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SAMENVATTING

De manier waarop onze huizen gebouwd worden of hoe onze dagelijks gebruikte appara-
tuur wordt geproduceerd, volgt over het algemeen de richtlijnen van assemblage. Assem-
blage is het proces waarbij individuele, niet-functionele onderdelen aan elkaar worden
gehecht om uiteindelijk functionele structuren of patronen van hogere orde te vormen.
De basis benodigdheden voor de assemblage van een functioneel object met behulp van
losse onderdelen zijn (i) verplaatsing, iets moet de verschillende onderdelen naar elkaar
toebrengen en (ii) verbinding, iets moet de onderdelen aan elkaar verbinden opdat de
constructie niet direct weer uit elkaar valt. In reguliere assemblage wordt de verplaat-
sing gerealiseerd door de omgeving: iets of iemand levert mechanische energie welke de
betreffende onderdelen in de juiste oriéntatie naar elkaar toe manoeuvreert. Vervolgens
worden de onderdelen aan elkaar verbonden door ofwel de directe koppeling tussen de
onderdelen zelf (e.g. klittenband) of door toevoeging van een derde component (e.g.
lijm) die de objecten aan elkaar plakt. Hoewel deze vorm van assemblage voorziet in een
grote mate van controle, is het vaak een tijdrovend en arbeidsintensief proces en wordt
het naarmate de beoogde constructies complexer worden ook steeds financieel uitda-
gender. Deze nadelen worden extra duidelijk in de assemblage van structuren op micro
en nano schaal, met name vanwege de complexiteit van de benodigde apparatuur. Mede
vanwege bovengenoemde nadelen is de interesse naar een alternatieve vorm, genaamd
zelf-assemblage, op het moment sterk aan het groeien.

We spreken van zelf-assemblage of spontane assemblage wanneer het vormen van
de uiteindelijke secundaire structuur zonder een externe bron van energie plaatsvindt.
In dat geval zijn er twee energie componenten die de balans opmaken: de enthalphie
(H) en de entropie (S). De enthalpie is de energie die vrij komt of geabsorbeerd wordt
bij het vormen of verbreken van een verbinding. De entropie bepaalt de energie die is
gekoppeld aan de hoeveelheid mogelijkheden waarin een bepaalde toestand zich kan ten
toon stellen. Des te meer mogelijkheden des te hoger is de entropische energie. Hieraan
moet worden toegevoegd dat de entropie van een systeem altijd spontaan naar een zo
hoog mogelijke waarde beweegt en dat er energie voor nodig is om het omgekeerde te
bewerkstelligen. Of een assemblage proces spontaan zal verlopen hangt uiteindelijk af
van de mate van verandering van deze componenten tussen de initiéle situatie en het
eindproduct. Bij constante temperatuur (T) en druk verhouden deze variabelen zich
volgens de vergelijking

AG=AH-TAS 1)

waarbij AG de vrije energie wordt genoemd. Een proces verloopt spontaan wanneer het
eind product een kleinere hoeveelheid vrije energie heeft dan de beginsituatie, dus wan-
neer AG negatief is. Ten gevolge van vergelijking (1) zijn er slechts een beperkt aantal
energie verdelingen die hiertoe leiden:

i) ASis positief en AH is negatief.
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ii) ASis positief en AH is positief.
iii) ASis negatief en AH is negatief.

De assemblage verloopt in de eerste situatie altijd spontaan terwijl het in de laatste twee
situaties athangt van de relatieve waarden van zowel AS en AH en de temperatuur.

Geinspireerd door de overduidelijke successen van zelf-assemblage in de biologie,
hebben we in dit proefschrift de mogelijkheid onderzocht om componenten uit de na-
tuur te gebruiken om niet-functionele, inerte deeltjes spontaan te laten assembleren tot
een geordende structuur. Een cruciaal aspect dat voor een groot deel verantwoordelijk
is voor het succes van de zelf-assemblage processen die bijvoorbeeld plaatsvinden in de
cel, is de relatief zwakke moleculaire interacties die de koppeling tussen de bouwstenen
bepalen. Deze interactie-typen worden geschaard onder de zogenaamde 'zwakke’, spe-
cifieke interacties, omdat ze door thermische energie geleverd door de omgeving een
grote kans hebben om te dissociéren, in tegenstelling tot sterke, covalente verbindingen
die praktisch irreversibel zijn. In termen van vergelijking (1) gaat het maken van een ver-
binding gepaard met een negatieve entropie verandering. De ongebonden situatie kan
simpel gezegd in meer configuraties voorkomen dan de gebonden situatie. Als gevolg zal
de verbinding enkel spontaan verlopen in situatie (iii), wanneer de enthalpie ook een ne-
gatieve verandering doorstaat. Daarbij moet de waarde van deze negatieve verandering
voldoende groot zijn om te compenseren voor de negatieve entropie verandering. Bij een
zwakke verbinding is de enthalpie verandering van zodanige grootte dat de uiteindelijke
vrije energie erg dicht tegen 0 komt te liggen met als gevolg dat de kans op ontbinding
significant wordt. De kans om los te gaan geeft de bouwstenen de mogelijkheid om bin-
nen een assemblage traject te herschikken naar een meer optimale organisatie in plaats
van vast komen te zitten in een minder gewenste oriéntatie.

Een tweede essentiéel aspect is de hoge specificiteit van de verbindingen tussen de
onderdelen. De assemblage van bijvoorbeeld eiwitten is niet afthankelijk van één type
interactie maar wordt gereguleerd door een specifieke combinatie van interactie-typen
alsmede de positie van de betreffende interacties op het molecuul. Dit maakt dat enkel
de best passende (ook wel complementaire) bindingspartner het meest efficiént bindt,
zoals er maar één type sleutel in een slot past.

Om te onderzoeken hoe deze componenten geimplementeerd kunnen worden voor
de zelf-assemblage van inerte deeltjes hebben we een bestaand modelsysteem gekozen
welke gebaseerd is op ontwikkelingen op het gebied van DNA-bedekte silica deeltjes.
Hierin zijn de silica microdeeltjes de bouwstenen die we laten organiseren tot een se-
cundaire ordelijke structuur. Op het oppervlak van elk deeltje zijn korte strengen DNA
zodanig gekoppeld dat ze loodrecht op het oppervlak van de deeltjes zijn georiénteerd.
De laatste reeks van 11 nucleotiden van elke DNA streng fungeert als koppelingsstuk: de
specifieke sequentie is complementair met de uiteinden van de DNA strengen op het
oppervlak van een tweede set aan silica deeltjes. Als gevolg zullen de deeltjes met com-
plementair DNA met elkaar binden terwijl de deeltjes met hetzelfde DNA ongebonden
blijven. Op deze manier wordt specificiteit in de binding gecontroleerd door de spe-
cifieke DNA sequenties en zijn de bindingen - in dit geval de waterstofbruggen die de
nucleotiden met elkaar verbinden - zwak en omkeerbaar.

Hoewel er aan de juiste voorwaarden lijkt te worden voldaan, is het vormen van
geordende structuren met behulp van de DNA-strategie nog niet heel succesvol geble-
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ken. Het blijkt namelijk dat, hoewel de individuele bindingen zwak en reversibel zijn,
een grote reeks aan parallelle verbindingen een effectief sterke, irreversibele connectie
verzorgt met als consequentie dat twee complementaire deeltjes direct sterk aan elkaar
plakken zonder de mogelijkheid om zich te herschikken naar een betere geometrische
positie in het aggregaat van deeltjes. In theorie is in twee dimensies een hexagonale or-
ganisatie van de deeltjes meest optimaal aangezien in dat geval het hoogst mogelijk aan-
tal verbindingen tussen de deeltjes behaald kan worden. Echter het hoge ‘hit’ and ‘stick’
gehalte van de deeltjes zorgt ervoor dat de route hiernaartoe geblokkeerd wordt. Deeltjes
komen op verkeerde plekken vast te zitten waar ze vervolgens niet of nauwelijks meer uit
komen om vervolgens een ongeordend aggregaat te formeren.

Een in deze context nuttige eigenschap van de DNA verbindingen is dat ze tempe-
ratuurreversibel zijn. Dat wil zeggen, door het verhogen van de omgevingstemperatuur
dehybridizeren de DNA strengen zich, met als gevolg dat de micro-deeltjes dissociéren
ofwel smelten. In vergelijking (1) wordt dit duidelijk aangezien de entropie verandering
wordt vermenigvuldigd met de temperatuur. Omdat in deze situatie van zwakke verbin-
dingen de vrije energie al dichtbij nul ligt zal bij een stijgend aandeel van de entropie
de vrije energie op een zeker moment positief worden, met dissociatie als gevolg. Het
vervolgens weer verlagen van de temperatuur heeft het omgekeerde effect.

De relatie tussen het aantal gedissocieerde deeltjes en de temperatuur wordt sterk
bepaald door de hoeveelheid mogelijke DNA verbindingen tussen elk deeltjes-paar. Nu
blijkt uit verschillende studies dat al bij meer dan één DNA verbinding per deeltjes-
paar, de verhouding tussen de temperatuur en de kans dat een deeltje gebonden is een
behoorlijk scherpe transitie laat zien. In andere woorden de deeltjes zitten of vast of
zijn volledig los van elkaar terwijl het temperatuur bereik voor elke situatie er tussen in
slechts 1 tot 2 °C beslaat. Omdat juist in deze tussenfase de mogelijkheid voor herschik-
king ligt, is het praktisch erg moeilijk om dergelijke deeltjes te laten zelf-assembleren
tot hun ordelijke grondtoestand zonder vast komen te zitten in een wanordelijke tussen-
toestand. Enkel met een proces waarbij de temperatuur voortdurend langzaam oscilleert
om de smelt-transitie heen, is aangetoond dat er na een periode in de orde van dagen ge-
ordende structuren verschijnen.

Om met dit modelsysteem op een effectievere manier geordende structuren te rea-
liseren is een aanpassing dus nodig. In dit proefschrift laten we zien hoe het toevoegen
van een extra vrijheidsgraad in dit modelsysteem het zelf-assemblage proces kan ver-
beteren. De extra vrijheidsgraad die we hebben toegepast is de mogelijkheid voor het
DNA om over het oppervlak van de deeltjes te manoeuvreren. In hoofdstuk 2 geven we
als motivatie voor deze modificatie een overzicht van de huidige kennis over de rol van
oppervlakte-mobiliteit in moleculaire interacties zowel in biologische als in gesyntheti-
seerde systemen. We geven een overzicht van de verschillende in de literatuur bekende
model-systemen waarin de invloed van oppervlakte-mobiele verbindende moleculen
zijn onderzocht. Duidelijk wordt hoe clustering van moleculen de interactie-sterkte be-
invloedt en hoe mobiele verbindingen zelfs gebruikt kunnen worden om kristallen met
gecontroleerde orde-parameters te verkrijgen.

In hoofdstuk 3 en 4 beschrijven we hoe we het model systeem van DNA-bedekte
micro-deeltjes hebben aangepast opdat de DNA over het oppervlak kan diffunderen.
Hiervoor hebben we gebruik gemaakt van de vloeibare eigenschappen van de lipide bi-
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laag. De karakterisering van de verankering van het DNA in een lipide bilaag met ver-
schillende hydrofobe modificaties is te vinden in hoofdstuk 3. Het blijkt dat een DNA
streng wanneer verankerd met de lipide bilaag via slechts één hydrofobe groep niet sta-
biel in de bilaag blijft, maar dat de thermische fluctuaties in het systeem voldoende zijn
om de verankering ongedaan te maken. Verscheidene methoden om de stabiliteit van de
verankering te verhogen worden hier gepresenteerd. In hoofdstuk 4 laten we vervolgens
zien hoe we de DNA-lipide-bilaag constructie toepassen op de micro-deeltjes, tonen we
aan dat het DNA daadwerkelijk mobiel is en demonstreren we het effect van de opper-
vlakte mobiliteit op de zelf-organisatie van de micro-deeltjes.

Om nog beter de zelf-assemblage van de micro-deeltjes te kunnen voorspellen en
dus controleren is meer kennis nodig van de interactie-energie tussen de complemen-
taire DNA strengen op twee met elkaar verbonden deeltjes. Een methode om de interac-
tie sterkte tussen twee objecten te bepalen is het meten van de kracht die nodig is om de
twee objecten los van elkaar te bewegen. In hoofdstuk 5 beschrijven we twee microsco-
pische technieken die geschikt zijn om bovenstaand experiment uit te voeren met onze
micro-deeltjes. Een van de twee technieken hebben we zelf ontwikkeld en dit proces
staat in dit hoofdstuk beschreven. Resultaten van daadwerkelijke krachtmetingen ont-
breken echter nog, omdat de ontwikkeling van deze opstelling ten tijde van het schrijven
van dit proefschrift nog niet was afgerond. Omdat de tweede techniek wel reeds beschik-
baar was hebben we hiermee de eerste beoogde krachtmetingen tussen twee gebonden
deeltjes bij verschillende DNA dichtheden wel kunnen uitvoeren, waarvan de resultaten
ook in dit hoofdstuk worden gepresenteerd. Hieruit kan geconcludeerd worden dat de
interactie kracht, zoals verwacht sterk athangt van de hoeveelheid DNA per deeltje. Over
hoe de interactie kracht daadwerkelijk samenhangt met de DNA dichtheid kan door de
beperkte hoeveelheid metingen nog geen uitspraak worden gedaan.

Ten slotte beschouwen we in hoofdstuk 6 hoe dit onderzoek kan worden voortgezet
en geven we onze visie op waarom verder onderzoek interessant is. Dit wordt geillu-
streerd aan de hand van voorbeelden van potentiéle toepassingen die uit dit onderzoek
zouden kunnen voortvloeien. Waarvan één, namelijk het bestuderen van de flexibiliteit
van een lineaire keten van deeltjes gekoppeld met mobiel DNA, ook al voorzichtig door
ons is verkend.



SUMMARY

The way the buildings we live in are built and the devices that we use to fulfill our daily
needs are produced, nearly always follow the guidelines of assembly. Assembly is the
act of combining individual, non-functional building blocks into functional structures
or patterns with higher organizational order and basically relies on two actions: i) dis-
placement, the building blocks need to get into close contact and (ii) connection, once
close enough together the parts need to be held stably together. In ordinary assembly,
a person either directly or indirectly delivers the mechanical energy required to position
the building blocks in the right place and orientation. After which the surface properties
of the building blocks (e.g. Velcro) or a secondary component (e.g. glue) provides the
means to fix them together. Although this type of assembly provides excellent control
during the process, it can be very time-consuming, labor intensive and expensive. These
drawbacks become especially substantial in the assembly of structures on the micro and
nano length scales due to the complexity of the required specialized equipment. Conse-
quently, the interest in the development of another type of assembly called self-assembly
is currently rapidly increasing.

Self-assembly or spontaneous assembly, is the formation of secondary structures out
of individual building blocks without the need for an external person guiding the pro-
cess. Instead, the assembly process is completely driven by the properties of the build-
ing blocks and the properties of the medium by which they are surrounded. Formally,
this can be described by two energy components: the enthalpy (H) and the entropy (S).
The enthalpy is the energy released or absorbed when bonds break or form and the en-
tropy is defined as the energy that is coupled to the number of states in which a certain
configuration can exist. The larger the number of possibilities, the larger is the entropic
energy. It should be added that the entropy of a system always spontaneously evolves to
the highest possible value while it requires energy to accomplish the opposite. Whether
the assembly will take place spontaneously depends on the magnitude of the change of
both of the energy components between the final and initial situations. At a constant
temperature (T) and pressure these quantities relate to each other according the equa-
tion

AG=AH-TAS )

Where AG is referred to as the free energy. A process proceeds spontaneously only
when the end product has less free energy as compared to the initial situation, so when
AG is negative. As aresult, Eq. (2) prescribes only three energy distributions that can lead
to spontaneity:

i) ASis positive and AH is negative.
ii) ASis positive and AH is positive.
iii) ASis negative and AH is negative.

5



6 SUMMARY

A process described by the first situation always occurs spontaneously, while the
latter two depend on the relative magnitudes of AS, AH and T. Inspired by the great
successes of self-assembly in biology, this thesis describes our endeavor in exploring
the possibilities of using nature inspired components to steer the self-assembly of inert
micro-particles into ordered secondary structures.

A crucial aspect which is largely responsible for the success-rate of the self-assembly
processes occurring in nature, is the relative weak magnitude of the molecular interac-
tions that mediate the coupling between the basic building blocks. These interactions are
called weak because the thermal energy delivered by the environment is already enough
to dissociate the bonds, as opposed to the strong, covalent bonds which are practically
irreversible. In terms of Eq. (2), the formation of a bond is associated with a decrease
in entropy. Simply said, the number of arrangements that two disconnected molecules
can possibly occupy is higher than for the bound structure. Therefore, such a bond will
only occur spontaneously if the binding process can be described by situation (iii), when
the enthalpy change is negative as well. If that is the case, the magnitude of the en-
thalpy change also needs to be large enough for it to compensate for the negative entropy
change. For weak bonds the enthalpy change is just enough to meet this requirement,
setting the free energy change to be only slightly below zero, thereby increasing the un-
binding probability. The enhanced likelihood of unbinding facilitates the possibility for
the building blocks to rearrange towards a more optimal position within the assembly
instead of getting stuck in an undesired configuration.

A second essential aspect for self-assembly is the high specificity of the interaction.
The binding of a ligand to a receptor for example does not depend on solely one type
of interaction but relies on a combination of different interaction types as well as their
exact position along the molecules. Consequently, only the molecules exposing the right
interaction types in the correct orientation will form an efficient bond.

To investigate how these aspects can be applied for the self-assembly of inert micro-
particles into ordered structures, we have adapted an already existing model system of
DNA-coated silica micro-particles. The DNA coating consists of short DNA strands that
are through one end coupled to the surface of the silica micro-particles, such that they
orientate perpendicular to the surface. The terminating eleven nucleotides of each DNA
strand are designed as the linking bridges; the specific sequence is complementary to the
DNA ends displayed by a second set of silica micro-particles. By forming DNA bridges
the silica micro-particles that expose complementary ends will bond whereas the parti-
cles showing the same sequence remain unbound. This way the preconditions for self-
assembly are supposed to be met: the specificity is controlled by the DNA sequence
and the interactions — in this case the hydrogen bonds between the complementary nu-
cleotides — are weak and reversible.

Even though the requirements seem to be fulfilled, steering the silica micro-particles
into ordered structures has so far not been very successful. A theoretically and exper-
imentally demonstrated explanation for the experienced difficulties finds its roots in
multi-bond effects. Despite of the interactions between individual DNA strands being
weak, the combination of multiple DNA bonds in parallel effectively establishes a strong,
irreversible coupling. When two particles meet they immediately stick together, imped-
ing the possibility to rearrange. It is predicted for this specific binary system of two com-
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plementary particle types that their equilibrium two dimensional structure is a hexag-
onally organized packing as this provides the highest number of DNA bonds. However,
the ‘hit’ and ‘stick’ type of aggregation obstructs the particles in their efforts to get there
and the result is a randomly organized aggregate.

And in this context a useful property is the thermo-reversibility of the DNA linkages.
By increasing the temperature, the intertwined DNA strands dehybridize and the micro-
particle aggregates dissociate also referred to as melting. Speaking in terms of Eq. (2), due
to the increasing magnitude of the temperature, the entropy contribution enlarges which
at sufficient temperatures favors the unbinding of the DNA strands. Because this proce-
dure does not affect the structure of the individual DNA strands, subsequently lowering
the temperature has the reverse effect.

The relation between the number of dissociated particles and the temperature de-
pends strongly on the number of DNA bonds that make up the connection. It has been
shown theoretically that already in the case of a single DNA bond per pair of particles, the
relation between the number of unbound particles follows a steep transition upon cross-
ing a certain temperature. So either all particles are strongly bound or completely un-
bound while any intermediate situation can only exist in a temperature window of only
1 or 2 °C. Because the possibility for the particles to rearrange within an aggregate only
exists within this narrow temperature window, turning random aggregates into crystals
becomes experimentally challenging. Only by oscillating the temperature continuously
and slowly about the melting temperature over a period of days, have researchers suc-
cessfully created crystal structures.

In order to improve the self-assembly of the DNA-coated micro-particles, the current
approach has to be adjusted. In this thesis we describe our efforts to introduce an extra
degree of freedom into the system and we show how this addition improves the micro-
particle self-assembly. The adaptation involves the ability for the linking DNA molecules
to diffuse over the surface of the micro-particles. In Chapter 2, we explain our choice for
this particular adaptation on the basis of scientific publications that focus on the bene-
ficial role of surface-mobile molecular interactions in both biological and synthetically
developed systems. It becomes clear how clustering molecules influence the strengths of
interactions and how mobile interactions can be applied to the self-assembly of micro-
particles into crystal structures with different order parameters.

In Chapters 3 and 4 we describe how the surface-mobility of the DNA linkers on the
micro-particles is achieved. For this we have made use of the fluidic properties provided
by the biological structure of the lipid bilayer. We characterized the anchoring stability of
hydrophobically modified DNA in a lipid bilayer in Chapter 3. It turns out that anchoring
DNA strands to a lipid bilayer by only a single hydrophobic compound, is insufficient to
maintain a thermodynamically stable coupling. Several alternatives are presented that
enhance the bilayer-anchoring stability. How the lipid-DNA construction subsequently
is applied on micro-particles, whether the DNA strands are actually mobile and to what
extend the surface mobility affect the micro-particle self-assembly is outlined in Chap-
ter 4.

In order to enhance the predictability and hence the controllability of the micro-
particle self-assembly, better understanding of the interaction properties is required. A
method to measure the interactions strength between two particles is by monitoring the
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force required to pull two connected particles apart. In Chapter 5 we describe two ex-
perimental setups that provide the means to perform exactly such measurements. One
of these setups we have developed ourselves and this process is described in this chap-
ter. Actual results are lacking, as the setup was not yet suitably functional at the time
of writing this thesis. However, we do present in this chapter the results of the force
measurements performed on pairs of interacting particles using a slightly different but
readily available setup. From this data it can be concluded that the interaction strength
depends strongly on the density of DNA strands per particle. The acquired statistics are
however too limited to make statements on the exact relation between the DNA density
and the interaction strength.

Finally, we elaborate on the possible future directions this research could be going
in Chapter 6 and why continuing this research would be of great interest. We illustrate
this by giving examples of potential applications that could emerge from our obtained
achievements and by presenting the our efforts concerning one such application, namely
to use mobile DNA linkers to make very flexible linear particle chains.



INTRODUCTION

This thesis revolves around exploiting the specificity of DNA interactions to guide the as-
sembly of micro-colloids into higher order structures. The concept of DNA mediated inter-
actions between micro-colloids is a field of study that has ramified from the field on DNA
guided self-assembly of nano-colloids. Despite the great potential that the use of DNA
could offer for self-assembling micro-colloids, so far the predicted astounding results are
still to be accomplished. As compared to the wide variety of self-assembled higher order
structures that have been realized with DNA coated nano-colloids, for micron-sized col-
loids new strategies appear to be needed. Motivated by the high potential of the field and
the challenges that are confronted herein, we initiated an experimental project aimed to
design and implement a novel strategy aimed to uplift the self-assembly process. This is
achieved by both modifying the way the DNA strands are coupled to the particles’ surface
and in parallel exploiting sensitive force spectroscopy techniques to elucidate the interac-
tion strengths of the DNA bridges at different conditions. For this purpose, we modified
an existing system of micro-colloids coated with DNA in such a way that while the DNA
is confined to the surface of the particles, its lateral diffusivity is maintained. The surface
mobility is accomplished by surrounding silica micro-particles with a lipid bilayer into
which the DNA strands are embedded. This way the lipid bilayer functions as a two di-
mensional platform in which the DNA strands can ‘float’ like sea beacons that are drifting
in water. The size and composition of the silicon oxide micro-particles permit easy visu-
alization by various optical microscopy techniques and facile manipulation with optical
tweezers, making them excellent platforms for probing the strength of the DNA-mediated
interactions.

1.1. DNA-MEDIATED COLLOIDAL SELF-ASSEMBLY

The incentive of the research presented in this thesis is to provide a contribution to the
understanding of the self-organization of micron-sized particles mediated by DNA link-
ers. The current goal in this field is to control the self-assembly of micro-particles into
complex, functional structures. DNA linkers are very promising candidates to achieve
this. Namely, by coupling short single stranded oligonucleotides at one end onto the

9
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surface of micron-sized particles, the extended single strands can reach out to hybridize
with the extending complementary strands attached to surrounding particles. With the
right number of long enough DNA linkers per particle, and appropriate buffer condi-
tions, such particles will at room temperature self-assemble into aggregates. However,
while exploring this parameter space, researchers have run upon obstacles that hin-
der the controlled self-assembly into ordered crystal structures. Although the predicted
equilibrium structure might be an ordered crystal, the micro-particles often become ki-
netically trapped and form random aggregates.

By registering the number of unbound, individually dispersed particles as a func-
tion of increasing temperature, a profile appears that shows that the transition from fully
aggregated particles to fully dispersed particles occurs within a very narrow tempera-
ture window. Consensus exists that this narrow temperature window arises because the
probability of particle-dissociation being doubly exponentially proportional to the tem-
perature, when mediated by multiple DNA linkers. Only within this temperature window
the particles are just weakly enough bound to allow them to rearrange, but because this
window is so narrow, experimentally establishing such conditions turns out to be not
trivial. Typically, equilibrium structures can be obtained if the particles are repeatedly cy-
cled from a fully associated to a fully dissociated state by repeatedly crossing the melting
temperature of the DNA bonds for several days. Furthermore, the crystallization is ham-
pered by the difficulty to get an homogeneous DNA surface density on each particle. It is
therefore desired to improve the current model system of DNA coated micro-particles in
order to optimize their self-assembly into functional, ordered structures.

The research field in which DNA is used for the assembly of nano/micro-particles
into higher ordered structures dates back to 1996. Back then, two research papers were
published in Nature demonstrating experimental methods to couple short DNA strands
to nano-particles, revealing ways to enhance the control over the particles’ organization
[1, 2]. This has to do with the molecular composition of DNA. A more detailed descrip-
tion is provided later in this section, yet in short DNA consists of two intertwined strands,
each composed of a sequence of molecules called nucleotides. There are 4 different
types of nucleotides, which are labeled A, T, C and G, of which an A can only bind to
aTand a C can only bind to a G. Due to these binding constraints, a certain arrangement
of nucleotides can form a DNA molecule only with a strand that displays the match-
ing/complementary nucleotides. Then, by designing a set of different pairs of comple-
mentary strands and attaching them to different subsets of particles, only those particles
displaying complementary strands will link together. Thus, the specific nucleotide se-
quence of the strands on each of the particles, orchestrates which of the particles bind
together and hence control the way the particles organize, see Fig. 1.1.

Given the nearly limitless amount of possible nucleotide arrangements, a huge num-
ber of complementary particles could theoretically be made. Moreover, one could dec-
orate particles with different strands, allowing for the particles to bind with more than
one other type, generating particle-assemblies of even higher complexity. However, be-
fore such high degree of control becomes possible, a new number of challenges had to
be or are still to be overcome. For example, methods had to be developed to efficiently
couple the DNA to the surface of particles. The ends of DNA have fortunately proven to
lend themselves very suitable for a large range of chemical modifications. Different mod-
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ifications like thiol, carboxyl or biotin groups can relatively easily be added to the DNA
synthesis process so as to link them to the ends or somewhere in the middle of the DNA
strand. This also accounts for the insertion of fluorescent or radioactive labels which
makes subsequent characterization of the DNA coating feasible.

Figure 1.1: Steering the self-assembly of particles using DNA linkages.

Furthermore, new models are needed to relate the chemical and physical properties
of the DNA interactions with the resulting assembled structure. Using these extending
DNA strands namely introduces new parameters that make existing models inadequate.
The DNA linkers introduce new concepts like the length that the DNA strands extend
outward thereby increasing the interaction range or their discrete distribution over the
surface making continuum models less suitable. These concepts have already led to new
models for nano-particles that have helped in the development of a large variety of crys-
tal structures [1-8].

For micro-particles guiding the self-assembly turns out to be more complicated. The
apparent difference between nano- and micro-particles has primarily to do with the ra-
tio, o, between the range of the DNA interaction, i.e. the length of the DNA strands L,
and the radius of the particles r, see for a schematic representation Fig. 1.2. In the case
of nano-particles, o~1, hence the maximum number of linking strands between particles
is on the order of tens or less. For micro-particles however, o <« 1, assuming the same
strand length. As a consequence, a lot more linkers will contribute to the interaction
when two particles come into close proximity. This can not be circumvented by simply
extending the length of the DNA to compensate for the larger particle size. DNA strands
of such lengths behave more like coiled polymers, whereas the short DNA strands can be
considered as semi-flexible rods. These different mechanical properties would merely
introduce new physics leading to totally new behavior [9]. Also decreasing the DNA den-
sity per particle will not improve much, as the necessary density decrease will reduce the
encounter rate between two strands to a minimum, which substantially slows down or
even inhibits the particle self-assembly completely.

These nano- versus micro-particle differences have been studied in detail and have
been verified by a number of research groups [10-13]. Using that obtained understand-
ing, people have come up with possible strategies to optimize the crystallization, of which
the first experimental evidences have been published [14-19]. Now that the understand-
ing of the mechanisms of the self-assembly of simple systems of DNA coated colloids is
rapidly increasing, the next step is at hand. In this study, we aimed to contribute to this
next step in the self-assembly of DNA coated micro-particles by introducing an extra de-
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gree of freedom. We developed a system where the DNA strands coupled to the surface
of particles are still able to exert lateral motion. This is achieved by surrounding silica
micro-particles with a lipid bilayer in which the DNA linkers are embedded. By allow-
ing for the lateral diffusion of the linkers we hypothesize that aggregated particles posses
more freedom to maneuver to their energetically most favorable position in the aggre-
gate instead of becoming arrested into a kinetically trapped state. We have observed that
this enhanced flexibility facilitates the crystallization and believe that it could even allow
for the much desired principle of directional bonding [17], paving the road towards more
complex micro-structures.

nano-particles micro-particles

W OO

Figure 1.2: DNA mediated self-assembly of nano- versus micron-sized particles. The radius of nano-sized par-
ticles, Ry, is in the same order of magnitude as the length L of the DNA linkers, which is typically in the order
of tens of nanometers. In contrast, the radius of the micron-sized particles, R, is typically 50 — 500L. Con-
sequently, the ratio, 0 = L/R, differs by a factor = 50 between nano- and micro-particles and thus for micro-
particles, many more DNA linkers will take part in the interaction.

As one may have recognized in this introductory section, there are three main con-
cepts that form the backbone of this thesis. These are colloids, DNA and the lipid bilayer.
In the following sections of this chapter we provide some more detailed information on
how these concepts are defined and how they are related to our research. Finally, this
chapter will end with an outline of this thesis.

1.2. COLLOIDS

The desire to enhance the controllability of assembling particles is triggered by the de-
velopments in the established research field of colloids. A colloid is defined as a two
phase system, in which one phase is dispersed in a second continuous phase. Nearly
any combination of the main three phases, i.e. gas, liquid and solid, are able to form a
colloid. As long as the particles forming the dispersed phase are within a size-range of
approximately 1-1000 nm. Examples are given in Table 1.1.

Our model system falls under the “Sol” category; solid particles dispersed in a liq-
uid medium. The motivation for studying this particular type of colloid is inspired by
examples observed in nature. In the 1930s, researchers noticed the interesting swelling
properties of bentonite and the optical properties of Schiller layers in iron oxide sols [20].
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The properties of these two examples are a result of the ordering of the monodisperse in-
organic particles. Also in biology, one finds monodisperse features forming long-range
ordered arrays. Stanley in 1935 examined the organization of tobacco and tomato viruses
upon concentrating them in water by centrifuging and discovered their crystalline pack-
ing [21]. Later, other virus particles were also seen to organize in crystalline organizations
using X-ray diffraction.

Table 1.1: Examples of colloids

Continuous phase  Dispersed phase Colloid type Example
Solid Solid Solid sol Ruby glass
Solid Liquid emu?:il(ii Igel Cheese, agar
Solid Gas Solid foam Aerogel
Liquid Solid Sol Paints, blood
Liquid Liquid Emulsion Milk
Liquid Gas Foam Whipped cream
Gas Solid Aerosol Smoke
Gas Liquid Aerosol Fog
Gas Gas N/A N/A

Some time later, the beautiful optical properties of opal were discovered to be related
to the organization of monodisperse silica particles. The long range order exposed by the
voids between the silica particles have such dimensions that they provide the specular
light reflections. The observation of the natural existence of monodisperse silica particles
led to the discovery and optimization of methods to synthesize monodisperse particles
of silica, polystyrene and a whole range of other polymers. As a consequence the interest
for studying these types of colloids rapidly increased [22].

An important motivator for investigating colloidal crystallization is their structural
overlap with the organization of atoms in atomic crystals. It appeared that the basic prin-
ciples defining the final structure were very similar to the rules dictating atomic crystals.
And as their size allows for much easier visualization, colloids provided a powerful model
to facilitate the understanding of atomic crystals. Effects of properties like charge, size-
ratio and solvents on the ordering of particle mixtures suddenly became much better un-
derstood. As well as the mechanisms and kinetics of crystallization, and the emergence
of defects.

Besides the added value to the research in the organization of atoms, the colloidal
crystallization offers applications in optics and photonic crystals. As first recognized in
the Schiller layers and opals, the right arrangement of particles can lead to structures
that can capture light and control the way it is transmitted. Other interesting aspects
involve the study of self-assembly and cooperative motion as a model system for the
molecular self-assembly existing in nature, which has eventually led to the development
of mechanically superior biomaterials.
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The way colloids crystallize depends on a number of aspects . First, it is defined by
the type of interaction between the respective particles. The interaction is mediated by
the surface properties of the particles as well as the medium in which they are dispersed.
Charged groups on the particles’ surfaces can cause like-charge particles to repel and
opposite-charge particles to attract [23]. Depending on the exact charge density and the
ionic strength of the medium this interaction can extend over a range of up to a microm-
eter. Other interactions have more to do with the solubility of the surface groups in the
medium. Hydrophilic groups for example, dissolve much better in water-based solutions
as opposed to organic suspensions. As a consequence, particles that bear hydrophilic
surface groups when dispersed in an organic suspension, tend to minimize their surface-
exposure to the medium by clumping together. Aside to the chemical properties of the
colloids, physical interactions can also play a major role. Neutral particles for exam-
ple, undergo only steric interactions, which self-assemble into interesting crystals purely
driven by entropy. The earliest appreciation of this entropic ordering was Lars Onsager’s
model for a fluid of thin, hard rods that are capable of self-assembling into liquid crys-
tals [24]. His model has been verified experimentally, and since then a large number of
adaptations have been realized using combinations of colloids of all sorts of shapes and
sizes [25-30].

Whether chemical or physical interactions actually drive the creation of unique archi-
tectures depends strongly on the strength of the interaction. Weak bonds allow for more
dynamics within the bonds. The continuous binding and unbinding of particles allow
them to explore more configurations. Whereas with too strong bonds, the structure is
more likely to become arrested in a less favorable organization. The second contributing
factor to the crystallization, is the kinetics at which the suspended particles are moving
about. This 'moving about’, which is more generally called Brownian motion refers to the
random movement of the particles caused by the random collisions with the molecules
comprising the continuous phase. Set by the viscosity of the fluid, the temperature and
the size, shape and density of the suspended particles, the particles’ motion drives the
dynamics of the crystallization.

All the parameters defining the aforementioned aspects, can be accurately measured
and controlled. One can measure for example the surface charge of the particles and
the conductivity of the suspension and image the final crystal structure using optical
microscopy or X-Ray diffraction. The measured physical properties of the colloids and
their final organization structure can then be compared with simulations and theoretical
models providing a complete understanding of the process. This way, a large amount of
understanding has been gained in how the self-assembly of colloids can be controlled to
create desired architectures.

The majority of this research involves the self-assembly of single-type particles or
mixtures of two or three different types of particles [31]. The resulting wide variety of
structures possible has given researchers the arguments to search for methods to create
more complex structures. Ideally, one finds ways to direct the assembly of many differ-
ent types of colloids into structures in which the position of each contributing particle is
pre-determined. Each particle would then have its own purpose in the structure, like the
amino acids in a protein. Such diversity is thought to be realizable with DNA coated col-
loids. As mentioned in the previous section, the DNA strands can be easily synthesized
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Figure 1.3: The structure of DNA.

and its specificity allows for the design of a huge range of different strands. A current
popular strategy is to use short DNA strands of which only the final few nucleotides are
complementary to the ends of opposing strands. These functional ends are referred to
as sticky ends. In principle, a large number of particles can then be mixed in which each
particle carries its own type of sticky ends. Adding the possibility to decorate specific
sites of each particle with different sticky ends opens the path to directional bonding
providing even more possibilities for self-assembly.

1.3. DNA

The elucidation of the structure of DNA and its relevance to the existence of life is one
of the biggest game changing events of the 20th century. Since its recognition of bear-
ing the fundamental information for life on earth in 1940s, a lot of progress has been
made in the understanding of its function and its role in evolution. The knowledge is so
well established that the central dogma of molecular biology and the role of DNA in it, is
nowadays basic curriculum of the biology courses taken by high school students all over
the world. Hence, when conversing with someone about DNA, chances are high that
the topic of discussion will be its major role in passing on the basic code of life. In con-
trast, the association of DNA with micro-particle self-assembly is less well known and as
a consequence often not directly understood. Therefore, since this is exactly the topic of
this thesis, we briefly summarize how DNA got integrated into the field of micro-particle
self-assembly and its relation to this study.

DNA is an abbreviation for deoxyribo-nucleic acid and it is well known for its famous
double helical structure that was discovered in the 1950’s by Watson and Crick. The struc-
ture of DNA is illustrated in Fig. 1.3. The basic molecular components are called nu-
cleotides which are covalently coupled into long strings, typically referred to as strands.
Each nucleotide type is built of a five-carbon sugar (deoxyribose) and a nitrogenous base.
There are four different nucleotide types present in DNA which differ in the exact struc-
ture of the associated base. They are referred to as Adenine (A), Thymine (T), Guanine
(G) and Cytosine (C). The cytosine and thymine bases are so-called pyrimidines; bases
that consist of a heterocyclic aromatic ring structure. Its atomic structure is similar to the
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6 carbon ring forming benzene, yet with two carbon atoms replaced by nitrogen atoms.
Adenine and Guanine are also built of a pyrimidine compound but with an additional im-
idazole group fused to it, forming a purine. Lastly, each nucleotide carries a phosphate
through which adjacent nucleotides are joined together to form a strand. The strand is
asymmetric where either ends are referred to as 3’ or 5, with the 3’ having a terminal
hydroxyl group and the 5’ a terminal phosphate group.

Because of the specific linear arrangement of nucleotides, their associated bases are
left exposed. The bases all carry one or two hydrogen accepting (oxygen and nitrogen)
and donating (hydroxyl and amine) groups. Cytosine and Guanine both have three hy-
drogen accepting/donating groups, while Adenine and Thymine only bear two. Due to
the equal number of hydrogen accepting/donating groups, Cytosine preferably binds
with Guanine while Adenine forms a bond with a Thymine. That these combinations
of nucleotides structurally fit so well makes them very stable and is why they are called
complementary. Other coupling, less thermodynamically preferable combinations be-
tween the nucleotides may exist as well, they can appear when melted DNA strands at
high temperature are quickly quenched to a low temperature, but these events are be-
yond the scope of this thesis. For a strand of nucleotides, the base-alignment require-
ment is most optimally met when two complementary strands align anti-parallel and
intertwine to form the well known double helix.

The high stability of the double helical structure allows for the secure storage of the
information encoded by the arrangement of the nucleotides in each strand. Having du-
plicates of the information is at the core for the process of transferring the encoded infor-
mation to following generations. During cell division, the double helices are split so that
the separated strands can be scanned by DNA polymerases, special enzymes that attract
and join complementary nucleotides together. This allows for the copying of the entire
DNA code so that it can be transferred to each of the daughter cells.

The fact that DNA is found in all organisms currently living on earth as well as in those
having lived during the past millions of years, proves its profound effective functional-
ity. Although its exact sequence, the way it is folded and its secondary chemical modifi-
cations per organism and between organisms continuously undergo changes, the basic
principle of 4 types of nucleotides organized in a double helix is always kept unchanged.
In addition, due to the vital role of DNA in living organism, a large number of synthesis
and analysis tools have been developed to enhance the understanding of its structure
and function. Nowadays, a multitude of techniques exist to visualize the organization
of DNA in cells, DNA can be extracted from cells to explore its sequence and it can be
physically grabbed and pulled apart to unravel its mechanical properties. Regarding the
vast developments in DNA research, it is not surprising that at some point people found
methods to synthesize short pieces of DNA. This ability of making DNA strands has led
to the emergence of new research fields focused on other topics than understanding life
or curing diseases. Food industries are for example interested in modifying the genome
of crops to enhance their proliferation, taste or shape. Or, what is more in line with the
topic of this thesis, it attracted nano-engineers who are interested in controlling the self-
assembly of nano-particles into higher ordered structures. Their search for ways to steer
mixtures of many different particles into complex, functional structures led to the de-
mand for functionalizing particles with different recognition sites that only specifically
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bind to one type of other particle in the mixture. In this way it becomes possible to cre-
ate hierarchal organizations of particles in which each particle has a different task in the
structure. DNA suddenly appeared as a potential candidate for achieving this goal. As
mentioned earlier, the bond strength is determined by the arrangement of nucleotides
and the level of complementariness with the opposing strand. Each different arrange-
ment of nucleotides can therefore function as a unique linking molecule, providing the
tools for the nano-engineers’ whishes. A beautiful example which show the large poten-
tial of DNA in the area of self-assembly is the world of DNA-origami. At first recognized
by Seeman and co-workers, DNA origami involves the coupling and folding of keenly de-
signed short strands into two or three dimensional secondary structures. [32-34] Others
used a combination of one long single strand which is folded by a range of staple strands
[35-37]. The research has so far predominantly led to the construction of 'useless’ smiley
faces or other non-functional structures. However, the first potential 'real’ applications
are being explored and more and more publications are showing up [38-42]. Particular
promising results are obtained in the use of DNA to guide the hierarchical assembly of
nanoparticles into plasmonic structures with controllable optical responses [43, 44], to
create nanometer-scale transmembrane channels in lipid bilayers [45], and its applica-
tion in the study of motor proteins [38].

We are specifically interested in a side branch of this self-assembly research field,
namely the area of research dedicated to studying the self-assembly of micro-particles
composed of an inert material coated with short DNA strands. The advantage of this
is that the micrometer size of the particles could potentially allow for the emergence of
millimeter or even centimeter sized secondary structures, with material properties (e.g.
optical or elecronic) that are tailored by the material of the micro-particles. This area of
research is more elaborately discussed in the next section.

1.4. LIPID BILAYERS

The lipid bilayer, as the name already suggests, is a film comprising two layers, known as
leaflets, each composed of individual molecules called lipids. It is most well-known for
forming the soft, flexible shells that separate cells from their surrounding environment.
Thus providing the micron-sized environments that are essential for cellular processes
to take place. Without lipid bilayers, no life as we know it would be able to exist [46]. The
word lipid comes from the Greek word /ipos which means fat. Yet, fatty acids are just one
of many molecules that fall under the category lipids. Other examples are waxes, sterols,
fat-soluble vitamins, monoglycerides and phospholipids.

Only the amphiphilic lipids form bilayers, which are the lipids that are built of two
parts, one hydrophilic (“water-loving”) head and one or more hydrophobic (“water-ha-
ting”) carbon tails, see Fig. 1.4. When dispersed in water, the hydrophobic parts of these
type of lipids minimize their exposure with the surrounding water molecules by forming
a film in which all the carbon tails are aligned. Finally, two leaflets stick together and
form a bilayer which reduces the carbon-water contact to a minimum.

Due to the high tendency of the lipid carbon tails to reduce their water contact, the
lipids’ out of plane motion is very restricted, while they can diffuse freely in the lipid
bilayer plane. In two dimensions the lipids continuously diffuse about giving the bilayer
a very dynamic character. This gives the bilayer, aside from being a barrier, numerous
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other functionalities. Examples are, the incorporation of channel-forming proteins that
control the in- and out-let of specific substances, or the integration of proteins that act
as sensors that allow the cell to communicate with its surroundings. The high degree
of flexibility also gives the bilayer its characteristic mechanical properties. By adding
or removing lipids or slightly rearranging the lipids, the membrane easily adepts to a
growing or shape-changing cell. And if the membrane gets pierced, the bilayer will not
collapse nor stay torn, but instead quickly reseals.
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Figure 1.4: a) The chemical structure of lipids and their organization into lipid bilayers. The top image repre-
sents the molecular structure of the lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), one of the most
abundant lipid in animal cell membranes and also one of the lipids that we have been using for our research. b)
Examples of potential applications of lipid bilayers. Lipid bilayers arranged into spherical vesicles can be used
as containers transporting biomolecules or diagnostic markers to specific locations in the body. In addition,
the bilayers can be deposited onto solid planar or spherical objects to create platforms which could for example
be used for the controlled analysis of lipid organization or the behavior of membrane-bound proteins.

It is due to these exceptional properties why lipids are recently receiving increasing
interest from the field of nano-technology [40]. Since the ability has emerged to purify or
synthesize lipids, the lipids have been used to create self-assembled structures like mi-
celles, reverse micelles and liposomes [47]. These secondary structures hardly undergo
any non-specific binding of other biomolecules, which allows them to surpass barriers
that are impassable for the biomolecules themselves. As such, they can function for ex-
ample as carriers transporting medicine to specific diseased locations [48]. In addition,
they can be coupled to other soft or hard nano-structures via specific chemical linkages.
The resulting combination of the lipids to prevent degradation and the optical properties
of nano-particles, allows for the selective diagnoses of for example tumors [49].

Besides their high potential in medicine, lipid-based structures have also many ap-
plications for nano-devices . For this, an excessively used platform is the supported lipid
bilayer, a planar lipid film confined to a flat substrate. These lipid films are transparent
for visible light, allow for heat conductivity, behave as insulators perpendicular to the
plane of the membrane and are electrically conductive within the plane, making them
excellent platforms for high-throughput sensing or electronic devices [50, 51]. As well as
for the study of membrane proteins [52], or the lipids themselves [53].

Next to the planar supports, lipid bilayers can also be formed onto spherical surfaces
like on silica micro-particles. This particular combination has been used to study the
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interaction potential of bilayer of various lipid composition [54, 55].

During these developments, the lipid bilayer also got associated with the field of
DNA nano-technology. By chemically coupling hydrophobic molecules to the ends of
short DNA strands, the strands anchor in between the leaflets of the lipid bilayer [56, 57].
Initially developed for getting specific DNA sequences inside cells, the hydrophobically
modified DNA strands got used for other applications like the patterning of surfaces with
specific moieties [58] or the control of the morphology and properties of liposomal su-
perstructures [59].

in this thesis, we exploit the combination of silica micro-particles, lipid bilayers and
hydrophobically modified DNA to built a system of particles that display extended sur-
facediffusing DNA strands.

1.5. THESIS OUTLINE

In this thesis we studied a modified model system based on DNA interactions to drive the
self-assembly of silica micro-colloids. To obtain an overview of what model systems al-
ready exist and how they relate to the questions we wish to answer, we review the already
existing literature that encompasses the notion of mobile interactions and its relation to
self-assembly in chapter 2. We review the different model systems that have been de-
veloped. Including systems of vesicles of different sizes, emulsion droplets and bilayer
coated particles. In addition, we outline the theoretical models that could be applied
to these model systems and any potential new strategy to which these models can be
extended.

As a potential platform for the realization of surface-mobile oligonucleotides, we
used the lipid bilayer. Chapter 3 revolves around the characterization of the possible
ways to couple short oligonucleotides to a lipid bilayer that is supported by a planar sil-
ica substrate. How does the type of hydrophobic anchor affect the kinetics and the final
stability of the binding? Furthermore, we explored the physical organization of the final
oligonucleotide layer, to elucidate the density of oligonucleotide and how far they ex-
tend outward. For this, we compared strands of different length and of different rigidity
by comparing single and double stranded oligonucleotides.

The realization and characterization of the intended model system of silica micro-
particles coated with mobile oligonucleotides is explained in chapter 4. Here, we outline
the procedure with which we achieve this and we reveal the first results regarding the
effect of the mobility on the self-assembly. An interesting contrast is revealed between
particles with immobile linkers.

In chapter 5 we explored the possibilities to probe the binding strength of two parti-
cles coated with surface mobile oligonucleotides. For this purpose, we developed a mi-
croscopic technique based on reflection interference contrast microscopy (RICM). Un-
fortunately, we have not been able to complete the development to the extent that it is
suitable for actual force measurements. To still be able to measure the binding strength
we used an already functional setup consisting of an ‘ordinary’ optical microscopic into
which two maneuverable lasers are coupled. These lasers are focused by the objective
into the sample to function as optical tweezers. With these tweezers we compiled a pro-
tocol that repeatedly moved two particles into close proximity, held them together for
30 seconds after which the beads were pulled apart again. Here, we demonstrate that
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the protocol allows for accurately determining the force required to rupture two coupled
particles. Furthermore, we show preliminary results on the force distributions acquired
for particles held together with surface-mobile DNA bonds.

Lastly, in chapter 6 we summarize our findings and place them in a broader perspec-
tive. With this we aim to give an outlook of the next steps that are to be taken and the
interesting directions further research could move forward to.



COLLOIDS WITH SURFACE-MOBILE
LINKERS: AN OVERVIEW

In this chapter we review the possibilities of using colloids with surface mobile linkers for
the study of colloidal self-assembly processes. A promising route to create systems with
mobile linkers is the use of lipid (bi-)layers. These lipid layers can be either used in forms
of vesicles or as coatings for hard colloids and emulsion droplets. Inside the lipid bilayers
molecules can be inserted via membrane anchors. Due to the fluidity of the lipid bilayer,
the anchored molecules remain mobile. The use of different lipid mixtures even allows to
create Janus-like particles that exhibit directional bonding if linkers are used which have a
preference for a certain lipid phase. In nature mobile linkers can be found e.g. as receptors
in cells. Therefore, towards the end of the review, we also briefly address the possibility of
using colloids with surface mobile linkers as model systems to mimic cell-cell interactions
and cell adhesion processes.

The content of this chapter has been published as: S. A. J. van der Meulen, G. Helms, M. Dogterom, J. Phys.:
Condens. Matter 27, 233101-14 (2015).
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2.1. INTRODUCTION
Since anumber of years, DNA-coated colloids have been employed as versatile bio-inspired
model systems to study processes of self-assembly and crystal formation. [1, 2, 5, 7, 60—
62] The unique feature of these colloids lies in the fact that the nucleotide sequence of
the DNA can be chosen specifically to promote interaction with colloids that are coated
with complementary nucleotide sequences. In the majority of cases these model sys-
tems consist of gold, glass or plastic beads to which DNA molecules are either attached
using physical adsorption [9, 63, 64], or covalent chemical bonds [1, 2, 65]. By careful
design of the single-strand (sticky) ends of the surface-grafted DNA molecules, interac-
tions between colloids can be made not only specific, but also tunable [14, 66-68]. In
addition, methods have recently been developed to create solid colloids with DNA linker
molecules that are mobile on the colloid surface (Fig. 2.1a, and Ref. [69])

In this review we discuss the potential of solid colloids with surface-mobile linkers as
new model systems for self-assembly processes. We first review previous experimental
model systems with surface mobile linkers, and then focus on the recent development
of model systems based on DNA-coated spheres. Next, we briefly discuss the potential
of these systems for the experimental study of multi-bond interactions with biological
relevance. Especially on this last topic, there is a vast theoretical literature on the effect
of linker mobility on for example cell-cell interaction forces. We only superficially refer
to this literature, and refer the interested reader to excellent previous work for more in-
depth information [70-72].
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Figure 2.1: (a) Schematic drawing of solid colloids carrying linking molecules that can diffuse over the parti-
cles’ surface. This system can be used (b) for studying colloidal self-assembly or (c) for measuring multibond
interaction energies AG. [69].
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2.2. SELF-ASSEMBLY PROCESSES

Self-assembly is the process whereby individually non-functional building blocks, in the
absence of external guidance, form higher-ordered, organized structures or patterns as a
consequence of specific, local interactions among the components themselves. Studying
self-assembly processes is of great importance for several reasons. For instance, due to
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the huge developments in nano-science and the unprecedented potential applications
it has, there is a high demand for practical methods to built nano-structures, which self-
assembly could provide. Further, self-assembly is common to many dynamic, multicom-
ponent systems, from smart materials and self-healing structures to netted sensors and
computer networks [73]. Finally, many supra-molecular structures in living cells are the
result of self-assembly processes. Hence, understanding the principles of self-assembly
will also help us understanding cells.

There are a number of features that a structure should have in order for it to be con-
sidered a self-assembled structure. One of the features is that the final structure should
possess a higher order than the isolated parts. Secondly, the interactions linking the
components together should be 'weak’ with respect to covalent bonds. The building
blocks do not necessarily have to be atoms or molecules but can also be larger meso-
scopic objects like lipid vesicles or micro particles. Finally, a self-assembly process is
non-dissipative and occurs spontaneously because the free energy of unassembled com-
ponents is higher than of the self-assembled structure, which is in a (local) static equi-
librium, persisting without the need for energy input [74]. There are many ways to direct
self-assembly towards a preferred outcome [75]. For example, because the components
must be able to move with respect to one another during the self-assembly process, the
type of phase in which the components are dispersed dictates the motility of the compo-
nents and therefore the dynamics of the self-assembly process. In addition, one can use
physical boundaries and other templates to restrict the assembly to specific dimensions.
Another tunable parameter is the type of interaction between components. By adjust-
ing for example the shape, surface properties, charge, polarizability, magnetic dipole or
mass of the building blocks, the direction and/or the affinity with which the components
bind to each other can be changed, thereby affecting the kinetics and equilibrium final
structure of the self-assembly process.

In this review we primarily consider specific interactions mediated by molecules.
Such interactions can be achieved by chemically coupling specific linking molecules to
the surface of self-assembling building blocks. Popular examples of such molecules are
the biotin/streptavidin couple and the Watson and Crick (DNA) type of bonding between
short oligonucleotides. Molecules are coupled to the surface of nano- or micro-particles
in such a way that the molecular sites of interaction are left exposed, remaining free to
bind to a partner. Especially the use of DNA provides a vast amount of controllability, via
e.g. the number of molecules per surface area, the interaction depth (i.e. the length and
flexibility of the oligonucleotide strand), the temperature and the interaction strength
per molecule (i.e. the number of complementary base pairs). Explorations of this pa-
rameter space have led to the development of reliable crystallization strategies for nano-
colloids (Fig. 2.2), in which great control is achieved over the crystal structure, the lattice
spacing, and other properties [76].

However, comparable control over the self-assembly of larger micron-sized building
blocks appears more challenging as reviewed by DiMichele and Eiser. Due to kinetic is-
sues encountered during the self-assembly process, e.g. particles irreversibly sticking to-
gether, the structures more frequently develop into amorphous phases (often referred to
as gel structures, [77]) than towards the expected thermodynamically more stable crystal
phase, inhibiting thus far the development of technological applications such as self-
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assembling photonic metamaterials [12]. Fortunately, recent experimental and theoret-
ical progress has led to the development of new rational designs that could potentially
facilitate a wider range of self-assembly experiments. The roles of many of the key pa-
rameters, e.g. the length of inert spacers, the combinatorial entropy and the presence of
competing linkages are now far better understood which already has led to the creation
of crystal structures with a wide variety of order parameters [8, 78-80].
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Figure 2.2: Examples of crystal structures that are accessible by self-assembly of nanoparticles mediated by
nucleic acid linkers [5]. (A) By varying the parameters that control the assembly of the nanoparticle building
blocks (e.g. particle size and the length of the nucleic acid linkers), it has been shown that over 100 differ-
ent crystal structures, covering 17 distinct crystal symmetries, can be made. (B) The DNA strands mediate
these nanoparticle assemblies, are composed of (i) an alkyl-thiol moiety and 10-base nonbinding region, (ii) a
recognition sequence that binds to a DNA linkers, (iii) a spacer sequence of programmable length to control
interparticle distances, and (iv) a “sticky end” sequence that drives nanoparticle assembly via DNA hybridiza-
tion interactions. The superlattices displayed here are isostructural with (C) fcc, (D) bec, (E) hep, (F) CsCl, (G)
AlBy,(H) Cr3Si, and (I) CsgCgo lattices. From [5]. Reprinted with permission from AAAS.

2.2.1. THE NEED TO EQUILIBRATE

As illustrated in the last paragraph of the previous section, an essential requirement for
the self-assembly process to successfully take place is the ability of the system to equili-
brate. A common equilibration method is to allow for the building blocks to be able to
transiently switch between aggregated and non-aggregated states. In the case of DNA
functionalized colloids, this can be achieved by successively crossing the temperature
at which the DNA strands melt [79]. During the melting of the DNA strands, the col-
loids inside the disordered aggregates get more loosely connected and hence have more
freedom to relocate to finally get to their expected ordered ground state. However, cal-
culations, simulations and measurements on colloidal pair potentials have revealed an
extreme sensitivity on environmental variables like temperature, which makes the for-
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mation of ordered structures a very difficult process [1, 64, 65, 81, 82].

The temperature acts like an on-off switch for the very short range attraction between
the otherwise self-avoiding colloids above the melt temperature [61, 65].. This is because
the rate at which the free energy minimum of the interaction is strongly related to tem-
perature changes. According to Ref. [64] a change of only ~3 °C can lead to a change of
10 kgT in the free energy minimum. The same authors have shown, both experimen-
tally and computationally, that when the number of bonds between two particles is not
too small, the temperature-dependence of the probability of unbinding follows a double
exponential relation [11, 64]. This is represented by a very sharp melt region (only a few
degrees). It is thought that this strong temperature dependence prevents the existence
of a stable gas-liquid transition, which has been observed to facilitate the crystallization
process [11]. These observations together with kinetic effects as for example delayed nu-
cleation or arrested phase separation [83], outline the possible reasons for the difficulties
experienced with the crystallization of DNA-coated micro-particles.

A strategy that could assist in overcoming the challenge of equilibrating the aggre-
gates, but that has not been much looked into yet, is to allow for particles that are already
attached to move with respect to each other. Adjusting their position relative to their
neighbors within an aggregate gives the colloids the freedom to maneuver to their or-
dered ground state location within the aggregate without the need for the interactions to
transiently open and close. One could for example achieve this by coupling the linking
molecules to the surface of the building blocks in such a way that they can still undergo
lateral motion along the surface. When in this situation two complementary particles
bind, they can move with respect to each other by dragging the binding molecules along
the surface while remaining at close proximity. Currently, there is no direct experimental
evidence that proves that surface-mobility of linking molecules facilitates the organiza-
tion of crystal structures. However, there are studies that have reported surface mobility
of ligands coupled to gold nanoparticles [84-87]. Consequently, the crystallization pre-
sented in the studies on DNA-coated gold nanoparticles might in part be explained by
the DNA linkers being able to move position on the particles’ surface.

An alternative way to functionalize colloids with surface mobile linkers is to coat
them with a lipid bilayer into which binding moieties can be embedded. Lipid bilayers
or liposomes spontaneously self-assemble from lipids, which are molecules consisting
of hydrophilic, water-loving, heads and hydrophobic, water-hating, tails [88, 89]. Due
to the fluidic nature of typical lipid bilayers at room temperature, the embedded linkers
can freely diffuse along the bilayer surface. Prior to the combination with colloids, lipid-
based model systems have indeed been successfully used in a number of self-assembly
studies. These model systems, as well as the insight they provided, are reviewed in some
detail in the next section.

2.3. LIPID-BASED MODEL SYSTEMS WITH SURFACE-MOBILE

LINKERS

2.3.1. SELF-ASSEMBLING LIPOSOMES
Liposomes, or vesicles, which are themselves the result of a self-assembly process, can
undergo a secondary self-assembly process mediated by their lipid composition, solu-
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tion properties, or the presence of lipid bound proteins or other active molecules. Simi-
lar to colloidal particles, the bilayers of liposomes can be functionalized with molecules
like streptavidin/biotin or oligonucleotides. Then, under the appropriate solvent condi-
tions, vesicles displaying complementary molecules or single-type vesicles mixed with
linking molecules, will self-assemble into multi-vesicle aggregates. The multi-vesicle ag-
gregates can serve as idealized model systems for biological tissues or can function as
multicomponent or multifunctional drug delivery systems [59, 90, 91]. In addition, their
spontaneous formation could lead to new methods for developing artificial tissues and
soft composite materials [92].

2.3.2. WITH BIOTIN/STREPTAVIDIN BONDS

The high affinity and specificity of the biotin-streptavidin interaction makes this pair at-
tractive for steering liposomal self-assembly. Biotin can be conjugated to lipids without
affecting the vesicles’ properties [93], and subsequent inter-vesicle bridging can be in-
duced by the addition of streptavidin. This self-assembly process can easily be controlled
by e.g. changing the density or affinity of the interactions, and is fully reversible by adding
competing binding molecules with a higher affinity for streptavidin in solution. For small
vesicles (& ~ 50-100 nm) controlling the inter-vesicle binding by biotin/streptavidin in-
teractions additionally minimizes the contribution of the whole lipid bilayer surface as
compared to vesicles interacting through for example charged lipids, thereby reducing
the consequential stresses and deformations and stabilizing the vesicle aggregates (see
Ref. [94] and Fig. 2.3).

Figure 2.3: Self-assembled clusters of unilamellar vesicles mediated by biotin - streptavidin interactions.
Freeze-fracture electron micrograph of aggregates obtained for a streptavidin to biotin ratio of 1.5, after ag-
ing for 3 weeks. As the aggregates age, intra-aggregate binding continues and the aggregates grow increasingly
compact. Reprinted with permission from [95]. © (2000) American Chemical Society.

Investigation of the self-assembly of streptavidin-biotin presenting liposomes reveal-
ed that the aggregation could be very well predicted by a kinetic model based on Smolu-
chowski kinetics, fractal concepts and Rayleigh and Mie scattering theory [96]. Together
with agreeing experimental results, Lynch et al. theoretically showed that the aggregation
probability of liposomes carrying low amounts of biotin depends on the relative amounts
of bound streptavidin and free biotin molecules on the liposome surface [96]. Whereas,
for liposomes carrying high densities of biotin, the probability depends upon the rela-
tive liposome surface area covered with streptavidin molecules. By tuning the fraction
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of streptavidin to biotin-lipids and monitoring the clustering very carefully, Kisak et al.
were able to create compact, size-limited aggregates of vesicles [95]. A process that is due
to a competition between biotin-binding to streptavidin free in solution and streptavidin
already bound to another biotin.

Although they did not include it in their model, it was additionally observed that the
rearranging intra-aggregate bonds are responsible for the compact shapes of the vesicle-
aggregates, making this system different from other aggregation models. Interestingly,
at relatively few biotin-ligands per vesicle, intra-aggregate binding can become faster
than inter-aggregate bonding meaning that the mobility of the linkers enhances the self-
limited aggregation, i.e. the vesicles aggregate into clusters which size depends on the
number of vesicles in the cluster.

2.3.3. WITH OLIGONUCLEOTIDES

Inspired by the successes of employing DNA-mediated adhesion for assembly of binary
hard-sphere colloids, strategies have been developed to also direct the self-assembly of
liposomes with complementary oligonucleotides. Beales and Vanderlick incorporated
short oligonucleotides into the bilayers of vesicles (hydrodynamic radius ~50 nm) by
means of a cholesterol group on one end of the DNA strand [97]. To induce self-assembly,
the other end of the DNA strands comprised a short sequence of nucleotides which
was complementary to the end of DNA strands incorporated to a second set of vesi-
cles. In close enough proximity, two vesicles that carry the complementary sequences
are bound together by the oligonucleotides forming double stranded DNA duplexes. The
self-assembly is reversible since the DNA duplexes dehybridize at temperatures above
their melting transition or at low ionic strength of the suspension.

One observation they made was that a minimum number of DNA strands per vesicle
was required at which the vesicles started aggregating. This suggests that the strength
of only one DNA duplex is insufficient for maintaining vesicle adhesion. More strands
must diffuse into the binding site and form a duplex in order to realize a stable cou-
pling. Furthermore, at an intermediate number of strands per vesicle they observed that
the aggregate size after some time ceased to increase. Plausibly, too much of the DNA
eventually resides in the contact area between two adhered vesicles leaving too few free
strands available for a third vesicle to adhere. They support their explanation by mea-
suring the kinetics of aggregation and comparing the effective time for two vesicles to
bind with time for a strand to diffuse into the binding site. The former clearly exceeds
the latter by several orders of magnitude meaning that there is ample time for the ma-
jority of the strands to collect in the binding site. At high DNA densities they observed
unrestricted aggregation.

The same group obtained similar results for larger vesicles, so called giant unilamel-
lar vesicles (GUVs) having a diameter the size of several micrometers [97]. Again at low
DNA densities no aggregation was seen, limited aggregation was observed at intermedi-
ate densities and unceasing aggregation occurred at high densities. Yet, compared to the
smaller vesicles, GUVs carry many more DNA strands per vesicle. Therefore, these dif-
ferent aggregation regimes cannot be explained by the same reasoning as for the regimes
seen for smaller vesicles. Other aspects like the deformability of the membrane start to
play arole. As soon as two GUVs adhere, a large osculating area forms. The growth of the
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adhesion plaque is driven by the fluid nature of the membrane which allows for the DNA
to diffuse into, and enhance the binding site. With a sufficient number of DNA linkers
this growth is only limited by the surface tension it creates on both GUVs. Unlimited ag-
gregation can therefore take place when the maximum plaque size is reached and there
is enough DNA on the membrane to saturate the contact zone, while leaving sufficient
DNA on the unbound area available to form a stable coupling with another GUV. Also
multi-vesicle assemblies of higher complexity have been realized this way [98].

Recently, Parolini et al., utilized the DNA functionalized GUVs to develop a material
that displays structural responsiveness to external stimuli [99]. Due to a competition be-
tween the attraction of the DNA bonds and the surface tension of the lipid membranes,
the adhesion zones between two neighboring vesicles decreases upon cooling. They pre-
dict a wide range of applications in which such materials can be used, e.g. tunable filters
with temperature-dependent pore sizes and cargo carrying vehicles that not only release
their product upon temperature changes but also upon changes in osmotic pressure.

2.3.4. “JANUS” OR DOMAIN CARRYING VESICLES

Recently, there has been an increasing interest in the development of patchy particles
and the structures into which they self-assemble. A major consequence of the anisotropy
of these particles is that their interactions do not only depend on the inter-particle sepa-
ration but also on the particles’ relative orientation. This provides an additional degree of
complexity that allows for greater control and sophistication, which allow for new struc-
tures to form.

Janus particles are a subclass of such anisotropic particles, which comprise two op-
posing faces with different surface chemistry [100, 101]. Self-assembled architectures
composed of amphiphilic molecules like lipids turn out to be very useful for the realiza-
tion of particles that present two distinct phases. In particular, with vesicles comprising
lipid mixtures that demix into coexisting liquid-like phases, the initial membrane do-
mains eventually fuse together until the vesicles exhibit two opposing surfaces each hav-
ing different chemical compositions. The two chemically different phases themselves
can have properties that favor the binding of two particles together, for example if the two
surfaces have opposing charge. Moreover, one can load the Janus vesicles with specific
molecules which preferentially reside in one of the two phases [102]. Including highly
unsaturated lipids such as cardiolipin (CL) in the phase separating lipid compositions
enhances the partitioning of chol-DNAs into the liquid ordered (L,) phase. A possible ex-
planation of this effect is that the structure of CL creates large lateral packing stresses in
the hydrophobic regions of the membrane. It is likely that these stresses increase the free
energy cost of inserting a cholesterol modified DNA strand into the liquid disordered (Lg)
phase and hence drive the partitioning of such molecules into the L, domains [103, 104].
Either way, the splitting of the surface chemical properties into two phases provides a
means to realize asymmetric surface distributions of adhesive functionalities.

Higher order valencies may be realizable if the lipid mixture does not separate into
two opposing, equally sized surfaces, but separate into multiple spots or rafts. By prepar-
ing vesicles or polymersomes using a mixture of neutral and anionic amphiphiles, Chris-
tian and colleagues were able to make liposomes that have stable spots or rafts upon
adding divalent cations like calcium or copper [105]. The domain sizes were shown to be
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controllable by changing the pH, divalent cation concentration, and fraction of anionic
amphiphiles.

2.3.5. SELF-ASSEMBLING EMULSION DROPLETS

When more mechanical stability of the self-assembling structures is desired, it is possi-
ble to use emulsion droplets instead of liposomes. Emulsion droplets form when two
immiscible fluids are mixed in the presence of surface active agents, so that one of the
fluid phases gets dispersed into the other. Emulsion droplets exhibit all the classical as-
pects of colloids: Brownian motion, reversible phase transitions as a result of droplet
interactions and irreversible transitions that generally involve their destruction [106]. In
addition, just like with liposomes they can be functionalized with ligand-receptor like
pairs such as biotin-streptavidin or DNA oligonucleotides [107, 108].

Detailed studies of the self-assembly of DNA-functionalized emulsion droplets have
given hints to what the most important control parameters are, and how one can predict
the self-assembling structure. One crucial aspect of these systems, just as with vesicle
systems, is that the linking molecules can move freely over the surface to which they are
attached. As a consequence, during binding of two complementary droplets more linkers
are likely to move into the connecting area.

When complementary droplets carry respectively red and green fluorescently labeled
linker molecules, the accumulation of binding molecules is clearly seen in confocal mi-
crographs by the yellow color in the area where bound droplets overlap, see Ref. [109]
and Fig. 2.4. In these experiments, the degree of accumulation could be tuned by ad-
justing the number of binders per droplet, which was quantified by measuring the size
of the patches as a function of linker density. The results fitted nicely to a mean field
thermodynamic model that is based on the assumption that the recruitment of binders
continues until the translational entropic cost of the immobilized binders in the patch
plus the energy paid to deform the emulsion droplet matches with the energy gained by
binding.

Although the number of binders inside a patch with a diameter of for example 1.6 um
was estimated to be large (2-10° connections), the patches remained able to freely dif-
fuse. The motion of the patches was quantified by coupling multiple nano-particles to
emulsion droplets with DNA linkers and following their respective motion. Despite the
hydrodynamic drag which is expected to be much larger for an adhesive patch than for a
single lipid, the nano-particles (i.e. the patches) exhibited an average diffusion constant
of D ~ 0.012 um?s~!, which is expected to be two orders of magnitude lower than the
diffusion of a single lipid. According to the thermodynamic model, a maximum patch
size exists due to the dramatic sensitivity of the deformation energy cost on the patch
angle 0: Egeform ~ 0%, where 0 = Tp/R, 1p is the radius of the patch, and R is the radius of
the droplet. Controlling the DNA density therefore controls the number of patches that
a droplet can maintain. Both theoretically and experimentally it was shown that with
DNA surface densities of 7.5, 15 and 30% (with respect to the maximum DNA coverage
possible), respectively monovalent, divalent and multivalent structures are formed (see
Fig. 2.4a). In addition, self-arresting structures could be formed using a droplet/nano-
particle hybrid system. The nano-particles are large enough to make it energetically fa-
vorable to form a ring around the contact points of two emulsion droplets without actu-
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Figure 2.4: Controlling the valency of clusters of emulsion droplets. (a) By varying the number of linkers per
emulsion droplet one can create (left) monovalent doublets, (center) di-valent droplet chains and (right) multi-
valent aggregates. The scale bars are 10 um. The same mono- (b), di- (c) and multi-valent (d) clusters can be
realized by using DNA-coated nanoparticles as linkers and changing the droplet to nanoparticle ratio. Repro-
duced from [109] with permission of The Royal Society of Chemistry.

ally reaching the contact points. Because this maximizes the number of nano-particles in
the contact zone, the geometry of the final compact structure can be controlled (by tun-
ing the number of droplets and the nano-particle surface density) to favor the formation
of linear chains, triangular lattices or flowers (see Fig. 2.4b-d).

2.4. SOLID COLLOIDS WITH SURFACE MOBILE LINKERS

As demonstrated in the previous sections, introducing mobility to the molecules that
mediate the self-assembly of larger entities uncovers new interesting strategies to control
the organization of the final equilibrium assembly. It was shown with systems of vesicles
and emulsion droplets that by carefully tuning the binding interactions, it becomes pos-
sible to induce for example self-limited clustering and even to control the valency. The
latter is attractive because it potentially allows for the development of open structures
that do not form in systems with isotropic interactions. Examples of similar structures
in nature are carbon atoms that form diamonds as a consequence of the well-defined
electronic valency. Getting colloids to self-assemble into a diamond lattice could po-
tentially lead to the production of photonic band gap materials [110]. A photonic band
gap is a location within a material where electromagnetic wave propagation at a specific
band of wavelengths is forbidden in all directions [111, 112]. Controlling the properties
of such photonic band gaps allows one to control the flow of light inside the structure and
hence have a wide range of potential applications in optics. As demonstrated by Ho et
al., readily achievable FCC structures are insufficient for the existence of a full photonic
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bandgap[110]. They calculated exact solutions of the Maxwell equation for the photonic
band structure of periodic arrangements of dielectric spheres in the fcc and the diamond
structures. These solutions provided evidence for the existence of a pseudogap rather
than a full gap for the fcc structure whereas the diamond lattice possesses a full photonic
band gap.

However, so far it has not been straightforward to control the coordination num-
ber in solid colloidal systems. Wang et al., made considerable progress by developing
a method to deposit patches on colloids at precise locations onto which DNA could be
grafted [113]. By limiting the position of DNA strands to specific locations on the colloids
they were able to generate small aggregates with controllable coordination number (va-
lency). Although very promising, in order to produce bulk colloidal phases of practical
interest the yield of their method needs to be scaled up substantially, which as of today
remains a challenge.

2.4.1. CONTROLLING VALENCY WITH MOBILE LINKERS

Recent theoretical and computational studies indicate a potential alternative and less--
involved strategy to control the valency. Angioletti-Uberti et al., reported calculations
on colloidal particles functionalized with surface-mobile DNA strands [17]. Their results
predict that the many-body effects that naturally arise in DNA-coated colloids with sur-
face mobile linkers can be used to enforce the valency. In addition, they demonstrate
that the valency can be tuned by changing the density of inert strands or the interaction
between individual strands.

Their predictions are based on calculations on a binary model system of colloids, A
and B, functionalized with surface-mobile double stranded oligonucleotides. The se-
quence of the DNA on the colloids of type A is complementary to the DNA sequence on
the particles of type B. At the same time, same-type particles repel each other due to the
steric hindrance caused by the non-binding DNA strands. When two colloids (A and B)
bind, their attraction increases as the number of bonds increases due to their mobility. If
asecond colloid B, binds, any of the mobile DNA strands on A can now bind with B or B,.
As a consequence of the symmetry in the system, both particle connections will eventu-
ally contain the same number of DNA bonds. Assuming that the number of DNA strands
per particle remains constant, the more particles bind to A the fewer strands remain per
particle connection and hence the effective attraction between two particles decreases.

This many-body effect by itself is however not enough to impose valency. Although
the addition of another particle makes the inter-particle interactions weaker, it does add
one more interacting pair. This can be quantified by adapting a previously developed ex-
pression for the binding of DNA-coated particles to account for the mobility of the DNA
strands [68, 114]. The authors could show that indeed the binding free energy per pair
becomes less negative upon increasing number of neighbors, confirming the weakening
of the attraction between particles upon cluster growth. However, the final coordination
number of the cluster is controlled by the free energy of the cluster, which was shown
to be a continuously decreasing function upon increasing number of neighbors. Only
through the addition of non-specific double stranded DNA, they identified a region in
parameter space where the free energy of the clusters exhibits a minimum at coordi-
nation numbers below the physically attainable maximum. After running Monte Carlo




32 2. COLLOIDS WITH SURFACE-MOBILE LINKERS: AN OVERVIEW

simulations the authors showed that this free energy minimum was enough to give the
colloids valency. Furthermore, this valency could be tuned by changing the binding en-
ergy of each individual strand, e.g. by adjusting the temperature or salt concentration,
see Fig. 2.5. The introduced valency led to the self-assembly of the colloids into more
open structures with limited long-range order, which are potentially good enough to in-
habit photonic band gaps [115].

Probability of having n neighbours

Number of neighbours

Probability of having n neighbours

-11 -10.5 -10 0.5 -0
AG” (knT)

Figure 2.5: Valency distribution as a function of AG?, for colloids with (top) and without (bottom) inert strands.
AG? corresponds to the hybridization free-energy for two DNA strands in solution and depends only on the
DNA sequence and is a function of temperature and ionic strength of the solution. The repulsive free-energy
at the equilibrium distance between colloids is basically zero except when inert strands are present. The snap-
shots show typical configurations at low AG? in the two cases, where the system either assembles open struc-
tures of tetrahedral coordination (top, with inert strands) or a more compact NaCl structure (bottom, no inert
strands). Reprinted with permission from[17]. © (2014) by the American Physical Society.

2.4.2. EXPERIMENTAL MODEL SYSTEMS FOR CONTROLLING VALENCY
The theoretically obtained guidelines for realizing clusters with controlled valency en-
courages the search for model systems that provide experimental verification. A poten-
tial candidate could be the droplet system developed by Feng and co-workers [109]. In
the low-valency structures that they reported, the required repulsion is likely to origi-
nate from the deformation of the droplet interfaces. However, whether the deformations
alone are responsible for the valency effect has still to be confirmed.

In addition, Lee et al., who studied the self-assembly of gold nano-particles func-
tionalized with a monolayer containing a mixture of hydrophobic and hydrophilic lig-
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ands, were able to guide the self-assembly from micellar clusters, to extended chain-like
assemblies in aqueous solution [87]. They could explain their findings by formulating
an assembly mechanism in which the hydrophobic ligands reorganize on the surface to
form patches between neighboring particles.

Silicia microparticles coated with DNA-functionalized lipid bilayers such as the ones
developed by van der Meulen et al., provide another promising experimental system that
may allow for the control of valency [69]. Here, double stranded DNA with short single
stranded overhangs are first coupled to small unilamellar vesicles (SUVs) by two choles-
terol anchors. Next, the vesicles are mixed with a suspension of monodisperse silicon
oxide microparticles. The contact of the SUVs with the surface of the microparticles in
combination with the high surface tension of the SUVs triggers the rupture and spread
of the vesicles around the particles until they are completely enveloped by a lipid bilayer.
The DNA strands incorporated in the bilayer maintain their mobility on the surface and
have shown to remain inside the bilayer when a strong enough hydrophobic anchor is
used [116, 117]. See Fig. 2.6 for a schematic overview of the model system.
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Figure 2.6: Schematic representation of solid microparticles coated with surface-mobile DNA binding groups.
(a) Silica microparticles are coated with a lipid bilayer comprising predominantly DOPC and a small percentage
of PEGylated DPPE. The DNA interpenetrates the bilayer through a hydrophobic anchor, e.g. cholesterol. The
partial recovery of the fluorescence intensity after bleaching one side of a DNA functionalized particle (white
square in the fluorescent image) indicated the surface-mobility of the DNA [69]. (b) Controllable self-assembly
was achieved by mixing two particle populations carrying DNA with complementary ends. Below the melting
temperature of the DNA bonds, the complementary particles bound together indicated by the appearance of
bright yellow spots at the contact zone. The particles dissociated upon increasing the temperature indicated by
the disappearance of the bright yellow spots. Reprinted with permission from [69]. © (2013) by the American
Chemical Society.

Van der Meulen et al., studied the self-assembly properties of their mobile-DNA par-
ticles by designing a similar binary mixture of particles decorated with either A or the
complementary B strands. These colloids self-assembled into clusters at 25 °C, which
dissociated at temperatures of 55 °C. Both DNA strands were fluorescently labeled and
the appearing yellow color at the contact zone between two particles (due to overlapping
red and green labels) indicated that at low temperatures the DNA molecules accumu-
lated in the contact zone whereas they diffused to a homogeneous surface distribution
at high temperatures (see Fig. 2.6b). The packing of the mobile-DNA-coated particles
directly upon mixing appeared already more dense than for immobile-DNA-coated par-
ticles. Nevertheless, the packing could be enhanced by melting the clusters and subse-
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quently slowly cooling (~9 °C/hr) the suspension, which led to slightly more hexagonally
packed clusters, see Fig. 2.7. Furthermore, during melting of the clusters of mobile-DNA-
coated particles, the transition from a bound to an unbound state is far less sudden as
compared with the transition for immobile-DNA-coated particles. From these observa-
tions it is speculated that the particles have more freedom to move with respect to each
other and rearrange due to a collective mobility of the bonds in the contact zone. The
mobility of the linkers and the occurrence of a hexagonal-like crystal phase indicate that
the system reproduces the predictions for particles with no additional repulsion reported
by Angioletti-Uberti et al. The effect of repulsion is still to be tested, but could easily be
realized by adding inert DNA strands of two or three times the length of the complemen-
tary DNA strands. As the simulations suggest, tuning the amount of repulsion should
than produce particles that obtain valency upon binding. These particles should sub-
sequently self-assemble into 2D structures with a lower coordination number than the
2D hexagonal close-packed structure that has already been experimentally observed. It
should be noted, that the described model system only leads to 2D assemblies due to
gravity effects. To establish three dimensional structures one could try to density match
the particles with the solvent.

Figure 2.7: Self-organization of complementary micro-particle mixtures functionalized with either immobile
or mobile DNA linkers. 1:1 mixtures of S- and S’-functionalized particles were cooled quickly from a fully dis-
sociated state at 52°C to a fully associated state at 25°C in 15 min. The bright-field snapshots show the resulting
structures for (a) 1.0 um diameter particles with immobile DNA linkers and (b) 2.0 um diameter particles with
mobile DNA linkers. (c) The same sample as in panel B after re-dissociating and slowly cooling from 52 to 25°C
in 3 h. Reprinted with permission from [69]. © (2013) by the American Chemical Society.

2.5. DIFFUSIVE INTERACTIONS IN BIOMIMETIC MODEL SYS-

TEMS

As explained above, solid colloids with surface-mobile bonds provide a promising route
to creating self-assembled structures with controlled valency. At the same time, these
model systems hold the potential of providing a new model system for the study of multi-
bond interactions with biological relevance. In fact, one of the earliest appreciations of
mobile interactions originates from the study on interactions between cells: immediately
when Singer et al. pointed out the fluid nature of lipid membranes and their embedded
proteins, it was realized that the mobility of surface receptors should influence the way
cells interact with their surroundings [88, 118]. See Fig. 2.8 for a 3D representation of
interacting cells.

Since then numerous studies have revealed great variability in the modes of lateral
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mobility of proteins inside the membrane, elaborately reviewed by [71]. The different
modes of motion have been proposed to play crucial roles in multiple processes, e.g.
cell adhesion, signal transduction, cell activation and cell differentiation, yet dissecting
the precise reason for the existence of all the different motility modes in cells remains
a challenging task [72, 119, 120]. Any of the processes outlined above are a result of an
enormously complex network of many components accurately orchestrated to perform
the designated task.

Figure 2.8: 3D rendering of an HEK-293 cell (biochemically engineered to express T cell genes) (red) interacting
with an antigen-presenting cell (blue). Signaling between the two cells is initiated by the recruitment of kinase
ZAP70 (green) to the area where the two cells interact. Figure adopted from Ref. [121]. Reprinted by permission
from Macmillan Publishers Ltd: Nature [121], © (2012).

Despite the great complexity, there are several strategies available to narrow down
the roles of each individual player in a particular action of the cell. One could remove or
mutate a specific protein of interest and monitor the response. If a change is observed,
the manipulated protein is most likely involved in that particular process. By repeating
the same process for related proteins or for different mutations the mechanism of inter-
est may become clear. An alternative method is to transfer all the components respon-
sible for a biological phenomenon occurring in a specific cell into a cell that normally
does not express the proteins of interest, see for example Refs. [121, 122]. In this way,
one can specifically study a particular process in the absence of interfering processes
that occur in the original cell, whilst still taking place within the realistic conditions of
a cell. This, at the same time poses a major complication for both described strategies.
Proteins often have multiple functions and introducing unfamiliar proteins or manipu-
lated ones can have detrimental consequences for the behavior of the cell. Furthermore,
living cells are dynamic systems where energy is consumed to up or down regulate pro-
tein expression levels and hence molecular concentrations are never constant, thereby
complicating quantitative modeling. Therefore, over the years an increasing number of
simple model systems have been designed that do not suffer from these variabilities but
still provide valuable information about the mechanism of a specific cellular process.

2.5.1. MODEL SYSTEMS BASED ON SUPPORTED LIPID BILAYERS

A proven-to-be essential workhorse for such model systems is the supported lipid bi-
layer, from here on referred to as SLB. An SLB is a lipid bilayer which is formed on a solid
substrate, such as glass, silicon oxide or mica. Because a thin layer of water exists be-
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tween the substrate and the bilayer, the bilayer itself remains fluidic and allows for the
embedding of other molecules like membrane proteins or other kinds of lipids. SLBs
can be prepared either by the Langmuir Blodgett technique [123] or by deposition and
spreading of lipid vesicles on the surface [124, 125].

Once a SLB is formed, one can functionalize it with specific proteins or receptors.
By subsequently adding cells one can not only monitor the cell’s response to the SLB
presenting molecules, but the responses can also relatively easily be quantified, given
the quasi two dimensional geometry of the SLB. For example Zhu et al. examined the
interactions between the cell-receptors CD2 and CD58, both mobile in the bilayer, by
monitoring the adhesion of CD2-expressing T-cells with a CD58 containing SLB [126].
It appeared that adhesion is associated with the accumulation of both receptors in the
contact area (schematically represented in Fig. 2.9). Furthermore, FRAP analysis of the
contact area revealed that the bleached molecules were quickly replaced by molecules
from outside the bleaching spot, indicating that the CD2-CD58 dissociation rather leads
to partner-exchange than rebinding of the same pairs. Further examples for the inter-
actions of supported lipid bilayers with cells can be found in the papers of Groves and
Dustin [127, 128].

Figure 2.9: Schematic representation of a cell carrying cell-adhering-molecules (CAMs) that bind the cell to a
receptor-decorated supported lipid bilayer (SLB). Because the linking molecules in both the cell-membrane
and the SLB are mobile, binding groups can cluster to strengthen the adhesion [126].

To reduce the complexity further one can replace the cells by vesicles. This way one
has precise control over all the components that could take part in adhesion, e.g. mem-
brane composition and the density of cell-adhering-molecules (CAMs), which allows to
study only those interactions that one is interested in [129-131]. Because all the ingre-
dients of the system are known, quantifying the free energy of adhesion becomes easier.
A major result of studying these particular biomimetic model systems is the observation
that the formation of adhesion domains is an inevitable result of a delicate interplay be-
tween short range attraction forces between pairs of cell adhesion molecules (CAMs),
long range repulsion forces mediated by the glycocalyx, and the elastic stresses of the
lipid protein bilayer [72]. In addition, these mimetic systems have revealed fundamental
differences between systems where both the binding partners are mobile versus a situa-
tion where one of the two is immobile [129]. A fine balance between mixing entropy and
binding enthalpy in the case where both binding partners are mobile, allows for much
larger areas of tight adhesion and increases the spreading pressure of each domain.

Furthermore, both the number of bonds and their organization are significantly dif-
ferent when the binding partners are mobile. Many more bonds form and the ability
to adjust their location on the membrane allow CAMs to optimize their inter-bond dis-
tance, which lowers the free energy of the bound state as a result of the lower entropic
penalty the linkers have to pay for the coupling. A property which, in contrast to immo-
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bile linkers, allows for the stable formation of domains at physiological linker densities.
Another important difference between vesicles that are bound to a SLB with immobile or
mobile bonds becomes clear when a force is applied to the vesicle to break the coupling
[132]. As opposed to immobile bonds, mobile linkers close to the contact line trans-
verse laterally without unbinding the moment you switch on the force. Sparse domains
reorganize into densely packed structures accompanied by the increased probability of
forming new bonds due to cooperative effects. As a result, the adhesion strength rises
and together with the force-induced linker condensation, repeatedly applying these ex-
ternal forces causes the contact zone to enlarge continuously. The rapid strengthening
of cell adhesion upon an applied external force mediated by the mobile linkers can play
an important role in situations of changing elastic stresses that require a cell to quickly
adapt. An example of such a situation is the attachment of white blood cells to endothe-
lial cells during which the linkages have to withstand high shear stresses governed by the
blood flow.

2.5.2. MODEL SYSTEMS BASED ON VESICLES AND EMULSION DROPLETS
Although the systems in which cells or vesicles adhere to supported lipid bilayers appear
very suitable for studying the effects of mobile binding groups on the adhesion strength,
they have limitations for adhesion-induced membrane deformations. As the solid sup-
port causes the SLB to be nearly fully restricted from any form of deformation, only the
adhering cells or vesicles undergo deformations. This is interesting for mimicking events
where cells adhere to rigid surfaces like the extracellular matrix, but for cell-cell interac-
tions it does not suffice. Biomimetic model systems that are more resembling cell-cell
interactions are those made of two liposomes or giant unilamellar vesicles (GUVs) that
have receptor/ligand type of molecules incorporated in their membranes. Studying the
binding of two GUVs that carry complementary molecules allows one to examine, in a
very controlled manner, the binding process and all its potentially important aspects in
great detail. For example, with two micro-pipettes one can hold two vesicles and bring
them together, while keeping the surface pressure of both vesicles constant. This way
Noppl-Simson et al. have shown that for biotin-coated vesicles cross-linked by fluores-
cently labeled avidin at low surface densities of biotin and avidin on the membrane (<5
mol %), the accumulation of linkers in the contact-zone is driven by the spreading pres-
sure resulting from the clustering avidin molecules [133]. By measuring the contact angle
between the two adhered vesicles one can estimate the density of linkages in the con-
tact zone. In contrast, at high surface densities, the spreading-pressure argument breaks
down, because the chemical driving force for adhesion far exceeds the mechanical coun-
terforce against spreading [134].

Cell-cell contacts in real tissues are continuously subject to mechanical forces due
to homeostatic pressure and active cytoskeleton dynamics. To study the role of pres-
sure Pontani et al. used a dense packing of functionalized emulsion droplets in which
surface interactions were tuned to mimic those of real cells [108]. The authors used an
emulsion system because compression of the individual droplets with an interfacial ten-
sion of ~10-1073 N/m leads to pressures in a similar range to those found in tissues.
Furthermore, the emulsion droplets can easily be modified to reproduce the attractive
and repulsive interactions that govern cell adhesion. Their system of emulsion droplets
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coated with biotin-streptavidin complexes, negatively charged SDS and PEG-lipids re-
sulted in a mixture of droplets that show homogeneous coverages of streptavidin. No
interaction between droplets takes place. Only when applying a pressure by centrifug-
ing, the droplets are pressed sufficiently close together for the biotin-streptavidin bonds
to form. Further examples of this approach can be found in Fataccioli et al., who used
biomimetic emulsion droplets to study specific wetting processes, and in Bourounina et
al., who studied the formation of specific receptor-ligand bonds between liquid inter-
faces [135, 136].

A general limitation of both the vesicle and emulsion systems is that it is hard to
control the size distributions. The developments of microfluidic devices nowadays of-
fer great potential [137, 138], yet are still limited in their yield. Ill-defined knowledge
of the sizes of the interacting vesicles complicates quantitative analysis of the processes
taking place. Ideally, the density of binding molecules is accurately controlled in order
to calculate the interaction forces and subsequently enable the systematic comparison
between different conditions, e.g. different linker densities. Furthermore, since vesi-
cles and emulsion droplets are out-of-equilibrium structures, they are unstable and will
eventually coalesce with each other. This in turn also limits quantitative analysis, as the
structures do not remain constant in size, which constraints the experimenter to a lim-
ited time window in which measurements can be done. Using the system of solid colloids
with surface mobile linkers introduced above can be a potential candidate to fill in this
niche. Silica particles can be synthesized with very narrow size-distributions [139] and
the lipid coating has been verified to remain stable for several days [54, 140, 141]. In
addition, the micro particles can easily be manipulated with optical tweezers, enabling
highly sensitive force measurements. However, the solid support restricts the deforma-
tions of the membrane, which is a disadvantage compared to vesicle/emulsion systems.
It should therefore be emphasized that the micro particles can be used as an additional
model system for interaction measurements, complementary to other model systems.

2.6. PROSPECTS

In this chapter we presented an overview of model systems with surface mobile linkers.
We focused on the influence of linker mobility on the self-assembly process of colloids.
In these systems, the use of mobile linkers prevents so called “hit and stick” situations
and adds another degree of freedom or control parameter. A very promising method for
preparing model systems with mobile linkers is to embed these linkers into lipid bilayers.
The use of lipids allows a wide range of system variations. They can be used in form of
vesicles, solid supported lipid bilayers, or as coatings for emulsion droplets. And besides
acting as model systems for studying the self-assembly of colloids into larger structures,
they are also an ideal tool to mimic cell-cell interactions and cell adhesions.

In the future one can imagine that the use of lipid-coated colloids with surface mo-
bile linkers offers a wide range of research applications, as they provide a system which
can be easily modified. Not only the linker molecules and their anchors can be varied but
also the lipid matrix itself, which allows for the preparation of patchy particles or particles
with different linker mobility. Furthermore, the solid support itself can have an influence
on the mobility of the linkers. The use of a solid colloid allows an easy handling of the
particles. They can be handled for example with optical tweezers or attached to atomic
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force microscopy cantilevers which then allow to probe the influence of the linker mo-
bility on binding forces. With these possibilities we think it will be possible to create
increasingly powerful model systems that enable new strategies for the self-assembly of
ordered structures and mimic cell-cell interactions.

Besides all the aforementioned possibilities that mobile interactions offer for self--
assembly, e.g. enabling valency control on interacting colloids, the mobile-linker-coated
particles have additional potential applications. For example Conway et al. reported the
successful functionalization of lipid bilayer coated microparticles with DNA nanocages
[142]. Also these DNA structures showed to be fully mobile on the particles’ surface.
By introducing competing DNA strands they could selectively remove parts of the DNA
cages, reorient them thereby changing their accessibility, and dimerize the cages with
neighboring cages. These developments provide a leap towards the design of methods
for programmable dynamic control of protein binding, cell signaling, and drug delivery,
as well as methods to control nanoelectronic and optical properties of lipid bilayers, us-
ing easy to construct DNA scaffolds.

We thank Mirjam E. Leunissen for initiating and facilitating our research on colloids with surface-mobile link-
ers, and for a critical reading of the manuscript.







THE PHOSPHOLIPID BILAYER
ANCHORING STABILITY AND
KINETICS OF HYDROPHOBICALLY
MODIFIED DNA
OLIGONUCLEOTIDES

In this chapter we report the results obtained from measuring the stability and organization of short
DNA strands anchored to lipid membranes through various hydrophobic anchors. The binding
of DNA oligonucleotides by the absorption of three different frequently used hydrophobic anchors
to supported lipid bilayers (SLBs) made of dioleoylphosphatidylcholine (DOPC) was compared by
quartz crystal microbalance with dissipation monitoring (QCM-D) and spectroscopic ellipsometry
(SE). All three anchors were found to incorporate well into DOPC lipid membranes, yet only the
di-stearyl-based anchor remained stable in the bilayer upon rinsing. The reversible anchoring of
the cholesterol and stearyl-based oligonucleotides can however be stabilized by hybridization of the
oligonucleotides to complementary DNA modified with a second hydrophobic anchor of the same
type. In all cases, the incorporation into the lipid bilayer was found to be mass-transport limited, al-
though micelle formation likely reduced the effective concentration of available oligonucleotides in
some samples, leading to substantial differences in binding rates. We further found that the surface
density and/or thickness of the final DNA layer can be controlled by changing the physical prop-
erties of the individual oligonucleotides, e.g. stiffness or length. The presented results are useful
for material and biomedical applications that require efficient linking of oligonucleotides to lipid
membranes.

The content of this chapter has been published as: S. A. J. van der Meulen, G. V. Dubacheva, M. Dogterom, R. P.
Richter, M. E. Leunissen, Langmuir 30, 6525-33 (2014).
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3.1. INTRODUCTION

Targeting DNA oligonucleotides to lipid bilayers is an attractive approach to produce
new materials, to create highly tunable model systems for studying fundamental ques-
tions, and for therapeutic applications [59, 143]. For example, in the design of anti-sense
medicine, single-stranded oligonucleotides are targeted to cellular membranes through
a hydrophobic moiety, after which they are internalized by the cell allowing the oligonu-
cleotides to hybridize to targeted mRNA strands by sequence recognition and thereby
preventing translation of the associated protein [144-146]. Lipophilic oligonucleotides
are also used in the site-selective immobilization of lipid vesicles to surfaces by linking
complementary strands, incorporated in the lipid bilayer of vesicles on the one hand,
and in the planar lipid bilayer on a substrate on the other [58, 147, 148]. The surface-
bound vesicles can then function as miniaturized experimental containers to reduce
reagent consumption, monitor fast chemical kinetics, or even to study single molecules.
DNA-functionalized vesicles have also been shown to be of great value to study vesi-
cle fusion, or to model processes like cell-adhesion and cell-cell interactions [149-152].
Recently, we used lipophilic oligonucleotides to decorate lipid bilayer-coated silica mi-
croparticles with specific, surface-mobile binding groups, see chapter 4 and ref. [69]. It
was found that the lateral diffusion of binding groups afforded by the lipid bilayer greatly
improved the microparticle self-assembly properties as compared to oligonucleotides
that were directly immobilized on the particles.

Most applications require stable anchoring of the oligonucleotides in the lipid bi-
layer. Experimental information on the anchoring characteristics of commercially avail-
able oligonucleotides remains however limited. Whereas better understanding of the an-
choring kinetics and the organization of oligonucleotides on the surface would provide a
better control on functionalization, in particular on the DNA grafting density. We there-
fore measured the lipid bilayer anchoring characteristics of oligonucleotides with three
frequently used hydrophobic moieties by the surface-sensitive techniques quartz crys-
tal microbalance with dissipation monitoring (QCM-D) and spectroscopic ellipsometry
(SE). The combination of these techniques allows us to monitor binding events in situ
at high temporal resolution without the need for labels and at the same time provides
information about the molecular organization within the DNA film.

The anchors that we have investigated are cholesterol (Ch), stearyl (C1g) and di-stearyl
(C1g)2 of which the chemical structures are shown in Fig. 3.1a. In addition, we have
studied the differences between single versus double stranded DNA, one versus two an-
chors and we made the comparison with shorter oligonucleotides. An overview of all
the oligonucleotide types and their hydrophobic terminal modifications included in this
study is given in Table 3.1 and Fig. 3.1b.

3.2. EXPERIMENTAL METHODS

3.2.1. MATERIALS AND SAMPLE PREPARATION

We studied the anchoring of hydrophobically modified DNA oligonucleotides to a DOPC
supported lipid bilayer (SLB), by first forming a lipid bilayer on a planar silica-coated
QCM-D sensor and subsequently flowing in the oligonucleotide suspension. To this end,
DOPC (Avanti Polar Lipids, Alabaster, AL, USA) was dissolved in chloroform and then



3.2. EXPERIMENTAL METHODS 43

Table 3.1: Base sequences of the oligonucleotides used in this study.

name? sequence (5’ — 3)P

ss—Tonly—Long X-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-
TTTTTTTT

ss-Long X-TTTATCGCTACCCTTCGCACAGTCAATCTAGAGAGCCCTGCCTTACGAC-
CTACTTCTAC

ss-Long’ (no anchor) CGTAAGGCAGGGCTCTCTAGATTGACTGTGCGAAGGGTAGCGAT

ss-Long’ CGTAAGGCAGGGCTCTCTAGATTGACTGTGCGAAGGGTAGCGATTTT-X

s8-Tonly-Short X-TTTTTTTTTTTT

4 The sequences ss-Long and ss-Long’ with and without anchor are complementary to each other and
are used to create the double stranded samples.

b A, C, G and T are the nucleotides adenine, cytosine, guanine and thymine, respectively. X denotes the
position of the hydrophobic modification.

dried with a gentle stream of N»(g) and two hours of vacuum desiccation. The dried
lipids were subsequently re-suspended to 2 mg/ml (2.5 mM) in a filtered (pore-size: 0.2
pm) and degassed (30 min) buffer solution of 150 mM NaCl, 10 mM HEPES, pH 7.4, in
ultra-pure water and homogenized by repeating five freeze/thaw cycles with liquid ni-
trogen. Small unilamellar vesicles (SUVs) were formed by sonication (30 min) with a tip
sonicator (Branson, USA), operated in pulsed mode at 30% duty cycle with refrigeration,
followed by centrifugation in an Eppendorf centrifuge (30 min at 60,000 g) to remove any
titanium particles that may possibly be present. SUV suspensions were stored at 4°C un-
der nitrogen. Before assembling a SLB, the vesicle suspensions were diluted to 50 ug/ml
(0.06 mM) in the aforementioned buffer containing an additional 2 mM CacCls,.

After the successful formation of a SLB on the QCM-D sensor, we added the oligonu-
cleotides, see Table 3.1 and Fig. 3.1 for an overview of the different types used. The Ch
and C;g conjugated constructs were synthesized by Eurogentec (Liége, Belgium), and the
sequences modified with (C;g), were produced by ATDBio (Southampton, UK). Upon de-
livery, the oligo-nucleotides were dissolved to desired concentrations in the same buffer
as mentioned above without CaCl, and stored at -20°C. To study the effect of two an-
chors, or compare single and double stranded DNA bearing only one anchor, some of
the sequences in Table 3.1 were pre-hybridized by mixing equal amounts of two comple-
mentary strands and slowly cooling from 90 to 22°C at a rate of 1.5°C/min.

3.2.2. CMC DETERMINATION USING SPECTROPHOTOMETRY

We determined the critical micelle concentration (CMC) of our constructs by measuring
the absorbance of 1-(2-pyridylazo)-2-naphthol (PAN), a water insoluble organic dye at
470 nm [153]. Below the CMC, the dye does not dissolve in the aqueous solution, and
the absorbance of the solution remains low. At the CMC, a sudden rise in the solution’s
absorbance is observed, as the dye is encapsulated in micelles and dissolves in solution.
For each compound, a titration series was prepared with final sample volumes of 450 pl.
Subsequently, 20 ul PAN (Sigma) suspension (0.2 mg/ml dissolved in hexane) was added
to each sample. The samples were vortexed and the hexane was allowed to evaporate for
30 minutes. The absorbance of each solution at 470 nm was measured using a Cary300
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Figure 3.1: Oligonucleotides modified with different lipophilic moieties to anchor them to a DOPC SLB. (a)
The three anchors: cholesterol (Ch), stearyl (C1g) and di-stearyl ((C1g)2) are each covalently coupled to one
end of the oligonucleotides through the linkers TEG = triethylene glycol, DEG = diethylene glycol and HEG
= hexaethylene glycol, respectively. The positions where the oligonucleotides are coupled to the anchor are
indicated by 'DNA. (b) Schematic representations of all the complexes analyzed in this study. Each name is built
out of three parts; first, the configuration of the oligonucleotide sequence, i.e. single or double stranded (ss or
ds), the length and finally the anchor type. The number of nucleotides (nt) and basepairs (bp) are indicated
above each structure.

UV/Vis Spectrometer (Agilent, Santa Clara, CA, USA).

3.2.3. QCM-D

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) measures the changes
in the resonance frequency, A f, and dissipation, AD, of a sensor crystal upon interaction
of soft matter with its surface. The QCM-D response is sensitive to the mass (includ-
ing any hydrodynamically coupled water) and the mechanical properties of the surface-
bound layer. To enable SLB formation, we used silica-coated QCM-D sensors (QSX303;
Biolin Scientific, Véstra Frolunda, Sweden), which were cleaned in a 2% sodium dodecyl
sulfate solution for 30 minutes, rinsed with ultra-pure water, blow-dried with N»(g) and
exposed to UV/ozone (BioForce Nanosciences, Ames, IA, USA) for 30 minutes prior to
usage. The measurements were performed using the Q-Sense E4 system equipped with
four Q-Sense Flow Modules (Biolin Scientific). The system was operated in flow mode at
arate of 20 pl/min at 23 °C unless stated otherwise. The A f and AD responses at 6 over-
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tones (i=3, 5, ..., 13, corresponding to resonance frequencies of 15, 25, ..., 65 MHz) were
simultaneously monitored during SLB formation and subsequent DNA binding and un-
binding. Throughout this manuscript only changes in dissipation, AD; and normalized
frequencies, A fi/i, fori =7 are presented. The oligonucleotides were diluted to 1 M con-
centrations unless stated otherwise and were added after a proper SLB had formed. We
continued the administration of oligonucleotides until saturated binding was reached
or for a maximum of 60-75 minutes, after which we rinsed the functionalized SLB with
buffer to measure any potential unbinding of the oligonucleotides. The adsorption and
desorption of all oligonucleotides were measured two to four times. Representative mea-
surements are presented in the displayed figures.

The thickness and viscoelastic properties of the final DNA film on the SLB were de-
termined by fitting the QCM-D data to a continuum viscoelastic model [154-156]. The
model relates the measured QCM-D responses, A f and AD as a function of i, to the vis-
coelastic properties of the adsorbed layer and the surrounding solution. The oligonu-
cleotide films were modeled as homogeneous viscoelastic layers with acoustic thickness
d, density p, storage modulus G’(f), and loss modulus G” (f). The frequency dependence
of the storage and loss moduli was assumed to follow power laws, with exponents @’ and
a”, respectively. The semi-infinite bulk solution was assumed to be Newtonian with a
viscosity of = 0.89 mPa-s, and a density of p = 1.0 g/cm®. Data at selected time points
were fitted with the software QTM (D. Johannsmann, Technical University of Clausthal,
Germany[155, 156]). Details of the fitting procedure, including the method used to vali-
date the uniqueness of the fit, have been described by Eisele et al.[157]. The normalized
x? value for the best fit was typically around 1.0, indicating a good fit.

3.2.4. SPECTROSCOPIC ELLIPSOMETRY

Spectroscopic ellipsometry (SE) measures the changes in the ellipsometric angles, A and
¥, of polarized light upon reflection at a planar surface. In situ combined QCM-D/SE
measurements were performed on QCM-D sensors with a special silica coating (QSX335;
Biolin Scientific), using the Q-Sense Ellipsometry Module (Biolin Scientific). The special
coating consists of Ti, TiO, and SiO, layers, where the Ti interlayer is thick enough to
be treated as a fully opaque film. The flow module was mounted with the Q-Sense E1
system on a spectroscopic rotating compensator ellipsometer (M2000V, Woollam, NE,
USA). Ellipsometric data, A and ¥, were acquired over a wavelength range A = 380 to 1000
nm, at 65° angle of incidence. Prior to measurements, we verified that the polarization of
the light beam was not affected by the glass windows of the flow chamber as previously
described[158]. Measurements were performed in flow mode (20 pl/min) at 23°C. The
oligonucleotides were dissolved to 2 uM concentration and added in injection mode as
described elsewhere[158].

The refractive index (n(1)) and optical thickness (d) of the oligonucleotide film were
determined by fitting the ellipsometric data to a multilayer model, using the software
CompleteEASE (Woollam). The model relates the measured A and ¥ as a function of 1
to the optical properties of the sensor surface (Ti/TiO»/SiO,), the adsorbed films (SLB
and oligonucleotide layer), and the surrounding solution. The semi-infinite bulk so-
lution was treated as a transparent Cauchy medium, with a refractive index ng, (1) =
Agol + Bso1/ A2. For the surrounding buffer solution, Agoj = 1.325 and By = 0.00322 um?
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were used[158]. The optical properties of the opaque Ti layer were determined from data
acquired in air and in the presence of bulk solution by fitting n1i(1) and kri(A) over the
accessible wavelength range using a B-spline algorithm implemented in CompleteEASE.
Simultaneously, thicknesses of the two additional oxide layers (drio,) and (dsio,) were
fitted assuming them as Cauchy films with tabulated optical constants (ntio, from Com-
pleteEASE and ngio, from Biolin Scientific). The solvated SLB and oligonucleotide films
were treated as separate layers, which we assumed to be transparent and homogeneous
(Cauchy medium), with a given thickness (d), a wavelength-dependent refractive index
(n() = A+ B/A?%), and a negligible extinction coefficient (k = 0). d and A were treated
as fitting parameters, assuming B = Byo. The y? value for the best fit was typically be-
low 2, indicating a good fit. The adsorbed oligonucleotide mass per unit area (I') was
determined using de Feijter’s equation[159, 160],

X A— Asol
dn/dc

with the refractive index increment of dn/dc = 0.17 cm3/ g[161].

(3.1)

3.3. RESULTS AND DISCUSSION

3.3.1. BEHAVIOR OF DIFFERENT ANCHOR TYPES
We measured the lipid-bilayer anchoring strengths of the different hydrophobic anchor-
ing groups, Ch, C;g and (C;3)2 using QCM-D. A supported lipid bilayer (SLB) was formed
by exposing a cleaned, silica-coated quartz crystal to a flowing suspension of small unil-
amelar vesicles made of DOPC lipids, while monitoring the frequency and dissipation
changes of the sensor. The QCM-D response was as is expected for the formation of a
DOPC SLB, see Fig. 3.2 and Refs. [125, 162]. The adsorption of the vesicles to the sensor
surface is visible as a decreasing frequency and an increasing dissipation. In a second
stage, the vesicles rupture and spread, signaled by an increasing frequency and decreas-
ing dissipation. A DOPC SLB of appropriate quality is characterized by a final frequency
change of Af = —25 + 1 Hz and a dissipation, AD < 0.5-107°. The vesicles remaining in
the bulk solution were removed by rinsing with buffer (with CaCl,). Before the inflow of
oligonucleotide suspension, the SLB was rinsed with buffer without CaCl, for 15 min.
We first verified that the oligonucleotide binding/unbinding is not affected by un-
wanted non-specific interactions. For this purpose, the QCM-D responses of unmodified
oligonucleotides in contact with an SLB and of cholesterol modified oligonucleotides in
contact with a bare silica coated sensor were measured. During both measurements no
significant responses were detected, implying that the oligonucleotides do not exhibit
any non-specific interactions with the SLB nor with the underlying silica substrate, see
Fig. 3.3. Exploratory measurements of the binding and unbinding of ss-Long-Ch to a
SLB, indicated, however, that inter-DNA interactions on the surface can affect the DNA
(un)binding, see Fig. 3.4. At 1 uM bulk concentrations, DINAMelt predicts a melting tem-
perature (T,) of roughly 0 °C for two partially hybridized ss-Long-Ch oligonucleotides.
However, if one considers a surface density of 2 pmol/cm? and a layer thickness of 10 nm
(estimated from combined QCM-D and SE measurements presented in section: 3.3.3),
the effective oligonucleotide concentration at the surface is roughly 2000 times the bulk
concentration. At 2 mM concentration, a melting temperature of about 30 °C is pre-
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Figure 3.2: Formation of a supported lipid bilayer (SLB) on a silicon oxide substrate. A SLB is formed by ex-
posing a clean silicon oxide coated sensor crystal to suspended SUVs and monitoring the crystals’ Af and AD
responses in time. The arrows from left to right indicate the start and duration of sample administration and
buffer rinsing respectively. A uniform SLB is characterized by A f ~ -25 Hz and AD < 0.5-1076.

dicted. During the QCM-D measurements, inter-DNA interactions could hence occur.
To minimize such interactions, we performed the measurements on single stranded DNA
using a sequence of only thymine nucleotides.
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Figure 3.3: QCM-D measurements on the adsorption and desorption of (a) cholesterol modified oligonu-
cleotides (ss-Long-Ch) to a bare silica coated QCM-D sensor and (b) unmodified oligonucleotides (ss-Long
(no anchor)) to a SLB. The arrows indicate the start and duration of sample administration or buffer rinsing, as
indicated.

Fig. 3.5a shows the QCM-D responses measured upon the introduction of the con-
structs ss-Long-Topy modified with Ch, Cyg or (Cyg)2 to a SLB. The resulting strong shifts
in the resonance frequency A f and in the dissipation AD provide evidence for the suc-
cessful formation of a soft and hydrated DNA film in all three cases. Interestingly, in
Fig. 3.5a the adsorption kinetics for the different anchor types is substantially different.
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Figure 3.4: Comparison between the QCM-D measurements on the adsorption and desorption to a SLB of
Ch modified oligonucleotides with the sequence ss-Long or ss-Long-Tqp}y. The arrows from left to right in-
dicate the start and duration of sample administration and buffer rinsing, respectively. As can be seen in the
plots, the incomplete unbinding of the ss-Long-Ch upon rinsing suggests the occurrence of interactions other
than those between the hydrophobic anchors and the SLB. We hypothesize that, due to a high surface density
at equilibrium binding, the ss-Long-Ch anchored to the SLB can interact with neighboring oligonucleotides.
The interacting oligonucleotides form constructs that are anchored to the bilayer by more than one anchor
which stabilizes their incorporation into the SLB. The unbinding of ss-Long-Ty-Ch remains seemingly un-
perturbed, suggesting that the probability of inter-DNA interactions is sufficiently decreased.

The Ch anchor incorporates the oligonucleotides the fastest into the SLB, followed by Cig

and finally (Cjg)>.
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Figure 3.5: QCM-D measurements on the adsorption and desorption of different oligonucleotides modified
with either Ch, C;g or (C1g)2 to a DOPC SLB. (a) The frequency A f (top) and dissipation AD (bottom) changes
upon exposure of a SLB to ss-Long-Top1y conjugated with either Ch, Cyg or (C1g)2 plotted as a function of time.
(b) The plots of Af (top) and AD (bottom) upon exposure of a SLB to double stranded complexes carrying
one anchor. (c) The plots of Af (top) and AD (bottom) upon exposure of a SLB to double stranded complexes
carrying two anchors. (d) Plots of Af (top) and AD (bottom) upon exposure of a SLB to ss-Long-Tqpy-Ch or
ss-Short-Topjy-Ch. Note that the graph of ss-Long-Ch is the same as in (a). In all measurements the oligonu-
cleotides were injected at t = 0 until rinsing with buffer was initiated, which is indicated by the arrows.
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To further explore the origin of the distinct kinetics we repeated the QCM-D mea-
surements on the samples depicted in Fig. 3.6a at increased flow rates of 100 and 200
pl/min. Under conditions of mass-transport limited binding, and considering the ge-
ometry of the liquid chamber (i.e. laminar flow in a slit), the adsorption rate would be
expected to be linearly proportional to the cube root of the flow rate [163]. In contrast,
no dependence on the flow rate would be expected if the binding process were (kineti-
cally) limited by the insertion step into the SLB. To quantify the adsorption rates in our
experiments, we numerically computed the derivative of A f by calculating the slopes at
each point in time (see for an example Fig. 3.6a, bottom graph) and plotted its minimum
as a function of {/Q, see Fig. 3.6b. Next the data points were fitted with a line through
the origin. The good agreement of the linear fits with the maximum absolute rates of fre-
quency shifts depicted in Fig. 3.6b (R?~1) shows that the maximum adsorption rates of
the oligonucleotides are linearly proportional to \3/6 independent of anchor type. This
suggests that the rate limiting step during adsorption is the transport (by convection and
diffusion) of the constructs to the SLB.
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Figure 3.6: The flow rate dependence of the adsorption of Ch, C1g and (C;g)2 conjugated oligonucleotides to a
DOPC SLB. (a) The frequency changes A f (top) and their computed derivatives (bottom) during the adsorption
of ss-Long-Topy-Ch to a SLB at different flow rates (Q) plotted as a function of time. (b) The minima of the

computed derivatives shown in (a) and of the other anchors plotted as a function of 3/Q. The plotted minima
were fitted to a linear model with fixed origin at (0,0). The quality of the fits are determined by evaluating the
corresponding R? and are found to be 0.996, 0.99 and 0.98 for Ch, C1g and (C;g)2, respectively.

As the hydrodynamic sizes of the three hydrophobically terminated oligonucleotides
are similar, their respective mass transport to the surface at equal flow rate is expected
to be the same, provided that the concentration of molecules available in the solution
is comparable [163]. As the total oligonucleotide concentration in the measurements of
Fig. 3.5a was kept constant, the distinct adsorption kinetics of the differently hydropho-
bically modified oligonucleotides may appear surprising. However, due to their am-
phiphilic character, the modified oligonucleotides could self-assemble into micelles in
the bulk solution. The micelles would lower the concentration of free oligonucleotides
in solution and would hence impede adsorption to the SLB. Rough determinations of
the critical micelle concentration (CMC) show that Ch and C;g modified oligonucleotides
form micelles above ~10 uM, whereas the (Cy3)2 anchor has a CMC of ~1 uM (cf. Fig. 3.7).
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Given a solution concentration of 1 uM in our QCM-D experiments, the (Cyg), conju-
gated oligonucleotides may indeed form micelles that influence the adsorption process.
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Figure 3.7: Detecting the CMC for hydrophobically modified oligonucleotides using UV-Vis spectroscopy. (a)
Measured absorptions at 470 nm of differently concentrated SDS suspensions mixed with PAN/Hexane and
ultrapure water. The solid black line is a guide for the eyes and the dashed black line indicates the CMC of SDS
published in literature [164]. (b) Measured adsorptions at 470 nm of different concentrations of the oligonu-
cleotides ss-Long’(no anchor), ss-Long-Toy conjugated to Ch, Cyg or (Cg)2, and ds-Long conjugated to two
Ch or C13 anchors in a solution of PAN/Hexane and buffer. The solid lines are guides for the eyes.

When the oligonucleotide solution was replaced by pure buffer, the frequency and
dissipation responses of the sample with the Ch modified oligonucleotides were seen to
return to their original level, thereby demonstrating complete desorption of the oligonu-
cleotides from the SLB (Fig. 3.5a). Regarding figure 3.5d, the reversible binding of sin-
gle anchored/single stranded was not strongly affected by the oligonucleotide length, as
both ss-Long-Ch and ss-Short-Ch desorbed at roughly similar rates upon rinsing. The
Cis conjugated strands also desorb from the SLB during rinsing, yet do not seem to
come off completely within the time scale probed in the experiment. This effect could
be caused by fast rebinding of the oligonucleotides to the SLB [163]. The (C;3)2 modified
oligonucleotides on the other hand remain fully anchored during rinsing, which sug-
gests that the second alkyl chain makes the hydrophobic interaction with the SLB strong
enough to beat the gain in translational and conformational entropy when the oligonu-
cleotides are freely suspended in solution.

3.3.2. DOUBLE VERSUS SINGLE ANCHORS

Having seen that the (Cy3)2 conjugated oligonucleotides, which have two hydrophobic
tails, bind essentially irreversibly to the SLB, we studied the impact of a second anchor
on the anchoring stability of the other constructs. To this end, we hybridized two com-
plementary oligonucleotides, ss-Long and ss-Long’ (see Table 3.1) resulting in double
stranded complexes of which both strands bear a hydrophobic moiety. Firstly, we investi-
gated how the structure difference between single and double stranded oligonucleotides
with a single anchor affects their adsorption and desorption to the SLB. For that pur-
pose we hybridized ss-Long and ss-Long’(no anchor), creating double helices that bear
only one anchor, and monitored the QCM-D responses upon interaction with a SLB. One
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can see in Fig. 3.5b that the single anchored/double stranded complexes either conju-
gated to Ch or C;g adsorb to the SLB in a qualitatively similar manner as their single
anchored/single stranded counterparts. They reach maximum binding at comparable
rates and desorb during rinsing. Only the absolute frequency and dissipation values at
maximum binding are different, indicating that the layers of oligonucleotides on the SLB
are indeed differently organized. We further see that the desorption is incomplete. A
possible explanation for this could be that there is a certain amount of unhybridized
oligonucleotides, which could bind to other single stranded neighbors in a process that
has been described in Section 3.3.1. We also measured the QCM-D responses of the ds-
Long-1-(Cy3)2. Here, we again see that the single anchored/double stranded complex
behaves qualitatively similar as its single stranded analog, although showing larger fre-
quency and dissipation changes.

After confirming that double-stranded oligonucleotides display qualitatively similar
behavior, we measured the adsorption kinetics and stability of double stranded oligonu-
cleotides carrying two anchors (Fig. 3.5¢). We find that the QCM-D responses upon rins-
ing with buffer show no substantial unbinding of either of the complexes, demonstrating
that terminally equipping oligonucleotides with two hydrophobic moieties grants a sta-
ble binding to a SLB. Furthermore, we find that the adsorption of the double-anchored/
double stranded complexes either bearing two Ch or two Cyg groups is initially fast but
gradually slows down. We hypothesize that the binding is initially mass-transport limited
and then increasingly limited by surface crowding which slows down access of oligonu-
cleotides from the solution to the surface.

3.3.3. OLIGONUCLEOTIDE ORGANIZATION ON THE SURFACE

When the A f and AD responses corresponding to the binding and unbinding of the Ch,
Ci1s and (Cy3)2 conjugated oligonucleotides to a SLB are plotted parametrically it can
be seen that the three curves largely overlap (see Fig. 3.8a). The fact that the Af/AD
relations are so similar implies that the three oligonucleotide layers are similarly orga-
nized. This observation is further supported by the quantities obtained from QCM-D
modeling on Af and AD using the information from all overtones. From the values
listed in Table 3.2 it becomes clear that the three oligonucleotide layers at the end of the
incubation (Fig. 3.5a) are characterized by comparable thicknesses (d = 10.5 nm) and
viscoelastic properties (Gj, = 0.05 MPa, G = 0.12 MPa, where G'(f) = G - (f/fo)“/ and
G"(f)= G- (ffo)*" andfy = 15 MHz).

In order to relate the QCM-D frequency shifts induced by the anchorage of the hy-
drophobically terminated oligonucleotides to a SLB to DNA areal mass densities, we per-
formed simultaneous QCM-D/SE measurements. Results of the measurement of the ad-
sorption of ss-Long-Tony-Cig to an SLB are shown in Fig. 3.4b and c. Strong Af and
I' changes directly upon injection of the oligonucleotides indicate the formation of an
oligonucleotide layer on top of the SLB. In the inset, we plotted A f vs I' parametrically
to demonstrate that I" is approximately linearly proportional to A f with a slope of 0.14
pmol-cm~2-Hz~!. This slope is subsequently used to convert A f to I in all other QCM-D
measurements on this particular oligonucleotide. Furthermore, because the overlapping
curves in Fig. 3.8a suggest that the ss-Long-Ton1y oligonucleotides organize similarly on
the SLB independent of the anchor, the same slope can also be used to obtain the grafting
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Figure 3.8: Determining the densities of the Ch, C1g and (Cyg)2 conjugated oligonucleotides anchored to a
DOPC SLB. (a) Parametric plots of AD as a function of A f of the data depicted in Fig. 3.2a. (b) Plots of A f (top)
and AD (bottom) as a function of time corresponding to the binding of ss-Long-Topjy-Cig to a SLB. Simulta-
neously, the surface density I' was measured with SE as depicted in (c). The inset shows a parametric plot of
Af versus T, fitted to a linear model (red line) with a slope of -0.14 pmol-cm~2-Hz~L. The arrows in (b) and (c)
indicate the start and duration of injection.

densities of the Ch and (Cyg)2 anchored ss-Long-Tony oligonucleotides. We note that the
calibration curve in Fig. 3.8c (inset) is applicable for the seventh overtone only. Equiva-
lent calibration curves for other overtones can of course be established. They do all show
a roughly linear dependence of I on A f but result in different conversion factors. The
DNA surface density and the affinity of the anchor with the SLB, however, do not depend
on the choice of overtone.

Using the obtained grafting densities and by assuming a homogeneous distribution
of hexagonally packed oligonucleotides in the SLB, we estimated the mean distance be-
tween neighboring anchors points,

s= 2 ! 3.2)
V3 Na-T '

where Ny is the Avogadro constant and T is the surface density in mol-cm™2. The pre-
factor % represents an assumed hexagonally packed organization of the objects. The I
and s of the oligonucleotide layers mediated by Ch, Cy3 and (C;g); are listed in Table 3.2.
One can see that the spacing between the anchors in the case of Ch, C;g and (Cy3g)2 is
similar to the thickness of the oligonucleotide layer. The thickness and spacing compare
well with the equilibrium end-to-end distance Ree = /2bntlp ke of ~13 nm of a worm-
like chain of ky¢ = 59 nucleotides of size byt ~ 0.63 nm and with a persistence length I, ~
2.4 nm [165].

Similarly, we determined the oligonucleotide organization of the double stranded/
double anchored ds-Long-2-Ch depicted in Fig. 3.5c at the moment just before rinsing.
After modeling the QCM-D data and having determined the A f-to-I' conversion factor
with combined QCM-D and SE (Fig. 3.9), we obtained a layer thickness of ~19 nm and an
average oligonucleotide spacing of ~10 nm (Table3.2). Hence, the ds-Long-2-Ch com-
plexes form a layer which is twice as thick as compared to the single stranded oligonu-
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cleotides, but with a comparable oligonucleotide spacing. A double stranded oligonu-
cleotide of k), = 47 basepairs, when assumed as a semi-flexible rod has in solution an
estimated end-to-end distance Ree(= bppkpp) of ~16 nm with a distance between base-
pairs bpp of 0.34 nm. The ds-Long complex also has a 12 nucleotide overhang (Ree =
6 nm) which means that the total Ree = 22 nm, which is very comparable to the layer
thickness as determined with QCM-D, hence the oligonucleotides anchored to the SLB
are likely to be close-to-fully stretched and orientated perpendicular to the surface. Yet,
regarding the estimated spacing and given a diameter of the double stranded complexes
of ~2.0 nm there may be a certain amount of oligonucleotides that flex at their spacer,
leaving them differently orientated with respect to the SLB.

Lastly, we investigated how the anchoring density is affected by the length of the
oligonucleotides by performing QCM-D/ SE measurements on the binding of Ch modi-
fied ss-Short-Top1y oligonucleotides to a SLB (Fig. 3.9a). We determined the layer thick-
ness of the films with QCM-D modeling to be ~3 nm which is a factor three thinner than
the layer of the longer oligonucleotides, see Table 3.2. After determining the A f-to-T
relation (Fig. 3.9b) we found a spacing of ~5 nm between individual oligonucleotides.
A comparable measurement on hydrophobically modified oligonucleotides to a DOPC
lipid bilayer has been done by Woller et al [166]. They studied the anchoring of oligonu-
cleotides functionalized with a single porphyrin anchor positioned at a fixed nucleotide
position and report for 39-mer single stranded oligonucleotides a surface area of 40 nm?
per strand at saturated binding which is equal to a spacing of ~6.3 nm. This spacing lies
in between the values we find for our short (12-mer) and long (59-mer) oligonucleotides.
The fact that the estimated spacing between the anchoring groups for Ch modified ss-
Short-Tony is nearly twice as large as the thickness of the oligonucleotide film indicates
that the DNA is not closely packed. Hence, of all the constructs measured in this study
the anchoring process of the short oligonucleotide is expected to be the least affected
by steric interactions with neighboring oligonucleotides. This, in combination with the
complete reversibility of the binding upon rinsing and the good solubility makes the
short oligonucleotide a suitable candidate for quantifying the affinity of the Ch anchor
toward the SLB. To this end, we performed a QCM-D titration measurement in which we
sequentially administered increasing concentrations of oligonucleotides to a SLB, see
Fig. 3.10. We fitted the frequency shifts at equilibrium binding for each concentration to
a Langmuir isotherm,

A fmax-C
Kp+c

Afeqlc) = 3.3)
where c is the concentration of ss-Short-Tony-Ch in the bulk suspension and A finax is the
maximally induced frequency change expected at saturation. In this way we obtained a
Kp of ~80 nM, which is of the same order of magnitude as the 17 nM reported by Pfeiffer
etal. [116], who performed similar titration measurements on strands comprising twenty
nucleotides at 100 mM NaCl.
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Figure 3.9: Determining the layer organization of ds-Long-2-Ch and ss-Short-Ch. (a) From the top to bottom
the graphs present Af, AD and I as a function of time of the binding of ds-Long-2-Ch (left) and ss-Short-Ch
(right) to a SLB. The arrows indicate the start and duration of binding of the oligonucleotides. (b) Parametric
plots of the measured Af and I' presented in (a). The slopes of the fits are -0.06 and -0.60 prnol-crn_Zsz_1
for ds-Long-2-Ch and ss-Short-Ch, respectively. Note that the calibration curves are applicable for the seventh
overtone only, as also mentioned in the main text.

3.4. CONCLUSION AND PERSPECTIVES

Oligonucleotides can be anchored to lipid bilayers through diverse hydrophobic modifi-
cations. Here, we have investigated the binding characteristics of three frequently used
anchors to a DOPC supported lipid bilayer (SLB) with the surface sensitive techniques
QCM-D and SE.

We find that the choice of anchor type is crucial for the stable binding of oligonu-
cleotides to a DOPC SLB. Oligonucleotides conjugated to a single cholesterol (Ch) or
stearyl (Cyg) anchor were found to bind reversibly to the SLB, desorbing again upon rins-
ing with pure buffer. The anchoring can be enhanced by conjugating single stranded
oligonucleotides to a di-stearyl ((C;g)2) anchor, or by hybridizing two Ch or C;g bearing
oligonucleotides into double stranded complexes.

We further find that the different anchors display different adsorption kinetics. For
all the anchors, the binding is limited by the transport of molecules to the substrate.
However, some of the hydrophobically modified oligonucleotides may form micelles at
the concentrations employed, especially the (Ci3), anchor. Hence, it is likely that the
difference in binding kinetics is caused by differences in the effective concentration of
free oligonucleotides, as a result of micelle formation.

Lastly, concerning the organization of the oligonucleotides, we find that the 'long’
single stranded/single anchored oligonucleotides form an equilibrium film of densely
packed strands, independent of whether the binding is reversible or not. At the same
bulk concentration, the double stranded/double anchored constructs, which also bind
irreversibly to the SLB, form a less densely packed film. However, the lack of equilibrium
binding indicates a coverage-dependent reorganization of the DNA that we attribute to
the more rigid character of the double stranded helices.

We find that the length and the conformational flexibility (i.e. single vs. double
stranded DNA) does not have an appreciable effect on binding stability over the length
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Figure 3.10: Anchorage of a cholesterol conjugated oligonucleotide containing 12 bases (ss-Short-Topy-Ch)
to a DOPC SLB. (a) Titration curve, determined by QCM-D for the binding of ss-Short-Tgpy-Ch to a SLB. The
arrows indicate start and duration of incubation with the indicated oligonucleotide concentrations to the SLB.
(b) Frequency shifts (approximately proportional to adsorbed amounts) for ss-Short-Topy-Ch at equilibrium
with a fit by a Langmuir isotherm (solid red line).

range that was covered in our experiments and that was also typically used by others. In
future studies, it will be interesting to investigate if the conformational flexibility of the
oligonucleotides does affect the anchoring stability for very long DNA chains. In partic-
ular, a decrease in binding stability would be expected as flexibility and length increase,
because of the entropic penalty related to the reduced conformational space of anchored
DNA.

To conclude, the presented results on the anchoring kinetics and stability of hydropho-
bically modified oligonucleotides incorporated into a DOPC lipid bilayer as well as the
organization of the extending oligonucleotides provide essential information for opti-
mizing applications that require efficiently anchored, surface mobile oligonucleotides.
Our results on a simple yet well-defined DOPC membrane model system should serve as
a valuable reference for future work on more complex lipid membranes.

We would like to acknowledge Ralf Richter and Galina Dubacheva for facilitating and collaborating on the
QCM-D and SE measurements. We thank John Randolph of Glen Research for the synthesis of the stearyl
conjugated oligonucleotides and Florian Huber for a critical reading of the manuscript.







SOLID COLLOIDS WITH
SURFACE-MOBILE DNA LINKERS

Surface functionalization with bio-inspired binding groups is increasingly used to steer
nano- and micro-scale self-assembly processes, with complementary DNA sticky ends’ as
one of the most notable examples. The fabrication of well-organized structures is compli-
cated, however, by the sharp association/dissociation transitions and the slow rearrange-
ment kinetics intrinsic to collections of discrete, surface-immobilized binding groups and
aggravated by natural nonuniformities in the surface coating. In this chapter, we demon-
strate a novel system of solid microparticles functionalized with specific binding groups -
in this case DNA linkers - that are fully mobile along the particle surface. These colloids
display qualitatively new behavior and circumvent many of the commonly encountered
issues. Importantly, the association/dissociation transition, and thereby the temperature
window for equilibrium self-assembly, is much broader. We further find that the linkers
are uniformly distributed above the DNA melting temperature, while visibly accumulating
at the inter-particle contacts below this temperature. The unique combination of binding
group mobility with non-deformability, monodispersity and facile manipulation of solid
particles should have a profound impact on DNA-mediated and other bio-inspired self-
assembly approaches. Moreover, our highly tunable experimental system enables detailed
model investigations that will also deepen our fundamental understanding of other sys-
tems with surface-mobile binding groups, for instance biological ligand-receptor interac-
tions.

The content of this chapter has been published as: S. A. J. van der Meulen, M. E. Leunissen, J. Am. Chem. Soc.
135, 15129-34 (2013).
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4.1. INTRODUCTION

Over the past two decades, the programmability of the behavior of nano-/micro-scale
particle suspensions has been dramatically improved, in particular through the use of
highly specific non-covalent binding groups that are immobilized on the particle sur-
face. Many of these binding groups are biologically inspired molecular recognition mo-
tifs, for instance taking the form of naturally occurring peptides [167-170] or synthetic
DNA sticky ends [1, 2, 4, 5, 61, 63, 79, 171]. The latter are especially promising, because
they offer a large variety of user-defined nucleotide sequences and fine thermal con-
trol of the binding strength. Using DNA-coated particles, a number of groups recently
obtained ordered crystals [4, 5, 63, 79] and self-assembled “colloidal molecules” [171].
However, the fabrication of such well-organized structures typically requires extensive
fine-tuning and annealing of the system. One of the challenges lies in the sharp associ-
ation/dissociation transition of the particles when one crosses the melting temperature
of the DNA linkers(1, 11, 64, 65, 81, 82]. The temperature window for equilibrium self-
assembly thus is easy to miss, leading to “hit & stick” type aggregation without further
structural rearrangements. It was also shown that the particles generally have difficulty
rolling around each other [172, 173], which may dramatically slow the annealing pro-
cess, as compared to colloids with a continuous interaction potential, e.g. of electro-
static origin.[23, 174, 175] The intrinsic self-assembly challenges posed by collections of
discrete, surface-immobilized binding groups are further aggravated by surface hetero-
geneities, such as roughness [63] or natural non-uniformities in the coating [11], as well
as unwanted non-specific interactions. Here, we present a novel system of solid colloids
functionalized with specific (DNA) binding groups that are fully mobile along the parti-
cle surface, which alleviates many of the aforementioned problems and provides access
to profoundly new behavior.

4.2. MATERIALS AND METHODS

4.2.1. PARTICLE FUNCTIONALIZATION

We functionalized silica micro-particles with mobile DNA linkers by first integrating the
hydrophobically modified linkers into the lipid bilayer of small unilamellar vesicles
(SUVs, Fig. 4.1a). To this end, the phospholipids 1,2-dioleoyl- sn-glycero-3-phosphocho-
line (DOPC, Avanti) or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti) and
1, 2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy- (polyethylene glycol)-
-2000] (DPPE-PEGyqo, Avanti) were mixed in 40:1 molar ratio in chloroform. The chlo-
roform was evaporated by a gentle stream of nitrogen and two hours of vacuum desicca-
tion, whereafter the lipids were rehydrated for at least 30 min in 10 mM HEPES/50 mM
NaCl (pH 7.4) at a concentration of 2 mg/mL. The lipid mixture was then extruded 21
times through two stacked polycarbonate filters of 30 nm pore size (Avanti). The result-
ing SUVs were incubated for 15 min with 2-5 uM solutions of cholesterol- conjugated
DNA linkers.

We used two different DNA linkers (S and S’, Eurogentec) with 11 base long comple-
mentary sticky ends and fluorescently labeled with, respectively, FAM-6 and Cy3 (Fig. 4.1
d). The sticky ends were connected to a 47 base pair long double-stranded “backbone”
construct with two cholesterol-TEG groups at the opposing end. We prehybridized the



4.2. MATERIALS AND METHODS 61

backbone by cooling from 90 to 22 °C at a rate of 1.5 °C/min in 10 mM HEPES/150 mM
NaCl (pH 7.4) at an overall concentration of 5 uM (NanoDrop 2000) and with a 50% ex-
cess of the “nonsticky” strand. Surfactant-free suspensions of 0.5 wt % nonporous, non-
functionalized silica microparticles with a diameter of either 1.30, 2.06 (Microparticles
GmbH), or 3.56 um (Bangs Laboratories) and with coefficients of variability of respec-
tively 2.9, 2.2 and 8.7% were exposed to an equal volume of the DNA- functionalized SUV
solution for 15 min at 50 °C (Figure 1B). Excess SUVs were removed by pelletizing (30 s at
50 rcf) and resuspending three times in 10 mM HEPES/50 mM NaCl (pH 7.4). The final
linker density on the particles was estimated from the DNA:SUV:particle ratio.
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Figure 4.1: Lipid-bilayer-coated microparticles functionalized with laterally mobile DNA binding groups. Ex-
perimental functionalization scheme. DOPC:DPPE-PEG2000 SUVs are first mixed with double-cholesterol-
conjugated DNA linkers (a) and then with silica microparticles (b), leading to the formation of a DNA-
functionalized lipid bilayer that envelopes the particles (c). (d) Base pair sequences of the complementary
DNA linkers.

4,2.2. MICROSCOPY SETUP AND IMAGE ANALYSIS

We used a custommade sample cell for our various microscopy studies. These sample
cells were prepared by cleaning glass coverslips and objective slides by sonication in,
subsequently, 2% Hellmanex and Milli-Q. The cleaned coverslips were exposed to UV-
ozone for 30 min in a preheated UV-ozone cleaner (ProCleaner). Slivers of coverslips
were used as spacers to create three side-by-side channels with a nominal volume of
10 uL each. Slides, spacers, and coverslips were bonded together with optical adhe-
sive (NOA68, Norland), which was also used to seal the channels. Fluids could still be
exchanged through 1 mm diameter predrilled holes in the objective slides. The chan-
nels were first passivated for 30 min with 5 mg/mL casein solution (casein sodium salt
from bovine milk, Sigma Aldrich), after which the channels were rinsed with copious
amounts of 10 mM HEPES/50 mM NacCl (pH 7.4). The DNA-functionalized particle sus-
pensions were then administered to the channels, where they sedimented to effectively
form a twodimensional system. The channels were oriented such that the particles sedi-
mented to the surface of the coverslip, which facilitated bright-field, confocal, and TIRF
microscopy. For our quantitative association/dissociation studies, the sample cells were
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mounted on a custom-made stage setup on a Nikon Eclipse Ti-E light microscope, which
enabled fine temperature control while imaging in transmission mode. At each tempera-
ture of interest we recorded five independent images and determined the singlet fraction
by common video microscopy methods. Our analysis method did not distinguish be-
tween pairs of bound particles and singlets that just happened to be very near each other
in our still images. We corrected for this systematic error with a simple 2D simulation of
“hard spheres” at the same overall concentration as the experiment.

4.2.3. QCM-D

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) measures changes
in resonance frequency, Af, and dissipation, AD, of a sensor crystal upon interaction
of (soft) matter with its surface. The QCM-D response is sensitive to the mass (includ-
ing coupled water) and the mechanical properties of the surface-bound layer. Using
this technique, we monitored the cholesterol-modified DNA adsorption to lipid bilay-
ers in situ with sub-second time resolution. A buffer solution of 150 mM NacCl, and
10 mM HEPES, pH 7.4, in ultrapure water was used to prepare lipid vesicles and to di-
lute DNA stock solutions. 2 mM CaCl, was added during the incubation step that lead
to the formation of a supported lipid bilayer. Lyophilized dioleoylphosphatidylcholine
(DOPC) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Lipids were mixed
in chloroform, dried, re-suspended in buffer and homogenized as previously described
by Richter et al. [176] Small unilamellar vesicles (SUVs) were obtained by sonication (30
min) with a tip sonicator (Branson, USA), operated in pulsed mode at 30% duty cycle with
refrigeration, followed by centrifugation in an Eppendorf centrifuge (30 min at 14,000g
at 4°C) to remove titanium particles. SUV suspensions were stored at 4°C under nitrogen.
Concentrations and mixing ratios were estimated from the dry masses of employed lipid
material and before use vesicle suspensions were diluted to 50 ug/ml. QCM-D measure-
ments were performed with a Q-Sense E4 system (Q-Sense AB, Vistra Frolunda, Sweden).
The system was operated in flow mode with a rate of typically 20 ul/min, using a syringe
pump (KD Scientific, Holliston, MA, USA). Before starting the measurement both the sys-
tem and the sample solutions were equilibrated to the desired temperature (here, either
23 or 55°C). Af and AD were measured at 6 overtones (n =3, 5, ..., 13, corresponding to
resonance frequencies of f, = 15, 25, ..., 65 MHz) simultaneously. Changes in dissipation
and normalized frequency, A f = A f;,/n, of the seventh overtone are presented.

4.3. RESULTS AND DISCUSSION

4.3.1. PARTICLE FUNCTIONALIZATION

We created a system of solid particles with surface-mobile binding groups by coating sil-
ica microspheres with a fluid lipid bilayer and hydrophobically anchored DNA linkers
(Fig. 4.1 and section 4.2.1). The single-stranded complementary DNA sticky ends (S and
S’) were fluorescently labeled and were connected to a ~16 nm long double-stranded
backbone construct with two cholesterol groups at the opposing end (Fig. 4.1d). The
hydrophobic cholesterol anchors inserted spontaneously into the lipid bilayers of a pre-
formed suspension of small unilamellar vesicles (SUV), leaving the sticky ends pointing
outward. Subsequently, a process of vesicle rupture and fusion [54, 55] led to the forma-
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tion of a uniform DNA-functionalized lipid bilayer around the silica microparticles. We
verified the stability of the double cholesterol anchoring of the linkers in the tempera-
ture range used for our microscopy studies with quartz crystal microbalance (QCM-D)
measurements on solid supported lipid bilayers of similar composition as those on the
particles (Fig. 4.2 and section 4.2.3). In these measurements, we first let the DNA link-
ers adsorb to the lipid bilayer and then tried to desorb them again by prolonged rinsing
with pure buffer. In agreement with the earlier results of Pfeiffer et al.,[116] we found
that the second cholesterol group greatly strengthens the coupling to the lipid bilayer, as
compared to a single cholesterol anchor, and makes the linker attachment essentially
irreversible. Importantly, the DNA functionalized lipid bilayer largely determines the
particle interactions, independent of the material of the particle core. To further sup-
press the unwanted nonspecific interactions that frequently plague colloid science, we
introduced some additional short-ranged steric repulsion by including a small amount
of PEG-ylated lipids (Flory radius ~3.8 nm), analogous to common practices for giant
unilameller vesicles. Although the PEG-ylated lipids are mobile, their expulsion from the
interparticle contact zone is counteracted by the lateral osmotic pressure of the PEG-
ylated lipid reservoir on the rest of the particle. The resulting PEG distribution provides
the steric repulsion and, as a result, we found that in suspensions of a single particle type
(S or S’ functionalized) most beads were stably dispersed as singlets.
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Figure 4.2: QCM-D measurements of the lipid bilayer anchoring of double-cholesterol functionalized DNA
linkers at different temperatures. QCM-D response of the formation of a lipid bilayer and the subsequent ad-
sorption of double-cholesterol modified DNA at T = 23 and 55 °C. The start and duration of the incubation with
different samples is indicated (arrows). The time in between bilayer formation and the addition of DNA cor-
respond to a buffer wash and is not shown because of clarity reasons. Pronounced changes in frequency and
dissipation upon exposure to 1 uM double-cholesterol-DNA solution reflect the formation of a flexible and hy-
drated DNA coating on top of the lipid bilayer. The minimal change in the frequency and dissipation signals
during the subsequent rinsing with pure buffer indicates that the cholesterol modified DNA linkers are stably
coupled to the lipid bilayer at both high and low temperature.

4.3.2. BINDING GROUP MOBILITY
A crucial aspect of our new colloidal system is the lateral mobility of the cholesterol-
anchored DNA linkers along the lipid-coated particle surface. The main phospholipid
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component is DOPC, which has a melting point of ~-20°C. The lipid bilayer around the
microparticles should thus be in the liquid phase and the DNA linkers should diffuse
around freely, while remaining anchored to the particles. To probe the mobility of the
DNA linkers, we conducted comparative fluorescence recovery after photo-bleaching
(FRAP) studies. DOPC-coated microparticles functionalized with fluorescently labeled
S’ DNA linkers were made to stick to the bottom of a nonpassivated sample cell. We
then bleached them on one side with a 500 ms high-intensity laser pulse (1lex = 561 nm),
while the fluorescence emission was monitored in TIRF mode (Fig. 4.3, red-colored mi-
crographs and curve). For comparison we conducted the same experiment on DPPC-
coated microparticles (Fig. 4.3, blue-colored micrographs and curve). DPPC has a tran-
sition temperature of ~40 °C, so at room temperature exists in a gel phase and is therefore
expected to inhibit the diffusion of the embedded DNA linkers.
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Figure 4.3: FRAP measurement of the lateral mobility of the lipid bilayer-anchored DNA linkers on the parti-
cles. (a) Fluorescent micrographs of the emission of Cy3- labeled DNA linkers (S’) embedded in a lipid bilayer
comprising DOPC (red) or DPPC (yellow) on a 3.56 um diameter particle, before and after a partial bleach at ¢
=1.7 s (shaded bar in b). (b) Plot of the normalized mean pixel intensity of the bleached area (white square in
a) versus time. The error bars represent the standard deviation in the averaged measurements of five particles.

The partial recovery of the fluorescence signal from the bleached area as seen for
the DOPC-coated beads proves that the DNA linkers are indeed mobile, as unbleached
and bleached linkers redistribute around the particle. The fluorescence intensity does
not return to the initial prebleach level, because the irreversible bleaching of the DNA
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linkers on a major part of the particle effectively dilutes the overall dye concentration.
The time scale of the recovery is on the same order of magnitude as what was found
by Gopalakrishnan et al.,[177] who probed the diffusivity of fluorescently labeled lipids
in bilayers on silica particles. No significant recovery is seen for the DPPC-coated mi-
croparticles, showing that the gel phase that the DPPC lipids adopt indeed slows down
the DNA-linker-motion completely.

The unique combination of binding group mobility with the monodispersity and
nondeformability of solid colloids bridges the existing gap between hard nano/ micropar-
ticles with (covalently coupled) immobile binding groups and soft, “floppy” objects with
mobile binding groups. Examples of the latter are DNA-functionalized lipid vesicles
[97, 147, 178] and possibly oil-in-water droplets, [107] which both experience a strong
deformation of their contact zone upon bond formation (for the oil droplets it is not
known, however, whether the DNA linkers are actually mobile). Importantly, the pro-
nounced surface-mobility of the DNA linkers in our system also implies that their distri-
bution around individual particles is intrinsically uniform, without requiring any special
efforts during the particle functionalization, something that is not necessarily true for
the coupling of immobile binding groups.

4.3.3. MOBILE-DNA-MEDIATED INTERACTIONS

We studied the association/dissociation behavior of our mobile-DNA-coated colloids by
mixing equal amounts of S- and S’-functionalized 1.30 pm diameter particles in a pas-
sivated sample cell (see Section 4.2.2). At 25 °C the particles formed extensive clusters,
which dissociated when the temperature was raised to 55 °C (Fig. 4.4a-d). The dissocia-
tion into individual particles is clearly demonstrated by the time-averaged micrographs,
in which the highly mobile singlets have a blurry appearance, while the less mobile par-
ticles inside clusters remain clearly distinguishable. This temperature-dependent asso-
ciation/dissociation behavior could be cycled back and forth many times. The clusters
that formed at low temperature displayed an alternating order of the red- and green-
fluorescently-labeled complementary particles (Fig. 4.4c). The specificity and the tem-
perature-dependence of the interactions indicate that these are indeed mediated by the
reversible hybridization of the complementary DNA linkers and that unwanted nonspe-
cific interactions are suppressed.

In the confocal micrograph of Fig. 4.4c, one can also see that the contact points be-
tween the complementary particles inside clusters appear brighter, in this case with a
yellow color due to overlap of the red and green fluorescent signals. Interestingly, in a sys-
tem of S- and S’-functionalized 3.56 pm diameter particles that were randomly jammed
together at a density where all translational freedom of the particles was eliminated —
so that they also stayed in contact at elevated temperatures, independent of the state of
DNA linker binding - the bright spots only appeared at low temperature and were absent
at 55 °C (Fig. 4.4e,f). To verify that this was not an imaging artifact due to the overlapping
signals from the two fluorescence channels, we performed experiments with comple-
mentary particle mixtures in which only one of the DNA linker types (S) was fluorescently
labeled (Fig. 4.5). Also in these experiments we observed a nonuniform distribution of
the fluorescence intensity around the particles at 25 °C, with the more intense fluores-
cent spots of the S linkers coinciding with the contact points between complementary
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particles. Apparently, the DNA linkers distribute uniformly around the particles above
the sticky end melting temperature (Fig. 4.4f), but they collect in the interparticle con-
tact zones upon bond formation below this temperature (Fig. 4.4e and Fig. 4.5), a direct
and remarkable consequence of the surface mobility of the binding groups.

Figure 4.4: Temperature-dependent behavior of 1:1 microparticle mixtures functionalized with complemen-
tary mobile DNA linkers. (a, b) Bright-field snapshots of freely suspended 1.30 um diameter S- and S’-
functionalized particles at 25 °C (a) and 55 °C (b). The inset is a time average of 100 frames. (c and d) Time
averages of 100 confocal micrographs corresponding to panels a and b, with S shown in green and S’ in red. (e
and f) Time averages of 100 confocal images at 25 °C (e) and 55 °C (f) of a high-density fully jammed random
packing of 3.56 pm diameter particles with no remaining translational freedom to self-organize or diffuse away
(the field of view drifted somewhat between the low- and high-temperature recordings, though). The white
arrows in panels c and e indicate examples of the bright fluorescent spots that appear at low temperature at
the complementary particle contacts, due to a locally enhanced linker concentration. The occasional bright
spot between two particles of the same color is the result of a small number of fluorescent DNA-functionalized
SUVs from our particle preparation procedure having been left behind in the suspension.
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Figure 4.5: Single-dye fluorescence intensity increase at the contact points between particles carrying com-
plementary mobile DNA linkers. (a) A time average of 100 brightfield images shows both the S and S’ func-
tionalized particles (3.56 pm diameter) interacting with each other at 25 °C, whereas the averaged confocal
fluoresence image of the same field of view (b) only shows the particles functionalized with the fluorescently
labeled S linkers. The S’ linkers on the other particles were not fluorescently labeled and are hence invisible in
this image. (c) Composite image of 100 time-averaged bright-field snapshots (in gray) and 100 time-averaged
confocal fluorescence snapshots (in red) of 3.56 um diameter S- and S’-functionalized particles interacting
with each other at 25°C. Only the S linkers were fluorescently labeled and appear as red shells around their host
particles, while the S’-functionalized particles are only visible in bright-field mode.

4.3.4. ASSOCIATION/DISSOCIATION TRANSITION

We quantified the association/dissociation behavior by recording the fraction of unbound
particles, or “singlet fraction”, as a function of the temperature for four different DNA
linker densities on 1.30um diameter particles (Fig. 4.6 and section 4.2). We let 1:1 mix-
tures of the S- and S’-functionalized particles associate for 15 min at 30 °C and then in-
creased the temperature to 60 °C in steps of 2°C, with a 15 min waiting time per step.
We used these 15 min equilibration intervals to ensure that at the start of the measure-
ment all particles were clustered and to avoid possible kinetic effects due to redistribu-
tion of the linkers on the particle surface. The equilibrium linker distribution depends
on a combination of factors, including the number of contacts with neighboring parti-
cles, and nonequilibrium effects could occur if the speed of linker redistribution is slow
compared to other relevant processes in the system. From our FRAP measurements we
find that linker diffusion takes on the order of seconds/um?. This should be compared
with a heating rate of minutes/°C and the characteristic association time of the particles.
The latter depends on the particle concentration and size (through their diffusivity) and
is on the order of several tens of seconds for micrometer-sized particles. Our experimen-
tal system thus had ample time to reach equilibrium in each temperature step, which is
also confirmed by the fact that faster ramps of 1 °C/min gave essentially the same results.

As expected for DNA-mediated particle interactions, the dissociation curves in Fig.

4.6 systematically shift to lower temperatures as the mobile linker density decreases, thus
demonstrating good control over the particle functionalization and their association be-
havior. There is an important difference with the dissociation curves of particles with
immobile linkers, though. To illustrate this, we performed a similar experiment with
1.05 pym diameter Dynabeads (MyOne Streptavidin C1,Molecular Probes), functional-
ized with the same sticky ends through a surface-immobile biotin-streptavidin coupling,
as described before.[10, 64] From Fig. 4.5, it is clear that at similar overall linker densi-
ties on the particles, the dissociation transitions of our mobile-DNA-coated colloids are
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Figure 4.6: Temperature-induced dissociation transition for microparticles with different DNA linker densities.
Shown is the particle singlet fraction as a function of the temperature in 1:1 mixtures of 1.30 ym diameter
particles with mobile S and S’ linkers (solid lines) and of 1.05 ym diameter Dynabeads with immobile S and S’
linkers (dashed line). The lines are drawn as a guide to the eye. The error bars represent the standard deviation
from five independent images at each temperature.

much broader (width 6.5 + 1.7 °C) than the transitions observed for the immobile-DNA-
coated particles, which are extremely sharp (~1-2°C, as is usual for these linker densi-
ties [64]). A detailed comparison with the more elaborate immobile-DNA coated colloid
data of Wu et al. [179] leads to the same conclusion. Assuming an interparticle binding
distance of roughly the DNA linker length, [11] it follows from geometrical considera-
tions that at our lowest and highest mobile linker densities (1700 and 4300 linkers/bead)
there are, respectively, about 12 and 30 linkers in the contact zone within reach of the
linkers on the partner particle, that is, if we neglect the accumulation of linkers in the
contact zone upon bond formation (Fig. 4.4e). These lower-limit estimates roughly cor-
respond to immobile-DNA-coated colloid systems with sticky end fractions y = 0.1-0.15
in ref [179]. There it was found that the transition width is 1.5°C for y = 0.1 and 1.2°C
for y = 0.2, with even sharper transitions as the number of linkers in the contact zone
increases further. Due to the somewhat different buffer conditions (73 versus 50 mM
NaCl in our experiments) we cannot directly compare the dissociation temperature at
50% singlets (Tyy,), but the strongly different width of the curves does support the con-
clusion that the broad transitions are a distinctive property of our mobile-DNA-coated
colloids. A couple of theoretical studies on other types of systems also suggest that bind-
ing group (im)mobility leads to qualitatively different equilibrium interactions, [180, 181]
but a simple conceptual understanding of the broad transitions is still lacking. It is im-
portant to realize, though, that the equilibrium interactions are no less predictable or
user-tunable for particles with mobile binding groups than they are for immobile bind-
ing groups. One only needs to account for the fact that the equilibrium distribution of
mobile linkers is not strictly uniform but the direct result of other system parameters
that could be included in an appropriate model (for instance, building on the analytical
theories of refs [68] and [114]).

The less dramatic dissociation transition that we observe for our mobile-DNA-coated
colloids provides a much larger temperature window for equilibrium self-assembly and
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should thus facilitate the formation of well-organized structures. Moreover, even if we
cool quickly to temperatures below the equilibrium self-assembly window-where the
bonds are very strong-we find that the mobile-DNA-coated particle clusters are much
more compact and ordered than the typically fractal-like low-temperature aggregates of
immobile-DNA-coated colloids, as is exemplified by an increase of the average number
of nearest neighbors from 2.6+1.0 to 3.4+1.2 in parts a and b of Fig. 4.7, respectively.
Ramping the temperature down more slowly, from 52 to 25°C in 3 h, still gives slightly
better structures, raising the average number of nearest neighbors to 4.2+1.3 (Fig. 4.7¢),
but even without any fine-tuning or annealing one can get good self-organization results.
It is noteworthy that when the temperature is increased, the clusters of mobile-DNA-
coated particles develop a “floppy” character while the particles are still connected, in-
stead of “shattering” in a sudden transition from a tightly bound to a fully unbound state
the way immobile-DNA-coated colloids do (compare Supplementary Movies S1 and S2,
which is provided in the Supporting Information of ref. [69]). We speculate that these
observations are due to a collective mobility of the bonds in the contact zone that al-
lows particles to more easily roll around each other and rearrange, besides the mobility
of individual linkers when they are not bound.

5 um

Figure 4.7: Self-organization of complementary microparticle mixtures functionalized with either immobile or
mobile DNA linkers. 1:1 mixtures of S- and S’-functionalized particles were cooled quickly from a fully disso-
ciated state at 52°C to a fully associated state at 25°C in 15 min. The bright-field snapshots show the resulting
structures for (a) 1.0um diameter particles with immobile DNA linkers and (b) 2.0 um diameter particles with
mobile DNA linkers. (c) The same sample as in panel b after redissociating and slowly cooling from 52 to 25°C
in3h.

4.4. CONCLUSION

We have demonstrated a novel system of hard, nondeformable particles that interact
specifically and reversibly through DNA binding groups that are fully mobile along the
particle surface. These colloids display qualitatively new behavior, including a much
broader association/dissociation transition than is common for colloids with immobile
binding groups. The observed accumulation of linkers at the interparticle contacts sug-
gests that the binding group mobility could also enable other types of new behavior, for
instance in the form of “selflimited” association processes [95, 182-184]. And, whereas
the current focus mostly was on equilibrated systems, one could also obtain time-dependent
properties that depend on the flux of binding groups along the particle surface. This
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could be done by tuning the different time scales in the system, in particular through the
particle size, the linker coverage, and the rate of temperature change. The facile manip-
ulation of the solid particles and the temperature-tunable binding strength of the easy-
to-image fluorescent DNA linkers enable detailed quantitative investigations. Moreover,
the particle functionalization uses no harsh coupling chemistries and requires only com-
mercially available components, and the DNA linkers could even be used to attach other
types of binding groups. We therefore expect this new model system to be broadly ap-
plicable and to deepen our fundamental understanding of a range of bioinspired self-
assembly approaches and of other systems with surface-mobile binding groups, for in-
stance, biological ligand-receptor interactions.

We thank Ralf Richter and Galina Dubacheva for facilitating and collaborating on the QCM-D measurements,
the group of Daan Frenkel —especially Bortolo M. Mognetti and Patrick Varilly — for useful discussions, the
AMOLF technical support for equipping our microscope setup with temperature control functionality, and
Huib J. Bakker for a critical reading of the manuscript.
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Mediating the self-assembly of micro-particles into secondary structures using DNA link-
ages has shown to be a promising strategy for steering the self-assembly towards com-
plex, functional particle-based materials. In order to control the structures into which
the micro-particles assemble, it is essential to accurately tune the interaction strengths in-
duced by the complementary DNA base-pair interactions. In this context, it has recently
been shown with simulations that a fine balance between repulsive and attractive inter-
actions in combination with the possibility for the DNA molecules to diffuse over the sur-
face of the particles, can lead to crystal structures with a wide variety of order parame-
ters. In this chapter we show the development and first results of force measurements de-
signed to quantify the interaction strengths between silica surfaces decorated with surface-
mobile DNA linkers under various conditions. Two complementary techniques are de-
scribed that both rely on optical tweezers to accurately apply forces to connected micro-
particles. The first is based on a combination of a high-numerical-aperture optical trap
with high-resolution, reflection interference contrast microscopy (RICM) and fast video
image processing. RICM provides nanoscale resolution of the 3D bead position on short to
long time scales (milliseconds to minutes), which is required to measure the force at which
the optical trap pulls on a DNA-coated particle when it detaches from a DNA-coated flat
substrate. We are still developing this technique and here we present the efforts that so far
went into building this instrument. The second technique is based on two optical traps of
which one can be automatically steered to bring two DNA carrying beads in close contact
after which they are pulled apart. The setup used for this technique was readily available
and here we present the first, preliminary results on the interaction strengths between two
bound particles by surface-mobile DNA bridges.

71
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5.1. INTRODUCTION

In biology as well as in synthetic self-assembly systems it is essential that the basic con-
stituents that built up the intended final structure can recognize their correct binding
partners even in a typically crowded micro environment. This is achieved by the possi-
bility of the molecular building blocks to continuously bind and unbind with each other
so as to dynamically probe their surroundings and find the best fitting partner. How well
two molecules fit is defined by their chemical and physical properties and the conditions
of the medium they are in. Better understanding of how these molecular characteristics
control the interactions will be beneficial for the development of more advanced self-
assembly processes and better targeted medicine.

One of the most desired current objectives in nano medicine is to be able to distin-
guish specific diseased cells from other healthy cells within their natural environment.
Acquiring the capability to pinpoint a specific type of cell would allow one to target it
with manipulative drugs while leaving surrounding tissues unaffected. This would for
example be useful for directing certain cytotoxic moieties to tumor cells. Currently, a
popular method to establish such selectivity, is to detect a tumor associated antigen and
target it with a high-affinity, monovalent, cell-binding agent. This would be a perfect
strategy if it were not for the fact that so far no antigen has been discovered that is solely
expressed by tumor cells. Thus, other healthy cells that display the same antigen will
be harmed as well. To enhance the success-rate of the current cancer treatments, this
strategy therefore needs to be improved [185, 186].

Physiologically, cells not only express different types of receptors to sense their envi-
ronment, they also tune their spatial arrangement [187]. By concentrating receptors at
specific sites or distributing them evenly over their surface, cells are not only sensitive to
the presence of a specific molecule, but they can also tune the sensitivity to the molecule’s
concentration. For example, leukocytes are only attracted by cells if they display multi-
valent arrays of glycosaminoglycans whose formation is controlled by the presence of
chemokines. If the surface density of glycosaminoglycans is too scarce, no leukocyte will
bind [188].

Tumor cells can respond differently to certain cues than healthy cells. For this pur-
pose, the orchestration of the complex ensemble of molecules on their surface needs to
be different. This has been acknowledged by Carlson et al., who exploited a well-studied
immune response known for inducing a barrier to xenotransplantation. An important
player in this process is galactosyl-(1-3)galactose (a-Gal) carbohydrate epitope which is
abundantly expressed on the surface of nearly all mammalian and bacterial cells. How-
ever, because of the absence of functional glycosyltransferase, no a-Gal is displayed on
human cells. Instead, humans and other species lacking glycosyltransferase, generate
high levels of antibodies (anti-Gal IgG & IgM) driving the acute rejection of xenotrans-
planted organs. What is interesting for the scope of this study is that the bivalent anti-
Gal IgG and decavalent anti-Gal IgM interact only weakly with a single a-Gal epitope
but bind with higher functional affinity to multivalent arrays of the carbohydrate. This
selectivity for surface receptor density was utilized to target tumor cells based on their
high expression of a3 integrins. Using a synthesized bifunctional compound to ren-
der ayf3 presenting cells with a-Gal, Carlson et al. succeeded in selectively targeting
and killing tumor cells while leaving "healthy cells’ untouched (Fig. 5.1). Using the same
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Figure 5.1: Schematic representation of how multivalent interactions can target cells based on the coverage
of specific surface moieties. Carlson et al. developed a bifunctional conjugate containing a nonpeptidic RGD
mimetic and the a-Gal epitope [189]. The RGD mimetic binds with high affinity to avf3 integrin. Exposing
cells with this conjugate therefore renders their surface with a-Gal. a) Cells in which the ayf3 integrin is up
regulated automatically also display a high number of a-Gal and hence become targets for anti-Gal antibodies
resulting in cell death. b) Cells with low levels of ay 3 stay immune for the antibodies and remain unaffected.

multivalency principle, Davis et al. successfully targeted cancer cells with nanoparti-
cles based on their over-expression of human-transferring-protein receptors [190]. In
addition, several theoretical studies have been performed to explain the substantial dif-
ference in binding affinity between certain multivalent systems and their monovalent
counterparts [182, 191-198]. In particular, Martinez-Veracoechea et al. formulated a
generic explanation, that allowed them to present a basic set of rules for the design of
guest particles that selectively target surfaces with a concentration of receptors greater
than a critical value [199]. Although their predictions could be reproduced with Monte
Carlo simulations, direct experimental realization of super-selective particles has still not
been accomplished. Encouraging results have been obtained by Dubacheva et al. who
observed superselectivity in the multivalent binding of hyaluronic acid (HA) polymers
modified with various number of 8-cyclodextrin to ferrocene presenting self-assembled
monolayers (SAMs) [200]. The demonstration of pronounced superselectivity together
with the great degree of tunability renders their system very helpful in understanding
multivalent interactions in biological systems.

A potential application for multivalent, mobile interactions which is more in line with
the scope of this thesis, may be found in colloidal self-assembly. Recent theoretical work
has indicated that colloids coated with mobile interactions can crystallize into crystals
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with a low coordination number and open structure without the need for patches as was
previously thought [17]. The theoretical predictions in this work rely on certain descrip-
tions for the interactions between the particles. Our work could provide the experimental
tools to elucidate to what extent these descriptions hold. For this purpose, we have de-
veloped a model system comprising the interactions between two solid objects mediated
by short, surface-mobile DNA bridges. The two opposing solid supports are in this case
either two micro-particle or a micro-particle and a coverslip surface. The surface mobil-
ity of the DNA strands is achieved by integrating them by one end into a lipid bilayer with
which the solid surfaces are coated. By varying the linker density, the maximal number
of possible bonds, i.e. the valency, is tuned.

In this chapter we demonstrate two methods with which the binding selectivity can
be assessed via the strength of the multivalent DNA bridges. The first is based on a com-
bination of a high-numerical-aperture optical trap with high-resolution, reflection in-
terference contrast microscopy (RICM) and fast video image processing. RICM provides
nanoscale resolution of the 3D bead position on short to long time scales (milliseconds
to minutes), which is required to measure the force at which the optical trap pulls on the
particle when it detaches. We are still developing this technique and here we present the
efforts that so far went into building this instrument.

The second technique is based on two optical traps of which one can be automati-
cally steered to bring two DNA carrying beads in close contact after which they are pulled
apart.

The setup used for this technique was readily available and here we present the first,
preliminary results. As our model system of micro-particles coated with mobile DNA
strands relies on the anchoring of DNA into a lipid bilayer, we first investigated if the an-
choring at certain conditions could be disrupted by applying a force. For this we used
a slightly modified system in which cholesterol bearing DNA strands were strongly cou-
pled to one bead through a streptavidin-biotin coupling. A second bead, coated with
a supported lipid bilayer, provided the anchoring sites for the cholesterol groups on the
former bead to bind with. By bringing these beads into close proximity and subsequently
pulling them apart, the likelihood of binding and unbinding was assessed at varying den-
sities of cholesterol-bearing DNA strands.

Similar experiments were finally conducted to measure the force required to break
two particles held together by mobile DNA linkers. Like with the anchoring-strength ex-
periment, we varied the density of DNA linkers e of the rupture force to unravel the de-
pendence of rupture force on the number of linkers participating in the bond. Although
limited by the narrow force range permitted by the instrument, the obtained force spec-
tra do already indicate the expected increasing rupture force as a function of the number
of linkers. These first results demonstrate the usability of our model system, thereby
providing the encouragement for future measurements to unravel the actual underlying
relation between binding strength and linker density.

5.2. THEORETICAL BACKGROUND

In the field of dynamic force spectroscopy a lot of effort has been put in providing a the-
oretical framework that describes the interaction strengths of bonds between single or
multiple molecular bonds. This theoretical understanding finds its roots in the work per-



5.2. THEORETICAL BACKGROUND 75

formed by Bell and later Evans who analyzed the failure of single-molecule bonds under
stress [118, 201]. In their model they approach the binding and unbinding of a molecular
bond as a transition reaction which can be written as,

k.O

A+B=C, (5.1)
kQ

in which the molecules A and B form complex C and kg and k9 are the intrinsic rates for
the binding and unbinding of the complex. In the absence of an external force, such a
bond can be described in terms of a free-energy landscape extending over the reaction
coordinate x, i.e. the separation distance between the molecules A and B. A typical free-
energy curve of a weak bond is given in Fig. 5.2a.
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Figure 5.2: Schematic representation of a typical free energy landscape governing the weak interaction between
two biomolecules A and B. a) The free energy surface with a minimum-to-barrier distance Ax = x; — xg, the
activation energy AG and intrinsic binding and unbinding rates, kg and kg in the absence of an externally
applied force. b) By applying a force, f (dashed line), to the molecular bond, the Bell model assumes that the
free energy surface tilts thereby decreasing AG and Ax. As a consequence, the off-rate, ky (f), surpasses the
intrinsic off-rate, kg. The free-energy surface in the absence of force is indicated by the thin line, while the new
situation at a non-zero force is represented by the thick line.

The local minimum, xj indicates the most favorable position of the bond. In order to
break the bond, work has to be applied so as to overcome the potential barrier located
at x¢. A bond is indicated as weak if the magnitude of the energy difference between
the local minimum and the barrier, the activation energy AG, is on the order of nkg 7,
where n ranges roughly between 1 and 50, kg is Boltzmann’s constant and 7 the absolute
temperature. In this case, there is still a measurable timescale on which these bonds
rupture spontaneously.

The rupture probability can be influenced by applying a force to the bond. This is
achieved by coupling both molecules A and B to a mechanical force transducer, of which
a simplified schematic representation is given in Fig. 5.2b. According to Bell, applying a
force tilts the free energy curve so that AG decreases and the likelihood of bond-breaking
increases, see Fig. 5.2b. Based on concepts obtained from kinetic theory of the strength
of solids, Bell assumed that the force-dependent off-rate k, scales with the exponential
of the applied force f according to the formula:

k,(f) = kQe/xt/ksT (5.2)
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This model has been widely used to explore the kinetics of many different molecu-
lar transitions of bonds found in nature. It allowed for the determination of the intrin-
sic off-rate, k and distance between the free-energy minimum and the transition state,
Ax = x¢ — x9. By employing a constant pulling speed v so that the applied force grows
linearly with time ¢, as f(#) = rt with r = k.v and k. being the spring constant of the
force transducer, the mean rupture force is predicted to scale proportionally to the natu-
ral logarithm of the loading rate,

kgT ( rX; ) 5.3)

= T
Eq. (5.3) indicates that the rupture force, measured at various loading rates, when plotted
as a function of the natural logarithm of the loading rate should fall onto a straight line.
This approach has been the standard for many experiments in which a plethora of differ-
ent molecular interactions have been explored with a large range of different techniques.

However, it soon appeared that the force vs loading rate relation of many systems
does not fit to the f~Inr prediction. With the assumption that under an applied force
the on-rate, ky, quickly vanishes, these observations were ascribed to a succession of
multiple energy barriers along the rupture pathway [202]. Friddle et al., recently took the
challenging task to reassess a large part of the available force spectra and recognized that
the existence of multiple energy barriers is somewhat unnatural [203]. In addition, they
stress that a large part of the publications that utilized the multiple-barrier approach,
report distances from the energy minimum at binding to the “inner” barrier orders of
magnitude below 1 A. These seemingly counter-intuitive observations motivated them
to develop a model that circumvents the need for additional complexities in the unbind-
ing pathway. Their model builds further on previous analyses which included either the
rebinding possibility at slow loading rate or the fluctuations of rebinding interactions
within a cluster of bonds [118, 191, 204-211]. In both cases, the relation between the force
and loading rate displays an equilibrium regime which is characterized by a constant
nonzero force and a kinetic regime characterized by a weak loading dependence, f ~Inr.
As their model demonstrated an accurate interpolation between these two regimes for
both single- and multi-bond cases, we apply their analysis to predict the outcome that
we can expect for our system of colloids with multiple, mobile linkers.

In what follows, we summarize the expressions derived by Friddle et al. that we con-
sider to be relevant for us [203, 212]. They illustrate their approach using an adapted
representation of the free-energy surface as is shown in Fig. 5.3.

The process of unbinding under load is considered as an intermolecular potential
U(x) plus a harmonic spring V(x, ) = 1/2k¢(x — vt)>. For simplicity, both the bound
state of U(x) and the initial minimum of V(x, t = 0) are located at xy = 0, see Fig. 5.3a.
Then, the combined energy landscape E(x, t) = U(x) + V(x, t) ensures that at time =0
there is an impenetrable barrier to bond rupture. If the bonds are rigidly connected to the
force probes, the lifetime of the bound state remains essentially infinite until the probe
potential is translated far enough to create a second free-energy minimum, Fig. 5.3b. This
feature is fundamentally different from the previous model; it essentially means that a
harmonic potential ensures that a bond can rupture only if the applied force exceeds a
certain minimum value. When the translation of the harmonic potential is slow enough
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Figure 5.3: Schematic representation of Friddle’s interpretation of the free-energy landscape governing the
weak interaction between two biomolecules A and B [212]. a) The energy landscape, E(x) (thick line) of a
combination of a intermolecular potential U(x) (thin line) and an external harmonic potential V(¢) (dashed
line) positioned at ¢ = 0 at the free-energy minimum of the bond, x9. U(x) is here represented by a Morse
potential. b) The change in the combined energy landscape upon translating the external harmonic potential
from xp to xp.

it furthermore implies that rebinding processes become significant. At too high loading
rates the two approaches merge as the applied forces exceeds the minimum required
force very quickly so that rebinding becomes negligible.

Assuming that the time scale of intra-well relaxation is faster than any other time
scales of the system, the difference between the internal energy between the bound and
unbound states can then be described as,

f2

-—, 4
ke (5.4)

AU=Uy-V(0,vt=xp)=Up—
where U is the internal energy of intermolecular bond and x;, is the position of the har-
monic potential. For the average rupture transition to occur, the total free energy change
must be zero, AU — TAS =0, where AS is the entropy difference between the bound and
unbound states. Incorporating this in Eq. (5.4) gives the equilibrium force required to
rupture the bond,

fea = \/2ke(Us — TAS) = \/2keA Gy, (5.5)

where AGy = kg Tln(kg/ kg), is the equilibrium free energy change between the bound
and the unbound state.

For the multibond case, Friddle et al., built upon a continuum approach that repre-
sents such a system by the following differential equation [118, 191, 208, 211],

dNy

rd_f = —Npky(f/Np) + (Nt — Np) ka, (5.6)

where r is the loading rate, NV, is the number of parallel bonds of the N; total bonds
that are allowed to independently unbind and rebind, k, is the constant rebinding rate
of an individual molecule acting over a short distance from its retracted position while
the overall cluster remains bound and ky(f) is the unbinding rate. As with the single
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bond situation, two regimes appear. At slow loading rates fluctuations in the number
of closed bonds are relatively fast and the system establishes a meta-stable number of
bonds, N(f) = N:/(1+ k,(f/N)/k,). The stability of the cluster is lost when the force
exceeds the equilibrium force,

feq=NfsW [exp(BAGy, —1)], 5.7)

where fﬁ = kgT/x;, W(x) is the Lambert W-function, which is defined as the solution
for W to the equation We" = x, and exp(BAGyp,) = ka/ kO defines the equilibrium free
energy AGp, = AG, — AGy, of the closed bond AGy, relative to an open bond AG, within
the bound cluster.

In our system, colloids bind together via the hybridization of single or multiple com-
binations of two complementary oligonucleotides each comprising eleven nucleotides.
Such bonds derive their stability from a variety of small free energy changes associated
to hydrogen bond interactions. In our experiments we tried to measure both the inter-
actions between one pair of sticky ends as well as between multiple parallel pairs. These
interactions are probed using two optical traps that exhibit a Hookean response on the
trapped particles upon displacement. So far we performed the force spectroscopy mea-
surements at only one loading rate, which is why we solely estimate the expected rupture
forces using Egs. (5.5) and (5.7) to be able to put our preliminary results in perspective.
This comparison is presented in section 5.5.

5.3. OPTICAL TWEEZER TECHNIQUES

In this study, two potential methods to probe the force required to rupture the inter-
actions between multiple, laterally mobile DNA sticky ends are presented. Both these
methods rely on the manipulation of microparticles with optical tweezers (see Fig. 5.4a
and b). In the first method, which we refer to as the axial pulling method, a bead func-
tionalized with mobile oligonucleotides is brought close to a planar supported lipid bi-
layer carrying the complementary strands. After a specified time, the bead is pulled away
from the substrate to detect whether a bond has been made and to measure the force
required to break it. The trap displacement required to break the bond and the corre-
sponding force is measured by reflection interference contrast microscopy (RICM).

For the second method, which we refer to as the lateral pulling method, the foci of
two optical traps are brought at equal height above the substrate a certain distance apart
from each other, each trapping a particle carrying mobile oligonucleotides (see Fig. 5.4b).
The two beads are consecutively brought close together, kept at close proximity for some
time and pulled apart. A bond is detected when during the pulling phase both beads are
slightly pulled away from their respective trap centers. The distance at which the beads
are pulled away from their trap the moment the bond breaks reflects the rupture force.

Both techniques have their advantages and disadvantages. The axial pulling method
allows for the determination of the separation of two surfaces at subnanometer preci-
sion. Being able to accurately measure the surface separation inherently means a higher
precision in the rupture force. And although outside the scope of this thesis, the high
accuracy also permits the registering of molecular transformations upon a mechanical
force. A disadvantage of this particular technique is that the calibration of the stiffness of
the trap has to be done using image analysis, which is limited by the maximum capturing
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Figure 5.4: Schematics of the two presented methods to measure the rupture forces between multiple, mobile
DNA strands. (a) The axial pulling method. (b) The lateral pulling method. The arrows in both panels (a) and
(b) indicate the direction along which the optical traps are moved. (c) Composition of the areas outlined by the
rectangular frames in (a) and (b).

rate of the camera. Although the world of ultrafast cameras is rapidly growing, the sensi-
tive, fast cameras suitable for RICM are expensive and often still limited to frame-rates of
only several kHz, leaving high frequency events unaccessible. As a consequence, optical
traps with a high stiffness cannot be reliably calibrated.

High frequency calibration is possible with the lateral pulling method as it relies on
quadrant photon diodes (QPDs) that are capable of reaching acquisition frequencies of
hundreds of kHz.

A disadvantage both techniques suffer from is the capability to perform only one
measurement at a time. This low experimental efficiency defines an experimental time
in the order of days before sufficient statistics can be collected, while rare events become
even hardly detectable.

5.3.1. AXIAL PULLING METHOD: RICM

Reflection Interference Contrast Microscopy (RICM) is a technique that allows fast and
accurate tracking of the 3D motion of microspheres. For this purpose, a bead is illumi-
nated through the objective of an inverted optical microscope and imaged with reflected
light. A schematic representation of the setup can be found in Fig. 5.5a.

In short, monochromatic light is directed through a linear polarizer and deflected
by a polarizing beam splitter into a quarter-wave-plate-containing objective. The circu-
larly polarized light incidents the sample and the light that gets reflected is collected by
the objective to become linearly polarized by the quarter-wave plate again. Due to the
reflection however, the polarization is rotated 90° and hence trespasses the polarizing
beam splitter and subsequent analyzer and gets focused on the camera sensor. This se-
quence of polarizers tremendously minimizes the detection of internal reflections while
maximizing the intensity of the imaging light.

In our experiments the incident light rays are reflected by a micro-particle, which
due to its symmetrical and curved shape form the well-known Newton rings as shown
in Fig. 5.7a. For the rings to be formed, the components of the light reflected from the
coverglass-buffer interface and the underside of the microsphere must be mutually co-
herent and collected by the objective. Only the mutually coherent rays of reflected light
that cross in the object plane contribute to the interference pattern imaged by the ob-
jective. This creates a 3D interference pattern local to the object. Due to the high-NA
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Figure 5.5: Detailed schematic of the main microscope components required for RICM imaging in combination
with an optical trap. (a) Quasi-monochromatic light, generated by a mercury lamp (i) (Nikon intensilight)
is directed through a 546 nm (+ 12.5 nm) interference filter (ii) and focused in the back-focal plane of the
objective to achieve Kéhler epi-illumination. This light is filtered by a linear polarizer (iii) and guided with a
polarizing beam splitter (iv) (Edmund Optics) into the objective (v) (Antiflex EC “Plan-Neofluar” 63x/1.25 Oil,
Zeiss). A quarter-wave plate built inside the objective (vi) changes the light to circular polarization where after
itilluminates the sample (vii). Part of the light that gets reflected by the sample is collected by the objective and
passes through the polarizing beam splitter through an analyzer (viii) onto the sensor of the sSCMOS (PCO.edge
5.5) camera (ix).

(b) A 1064 nm laser (IPG YLM-5-1064-LP) (x), is guided by two mirrors into the beam expanding telescope (xi).
The expanded beam is subsequently guided into a steerable telescope (xii) that can steer the focus of the trap
in x, y and z directions by a manually controllable stage. This steerable telescope lens is additionally placed
on top of a piezo stage for automatic control of the trap depth. After being coupled into the objective by a
dichroic mirror which reflects 1064 nm light while transmitting lower wavelengths (xiii), the incoming beam
is focused into the sample (vii). A 50/50 beam splitter (xiv) is placed in the light path for projecting the beam
when reflected back from the sample onto a CCD camera (Hamamatsu) (xv), which facilitates the positioning
of the beam onto the camera image and analyzing its shape. For clarity the positions of the mercury lamp (i),
polarizing beam splitter (iv) and the sCMOS camera (ix) depicted in (a) are also included.

(1.25) oil-immersion objective, the focus has a very small focal depth, hence only a 2D
slice of the 3D interference pattern is visualized. Thus, the pattern of the Newton rings
depends on the object plane of focus. Typically, one will adjust the focus to produce an
interference pattern that contains the highest contrast. However, the position of this
high-contrast plane changes with the distance of the bead with the substrate, which
compromises the height measurement. Therefore, to circumvent issues generated by
continuously changing the focal plane, the measurements were conducted with the mi-
croscope’s focus fixed at the coverslip-bilayer interface. Maintaining the focus on the
coverslip/medium interface is achieved by utilizing a strict autofocussing protocol de-
veloped by Heinrich et al. and also described by Wong et al. [213, 214]. The protocol is
based on maintaining the z-position of the stage where the contrast of the image with
the area outside the image is highest. For this purpose the position of the aperture is ad-
justed so that one edge of the aperture is imaged by the camera. During the course of a
measurement, the variance of the pixel intensities in a small rectangular area covering a
portion of the pixels in- and out-side the aperture image is continuously monitored. Us-
ing a piezo-stage (Mad City Labs, Nano-OP50-M) that controls the z-position of the stage
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with ~0.1 nm steps, the stage is controlled to find and keep close to the position where
the measured variance is ~95% of its maximum.

Using image recognition software, the center and the phase of the minimums and
maximums of the ring patterns are determined to asses the lateral and axial position of
the particle. High-speed tracking of the lateral bead position is achieved by implement-
ing a series of algorithms developed by Wong et al [214]. Briefly, the center location is
refined by (i) weighted center-finding of intersecting intensity gradients; and (ii) normal-
ized cross-correlation of the pattern with horizontally or vertically flipped mirror images
of itself (see Fig. 5.7a-f).

Once the bead center is known, the intensity profile is analyzed to determine the
bead height and radius. Because we focus the objective at the plane of the coverslip/
buffer interface, its interference pattern dominates the detected intensity distribution.
Therefore, to enhance the signal to noise ratio of the signal coming from the particle, the
radial pattern is circularly averaged (Fig. 5.7g&h).

To extract the particle height, we correlate the averaged radial profile with a model
that is based on geometrical optics first proposed by Readler et al., 1992 [215] and further
improved by Heinrich et al., 2001 [213]. The model accounts for the fact that the illu-
mination of the mercury lamp has only temporal coherence. For an interference event
between two rays to be detected by the camera, the rays must originate from common in-
coming rays. Fig. 5.6 illustrates that the interference pattern is generated only by the rays
that reflect from the microsphere under normal incidence. From geometric principles,
the optical path difference in the schematic of Fig. 5.6b, is defined as

Ar)=2nVr2+(h+R2-R (5.8)

From Eq. (5.8) the phase difference is given by

5.9
dnn\/r2+(+R?2-R (5.9)
= +7

A

where r is the radial distance from the axis of symmetry, R is the radius of the particle,
and # is the height at which the particle is floating above the substrate. The value of the
refractive index n = 1.34 for the buffer solution and the wavelength was A = 546 nm. A
phase shift of § = 7 is introduced to account for the reflection at the high index glass
surface of the microsphere.

Extrema of the cosine of the phase shift A(r) determine the positions of the fringes
in the Newton-ring pattern. Due to the dependence of the reflected intensity on the
incoming angles through Fresnel coefficients, which is convolved with the diffraction-
limited transfer function of the microscope, the mapped interference pattern is addi-
tionally modulated. As recognized previously, this can be approximated by superposing
Gaussian contrast functions on the ideal radial intensity profile,

I(r) = Are ™ 4+ Aye 27 cos (A(r)) (5.10)

where A; 7 and by » are empirical fitting parameters. In our experiments, the height of a
particle above a lipid bilayer coated substrate is determined by fitting the radially aver-
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Figure 5.6: Illustration explaining the geometric principles of the model used to determine the height from
the Newton ring pattern obtained from the captured RICM image of a particle floating right above a substrate.
(a) Mlustration showing how an incoming light beam is reflected when it hits the particle’s surface in an angle
other than normal to the surface. The location of self-interference for the reflected rays is imaged above the
substrate at focus position P. (b) An example of the course of a light ray that approaches the particle under
normal incidence, causing the reflecting ray to hit the substrate at the same spot as where it originated from
and hence the location of self-interference is imaged at the substrate/buffer interface (P).

aged intensity profile as depicted in Fig. 5.7h, to Eq. (5.10). Typical fit results of a trapped
bead kept at different heights are shown in Fig. 5.7i.

Due to the substantial processing time the image analysis is performed off line. This
means that the images are first taken and stored after which they are fed to a Matlab
routine that repeats all the described processes of finding the particle center, computing
the radial profile and fitting for each individual image and stores the obtained %, y and
z coordinates as well as the other fitting parameters and residuals. This enabled us to
automatically analyze several thousands of images in the order of several minutes.
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Figure 5.7: The RICM pattern analysis procedure. To determine the lateral and axial position of a micropar-
ticle above a planar surface, the radial pattern imaged with RICM needs to be analyzed. This is achieved by
first localizing the center of the ring pattern followed by circularly averaging the pixel intensities a distance r
from the center. The center is localized by conducting a sequence of image processing steps. First, the center is
approximated by computing intersecting gradients. For a radially symmetric feature, the vast majority of inten-
sity gradients point either towards or away from its center. The gradient lines are obtained by convolving the
Gaussian blurred image (a) with a Sobel gradient operator and storing the direction (b) and squared magnitude
(c) at each pixel. The intersection of two gradient lines are accepted when both magnitudes are greater than a
certain threshold and the angle (a) between them is greater than 30° (d). In parallel, the cumulative sums are
computed, which are needed to calculate the center of the radially symmetric pattern as given by the weighted
2D average position of all suitable gradient intersections. The averages are weighted by the sine of the inter-
secting angle. The precision of the center of the bead is further improved by cross correlating the area indicated
by the black box in (d) with a diagonally mirrored version of itself. Performing the cross correlation for an area
around the ring pattern (the dashed box in d) gives a map of the level of correlation (e) and the coordinates of
its maximum correspond to the center of the concentric Newton ring-pattern. To achieve subpixel resolution,
alow-order polynomial is fit to a small range of cross-correlation data around the center and the location of the
maximum of the fitting curve is computed (f). Finally, the intensity profiles over all radial directions around
the center (g) are averaged and the resulting 1D radial profile (h) is fitted to the fitting function described in
the text in order to retrieve the height of the particle. (i) Resulting radial profiles and fits obtained from placing
the telescope lens, which defines the focus of the trapping laser beam and hence the height of a trapped bead,
at two positions x; = 0.0um and xp = 78.5um. The retrieved corresponding heights, h; and hy, were 31.3 and
78.5 nm respectively. See section 5.3.2 for an explanation on how lens displacements affect the height of the

trapped particle.
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5.3.2. AXIAL PULLING METHOD: CALIBRATION

In addition to the optics required for RICM, an additional sequence of optics is built
around the microscope to focus a 1064 nm laser into the sample in order to trap a mi-
croparticle. Details of the arrangement of the optical parts are schematically shown in
Fig. 5.5b. With the piezo stage to which the telescope lens is attached and which is con-
nected to the software we can control the focus depth of the optical trap and hence the
particle height with nanometer precision. How the manipulation of the piezo stage re-
sults in a displacement of the trap focus is illustrated in Fig. 5.8. Moving the telescope

Telescope Tube Objective
lens (L) lens (T) lens (O)
| i Oy fr fr fo fo
I I | [
| I | I I
I I I I I
I I I I I
] I I I |
I
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| ' [ VT [ \ |
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Figure 5.8: Schematic illustrating the relation between the displacement of the telescope lens to the final dis-
placement of the focus of the optical trap in the sample. In the image, two situations (i and ii) are compared in
which the telescope lens (L) in ii is moved by a distance Ax with respect to the situation in i. The quantitative re-
lation between the attributed Ax and the final displacement of the trap Ad is obtained using the lens equations
and the focal lengths of all contributing lenses. The focal lengths of the telescope, tube and objective lenses are
annotated by fi, fr and fo respectively. Ot is the object of the tube lens and It indicates the position of the
virtual image created by moving the telescope lens. To obtain the correct Ad one should also take into account
the extra refraction enforced by the different refractive indices of the glass substrate and the buffer solution of
the sample. The exact relation is explained in more detail in the main text.

lens forward by a distance Ax results in an equal displacement of the object plane of the
tube lens, thereby creating a virtual image before the object. This virtual image relocates
the object for the objective lens. With,

1 1 1 1 1 1 1 1 —-Ax

=t — — = — - — = — — e
fr Or I It fr Or fr fr—Ax sz(l—%)

(5.11)
2 Ax
PR b
' —-Ax
the object for the objective lens becomes,
2(1- %)
T a
O0=fo+fr—T=fo+ fr+ =1 (5.12)

AXx

Notice the sign change which is due to object and image being on the same side of the
lens. Then from eqs. (5.11) and (5.12) and the relation,

1 1 1 1 1

==t — = — 5].3
fo Oo Io 1Io fo+Ad 613
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we obtain

fé
Ad = —zAx (5.14)
fr

Due to refraction at the glass/water interface, the true beam focus moves only by
Ad = (nw/ng)Ad. From Eq. (5.14), the known focal lengths of the tube and objective lenses
of respectively 200.0 and 2.6 mm and the refractive indices of water and the Menzel®
glass coverslip of 1.33 and 1.52 respectively, a telescope lens displacement of 1.0 um is
expected to exert a trap displacement of 0.15 nm. The range of the piezo stage is limited
to 320 um hence we can move a particle over a height difference of ~47 nm. Consider-
ing the measured height difference at the extremities of the range of the piezo stage as
shown in Fig. 5.7i, Ah = 78.5 - 31.3 = 47.2nm, the theoretically calculated displacement
accurately predicts the experimentally attainable value.

How reproducible the expected focus displacement is, is determined by repeatedly
moving the telescope lens from maximum to minimum displacement while trapping a
3.56 um particle at a laser power of 0.8W and monitoring its motion relative to the un-
derlying coverslip. The resulting heights during such a ramp are plotted in Fig. 5.9. The

320

280

240

height (nm)

200
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Figure 5.9: The height of a trapped particle, g = 3.56um, upon repeatedly moving the focus of the trap in z
direction. At the start of each ramp, the lens was positioned at 320 um where the particle was held for 100 ms.
Then the lens was moved to 0 um at a constant speed of 320 um/s, kept there for 100 ms, and instantly moved
back to 320 um again. The ramp could not be simultaneously started with the recording, hence the recording
was started and stopped while the ramp was continuously repeated. Each applied linear motion is fitted to a
linear fit (orange lines) to extract the speed of the particle’s height displacement.

absolute maximum displacement attainable is deduced from the slopes of the linear fits
that cover the parts of the curve during which the lens was moving. The mean slope is
equal to —52.7 £5.7 nm/s, hence the maximum expected displacement of 47.2 nm can
be reproduced.

Next to the automatic displacement of the trapped particle, the stiffness of the trap
has to be determined. Because of the RICM functionality this can be done in x, y and z
directions. The stiffness calibration is done by recording RICM images of the Brownian
motion of a trapped bead at maximum attainable frame-rate of 1000 Hz at different laser
powers [216]. Then the obtained x, y and z displacements are expressed in terms of
their frequency components from which a power spectrum is computed. Each obtained
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spectrum is binned and is fit to the Lorentzian, Eq. (5.15), which yields the trap spring
constant k. in N/um in x, y and z directions.

kgT
PN =Pl = ———s- 5.15
(N =1x(NI 22y (21 [2) (5.15)
where v is the friction coefficient defined as
Y =6nnR (5.16)

and where D represents the bead’s diffusion constant, n the dynamic viscosity, kg the
Boltzmann constant, T the absolute temperature, f the frequency and k. the trap stiff-
ness. The radial cutoff frequency of the system f is defined as the frequency at which
P(f) is one-half its maximal value

ke

- 2ny’

Je (5.17)
where k. is the trap stiffness.

It is known that sampling Brownian motion with a camera is distorted by two impor-
tant effects [216, 217]. The first is due to the finite sampling time of the camera, meaning
that it collects data over finite integration times, thereby averaging events that happen
in between time points. This time averaging is often referred to as video image blur and
adds errors in the position of the tracked particle and also causes systematic biases when
quantifying fluctuations. The second effect is aliasing, which results in a contribution
to the frequencies of the measured spectrum by signal frequency components that are
higher than the sampling frequency. This principle is known as back-folding, and al-
though it does not affect the integrated power of the spectrum, it does change its shape
and therefore the cutoff frequency of the system. Assuming that the integration window
of the camera is rectangular the measured power spectra are corrected for both described
effects by applying the correction steps described by TeVelthuis et al. after which the real
power spectra are retrieved [216].

In Fig. 5.10a a typical power-spectrum of the fluctuations in z of a 3.56 ym diameter
particle trapped by the laser at an input laser power of 0.1 W is plotted. The powerspec-
trum is fitted to Eq. (5.15) and from the obtained f, the stiffness of the trap, k is calcu-
lated. Fig. 5.10b shows the stiffnesses of the trap at a range of laser powers, which verifies
the linear relation between the input laser power and k..

5.3.3. LATERAL PULLING METHOD: SETUP

A schematic of the used setup is given in Fig. 5.11. All the components in the setup are
build around a Nikon Eclipse Ti inverted microscope. Two optical traps are coupled into
the microscope each with their own wavelength, a 1064nm and a 808nm trap. In the
optical path of the 1064 nm laser there are two Acousto Optical Deflectors (AOD’s) posi-
tioned, one for either x or y deflections. These deflectors are controlled by custom-made
software, making the 1064nm trap fully steerable from the software, within an area of
25umx25um. After the light beams of both lasers have passed through the sample they
are split by a dichromatic mirror, directing each beam to their corresponding Quadrant
Photo Diode (QPD). Both QPD’s measure X, Y and Sum signals, where X=(I+I1I) - (II+1V),
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Figure 5.10: Determining the stiffness of an optical trap. (a) Typical powerspectrum (blue line) of the motion in
x direction of a micro-particle (& = 3.56um) trapped by the 808 nm laser at a power of 100 mW (input settings).
The spectrum is fitted to Eq.(5.15) (orange line) to extract the corner frequency, f, and the corresponding
stiffness, k¢, which are in this graph equal to 4.2 Hz and 2.4 pN/um respectively. (b) The stiffnesses of the 808
nm laser at different input powers probed with the same micro-particle as in (a). The obtained are linearly
proportional to the laser power with slope 0.02 and zero offset.

and Y=(I+II)-II1+1V), and Sum=I+II+II1+1V, see Fig. 5.11 for the symbol explanation.
The X and Y signals are normalized to compensate for fluctuations in light intensity, by
dividing the signal by the Sum. The resulting values range from -1 to +1 where only the
sub range -0.5 to +0.5 is considered to be linear. To visualize and record a sample, a cam-
era (Photometrics Coolsnap HQ?) is attached as well. The camera is also used to calibrate
the AOD’s.

5.3.4. LATERAL PULLING METHOD: CALIBRATION

Each time before a measurement is started a sequence of calibration steps was per-
formed. First the positions of both lasers are centered with respect to the camera image.
This is achieved by trapping a bead with one of the lasers and positioning it in the center
of the camera image by manually adjusting the x,y position of the corresponding tele-
scope lens. Then the AODs are calibrated by steering a bead that is trapped in the 1064
nm laser over a specified grid and recording the applied steering voltage and the actual
bead position on the camera image. A Hough Circle Transformation is applied to detect
the bead’s center from the camera images. From the constructed map the AOD voltages
are linked to positions in the sample. When the AOD voltage-to-um conversion is known,
the 1064 nm laser is set to 4.5V in the x direction which corresponds to ~5.5 ym. In both
lasers a bead is trapped and the z-positions of the focus points of both lasers are leveled
by based on the positions of two equally sized particles. To minimize hydrodynamic drag
effects occurring near the substrate surface, the beads are brought roughly 35 ym above
the substrate of the sample cell. The stiffness of both laser traps is determined by an-
alyzing the power spectrum of the displacements of the trapped particle by measuring
its corresponding QPD signal for a few seconds at a rate of 200 kHz. For this, both laser
beams are aligned such that the laser spots are circular and that all the light is projected
on the center of the QPD sensors. Each obtained spectrum is binned and the average of
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Figure 5.11: Schematic of the laser setup for the simultaneous trapping of two micro-particles by two indepen-
dent lasers. A 1064 nm (i) and a 808 nm laser (ii) are directed via reflecting mirrors and beam expanders into
the x and y AOD’s (iii). Through two corresponding telescope lenses (iv,v) which allow for the manual manip-
ulation of the beam focus position, the beams are coupled into the objective (vi). The objective lens focuses
both light beams in the sample after which the transmitted light is guided onto two separate QPD sensors (vii).
Each of the QPD sensors is divided into four quarters (I, II, Il and IV) that allow for the quantification of any
x, y deflections that the laser underwent upon passing through the sample, as is explained in the main text.

multiple spectra (= 10) is fit to the slightly modified Lorentzian as presented by Eq. (5.15),
p2 kB T
2m%y (f2+ f2)
By describing a trapped particle’s position x(#) in terms of its frequency components, a

Lorentzian fit to the power spectrum yields the trap spring constant, k. (Eq. (5.17)), and
the sensitivity, p in m/V of the QPD in the x direction.

P(f)=1x*(f)l = (5.18)

5.3.5. LATERAL PULLING METHOD: MEASUREMENT ROUTINE
For each measurement a pair of differently-sized beads was trapped by the two lasers,
where the smallest bead was always trapped in the stationary 808 nm laser. In Fig. 5.12
the deflections of both trapped particles in a typical measurement are plotted. A mea-
surement starts with an ’equilibration’ phase during which the particles are held far apart.
This is followed by an "approach’ phase during which the particle trapped in the 1064 nm
laser is moved towards the stationary particle. Then the particles are kept at close prox-
imity for 30 seconds (dwell’ phase) to allow for an interaction to take place after which
they are separated again. The recorded deflection signal obtained during this sequence
of events is corrected by subtracting the offset defined by the mean signal during the
equilibration phase and linear drift from the original signal and is subsequently filtered
using a Savitzky-Golay filter with a window length equal to 50 miliseconds and a poly-
nomial order of 3, to increase the signal to noise ratio which enables the rupture event
detection described later on.

Firstly, it can be seen that considerable deflections are recorded in the y direction
even when we displace the particle in the 1064 nm laser solely in the x direction. This
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Figure 5.12: Particle deflections in x and y corresponding to either a particle trapped by the 808 or 1064 nm laser
during the course of a typical measurement. No binding event was detected during this particular experiment.

is probably due to the imperfect AOD-controlled motion of the laser focus and the fact
that the opposing particles are not perfectly aligned. From here on we only consider the
deflections recorded in x.

Furthermore, notice the significant deflection shifts from the baseline during the ap-
proach and retract phases on both QPDs even when there are no molecular links between
the beads. Plotting the mean deflections of the 808 nm laser measured during the dwell
phase at different trap separations revealed that these shifts are a result from the overlap-
ping trap potentials at small separations (see Fig. 5.13). Here, the separation is defined as
the initial position of the center of the 1064 nm laser minus the induced displacement.
Below a certain trap separation both beads start experiencing a pulling force from the
other trap, indicated by a negative deflection of the 808 nm laser. The magnitude of this
deflection keeps declining upon decreasing the trap separation until the beads collide
and start pushing each other back towards their respective trap centers indicated by a
recovering deflection signal.

Similar behavior is expected to occur for the deflections of the bead trapped by the
1064 nm laser. However, the actual responses of the bead trapped in the 1064 nm laser
were obscured by two effects as can be seen in Fig. 5.14. The first effect is caused by the
movement of the laser. During the movement of the laser, the shape of the beam profile
slightly changes due to small differences in how the laser is aimed on the different optical
parts of the microscope which leads to slight changes in the position where the laser
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Figure 5.13: Relation between the mean deflections of a micro-particle trapped in the 808 nm laser and the
separation with the second 1064 nm trap.

beam hits the QPD sensor. The relation between the imposed response and the velocity
of the applied trap motion is obtained by performing linear ramps at different speeds
with the 808 nm laser turned off. The slopes of the deflection change at different speeds
were fitted to a linear model whose slope is used as the coefficient that relates the linear
distortion to the trap speed. After each measurement the assumed linear distortion is
computed by using the determined coefficient and applied trap speed and is subtracted
from the signal.

Secondly, in Fig. 5.14 it can be seen that the deflection signal is modulated with an
oscillation with a period between 0.1 and 0.2 seconds and an amplitude of ~0.05 um. By
measuring the laser power right after the laser exits every component in the setup while
continuously displacing the laser focus we observed that the modulation occurs after
the light exits the AODs. We believe that the imposed oscillation is caused by the light
creating a resonance in the AODs, whose frequency is set by the AOD dimensions and
can hence not be avoided.

deflection (um)

Figure 5.14: Zoomed part of the 1064nm response upon moving the laser focus in x-direction at a speed of 2.4
pm/s.
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When during the dwell phase a bond of measurable strength has formed, the absolute
deflections start increasing until the bond ruptures or until one bead is pulled into the
other trap. The calibrated and filtered QPD response of the 808 nm laser in x direction
during a binding and rupturing event is exemplified in Fig. 5.15.
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Figure 5.15: Example deflections of the 808 nm laser upon a binding and rupturing event (top) and its cor-
responding computed derivative (bottom). The shaded areas depict the approach and retract phases respec-
tively. The moment the bond breaks is indicated with the orange circle. The right graph is a zoomed part of the
retraction phase.

The moment at which the bond breaks is detected by computing the derivative of the
filtered signal and determining where its maximum is located. This value corresponds to
the maximum slope and does therefore not correspond exactly to when the bond breaks.
To determine the actual breaking moment we scan the QPD responses of the filtered sig-
nal back in time from the moment of maximum slope until a value is reached that is
within 95% of the minimum deflection. The deflection measured at that time point is
multiplied with the stiffness of the trap as determined for each pair of particles, corre-
sponding to the rupture force.

To distinguish between an actual rupture event and an event during which one bead
is pulled into the other trap, we use the magnitude of the standard deviation of the signal
right after a pull event. When a bond ruptures, both beads return to their equilibrium
positions in their respective traps, hence the standard deviation of the signal is similar
to the signal during the equilibration phase at the start of the measurement. Due to the
lower stiffness of the 808 nm laser and the smaller particle trapped inside it, an unbreak-
able bond always results in the particle trapped by the 808 nm laser being pulled into
the 1064 nm laser. An empty laser trap shows a deflection signal with a significantly re-
duced standard deviation. Distortions as a result of for example a third bead entering the
trap or the rare event of the bead trapped in the 1064 nm jumping into the 808 nm laser,
are detected in a similar way and are subsequently removed from the data set. The out-
lined detection protocol is put together in a Python program, allowing for the automatic
analysis of many consecutive measurements.
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5.4. MATERIALS AND METHODS

5.4.1. PARTICLE FUNCTIONALIZATION WITH IMMOBILE DNA

To measure the anchoring strength of cholesterol-modified DNA strands in a lipid bi-
layer, we slightly modified our main model system. For this, one micro-particle was
functionalized with cholesterol bearing DNA strands through a biotin-streptavidin bond,
while a second particle was surrounded with a lipid bilayer. The system is schematically
illustrated in Fig. 5.16.

0 cholesterol

— ds oligonucleotide
% = o (fluorescent) lipids
o X streptavidin

e 4 biotin

silica surface

Figure 5.16: A sketch of the experimental setup for assessing the strength of the oligonucleotide-bilayer cou-
pling. The composition of the area outlined by the rectangular frame is schematically illustrated in the center
image.

For this purpose, silica microparticles coated with streptavidin (¢ = 2.12um, mi-
croparticles.de) were functionalized with biotinylated oligonucleotides based on the method
described by Dreyfus et al [64]. Each DNA strand consisted of a 59 nucleotide long oligomer
(Eurogentec, Belgium), attached via a tri-ethylene-glycol (TEG) spacer to a 3’ biotin group.
The opposing 5’ end was coupled through the same TEG spacer to a cholesterol group.
The strand was hybridized with a 47 nucleotide long complementary strand bearing a
cholesterol on its 3’ end to establish a double anchor construct. The hybridization was
done at an overall concentration of 6.5 uM in 10 mM HEPES/150 mM NaCl buffer (pH
7.4) by slowly cooling from 90 to 22°C.

Different surface coverages were obtained by diluting the total number of functional
DNA strands (S) with a certain amount of inert strands (IN) which lacked the cholesterol
modification. The streptavidin coated silica particles were functionalized with N and S
DNA in the ratio y = ng / (ns+ ny) where ng and ny are, respectively, the number of S
and N DNA strands per bead. In each case the total number of oligonucleotides that
were added to the beads was kept constant at a level ensuring a 100 times excess number
of strands with respect to the available total bead surface area. For this purpose 5 ul of
bead suspension was mixed with 10 ul of a DNA solution at 6.5 uM concentration and
85 ul buffer, followed by a 30 minute incubation at 55°C which is below the melting tem-
perature of the double stranded tether which is ~80°C at 1 uM. This procedure has been
shown to ensure a reproducible, sufficient DNA-functionalization [10]. To remove ex-
cess and non-specifically adsorbed DNA we centrifuged (2000g, 25 seconds) and resus-
pended the particles in 100 ul 10 mM HEPES/50 mM NacCl buffer. The incubation/rinsing
procedure was repeated twice.
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5.4.2. VESICLE PREPARATION

For the preparation of small unilamellar vesicles (SUVs), the phospholipids 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC, Avanti), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (POPS, Avanti) and 1,2- dipalmitoyl- sn-glycero-3-phospho-ethanolamine-
N-[methoxy- (polyethylene glycol)-2000] (DPPE-PEG2qq9, Avanti) were mixed in a 190 :
10 : 1 molar ratio in chloroform. For visualizing and confirming the fluidity of the SLB,
0.5 mol % 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (TRITC, avanti) was added to the lipid mixture. The chloroform was evapo-
rated by a gentle stream of nitrogen and two hours of vacuum desiccation, whereafter
the lipids were rehydrated for at least 30 min in 10 mM HEPES/150 mM NaCl (pH 7.4) at
a concentration of 2 mg/mL. Small unilamellar vesicles (SUVs) were formed by sonica-
tion (45 min) with a tip sonicator (Branson, USA), operated in pulsed mode at 25% duty
cycle with refrigeration, followed by centrifugation in an Eppendorf centrifuge (30 min
at 20,000 g at 4°C) to remove any titanium particles that may possibly be present. SUV
suspensions were stored at 4°C.

5.4.3. PARTICLE FUNCTIONALIZATION WITH MOBILE DNA

Silica microparticles were functionalized with lipids and cholesterol modified oligonu-
cleotides using the method described by van der Meulen et al.[69]. The two main DNA
strands consisted each of a 59 nucleotide long oligomer (Eurogentec, Belgium), attached
via a tri-ethylene-glycol (TEG) spacer to a5’ cholesterol group. The final 11 nucleotides at
the opposing 3’ end were complementary so as to form the sticky ends and are from now
on referred to as S and S’. Like for the immobile DNA case, both S and S’ were hybridized
with a 47 nucleotide long complementary strand bearing a cholesterol on its 3’ end to
establish a double anchor construct. Different ratios of functional and inert DNA were
mixed in 9 pl 10 mM HEPES/150 mM NacCl buffer (pH 7.4) and 10 ul SUV suspension.
The vesicle/ DNA mixture was incubated for 30 minutes at room temperature to allow for
the DNA to anchor into the vesicle lipid bilayers. Then 10 ul of bead suspension (SiO,,
1 mg/ml) was added. The suspension was incubated for 5 minutes, after which 70 ul 10
mM HEPES/150 mM NaCl buffer was added. To get rid of excess and non-specifically
adsorbed lipids and DNA the bead suspension was centrifuged (1000g, 30 seconds) and
resuspended 5 times in 100 p1 10 mM HEPES/20 mM NaCl / F127(0.5 wt%) buffer. Before
use, the particle suspensions were diluted an additional 50 times.

5.4.4. SUPPORTED LIPID BILAYER FORMATION

For the axial pulling experiments custom-made sample cells were used. These sam-
ple cells were prepared by cleaning glass coverslips and objective slides by sonication
in, subsequently, 2% Hellmanex and Milli-Q. The coverslips were further cleaned in an
acid Piranha solution. For this purpose, 100 ml MilliQ was heated to 75°C after which 20
ml concentrated ammonium hydroxide was mixed with the solution. Under continuous
stirring with a magnetic stirrer, 20 ml H,O, was added and the solution was heated until
75°C. Once the solution started boiling, the coverslips were submersed and kept in the
solution for 10 min. Aftherwards, the coverslips were rinsed by sonication in fresh MilliQ
solution. Slivers of parafilm were used as spacers to create three side-by-side channels
with a nominal volume of 10 uL each, whereafter slides, coverslips and spacers were




94 5. TOWARDS MULTI-BOND FORCE MEASUREMENTS

bonded together by shortly heating the assembly until the parafilm melts. The entire
construct was sealed with preheated VALAP (Vaseline:Lanoline:Parafine (1:1:1), melting
point: 70-80°C). Fluids could still be exchanged through 1 mm diameter predrilled holes
in the objective slides. Finally, a SLB was formed by injecting 10 ul SUV suspension
(1 mg/ml) to a channel and incubating for 15 minutes after which the SLB was rinsed
three times with 200 ul buffer (10 mM HEPES/150 mM NacCl). Prior to the addition of the
microparticles, the SLB was rinsed twice with 200 ul buffer containing less salt (10 mM
HEPES/50 mM NaCl, pH 7.4).

5.4.5. SUBSTRATE PASSIVATION

For the lateral pulling experiments similar sample chambers were used as for the axial
pulling experiments but without the drilled holes. After cleaning the coverslips and ob-
jective slides with HellmanexII, the coverslips were exposed to UV/ozone for 30 minutes
and to hexamethyldisilazane vapor (HMDS, Sigma-Aldrich) for 15 minutes to render the
surface hydrophobic. Channels were made using parafilm slivers to glue the hydropho-
bic coverslip to a cleaned objective slide and the channels were pre-filled with 10 mM
HEPES/ 20 mM NaCl/ F127 (0.5 wt%) buffer (pH 7.4) after which the particle suspension
was added. The channels were finally sealed with pre-heated liquid VALAP.

5.5. RESULTS AND DISCUSSION

We have developed a model system consisting of micro-particles coated with mobile
DNA strands with which we aim to measure the interaction strength between multiple
diffusive weak bonds. Here, we present the results that we obtained by conducting the
measurement protocol associated with the lateral pulling method as described in sec-
tion 5.3.5.

5.5.1. ANCHOR STABILITY

Since our model system relies on the hydrophobic anchoring of the interacting oligonu-
cleotides to a lipid bilayer it is essential that while pulling on two linked particles, the
hydrophobic anchors do not detach due to the applied force. Therefore, we performed
pulling measurements on pairs of beads of which one was solely coated with a lipid bi-
layer and the other was functionalized with cholesterol exposing oligonucleotides that
were coupled to the particle’s surface by a biotin-streptavidin link. A schematic of the
measurement is provided in Fig. 5.16.

For these experiments the sample composition was slightly different as compared to
the conditions during the acquisition of specific oligonucleotide interactions. The NaCl
concentration was adjusted to 50 mM instead of 20 mM and the negatively charged POPS
lipids were left out of the lipid mixture. We changed these conditions because under the
former conditions no binding events were measured. We speculate that the lack of bind-
ing events was a consequence of the long-range repulsion between the bilayer and the
cholesterol-bearing oligonucleotides due to an imposed kinetic barrier too high for the
cholesterol to reach the bilayer. At the increased NaCl concentration and without any
negatively charged POPS lipids, binding events were detected. To assess the strength of
the anchoring of a single cholesterol-bilayer coupling, we gradually diluted the density



5.5. RESULTS AND DISCUSSION 95

of cholesterol-bearing oligonucleotides by mixing it with increasing amounts of oligonu-
cleotides without the cholesterol modification. The different ratios y of functional to
non-functional oligonucleotides that we tested at are 1.0, 0.05, 0.01, 0.005 and 0.001.
From basic geometry principles, we can estimate the number of bonds that can form
between two particles using [64],

N 2n)(pR2L_ 2 315y (5.19)
b = ~ .
P Ry+L

Here, p is the total oligonucleotide coverage (6.4x10% strands/um?), R, the particle ra-
dius (1.06 um), L the length of the oligonucleotides construct (~15 nm), and & = L the
distance between the particle surfaces. Hence, going from y = 1.0 to 0.001 encompasses
an expected range of possible bonds between ~100 and 0.1, thereby gradually increasing
the likelihood of assessing a single bond. For each experiment we ensured that the par-
ticles touched during the dwell phase by bringing the beads at a distance where the de-
flections progressed through a minimum deflection, which is an indication for the beads
pushing each other back towards their trap centers as mentioned in section 5.3.4.

In the majority of binding events that we observed the stiffness of our weakest trap
appeared too limited for the bonds to break. As a consequence, an insufficient num-
ber of rupture forces were measured to be statistically meaningful and therefore no force
distributions are presented. What we do present is the binding and unbinding probabil-
ities as a function of y, as plotted in Fig. 5.17. The probability of binding is defined as
the number of binding occurrences divided by the total number of trials. The number
of times the detected bonds could subsequently be pulled apart defines the unbinding
probability. For each density at least ten trials with different beads were conducted.
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Figure 5.17: Anchoring strength of double cholesterol-bearing oligonucleotides into lipid bilayers. The anchor-
ing strength is represented by the probability of binding and unbinding as a function of the density of anchor
bearing oligonucleotides y.

From the graph it becomes clear that at and above a y of 0.01 the binding events
suddenly become highly probable. Moreover, the detected binding events appeared to
have a non-zero unbinding probability only at a y of 0.01. At higher ratios no unbinding
events were observed. Due to the small number of rupture events and hence the lack of
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a properly quantified rupture force, we can only explain our observations based on pre-
viously reported off rates for the binding of double cholesterol bearing oligonucleotides
to a lipid bilayer in equilibrium [116]. According to these measurements, the off-rate in
the absence of force, kg, can be expected to be on the order of 10 x 107571,

Following the methods discussed in section 5.2, we model the binding process as a
Brownian particle trapped in a one-dimensional binding potential U(x), with the reac-
tion coordinate x describing the distance between the cholesterol molecule and the sur-
rounding lipids in the bilayer. At the preferred orientation of the cholesterol within the
bilayer (x = 0), U(x) should have a stable minimum which is surrounded by a region of
attraction that spreads until a certain coordinate x; outside which the cholesterol-bilayer
coupling is considered broken. Using Eq. (5.5), we can estimate the required minimum
force to break a single cholesterol-bilayer coupling using the optical trap. If we fill in the
estimated values for k§ = 10 x 1075 s71, k) = 100 Hz, ke =2x 107> N/mand T = 300 K, we
find an equilibrium force, feq ~1.5 pN. This force-magnitude is very close to the thermal
force scale, fg = kg T/x¢ = 4.1 pN, assuming a barrier location x¢ = 1 nm, corresponding
to the thickness of one bilayer leaflet. That the equilibrium rupture force is below the
thermal force scale implies that the anchoring is thermodynamically unstable, meaning
that the anchors should detach spontaneously without the need for an external force.
This is however, opposite to the equilibrium binding properties measured previously,
which indicated no significant unbinding on the timescale of hours [116, 117].

For multiple bonds, we estimate the equilibrium rupture force using Eq. (5.7). As-
suming the constant rebinding rate of an individual molecule acting while the total clus-
ter of bonds remains bound, k, = 109, the rupturing of a cluster of N = 2 bonds requires
an equilibrium force of 10 pN. In the slow-loading regime, the equilibrium force is as-
sumed to be linearly proportional to the number of bonds in the cluster, hence a total
number of 6 bonds would already require a force that is beyond the force range of 30 pN
permitted by our setup.

The estimated equilibrium forces for both single and multiple cholesterol-bilayer
couplings roughly correspond to the binding and unbinding probabilities as plotted in
Fig. 5.17. Binding events are seen for y = 0.01 — 1.0 which correspond to a number of
bonds in the order of 1-300. Moreover, only at y = 0.01 (~1 bond) have we measured
unbinding events while at y = 0.05 (~5 or more bonds) all binding events appeared irre-
versible. Given a maximum applicable force of ~30 pN, the measured binding and un-
binding probabilities are not unreasonable.

5.5.2. INTERACTIONS BETWEEN MULTIPLE ‘STICKY’ ENDS
Despite the possible interesting aspects of investigating the strength of the hydrophobic
anchoring of short oligonucleotides in lipid bilayers, the actual purpose of this study is
to measure the interactions between multiple, diffusing, short complementary oligonu-
cleotides. To this end, we measured the force required to pull two particles apart that are
bridged together by a varying number of complementary oligonucleotides embedded
in the lipid bilayers by which each bead is encapsulated. The single stranded oligonu-
cleotide extensions are referred to as ‘sticky ends’, whose specific sequences are given in
chapter 4.

A crucial requirement of this approach is that we are able to control the density of
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linking molecules on the particles’ surface. For this we compared fluorescence intensi-
ties of particles decorated with different ratios of functional to non-functional oligonu-
cleotides y equal to 1.0, 0.5 and 0.25, using confocal microscopy.

Equal ratios of particles with either FAM6-labeled (S) or Cy3-labeled S’ oligonucleotides
were mixed and imaged using 488 nm and 561 nm excitation lasers and correspond-
ing photo multiplier tube detectors. Using image segmentation tools implemented in a
Python script, we quantified the mean pixel intensity per detected feature. We analyzed
multiple images per ratio taken at different areas in the sample to finally compute the
normalized histograms presented in Fig. 5.18.
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Figure 5.18: The relative fluorescence intensity of microparticles functionalized with different ratios of fluo-
rescent and non-fluorescent mobile oligonucleotides. Confocal micrographs were processed by a sequence of
standard image segmentation algorithms provided by Python. a) Original image of the fluorescence intensity
detected with the 561 nm channel b) The original image was smoothed with a Guassian blur. c) Using Otsu
filtering the images were converted into a binary image. d) Features comprising pixels that were connected ac-
cording to a squared connectivity structure were grouped into individual features . e) The mean pixel intensity
of the features detected with the 561 nm detector of multiple time series taken at five different regions in the
sample were computed and plotted in an histogram. The lines are computed using a Kernel density estimator.
(Inset) Plot of the mean pixel intensity measured with both the 488 nm (circles) and 561 nm (squares) detectors
for each y, normalized to the mean pixel intensity for y = 1.0, as a function of y. The data is fitted to a linear fit
with zero offset (lines), giving slopes of 1.04 for the red channel and 1.14 green channel and corresponding X%es
values of 2.3 x 107 and 2.3 x 1073,

The average intensities measured for both channels appeared to be linearly propor-
tional to y with slopes close to 1.0. This indicates that the final oligonucleotide density
on the particles correspond closely to the ratios that were mixed during the preparation.
Being able to control the oligonucleotide surface density makes our model system suit-
able for our goal of measuring the interaction strength as a function of oligonucleotide
density. For this purpose, we applied the approach/retracting routine explained in sec-
tion 5.3.5 for ratios y of 0.0, 0.01, 0.1 and 1.0. The resulting forces measured using the
808 nm trap are presented in Fig. 5.19. The x axis is cutoff at 30 pN which is the upper
limit attainable by our instrument, hence all the irreversible binding events for each y
collapse into one point in the plot connected by a dashed line.

For the interpretation of the measured forces we apply the same analysis as per-
formed for the cholesterol-bilayer measurements, i.e. we use Egs. (5.5), (5.7) to estimate
the equilibrium rupture forces for single and multiple bonds respectively. For this we
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Figure 5.19: Rupture force distributions required to break single or multiple parallel bonds between
complementary, diffusive sticky ends. a) Individual histograms of the rupture forces measured for y =
0.0,0.01,0.1,and1.0. The number of trials per y are indicated by n. The number of events for a rupture force
> 30 for y = 1.0 originally reached 45, but was truncated for comparative purposes. b) Cumulative representa-
tion of the rupture forces presented in (a).

need a value for the activation energy, AGy, that represents the binding of two sticky ends
when they are both coupled to a separate particle. Leunissen et al., developed an analyti-
cal expression for the interaction potential between particles coated with single-stranded
DNA sticky ends that are connected to the surface by short, stiff double stranded tethers.
A very crude prediction from their model, is that the free-energy per bond, AGiether =
AGgolution — TASconf, Where AGSOlution is the free-energy of the same bond when free in
solution, T the absolute temperature and AS¢qyf is the entropic penalty resulting from
the confinement of the bond between the two particle surfaces [11]. AGgoluﬁon can be
calculated using the free-energy calculation method developed by Santa lucia et al. [218]
which is implemented by the online tool called mfold (http://unafold.rna.albany.edu/).
Entering the sequences of our sticky ends (see chapter 4) and the conditions correspond-
ing to our experiments, we find AGgoluﬁon =~ —5kg T. According to the study of Leunissen
et al., the configurational entropy cost is approximately -10 kg 7', hence AGyether = 5 kT
Combined with again a k;, = 100 Hz, Eq. (5.5) gives feq = 0.9 pN. This is substantially less
than the thermal force scale, fg = kg T/ x; = 4 pN, assuming x; = 1 nm, which means that
the bond is thermodynamically unstable.

Regarding the non-zero forces measured at y = 0 and the approximate number of
overlapping linkers at y = 0.01 to be approaching 1, any rupture events between sticky
end may be hidden among the non-specific binding events. The specific interactions be-
come measurable when increasing the sticky end density to 0.1, indicated by a shift of the
distribution to slightly higher forces as well as an increase in the number of unbreakable
bonds. This change in the rupture force might be due to the breaking of multiple bonds.
To estimate the equilibrium force for multiple bonds we use Eq. (5.7) again. Here we fill
in for the ky) = kp/(exp (AGo/ kg T) = 15-10° s~!, where k = 100 Hz. Together with the
remaining parameters already outlined above and k, = 10k?, we obtain an equilibrium
force, feq, equal to ~10 pN for N = 2 bonds. Assuming a linear scaling with the number
of bonds in the slow loading regime, this implies that already with a few parallel bonds
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the rupture force becomes too large for us to measure. Which is indicated by the number
of unbreakable events at y = 0.1 and 1.0. In conclusion, though the measurements here
clearly show that there is a relation between the rupture force and the number density
of bonds, what this exact relation is remains to be measured. Yet, due to the limited ac-
cessible force range of our instrument and the rapidly increasing rupture force with the
number of bonds, it is recommendable to change to an alternative measurement tech-
nique that enables probing at higher forces.

As already briefly pointed out, a considerable number of non-zero rupture forces
for y = 0 were measured. The origin of these interactions remains elusive, yet it is not
unlikely that it they were due to non-specific hydrophobic or electrostatic interactions
between the DNA and the bilayer, which might occur when the beads are pushed very
close together [219-221]. To reveal any existing relation between the separation at which
the beads are brought together and the occurrence of a binding event, we evaluated the
separation, s, between the two trapped particles during the course of an experiment as
defined by

s(X)=x-r—-rp—=61-0> (5.20)

where x is the position of the movable 1064 nm trap, r; and r, are the radii of both
trapped particles and §; and 6, the non-zero deflections induced by the overlapping trap
potentials at close contact. Fig. 5.20a provides a schematic illustration of this definition.
In practice the variables composing the separation yield high uncertainty levels, e.g. the
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Figure 5.20: Schematic representation of the evolution of the deflection signal 6 if two trapped beads are
brought beyond touching separation. a) Illustration of how the particle-particle separation s(x = x;) is de-
fined. b) Evolution of the deflection signals, &, of both traps during the approach and dwell phase of a typical
experiment. During the approach phase, the particle in the 1064 nm trap is moved towards the 808 nm trap.
At a certain separation, the particles inside these traps are attracted by the opposing traps, represented by a
changing 6. The moment the two particles touch but the traps are brought even closer together, the absolute
values of ¢ decline again, as the particles are pushed back into their respective traps.

sample to sample variance in particle size and the day to day difference in trap align-
ment. More importantly, the definition assumes that both trap centers are positioned
perfectly on the coordinates xgopg and xjps4. As this positioning relies on the interpre-
tation of camera images and manually adjusting the x and y positions of the telescope
lenses, the positioning process introduces large uncertainties. These factors combined
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generate a huge spread on the separation making it a unreliable representation for the
actual separation. As we have seen in Fig. 5.13, once the two traps come in close enough
proximity the trapped particles become slightly attracted by the opposing trap causing an
increasing absolute deflection signal |0]. Decreasing the separation even further eventu-
ally causes the particles to sterically interact, effectively pushing them back towards their
respective trap centers, represented by a decreasing |6|. How close the beads are together
is therefore indicated by the imposed deflection at close separation. However, when the
beads touch while their traps are still moving towards each other, the imposed deflection
goes through a minimum, hence certain deflection values may indicate two different
separations. As a consequence, just taking the level of deflection during the dwell phase
is also an insufficient indicator for the separation. To obtain a more suitable indicator,
we introduce the unit-less touch-ratio, 8, which is defined as the dwell phase deflection
divided by the minimum deflection measured during the approach phase dpjy.

In Fig. 5.21, the value of 8 obtained for each individual measurement is plotted, in-
cluding those where no binding event occurred. The figure additionally displays whether
a binding took place and whether this bond ruptured upon pulling. The binding events
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Figure 5.21: The binding and unbinding of two particles interacting through varying densities of diffusing DNA
linkers, y, as a function of the level of separation . Each dot represents a single measurement. A binding
event is plotted on the line annotated by 'y’ in which the reversible events are indicated in yellow. Each graph
represents the results obtained for y =0.0,0.01,0.1and1.0 .

predominantly occur at § < 1.0, which indicates that the beads should touch or be at
least very close to touching before the sticky ends can interact and bind. Secondly, only
at y = 1.0 a substantial number of binding events were measured at § > 1.0, of which
there was only one reversible.

The binding events for the other densities are not correlated to a certain separation,
they are extended over a wide B-range. Accordingly, as the only slight distance depen-
dence is seen for y = 1.0, only at this particular ratio it can be said that the interactions
are from specific DNA interactions. As the rupture events at lower ratios cannot be dis-
tinguished based on their separation level it cannot be excluded that we have been mea-
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suring non-specific interactions in all those cases.

5.6. CONCLUSION

This chapter revolved around the role of multiple diffusive weak interactions in both bi-
ological and synthetic systems. Recently published studies pointed at utilizing multiple
interactions to enhance the targeting of pathogens or tumor cells. We and others exem-
plified the beneficial effects of the diffusing characteristics for self-assembling colloids.

These studies are still at the brink of understanding the mechanism underlying pro-
cesses mediated by multiple weak interactions. The development of a simple model-
system in which the impact of different parameters like strength, mobility and density of
the multiple bonds can be studied is therefore desired. In this chapter we presented such
amodel-system based on solid colloids covered with a lipid bilayer into which short dou-
ble stranded oligonucleotides are embedded through a hydrophobic anchor. The ends
of the surface mobile oligonucleotides constitute a short sequence of 11 nucleotides that
is designed to be complementary to the ends of the oligonucleotides on a second set of
particles. This generates an attraction that bridges two or multiple complementary par-
ticles together. The strength of the attraction can easily be adjusted by e.g. changing
the length or sequence of the complementary ends, varying the surface density of the
oligonucleotides or changing the diffusibility by adjusting the lipid composition.

Secondly we presented two techniques that can be utilized to probe the strength of
the interactions, making them potentially suitable tools to unravel the influence of the
aforementioned parameters. Both techniques relied on optical tweezers and we referred
to them as the lateral and axial pulling methods. Since the development of the axial
pulling method was not fully completed, we only explained the principles of the tech-
nique and showed the first results of the calibration measurements.

The setup for the lateral pulling method on the other hand was readily available and
we have presented the first results of the force measurements. We were interested in the
magnitude of the force that is required to rupture the bonds between two particles as
a function of oligonucleotide density. We demonstrated that this density can be tuned
by mixing functional with non-functional oligonucleotides (DNA strands that lack the
complementary ends). The rupture-force measurements revealed that at high oligonu-
cleotide density the force to rupture the majority of the binding events was too high for
our setup to induce.

Lowering the relative density to 10% caused the binding occurrence to go down as
well as the number of unbreakable bonds. Strikingly, going to 1% or even 0%, although
the number of binding events dropped even further, the rupture forces required to break
the low number of binding events appeared to be very similar to the rupture-forces mea-
sured at 10%. This raises the question what interactions we have actually been measur-
ing.

The bead separations at which the beads were held to allow for an interaction, re-
vealed no specific pattern, i.e. unbreakable bonds or the binding events measured at 0%
density did not take place at specific separations. It has to be stressed that the noise level
in the separation is very high due to the high uncertainty in the variables defining the
separation. However, the noise levels are substantially reduced by the high number of
repetitions per condition and still no structural pattern can be observed. Hence, for the
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low density cases we cannot say with great certainty that the measured rupture forces
actually came from dissociating oligonucleotide ends.

It can be concluded however, that the number of irreversible bonds increased upon
increasing oligonucleotide density, which demonstrates the tunability of the model sys-
tem. Therefore, the endeavor of measuring the rupture forces using our developed model
system of colloids with surface mobile oligonucleotides is worth pursuing. Yet, for mea-
suring the magnitude of the rupture force required for these unbreakable bonds one is
advised to switch to other techniques. Existing methods that are more likely to be able
to measure the high rupture forces are AFM, Acoustic force spectroscopy [222], magnetic
tweezers or the centrifuge force microscope [223]. Alternatively, the strength of the indi-
vidual bonds can be tuned down by lowering the number of complementary nucleotides,
thereby reducing the rupture force of the combined multiple bonds.

In addition, it could be interesting to deduce the origin of the rupture forces mea-
sured at 0% density, which we now have simply attributed to non-specific interactions.
We have already studied the effects of ionic strength and lipid composition to reduce
their occurrence, yet the number of binding events could never be totally reduced to
zero. Information on what causes these interactions would help to find conditions were
the non specific attraction is reduced to a minimum and subsequently show whether the
rupture forces measured at 1 and 10% densities are coming from DNA bonds.

We thank Gijsje H. Koenderink for facilitating the optical tweezer setup and the AMOLF technical support for
implementing the required software adjustments.



CONCLUSION AND OUTLOOK

Inspired by the way cells interact with their surroundings through the use of surface-
mobile receptors embedded in their membranes, we investigated the beneficial effects
of such mobility on the self-assembly of micro-particles coated with DNA linkers. The
mobility of the DNA linkers on the surface of the micro-particles is achieved by combin-
ing the ability to coat silica particles with a lipid bilayer and the coupling of DNA strands
to lipid bilayers. We have shown thathe ability for the DNA linkers to diffuse over the
particle’s surface greatly enhances the self-assembly of the micro-particles into ordered
structures.

In Chapter 3 we have seen that there are multiple options to link short DNA strands to
a planar supported lipid bilayer (SLB). Some of these possibilities are unstable, meaning
that the DNA strands will slowly withdraw from the SLB when the supply of molecules
from solution is depleted. Much stronger binding can however be achieved when the
DNA strands carry two hydrophobic moieties. This can be done by hybridizing two single
oligonucleotides which both bear a hydrophobic anchor or by covalently coupling two
anchor molecules and coupling the combination to a single oligonucleotide.

Enlightened by the measurements in Chapter 3, we moved on to measure the effect
of the mobile DNA linkers on the particle aggregation. In Chapter 4 we have shown how
to coat silica micro particles with a lipid bilayer which included the anchored oligonu-
cleotides. We additionally demonstrated that the oligonucleotides were able to exert lat-
eral diffusion along a particle’s surface which consequently resulted in a homogeneous
oligonucleotide coating. By performing the aforementioned melting experiment, we ob-
served a considerable widening of the temperature window for equilibrium crystalliza-
tion. In addition, we observed that the formation of close-packed crystals occurred only
within several hours without the requirement for repeated temperature oscillations. We
speculate that both the widening of the temperature window as well as the ability of the
particles to move around each other when connected, enhances the ability for the parti-
cles to escape from any potential kinetic traps so that can more easily reach their equilib-
rium position in the structure. Hence, the crystallization of micro-particles can readily
be improved by using surface mobile DNA linkers.
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To obtain a more detailed view on the effect of the mobility of the DNA linkers, we de-
veloped a technique to accurately measure binding strengths between single molecules
as described in Chapter 5. This technique is based on reflection interference contrast
microscopy (RICM) in combination with an optical tweezer. With RICM it is possible to
measure the distance between the surface of a particle with an underlying planar sub-
strate with nanometer precision. By continuously registering this distance while moving
the particle with the optical tweezer, the force required to dissociate a particle from the
substrate can be measured. When a particle is coupled to the substrate and the trap is
moved up, the distance between the particle and the center of the trap increases, which
generates a force on the particle pulling the particle back into the trap. The particle will
jump back to the center of the trap the moment the bond breaks which is represented by
a sudden jump in the particle-substrate distance. The magnitude of the maximum dis-
tance right before the breaking of the bond multiplied with the calibrated stiffness of the
trap equals the rupture force. The development of this setup is still in progress. However,
we have been able to conduct equivalent measurements using an already available mi-
croscopy setup built around two parallel optical tweezers. The concept of the measure-
ment was conceptually similar to the one explained above, except for the replacement of
the planar substrate by a second particle. One particle was kept stationary by a station-
ary trap, while a second particle was move to and fro the other at constant speed. The
displacements of both particles relative to their respective trap centers were registered
by QPDs, and together with the pre-determined stiffnesses of both traps we were able to
measure the force of two dissociating particles.

By repeating the measurement a large number of times for different surface densi-
ties of DNA linkers, we obtained the first insight into the relation between the rupture
force and the number of linkers per particle. We have to stress that the number of data-
points that we have collected is still insufficient to establish a unified picture which is in
part a consequence of the limited force range of our instrument. Nonetheless, our mea-
surements, in combination with experiments and established theories published earlier,
reveal a force spectrum that can be expected for our model system of mobile bonds.

The facilitation of micro-particle crystallization by the introduction of surface-mo-
bile DNA linkers has motivated others to test our results with simulations [17]. In ad-
dition to the close packed crystals that we have observed, they also predict conditions
at which the particle aggregates equilibrate to crystals with a maximum valency that is
lower than the maximum number of neighboring particles of defined by the shapes of
the micro-spheres (the maximum number of neighbors with our particles is six for two-
dimensional structures and twelve for three-dimensional structures). Having a lower
maximum of binding partners allows for the self-assembly of crystals with lower coor-
dination numbers. An example of an arrangement that could possibly emerge is that of
the structure resembling the arrangement of carbon atoms in diamond crystals. Being
able to self-assemble micro-particles into diamond-like arrangements is of great inter-
est in this field of research due to its promising application in photonic materials. The
spacing between the particles in such crystals has namely been shown to posses a full
bandgap and is therefore used to develop materials in which the light can be captured
and controlled. Currently, it is only possible to make these structures on a small scale
with expensive photolithography or etching tools. Being able to form such structures
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spontaneously would make these structures a lot cheaper to make, hence it is worth-
while pursuing the research on our model system with surface-mobile DNA linkers.

The logical step to take in this research would be to carry on with the rupture force
measurements. The collection of data could be considerably accelerated if one would
switch to novel techniques developed recently enabling the simultaneous attenuation
of multiple particles and application of a larger range of forces. Examples of such tech-
niques are magnetic tweezers, acoustic force spectroscopy and centrifugal force spec-
troscopy [216, 222, 223]. Firstly, more data could be collected on the effect of different
linker densities on the most probable rupture force. How the density of linkers relates to
the most probably rupture force can then be fitted to the available models [181, 191, 199,
203].

Secondly, one could investigate the time dependence of the rupture force. By com-
paring the rupture forces for different periods of time at which the particles are allowed
to interact, would reveal the dependence of the DNA mediated interactions on the diffu-
sion of the linkers. This could then be repeated for other linker densities or at different
bilayer viscosities.

Aside from continuing with the force measurements it would also be interesting to
continue the development of self-assembled ordered structures. The aforementioned
valency effect should be attainable by adding a sufficiently large repulsive interactions to
the system. Whether these predictions are experimentally feasible would be an interest-
ing project.

6.1. FLEXIBLE PARTICLE CHAINS

We also recognized the value of our new model system for the research of flexible col-
loidal chains. There is a separate field of research that is particularly interested in the
packing of polymers on the nano/micro as well as on the macro scale [224-231]. A pur-
pose for which these colloidal chains are investigated, is for example to model the fold-
ing of DNA in chromosomes contained in the cell nucleus. Also they could help to un-
derstand the difference in maximum packing density for chains as compared with un-
chained particles. In addition, these chains could be useful for creating new materials
with useful electromagnetic or photonic properties [43, 232, 233]. We initiated a side
project in which we started making chains of our particles using the technique proposed
by Vutukuri et al., as schematically represented by Fig. 6.1 [229].

The experiment encompasses two electrodes positioned parallel in the suspension
of particles roughly 3-4 mm apart. When an alternating current is applied on these elec-
trodes at a frequency of 1 MHz and a voltage of 1-10 'V, an electric field of sufficient mag-
nitude for particle alignment is generated within the sample. Because silica has a dielec-
tric constant that is different from that of the solvent, the electric field imposes a dipole
moment on the particles which aligns with the direction of the electric field. The rapidly
alternating AC current prevents the particles and ions in the solution from following the
electric field. However, the oscillating direction of the induced dipole moments remains
the same for all particles and hence drives the alignment of the particles into strings.
In order to link the particles together when they are aligned, we used a palindromic,
self-complementary sequence for the sticky ends that allow all particles to bind with
each other. This particular sequence inherently carries additional variations at which the
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Figure 6.1: The assembly procedure of flexible particle chains. (a) Silica micro particles exert a dipole moment
when exposed to an electric field. This dipole moment drives the alignment of the particle into chains. (b) The
aligned particles are connected by palindromic sticky ends, which apart from particle bridging interactions can
form loops and hairpin bonds as well.

sticky ends can form a bond. A bond can be formed between strands that are attached to
the same surface and each sticky end can fold to bind with itself forming a so called hair-
pin. These additional binding options will compete with the desired particle-bridging
interactions yet will not completely inhibit the coupling between particles. Turning the
electric field off after having the particles aligned for several minutes, we monitored the
motion of the particle chains. An example of the motion of such a chain is presented in
the images in Fig. 6.2, which displays the configurations of the chain minutes after the
electric field had been turned off.

Figure 6.2: Flexible particle chain. Snapshot from a timeseries taken of a chain of particles (r = 0.65um) con-
nected by mobile DNA linkers at every 4 seconds. The white bar in the bottom right image represents 2.0 um.

The large variation in particle chain configurations, indicates the high level of flexi-
bility. To our knowledge, such flexibility has never been seen for particle chains before.
After repeating the same procedure at different conditions we got the impression that
this flexibility is controlled by the number of linkers forming the bonds. As can be seen
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in Fig. 6.3, in which we formed chains with larger beads while adding the same concen-
tration of DNA as compared to the smaller particles in Fig. 6.2, the chains are much stiffer.
We hypothesize that the more linkers are mediating the bond, the lower the mobility and
hence the lower the flexibility of the chain, but more measurements are needed before
such can be concluded.

Figure 6.3: Stiff particle chain. Sanpshots from a timeseries taken of a chain of particles (r = 1.03um) connected
by mobile DNA linkers at every 5 seconds. The white bar in the bottom right image represents 3.0 um.

When this project is continued, our hypothesis on the dependence of the flexibility
of the chain on the linker density should be further verified. A quantitative approach
that assesses the flexibility of a chain is by analyzing the persistence length of the chain.
Since the individual particles are easily tracked one can compute the angular correlation
between all the particles and hence calculate the persistence length from that.

Once we have sufficient control over the flexibility of the chains, we would be inter-
ested in how these chains would organize in confined spaces like droplets, resembling
the folding of DNA in a cell’s nucleus. Furthermore, we think it would be fascinating to
exchange the silica particles with particles that can exert active Brownian motion. Such
particles are obtained by covering one half of each particle with a platinum layer. When
dispersed in a solution including hydrogen peroxide, the hydrogen peroxide will react
with the platinum creating a driving force that propels the particles. We would be cu-
rious how the active Brownian motion of each individual particle affects the collective
motion of a chain of particles.

We thank Alfons van Blaaderen and Rao Vutukuri for useful discussions and sharing their expertise on making
linear particle chains.
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