by multivalent virus interactions [25].
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3

a Cell-cell adhesion b Virus-host invasion Phase transition proteinsc

Figure 1.2: Multivalency in biology. a) Specific receptors mediate the adhesion between epithelial cells.
Reprinted from [7], with permission from Elsevier. b) Virus particles superselectively target cells before in-
ternalization. Adapted from [8] (CC BY 4.0). c) The multivalent nature of proteins can lead to phase transition.
Reprinted by permission from Springer Nature [9], copyright Springer Nature 2012.

Mobility self-interactions electrostatic

+ + +

+
+

+

Flexibility

Figure 1.3: Physical properties of ligands and receptors. a) Mobile receptors and ligands that diffuse towards
the contact area to increase the number of bonds. b) The longer and more flexible the ligands are, the more
freely they can explore space and reach receptors in close proximity. c) In some systems, receptors and ligands
can self-interact (dashed line). d) Ions that are essential for biological systems can adsorb to charged ligands
and receptors leading to aspecific interactions.

The multivalent systems presented so far mediate interactions via receptors and lig-
ands. If we zoom into the structure of a receptor or ligand, we note that they themselves
typically consist of multidomain proteins, which can be multivalent as well [16, 26]. Pro-
teins are involved in many processes inside the cell and hence a high specificity is impor-
tant to recognize the right molecules. The recognition of specific proteins is crucial for
ubiquitylation, where proteins are labeled with ubiquitin to trigger signals in the cell[19].
In addition to high selectivity, a high affinity is needed, which is usually accomplished by
many weak interactions rather than by one strong interaction. This multivalent behavior
can also lead to liquid-liquid phase transitions in protein systems [9, 18], see Fig. 1.2c.
This interesting observation can explain the formation of subcellular compartments. To
study multivalent effects on the molecular scale, theoretical work provides exciting in-
sights into the binding dynamics, by taking experimental monovalent binding kinetics
and expanding it to multivalency [17]. So far, mostly theoretical studies provide insights
in the multivalent nature of protein binding. Experimental measurements with the re-
quired spatial and temporal resolutions are challenging, especially under native condi-
tions. Proteins are very complex in their shapes and their interactions are highly dy-
namic, which makes it difficult to measure experimentally. There is great interest in the
design of engineered proteins for use in targeted therapy. However, how to achieve a
high specificity in protein-protein interactions is not well understood. Therefore, it is
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important to expand experimental model systems to investigate selectivity with few in-
teractions.

These examples show that multivalency can occur on different length scales: par-
ticles can be nanometer or micrometer in size and hence the number of interacting
ligands and receptors can range from a few to up to hundreds. Furthermore, physical
properties of the ligands and receptors have an impact on the multivalent character, see
Fig. 1.3. Receptors and ligands that are integrated in surfaces with fluidic properties can
freely diffuse and accumulate at the particle-surface contact area. The flexibility of lig-
ands and receptors sets the space that they can explore in space before binding [27].
In addition to specific ligand and receptor interactions, it can occur that the binding
sites are self-interacting, which can hinder the particle from binding due to initial bond-
breaking before the ligand can bind to a receptor [28]. Similar to self-interactions, ions
in solution can lead to aspecific binding caused by bridging effects [29]. This section has
presented multivalent binding in biological systems. Next, we present the underlying
theory for superselectivity.

1.2. SUPERSELECTIVITY
Only multivalent particles can sharply discriminate between surfaces based on receptor
density. A particle that features more than one binding site can bind in more than one
way, i.e. with different numbers and combinations of its binding sites. The more ligands
and receptors are involved in the bond, the larger the combinatorial factor (combinato-
rial entropy) and the more favorable binding will occur. Apart from the entropic gain,
the bond formation has to compensate for entropic losses [27]. This entropy is the sum
of entropies with respect to the receptor, ligand and after receptor-ligand binding. Sev-
eral studies have developed a theoretical description of the entropic contributions in a
multivalent system for surface mobile receptors SR and ligands SL on spherical particles
[30, 31]. They define the entropies as surface ratios concerning the bond area Ab , where
ligands and receptors interact:

SR/L = kB log

(
Ab

AR/L

)
, (1.1)

where kB is the Boltzmann constant, AR/L is the surface area that the receptor/ligand
can explore if unbound. That means that these entropies represent the cost to localize a
receptor or ligand, given a certain area. The cost after bond formation due to hindrance
in motion after binding is:

∆Scon f = kB log
(
ρ0LAb

)
, (1.2)

where ρ0 is a reference concentration and L is the ligand/receptor length. Finding the
right interplay of enthalpy and entropy is important to obtain a superselective system.
In the following, we will present the theory developed by Frenkel and coworkers [6] that
demonstrates the design rules for superselectivity. First, we present the theory described
in terms of chemical rate constants and subsequently describe the same system using
statistical physics. Although, both perspectives describe the same system, they provide
different insights into the parameters of the system.
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Chemical kinetics Reversible ligand and receptor binding can be expressed by an equi-
librium rate function with the on-rate kon describing the bond formation and the off-rate
koff describing the bond breaking rate, see Fig. 1.4a. If the association constant KA = kon

koff
is large, the receptors and ligands have a high affinity, and hence, a higher binding proba-
bility. Increasing the receptor density on a surface smoothly increases the binding prob-
ability, see Fig. 1.4a.

A well known model for the adsorption and binding probability Θ of a monovalent
particle is the Langmuir isotherm:

Θ= ρKA

1+ρKA
, (1.3)

where ρ is the concentration of particles in solution. Increasing the number of ligands k
on the particle changes the adsorption from one-step adsorption to multiple steps. After
forming the first bond, the particle can form subsequent bonds with receptors in close
proximity, see Fig. 1.4a. The subsequent bond formation is described by the equilibrium
constant Kintra, which does not account for the number of ligands. To describe the com-
binatorial effects in multivalent binding, we introduce the avidity equilibrium constant
K av

A [32] that contains multiple affinities and describes an ensemble of interactions:

K av
A ≈ KA

Kintra

[
(1+σR Kintra)k −1

]
, (1.4)

where σR is the receptor density and k is the number of ligands. The expression within
the squared brackets accounts for the bond formation on the surface once the particle
has formed the first bond. Now, the binding probability does not only depend on KA,
but also on Kintra, giving it a characteristic sigmoidal shape with a sharp transition from
unbound to bound, see Fig. 1.4b. How sharp this transition becomes depends on the
particle concentration ρ, the number of ligands k and the interaction strength KA. To
quantify the selectivityα, we compute the relative change inΘwithσR , which resembles
the slope ofΘ on a log-log scale:

α= d lnΘ

d lnσR
. (1.5)

A system is superselective ifα> 1 and the highest selectivity can be achieved by lowering
ρ and KA, while increasing k. As a result, the ideal superselective particle has many
binding sites that are as weak as possible.

Statistical physics The derivation of the adsorption of a multivalent particle can also
be done with a statistical physics ansatz [6]:

Θ= q Z

1+q Z
, (1.6)

where q is the activity of the system, which scales with the particle concentrationρ and Z
is the state partition function. The state partition function includes all possible binding
states of an individual multivalent particle and for σR >> k can be described with:

Z = (1+σR exp(−∆Gbond/kBT))k −1, (1.7)
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Figure 1.4: Variables for model. Parameters to describe a mathematical model for monovalent (a) and mul-
tivalent (b) adsorption. c) The resulting equations can be translated between chemical equilibrium constants
(orange) and statistical physics (purple) with the relation K = exp(−∆G/kBT).

where ∆Gbond is the binding free energy and includes the enthalpic ∆G0 and entropic
contributions ∆Gentropy. In this thesis we look at particles adsorbing to surfaces, where
the surface area and hence the number of receptors is much larger compared to the
number of ligands, which is why Eq. 1.7 is valid in the subsequent chapters. With the
relation K = exp(−∆G/kBT) the statistical mechanics terms translate into chemical equi-
librium constants, see Fig. 1.4c.

1.3. MULTIVALENT EXPERIMENTAL MODEL SYSTEMS

During the past years various experimental model systems have been introduced to
study superselectivity. Because superselectivity is very sensitive to the systems parame-
ters like interaction strength and entropic contributions, a high experimental control of
the number of binding sites and their enthalpy is needed.

The first experimental model system that provided insights in the predicted design
rules of a superselective system was multivalent polymer adsorption [33, 34]. The modi-
fication of polymers with hyaluron (HA) that bind to CD44 surface receptors allowed for
the tunability of various system parameters that were predicted from the model to in-
fluence the selectivity. By using quartz crystal microbalance measurements they could
precisely measure the polymer surface adsorption. By varying systems parameters, they
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demonstrated that the right polymer concentration, interaction strength and number of
binding sites can significantly increase the superselectivity. Another example of an ex-

Polymer Virus DNA coated particle DNA nanostar
a b c d

Figure 1.5: Experimental model systems. a) Polymer surface adsorption induced by hyaluron and CD44 in-
teractions. Adapted from [34]. b) Virus particles superselectively bind to glycocalyx coated surfaces. Reprinted
with permission from [35]. Copyright 2021 American Chemical Society. c) Particles with surface mobile DNA
linkers. Particles with the complementary DNA sequence can interact. Reprinted with permission from [36].
Copyright 2013 American Chemical Society. d) Star shaped junctions of DNA strands. Each arm features a
single stranded overhang that allows for hybridization with the complementary sequence. Adapted from [37].

perimental multivalent model system to study superselectivity, which occurs in nature,
is virus particles [21, 35]. The system consists of influenza A virus particles where adhe-
sion is mediated by the surface proteins hemagglutinin and neuraminidase interacting
with the glycocalyx. The binding itself is a very dynamic and complex process and the
exact number of interactions between virus and cell surface receptors is unknown [20].
The multivalent interactions of the virus particle makes it superselective with values of
approximately α = 11 [21]. This selectivity is remarkable as the polymer model system
only reached maximum selectivities close to 3. This difference in selectivity shows that
nature uses additional tools that are not yet captured by current experimental model sys-
tems. In the following, we will present two well established experimental model systems
based on Deoxyribonucleic acid (DNA) interactions, which are used in this thesis.

DNA functionalised particles DNA is a powerful tool to use as a receptor and ligand
system, see Fig. 1.5c. DNA consists of the four basepairs Guanine (G),
Adenine (A), Thymine (T) and Cytosine (C), where G specifically binds to C and A to
T, known as Watson-Crick pairing. By designing a single stranded DNA (ssDNA) and its
complementary sequence, they can hybridize and form the characteristic helical shape.
By changing the length of the ssDNA, the flexibility can be tuned and the sequence de-
termines the enthalpy and defines how strong the two ssDNA are bound. The flexibility,
after hybridization to a double stranded DNA (dsDNA), is reduced and depends on the
persistence length of the dsDNA [38, 39]. If the dsDNA is smaller than the persistence
length, the dsDNA behaves like a rigid rod. Furthermore, companies produce synthetic
DNA with high precision and many modifications, for example with cholesterol moieties
and fluorophores. Due to the high experimental control of its molecular properties, DNA
is a powerful tool to study multivalent interactions on the molecular level.

To date, colloid-colloid and colloid-surface interactions have been extensively stud-
ied with surface anchored [40–42] and with surface mobile DNA [43–45]. Depending on
the length scale and physical properties of the experimental system, different biologi-
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cal processes can be studied and a choice of surface anchored or surface mobile DNA
strands can be made.

Surface mobile DNA allows for the investigation of multivalent interactions just like
they occur in cell-cell adhesion. The integration of DNA molecules on giant unilamellar
vesicles, additionally, showed that deformation of the GUV expands the surface contact
area and increases the number of interactions [46, 47]. To avoid the deformation of the
membrane, studies use membrane coated silica particles with anchored DNA that pro-
vides full mobility of the binding sites [48, 49].

The experimental model systems introduced so far mimic multivalency on the mi-
croscale and between membranes. Mixing two different populations of multivalent ob-
jects with one being on the micrometer scale with mobile receptors and the other con-
sisting of nanometer objects with surface anchored DNA linkers resembles virus-cell in-
teractions. With experimental techniques like dynamic light scattering, it is possible to
measure the binding kinetics of the nanoparticles to the larger vesicles in solution [50].
Furthermore, this system allows for the investigation of surface targeting and confirmed
that the interactions strength and DNA density are crucial parameters to tune the selec-
tivity [51]. In addition to their high selectivity, virus particles also diffuse along the cell
membrane after binding [52], which we will discuss in the following.

Next to surface targeting, studying the diffusion of surface bound particles is impor-
tant as it is also a common property during particle-cell adhesion. DNA coated nanopar-
ticles [53] and small unilamellar vesicles [54] showed that the number of interactions dic-
tates the diffusive behavior of the adsorbed particle. How many interactions are made
between the particle and surface depends on the DNA density and length [55].

These experimental model systems have added to the fundamental understanding
of multivalency. DNA functionalised particles are an effective tool to study multivalent
binding, as they have high control of physical properties of the system and are easy to
visualize. To explore multivalent effects on a smaller lengthscale, we present an experi-
mental model system that can overcome the limitations of the above mentioned systems
and allows quantitative insights on the ligand-receptor level.

DNA nanostars DNA hybridization can be used to design nanostructures with very
high precision, also known as DNA origami. Here, we employ a very simple structure
that consists only of a few ssDNA strands and results in a star shaped geometry, also
known as DNA nanostar [37, 56], see Fig. 1.5d. At the end of each arm is a ssDNA (sticky
end) that can hybridise with the complementary sequence similar to the DNA coated
colloids.

Their design with multiple binding arms makes DNA nanostars a multivalent sys-
tem. Several studies, for instance have demonstrated phase transitions [37, 57] and the
formation of DNA hydrogels [57, 58]. Alltogether, these studies show the high experi-
mental control of DNA nanostars mimicking multivalency with valencies below 10. Fur-
thermore, next to the number of arms and interaction strength, the flexibility of the arms
can be controlled, which influences the self-assembly of DNA nanostars [59].

Present experimental model systems consisting of polymers, colloidal particles and
viruses contributed significantly to our understanding of multivalency. However, these
model systems lack the possibility of engineering a multivalent object with few ligands
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on its surface. In addition, dynamic information of ligand and receptor interactions is
still missing. Also, how does the bond form between ligands and receptors anchored to
two fluid surfaces? A dynamic picture of the bond formation can give insights into the
diffusion of micrometer-sized colloids as a function of the formed bonds. But, there is
a lack of engineering multivalent particles with fully flexible ligands to study superse-
lective surface adsorption with few ligands on the order of 1−10 as it was presented by
Frenkel and coworkers [6].

Throughout this thesis we use different experimental model systems and techniques
to address these questions. We present a study of multivalent interactions and super-
selective surface targeting. By using linkers based on DNA-DNA interactions, we can
precisely tune the density and interaction strength, which are crucial parameters for se-
lectivity, as predicted by theory. Using fluorescent microscopy, we can directly visualise
the bond formation and study the dynamic binding and unbinding of ligands and recep-
tors.

1.4. OUTLINE OF THIS THESIS
Chapter 2 page 15: "Direct visualization of superselective colloid surface binding me-
diated by multivalent interactions"

In chapter 2 we present an experimental model system to study superselective
colloid-surface binding between two fluidic surfaces. Using membrane coated surfaces,
functionalised with DNA linkers, we ensure full mobility of the ligands and receptors.
Because each ligand and receptor is equipped with a fluorophore, we can directly visu-
alize the interactions and final bond in the colloid-surface contact area. We investigate
the change in superselectivity while tuning the enthalpy by changing the sequence of the
sticky ends and by varying the density of both ligands and receptors. Lastly, we visualize
the dynamic binding and unbinding in the multivalent bond. We find that the weaker
the interactions and therefore more dynamically unbind and bind, the more selective
the system.

Chapter 3 page 41: "Bond formation and diffusion of multivalent colloidal particles"
In chapter 3 we study the dynamic multivalent bond formation with the same exper-

imental model system as described in chapter 2. Simultaneous tracking of the spatial
coordinates of the bond and intensity gives insights in the diffusive motion as a function
of bonds. Furthermore, we visualize and measure patch sizes in the dynamic equilib-
rium resulting from different sticky ends at varying DNA densities on the colloid. Finally,
we track colloids with a fully established bond and compare the diffusion coefficient with
the size of the bonds. We find that the colloid diffusion decreases with a growing number
of interactions in the patch. Moreover, we observe that a high ligand density hinders the
formation of interactions and leads to a decrease in patch size.

Chapter 4 page 57: "Superselective DNA nanostar adsorption"
In chapter 4 we introduce a new experimental model system to study superselective

surface binding of entities with up to 10 bonds using DNA nanostars. With fluorescent
microscopy we can directly visualize the adsorption of nanostars to a surface and study
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the change in adsorption for different sticky ends and number of arms. Moreover, we
measure the dynamic binding and unbinding of the DNA nanostars using fluorescent re-
covery after photobleaching, which provides insights into the number of bonds formed.
We find that during the multivalent bond formation, a weak first bond and a high prob-
ability for subsequent bonds is needed to achieve a high superselectivity.

Chapter 5 page 81: "Preliminary work and conclusion"
In chapter 5 we present preliminary experiments on the diffusive properties of mem-

brane anchored receptors. A combination of fluorescent recovery after photobleaching
and fluorescent microscopy allows for the evaluation of the diffusion coefficient of the
surface mobile receptors. We investigated how additional inert strands influence the dif-
fusion of receptors and how nanostar binding changes the receptors diffusion. We find
that additional biomolecules in the supported lipid bilayer and the multivalent binding
between receptors and nanostars drastically slow down the receptor diffusion.
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2
DIRECT VISUALIZATION OF

SUPERSELECTIVE

COLLOID-SURFACE BINDING

MEDIATED BY MULTIVALENT

INTERACTIONS

Reliably distinguishing between cells based on minute differences in receptor density is
crucial for cell-cell or virus-cell recognition, the initiation of signal transduction and se-
lective targeting in directed drug delivery. Such sharp differentiation between different
surfaces based on their receptor density can only be achieved by multivalent interactions.
Several theoretical and experimental works have contributed to our understanding of this
“superselectivity”, however a versatile, controlled experimental model system that allows
quantitative measurements on the ligand-receptor level is still missing. Here, we present a
multivalent model system based on colloidal particles equipped with surface-mobile DNA
linkers that can superselectively target a surface functionalized with the complementary
mobile DNA-linkers. Using a combined approach of light microscopy and Foerster Res-
onance Energy Transfer (FRET), we can directly observe the binding and recruitment of
the ligand-receptor pairs in the contact area. We find a non-linear transition in colloid-
surface binding probability with increasing ligand or receptor concentration. In addition,
we observe an increased sensitivity with weaker ligand-receptor interactions and we con-
firm that the time-scale of binding reversibility of individual linkers has a strong influence
on superselectivity. These unprecedented insights on the ligand-receptor level provide new,
dynamic information into the multivalent interaction between two fluidic membranes
mediated by both mobile receptors and ligands and will enable future work on the role of
spatial-temporal ligand-receptor dynamics on colloid-surface binding.

15



2

16
2. DIRECT VISUALIZATION OF SUPERSELECTIVE COLLOID-SURFACE BINDING MEDIATED BY

MULTIVALENT INTERACTIONS

2.1. INTRODUCTION
Processes at biological interfaces are often governed by multivalent interactions. They
play a key role in signal transduction, through inhibition and activation of signaling
complexes, recognition and interactions between viruses and cells, as well as cell-cell
adhesion [1–5]. Multivalent bonds consist of a large number of weak bonds instead of
a single strong one, which creates an interaction that is not only strong but also highly
selective. The selectivity in multivalent systems goes beyond the correct recognition of a
single ligand-receptor pair and allows “superselective” binding only to surfaces that ex-
ceed a critical receptor concentration. This allows for a sharp differentiation of surfaces
that consist of the same receptor type but vary in receptor density. Integrating this pow-
erful feature into drug delivery systems would enable highly selective targeting of dis-
eased cells [6–8], for example, in cancer therapy [9–11] where tumor cells over-express
receptors on their surface [12, 13], or to target viral infections [14].

For multivalent recognition and particle uptake in biological settings, as well as for
applications such as directed drug delivery, the binding affinity to the target surfaces
needs to be precisely tuned. To this end, the bond should be selective and strong yet
weak enough to be reversible to, for example, facilitate endocytosis [15]. Specifically,
theoretical studies have shown that the ligand density as well as interaction strength
need to be adjusted with respect to the receptor density to increase the selective surface
binding [16–18]. In addition, receptor mobility on the target surface - a key feature of
membranes - leads to receptor clustering that can enhance the surface binding at low
receptor concentrations [19–21].

These theoretical predictions have inspired the design of various experimental sys-
tems that can be used to investigate superselective surface binding. The ideal system for
understanding superselectivity in a biological context should mimic the lateral mobil-
ity of the ligands and receptors, and provide full control over their interaction strength
and surface densities, as well as yield quantitative insights into the bond formation and
dynamics. Experimentally, superselective surface binding has been demonstrated for
systems that consisted of ligand-bearing polymers [19, 22, 23], DNA-coated particles
[20, 24], Influenza virus particles [25], as well as small and giant unilamellar vesicles
[21]. These experiments confirmed theoretical predictions that a low binding affinity
and high valency are crucial for obtaining superselectivity, and furthermore showed that
lateral mobility of receptors on the target surface can induce clustering of the ligands or
receptors in the bond area, which enhances superselectivity [19].

However, despite these intriguing observations, to date no system exists that cap-
tures the key features of biological interfaces, with both mobile ligands and receptors
hosted by a lipid membrane, nor one that combines fluidic interfaces and the possibil-
ity for direct visualization of binding dynamics with a tunable interaction strength and
ligand/receptor densities. This lack of a fully tunable model system prevents us from
developing a comprehensive framework for multivalent interactions in biologically rele-
vant settings. In particular, we expect that direct visualization of the spatial distribution
of surface-mobile ligands and receptors will provide insights into their dynamics and
impact on superselective surface binding.

This chapter has been published as: C. Linne, D. Visco, S. Angioletti-Uberti, L. Laan and D. J. Kraft, Direct
visualization of superselective colloid-surface binding mediated by multivalent interactions, PNAS 36 (2021)
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Here, we introduce a colloid-based model system that allows direct investigation
of the individual ligand-receptor interactions in a multivalent bond and their collec-
tive binding behaviour to a target surface. We achieve this using fluorescently labelled
double-stranded DNA with a single stranded overhang that can hybridize with the com-
plementary sequence, anchored in a lipid membrane both on the colloids as well as the
target surface. We observe that the colloid-target surface binding is mediated by the ac-
cumulation of receptors and ligands in the contact area. Interestingly, on the multivalent
interaction timescale, individual ligand-receptor bonds dissolve and reform repeatedly.
This dynamic reversibility confirms that the individual interactions are weak, in agree-
ment with our observation of superselective binding at a critical ligand and receptor
density. Our results motivate the development of novel theoretical models that link indi-
vidual ligand-receptor dynamics to colloid-membrane binding and to reconcile effects
taking place on the molecular scale with those on the micrometer scale.

2.2. RESULTS

2.2.1. MULTIVALENT BOND DESIGN AND VISUALIZATION

Our multivalent experimental model system consists of colloidal probe particles func-
tionalized with ligands and a surface featuring complementary receptors, see Fig. 2.1a.
Both the colloidal probe particles (2.12±0.06 µm silica spheres) and the glass surface are
coated with a supported lipid bilayer (SLB) and functionalized with DNA linkers as the
ligand-receptor system. Each DNA linker consists of a 77bp double stranded stem, which
is modified with cholesterol on one 5′ end to facilitate the anchoring in the lipid mem-
brane. Attached to the double stranded stem, the linkers feature a single-stranded over-
hang (sticky end) whose length and complementary base-pair sequence provide precise
control over the tuneability of the hybridisation free energy. See Materials and Methods
and Supplementary Information for details. The integration into a lipid membrane both
on the colloidal probe and the surface provides full mobility of ligands and receptors if
the lipid membrane is in the fluid state [26].

To visualize and quantify the multivalent colloid-surface binding, we employ a com-
bination of total internal reflection fluorescence microscopy (TIRFM) with Foerster Res-
onance Energy Transfer (FRET) [27]. We place fluorophores, which are also FRET pairs,
on the 3′ end of the complementary DNA linkers, see Fig. 2.1a, and use dual color imag-
ing with alternating laser excitation to investigate the DNA-DNA interactions in the
colloid-surface contact area. The separate imaging of the channels provides informa-
tion on the ligand and receptor distribution on the surface, see Fig. 2.1b. Upon binding,
the intensity of the ligand and receptor signal increases both on the colloid and surface,
and, importantly, a FRET signal appears. See Fig. 2.1b. We verify that the FRET sig-
nal corresponds to the presence of a colloidal probe by overlaying it with a bright field
image, see Fig. 2.1b. The detection of the fluorescent and FRET signal is crucial to dis-
tinguish bound from unbound particles. The extended fluorescent patch in the contact
area implies a local increase in the concentration of ligands and receptors, and originates
from the recruitment of the surface-mobile DNA linkers to the contact area. The simul-
taneous appearance of the FRET signal indicates that there are multiple ligand-receptor
interactions between the colloidal probe and the surface and shows that our system is



2

18
2. DIRECT VISUALIZATION OF SUPERSELECTIVE COLLOID-SURFACE BINDING MEDIATED BY

MULTIVALENT INTERACTIONS

a

c

Glass
Si

lic
a

Fluorescently 
labelled DNA

Lipid

Colloid

b

1 µm

Patch

Multivalency

Glass surface Colloid

Acceptor FRET

Bonds

MobilityReversible bonds

Donor 2 µm

Figure 2.1: Experimental model system. (a) The two-dimensional experimental system consists of 2.12µm
silica colloids functionalized with double-stranded DNA stems with a single-stranded linker overhang as the
ligand and receptor system. The DNA strands are anchored in a lipid membrane on both the colloid and
flat glass surface which ensures their full mobility on the surface. (b) We separately detect the fluorescent
signal of the receptor (left) and ligand (middle) DNA strands, as well as the FRET signal emitted by bound
ligand-receptor pairs (right). The presence of a bright patch in the FRET channel indicates that a multivalent
bond has been formed between the colloid and the surface. (c) Our model system features surface mobility
of both ligands and receptors and allows us to tune the number of ligands and receptors (valency) as well as
the interaction strength to systematically study superselective colloid-surface binding on the ligand-receptor
level.

multivalent. With this experimental setup, which combines tunable ligand and receptor
densities, mobile binding sites and adjustable interaction strength (see Fig. 2.1c), we can
control and investigate the thermodynamic parameters relevant for superselective bind-
ing of multivalent colloids to a target surface and gain insights on the ligand-receptor
dynamics on the molecular level.

2.2.2. NON-LINEAR BINDING PROBABILITY AS A FUNCTION OF LIGAND DEN-
SITY

The hallmark of superselective binding is a sharp, nonlinear change of the binding prob-
ability in a specific ligand or receptor density range. We start by investigating the colloid-
surface binding probability with increasing ligand density, σL , while keeping the recep-
tor density, σR , on the surface fixed. Furthermore, we keep the overall DNA density
constant on the colloidal probe and the target surface by the addition of 77bp double
stranded DNA that does not possess a sticky end. This ensures a constant concentra-
tion of cholesterol in the lipid membrane and hence constant membrane properties
[10, 28, 29]. At low σL the fluorescent signal is homogeneously distributed over the col-
loid and the target surface and we do not observe fluorescent patches or a FRET signal
(see Fig. 2.2a). This indicates that binding does not occur despite the availability of DNA
linkers on both colloid and surface. An increase of the ligand density on the colloid leads
to the formation of patches on some probe particles, which implies that a fraction of the
colloids in the sample are bound to the surface. Upon a further increase inσL we observe
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Figure 2.2: Superselective surface binding. (a) Combining the information of the colloid position obtained
from brightfield imaging with the FRET signal from bonded ligand-receptor allows us to discriminate whether
a colloid-surface bond, a patch, has been formed. With increasing ligand density on the colloids larger and
more bond patches are formed, implying an increase in the binding probability Θ. The dynamic range be-
tween FRET images was individually adjusted to achieve an optimal visualization of the patch. (b) Measured
colloid-surface binding probability Θ as a function of ligand density σL for different ligand-receptor inter-
action strengths tuned by varying the length of the single-stranded end. Dashed lines are least-square fits
to the model from Frenkel and co-workers [16]; dotted lines represent the adsorption profile obtained using
a theoretically computed ∆Gtot. The data with the longest sticky end GTAGAAGTAGC is fitted with a logis-
tics function. Increasing binding strength shifts the curves to the lower ligand densities. The good agree-
ment between fitting and theoretical evaluation is even more remarkable considering that errors in binding
energies are greatly amplified. The errorbars represent the standard error of at least three individual experi-
ments. (c) The change in binding probability with ligand density can be measured by the selectivity parameter

α= dln(Θ)
dln(σL ) and was derived from the fits in 2.2 b). The shaded region shows the upper and lower boundary of

α, resulting from the least square fit error for the binding free energy ∆Gfit
bond. (d) Sensitivity of fitting model

The solid and dashed line are the same as in b); the shaded region shows the error bar for an uncertainty of
±1kB T .

that all colloids that are in close proximity to the membrane display a patch. The inten-
sity of the patch differs between colloids, which is possibly due to the variability of ligand
density between the functionalized colloids [30, 31]. Additionally, the size of the patch at
the highest ligand density shown in Fig. 2.2a spans an area of approximately ≈ 0.37µm2.
If we expect the patch to be circular, we can estimate the patch area Ap = 2πRc L, where
Rc is the colloid radius and L the total bond length, yielding Ap ≈ 0.37µm2, which agrees
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very well with the measured patch area. The binding probability increases with the lig-
and concentration, however, superselectivity requires this transition to be non-linear.

Therefore, we determine the number of bound particles, NB , relative to the total
number of colloids, NC , to measure the binding probability, Θ= NB

NC
. A value of Θ equal

to 0 implies that no colloids are bound, whereas the upper limit of Θ = 1 is set by all
colloids being bound to the surface. Besides varying the ligand density on the colloidal
probe, we tested the binding behaviour for four different interaction strengths, i.e. for
four different sticky ends. We find that the binding probability smoothly transitions from
an unbound to a bound state and saturates at high ligand densities, shown in Fig. 2.2b.
Unexpectedly, saturation occurs slightly belowΘ= 1, even for very high ligand densities.
A possible explanation for this observation is that at a certain ligand density, the binding
free energy increases slower compared to the steric repulsion of the receptors, leading to
a maximumΘ smaller than one, [7], and even an eventual drop instead of saturation.

The range of ligand densities where the transition occurs depends on the interaction
strength: the higher the interactions strength, or, the longer the sticky end, the fewer
ligands are required for binding the colloid to the surface. In addition, the slope of this
transition becomes steeper for weaker ligand-receptor interactions, indicating a higher
sensitivity of the binding probability to the ligand density.

We examined the selectivity of the colloid binding for each binding probability curve
by evaluating the relative change in binding probability with respect to a change in the
ligand density σL , also known as the selectivity parameter α = dln(Θ)

dln(σL ) [16]. The sys-
tem is superselective in a specific ligand density range if α À 1. In order to evaluate
α for the different sticky ends, we first need a mathematical description of Θ(σL). A
physically-justified analytical form based on statistical mechanics considerations can
be built by adapting a model first described by Martinez-Veracoechea and Frenkel [16].
In this model, the binding probabilityΘ is written as:

Θ= zq(NL , NR ,Gbond)

1+ zq(NL , NR ,Gbond)
, (2.1)

where z = ρB vbind is the multivalent particle activity in a (diluted) solution, ρB being its
bulk density and vbind the binding volume, that is, the volume the particle centre of mass
can move in while being able to form bonds to the surface. In this expression, a central
role is that of q(NL , NR ,Gbond), the ratio between the partition function in the bound
and unbound state, which depends on the total number of ligands on the colloid and
receptors on the surface, NL and NR , respectively, as well as their binding (free)-energy,
Gbond. In our case, a simple mean-field approximation (see details in the Supplementary
Information) leads to the formula:

q(NL , NR ,Gbond) = [
1+NR exp

(−βGbond
)]NL −1, (2.2)

with β = kB T where kB is the Boltzmann constant and T is the temperature. Introduc-
ing a threshold detection value for the number of ligand-receptor bonds to the theory
does not change the results in any statistically significant way, i.e. its effect is below the
noise introduced by experiments. Therefore, we here used the simpler version of the
model (see Supplementary Information). In this model, a bound state is any state where
at least one bond is present, as we measure in our experiments. The binding strength of
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the multivalent system is incorporated in q , which takes into account all possible bind-
ing configurations of the ligands and receptors, as well as information regarding the av-
erage strength of a single ligand-receptor bond, measured by exp

(−βGbond
)
. Notably,

in our system the bond strength is affected by experimental parameters such as the size
of the rigid, double-stranded stem of the DNA, the sequence of the single-stranded part
(sticky end) as well as DNA mobility on the colloid [32]. In particular, the latter intro-
duces a dependence of the effective bond strength on the colloids area, as well as on that
of the surface on which receptors are grafted [33]. The exact value of Gbond can be cal-
culated via detailed molecular simulations or experiments. Here, we leave it as a fitting
parameter, and then compare the fitted value with an approximate theoretical expres-
sion derived by Mognetti et al [34] for mobile ligands and receptors and adapted here for
our system. Within this framework, we obtain:

Gbond =G0 +Gconf =G0 +kB T log
(
2Rc Atotρ

◦) , (2.3)

where G0 is the binding energy of the sticky end of the DNA in solution (which can
be accurately estimated via Santalucia’s nearest-neighbour rules [35]) and Gconf is the
so-called configurational contribution to the bond energy [32]. In our system, this last
term turns out to be only dependent on the colloid radius, Rc , the total binding surface
Atot, and the reference molar concentration ρ◦ = 1M , see details in the Supplementary
Information. Importantly, using Eq. 2.3 the binding probability Θ is fully determined,
leaving no fitting parameter.

The results of fitting the experimental data on the binding probability as a function
of the ligand density is reported in Fig. 2.2, along with the experimental data, using both
the expression where Gbond is left as a fitting parameter, which we will refer to as the
free model, as well as the full theory. The fabrication process of ligand-coated colloids
leads to a variability in the number of ligands per particle. Although including the ef-
fect of variability in the analytical model could be done in principle (see e.g. [16]), to
avoid introducing artefacts the measured distribution should be used instead of assum-
ing a specific analytical form, which is not known for our samples. At the same time, the
inclusion of a probability distribution describing the variability would not change the
trends that we observe. Because of these reasons, we neglect ligands fluctuations in our
model. In the steep regime where α is determined, the free model nicely captures the
experimental data for all sticky end sequences but the strongest one. For the strongest
binding sequence (∆G0 =−17kB T ), however, the predicted trend is steeper than what is
observed experimentally and for this reason the theoretical model cannot be relied on to
calculate the value of the superselectivity parameter α. Thus we use an empirical logis-
tic function with two parameters for this case, see Fig. 2.2b. The decrease in predictive
power of the theoretical expression for increasing bond strengths is expected because
the theoretical model is based on equilibrium considerations, where we assumed that
binding and unbinding is fast enough for a colloid to fully sample all its possible binding
configurations. However, this assumption becomes less and less justified as the bond
lifetime increases, an increase expected to be exponential in terms of G0.

For the range of parameter in which the equilibrium model well describes the ex-
perimental data, we can compare the free model with the full theory, see Table 2.1. The
agreement is remarkable, as the full theory provides a value for the only fitting parame-
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Figure 2.3: Multivalent binding as a function of the receptor density. (a) Binding probability as a function
of the receptor density for the 11 bp sticky ends GTAGAAGTAGG and ATTCATTATAA at fixed ligand density of
1250µm−2. The errorbars represent the standard error of at least three individual experiments. (b) Selectivity
parameter α resulting from a fit with the physical model shows a superselective regime with α > 1 for both
sticky ends. The shaded region shows the upper and lower boundary of α, resulting from the least square fit
error for the binding free energy ∆Gfit

bond.

ter in the free model, the bond energy Gbond, which only deviates from the one obtained
through least-squares fitting by ≈ 1kB T . Notably, even such a small discrepancy can
result in a relatively large shift of the predicted adsorption probability because of the ex-
treme sensitivity of the latter to Gbond, as illustrated in Fig. 2.2d, where the shaded region
corresponds to the predicted curve obtained given an uncertainty of 1kB T on the bond
energy.

Having fitted the data with an analytical form, we can easily compute the selectiv-
ity α, see Fig. 2.2c. Each sticky end shows a maximum selectivity for a specific lig-
and density. For the three sticky ends ATTCATTATAA (∆G0 = −13kB T ), ACTTTCTAC
(∆G0 = −11kB T ) and ACTTCT (∆G0 = −7kB T ) we observe α À 1, indicating that the
colloid-surface binding is superselective. We note that a distribution in the number
of ligands per particle across the sample decreases the slope in the binding probabil-
ity curve. Hence, finding superselective behavior on our sample of colloids with such
a distribution implies evidence that the superselectivity parameter α for a sample with
a narrower distribution is in fact even higher. The longest and hence strongest-binding
sticky end GTAGAAGTAGG (∆G0 =−17kB T ) however, does not exceed α= 1 and is thus
not superselective. The results of the binding probability for different ligand densities
and interaction strength show the relevance of employing weak interaction to achieve
superselective binding in multivalent systems, as previously pointed out by Martinez-
Veracoechea et al. [16].

2.2.3. NON-LINEAR BINDING PROBABILITY AS A FUNCTION OF RECEPTOR

DENSITY

Increasing the number of receptors on the flat surface changes the entropic effects upon
binding and can increase the sensitivity of colloid-surface binding, similar to a change
in ligand density. Here, we tune the selectivity of colloid-surface binding by changing
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the receptor density on the surface, while keeping the ligand density constant and at
the same time investigating if the colloids indeed bind superselectively to a surface.
We quantify the binding probability for two 11 bp sticky ends ATTCATTATAA (∆G0 =
−13kB T ) and GTAGAAGTAGG (∆G0 = −17kB T ) at a fixed ligand density of 1250µm−2,
see Fig. 2.3 a. Similar to a change in ligand density, we observe an increase of the bind-
ing probability until it saturates aroundΘ= 1.

We use the same physical model to evaluate the binding probability as well as the su-
perselectivity parameter by fitting the experimental data, finding again good agreement
between theory and experiments, see Fig. 2.3a. We note that in this case the selectiv-
ity parameter for both 11 bp sticky ends are larger than 1 in a specific receptor density
range, and thus both systems are behaving superselectively. Interestingly, in this case the
sticky end GTAGAAGTAGG binds superselectively, whereas this was not observed in the
system with fixed receptor density and varying ligand density. We hypothesize that the
asymmetry of the experimental system in combination with the surface mobility of the
DNA linkers can explain these observations: the maximum number of ligands available
for binding is constrained by the finite surface area of the colloid whereas the number of
receptors that can be recruited to the binding area is only limited by the geometric con-
straints in the binding area itself. This should affect the combinatorial entropy contri-
bution and hence the superselective binding behavior in two ways: (1) directly, through
fewer available binding partners at a given ligand density compared to the same receptor
density; but also (2) indirectly, when the timescale for sampling all possible binding con-
figurations increases for lower ligand-densities because the relative number of ligands
available for binding is lower, which would decrease the binding probability in Fig. 2.2b.
Hence, we suspect that a high valency on the colloid leads to a faster bond formation
and thus equilibration of the system, which can explain this observation. These results
indicate that the binding kinetics play an important role in multivalent bond formation.

2.2.4. BINDING KINETICS

For superselectivity to be observed on a given timescale, the dynamics of the individual
bonds needs to be fast enough for them to behave reversibly on that timescale. In other
words, bonds should constantly form and break. In fact, if bonds were irreversible the
binding probability would be 1 regardless of the density of ligands and receptors.

Since our setup allows for the direct visualization of the spatial receptor distribution
on the flat surface, we can visualize the exchange of the receptors inside the contact area
with unbound receptors in close proximity of the patch using Fluorescent Recovery After
Photobleaching (FRAP), see Fig. 2.4a. We performed bleaching experiments of ligand-
receptor patches in the contact area for three sticky ends ACTCTAC (∆G0 = −11kB T ),
ATTCATTATAA (∆G0 =−13kB T ) and GTAGAAGTAGG (∆G0 =−17kB T ) and recorded the
signal recovery up to 300s, see Fig. 2.4b. After bleaching the receptors in the patch, we
observe a recovery of the signal for all sticky ends, albeit at different rates. Furthermore,
the recovery rate depends on the sticky end: the stronger the hybridization free energy,
the longer the recovery of the receptor signal takes. This shows that the hybridization
energy of the individual receptors and ligands influences the timescale on which the
formation and dissolving of bonds occur.

Mathematical modelling allows us to unravel some details of the kinetics in our sys-



2

24
2. DIRECT VISUALIZATION OF SUPERSELECTIVE COLLOID-SURFACE BINDING MEDIATED BY

MULTIVALENT INTERACTIONS

b
ATTCATTATAA 

0

1

0 150 300
Time / s

GTAGAAGTAGG 

t = 0s t = 10s t = 300st = 0s t = 10s t = 300s

1 µm

t = 0s t = 10s t = 300s

ν = 1 s-² ν = 6 ∙ 10-1 s-²

0 150 300
Time / s

0

1
ACTTCTAC

0

1

0 150 300
Time / s

Co
rre

ct
ed

 in
te

ns
ity

Fit Fit Fit 

Before bleaching Right after bleaching After 300sa

dark

fluorescent

Dynamical
equilibrium:

Reversible binding

ν = 6 ∙ 10-2 s-²

Figure 2.4: Ligand-receptor binding kinetics in a multivalent bond. (a) Receptors and ligands with weak in-
teractions repeatedly break and form bonds over time. We visualize their dynamic binding and unbinding
by observing the fluorescent recovery after photobleaching (FRAP) of the receptors in the contact area of a
colloidal particle and the target surface. For sufficiently weak ligand-receptor interactions the bonded pairs
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change results in an increase of the receptor signal of the patch in time. (b) FRAP experiments for three sticky
ends. Top row shows intensity recovery in time, bottom row shows the recovery of the fluorescent intensity in
the receptor channel in time. Colloidal probes coated with the sticky end ACTTCTAC have a ligand density of
100.000µm−2 and colloids coated with the 11bp sticky end comprise of 10.000µm−2 ligands. The target sur-
face was functionalized with a receptor density of 450µm−2. Fitting the FRAP curves with Eq. 2.4, 2.5, 2.6 we
can quantify the initial speed of recovery, which is defined as the product ν=σ0koutkin.

tem and gauge the relative importance of different processes in the observed behaviour.
At a coarse-grained level, the intensity recovery over time for our system should be well-
described within the framework of Langmuir kinetics [36], whose assumptions we use
here to derive a simple two-component model (corresponding to the description of
bleached vs unbleached DNA) to gain a better, quantitative understanding of the dynam-
ics of receptor-ligand bonds in the patch. Within this model the normalised intensity I
as a function of time after bleaching is given by (see the Supplementary Information for
details):

I = kinσ0

kout +kinσ0
(1−e−koutt )+ I0e−koutt (2.4)
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where kin and kout are two kinetic constants related to the inward and outward flux of
receptors from the bulk to the patch and vice-versa, respectively, σ0 is the bulk density
of receptors on the surface and I0 is the initial value of the intensity, which is not always
exactly 0 due to partial bleaching of the patch. The initial speed of recovery under our
experimental conditions is approximately proportional to the product kinkoutσ0 which
we use to quantify the speed at which systems employing different ligand-receptor pairs
reach dynamical equilibrium (again, see the Supplementary Information for details).
The exact relation between microscopic details of the system and the value of kin and
kout is difficult to quantify without the use of accurate molecular simulations. For exam-
ple, the speed at which receptors can diffuse will be dependent on the viscosity of the
lipid membrane and the interaction between cholesterol linkers and lipid chains. Here,
instead, we therefore only provide an approximate expression showing how the kinetic
constant is expected to depend on parameters such as the receptors diffusion coefficient
in the lipid membrane D , and the sticky end hybridization free energy G0, which reads:

kin = γ1D (2.5)

k−1
out = k−1

diff +k−1
break = γ2Rc L/D +γ3 exp(−βG0) (2.6)

where γi , i = 1,2,3 are system-dependent constants within our model, which we will
use to fit our experimental data and L is the length of the receptor. We obtained these ap-
proximate formulas by assuming that kin depends on the rate at which ligands from the
outside of the binding patch diffuse into it, whereas kout arises from a two-step process,
where the bound ligand-receptor pairs in the patch first unbinds, and later the receptor
diffuses out of the binding patch, whose size will be of the order of Rc L (see Supplemen-
tary Information for details). Given their origin from the solution of a diffusion problem,
and based on dimensional analysis, γ1 and γ2 should be non-dimensional coefficients of
order one and only dependent on geometrical factors, i.e., the specific boundary condi-
tions under which the ligands evolve. Because the sticky ends are located at the top of a
long dsDNA stem, they will be mostly far from the lipid membrane and we do not expect
them to strongly influence the diffusion coefficient of different ligands and receptors.

For this reason, we fix γ1 = γ2 = 1 for all the systems investigated. In contrast, γ3 has
the dimensions of a frequency and can be thought of as the natural frequency at which
a bond of G0 = 0 will break. Because γ3 is expected to be a function of the exact micro-
scopic details of the bond-breaking mechanism, we leave it as a system-specific fitting
parameter. Thus kin will be constant by construction for all ligands and receptors, while
we expect kout to decrease as the bond between the sticky ends of the DNA becomes
stronger, due to its dependence on G0.
A fit of Eq. 2.4 to the intensity recoveries yields the unknown parameter kout, see Fig. 2.4b.
As expected, the product koutkin which quantifies the initial speed of recovery shows a
decrease with increasing bond strength. A more detailed analysis of the fitting results
provides two crucial physical insights: the first is, that the quality of the fitting is essen-
tially insensitive to the value of kin, whereas it strongly depends on kout (see Supple-
mentary Information, Fig. S1). This suggests that a correct description of the process
by which receptors diffuse out of the binding patch is more important then diffusion to-
wards it. To make this more quantitative, we calculate the non-dimensional parameter
δ= kinσ0

kout
as a measure of the relative magnitude of the ingoing vs outgoing flux towards
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the patch (see Supplementary Information, Tab. S1). For all sequences used here, δÀ 1,
showing that the outward diffusion is much slower than inward diffusion, implying that
it is the bottleneck of the signal recovery process.

Secondly, we find that kdiff À kbreak. Interpreted in light of the model expressed in
Eqs. 2.5 and 2.6, this suggests that the kinetics in our system is dominated by bond break-
ing rather than diffusion. In other words, bond breaking is the rate-limiting factor for the
system to sample different binding configurations. This is an important finding since
superselectivity has been shown to arise from statistical mechanical effects, in particu-
lar, the steep increase in the combinatorial entropy of binding as the number of ligands
and receptors increases. To observe an ergodic sampling of these configurations within
the timescales accessible to experiments, and thus observing superselective behaviour
(which is an equilibrium property), requires the system dynamics to happen on much
shorter timescales. Here we have shown that, at least for our system, these are domi-
nated by the unbinding kinetics of the ligand-receptor pair. Similar findings have been
reported in a recent study focusing on the mode of diffusion of ligand-coated colloid
exhibiting inter-particle linkages [37].

2.3. CONCLUSION

Multivalent binding in a fully mobile system is a highly dynamic process that can show
superselective surface binding at the right ratio of enthalpic and entropic contributions.
In this work, we have combined experiments with theory to investigate the binding prob-
ability of multivalent ligand and receptor interactions between two surfaces that provide
full mobility to the ligands and receptors. Our experimental setup allowed us to directly
visualize the spatial distribution of the individual binding sites. We have shown that mul-
tivalent binding between fluid surfaces is characterized by receptor and ligand cluster-
ing as suggested by Lanfranco et al. [20] and Dubacheva et al. [19]. Following the design
rules proposed by Frenkel et al. [16] we demonstrated that we can achieve superselec-
tive binding by tuning the hybridisation energy of the individual ligand and receptors
and measured the effective free energy of binding. Finally, we visualized and quantified
the reversibility of weak bonds through the highly dynamic exchange of bound receptors
with unbound ones from outside the binding patch.

Future studies with this model system can provide exciting insights into the bind-
ing kinetics of multivalent interactions at the ligand-receptor level, for example the for-
mation of bonds and development of the spatial distribution in time. The observed
timescale of bond formation and importance of the time scale for bond breakage might
be crucial for competitive binding of various receptors on cell surfaces. Moreover, our
experimental system can provide insights into membrane deformations caused by lo-
cally high receptor and ligand accumulations, which is important for the initiation of
endocytosis. Surface targeting in biological systems is often governed by more then one
type of receptors and ligands, and our model system can straightforwardly be extended
to study the effect of competing interactions between more types of ligands and recep-
tors on superselectivity[38–40]. Finally, our experimental system might provide key in-
sights for applications in nanomedicine as it can be used to improve specific target bind-
ing while reducing off-target binding, useful for example for drug-delivery.
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Table 2.1: Comparison between the binding free energy obtained from the multivalent model and experi-
mental data. The binding free energy∆Gbond is obtained for the four sticky ends by computing the theoretical
value (∆Gtheo, see Methods) and by fitting Equation 2.1 to the binding curves for a variation in the ligands (see
Fig. 2.2), ∆Gfit(lig), and receptors (2.3), ∆Gfit(rec). The absolute differences between the experimental and
theoretical values ∆Gfit - ∆Gtheo are shown in the last column: the first value in each row is obtained using
the experimental value of the free energy obtained varying the concentration of ligands ∆Gfit(lig), while the
second is computed using∆Gfit(rec); these differences are small with respect to thermal energy kB T , verifying
that our model is appropriate for our experimental setup.

Free energy (kB T ) ∆G0 ∆Gfit(lig) ∆Gfit(rec) ∆G theo |∆Gfit - ∆G theo|
ACTTCT −7 32 N/A 31 1−N/A

ACTTCTAC −11 28 N/A 28 0−N/A
ATTCATTATAA −13 27 25 26 1−1

GTAGAAGTAGG −17 27 24 21 6−3

2.4. MATERIALS AND METHODS

2.4.1. DNA STRANDS

All DNA strands ([Integrated DNA Technologies, Inc.], [Eurogentec], [IBA]) with a sticky
end are functionalized with cholesterol at the 5′. The 3′ is modified with a fluorophore
(C y3/C y5, C y3/At to655). The complementary backbone DNA strand had a length of 77
bp and cholesteryl-TEG at the 3′ end. Single stranded DNA with the sticky end and sin-
gle stranded backbone were annealed to 95◦C and slowly cooled in 0.2◦C/minute steps in
Tris Acetate-EDTA-NaCl (TAE, 100mM NaCl, pH = 8, [Formedium]) buffer in a Thermo-
cycler. The resulting DNA strands are double-stranded with a double cholesterol anchor
and a single stranded overhang. The hybridized DNA strands were stored in TAE-NaCl
buffer at 4◦C. The single stranded overhang varies in sequence and length with a hy-
bridisation energy ranging between∆G0 =−7kB T −(−17kB T ) [41]. The sticky ends used
as the ligand and receptor system are ACTTCT, ACTTCTAC, ATTCATTATAA, GTAGAAG-
TAGG and their respective complementary sequences (see Supplementary Information,
Tab. S2).

2.4.2. DNA COATED COLLOID SUPPORTED LIPID BILAYERS

We coated commercial silica spheres [Microparticle GmbH] of 2.12µm with a supported
lipid bilayer (SLB). To do so, we mixed the silica particles (0.5wt%) with small unilamellar
vesicles (SUVs) consisting of the desired lipid composition and incubated the mixture at
room temperature for 30 min. To obtain the SUVs, we first added the desired volume of
18 : 1 DOPC lipids ([Avanti Polar Lipids], stored in chloroform) into a glass vial and let it
dry overnight in a vacuum desiccator. Next, we resuspended the dried lipids in TAE-NaCl
buffer and extruded the solution with an Avanti mini extruder through a membrane with
pore size of 30 nm yielding a transparent solution. By mixing the SUVs with the colloids,
the SUVs spread on the colloid surface to form a supported lipid bilayer (SLB). Excess
SUVs were removed by centrifugation of the mixture at 2000 rcf for 30 s and subsequent
replacement of the supernatant with fresh TAE-NaCl buffer. The desired concentration
of hybridized DNA was added to the colloid supported lipid bilayers (CSLB) and incu-
bated for 1h at room temperature [26, 42]. Using the stock concentration and surface
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area of the colloids in solution, we estimated the final DNA surface density σDNA on the
CSLB, which typically ranged between 60µm−2−100.000µm−2. After the incubation time
we washed the mixture trice by centrifugation at 2000 rcf for 30 s and replacement of the
supernatant with fresh buffer. The last replacement of the supernatant was done with
imaging buffer (0.8% dextrose, 1 mg/mL glucose oxidase, 170mg/mL catalase, and 1 mM
Trolox [(±)−6−hydroxy−2,5,7,8− tetramethylchromane−2−carboxylic acid, 238813]
[Merck][43]) to reduce the bleaching of the fluorophores during imaging.

2.4.3. DNA FUNCTIONALIZED SUPPORTED LIPID BILAYER ON FLAT GLAS SUR-
FACE

The microscopy slides and coverslips were sonicated for 30min each in 2% Hellmanex,
acetone (> 99.9%) and potassium hydroxide solution (KOH. 1M, [Merck]). Between each
change of chemical, the glassware was rinsed with milliQ water and blown dry with nitro-
gen before use. The experiments were performed in a flow channel consisting of parafilm
slices between a glass microscope slide [VWR] and a glass coverslip [VWR]. Placing the
construct on a heating stage at 125◦C melted the parafilm and bound the objective slide
and coverslip together yielding four 2mm × 24mm flow channels. Before we injected
SUVs into the flow channels, we cleaned the channels with TAE-NaCl buffer. After 30
min we washed out the excess SUVs with TAE-NaCl buffer and added DNA with the com-
plementary DNA sequence at the desired concentration with respect to the DNA CSLB.
Here, the resulting DNA surface densitiesσDNA used varied between 5µm−2−1500µm−2.
After 1 hour of incubation, we flushed the channels three times with TAE-NaCl buffer be-
fore injecting the DNA CSLBs to the flow channels.

2.4.4. TOTAL INTERNAL REFLECTION MICROSCOPY
The colloidal silica particles quickly sedimented to the flat SLB due to their density be-
ing higher than that of water. To image the colloid-membrane interactions we used
Total Internal Reflection Fluorescence Microscopy (TIRF) on an inverted fluorescence
microscope (Nikon Ti2-E) upgraded with an azimuthal TIRF/FRAP illumination mod-
ule (Gataca systems iLAS 2) equipped with a 100x oil immersion objective (Nikon Apo
TIRF, 1.49NA). To investigate the DNA-DNA interactions in the colloid-surface contact
area, we used dual color imaging with alternating laser excitation with wavelength 561
nm and 640 nm (Cairn Research Optosplit II ByPass, EM-CCD Andor iXON Ultra 897).
This technique allowed for alternating excitation of the donor and receptor, yielding a
Foerster Resonance Energy Transfer (FRET) when the two complementary DNA linker
strands hybridized. Subsequently, we acquired a Brightfield image to localize the col-
loids on the surface (CCD Retiga R1). This setup was also used to perform Fluorescence
Recovery after Photobleaching (FRAP) experiments to investigate the mobility of DNA in
a membrane and patch. Per sample we imaged 100 colloids in at least three indepen-
dent experiments. The errorbar on the binding probability represents the standard error
of the mean. The error bar on the selectivity α results from the least square fitting error.

2.4.5. IMAGE ANALYSIS
After the acquisition of the data we deinterleaved and cropped the resulting images
with respect to the three fluorescent channels corresponding to the donor, acceptor and
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FRET. For each measurement, we first acquired an image with fluorescent beads, which
is used for the spatial calibration of the channels and the Brightfield image. An ImageJ
plugin [44] was used to overlay the fluorescent channels with the Brightfield image to lo-
cate the DNA-DNA interactions with respect to the colloids. We defined a colloid bound
to the flat surface via DNA-DNA interactions if we could visually differentiate the signal
in the colloid-surface contact area of the donor, acceptor and FRET channel from the
local background signal.
For the FRAP experiments we extracted the intensity profile of the bleached area via Im-
ageJ and first subtracted the background noise of the microscope and then normalized
the raw intensity with respect to the initial unbleached intensity. Per condition we im-
aged at least 3 patches and in 3 independent experiments.

2.5. SUPPLEMENT

2.5.1. STATISTICAL MECHANICS MODEL OF ADSORPTION MULTIVALENCY
We implement a model for the adsorption probability Θ of colloids to a receptor deco-
rated surface through multivalent interactions by combining various results previously

derived in the literature. In particular, we takeΘ to have the formΘ= zq(NL ,NR ,Gbond)
1+zq(NL ,NR ,Gbond) , as

shown e.g. in [16, 23], where z = ρB vbind, ρB being the bulk density of colloids and vbind

their binding volume. For what concerns the value of the partition function q , we make
a mean-field approximation, that is, we assume that the binding of a ligand to a certain
receptor does not strongly affect the possibility for another ligand to bind it, while at the
same time maintaining the constraint that a ligand cannot bind more than one receptor
at any one time (the so-called valence-limited condition [32]). As previously discussed
[32, 45], this mean-field approximation works well for weak ligand-receptor bonds and
when the number of receptors is much larger than the number of ligands. In our system,
both conditions are satisfied as the effective bond energies are very large and positive
while the number of receptors is around 5 orders of magnitude larger than the maxi-
mum number of ligands used.
Under these assumptions we can write the ratio between the bound and unbound par-
tition function for a whole colloid as [16]:

q = (1+NRe−βGbond )NL −1 (2.7)

where the minus one account for the fact that colloid is considered bound if at least
1 bond is present. Most of the background noise in the experiments are caused by the
receptors that are present on the whole target surface. The average receptor density be-
fore binding is approximately 7 receptors per pixel. This means that we can distinguish
a patch from the local background signal if the number of accumulated receptors in the
colloid-surface contact area is above 7 receptors per pixel. Including a threshold for the
number of bonds in the theoretical model does not change the fitting results signifi-
cantly, hence we continue with the simpler version of the model (Eq. 2.7). In Eq. 2.7
Gbond is the effective bond energy, including a configurational entropic contribution
[32]. Care must be taken in the interpretation of NR and NL in this formula. For colloids
with surface-grafted ligands and SLBs with grafted receptors, these would be the num-
ber of ligands and receptors, respectively, that are at available for binding given a certain



2

30
2. DIRECT VISUALIZATION OF SUPERSELECTIVE COLLOID-SURFACE BINDING MEDIATED BY

MULTIVALENT INTERACTIONS

orientation of the colloid [16]. However, because ligands and receptors are mobile in
our system, NR and NL correspond to the total number of receptors on the adsorption
surface and the total number of ligands per colloid. Thus, in our case, NL(NR ) can be
approximated as the average ligand (receptor) grafting density σL(R) multiplied by the
colloid (binding surface) area.
In order to obtain a theoretical estimate of the free-energy of a single ligand-receptor
bond Gbond, we use the formula [32]:

Gbond =G0 +Gconf (2.8)

where G0 is the nucleotide-sequence-dependent free-energy of binding in solution
for the free sticky end of the complementary DNA, which we calculated using Santalu-
cia’s nearest neighbour model [35]. As explained in detail in [32], Gconf is a configura-
tional entropic penalty due to the restriction of the phase space for the ligand and recep-
tor pair upon binding. This configurational contribution is evaluated for mobile, rod-like
ligands, freely pivoting around their tethering point and with point-like sticky-ends, ex-
actly the conditions of our system where ligands and receptors comprise a long and rigid
double stranded DNA (dsDNA) part to which a short sticky end of single stranded DNA
(ssDNA) is attached. In particular, Gconf = G1 +G2 +G3 in our system, where the three
different contributions are:

1. G1 = −kB T log
( Ap

Atot

)
. This is the entropic cost of localising a receptor within a

patch of area Ap = 2πRc L (see e.g., [6]) where binding with a ligand can occur.
Here, Rc is the radius of the colloid and L the length of the receptor, because such
receptor would otherwise be able to span the whole adsorption surface (Atot) when
in the unbound state.

2. G2 = −kB T log
( Ap

Ac

)
. Similarly to G1, this contribution represent the entropic cost

of localising a ligand from the whole colloid surface (Ac ) to the patch area.

3. G3 = kB T log(ρ0L Ap ). This latter term is the entropic cost of bonding a rod-like
receptor and a rod-like ligand together, assuming a fixed particle-surface distance
equal to the ligand/receptor length L (see Ref. [34] for details).

Combining the three contribution and with some elementary algebra we obtain:

Gconf =+kB T log(2Rc Atotρ0) (2.9)

Interestingly the final expression for the configurational free-energy does not depend
on the length of the ligands/receptor or the contact area, implying that it will have the
same value for all of the systems considered in our work. Finally, we note that the mean-
field calculation of the partition function and that of the configurational bond energy
Gconf, taken together, turn out to be exactly equivalent to a formula for the adsorption
free-energy Fads by Mognetti et al in Ref. [34]. To connect the seemingly different treat-
ments, one only needs to recognise that:

exp(−βFads)−1 = q, (2.10)
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where the −1 (as discussed in [46]) stems from the fact that we consider as bound
only colloids where at least a single bond is present, whereas Fads is calculated using the
zero-energy reference as a state with no bonds.
Substituting our experimental parameters in Eq. 2.9, we get a fixed value of Gconf ≈
38.7kB T that once summed with the hybridisation free energies G0 computed with DI-
NAMelt allows us to predict the fitted values of Gbond in our system with an average ac-
curacy of less then ±1.5kB T .

2.5.2. KINETICS OF THE PHOTOBLEACHING EXPERIMENTS
We provide here details of the derivation of a simple mathematical model to describe the
photobleaching / recovery experiments. We start by assuming a Langmuir-type dynam-
ics to describe the population of receptors N inside the patch, that is, we have:

d N

d t
=+kin(Nmax −N )σout −koutN , (2.11)

where Nmax is the total number of bonds that can be formed inside the patch. In
practice, in Langmuir kinetics we assume the fluxes to be linear in the amount of free
sites inside the patch and in the amount of DNA outside of the patch (for the incoming
flux inside the patch) and linear with respect to the amount of DNA already in the patch
(for the outgoing flux). Thus kin and kout, both positive, are the two proportionality con-
stant for the flux and σout is the concentration of receptors outside the patch. In princi-
ple, σout is a dynamical quantities changing in time. However, because the total amount
of DNA outside the patch is much larger than that inside, we can just assume them to
be constant and set σout(t = 0) ≈ const =σ0. When the system reaches equilibrium, we
would thus have:

d N

d t
= 0 → f ≡ N

Nmax
= kinσout

kinσout +kout
(2.12)

We now exploit the fact that right before bleaching the system is in dynamical equi-
librium and bleaching is equivalent to assigning two different “tags” to otherwise equal
receptors. We thus distinguish between N2 and N1, i.e., the receptors inside the patch
that are bleached, or not, respectively, and thus N = N1 +N2. Note that because of dy-
namical equilibrium, N remains constant during the recovery process. We can thus write
an equation for the amount of unbleached receptors inside the patch:

d N1

d t
=+(Nmax −N )kinσout −koutN1. (2.13)

which gives the general solution

f1 ≡ N1

Nmax
= Ae−koutt + kinσ0

kout +kinσ0
(2.14)

where A for the moment is an arbitrary constant. Note that if one normalises the
intensity of the signal Iabs measured during photobleaching recovery with respect to the
value Ieq it would have at equilibrium, this normalised signal is exactly equal to f1. Now
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to find a final expression for f1, we need an initial condition to calculate A. In order to
fit experiments, we need to account for the fact that, due to experimental variability, not
100% of the DNA in the patch is bleached at t = 0. If we call I0 the normalised signal

intensity at t = 0, we obtain that A = I0 − kinσ0
kout+kinσ0

, and we arrive to the final equation
for the normalised signal:

I ≡ Iabs

Ieq
= f1 = kinσ0

kout +kinσ0
(1−e−koutt )+ I0e−koutt (2.15)

Note that in practice signal recovery by replacing bleached DNA with unbleached
one depends on how fast bonds exchange for a system in dynamical equilibrium. Here,
we quantify how fast the process occur by looking at the initial speed of recovery, that
is, the initial flux of unbleached particles towards the patch, which is given by a Taylor
expansion of d f1/d t for small times, which to leading order is:

vrec = d N1

d t
|t=0 = kout

(
kinσ0

kinσ0 +kout
− I0

)
(2.16)

It should be noted that, in our system, we always observe kinσ0 À kout. At the same
time, as we are about to explain, kin is not expected to vary between different ligands.
For these reasons, and given our form for vrec above, a good quantity to compare the rel-
ative speed at which different ligand-receptor pairs reach dynamical equilibrium is the
product kinkoutσ0, as reported in Table S1.

We now turn to provide a physical model to interpret the values of kin and kout based
on microscopic details of the system. Because of their dependence on molecular details
of the system, determining the exact value of kin and kout requires in principle expensive
molecular simulations, outside the scope of this work. In the theory we present here
we simply provide and fit approximate expressions for kin and kout to characterise the
dynamics of the system; this allows us to provide an estimate of their scaling as a function
of some fundamental microscopic parameters of the system. Let us first deal with kout.
In this Langmuir model, this quantity is proportional to the frequency with which a DNA
inside the patch escapes from it. Let us call D the diffusion coefficient of DNA on the
surface and assume that the escape time tout = 1/kout can be written as the sum of two
processes:

1. Unbinding of the DNA from a potential partner, which takes an average time τunbind.
If we consider this as a bond-breaking reaction, we expect this time to be exponen-
tially dependent on the hybridisation energy in solution of the DNA sticky end, G0

in the main text, hence τunbind = γ3 exp(−βG0), γ3 having the dimension of a time.
In practice, one can expect γ3 to be dependent on the microscopic details of the
intermediate steps along the unbinding pathway, and thus have a certain depen-
dence on the sequence of nucleotides use [47].

2. Diffusion of the unbound DNA outside the patch area, which takes a time τdiff ≈
γ′2 A∗

p /D = γ2Rc L/D , where this time γ2 is a non-dimensional constant, approxi-
mately of order 1, where we collect the effects of all the finer details of the diffusion
process. Rc is the colloid radius and L is the length of the receptor.
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Table 2.2: Parameters of the kinetic model for multivalent recovery after photobleaching described in Eq. 4,5,6
(see main text) fitted to experimental data. As detailed in the main text, γ3 was the only optimised fitting
parameter; γ1 and γ2 values were fixed to 1, while the diffusion coefficients employed for the computation of
the reported quantities were obtained experimentally. In addition to the optimal value of γ3, various quantities
describing the relative importance of different events in the overall kinetics of the system are shown: kinσ0 and
kdiff specify the relevance of diffusion in determining the inward and outward flux; kbreak describes the speed
of the bond-breaking step involved in diffusion exiting the patch; kout is the overall kinetic constant for the

outgoing flux; the product ν = σ0koutkin quantifies the initial speed of recovery; finally δ = kinσ0
kout

is a non-

dimensional parameter providing an estimate of the relative magnitude of the ingoing vs outgoing flux. From
the values shown it can be immediately seen how the limiting step of our system dynamics is represented by the
bond breaking event (δÀ 1 for all DNA sequences) which becomes progressively slower as the hybridization
free energy increases. The irrelevance of the speed of diffusion has been further confirmed by the results of the
parameter space analysis we conducted (see Fig. 2.5) which showed how the quality of the fitting is negligibly
affected by the value of the parameters γ1 and γ2 (included in the expressions for kin and kdiff).

DNA
se-
quence

γ3 [s]
kout

[
s−1

]
kinσ0

[
s−1

]
kdiff

[
s−1

]
kbreak

[
s−1

] ν
[
s−2

]
δ

GTAG
AAGT
AGG

1.5 ·
10−4 2.3·10−4 0.27 ·103 17 2.3 ·10−4 6.2 ·

10−2
1.2 ·
106

ATTC
ATTA
TAA

2.4 ·
10−3 1.3·10−3 0.45 ·103 29 1.3 ·10−3 6.0 ·

10−1
3.4 ·
105

ACTT
CTAC

9.2 ·
10−3 1.9·10−3 0.72 ·103 46 1.9 ·10−3 1.3 ·100 3.8 ·

105

From these considerations, we obtain the final formula:

k−1
out = γ2Rc L/D +γ3 exp

[−βG0
]

(2.17)

Let us now turn to calculating kin, which we will do based on dimensional arguments.
The dimension of kin must be that of an area times an inverse time. The only physical
quantities in our system that can be combined to give such a dimension basically tell us
that kin should be scaled as:

kin = γ1D, (2.18)

D again being the DNA diffusion coefficient and γ1 a non-dimensional constant of
order 1 that should only depend on the dimensionality of the system and on its geometry.
Note that in practice the diffusion coefficient inside and outside the patch area might not
be exactly the same. In fact, we would expect the diffusion of receptors within the patch
area to be somewhat slower than outside of it, mostly because additional friction would
be expected due to the interactions between unbound ligand-receptor pairs.
Note that given the previous expressions one should expect kin to be the same for all
of the systems studied here, whereas kout should decrease for decreasing hybridisation
energies G0, i.e. for stronger bonds.
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MULTIVALENT INTERACTIONS

Table 2.3: DNA sequences. Strand 1 is used as the backbone for all strands with a sticky end to form a double-
stranded stem. The complementary strand is denoted with ’. Inert strand 1 and inert strand 2 are hybridized
to obtain passive double-stranded DNA.

Name DNA sequence

Strand 1
TCGTAAGGCAGGGCTCTCTAGACAGGGCTCTCT
GAATGTGACTGTGCGAAGGTGACTGTGCGAAGG
GTAGCGATTTT

Strand 2
TTTATCGCTACCCTTCGCACAGTCACCTTCGCA
CAGTCACATTCAGAGAGCCCTGTCTAGAGAGCC
CTGCCTTACGATTATAATGAAT

Strand 2’
TTTATCGCTACCCTTCGCACAGTCACCTTCGCA
CAGTCACATTCAGAGAGCCCTGTCTAGAGAGCC
CTGCCTTACGAATTCATTATAA

Strand 3
TTTATCGCTACCCTTCGCACAGTCACCTTCGCA
CAGTCACATTCAGAGAGCCCTGTCTAGAGAGCC
CTGCCTTACGAGTAGAAGTAGG

Strand 3’
TTTATCGCTACCCTTCGCACAGTCACCTTCGCA
CAGTCACATTCAGAGAGCCCTGTCTAGAGAGCC
CTGCCTTACGACCTACTTCTAC

Strand 4
TTTATCGCTACCCTTCGCACAGTCACCTTCGCA
CAGTCACATTCAGAGAGCCCTGTCTAGAGAGCC
CTGCCTTACGAGTAGAAGT

Strand 4’
TTTATCGCTACCCTTCGCACAGTCACCTTCGCA
CAGTCACATTCAGAGAGCCCTGTCTAGAGAGCC
CTGCCTTACGAACTTCTAC

Strand 5
TTTATCGCTACCCTTCGCACAGTCACCTTCGCA
CAGTCACATTCAGAGAGCCCTGTCTAGAGAGCC
CTGCCTTACGAGTAGAA

Strand 5’
TTTATCGCTACCCTTCGCACAGTCACCTTCGCA
CAGTCACATTCAGAGAGCCCTGTCTAGAGAGCC
CTGCCTTACGATTCTAC

Inert
strand 1

CGTAAGGCAGGGCTCTCTAGATTGACTGTGCGA
AGGGTAGCGATTTT

Inert
strand 2

TTTATCGCTACCCTTCGCACAGTCAATCTAGAGA
GCCCTGCCTTACGA
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Figure 2.5: Mean square error of the fit as a function of γ1(= γ2), shown here for both the optimal value of γ3
(blue line) as well as for two sub-optimal values (yellow and purple line). As it can be seen, the mse of the fit
is almost insensitive to the value of γ1 chosen compared to the effect of γ3. Because γ1 = γ2 are related to
the diffusion time of ligands whereas γ3 to the bond breaking time, the observed insensitivity is what one can
expect when kinetics is dominated by the latter process.
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3
BOND FORMATION AND DIFFUSION

OF MULTIVALENT COLLOIDAL

PARTICLES

Clustering of ligands and receptors between biological interfaces upon binding is impor-
tant for cell-cell adhesion, signalling, T cell activation and transport. The accumulation
of ligands and receptors is characteristic for multivalent surfaces with fluidic properties.
Theoretical and experimental works have provided insights into ligand and receptor re-
cruitment but a direct visualisation of the ligand and receptor clustering in time between
two multivalent surfaces is still missing. Here, we use membrane coated colloids, func-
tionalized with DNA linkers that can multivalently bind to a target surface with comple-
mentary DNA linkers. Upon binding, we visualize the ligand and receptor interactions
in the contact area with fluorescence microscopy and Foerster Resonance Energy Trans-
fer (FRET). We observe the recruitment of ligands and receptors towards the contact area,
while the colloid diffuses on the target surface. We discover a slow down of the colloidal
motion during the accumulation of linkers. Depending on the interaction strength of the
linkers, we find different final patch sizes. These results provide unprecedented quantita-
tive insights into the timescale of multivalent binding and its effect on the motion of the
ligand-bearing receptors on the surface.
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3.1. INTRODUCTION
The interaction between two biological interfaces is mediated by specific binding be-
tween ligands and receptors that are both anchored in a membrane [1, 2]. Often, these
interactions consist of multiple weak bonds between ligands and receptors that - be-
cause of their surface mobility in the membrane - can accumulate at the contact area.
This process, also called receptor clustering, is crucial for signalling during chemotaxis
of Escherichia coli [3], T cell activation triggered by T cell receptor nanoclusters [4], and
integrin and cadherin clusters mediated cell adhesion [5–7].

The involved multivalently bound entities furthermore can undergo lateral diffusion
on the membrane themselves due to its fluid character [8]. This property is well known
for virus particles that first bind multivalently to cell membrane receptors and subse-
quently they show lateral movement via the cell receptors on the cell surface prior to
uptake via endocytosis [9–14].

A combination of strong binding and high diffusive motion is also necessary for trans-
porting a cargo along the cell membrane to a desired location, not only for virus particles
trying to reach a suitable spot on the cell membrane for internalization but also for drug
delivery applications. Achieving this requires an understanding of receptor mediated
transport along the cell membrane and its dependence on the receptor cluster size.

The ideal experimental system to study both the adsorption and diffusive motion of
multivalent particles needs to mimic the diffusive motion of receptors and ligands [15].
The adsorption of DNA coated gold nanoparticles [16] and biotin labeled giant unilamel-
lar vesicles (GUV) [17] onto supported lipid bilayers (SLBs) gave insights into the recep-
tor recruitment upon multivalent binding. By tracking DNA functionalised nanoparti-
cles [18] and DNA functionalised small unilamellar vesicles (SUV) [19] adsorbed to a SLB,
it has been shown that increasing the number of bonds decreases the diffusive motion
of the attached particles. Previous work on colloid-colloid interactions found that the
mobility of bound colloids depends on the ligand-receptor surface density, which was
hypothesized to stem from the bonding patch [20]. Fluorescent microscopy of DNA-
functionalized microdroplets [21] and GUVs [17, 22, 23] confirmed that the final bond
is a result of receptor clustering. However, visual confirmation of the direct correlation
between the bond formation and a slow down or arrest of the motion is missing. In fact,
the formation of the multivalent bond in time itself has never been observed quanti-
tatively. Even more so, its dependency on the multivalent character of the bond, and
hence on the interaction strengths and surface densities of the ligands and receptors, is
experimentally unexplored.

We here investigate the correlation between bond formation and arrest of motion us-
ing a dedicated model system of micrometer-sized colloids and surface, where we can
measure linker accumulation in the binding patch in-situ through a fluorescent signal
[24]. Since both, the particle and target surface are coated with a lipid membrane, lig-
ands and receptors are both mobile on the surface. This allows us to directly observe
the cluster formation of ligands and receptors and simultaneously track the motion of
the particle. After the initial binding of a particle to the surface, we observe an intensity
increase in the bond area in time, which implies that the DNA linkers are recruited to-
wards the contact area, and a simultaneous decrease in the particle’s diffusivity. The re-
cruitment continues until a binding patch has been formed such that there is a dynamic
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equilibrium between the bound and unbound ligand-receptor pairs that is determined
by the balance between various energetic and enthalpic contributions. We link the bind-
ing strength of individual ligand-receptor pairs and their surface density to the size and
density of ligand-receptor pairs in the patch and the loss of mobility. These observations
provide unprecedented quantitative measurements on the multivalent bond formation
and corresponding slow-down of diffusion of the multivalently-binding entity.

3.2. RESULTS

3.2.1. MULTIVALENT BOND FORMATION AND VISUALIZATION
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Figure 3.1: Multivalent binding mediated by mobile DNA linkers. a) The experimental model system consists
of colloidal particles functionalized with DNA linkers that form the ligand and receptor system. The colored
end of the DNA strand represents the single stranded overhang (sticky end). We use two different fluorophores
to distinguish the DNA linker on the colloid and surface. Additionally, passive DNA strands without a sticky end
are inserted into the lipid bilayer. Furthermore, we can track the location of the fluorescent signal to measure
the diffusion of the colloidal particle. b) With this experimental setup, we can measure the intensity I and size
of the patch in time, and connect it to the mobility. Fluorescent images illustrate the formation of the patch
over time. The intensity I increases over time and shows that ligands and receptors are recruited towards the
particle-surface contact area until the patch reaches a dynamic equilibrium. In the dynamic equilibrium, the
maximum number of bonds NB,max is reached and the patch is fully established. The scale bar is 500 nm.

We investigate the correlation between the ligand and receptor bond formations and
mobility of the colloid using colloidal probe particles (silica, 2.21±0.06µm) and a glass
surface that are both coated with a supported lipid bilayer (SLB), see Fig. 3.1a. As bind-
ing sites we anchor double stranded DNA via a cholesterol molecule into the SLB to ob-
tain full mobility of the ligands and receptors. Each DNA molecule consists of a single
stranded overhang (sticky end) such that the DNA molecules on the colloid (ligands) can
interact with the DNA on the target surface (receptors). We visualize the bond formation
using Foerster Resonance Energy Transfer (FRET) between fluorophores placed on the
3′ end of the ligand and receptor. We observe a fluorescent signal only when a recep-
tor and ligand interact. Hence, when the colloids are still freely diffusing in solution, no
FRET signal is being detected. See Materials and Methods for details.

The moment the colloid reaches the target surface we observe an increase in the
FRET signal in the contact area between colloid and surface, see Fig. 3.1a and b. The
intensity of the bonding patch rapidly increases and saturates at a constant value after
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patch formation has completed. This constant intensity implies that a dynamic equi-
librium state has been reached in which individual ligand-receptor pairs may unbind
or bind, but the overall patch size and strength, i.e. the total number of bound ligand-
receptor pairs, and hence intensity remains constant [24]. With this experimental setup
we can simultaneously track the location of the FRET signal over time and from this ex-
tract the diffusive motion of the colloid, which allows us to directly link the results to
the number of bonds in the patch. In the following, we will experimentally quantify the
multivalent bond formation in time, and investigate how and under what circumstances
its appearance affects the colloidal mobility.

3.2.2. PATCH FORMATION AND SLOW DOWN OF DIFFUSIVE MOTION

It has been hypothesized that bonds form by the accumulation of linkers and that this
accumulation is causing an arrest of the bead motion [18–20]. We investigate the cor-
relation between bond formation and motion by tracking the FRET signal of individual
colloids coated with 1500 µm−2 ligands that are binding to a surface functionalized with
450 µm−2 receptors and enthalpy of ∆G0 =−17 kBT(11 bp-seqA). An exemplary curve of
the intensity of the FRET signal in time is shown in Fig. 3.2a. The intensity of the FRET
signal shows an initial increase until it reaches a plateau around 20 s and continues until
saturation at approximately 200 s. The change in slope suggests that the recruitment of
receptors and ligands to the binding patch slows down after a specific time, which we
will be focusing on in the following.

Initially, the receptors and ligands can diffuse unobstructed into the contact area
and their diffusion inside and outside the patch area are the same. However, in time,
the bonding area gradually becomes filled up with bound ligand-receptor pairs. This
sterically hinders the diffusion of other ligands and receptors towards the patch, as well
as slows down their diffusion inside the patch. In addition, the local accumulation of
ligand-receptor pairs increases the concentration of cholesterol in the membrane area of
the binding patch, which affects the fluidity of the membrane and further slows down the
diffusion of both bound and unbound ligands and receptors [25, 26]. As a consequence,
further diffusion, binding, and accumulation between individual linkers in the patch
decreases and the intensity of the FRET signal saturates to a steady value.

To investigate how this transition affects the motion of the ligand-bearing entity, the
colloid, we track the spatial coordinates of the patch center during bond formation, see
Fig. 3.2b. Initially, the colloid moves significantly between two frames, indicated by the
circles, but then gradually slows down, until the particle becomes stationary at around
150 s. Clearly, the bond formation, strongly affects the mobility of the colloidal parti-
cle, which is confirmed by the decrease of the displacement d of the colloid in time,
see Fig. 3.2c. In the first 20 s we observe a significant decay of the displacement be-
tween two frames, which subsequently transitions into a slower decay. Various effects
may cause this slow-down of the colloidal diffusion, similar to what has been hypothe-
sized previously for the mobility of colloidal joints after bond formation [20]: a higher
number of bonded ligand-receptor pairs and a larger patch size increases friction for the
patch diffusion inside the supported lipid bilayers. Secondly, the gradual accumulation
of cholesterol moieties in the patch area of the membrane affects the membrane vis-
cosity and hence not only the diffusion of individual ligands and receptors but also the
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Figure 3.2: Patch formation. a) Intensity as a function of time shows the recruitment of ligands and receptors
with an enthalpy of ∆G0 =−17kBT(11 bp-seqA) towards the contact area. b) Trajectory of colloid during bond
formation. c) Displacement d between two consecutive frames extracted from a). After approximately 20 s, the
exponential decay transitions into a linear decrease until the displacement reaches a steady value. d) Displace-
ment d as a function of intensity I on a log-log scale. We observe two regimes with distinctly different power
laws and a transition at approximately 50 s. We fit both regimes with a powerlaw yielding two exponents k1
and k2. e) Linear regression on a log-log scale of d(I ) yields two exponents k1 and k2 that vary between 0−17.
Furthermore, the exponent k1 shows larger values compared to k2. f ) Distribution of Isaturated. g) Isaturated as
a function of k1 and k2 demonstrates that large exponents are common for low Isaturated. To track the colloids
and measure the intensity, we used trackpy.
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diffusion of the patch and thus colloid as a whole.

Comparing the intensity of the FRET signal and the displacement of the colloidal
particle in time, we find a clear correlation between the two parameters, see Fig. 3.2d.
Interestingly, on a log-log scale we can identify two time-intervals with different slopes.
This implies two distinct power-law relationships d ∝ I k between the displacement d
and the FRET intensity I . We extract the exponents k1 and k2 for the two regimes by per-
forming a linear regression, and plotting their probability density function in Fig. 3.2e. In
the first regime, we find a narrow distribution of k1 values varying between 1−6, whereas
the second slope k2 varies over a greater range, namely between 1−17. Plotting the sat-
urated intensities Isat, which represents the intensity of the fully formed patch in the
dynamic equilibrium, we observe a similarly broad distribution. The latter stems from
the broad distribution of the ligand density on the colloids, which is known to vary by up
to an order of magnitude in a sample [27]. We speculate that the ligand density on the
colloids may also affect the dynamics of the patch formation and connected slow down
of the colloid displacement, which would be reflected in the large spread of k2 [20, 27].
The more narrow distribution of k1 that describes the dynamics of the initial regime sug-
gests that this regime corresponds to unhindered diffusion, binding and accumulation
of the ligands and receptors in the bond area. Therefore, it is reasonable to expect that a
spread in the ligand density on the colloidal particle has a less pronounced effect on the
initial dynamics, and hence a smaller spread in k1.

3.2.3. PATCH AREA AND INTENSITY IN DYNAMIC EQUILIBRIUM

In the previous subsection we have shown that with increasing patch intensity, we ob-
serve a striking reduction in the surface mobility of the colloidal particle. We attributed
this decrease to the increase in the number of ligand-receptor bonds and the growth of a
binding patch. In the following, we consider what dictates the maximum value for these
parameters.

Assuming a rigid geometry of the particle and a sufficiently high receptor density on
the surface, the determining factors have to be the ligand density and binding strength
between ligand-receptor pairs as they are the two remaining factors that contribute to
the multivalent character of the bond. Therefore, we measure the patch size and inten-
sity over a range of ligand densities and different sticky ends. An overlay of the brightfield
image of the colloid with the FRET channel verifies that the fluorescent signal stems from
ligand and receptor interactions in the contact area of the colloid, see Fig. 3.3a. Using a
canny-edge detection algorithm, see Materials and Methods for details, we extract the
patch size and intensity based on the FRET images, see Fig. 3.3a and Fig. 3.3b.

First, we measure the size of the patch area for colloids functionalised with DNA link-
ers with three different sticky ends with an enthalpy ranging between -11 kBT to -17 kBT.
All patch areas increase with increasing ligand density σL until they reach a maximum
value and decrease again. To compare the result with the geometrically expected maxi-
mum patch size, we assume that the patch is circular and limited by the maximum bond
length L, defined by the length of a ligand and receptor after hybridization. Together
with the colloid radius RC we expect the maximum patch size of Apatch,max = 2πRCL =
0.36 µm2, see 3.3a. Surprisingly, the binding patch of colloids functionalised with DNA
linkers with 8 bp sticky ends increase slower compared to colloids functionalised with
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Figure 3.3: Patch area and intensity in dynamic equilibrium. a) Patch sizes Apatch of colloids coated with
different ligand densities for three different sticky ends. All patch sizes increase with increasing ligand density
until they reach a maximum and decrease again. The maximum Apatch differs between sticky ends. Colloids
functionalised with 8 bp sticky ends reach the maximum value at higher values of σL compared to colloids
functionalised with 11 bp sticky ends. Dashed line indicates the geometrical expected maximum patch area.
b) I as a function of σL for 8 bp and 11 bp sticky ends. The data in (a) and (b) was measured with a canny edge
detection algorithm.

11 bp sticky ends, even though they are coated with an up to 100 × higher ligand den-
sity. In addition, the maximum value for the 11bp sticky ends are around Apatch,max,
whereas the 8 bp sticky end yields a maximum patch size of approximately 0.28 µm2.
We hypothesize that this behavior stems from the multivalent nature of the bond. Upon
binding, the ligands on the colloid have to diffuse towards the contact area, which can
lead to a concentration difference of ligands on the colloid. The energy released upon
binding compensates for this inhomogeneity of ligand density and hence, the longer the
sticky end, the more easily ligands can overcome the energy barrier. Due to the cost of
binding, the 8 bp sticky ends are shifted to larger σL and, additionally, show a slower in-
crease in Apatch because the enthalpy is (2−6) kBT lower compared to the 11 bp sticky
ends. Another possible explanation is that the close packing of DNA inside the patch
induces repulsion between the dsDNA backbone due to the negative charge. If the en-
thalpy of the bonds is strong, this effect is negligible compared to low enthalpies, where
the ligand-receptor bond cannot compensate for the repulsion.

A second intriguing observation in Figure 3.3a is that one measured patch size of
the 11 bp-seqB lies above the geometrically possible maximum patch size. This obser-
vations may point to a deformation of the supported lipid bilayer both on the colloid
and/or the target surface. Such deformations would effectively increase the area for lig-
ands and receptors to bind, as has been hypothesized by [20] and [18]. In addition, we
find that the patch areas for the 11 bp strands tend to be higher when saturated than for
the 8 bp strand. This observation suggests that an increase in σL does not only increase
the attraction between ligands and receptors but hinders the system to bind, however it
remains unclear to which degree σL induces a repulsion.

Finally, we observe a drop in the patch size for colloids functionalised with 8 bp and
11 bp sticky ends at high ligand concentrations σL. While the origin of this effect is as of
yet unclear, we suspect that above a certain ligand density, the colloidal particles experi-
ence an increased repulsion that stems from steric interactions caused by the increased
number of ligands [28]. Moreover, close packing of the linkers restrict their freedom of
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motion in space and results in a configuration, where the linkers all point straight up,
which also increases the steric repulsion.

Similar to the patch size, the intensity I , which is the product of the mean inten-
sity of the patch and the number of pixels that span the patch area, integrated over the
patch area also increases as a function of ligand density, see Fig. 3.3b. Again, the col-
loids functionalised with 11 bp linkers reach saturation at lowerσL compared to colloids
functionalised with 8 bp DNA linkers. Note, that the absolute intensity values of the flu-
orescent signal of the 11 bp DNA linkers are not directly comparable to the 8 bp DNA
linkers due to different flurophores on the DNA strands. Comparing the integrated in-
tensity with the patch size with increasing ligand density, we observe similar trends for
both values: At a specific σL the curves reach a maximum and with a further increase of
σL, the intensity and area decreases.

Between different strands, and hence different interaction strengths, we observe
three effects: (1) the curves are shifted alongσL, (2) their slope changes and (3) the inten-
sity and patch do not saturate but decrease. Longer sticky ends with higher interaction
strengths show the same intensity values already at lower ligand densities. This can be
understood from the multivalent character of the bond. Upon binding of ligands or re-
ceptors their motion is significantly confined, from either the whole colloid or the target
surface to the bonding patch [29]. In addition, the recruitment of ligands towards the
contact area can lead to a concentration difference in ligand density inside and outside
the patch area on the colloid surface. This loss of translational entropy and ligand den-
sity inhomogeneity needs to be compensated by a gain in combinatorial entropy and
binding enthalpy. The higher the enthalpy gain from binding, the easier the system can
make up for the entropy loss, and hence form the same number of bonds already at lower
ligand density. As a result, the integrated intensity of colloids coated with 11 bp linkers
saturates earlier than for those coated with 8 bp linkers.

We believe that the physical mechanism for this shift is similar to the one observed
for the binding probability of colloids as a function of ligand densities for different linker
lengths [24]. However, there is also a notable difference namely that ligands with longer
sticky ends show a less steep binding probability with increasing receptor density,
whereas the average patch intensity and hence number of bound ligand-receptor pairs
is steeper for longer sticky ends. This can be explained by the dynamic unbinding and
binding of receptor and ligand interactions. The stronger the interactions, the longer it
takes for the bond to break and diffuse out of the patch. Therefore, we expect a faster
accumulation of linkers in the patch for the 11 bp linkers. This observation confirms
our findings that the dynamic binding kinetics are crucial for the binding probability of
colloids.

A recent study with DNA functionalized droplets binding to complementary DNA
on a surface investigated the patch size and intensity as a function of DNA density on
the droplet (σL) [21]. They find that the DNA density on the vesicle governs the final
patch size, confirming our findings. However, they do not observe a decrease in Apatch

at large DNA densities but an asymptotic increase of Apatch as a function of σR until
saturation. Moreover, they propose that the receptors and ligands inside the patch tend
to migrate towards the outer edge of the patch at high density to avoid intermolecular
interaction penalties, leading to a ring formation. Due to experimental limitation, we
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cannot observe the ring formation. To obtain a better estimate of the patch size and
shape, we would need to increase the colloid radius.

3.2.4. DIFFUSIONCOEFFICIENT IN DYNAMIC EQUILIBRIUM

An interesting feature of fully mobile ligands and receptors is that even when they are
bound, they can still diffuse within the bond area and simultaneously move collectively
as a complex. The same should hold for our experimental model system, where a bound
colloid should still be able to diffuse on the target surface, albeit with lower diffusion
constant due to the increased friction of the patch of linkers within the membrane. How-
ever, diffusion might even arrest fully, as we showed in Figure 3.2b and c, where the dis-
placement strongly reduced in time.

To elucidate how this process depends on the interaction strength between individ-
ual ligands and receptors and the ligand density, we determine the diffusion coefficient
of colloids with fully developed bonding patches. By measuring the displacement of
the colloid from the tracked FRET signal over time with a python tracking algorithm
trackpy [30] we can calculate the diffusion coefficient D . Fig. 3.4a shows D for the 8 bp
at σL = 2000µm−2. We set a threshold for D for unbound colloids, which we determined
from unbound colloids as a reference. We consider four different ligand-receptor inter-
action strengths, by employing two DNA linkers with 11 bp sticky ends, one with an 8 bp
sticky end and one with a 6 bp sticky end. We observe a decrease in D with increasing
ligand density σL. Independent of the enthalpy of the sticky end, the lowest values we
find for the diffusion coefficient lies between 0−0.1 µm2/s.

However, the transition from a freely diffusive motion of the colloid to nearly com-
plete stillness depends on the strength of the DNA linker. The diffusion of colloids
equipped with 11 bp-seqA linkers is almost constant and close to the smallest observed
values for D , whereas the diffusion constant of colloids functionalized with the 11 bp-
seqB shows a smooth decay until complete arrest of motion. Interestingly, the diffu-
sion of colloids functionalized with 8 bp first decreases slowly until it suddenly drops to
D = 0 µm2/s. The colloids equipped with 6 bp linkers show a sharp decrease with σL,
except for the highestσL where an increase of D can be seen. This might stem from a de-
crease in patch size due to steric repulsion, an effect similar to the one that was observed
for the decreased area size with σL in Fig. 3.3a.

Plotting D as a function of I does not show a clear relation between the two param-
eters, see Fig. 3.4c. Note, that we did not include the 6 bp sticky ends in the analysis,
because the signal to noise ratio of the patch makes it challenging to analyse and prone
to false results. We suspect that the decreasing Apatch and I at large σR yield a non-
linear dependence between the parameters and D . To test our hypothesis, we exclude
the datapoints that belong to the range of σL , where we observed the decrease in Apatch,
see Fig. 3.4d. Now, the 11 bp-seqB and 8 bp fall on a line, but the 11 bp seq-A shows
a constant D independent of I . Previous experimental and theoretical work have pro-
posed the ’free draining model’ to describe the diffusion D as a function of the number
of interactions[18, 19].

D = 1

NB
, (3.1)



3

50 3. BOND FORMATION AND DIFFUSION OF MULTIVALENT COLLOIDAL PARTICLES

where NB are the number of bonds. Our findings do not support a powerlaw between
D and I . Moreover, the free draining model describes systems with few binding sites on
the nanoscale. This observation suggests that the lengthscale of the system changes the
underlying theory to describe the system. On the microscale, within a short timescale
hundreds of bonds are formed, which has a much larger effect on Apatch and D , as it
holds for nanoparticles.
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Figure 3.4: Diffusioncoefficient in dynamic equilibrium. a) Distribution of D for 8 bp sticky ends at σR =
10000µm−2. The lighter region indicates D for unbound colloids and is excluded from the average compu-
tation. b) Diffusioncoefficient D for four different sticky ends. Colloids functionalised with 11 bp sticky ends
have an approximately constant diffusioncoefficient of 0.15µm2/s. Weaker interactions show a larger decrease
with increasing ligand density until they reach a stationary value. Colloids functionalised with 8 bp sticky ends
plateau at D = 0.035µm2/s and then drop to D ≈ 0µm2/s. The shortest sticky end drops similarly to the 8 bp
sticky ends but D does not saturate and increases again at high σL. c) D as a function of I for 8 bp, 11 bp seq-A
and 11 bp seq-B. d) Same plot as in (c) but only datapoints before the decrease in Apatch are included.

3.3. CONCLUSION
The diffusion of a multivalent particle is determined by the number of bonds in the patch
area. In this chapter, we have employed an experimental model system to study bond
formation and diffusion of a fully mobile system on the ligand-receptor level. We directly
visualised the spatial organisation of the ligand and receptors inside the patch area and
linked our results to the diffusion of the colloid. We have shown that the bond formation
is governed by the ligand and receptor recruitment. The final patch size in the dynamic
equilibrium can be tuned with the ligand density and interaction strength, which has
a direct impact on the diffusive motion of the bound colloid: an increasing number of
σL gradually decreases the diffusive motion of the colloid until its motion arrests almost
completely.

Subsequent studies with this model system can contribute to the understanding of
receptor recruitment on the surface, leading to receptor depletion on the surface, by
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investigating the bond formation for different concentrations of colloidal particles in so-
lution. Different diffusion coefficients of ligands and receptors, which are typical for
biological membranes, could have an impact on the timescale of binding. This could be
investigated by tuning the membrane composition on the colloid and target surface in
our experimental system. The insights gained in this study might be important for the
self-assembly of colloid supported lipid bilayers into flexible microstructures, because
they show under what conditions bond flexibility arrests. Lastly, our observations might
help in designing a drug-delivery carrier that shows a high binding probability and dif-
fusion on the target surface.

3.4. METHODS

3.4.1. SUPPORTED LIPID BILAYER FORMATION

To ensure full mobility of the binding sites, we coated the surfaces of the probe parti-
cle and target surface with a supported lipid bilayer (SLB). 18 : 1 DOPC lipids [Avanti
Polar Lipids] were stored in chloroform, so we first transfered the lipids with gastight
syringes into a glass vial. We gently blew with nitrogen to evaporate the chloroform and
we additionally placed the glass vial into a vacuum dessiccator overnight to make certain
that all chloroform has been evaporated. Next, we resuspended the dried lipids in Tris
Acetate-EDTA-NaCl (TAE, 100 mM NaCl, pH=8,[Formedium]) and vortexed the solution
for 30 min. During this process, the lipids formed giant unilamellar vesicles (GUV) in
solution. Small unilamellar vesicles (SUVs) were prepared by pushing the GUVs through
an Avanti mini extruder with a membrane pore size of 30 nm [Avanti Polar Lipids]. This
process was repeated until the final solution is transparent.

The SLB is formed by spreading SUVs on a coverslip. This process is very sensitive to
the surface properties of the glass, which is why we thoroughly cleaned the glass cover-
slip [VWR] and glass microscope slide [VWR] before use. In doing so, we sonicated the
coverslips and glass microscope slides each in 2%(volume per volume) Hellmanex solu-
tion, acetone (> 99.9%) and potassium hydroxide solution (KOH,1M, [Merck]). Between
each change of solution, we rinsed the glassware with MilliQ.

All experiments were performed in a flow channel, which consisted of a layer of
Parafilm placed between a coverslip and microscope slide. We cut out a 24×2 mm chan-
nel in a strip of parafilm and placed it between the cleaned coverslip and microsope
slide. Placing the whole construct on a hot plate at 125◦ melted the parafilm and fused
all components together. First, we flushed buffer through the channels and after that we
added SUVs and incubated the membranes for 30 min at room temperature. Then, we
washed the channels with buffer at 4× the volume of the channel to remove SUVs from
solution.

Commercial silica spheres [Microparticle GmbH] of 2.12± 0.06 µm diameter were
mixed with SUVs and incubated for 60 min at room temperature on an end-over-end
tumbler at 8 rcf to avoid sedimentation. Next, we washed the solution three times by
centrifuging for 1 min at 2000 rcf and replacing the supernatant with fresh buffer. The
last exchange of the supernatant was done with buffer used for imaging and which con-
sisted of 0.8% dextrose, 1 mg/mL glucose oxidase, 170 mg/mL catalase and 1 mM Trolox
[(±)−6−hydroxy−2,5,7,8−tetramethylchromane−2− carboxylic acid, 238813] [Merck].
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3.4.2. DNA FUNCTIONALISED SURFACES

Each ssDNA strand ([Integrated DNA Technologies, Inc.],[Eurogentec], [IBA]) with a
sticky end were hybridised with a 77 bp ssDNA to form a double stranded backbone, see
Tab. 3.1. The two ssDNA strands are annealed up to 95◦C and gradually cooled down by
0.2◦C/min in Tris Acetate-EDTA-NaCl (TAE, 100 mM NaCl, pH=8,[Formedium]) buffer in
a thermocycler. The final products were stored in TAE-NaCl buffer at 4◦C. We used sticky
ends ranging between 6 bp - 11 bp (∆G0 =−7 kBT− (−17) kBT).

The hybridised product has a double cholesteryl-TEG anchor that can integrate into
the SLB. By adding different concentrations to the membrane coated colloids and tar-
get surface, we could tune the final density of DNA on the surface. After an incubation of
60 min, we washed the samples as described in Sec. 3.4.1. We note that the resulting con-
centration of DNA linkers might be different from the nominal concentration we report
in the manuscript. For all experiments, we kept the maximum number of DNA strands
per µm2 constant to ensure constant membrane properties.

3.4.3. DATA ACQUISITION

Fluorescent microscopy data was acquired with Total Internal Reflection (TIRF)
microscopy on an inverted microscope (Nikon Ti2-E) upgraded with an azimuthal TIRF
/ FRAP illumination module (Gata systems iLAS 2) equipped with a 100x oil immersion
objective (Nikon Apo TIRF, 1.49NA). By using dual color imaging, we alternated between
the donor (561 nm) and acceptor (640 nm) wavelength (Cairn Research Optosplit II By-
Pass, EM-CCD Andor iXON Ultra 897), resulting in a Foerster Resonance Energy Transfer
(FRET) signal, if the two complementary sticky ends hybridised. Additionally, we ac-
quired a Brightfield image to detect the colloids on the surface (CCD Retiga R1).

3.4.4. IMAGE ANALYSIS

First, we averaged the acquired FRET images over 4 consecutive frames to reduce high
frequency noise. With Trackpy we located the fluorescent patches in the FRET images
and extracted the integrated intensity and spatial coordinates over time during bond
formation. Additionally, we used Trackpy to extract the spatial coordinates of the patch.
Trackpy is based on the Crocker-Grier algorithm [31]. We set a fixed mask size and
threshold to detect the maximum fluorescent pixels that belong to a patch. The thresh-
old is based on visual inspection after tracking and chosen such that the algorithm does
not account for noise. As a result, we obtained for each colloid in the field of view spatial
coordinates, which we used to compute the mean square displacement (MSD) leading
to the diffusion coefficient D of bound colloids to the SLB. The D for 6 bp sticky ends at
σR = 10000 µm−2 estimates D for unbound colloids.

The patch size has been determined via a Canny edge detection algorithm imple-
mented in Python [32]. Prior to analysis, we normalised the images with the maximum
fluorescent signal and performed a gaussian blur to reduce noise. The width of the Gaus-
sian wasσ= 1 and was chosen as small as possible to reduce the smoothing of the edges,
which effectively increases the size of the patch. The algorithm detects gradient changes
in the intensity along the pixels, which defines the edges. Further analysis with hystere-
sis thresholding on the detected gradient results in the final edge. Therefore, we set a
high and low threshold to 0.2 and 0.9, respectively. The absolute values of the patch size
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Table 3.1: List of all DNA sequences.

Name Sequence (5′ to 3′) 5′ 3′

Recep-
tor/Ligand

TTTATCGCTACCCTTCGCACA
GTCACCTTCGCACAGTCACAT
TCAGAGAGCCCTGTCTAGAGA
GCCCTGCCTTACGA-sticky end

Cholesterol-
TEG

fluorophore

Recep-
tor/Ligand
backbone

TCGTAAGGCAGGGCTCTCTAG
ACAGGGCTCTCTGAATGTGAC
TGTGCGAAGGTGACTGTGCGA
AGGGTAGCGATTTT

-
Cholesterol-
TEG

Inert strand A
CGTAAGGCAGGGCTCTCTAGA
TTGACTGTGCGAAGGGTAGCG
ATTTT

-
Cholesterol-
TEG

Inert strand B
TTTATCGCTACCCTTCGCACA
GTCAATCTAGAGAGCCCTGCC
TTACGA

Cholesterol-
TEG

-

receptor
backbone

TCGTAAGGCAGGGCTCTCTAG
ACAGGGCTCTCTGAATGTGAC
TGTGCGAAGGTGACTGTGCG
AAGGGTAGCGATTTT

Cholesterol-
TEG

-

receptor

TTTATCGCTACCCTTCGCACA
GTCACCTTCGCACAGTCACAT
TCAGAGAGCCCTGTCTAGAGA
GCCCTGCCTTACGA-sticky end

Cholesterol-
TEG

Cy3

ligand sticky
end

GTAGAAGT-Atto647N (8 bp),
TTATAATGAAT-Cy5 (11 bp seq-B),
GTAGAAGTAGG-Cy5 (11 bp
seq-A)

- fluorophore

receptor
sticky end

ACTTCTAC-Cy3 (8 bp),
ATTCATTATAA-Cy3 (11 bp seq-B),
CCTACTTCTAC-Cy3 (11 bp seq-A)

- fluorophore

are sensitive to the parameters chosen for the canny edge detection. However, we tried
different methods and we observe the same trends with increasing ligand density only
shifted along the y-axis, providing confidence that a comparison between different link-
ers can be trusted. However, we note that each detected signal represents a point spread
function and hence the detected signal is larger than expected, especially for high val-
ues of the intensity, adding a difficult to estimate uncertainty to our measurements. To
exclude non-physical results from tracking errors, we set a threshold for Apatch as three
times the maximum possible patch size.
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4
SUPERSELECTIVE DNA NANOSTAR

ADSORPTION

Weak multivalent interactions govern biological processes like cell-cell adhesion and virus-
host interactions. These systems distinguish sharply between surfaces based on receptor
density, known as superselectivity. Earlier experimental and theoretical work provided in-
sights into the control of selectivity: Weak interactions and a high number of ligands facili-
tate superselectivity. But present experimental systems typically involve tenth or hundreds
of interactions, resulting in a high entropic contribution leading to high selectivities. An
experimental system with a high level of control over a few ligands mimicking multido-
main proteins and virus binding to a membrane is still missing. Here, we introduce a
multivalent experimental model system based on star shaped branched DNA nanostruc-
tures with each branch featuring a single stranded overhang that binds to complementary
receptors on a target surface. Each DNA nanostar possesses a fluorophore, which allows
for the direct visualization of nanostar surface adsorption by total internal reflection mi-
croscopy (TIRF). We observe that the weaker the interaction, the more superselective and,
surprisingly, stronger the nanostar is bound to the surface. These findings cast a new light
on the definition of the strength of multivalent bonds. Our results add to the understand-
ing of multivalent interactions on the nanoscale, which improve future work on selective
targeting in directed drug delivery.
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4.1. INTRODUCTION
Two entities in biological systems mostly interact weakly and reversibly [1, 2]. Multi-
ple ligands and receptors generate these interactions and form an overall strong bond.
These multivalent interactions can promote binding close to existing bonds (cooperativ-
ity), increasing the specificity of the system [3]. Multivalent systems are highly relevant in
biology, where many processes require a high specificity of binding: intrinsically disor-
dered protein-protein interactions [4], multivalent protein phase separation [5], ubiqui-
tylation [6] and antibody-antigen binding [7]. These examples highlight that multivalent
interactions establish a strong bond, although the individual interactions are weak and
highly reversible. This combination of high binding probability and strong binding also
occurs in virus-host interactions: Multivalent weak interactions significantly increase
selectivity, and nevertheless upon binding the virus still diffuses on the cell surface to
search for suitable entries for endocytosis [8]. This lateral diffusion of the virus indicates
that the overall bond is strong and not immediately reversible [8–10], see Fig. 4.1a.

To understand how biological systems achieve a high selectivity upon binding,
Martinez-Veracoechea and Frenkel for the first time introduced the concept of super-
selectivity as a non-linear increase in the binding probability [11]. In their models a
multivalent particle distinguishes surfaces based on receptor density. A change in the
interaction strength, valency and/or particle concentration manipulates the sharpness
of this transition, where high valency, weak interactions and low particle concentrations
yield the highest selectivity. In addition, recent studies illustrated that parameters like
crowding [12] or the addition of an external force on the particle [13] also regulate selec-
tivity.

To experimentally assess superselectivity precise control of valency, ligand and re-
ceptor interaction strength and the particle’s concentration is needed. Present experi-
mental model systems that successfully demonstrated multivalent surface binding in-
clude polymers [14, 15], viruses [16] and nano- [17] and microparticles [18, 19]. These
studies emphasized that the right interplay of enthalpy and entropy leads to superselec-
tivity. But, experimental model systems consisting of polymers and nanoparticles mimic
biological systems that include tenth or hundreds of interactions. Virus particles interact
with less than 10 receptors [20], but the experimental control over interaction strength
and valency is limited. As far as we know, research on superselectivity with a focus on
valencies below ten has not been done. Investigating superselectivity with few binding
sites provides insights in the transition from monovalent to multivalent binding.

To adress superselectivity with low valencies, we report a new experimental model
system consisting of DNA nanostars. A DNA nanostar consists of branched junctions of
DNA strands (also called arms) with single stranded sticky overhangs that act as binding
sites (ligands) [21–23]. The sticky ends on each nanostar bind to surface mobile com-
plementary DNA strands (receptors), see Fig. 4.1 b. DNA nanostars have a number of
attractive features: the length of the sticky end regulates the interaction strength, the
number of arms precisely dictates the valency and a fluorophore attached to one arm
allows for the visualization of nanostar-surface adsorption with Total internal reflection
fluorescence microscopy (TIRFM).

In this research we want to dissect the role of valency, with few interactions ranging
between 2−10, on superselectivity. More specifically, we want to investigate how the in-
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teraction strength in combination with valency regulates selectivity. We aim at connect-
ing individual ligand-receptor binding to nanostar binding by asking how many bonds
form in a multivalent interaction and what defines the strength of the overall multivalent
bond. We next address how the presence of additional, non-interacting biomolecules,
as are typically diffusing in a cell membrane, influence adsorption and superselectivity.
Using a combination of theory and experiments we determine the binding kinetics and
average number of bonds in the context of nanostar-receptor interactions. We find for a
6 arm nanostar that the weaker the ligand-receptor interaction is, the more superselec-
tive it is and surprisingly, the stronger the nanostar is bound to the surface. Our findings
offer important insights into the question of how a weakly binding superselective par-
ticle can still form a strong bond. Our results advance the understanding of virus-host
interactions, where few weak interactions govern superselective cell targeting without
immediate detachment of virus particles after binding.
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Figure 4.1: Motivation and model system. A characteristic feature of superselective systems is a sharp, non-
linear transition in the binding probability with increasing receptor density. This feature occurs in many bi-
ological systems, when weak multivalent interactions are involved. a) One example is selectivity in virus-cell
adhesion, where only few interaction sites participate in binding. b) We experimentally investigate superselec-
tivity with valencies below 10 with DNA nanostars that feature tunable, well-controlled DNA-DNA interactions
and valency. Each arm of the DNA nanostar features a single stranded overhang (sticky end) that binds to the
complementary sticky end on the receptors in the supported lipid bilayer (SLB). The length of the sticky end
defines the strength of the interaction. Each DNA nanostar and receptor possess a fluorophore, such as Atto488
or Cy3, which allows for the direct visualisation of adsorbed nanostars onto the target surface and receptors.
c) DNA nanostar constructs for valencies k = 1,3,6,10. Each DNA nanostar holds an Atto488 dye, which is not
visible in the sketch.
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Figure 4.2: DNA nanostar surface adsorption. a) To quantify the change in the number of adsorbed nanos-
tars on the target surface, we measure the intensity on the surface. By varying the number of receptors on the
surface, we obtain a higher signal with increasing receptor density. After background subtraction and normal-
isation with the saturated value, we translate the signal into a bound fraction Θ, see Materials and Methods
for details. b) The bound fraction Θmeasured as a function of receptor density σR for sticky end ACTTCT and
four valencies k = 1,3,6,10. Solid lines are least-squared fits of the model Eq. 4.2 adapted from Frenkel and
coworkers [11] with fitting parameters KA and Kintra. For k = 3 we excluded the last four datapoints for the
fit to get the most accurate mathematical description of the non-linear transition of Θ. A zoom of Θ at high
σR visualises the deviation of the model from the datapoints. Interestingly, for k = 6,10 we observe a signifi-
cant decrease ofΘ after reaching the maximum adsorption. We indicate the receptor density range, where the
model does not capture the data well with a grey area, also for subsequent analysis throughout this chapter.
c) The adsorption of a nanostar is a two step process: First, the first bond forms and then, subsequent bonds
follow. This sketch points out relevant parameters of the system used for the model Eq. 4.2. d) Together with

the mathematical description of Θ in a), we compute the selectivity parameter α = dlnΘ
dlnσR

. e) Rescaled x-axis

of a) with the valency k. f ) Eq. 4.9 and Θ obtained from the least squared fit in a) yield the average number of
bound arms 〈n〉.
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for different KA, see Eq. 4.1.b) Eq. 4.2 predicts Θ for fixed KA = 1e − 05 M−1 and varying Kintra. c) Average
number of bound arms 〈n〉 for varying Kintra, see Eq. 4.9.

4.2. RESULTS

4.2.1. SUPERSELECTIVE DNA NANOSTAR ADSORPTION

In this section, we show our experimental results of DNA nanostar surface adsorption.
We systematically study superselective surface targeting using DNA nanostars with a ss-
DNA sequence at the end of each arm (sticky end) that binds to receptors on a target
surface with the complementary sticky end, see Fig. 4.1b. The receptors consist of a
77 bp double stranded stem with a cholesterol molecule on the 5′ end. Cholesterol inte-
grates the receptor into a supported lipid bilayer (SLB) on the target surface and ensures
full mobility of the receptors [24–26]. On the 3′ end the receptors have a sticky end with
the complementary sequence to the nanostar sticky ends. The length of the sticky end
determines the hybridization free energy of each arm, see Materials and Methods for
details. Each DNA nanostar possesses an Atto488 dye on the 3′ end of one arm, which
does not inhibit binding. The excitation of the fluorophore and acquisition of the emis-
sion with total internal reflection microscopy (TIRFM) allows for the direct visualization
of nanostar-surface adsorption. The advantage of TIRFM is the direct excitation of the
nanostars on the surface and limiting the excitation of nanostars in solution.

First we ask how the number of adsorbed nanostars changes with a change in the re-
ceptor density σR for a fixed interaction strength. We therefore imaged the nanostar sig-
nal for different receptor densities ranging from low to high, see Fig. 4.2a. An increase in
σR clearly enhances the fluorescent signal emitted from the SLB, implying increased ad-
sorption of the nanostars. This result demonstrates that the number of adsorbed nanos-
tars to the surface changes with σR. For these experiments, nanostars with valencies 1,
3, 6 and 10 were used.

To quantitatively elucidate the transition of nanostar adsorption, we employed nanos-
tars with different number of arms k, and imaged their adsorption to SLBs functionalized
with different receptor concentrations σR. We measured the mean intensity of a certain
area, and normalised it with respect to the maximum intensity of the same area. Finally,
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we plot the normalised signal, here referred to as binding probability Θ as a function of
σR, see Fig. 4.2b.

We started by investigating the nanostar-surface adsorption for different number of
arms k = 1,3,4,10 but with fixed hybridization energy∆G0 =−7 kBT at a constant nanos-
tar concentration in solution ρn = 10−8 M. We choose this interaction strength based
on our findings in a previous study with colloidal particles [18], where superselective
binding occurred for ligand-receptor interaction enthalpies around ∆G0 = −7 kBT. We
measured Θ over receptor densities ranging between σR = (1.000− 600.000) µm−2, see
Fig. 4.2b, and found that Θ smoothly increases with increasing σR. With smaller valency
k the curve shifts to higherσR. This can be understood from the decrease in the enthalpy
and therefore causing a shift along σR, which we will explain in more detail later in this
section. Interestingly, for k = 6,10, Θ decreases again at high σR after reaching Θ = 1,
see Fig. 4.2b zoom. There are two possible explanations for this observation. First, the
receptors induce a steric repulsion that increases the energy barrier for nanostars to ad-
sorb at highσR [27]. Second, the receptors are not available for binding because divalent
ions cause DNA bridging, which becomes more dominant with increasing σR [28–30].
Further studies targeting the role of steric repulsion and divalent ions need to be under-
taken to pinpoint the origin of the decrease inΘ at large σR. Overall, our results confirm
that the valency and σR are important for the adsorption of multivalent particles.

To get an analytical description of the experimental data, we adapt the model devel-
oped by Frenkel and coworkers [11, 31]. The Langmuir isotherm describes the adsorp-
tion of a monovalent nanostarΘmono:

Θ= ρn AσRKA

1+ρn AσRKA
, (4.1)

where ρn is the nanostar concentration in solution, σR is the receptor density on the
target surface, A is the total surface area and KA is the equilibrium association constant
to form a single bond. The interaction strength of the ligand and receptor shiftsΘ relative
to σR, see Fig. 4.3a. The number of arms k > 1 introduces a combinatorial term to the
system that accounts for the number of possible bond formations, see Fig. 4.2c. Hence,
the adsorption now depends on K av

A , the equilibrium avidity association constant:

Θ= ρnK av
A (KA,Kintra,k)

1+ρnK av
A (KA,Kintra,k)

, (4.2)

where Kintra is the equilibrium constant for subsequent bonds, after the first bond is
established. In sum, K av

A accounts for the formation of the first bond and, additionally,
includes a combinatorial term that describes the formation of subsequent bonds:

K av
A ≈ KA

Kintra

[
(1+σR AKintra)k −1

]
. (4.3)

Depending on the value of Kintra, Θ of a multivalent particle with k = 6 yields a lin-
ear or non-linear transition of Θ, see Fig. 4.3b. For small Kintra the multivalent parti-
cle binds monovalently, whereas an increase in Kintra leads to sharper non-linear transi-
tions. Hence, the superselectivity of a system depends on the likelihood of forming sub-
sequent bonds. Overall, this observation highlights the need for an analytical expression
of the average number of bound arms.
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In the following section we apply the theory to our experimental data to extract in-
formation about the chemical equilibrium constants KA and Kintra. A least-square fit
with Eq. 4.2 to the experimental data in Fig. 4.2b yields the fitting parameters KA/Kintra,
1/Kintra and a division of the two values yields KA. The fit with Eq. 4.2 captures the ex-
perimental data over a wide range of σR, see Fig. 4.2b. At large σR, however, the model
deviates significantly from the data. This finding further supports the idea of additional
aspecific or repulsive interactions at high σR, because the model does not account for
these parameters. Because of this potential limitation at large σR, we highlight this re-
ceptor density range with a grey area. Furthermore, the model does not accurately cap-
ture the non-linear transition in Θ for k = 3 because of the slow saturation at high σR.
Regarding the limitation of the model, we only fit the first four datapoints for k = 3. The
fitting results are reported in Tab. 4.1a.

Table 4.1: Fitparameter. A fit with Eq. 4.2 to Θ in Fig. 4.2a yields the fitting parameters KA/Kintra and Kintra.
The numbers in brackets indicate the fitting error. A division of the two fitting parameters yields KA.

k K A/Kintra(M−1 ∗106) Kintra(∗10−12) K A(M−1 ∗10−5)

1 - - 0.5(0.1)
3 2.3(0.5) 5(0.1) 1.2
6 10.1(0.2) 1.2(0.6) 1.2

10 17.9(0.2) 0.6(0.3) 1.0

Interestingly, a comparison of KA for k = 1,3,6,10 in Tab. 4.1 reveals no significant
difference, consistent with theory. The first bond formation therefore only depends on
ρn and the number of free receptors and not on the valency of the nanostars. If the bonds
are formed independently of each other, the binding probability of the multivalent par-
ticle would scale with the valency k:

Θmulti = k ∗Θmono. (4.4)

To test whether this relation holds for our experimental system, we multiply σR with
k, see Fig. 4.2e. From this plot we find that the multivalent binding curves shift towards
the monovalent curve and fall on top of each other in the low σR range. In this range,
nanostars most likely bind one arm only and thus effectively bind monovalently. How-
ever, at increasing σR the curves starts to deviate from each other underlining that a
mathematical description of the non-linear transition must include combinatorial ef-
fects.

Subsequent bond formations are captured by the second fitting parameter 1/Kintra.
Interestingly, we observe an increase in Kintra with decreasing k. This means that nanos-
tars with more arms are less likely to bind with multiple arms to the SLB. This rather con-
tradictory result may be due to the different geometries of DNA nanostars, see Fig. 4.1c.
We hypothesize that the decrease in Kintra stems from a change in flexibility of the arms
with increasing k. A nanostar with less arms has larger opening angles and more space
to explore compared to higher valencies. Furthermore, the larger k, the more bonds
can form, and hence, the further the arms need to bend towards the receptors on the
substrate. The geometry of the nanostar is thus an important aspect for future research.
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Together our results provide insights into the equilibrium constants of binding. The next
paragraph evaluates how selectivity and chemical rate constants are related.
The selectivity α of a multivalent system describes the transition of Θ from unbound to
bound [11]:

α= dlnΘ

dlnσR
. (4.5)

Visually, α describes the slope of Θ as a function of σR on a log-log scale and α > 1 de-
fines a superselective system. Fig. 4.2d presents α for Θ in Fig. 4.2b. The selectivity of
a monovalent nanostar never exceeds 1. This agrees with theory because a monovalent
particle follows the Langmuir adsorption, which has a maximum slope of 1, see Fig. 4.3a.
An increase in k is expected to lead to an increase in α, see Fig. 4.2d. Surprisingly, we
observe the highest selectivity for k = 3 which is not according to theory which predicts
that an increase in k always leads to an increase in selectivity.

To investigate the relation between selectivity and binding constants, we compare
the maximum α (Fig. 4.2d) with the values found for Kintra (Tab. 4.1). From the data we
see a clear connection between the two parameters: the larger Kintra, the larger α. This
observation implies that a multivalent particle becomes more superselective, if it binds
more quickly with subsequent arms and thus is more likely to bind with the maximum
number of bonds after establishing the first bond. These results highlight the impor-
tance of subsequent bond formation in a superselective system. In the following, we
therefore investigate how the average number of bound arms scales with σR.

To investigate the average number of bound arms 〈n〉 and how it correlates with the
selectivity, we derive an analytical expression for the average number of bound arms.
Given that the nanostar has established the first bond, we derive an equation for the
average number of bound arms [32]:

〈n〉 = 1+ ∂

∂µ
β ln Z1, (4.6)

where β = kBT and Z1 describes the state partition function of a single bound nanostar
with one arm. The binding free energy f for subsequent bonds and the chemical poten-
tial µ generate Z1:

Z1 =
k−1∑
n=0

(
k −1

n

)
exp−βn f expβnµ = (exp−β( f −µ)+1)k−1. (4.7)

Together with Eq. 4.6, the expression for 〈n〉 yields:

〈n〉 = 1+ k −1

1+ (σR
σ0

expβ f )−1
. (4.8)

In chapter 2, we derived a similar expression and a comparison yields σR
σ0

= σR A. Fur-

thermore [31] defines expβ f = Kintra. Together, this provides an expression for the aver-
age number of bound arms:

〈n〉 = 1+ k −1

1+ (σR AKintra)−1 . (4.9)
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This equation describes the number of bonds, given that at least one arm is bound and
therefore it only depends on Kintra. Comparing 〈n〉 for different values of Kintra we no-
tice that the larger Kintra, the sooner the increase of 〈n〉 with increasing σR , see Fig. 4.3c.
In the previous section, we measured Kintra and together with Eq. 4.9 we evaluate 〈n〉
for different k and σR, see Fig. 4.2f. Note, in the grey area we expect the largest uncer-
tainty for Kintra, which is why we do not take those results into account. The monovalent
nanostar never exceeds 〈n〉 = 1, which is expected because it can only form one bond
due to the design. For k > 1, 〈n〉 increases and within the receptor range that we can
trust the model, k = 3 approximately reaches the maximum number of bonds possible.
The σR at which k = 3 reaches the maximum number of bonds agrees with the σR at
which we observe the non-linear transition in Θ. Although k = 6 and k = 10 reach sat-
uration around σR ≈ 4∗ 104 µm−2, they do not bind with all of their arms. A possible
explanation is that an additional parameter dependent on the nanostar’s geometry hin-
ders the nanostars from reaching the maximum bonds. Thus, we conclude that the rate
of subsequent bonds, described by Kintra, regulates the superselectivity of a system. A
common approach to increase the selectivity is a decrease in interaction strength. This
approach leads to a decrease in KA but the effect on Kintra is unknown, which we will
investigate in the following section.

4.2.2. TUNING SELECTIVITY WITH ENTHALPY
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Figure 4.4: Predicting Θ for strong and weak binding. Comparing the adsorption curves for DNA nanostars
with the same geometry (k = 6) for weak (a) and strong (b) binding for increasing Kintra.

This section describes and discusses the impact of interaction strength on superse-
lectivity and the underlying binding constants. Theory predicts that the weaker a mono-
valent particle is the further the binding curve Θ shifts to larger σR, see Fig. 4.3a. The
weaker the individual bonds of a multivalent particle are, the larger the shift of Θ to
larger σR and the larger the σR range, where Θ = 0 facilitates a non-linear transition by
large Kintra, see Fig. 4.4a and Fig. 4.4b. Effectively, the formation of subsequent bonds is
expected to lead to an increase in α that is stronger the weaker the interactions are.

We test these theoretically predicted scalings in Fig. 4.4a and Fig. 4.4b by measuring
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Figure 4.5: Adsorption of 4 bp and 6 bp sixvalent nanostars. a) Experimental results for Θ as a function of the
receptor density σR for a 6 bp (∆G0 =−7 kBT) and 4 bp (∆G0 =−4 kBT) sticky end. The dashed lines represent
a least-square fit with Eq. 4.2, results of which are reported in the table in (b). Note, that the fit for ACTT,k = 6
has been restricted to the two datapoints that determine the non-linear transition (encircled in red). b) Fitting
results for KA and Kintra obtained from fitting Eq. 4.2 to the data presented in (a). The numbers in brackets
represent the fitting error. c) The fit from (a) and Eq. 4.5 generates the selectivity α. d) Plot of the average
number of bound arms 〈n〉 as a function of σR obtained from Eq. 4.9. The datapoints displaying an errorbar
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Θ for nanostars with valency k = 6 and adhesion strength of the individual arms of∆G0 =
−5 kBT and compare the results to a DNA nanostar with equal valency k = 6 but stronger
adhesion ∆G0 = −7 kBT. The data Θ as a function of σR for these nanostars with two
different sticky ends is presented in Fig. 4.5. Comparing the two results, we immediately
notice that ΘACTT shifts to higher σR compared to ΘACTTCT, in line with the theoretical
predictions shown in Fig. 4.3a.

To investigate if and how the selectivity and binding constants vary between these
two nanostars, we fit Eq. 4.2 with KA and Kintra as fitting parameters as described in the
previous Sec. 4.2.1, see Fig. 4.5a. We note that only the first four data points of the 4 bp
sticky end were used in the fit to capture the non-linear transition as accurately as possi-
ble, because it determines the maximum selectivity of the system. The fitting results are
reported in Fig. 4.5b. Comparing the equilibrium constants of k = 6 for the 4 bp and 6 bp
sticky end, we notice that whereas the equilibrium constant for binding the first arm, K A ,
shows a difference of one order of magnitude, the values for the equilibrium constant as-
sociated to binding subsequent arms, Ki ntr a , are very similar for the two different sticky
end lengths. These results agree with the predictions that a change in enthalpy reduces
K A only, explaining the shifts of Θ along σR. Interestingly, changing the enthalpy has
nearly no impact on Kintra. Previously, we hypothesized that a decrease of Kintra might
stem from a change in the geometry of the nanostar. Here, the two nanostars have the
same structure, and indeed we found similar values for Kintra, supporting our hypothesis
that the geometry of the multivalent particle has the strongest influence on Kintra in our
system.

Previously, we assumed that a large Kintra facilitates subsequent bond formations and
leads to higher selectivity. To test our hypothesis, we calculate α with Eq. 4.5 and plot it
in Fig. 4.5c. The selectivity of the nanostars with the 4 bp sticky end is larger compared
to those featuring a 6 bp sticky end, although the values of Kintra are very similar. This
implies that Kintra is not playing a dominating role in determining the selectivity, α.

Further comparison of the fitting parameters KA and Kintra for the 4 bp sticky end
nanostars shows a large difference in their values. This difference is less pronounced for
the 6bp sticky end nanostars. Considering the selectivity differences shown in Fig. 4.5c,
this finding suggests that a small KA and large Kintra favors selectivity.

To assess the effect of the binding constants on 〈n〉, we compute 〈n〉 for both sticky
ends and over the range of σR using the obtained values for KA and Kintra and Eq. 4.9.
Fig. 4.5d illustrates a similar increase in 〈n〉 with increasing σR for both sticky ends. The
only difference is the small shift relative to σR as we also observed in Fig. 4.5a. How-
ever, the slope is similar for both sticky ends. This finding is expected because 〈n〉 only
depends on Kintra, which does not differ between the two sticky ends.

This section has analysed the impact of weaker interactions on the selectivity and
binding constants, while keeping the same k and thus same geometry of the nanostar.
The findings raise the question how we can experimentally achieve a large difference be-
tween KA and Kintra. One way to achieve an even further decrease in KA is by shortening
the sticky end further. Alternatively, other methods that reduce the binding of the first
arm to the surface might work as well. In the following, we will test the latter by introduc-
ing inert DNA strands on the target surface as a steric hindrance for nanostar adsorption
and measure the equilibrium constants.



4

68 4. SUPERSELECTIVE DNA NANOSTAR ADSORPTION

4.2.3. TUNING THE EQUILIBRIUM CONSTANTS WITH INERT STRANDS

In cell membranes many more molecules besides the targeted receptors are present that
may on the one hand weakly interact with any approaching particle or on the other hand
induce a steric repulsion that prevents the particle from binding. Here, we mimic this ef-
fect by introducing inert strands to the experimental system to test if and how steric re-
pulsions affect superselective binding. The term inert is commonly used for molecules
that do not have any function in the system. In colloidal systems, steric stabilization
against aggregation by for example adsorbed or grafted polymers is well-established.
More recently, inert, non-interacting DNA strands have been found to provide a simi-
lar stabilization against unspecific attractions [25, 33], see Fig. 4.6a.

We here use inert strands that consist of 47 bp dsDNA anchored via a cholesterol
molecule into the SLB. Note, that the inert strands are around 30 bp shorter compared
to the receptors, leaving the sticky end of the DNA receptors accessible to the nanos-
tars. For all the measurements, we keep the total amount of DNA strands (inert DNA +
receptors) at 300.000 µm−2 constant and only adjusted the ratios between inert strands
and receptors. In this way, membrane properties remain unaffected through a constant
cholesterol concentration.

To investigate whether the presence of inert strands changes the binding constants of
nanostar adsorption, we start by measuring the binding behavior for nanostars equipped
with 6 bp sticky ends and valencies k = 1,6 and 4 bp sticky ends and valency k = 6 to tar-
get surfaces functionalized with both inert strands and receptors, see Fig. 4.6b. For all
nanostars, the data shows a smooth transition from unbound to bound. Surprisingly, we
find an initial plateau at lowσR for all sticky ends, see Fig. 4.6b. These findings can be at-
tributed to the inert strands, because no such plateau was found for in their absence, see
Sec.4.2.1. We speculate that the origin for the plateau can be found in multivalent elec-
trostatic effects as follows: the addition of DNA molecules to the target surface might
increase the overall negative charge, which attracts divalent magnesium ions present in
the buffer. Their divalent charge in turn could attract the negatively charged nanostars,
an effect known as magnesium ion bridging [30]. Hence, the inert DNA strands possi-
bly introduce an electrostatic, non-specific attraction for the nanostars, leading to their
adsorption to the SLB already at low receptor concentrations.

After the initial plateau, the monovalent nanostar shows a linear increase, whereas
the adsorption of 6-valent nanostars grows non-linearly. We again fit Eq. 4.2 to the ex-
perimental data. However, the theoretical model does not capture the initial plateau at
low σR because it does not account for an additional binding mode. Here, we suspect
that the weak binding between nanostars and inert strands generate a second binding
mode and hence the initial datapoints that form a plateau are not included in the fit. We
therefore only use the two datapoints that define the non-linear transition (encircled in
red), see Fig. 4.6b, while still excluding data at high receptor density as we did before.

The resulting selectivity α shows that the monovalent nanostars never exceed α = 1
as expected, whereasα≈ 2.5 for both the nanostars with ACTT and ACTTCT, see Fig. 4.6c.
Comparing the two systems with and without inert strands (see Fig. 4.5 and Fig. 4.6), we
note two differences for k = 6: 1) α significantly increases after adding inert strands, and
2) Θ shifts to larger σR. The monovalent nanostars behave similarly in both systems,
except for the appearance of the initial plateau. A shift of Θ to higher σR generally indi-
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cates a change in KA. If we now turn to the binding constants reported in Fig. 4.6d we
indeed find that KA decreased by one order of magnitude. Why did KA not change for the
monovalent nanostar? We suspect that the reason is that the monovalent already binds
at relatively highσR (see Fig. 4.2a). At largerσR , fewer inert strands are present when the
overall DNA strand concentration is kept constant and hence the magnesium adsorption
and thus any contributions from non-specific nanostar adsorption are similar in both
systems. However, these data must be interpreted with caution because the underlying
theoretical model does not include the secondary binding mode through electrostatic
adsorption. An extension of the model with a second binding mode is required before a
confident interpretation can be done.

We find that the difference between KA and Kintra for both sticky ends is even larger
compared to previous measurements. The difference in selectivity can only be
attributable to the large difference between the binding constants. From the previous
discussions, we pointed out that Kintra regulates 〈n〉. Because Kintra barely changed, we
expect the same 〈n〉 for the range of σR. And indeed, the slope of 〈n〉 (see Fig. 4.6e) is
similar as for the system without inert strand, see Fig. 4.5e. However, caution must be
applied because we can only trust 〈n〉 for a very small range of σR. If we assume that
the plateau results from magnesium bridging, then 〈n〉 = 0 for σR before the non-linear
transition. Above a specific σR the nanostars bind specifically through their DNA-DNA
interactions and they rapidly transition to binding with three arms.

This section has discussed the impact of inert strands on the selectivity of nanos-
tar adsorption. We found that the presence of inert strands significantly reduces KA,
whereas it induces little effect on Kintra. We hypothesize that the addition of inert strands
lead to magnesium ion bridging between the target surface and nanostars. To break the
bridges, the system needs to invest energy and effectively weakens the ligand and re-
ceptor interactions. However, it remains unclear why the magnesium bridges do not
change Kintra as it did affect K A . To explain this observation, we need a full theoretical
description of Kintra to understand the contribution of enthalpy to Kintra. In addition, it
is important to experimentally test how 〈n〉 changes with σR and interaction strength.
So far, the model yields an approximation of 〈n〉 for a certain σR. The following section
will discuss the binding kinetics of bound nanostars to assess the strength of the bonds
with respect to sticky end, valency and inert strands.

4.2.4. BINDING KINETICS

Because of their weak multivalent interactions nanostars highly dynamically bind and
unbind, leading to a constant exchange between unbound nanostars in solution with ad-
sorbed nanostars on the surface. The higher the number of interactions between nanos-
tar and receptors, the longer it resides on the surface. From the above experiments, we
therefore expect that the length and sequence of the sticky end (i.e. its enthalpy) and
the valency k dictates the timescale of unbinding and binding. Here, we investigate the
binding kinetics quantitatively with fluorescent recovery after photobleaching (FRAP).
Data for the 4 bp and 6 bp sticky ends with varying k and for both, with and without
inert strands will be compared.

To assess the binding kinetics, we bleach a circular area of nanostars adsorbed on
the surface at different σR and measure the normalised recovery signal I (5s) 5 s after
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Figure 4.6: Tuning selectivity with inert strands. a) Sketch of the experimental system and relevant parameters
for binding after introducing inert strands to the target surface. Inert strands are 47 bp dsDNA and they anchor
via two cholesterol molecules into the SLB on the surface. Note, that the inert strands are approximately 30 bp
shorter compared to receptors with a sticky end. b) Experimental results for Θ as a function of σR for 6 bp
sticky ends with valencies k = 1,6 and 4 bp sticky end with valency k = 6. The full shape of the curves cannot
be accurately described with Eq. 4.2, which is why we fit only the two datapoints that define the non-linear
transition (encircled in red). The dashed line is a guide to the eye and the solid line results from a fit with
Eq. 4.2. c) Selectivity α derived from the fits of Θ with Eq. 4.2. d) Fitting parameters KA and Kintra. e) The
average number of bound arms 〈n〉 as a function of σR. Errorbars are the standard error of the mean of at least
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bleaching, see Fig. 4.7a. This time interval was chosen to exclude a significant contribu-
tion from the diffusion of membrane-bound nanostars into the field of view to the signal
recovery. In this way, signal recovery should stem solely from desorption of bleached
nanostars, and adsorption of unbleached nanostars.

First, we measure I (5s) for the nanostars with 4 bp (k = 6) and for the 6 bp (k = 1,3,6)
sticky ends for the different σR, see Fig. 4.7b. All intensities follow a decreasing trend
with increasing σR, implying that the nanostars stay longer on the surface if there are
more receptors present. These findings show that multivalent nanostars bind with more
than one arm, because we expect 〈n〉 to increase with increasing σR, see Fig. 4.2d. How-
ever, the recovery does not solely depend on the number of arms bound, because also
the monovalent recovery signal decreases with increasing σR despite only being able
to form one bond. This implies the presence of a second adsorption mechanism be-
yond the specific binding through the complementary DNA sequences which increases
in strength with σR. This observation provides further proof for our hypothesis of as-
pecific adsorption through magnesium bridging, which indeed becomes stronger with
σR.

Surprisingly, the 4 bp sticky end recovers slower compared to the 6 bp sticky end,
indicating that the 4 bp nanostars bind more strongly to the surface despite their lower
enthalpy of binding. If we assume magnesium bridging as the second binding mode and
thus independent of the sticky end, the difference between the 6 bp and 4 bp is most
likely a result from a difference in 〈n〉. As a consequence, to our surprise, at the same
receptor density and nanostar concentration the 4 bp seems to bind on average with
more arms compared to the 6 bp nanostars.

A system with inert strands caused a decrease in K A , effectively weakening the bonds
and thus facilitating bond breaking. To assess the influence of inert DNA on the bind-
ing kinetics, we performed the same measurement for an SLB functionalized with inert
strands and receptors and nanostars that possess either a 4 bp (k = 6) or 6 bp (k = 1,6)
sticky end. Fig. 4.7c compares the experimental data of I (5s) for different σR. The recov-
ery signals of all nanostars show a decrease with increasing σR. The binding behavior of
the monovalent nanostars is very similar with and without inert DNA strands.

The 6bp first decreases until it seems to plateau around σR = 105 µm−2. A plateau
would indicate that a change in σR does not change the binding kinetics of the 6 bp
nanostar and the maximum number of bonds is reached. However, to verify this plateau,
additional measurements at higher σR are needed.

Interestingly, the 4 bp (k = 6) behaves like the monovalent nanostar at the beginning
before a sharp drop at σR = 300000µm−2. This concentration of σR coincides with the
concentration at which the 4 bp (k = 6)nanostar undergoes non-linear superselective
binding, see Fig. 4.6b. Surprisingly, the 4 bp nanostars, again, bind even stronger than
the 6 bp nanostars in spite of the higher enthalpy for the 6 bp sticky ends. This raises
questions about 〈n〉 in association with I (5s), which we will discuss next.

The interaction strength and valence k of a nanostar regulate the residence time on
the target surface. With increasing σR we expect an increase in 〈n〉 (see Eq. 4.9) and
therefore a slower recovery. To test whether 〈n〉 correlates with the recovery I (5s), we plot
it as a function of 〈n〉, see Fig. 4.7d-e. The datapoints in grey fall into the regime at low
and high σR , where we expect that a second binding mode dominates the interactions
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or steric repulsion, which are not included in the model. That is why we exclude them
in our discussion. Strikingly, all data seems to fall onto a single curve for small values
of 〈n〉, indicating that indeed binding is directly related to average number of bound
arms. However, also the monovalent case shows a decrease in I (5s) at a constant 〈n〉,
suggesting that the 6 bp are mostly in the state of one arm bound. The 4bp nanostars
show a slightly lower I (5s) for the same 〈n〉, suggesting again a stronger binding than
the 6 bp. If we turn to the system with inert strands, we again find a similar trend for
small 〈n〉 albeit for very few data points, but then the difference of I (5s) for different σR

between the 4 bp and 6 bp becomes more significant. First, the 4 bp behaves like the
monovalent nanostar and at certainσR the 4 bp decreases steeper compared to the 6 bp,
presumably because more arms bind. The 4 bp consistently shows stronger binding to
the surface than the 6 bp nanostar. However, due to the limitations in the theoretical
model at specificσR , we cannot clearly state how many bonds are formed and if the 6 bp
and 4 bp form the same number of bonds for k = 6 and if so, why the weaker sticky ends
bind more strongly. Therefore, it is important to add another method to quantify 〈n〉.

4.3. CONCLUSION
In this chapter, we have studied superselectivity on the nanoscale, where a few ligand
and receptor interactions are enough for superselective adhesion. The experimental
setup allowed for the needed high level of control of the number of ligands, their in-
teraction strength and a direct visualisation of multivalent targeting. Combining theory
and experiments, we gained insights into the binding constants and the average num-
ber of bound arms. Lastly, we have presented the dynamic unbinding and binding of
nanostars.

Superselectivity on the molecular level requires a weak first bond and a rapid transi-
tion to the maximum number of bonds. For the design of superselective particles, it is
therefore highly important to decrease the binding probability of the first bond as much
as possible. As a result, the multivalent particle has to bind with as many interactions as
possible on a short timescale to achieve an overall strong and stable bond. The stronger
the bond the longer the particle resides on the surface. The combination of high super-
selectivity and long residence time has been observed for biological systems like virus-
cell interactions and protein-membrane adhesion. These systems need a high selectivity
and after binding lateral diffusion on the target surface.

The most surprising result in this chapter is that multivalent weak interactions bind
more strongly at large σR compared to stronger multivalent interactions. We hypothe-
size that the differences in KA and Kintra regulate the strength of binding, see Fig. 4.8.
The larger the gap between KA and Kintra (see Fig. 4.8a), the more likely the multivalent
particle is in a state of many arms bound, whereas a system with similar KA and Kintra dy-
namically switches between the different binding states (see Fig. 4.8b). If KA À Kintra, the
multivalent particle forms a strong bond with one interaction and is less likely in a state
with many arms bound (see Fig. 4.8c). However, more research on this topic needs to be
undertaken before the relation between the binding strength and equilibrium constants
are fully understood.

For future work, we propose to extend the theoretical model with a second binding
mode to accurately capture the experimental data and to investigate the source of the as-
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Figure 4.7: Binding kinetics. a) Description of the data acquisition of fluorescent recovery after photobleach
(FRAP). To exclude the membrane diffusion in the signal recovery, we extracted the signal in the centre of the
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pecific binding further. To assess the specific rate constants between the different bind-
ing states of a nanostar, a complete reaction-diffusion model is needed. Future exper-
imental studies with surface anchored receptors can facilitate the extraction of binding
kinetics. Our results provide new insights on the ligand and receptor level in a superse-
lective system and helps the design of drug-delivery systems with a high selectivity and
strong overall bond.

a
KA <<  Kintra, α>1 

<n> <n>

KA ≈  Kintra, α>1 b

KA >>  Kintra, α=1 c

Steady stateBinding kinetics

<n>

Steady stateBinding kinetics

Steady stateBinding kinetics

Figure 4.8: Hypothesis multivalent binding strength. a) K A ¿ Kintra: The individual interactions are very
weak and highly reversible. To bind, the receptor density needs to be sufficient such that the particle can
immediately bind with multiple arms. Although, the individual interactions are weak and reversible, the par-
ticle will be either unbound or on average bound with many arms. These particles will be superselective. b)
K A ≈ Kintra: The multivalent particle dynamically switches between unbound and every bond state yielding
a broad distribution of 〈n〉. Because the interactions are still reversible and weak, we expect the system to be
superselective. c) K A À Kintra: If the individual bonds are very strong the formation of one bond is enough to
bind the multivalent particle to the surface. In addition, a low probability for subsequent bonds will keep the
multivalent particle in a state with few 〈n〉 or unbound in solutions, similar to a monovalent particle.

4.4. MATERIALS AND METHODS
DNA nanostar hybridisation All DNA strands were purchased from Integrated DNA
Technologies Inc (IDT), resuspended in Tris buffer (pH8) and stored at−20◦C . To achieve
for example tetravalent nanostars with four sticky ends and one fluorophore, we mixed
the four DNA strands X 1, X 2, X 4 and X 5 in equal molar ratios and annealed the mix-
ture to 95◦C for 10 min and then cool it down at a rate of 0.2◦C /min to 4◦C , see Tab. 4.2,
Tab. 4.3 and see Fig. 4.9a. The annealing took place in a Thermocycler and a final concen-
tration of 0.5 µM. The final product was stored at 4◦C . For the experiments, we diluted
the desired concentration of DNA nanostars and receptors in Tris Acetate-EDTA-NaCl
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Figure 4.9: DNA nanostar design. a) Four ssDNA with a sticky end form the star shaped structure during
hybridization. Four free A bp at the centre of the nanostar enable full flexibility of the arms. One sticky end
possesses an ATTO488 dye for fluorescent imaging. b) DNA electrophoresis allows for the visualization of the
final DNA star products after hybridization. The fluorescent bands shift upwards and confirm the formation of
larger DNA nanostructures. Each lane contains faint lower bands that represent incompletely hybridized side
products.

(TAE,100 mM NaCl, pH=8) and 10 mM magnesium chloride (MgCl2).
To verify the hybridization of the DNA nanostars, we performed DNA electrophoresis.
The sample consisted of 10 µL of 0.5 µM nanostars and we loaded the sample on a 1%
agarose gel. After 30 min at 100 V we took an image of the gel, see Fig. 4.9b. The fluo-
rescent bands correspond to DNA nanostars: the higher the band, the larger the DNA
nanostar nanostructure. Lower bands result from incomplete hybridizations. The in-
tensity of the upper bands is significantly higher, confirming the successful formations
of the nanostars.

DNA functionalised supported lipid bilayer We studied the DNA nanostar adsorp-
tion in solution in a flow channel. The supported lipid bilayer (SLB) consisted of 18:1
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, [Avanti Polar lipids], stored in chlo-
roform). To obtain the SLB, we first made small unilamellar vesicles (SUVs) from DOPC
lipids. To do so, we added the desired volume of lipid to a glass vial and let it dry overnight
in a vacuum desiccator. Subsequently, we resuspended the lipids in TAE-NaCl buffer and
extruded the solution with an Avanti mini extruder through a membrane with pore size
of 30 nm [Avanti Polar lipids]. The microscopy slides and coverslips were sonicated at
30 min each in 2% Hellmanex solution, acetone (> 99.9%) and potassium hydroxide so-
lution (KOH,1 M,[Merck]). Between each change of chemical we rinsed the glass ware
[VWR] with milliQ water. Before use, the slides and coverglasses were blown dry with
nitrogen. Parafilm stripes confined the flow channel and glued the microscopy slide and
a coverslip together. Subsequent annealing at 125◦C let the Parafilm melt and bound
the microscopy slide and coverslip together yielding (1×22 )mm rectangular flow chan-
nels. To obtain SLBs in the flow channel, we injected SUVs and after 30 min at room
temperature, we washed out the excess SUVs with buffer and added DNA of the desired
concentration.
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Table 4.2: DNA sequences nanostars. The DNA strands labelled with X form the DNA nanostars. The num-
ber of strands and sticky ends define the geometry and valency of the nanostar. To click two DNA nanostars
together, the strands X bridge A and X bridge B in combination with the regular nanostar strands X generate a
nanostar with valencies larger than 6.

Name Sequence (5′ to 3′) 5′ 3′

X 1
CTACTATGGCGGGTGATAAAAAAA
CGGGAAGAGCATGCCCATCCA-sticky end

-
ATTO488

X 2
GGATGGGCATGCTCTTCCCGAAAA
CTCAACTGCCTGGTGATACGA-sticky end

- -

X 3
CGTATCACCAGGCAGTTGAGAAAA
TTTATCACCCGCCATAGTAGA-sticky end

- -

X 4
CGTATCACCAGGCAGTTGAGAAAA
CATGCGAGGGTCCAATACCGA-sticky end

- -

X 5
CGGTATTGGACCCTCGCATGAAAA
TTTATCACCCGCCATAGTAGA-sticky end

- -

X 6
CGGTATTGGACCCTCGCATGAAAA
CCATGCTGGACTCAACTGACA-sticky end

- -

X 7
GTCAGTTGAGTCCAGCATGGAAAA
TTTATCACCCGCCATAGTAGA-sticky end

- -

X 8
GTCAGTTGAGTCCAGCATGGAAAA
CGCATCAGTTGCGGCGCCGCA-sticky end

- -

X 9
GCGGCGCCGCAACTGATGCGAAAA
TTTATCACCCGCCATAGTAGA-sticky end

- -

X sticky
end

GTAG, GTGATT - -

X bridge
A

GGATGGGCATGCTCTTCCCGAAAACTCAAC
TGCCTGGTGATACGTCCACCAATCCACTAA
TCCT

- -

X bridge
B

GGATGGGCATGCTCTTCCCGAAAACTCAAC
TGCCTGGTGATACGAGGATTAGTGGATTGGT
GGA

- -

Data acquisition and analysis To image the nanostar adsorption on the target surface
we used Total Internal Reflection Microscopy (TIRF) on an inverted fluorescence mi-
croscope (Nikon Ti2-E) upgraded with an azimuthal TIRF/FRAP illumination module
(Gata systems,iLAS 2) equipped with a 100× oil immersion objective (Nikon Apo TIRF,
1.49NA). Each DNA nanostar possesses an Atto488 dye and each receptor features a Cy3
dye. Therefore, we used laser excitations with wavelength 488 nm and 561nm and de-
tect the emitted fluorescent signal (EM-CCD Andor iXON Ultra 897). For each binding
probability we measure for 7 different σR the intensity of the nanostars I to obtain the
full range of adsorption from unbound to bound. A negative control with σR = 0 µm−2

defines the background signal Iback. The maximum intensity Imax provides a reference
for normalization. The monovalent nanostars were not measured until saturation due
to practical constraints. Therefore, we normalized the monovalent signal with the maxi-
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Table 4.3: DNA sequences surface. Inert strand A and inert strand B are the two components for the dsDNA
used as inert strands. The hybridization of receptor backbone and receptor yields the receptor with a sticky
end.

Name Sequence (5′ to 3′) 5′ 3′

receptor
sticky
end

CTAC, AATCAC - -

Inert
strand A

CGTAAGGCAGGGCTCTCT
AGATTGACTGTGCGAAGG
GTAGCGATTTT

-
Cholesterol-
TEG

Inert
strand B

TTTATCGCTACCCTTCGC
ACAGTCAATCTAGAGAGC
CCTGCCTTACGA

Cholesterol-
TEG

-

receptor
back-
bone

TCGTAAGGCAGGGCTCTC
TAGACAGGGCTCTCTGAA
TGTGACTGTGCGAAGGTG
ACTGTGCGAAGGGTAGCG
ATTTT

Cholesterol-
TEG

-

receptor

TTTATCGCTACCCTTCGC
ACAGTCACCTTCGCACAG
TCACATTCAGAGAGCCCT
GTCTAGAGAGCCCTGCCT
TACGA-sticky end

Cholesterol-
TEG

Cy3

mum signal of k = 6 of the same sticky end. After the acquisition of the nanostar adsorp-
tion in equilibrium, the acquired signal is corrected and normalized yielding the binding
probability:

Θ= I − Iback

Imax − Iback
. (4.10)

For the image processing we used a combination of ImageJ and python. FRAP measure-
ments revealed the binding kinetics of the nanostar adsorption. The acquired data was
normalised with respect to the initial intensity before bleaching. Furthermore, we cor-
rected for the bleaching of the fluorophores over time.
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5
PRELIMINARY WORK AND

CONCLUSION

In this thesis we have presented two experimental model systems to study superselective
surface targeting and multivalency on the micro- and molecular scale. We visualized the
dynamic picture of superselective binding, resulting from weak ligand and receptor inter-
actions. We used DNA molecules as a ligand and receptor system, which provided high
experimental control over interaction strength and number of binding sites. However, we
noticed that DNA does not only function as a specific receptor, but may also change mem-
brane properties due to its cholesterol anchor. Here, we show preliminary results on how
the presence of additional biomolecules integrated in the membrane via a cholesterol an-
chor can influence membrane fluidity. In addition, we investigate how the diffusion of re-
ceptors changes after the adsorption of nanostars and if we can link the number of bound
arms to the consequent diffusion coefficient. Lastly, we will end this thesis with conclusive
remarks and suggestions for future experiments.
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5.1. PRELIMINARY RESULTS

5.1.1. INTRODUCTION
A complex cell membrane structure regulates a cell’s function [1, 2]. Typically,
self-assembly of phospholipids gives the membrane its unique structure and fluidic prop-
erties [3–5]. Membrane fluidity provides full lateral mobility of molecules that are an-
chored in the cell membrane, which is essential for cell-cell adhesion [6, 7], signalling
pathways [8–10] and transport along the cell surface [11–13]. The initiation of cellular
processes often results from receptor clustering in the membrane [14] and the accumu-
lation of receptors emerges from ligand binding [15], and can induce liquid-liquid phase
separation [16]. Since receptor diffusion governs many biological processes, it is impor-
tant to understand the impact factors on receptor mobility in the membrane.

To assess the diffusion coefficient of membrane embedded objects theoretically, the
Saffman-Delbrueck model gives insights in the physical parameters that are relevant for
diffusion inside the membrane [17]. The model approximates the integrated object as
a cylinder and demonstrates that the membrane viscosity and the object’s radius de-
termine the diffusion of the object. In agreement with the model, experiments have
shown that the lateral diffusion of proteins changes with increasing protein concentra-
tion [18]. Furthermore, the addition of cholesterol molecules stiffens the membrane
with increasing cholesterol concentration until the membrane looses its fluidity com-
pletely [19–21]. The addition of cholesterol to a membrane causes the lipids to pack
more closely and therefore restrict their motion [22]. Moreover, the diffusion of the re-
ceptor changes drastically after binding to a multivalent object [23]. After binding, re-
ceptor mediated diffusion of a multivalently bound particle depends on the diffusion
of the receptor cluster, which is larger in size compared to an individual receptor and
therefore slows down the receptor diffusion. The Saffman-Delbrueck model predicts
D ≈ 1/ln(biomolecule radius). But experiments with proteins have shown that the diffu-
sion of biomolecules in crowded environments drastically slow down [24] and the diffu-
sion scales D ≈ 1/(biomolecule radius) [11, 25] in a crowded environment. Throughout
this thesis, we found indications that a locally high density of membrane anchored DNA
changes the diffusion of the DNA. In chapter 2, the reversibility of the DNA-DNA inter-
actions in the densely packed colloid patch area was drastically slowed down for strong
interactions. The stronger the interactions, the more DNA linkers are recruited towards
the patch (see chapter 3). A possible explanation for this observation is the increased
concentration of cholesterol in the patch area that stiffens the membrane and therefore
slows down the DNA linkers. However, a reduced diffusion of DNA linkers in the patch
has been also observed for anchored DNA via a stearyl anchor [21]. Another possible ex-
planation is the increased effective size of the receptor as a result of the cluster formation
and hence leading to a reduced diffusion.

To study the change in receptor diffusion in association with membrane viscosity,
receptor cluster and additional biomolecules in the membrane, we employ membrane
embedded receptors using supported lipid bilayers (SLB) functionalized with double
stranded deoxyribonucleid acid (dsDNA) molecules [26]. Important for these experi-
ments is a strong anchoring of a DNA strand into a supported lipid bilayer (SLB) that
simultaneously grants mobility [27].

To measure the diffusion of unbound and bound dsDNA in a supported lipid bilayer
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(SLB), we study fluorescently labelled dsDNA with a single stranded overhang (sticky
end), modified with a double cholesterol anchor. Additional molecules in the membrane
that do not contribute to binding are mimicked by a 47 bp inert dsDNA without a sticky
end but also a double-cholesterol anchor for the integration in the SLB. The dsDNA in
the SLB (receptor) can freely diffuse and bind to a multivalent ligand. Here, we use DNA
nanostars as the multivalent ligand to study the change in receptor diffusion after bind-
ing. This study seeks to address the following questions: Do additional inert strands,
also anchored with a double cholesterol anchor, reduce the diffusion of linkers? How
does ligand binding affect the mobility of linkers in the membrane?

Another open question is whether we can derive for a multivalently bound particle
the number of receptor and ligand interactions from a change in diffusion coefficient.

5.1.2. RESULTS
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Figure 5.1: Unbound receptor diffusion. A double cholesterol anchor integrates receptors (a) and inert strands
(b) into a supported lipid bilayer (SLB). Fluorescent recovery after photobleaching (FRAP) measurements pro-
vide insights in the timescale τ of signal recovery after bleaching the fluorophores on the receptors. Together
with Eq. 5.2 we measured the diffusioncoefficient D for unbound receptors for surfaces with and without inert
strands.

Unbound receptor diffusion in a supported lipid bilayer To assess how receptor dif-
fusion changes with the density of receptors and inert strands embedded in a supported
lipid bilayer (SLB) we use double stranded DNA (dsDNA) with a double-cholesterol an-
chor integrated in a DOPC lipid bilayer, see Fig. 5.1a-b. Here, the receptors are 77 bp
dsDNA with a 6bp sticky end and inert strands consist of 47bp dsDNA. Each receptor
carries a fluorophore that allows for the direct visualisation with fluorescent microscopy.
We measure the diffusion coefficient D of receptors at different receptor densities σR

and, additionally, with different inert strand densities. In the following, we compare D
of a system with and without inert strands to quantify the impact of cholesterol and the
presence of the inert strand on D .

First, we determine D of receptors atσR = 50000 µm−2 andσR = 150000 µm−2. To do
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so, we prepared the DNA functionalized SLB in a flow channel as described in chapter
4. In order to measure D , repeated measurements of fluorescent recovery after photo-
bleaching (FRAP) experiments were performed. The characteristic time τ governs the
fluorescent signal recovery after photobleaching [28]:

Inorm = A(1−expt/τ), (5.1)

where A is a constant that accounts for incomplete recovery and t is the time after bleach-
ing. Inorm is the detected signal normalised with respect to the intensity before bleach-
ing. A fit with Eq. 5.1 yields τ and together with the radius r of the bleached area, we
obtain [28]:

D = r 2

4∗τ . (5.2)

Fig. 5.1c reports D as a function of σR . The different datapoints represent different field
of views in the same sample. The receptor diffusion without inert strands ranges be-
tween 0.8 µm2/s and 1.2 µm2/s. The results agree with studies that measure protein
diffusion in DOPC lipids, where they showed that the addition of proteins can decrease
the DOPC diffusion by tenfold compared to free lipid diffusion [18]. The small increase
in D with increasing σR contradicts previous findings that an increase in cholesterol de-
creases D . However, we expect a standard deviation of approximately 0.5 µm−2/s based
on further experiments in this chapter (see Fig. 5.2). Therefore, the increase lies within
the experimental error and is most likely not significant. But, taking the estimated exper-
imental error into account, these findings indicate that a three fold increase of choles-
terol does not change the receptor diffusion significantly. Cholesterol concentrations up
to 20mol% double membrane viscosity [22]. We used 10mol% and 20mol% of cholesterol
in the DOPC membrane corresponding to low and high σR respectively. In this range of
cholesterol mol%, we would still expect a change in the membrane viscosity and there-
fore a decrease in D , which we do not observe in Fig. 5.1c. However, please note that it
is not possible to draw a strong conclusion from the data because the sample size is too
small. Further experiment with the addition of cholesterol molecules at constant recep-
tor density can give insights in the contribution of cholesterol to the receptor diffusion.
In addition to cholesterol, any additional biomolecules embedded in the membrane can
decrease the diffusion of receptors due to crowding. Next, we investigate how the recep-
tor diffusion changes with additional inert strands in the SLB.

Many biomolecules with different functions are part of the cell membrane. Here,
we use inert strands to mimic biomolecules without a function to investigate the recep-
tor diffusion in the presence of additional molecules embedded in the SLB. We kept the
overall DNA density constant at 300000µm−2, which means that atσR = 50000µm−2, the
SLB contains 50000 µm−2 receptors and 250000 µm−2 inert strands, which corresponds
to 60mol% of cholesterol in the SLB. FRAP measurements together with Eq. 5.1 and
Eq. 5.2 evaluate D for different field of views. The resulting D varies between 0.1 µm2/s
and 0.3 µm2/s, see Fig. 5.1c. Interestingly, D increases with increasing σR similarly to
the surfaces without inert strands, see Fig. 5.1c. But again, we expect the increase with
increasing σR to lie within the experimental error. Furthermore, a change in σR should
not change D because the overall cholesterol density is constant.
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A comparison between the two systems shows that surfaces with inert strands show
lower D than surfaces with only receptors. A study with 1,2-Dipalmitoyl-d63-sn-glycero-
3-phosphocholine (DPPC-d62) revealed that at room temperature, the diffusion of DPPC
ranges between (1−2) µm2/s for 20mol% - 50mol% cholesterol [29]. Because after the
addition of inert strands, we change the membrane composition from 20mol% choles-
terol to 60mol% cholesterol, the change in D results from the additional cholesterol
molecules. Another explanation for the change in D is that the inert strands lead to a
denser membrane composition of biomolecules and therefore decrease receptor dif-
fusion due to steric hindrances [30]. Experimental and theoretical studies with pro-
teins embedded in a membrane showed up to a tenfold decrease of protein diffusion
in crowded membranes [18].

Taken together, these results provide insights into receptor diffusion in the presence
of cholesterol embedded in the membrane and inert strands. To disentangle the im-
pact of cholesterol and crowding effects on receptor diffusion further experiments are
needed. A systematic measurement of receptor diffusion in the presence of different
cholesterol concentrations can provide insights how cholesterol influences receptor dif-
fusion. To avoid the effect of cholesterol on the membrane, inert strands and receptors
anchored with a double-stearyl anchor [21] are a useful tool to study diffusion coeffi-
cients in crowded environments without altering the membrane viscosity. Altogether,
we showed that the addition of biomolecules and cholesterol change the receptor dif-
fusion. Next, we investigate how the binding of multivalent nanostars change receptor
diffusion, while keeping the membrane composition constant.

Receptor diffusion after nanostar binding As was mentioned in chapter 4, nanostars
bind with a varying number of arms to receptors, depending on σR and the interaction
strength. However, our measurements did not conclusively show how many arms were
bound due to practical constraints. Here, we propose another method to quantify the
average number of bound arms 〈n〉 by measuring the change in receptor diffusion D
before and after binding to an in-this-case trivalent nanostar. These findings help us link
measured diffusion coefficients of multivalent particles to the number of bound arms,
or, in other words interaction sites with the membrane.

We hypothesize that the adsorption of a multivalent nanostar changes the diffusion
of receptors in the SLB substantially. These nanostars were first introduced in Chapter 4
and consist of a fluorescently labelled star shaped nanostructure with three arms, each
featuring a sticky end that interacts with the receptors on the SLB (see more detailed
information Materials and Methods in Chapter 4). This section examines the change
in D after freely diffusing unbound receptors bind via their sticky end to a multivalent
nanostar. In doing so, we prepared three samples with fluorescently labelled surface
mobile receptors with 6 bp, 8 bp and 11 bp sticky ends withσR = 100000 µm−2 (see more
detailed information Materials and Methods in Chapter 4). To assess the change in D ,
we first measured D for the unbound receptors and again after adding trivalent DNA
nanostars to the solution.

To assess D , we performed repeated FRAP measurements on the receptors for differ-
ent lengths of sticky ends, as described previously. With Eq.5.1 and Eq. 5.2 we extracted
D . Fig. 5.2a presents D as a function of the sticky end, averaged over three field of views



5

86 5. PRELIMINARY WORK AND CONCLUSION

a b

Receptor diffusion limited by binding

Receptor diffusion

c

Unbound diffusion rescaled with k

Bound

Unbound / 3

 D
 (

µ
m

2
s

-1
) 

0.4

0.6

0.8

6 8 11

Bound

Unbound

Sticky end (bp)

 D
 (

µ
m

2
s

-1
) 

0.5

1.0

1.5

2.0

6 8 11

Sticky end (bp)

Figure 5.2: Receptor diffusion after nanostar adsorption. a) Receptor diffusion D of unbound and bound
receptors. The bound receptors interact with trivalent nanostars for 6 bp, 8 bp and 11 bp sticky ends at σR =
100000 µm−2 and nanostar concentration ρ = 10−7 M. b) Unbound receptor diffusion divided by k = 3 to
evaluate if D after binding to a trivalent nanostar scales with the valency k. c) Ligand binding to receptors
slows down the receptor diffusion. Furthermore, the number of receptor and nanostar interactions governs D .

within one sample. From the Figure we can see that unbound receptors show approxi-
mately the same D , independent of the sticky end. This finding indicates that the sticky
end does not influence D , at least not for such short variations in lengths as were em-
ployed here. Next, we investigate D after adding trivalent nanostars to the system.

As was shown in chapter 4, at σR = 100000 µm−2 nanostars bind with a high binding
probability to the surface. Each nanostar can bind with at least 1 arm and maximum
the total number of arms, depending on the interaction strength. The total binding
strength of the nanostar is therefore the interplay between interaction strength of one
arm and how many arms are bound. To assess the binding strength, it is therefore im-
portant to measure the number of arms because the interaction strength is the enthalpy
of the sticky end, which can be estimated via Santalucia’s nearest neighbour rule [31].
Here, we hypothesize that D gives insight into the average number of bound arms 〈n〉.
To study Dbound of bound receptors, we add trivalent nanostars to the system and let
it equilibrate. Next, we performed FRAP measurements and extracted D for three dif-
ferent sticky ends as presented in Fig. 5.2a. What is interesting in this data is that after
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adding nanostars to the receptors, D decreases significantly for all different sticky ends.
This observation indicates that the nanostar-receptor interaction reduce receptor diffu-
sion after binding. Moreover, there are also differences in the ratios between Dbound and
Dunbound for the different sticky ends, namely the D for the 6 bp is decreased two-fold,
whereas D for the 8 bp and 11 bp are reduced by a factor of three. The results indicate
that the nanostars bind to the receptors and hence restrict their motion in the SLB as
predicted by the Saffman-Delbrueck model. The addition of nanostars to the 6 bp re-
ceptors has the least effect on D , indicating that less receptors are bound to nanostars.
This observation raises the question about 〈n〉, which we will discuss next.

The result of the 6 bp sticky end might suggest that the number of bonds between
linker receptors and nanostars varies between the sticky ends, although all nanostars
have the same number of arms. The interaction between multiple arms results in lo-
cal clusters of receptors and therefore an increase in size scaling with the number of
receptors that form the cluster. Assuming D ≈ 1/(biomoleculeradius), we expect D ≈
1/(〈n〉 ∗ receptorradius). To test this prediction, we first rescale the y-axis in Fig. 5.2a
with the maximum number of bonds by dividing Dunbound by the valency k = 3 for all
sticky ends, see Fig. 5.2b. The rescaling revealed an overlap of the data for the 8 bp and
11 bp sticky ends, whereas Dunbound/3 of the 6 bp receptor does not agree with Dbound. A
possible explanation for these results is that the 8 bp and 11bp bind to three receptors si-
multaneously and that the weaker nanostar binds with less arms. To achieve an overlap
of D for the 6 bp, the unbound D has to be rescaled with 2. We just suggest that < n >≈ 2
for 6 bp at σR = 100000 µm−2. Furthermore, the 6 bp receptor binds more weakly and
therefore more likely unbinds compared to the 8 bp and 11 bp. It is tempting to compare
this finding with chapter 4 Fig. 2f, where we derived 〈n〉 from the binding probability
Θ. Unfortunately, at σR = 100000 µm−2, we cannot assess 〈n〉 due to deviations of the
model from the experimental data. It is thus important to include another method to
evaluate 〈n〉.

In this section, we confirmed the hypothesis that the adsorption of multivalent nanos-
tars to a surface with mobile linker receptors reduces their diffusive motion to a certain
extent. Overal the results indicate that receptor diffusion after binding to a multiva-
lent particle scales with the number of interactions between receptors and particle, see
Fig. 5.2c. Knowing the relation between number of interactions and D after ligand ad-
sorption gives insights in biological processes that lead to receptor accumulation after
ligand binding [15] and subsequent lateral diffusion of the surface bound particle as it
has been reported for virus-host adhesion [32, 33]. This section has presented an addi-
tional method to evaluate the number of interactions in multivalent adhesion from the
diffusive motion of receptors. Apart from looking at receptor diffusion, we wonder if
studying the adsorbed nanostars directly gives insights into the number of interactions
between nanostar and linker receptor, which we will address in the next section.

Bound nanostar surface diffusion Lateral diffusion along the cell membrane is an
important feature for cellular processes and virus-host invasion. To diffuse on the cell
membrane, the particle needs to bind strongly to the receptors. But typically, the inter-
actions in biological systems are weak and reversible. It is thus interesting to understand
how the valency and interaction strength of a multivalent particle allows for lateral dif-
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fusion. The aim of this section is to investigate how receptor diffusion in a membrane
changes with external factors like crowding, change in membrane viscosity and receptor
clustering after multivalent binding.

To assess D of the surface bound nanostars, we use the same method as previously
introduced in chapter 4. FRAP reveals the diffusion D of membrane bound nanostars
and importantly it additionally shows the reversible binding. We measured trivalent
nanostars with 6 bp, 8 bp and 11 bp sticky ends at σR = 150000 µm−2. FRAP results,
as illustrated in Fig. 5.3a-c present a fluorescent image after 112 s after bleaching the
area encircled in white. There is a significant difference in the amount of recovery for
the three different length of sticky ends: The 6 bp and 8 bp are fully recovered, whereas
the 11 bp sticky end shows very little recovery, even after 300 s, see Fig. 5.3d. These im-
ages indicate that the binding kinetics differ significantly between the length of the sticky
end: The 6 bp and 8 bp dynamically exchange bound and unbound naostars, whereas
nanostars with 11 bp do not leave the surface anymore after binding. To quantify the
reversibility further, we focus on the signal recovery without membrane diffusion in the
following.

Please note, a limitation of this experimental setup is the differentiation between
binding kinetics and membrane diffusion that cause the signal recovery after photo-
bleaching. To exclude the signal recovery resulting from membrane bound nanostars,
we extract the intensity signal I (10s) after 10 s, as it was introduced in chapter 4, in a
small region inside the bleached area (red dashed circle in Fig. 5.3a). The results ob-
tained from the initial FRAP signals are reported in Fig. 5.3e. The higher I (10s), the faster
the nanostars unbind receptors and unbleached nanostars bind to the surface. We ob-
serve a clear trend of decreasing I (10s) with increasing receptor density for all different
sticky ends. The differences in I (10s) with a change in σR can be explained by different
number of interactions between nanostars and receptors. The larger σR , the larger the
average number of bound arms 〈n〉, as we have pointed out in chapter 4. An increase in
〈n〉 results in a longer residence time of the nanostar on the surface before it unbinds,
hence the slow signal recovery. Interestingly, the 6 bp unbinds and binds faster com-
pared to the 8 bp and 11 bp and confirms our observations in chapter 2, where we evalu-
ated the binding kinetics in the patch. Furthermore, the 8 bp and 11 bp sticky ends show
no recovery in the first 10s for σr > 104 µm−2. This observation suggests that the ad-
sorbed nanostars do not detach from the surface anymore. Additionally, from this data
we see that the 6 bp sticky end always shows a recovery, indicating that it still unbinds
and rebinds even at high σr . These findings further support the idea that the average
number of bound arms 〈n〉 is smaller for a 6 bp trivalent nanostar compared to the 8 bp
and 11 bp. Because the 6 bp binds with weaker bonds, we expect 〈n〉 to be the lowest.
This raises the question whether we can assess 〈n〉 in an irreversible system by evaluating
D of surface bound nanostars, which will be discussed in the next section.

To further quantify the diffusive behavior of irreversible adsorbed nanostars, we ex-
tracted D for differentσR of the fully bleached area for the 11 bp sticky end (white dashed
circle in Fig.5.3c). From this data, we see that D decreases with increasing σR . Inter-
estingly, it appears that D ∝ log(σR ). It seems possible that these results are due to
an increase in number of bonds between an individual nanostar and linker receptor,
leading to a decrease in D . In contrast to earlier findings, however, we expect the max-
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imum number of bonds already being fully established at approximately 104 µm−2, see
Fig. 5.3e. Another possible explanation is that the increase of the number of nanostars on
the surface reduces D . Studies on protein diffusion on membranes reported that an in-
crease in protein concentration on the membrane leads to increasing steric interactions
and hence reduces the lateral diffusion [12]. We know from the data reported in chapter
4 that an increase in σR leads to an increase in the number of nanostars adsorbed to the
surface. We thus suggest that they might be closely packed on the surface, significantly
restricting the space they can explore, nearly leading to a complete arrest of motion.

This section has demonstrated that reversible nanostar binding depends on the in-
teraction strength as pointed out in chapter 2 and chapter 4. What is interesting is that
the adsorption of nanostars leads to increased steric interactions between them that
causes a reduction in lateral diffusion.
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Figure 5.3: Trivalent nanostar FRAP. Fluorescent images of trivalent nanostars with 6 bp (a), 8 bp(b) and 11 bp
sticky ends after 112 s after photobleaching. d) The same sample as in (c) after 300 s. e) Intensity measured at
the centre (red dashed circle in (a)) after 10 s after photobleaching. f) Since the 11 bp trivalent nanostars barely
show any dynamic binding and unbinding, we extract D of the whole bleached area (white dashed circle).

5.1.3. CONCLUSION
The main goal of this chapter was to assess multiple questions: First, does the diffusion
of receptors depend on the number of embedded molecules in the SLB? Second, can we
quantify the number of bonds formed between a multivalent particle by evaluating the
diffusion of bound and unbound receptors? And last, what dictates the lateral diffusion
of surface bound nanostars?
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The investigation of D of the receptors has shown that the presence of passive re-
ceptors decreases the diffusive motion drastically. These findings suggest that the DNA
packing fraction changes the membrane fluidic property and hence decreases D of the
integrated molecules. It remains unclear what the exact mechanism behind the decrease
of D is. There is some evidence to suggest that the cholesterol anchor stiffens the mem-
brane [22, 29]. The second major finding was that the adsorption of multivalent nanos-
tars decreases the receptors diffusion. The change in D between bound and unbound
receptor strongly depended on the sticky end: The shorter the sticky end, the less severe
is the decrease in D after the nanostar adsorption. The relevance of the number of in-
teracting arms and strength during the nanostar adsorption is supported by the FRAP
measurements of adsorbed nanostars for different sticky ends. An implication of this
is the possibility that the stronger nanostars bind with more arms and the presence of
nanostars on the surface restricts their motion due to limited space.

Although the findings are based on a small sample size, it offers insights into the
diffusive motion with surface mobile DNA and additionally in multivalent binding on
the molecular level. An implication of the change of D in the presence of additional
biomolecules in the SLB should be taken into account when building structures with
mobile DNA-DNA interactions. The present study confirms previous findings in chapter
4 and provides additional evidence with respect to the average number of bound arms
of a nanostar. Further work needs to be done to establish whether the diffusion of re-
ceptors scales with the number of interactions with a nanostar. Comparing the change
in D before and after binding for different nanostar valencies can give a more detailed
understanding.

5.2. CONCLUSION AND OUTLOOK
In this thesis, the aim was to study multivalent binding with a focus on superselective
surface targeting. Multivalency defines a system with more than one binding site. In
comparison to monovalent binding, a multivalent particle therefore has different possi-
bilities to form a bond. The combination of weak interactions and different ways of bind-
ing leads to a sharp response in the binding probability as a function of receptor density,
known as superselectivity. The ideal superselective particle does not bind at low receptor
densities and at a specific receptor density all superselective particles in solution bind to
the receptors. Superselectivity controls biological adhesion processes on different length
scales ranging from multidomain proteins to cells. Generally, surface mobile receptors
generate binding as a result of receptor accumulation. Frenkel and coworkers proposed
the optimal design rules for a superselective system: high valency and weak interactions.
To deepen the understanding of superselectivity, we experimentally investigated multi-
valency with two experimental model systems: DNA functionalized colloidal particles
and multibranched DNA nanostars.

The first experimental model system was used to mimic the multivalent nature of
cell-cell adhesion. The system consists of DNA functionalized membrane coated col-
loidal particles that target a supported lipid bilayer functionalized with complementary
DNA. This research has shown that weak interactions and a large density of both ligands
and receptors increases the selectivity of a system and confirmed the design rules for a
superselective system of Frenkel and coworkers [34] and supports the findings of exper-
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imental model systems [35–38]. The key aspect of this study is the direct visualization of
the DNA-DNA interactions that provides insights in the accumulation of receptors and
ligands in the colloid contact area. Previous studies have reported that the multivalent
bond results from the recruitment of ligands and receptors [36, 39]. Our experimental
model system directly visualizes the dynamic bond formation over time and links the
patch size to the colloid motion. A number of studies have examined the diffusion of
multivalently bound particles but to date none has made a direct link between the patch
size and diffusion [40, 41]. This study has demonstrated, for the first time, that the mul-
tivalent bond is a highly dynamic process with constant unbinding and binding of re-
ceptors and ligands. Previous research has found that the receptor and ligand density
regulate the size of the multivalent patch [42]. Our findings add to existing research by
the investigation of different interaction strength and the observation of a decrease of the
patch size at large ligand densities. Our study has reviewed superselectivity and multiva-
lent binding on the microscale, including hundreds of interactions. Next, we raised the
question how multivalency regulates superselectivity and diffusion on the nanoscale.

Another multivalent experimental model system presented in this thesis is multiva-
lent DNA nanostars that bind to receptors integrated in a supported lipid bilayer on a tar-
get surface. A DNA nanostar is a multi branched nanostructure and results from ssDNA
hybridization [43]. The choice of DNA sequence allows for unique designs of the nanos-
tars and gives precise control of the number of arms ranging between 1−10. This is the
first study to experimentally assess superselectivity on the nanoscale to mimic virus-cell
or multi-domain protein-cell interactions. The importance of weak interactions for su-
perselectivity is also here supported by our findings and again, confirms the theoretical
design for superselective targeting [34]. This study provides an exciting opportunity to
advance our knowledge on superselectivity with respect to chemical rate constants. One
of our major findings is that a superselective system has a low probability of forming the
first bond but after the first bond forms it subsequently binds with as many arms pos-
sible. From experimental measurements of the binding kinetics, we conclude that weak
multivalent interactions tend to bind more strongly compared to strong interactions. So
far, no study has elaborated on the strength of a multivalent bond. The number of in-
teractions are crucial for the strength of a multivalent bond and despite its exploratory
nature, the study in chapter 5 provides useful insights in the receptor mediated diffusion
with only few interactions and related the receptor cluster diffusion to the number of
interactions.

A comparison between the two experimental systems highlights the different behav-
ior due to the length scales ranging from nanometer to micrometer. Each system ad-
vances our knowledge of superselectivity from a different view. On the microscale, hun-
dreds of interactions form the multivalent bond between the particle and target surface.
This large number of interactions provides many different ways of binding and there-
fore contributes significantly to the entropy that is important for superselectivity. On the
nanoscale, however, only few interactions bind the particle to the target. Hence, the in-
teractions need to be much weaker compared to a system with more interaction sites.
That is also what we observed: The colloidal system expressed superselectivity with en-
thalpies around −17 kBT, whereas DNA nanostars needed much weaker interactions of
−7 kBT. This remarkable difference in enthalpy stems from the large entropic contri-
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bution in the colloidal system. Furthermore, the length scale of the systems dictate the
influence of additional parameters like salt contribution, gravitation or ligand flexibility.
Because the number of interactions are much lower for the nanostars, additional pa-
rameters like salt, inert strands and arm flexibility contribute stronger to the adsorption
properties.

Alltogether, this thesis has provided key insights in the superselective targeting of
multivalent particles on the nano- and microscale. The key strength of these experimen-
tal systems are the direct visualization of the multivalent binding and the high control of
valency, interaction strength and particle concentration. It would be interesting to as-
sess the effect of steric repulsion by adding inert strands that are longer compared to
receptors. Introducing steric repulsion lowers the effective binding strength of the parti-
cle and therefore increase the selectivity. A further study with the DNA nanostars could
assess the impact of different types of ligands and receptors on superselectivity [44]. An
implication of these findings is that both weak interactions and a high valency should be
taken into account in the self-assembly of higher order structures or the design of tar-
geted drug-delivery platforms, where a high selectivity and strong interaction is desired.
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