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Abstract

This thesis presents work on the DNA directed assembly of colloids at liquid and solid

interfaces under specifically sculpted attractive interactions via depletion forces and/or a

magnetic fields. The highly specific and thermally reversible nature of binding between two

complementary single strands of DNA allows us to encode binding rules among various (solid

or liquid) components of the system. The thesis begins by presenting a new approach for

introducing mobile DNA linkers on oil droplets, enabling a reversible adsorption of colloids

at the oil/water interface. In comparison to previous cumbersome approaches involving

expensive biotinylated lipids, this simple method provides a relatively higher grafting density

of DNA anchors at the interface. Further, it is possible to kinetically control the surface

coverage of oil droplets with colloidal particles while preserving fully ergodic colloidal

dynamics on the droplets. The equilibrium nature of the absorbed colloids is illustrated by

exploring the quasi-two-dimensional (2d) phase behaviour under the influence of depletion

interactions. Colloids bound to the oil water interface are found to be significantly less

diffusive compared to their bulk counterparts. Simulation studies from a collaboration

reaffirm the experimentally observed phase behaviour and the nature of compositional arrest.

Further, some preliminary results on the phase behaviour of binary colloidal mixtures at the

oil/water interface are also presented. The last section of this thesis demonstrates an approach

for creating novel superstructures of DNA coated colloids (DNAcc) directed via an externally

applied magnetic field. Raspberry-like and long coaxial skeletons of smaller colloids around

larger superparamagnetic colloidal cores in a two component system are shown. The rigidity



xiv

of these mesoscopic superstructures is enhanced by adding a suitably functionalized third

component. Finally, the thesis concludes by presenting various dimensions that have emerged

out of this work and are being currently pursued.
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Chapter 1

Introduction

1.1 Preamble

As children, our imagination is set on fire while looking at interfaces forming soap bubbles

or foams. These omnipresent interfaces, whether between different phases of liquids, gases

or solids have also captured the fascination and scientific curiosity of researchers across

various disciplines for their importance in day-to-day life and industrial processes. For

instance, in biology, cell walls present a complex interface between the outside and inside

of the cell, the fundamental unit of all living organisms. Many industrial and technological

products such as cosmetics, paints, agrochemicals, medicines, petrochemicals, food, and

energy harvesting and storage devices derive their function from interfaces [1–3]. ‘Predictive

capability’ for governing the self-assembling behaviour of macromolecules and mesoscopic

particles into ordered structures and their controlled release at the aforementioned interfaces

could pave the way for the development of newer and better industrial formulations with

end-user functionalities such as personalised medicines and smart drug delivery systems

[2, 4, 5].

However, one of the key challenges that remains in appropriating complex self-assembly

is the creation of controlled and ordered patterns, such as quasi-2d patterns or small 3d
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scaffolds of many distinct colloids or nano-particles which could then be utilized as primitive

for building more complicated structures. For the creation of such 2d patterns and/or 3d

scaffolds, it is important to incorporate reversible - ‘polygamous’ interactions between various

colloidal species in the system. Further, it is also important to ensure that the thermodynamic

pathways to these desired equilibrium structures are kinetically accessible [1, 2, 4–7].

1.2 Thesis outline

This thesis presents work on the DNA directed assembly of mesoscopic particles at liquid and

solid interfaces under specifically sculpted attractive interaction via depletion forces and/or

magnetic fields. While DNA is mainly regarded for its biological function as the carrier of

genetic information, its unique structural properties make it an excellent tool for engineering

self assembling systems. Single-stranded DNA (ssDNA) having complementary arrangement

of base pairs hybridize to form a double-stranded DNA (dsDNA). The hybridization between

complementary base pairs can be reversed by increasing the temperature of the system. This

highly specific and thermally reversible binding between two complementary ssDNA makes

them an ‘intelligent molecular glue’ for holding mesoscopic particles together. With the ease

of chemically synthesizing and end functionalizing arbitrary bits of DNA, it has emerged as

one of the most promising monodisperse polymers and has opened a plethora of applications

for the non-biological materials engineering [6–8].

Throughout this thesis, DNA is employed as an ‘intelligent glue’ to reversibly bind

colloids and/or oil droplets coated with complementary (ssDNA) sequences. Streptavidin-

biotin chemistry is used to surface functionalize colloids and oil droplets with ssDNA linkers.

Using the right combination of DNA, it is possible to encode sequential binding rules among

various (solid or liquid) components of the system and control their release [6–8]. A precise

control over the assembly and release of particles at these liquid/solid interfaces could lead



1.2 Thesis outline 3

to the development of materials with tunable properties for optoelectronic applications and

programmable drug delivery systems. This thesis is organized in the following manner.

Chapter 2 presents necessary background information comprising the important colloidal

interactions and a detailed literature survey highlighting the utility of DNA as a tool for

assembling colloidal particles. Chapter 3, demonstrates a novel approach for functionalising

oil droplets with DNA that enables a reversible adsorption of colloids at the oil/water interface.

In comparison to previous cumbersome approaches involving expensive biotinylated lipids

[9, 10], this method provides a relatively higher (∼> 100 times) grafting density of DNA

anchors at the interface for binding colloidal particles. These colloids can then be desorbed

from the surface of the oil droplets by increasing the temperature of the system and reattached

upon cooling.

Further, chapter 4 demonstrates that it is possible to control the surface coverage of

oil droplets by colloidal particles, by exploiting the fact that during slow adsorption, com-

positional arrest takes place well before the structural arrest occurs. As a consequence,

we could prepare colloid-coated oil droplets with a ‘frozen’ degree of loading, but with

fully ergodic colloidal dynamics on the droplets. However, their diffusivities were found

to reduce by at least a fifth compared to their free counterparts in solution. Depending on

the solvent conditions, our seemingly simple system exhibits an unexpectedly rich quasi-2d

phase diagram of colloid aggregation. The equilibrium nature of the adsorbed colloidal phase

is illustrated by exploring their quasi-2d phase behaviour under the influence of depletion

interactions. As the concentration of free surfactant in solution is increased, the colloids

bound to oil droplets undergo a purely entropic transition from a fluid like phase to a compact

crystalline packing of colloids at the interface forming colloidal ’islands’. This transition is

attributed to the depletion interaction caused by the excess surfactant micelles in the system.

The experimentally observed phase behaviour is reaffirmed by simulation studies done in

a collaboration with Nuno A. M. Araújo’s group at the Universidade de Lisboa. These
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simulations of a simple model system illustrate the nature of the compositional arrest and the

structural ergodicity observed in the experiments.

Chapter 5 summarizes some preliminary results on the dynamics and phase behaviour of

binary colloidal mixtures at the oil/water interface. Various ratios of large (1.2 µm) and small

(0.5 µm) polystyrene colloids are bound to oil droplets and their phase behaviour is studied

above and below the critical micelle concentration (CMC)of Soduim Dodecyl Sulphate (SDS).

Despite the mobile anchoring of colloids that can support rearrangement of the colloids at

the interface and the size difference between the different kinds of surface bound colloids,

we do not observe any phase segregation for various ratios of the large to small colloids. It is

also observed that the presence of larger colloids forces the smaller colloids to aggregate at

the interface at a concentration of SDS much lower than the CMC. These preliminary results

present an exciting opportunity for designing recyclable bi-dispersed systems.

Further, chapter 6 presents an approach for directing the assembly of a multi-component

system of DNA-coated colloids (DNAcc) via an externally applied magnetic field. Using

the right combination of DNA it is possible to tune the sequential interactions for this multi-

hierarchical system while ensuring thermoreversibility of the assembled superstructures.

Colloidal superstructures with topological complexity such as ‘raspberry’ like and long

coaxial skeletons of smaller colloids around larger superparamagnetic cores are demonstrated

in a two component system. By adding a suitably functionalized third component, the rigidity

of long coaxial scaffolds can be enhanced, leading to greater stability of these mesoscopic

superstructures. Self-assembly of these long, straight, mesoscopic scaffolds of colloids can

be utilised as a primitive for building more complicated structures. Possible applications

for the work include their use as micro-fuse switch or template materials in efficient smart

energy-storage devices.

Lastly, chapter 7 concludes the thesis and presents an outlook for the future work and the

new dimensions that have emerged out of these experimental systems. The novel approach
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for functionalizing oil droplets with DNA linkers and attaching colloids at the oil water

interface detailed in chapter 3, presents a versatile model system for studying colloids in a

quasi-2d setting. An added advantage of the system is its ability to gently tune the colloidal

interaction potential. One of the most promising and exciting extensions of this work has

been the utilization of optical tweezers for trapping colloids at the liquid-liquid interface and

the observation of optical binding. It is demonstrated that the system can be successfully

used as a model system for colloids in quasi-2d settings and could be used to study optically

induced crystallization at the fluid-fluid interface. Among other things, attempts for building

a micron sized electrical fuse by utilizing a conducting layer in between our coaxial scaffolds

(chapter 6) are underway.

Parts of the findings presented in this thesis have been published or are awaiting submis-

sion as manuscripts are being prepared.

Publications

Experimental methodologies and data analysis techniques listed in chapter 3 and 4 have

contributed to the work published in

• Z. Ruff, S. H. Nathan, R. R. Unwin, M. Zupkauskas, D. Joshi, G. P. C. Salmond,

C. P. Grey and E. Eiser, Designing disordered materials using DNA-coated col-

loids of bacteriophage fd and gold, Faraday Discussion, 2016,186,473− 488DOI :

10.1039/C5FD00120J

• M. Zupkauskas, Y. Lan, D. Joshi, Z. Ruff and E. Eiser, Optically Transparent Dense

Colloidal Gels, (Chemical Science, 2017,8, 5559-5566, 10.1039/C7SC00901A)

The findings summarized in chapter 3 and 4 that form the core of this thesis are published in

• D. Joshi„ D. Bargteil, A. Caciagli, J. Burelbach, Z. Xing, A. S. Nunes, D. E. P. Pinto, N.

A. M. Araújo, J. Brujic, E. Eiser, Kinetic control of the coverage of oil droplets by DNA
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functionalized colloids, Science Advances, 05Aug2016 : Vol.2,no.8,e160088,DOI :

10.1126/sciadv.1600881

Manuscript under preparation from the work summarized in this thesis and other collaborative

projects

• D. Joshi*, M. Zupkauskas*, S.H. Nathan, J. Kotar, E. Eiser, Magnetic-Field Assisted

Assembly of DNA-Coated Colloids (manuscript under preparation). * - equal contri-

bution

• D. Joshi, A. Caciagli, M. Zupkauskas, E. Eiser, Phase behaviour of binary colloidal

mixtures in a quasi-two-dimensional environment (manuscript under preparation)

• A. Caciagli, D. Joshi, J Kotar E. Eiser, Optical trapping of colloids at liquid-liquid

interfaces

• P.Xu, Zhongyang Xing, D. Joshi, Y. Lan, Erika Eiser, Liquid-crystalline behaviour of

self-assembled clay/polymer nano-composites, (manuscript under preparation).



Chapter 2

Background – Colloids and DNA

Functionalization

Self-assembly is abundantly utilized by nature at all length scales to reliably produce complex

yet symmetrical structures from smaller building blocks [1]. Ordered aggregates found in

viral and bacterial assemblies, macromolecules, crystals, opals, micelles and vesicles are

some examples of the naturally occuring self-assembling systems [1, 2]. Utilizing bottom up

self-assembly techniques with mesocopic components as building blocks to engineer novel

materials and industrial formulations is one of the prime focuses of contemporary research in

condensed matter physics and materials science [2–5].

Engineered self-assembly mostly harvests non-covalent interactions to direct smaller

building blocks into an ordered target state upon equilibration. This equilibrated or ground

state of the system is determined by local interactions between its components and the

thermodynamic pathways leading to equilibration. Since the self-assembling processes are

primarily governed by thermal energy, ‘ideal’ building blocks for self-assembling systems

have certain size restrictions. They should be ‘small’ enough to exhibit stochastic motion

when dispersed in a medium but larger than atoms or small molecules so that we can handle

and manipulate them in the lab.
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Constant quest for finding suitable building blocks for designing materials with desired

optical, mechanical or electric properties has led to the discovery of several nano and micron

sized particles with well controlled morphologies and interactions. These comprise a class of

materials called ‘colloids’, composed of small solid particles or immiscible liquid droplets,

typically ranging from 1 nm to 1 µm in size, dispersed in a continuous liquid or gaseous

medium. For the dispersed particles to remain suspended in the continuous medium, the

thermal forces acting on them must be greater than or comparable in magnitude to the

gravitational forces. The effective interparticle interactions in colloids, also known as ‘the

potential of mean force’ depends explicitly on the temperature and their interactions with

the medium they are dispersed in [11, 12], while their dynamics is described by thermal

motion. The phase behaviour of colloidal suspensions is determined by their coarse grained

properties such as shape, flexibility and charge. Colloids represent one of the most diverse

classes of soft materials and are particularly relevant to our everyday lives for their ubiquitous

presence in food, paints, pharmaceutical, cosmetics and petrochemical industries [13, 14].

For instance milk - fat droplets and protein clusters suspended in a water-like medium, smoke

- solid particles suspended in air, foams, ink, butter and mayonnaise are all examples of

colloidal suspensions.

2.1 Dynamics of colloidal particles

In a dilute suspension colloidal particles resemble an atomic gas and their equilibrium

dynamics is characterized by Brownian (thermal) motion. An isolated micrometer-sized

particle dispersed in a liquid medium performs random motion due to its interaction with

the liquid molecules. Because of thermal fluctuation (∼ kBT ) the fluid molecules are in a

constant state of motion and they collide with the particle from random directions. These

collisions result in a net instantaneous force on the particle and force it into a random walk

through the medium i.e. Brownian motion. In 1905 Einstein described that the mean square
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displacement of such a particle would be given by [15]

⟨△ x2⟩= (2n)D △ t, (2.1)

where, △ x is the displacement in time period △ t in n spatial dimension. The diffusion

coefficient, D, is related to thermal energy by the Stokes-Einstein equation

D =
kBT

6πηR
(2.2)

where kB is Boltzmann’s constant, T is the temperature, η is the viscosity of the continuous

phase, and R is the radius of the colloidal particle. Jean Perrin, later experimentally verified

Einstein’s predictions. These days, using microscopes equipped with a digital camera, image

analysis and particle tracking algorithms, it is possible to measure the diffusivities of colloidal

microspheres and gather information about the solvent environment. In this thesis single

particle tracking experiments are utilized to estimate the diffusivities of 1.2 µm polystyrene

colloids bound to the surface of oil droplets and those moving freely in solution.

In a concentrated colloidal suspension, in addition to their interactions with the solvent

medium, colloids also interact with each other. Consequently, the phase behaviour of a

colloidal system emulates that of an atomic system and they self-assemble into gas, liquid,

solid, and glassy phases. A good control over their polydispersity and interaction potential

has made colloids ideal candidates for emulating atomistic or molecular systems and probing

their dynamics [14]. Behaviour of colloidal systems under given conditions can be largely

dependent on only three phenomena and their associated length scales – namely Brownian

motion due to the influence of thermal energy, the depth and range of the London-van der

Waals forces, and electrostatic interactions between the highly charged colloids and charged

electrolyte ions around them [11, 12]. Typical colloid-colloid interactions are elaborated in

the following sections.
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2.2 Interactions in colloidal suspensions

2.2.1 Hard sphere repulsion

Colloidal particles have definite geometries and are fairly solid and highly impenetrable. As

a consequence of the Pauli’s exclusion principle at very short inter-particle separations, the

colloid-colloid interactions are harshly repulsive. This implies that as soon as the particles

come in contact they interact through volume exclusion. For spherical colloids with a

hard-sphere radius R and inter-colloidal separation r, the hard sphere potential is given by

V =


∞ r ≤ 2R

0 r > 2R
(2.3)

2.2.2 London-van der Waals forces

London-van der Waals forces are quantum mechanical in nature and arise between all

molecules and particles irrespective of the medium (air, vacuum or liquid) they are in. When

two atoms/particles are brought in close proximity, instantaneous fluctuations in particles’

electric dipole distributions give rise to attractive van der Waals forces (also known as

London dispersion forces). These forces are very short ranged and exceed the thermal

energies for colloidal particles only in the proximity of contact. The net attractive interaction

between these instantaneous dipoles scales as Ar−6, where r is the separation between

these instantaneous dipoles and A is the Hamaker constant that depends on the square of

the difference in electric polarizabilities between the colloidal material and the solvent,

(ρcαc −ρsαs)
2 [11, 12]. For larger inter-particle distances these dispersive forces become

negligible compared to thermal energy kBT . Note that the van der Waals interactions can be

repulsive between dissimilar colloids in a dispersion medium when the value of the electric
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polarizability of the solvent αs lies between the polarizabilities of two colloids made of

different material [11, 12, 16]. Various uncoated nanoparticles have very high van der Waals

forces and tend to aggregate when dispersed in inert non-polar solvents.

The Lennard-Jones potential, given by Eq 2.4, is often used to model these short range

interactions arising from the van der Waals attractive forces and the hard-sphere repulsion

V (r) = 4ε

[
R

r12 −
R
r6

]
(2.4)

Here, r is the separation between the centers of hard spheres and ε is the potential at the

energy minimum (defined as r = 21/6R). The total dispersion interactions are obtained by

integrating pairwise over the volume of the interacting colloids and is given by

Vdisp(r) =−A
6

{
2R2

r2 −4R2 +
2R2

r2 + ln
r2 −4R2

r2

}
(2.5)

A potential of this form (Eq 2.5) is only accurate for inter-particle separations much

larger than the radii of the particles. However in colloidal suspensions, the size (hard-sphere

radii) of the colloidal particles is much larger than their distance of closest approach and

also the effective interaction between two colloidal particles decays over a distance much

smaller than their radii. In such a case, the Derjaguin approximation states that the total

interaction energy can be obtained by integrating only over the interaction between the two

facing surfaces. This further simplifies the form of net dispersion potential to

V (r) =−π
2R

ρ2Cdisp

12d
=− A

12
R
d

(2.6)

where, A is the Hamaker constant: A = π2Rρ2Cdisp, accounting for the dielectric properties

of the colloids and the solvent.
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Further, the dispersion forces acting between the colloids across a homogenous solvent

depend on their difference in polarizability per unit volume [12, 11]. The polarizability

density of the bulk phase is directly related to the refractive index, which is given by the

Clausius-Mosotti equation as

n2 −1
n2 +2

=
4πρα

3
(2.7)

where α is the polarizability, ρ is the density and n is the refractive index of the individual

colloidal particles. Hence, effective dispersion forces could be reduced to zero by attaining

refractive index matching between the solvent and the colloidal particles.

As a result of these strong attractive dispersion forces, colloidal suspensions aggregate

by falling into the energy minimum corresponding to hard contact. Methods like ‘steric’

and ‘electrostatic’ stabilization have been employed to prevent aggregation due to dispersion

forces in colloidal systems. Both methods try to replace the strong contact adhesive forces

by a weak, non-covalent adhesive force that aids in manipulating the assembly of colloidal

particles into desired structures. Steric stabilization is usually achieved by coating the

nano/micron sized particles with polymers or surfactant monolayers, whereas electrostatic

stabilization can be utilized in aqueous solvents where colloids can become charged and/or

surrounded by a hydration layer and hence preventing aggregation [16]. These are discussed

in the following section.

2.2.3 Electrostatic interactions: forces between charged colloids

Charged colloids of the same kind would exert an equal and opposite force on each other

when dispersed in a non-polar solvent. These pairwise additive Coulombic interactions are
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given by ,

Vc =
Q2

4πεr
(2.8)

where, Q is the net charge on each colloidal particle, r is the distance between their centers,

and ε is the dielectric constant of the medium. However, if the colloids were instead dispersed

in an electrolyte solution, the oppositely charged ions (counter-ions) from the electrolyte

would screen the direct Coulomb repulsion between the colloids. These counter ions will

form a halo around the charged colloid, known as the electric double layer or the Stern layer

and an exponentially decaying diffuse layer of ions in solution (Fig 2.1 ) [14]. This double

layer screens the effective surface charge of the colloidal particles for a distance greater than

its characteristic Debye screening length, κ−1 given by

κ
−1 =

√
4π

εk ∑
i

ρiq2
i (2.9)

The ionic strength I of the electrolyte, defined by (Eq 2.10), plays a key role in tuning the

electrostatic interactions between charged colloids and hence guiding their phase behaviour.

I = ∑
i

ρiq2
i = ∑

i
ρiez2

i (2.10)

Here, ρi are the densities of the added species (salt ions) i, e is the elemental charge and zi

the valence of the salt. Therefore, we can conclude that the Coulomb interaction is screened

by counterions and coions in solutions and decays much faster than the bare interaction. An

increase in the salt concentration effectively screens Coloumbic interactions and may lead to

aggregation.



14 Background – Colloids and DNA Functionalization

Fig. 2.1 Schematic representation of the Coulombic interactions present at the surface of a negatively
charged colloidal particle. The ζ potential is defined as the electrostatic potential of the system at the
shear plane, where counter-ions are no longer immobilized to the surface and hence don’t experience
a synchronised transport with moving particles. It is generally used as a good measure of the stability
of a colloidal suspension. Figure taken from Wikipedia

Hence, the effective electrostatic interaction between two charged colloids dispersed in

an electrolyte solution scales as e−κR/r, also known as the Yukawa potentia, is given by

VCoulomb =

(
QeκR

1+κR

)2
e−κR

4πεr
(2.11)

2.2.4 DLVO potential

A complete description of the inter-colloid interaction is given by combining the equations

for electrostatic and dispersion forces. Derjaguin and Landau [17] simultaneously with
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Verweij and Overbeek [18] independently proposed expressions for the effective inter-colloid

interaction between two charged colloids dispersed in an electrolyte solution, now known as

the DLVO theory. This theory describes the effective interactions between charged colloids

as a sum of two interaction potentials, an attractive potential VA due to the dispersion forces

and a repulsive potential VR due to the electric double layer

V =VA +VR (2.12)

Combining equations 2.5 and 2.11 the overall interactions between two identical spherical

colloids is then given by

VDLVO(r) =

(
QeκR

1+κR

)2
e−κR

4πεr
− A

6

{
2R2

r2 −4R2 +
2R2

r2 + ln
r2 −4R2

r2

}
(2.13)

It can be seen from equation 2.13 and Fig 2.2 that at short distances the DLVO potential

has a deep minimum and hence the system is more likely to aggregate here due to the

dominance of dispersion forces. However, for low salt concentrations the aggregation will be

prevented by strong electrostatic interactions and we will have stable colloidal suspensions.

As the salt concentration increases, the height of this electrostatic interaction decreases and

a secondary minimum appears. This is known as the flocculation minimum. At higher salt

concentrations these interactions are screened and the system favours aggregation [14, 12, 11].

If the Coulomb’s barrier is >> kBT , the system is said to be in a meta-stable equilibrium

else otherwise it will have an irreversible aggregation.

To save the colloids from sedimenting under the effect of gravity, usually the solvent

is density matched to that of the colloidal particles. This provides an effect similar to

microgravity and the colloids behave as if they have almost zero effective mass in the solvent.
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Fig. 2.2 Plot showing DLVO potential as a sum of van der Waals attraction potential (VA) and electric
double layer repulsion potential (VR) as a function of distance (r) from the surface of a spherical
particle. At a distance far from the surface of the colloid, both van der Waals attraction potential and
electrostatic repulsion potential reduce to zero. Near the surface is a deep minimum in the potential
energy due to the van der Waals attraction. The height of the repulsive barrier (close to the surface of
colloidal particle), determines the stability of colloidal suspension. For colloids having low surface
charge density (σ ) or potential, the energy barrier will be lower [11].

2.2.5 Depletion interactions

In a colloidal suspension having purely hard sphere repulsions, aggregation can also be driven

by addition of smaller particles (or polymers). This is a reversible attractive force having its

origin purely attributed to entropy. These interactions were first described by S. Asakura and

F. Oosawa [19], in the year 1958 where they derived an expression for an attractive force

acting between non-interacting particles suspended in a solution of macromolecules. They

concluded that the force was of the order of the osmotic pressure of the macromolecule and
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its range proportional to their diameter. This polymer/macromolecules induced attraction

between the colloids is an entropic effect, as the macromolecules have access to a larger

volume and hence a larger no of conformations when the colloids are aggregated [11, 12].

Fig. 2.3 Effect of depletion forces: (a) larger colloids are farther apart, feel an isotropic force on them
and have an exclusion volume around them that is proportional to the radius S of the smaller particles
(b) as they approach each other, reaching a separation less than 2S. (c) Once the exclusion volumes
overlap an attractive force appears that causes aggregation.

In a system having two different kinds of colloids, larger ones with radius R and smaller

ones with radius S, when the large colloids are far apart (Fig 2.3(a)), they move in a random

walk and experience an isotropic force from smaller colloids. The larger colloids have a

volume of exclusion around them wherein the smaller colloids are not permitted. As the larger

colloids approach each other to a separation between them of about 2S, smaller particles

experience a reduced entropy in this confinement and tend to escape from that gap. This

results in a local imbalance of small particle density which is experienced as an anisotropic

force acting on the larger colloids, which pushes them further together and hence favours

aggregation. This sets up an osmotic potential that draws the solvent out from the overlap

region and hence pulls the colloids together.

This depletion induced aggregation is reversible in nature [14]. The strength of depletion

attraction is proportional to the concentration of the depletant and can reach several kBT .

Hence to tune the strength of these interactions, we can either dilute the solution or increase

the temperature of the system. Similar effects could be produced by using polymers with

radius of gyration Rg, which cannot unfold themselves beyond Rgwhile free in solution. One

major advantage of using active polymers such as PNIPAM) [20] instead of hard particles
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is that their radius of gyration is tuneable with temperature, which can allow us to tune the

range of attraction with small changes in temperatures [14].

2.2.6 Steric stabilization

While free polymers in solution can cause an attractive interaction between colloidal particles,

polymers bound to their surfaces can add to the repulsive interaction between them, thereby

stabilizing colloidal suspensions. When high enough densities of ideal non-interacting

(amongst themselves) polymer chains are grafted to the surface of the colloids, they can

prevent the colloids from aggregating under the influence of van der Waals attractive forces.

Under the approximation that the radius of gyration Rg « R (radius of the colloids), steric

repulsion between “hairy” colloids is described by the Alexander – de Gennes scaling theory

[21, 22] which states that under good solvent conditions the pressure between two parallel

plates separated by a distance, r, both bearing a brush layer of equilibrium length, L0, and

grafting density, σ , is described by

P(r) =


σ

3
2

[{2Rg

r

} 9
4 −
{ r

2Rg

} 3
4

]
for r ≤ 2Rg

0 for r > 2Rg

(2.14)

For r ≤ 2Rg, The first term in Eq 2.14 correspond to an increase in the osmotic pressure

(which is purely repulsive). As the polymer brushes start touching each other, this term

favours the expansion of grafted polymer brushes and hence acts to increase r . While the

second term comes from the elastic stretch energy of the polymer brushes, which favors

contraction and so acts to decrease r. Additional repulsive forces arise from the finite size

of the confined segments (excluded volume effect). Hence, an overall repulsive force is

experienced by colloidal particles as the brushes start touching each other.
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For uncharged colloids steric stabilization is the most popular way of stabilizing sus-

pensions. Polymers like polyethylene glycol (PEG) is one of the most commonly used

hydrophilic polymers for coating colloidal particles in aqueous solutions in order to make

them resistant to the absorption of large molecules like proteins. Steric stabilization also finds

applications in designing self-cleaning and antifouling surfaces as well as in paints, in which

the pigment particles are required to be stabilized in solution [14]. Colloidal particles can

also be functionalized by attaching a number of biomolecules like enzymes, lipids, proteins,

RNA and DNA molecules [4, 23, 24]. These functionalizing molecules govern how the

colloids interact with the surrounding solvent or among themselves. Following sections

establish the necessary background for utilizing DNA as a tool for appropriating the self

assembly of colloidal microspheres.

2.3 DNA: A ‘smart’ polymer

Since the discovery of the double helical structure of Deoxyribonucleic acid (DNA) in

1953 [25], it has been widely acknowledged as the fundamental building block of all life

forms. Apart from being the carrier of genetic information, DNA is also a handy tool

for designing and engineering self assembling systems. The highly specific, temperature

sensitive, reversible, complex yet predictable thermodynamic behaviour of DNA has paved

the way for new programmable materials [3, 6, 26].

In principle, we can use DNA to code binding rules into mesocopic building blocks and

direct their self assembling behaviour. However, full control over the programmability is

yet to be established. With our quantitative understanding of DNA thermodynamics and the

ability of grafted DNA to give rise to specific inter-particle attractions through hybridization

of complementary single strands, it is possible to direct the system to reversibly assemble

into equilibrium and non-equilibrium structures [3, 6, 8, 26].
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Before dwelling more into the DNA assisted self-assembly of colloids, a primer on the

structure and chemistry of the DNA is presented in the following section.

2.3.1 DNA: Structure and Chemistry

DNA is a naturally occurring polymer made up of repeating units called nucleotides. Each

nucleotide contains a phosphate group, a sugar group and a nitrogen base. The hydrogen

bonding between its constituent bases and their stacking interactions are responsible for its

double helical structure. The double helical structure of DNA can be understood as having

a ladder like geometry with two linear antiparallel sugar-phosphate polymer backbones. A

combination of four different bases namely Adenine (A), Cytosine (C), Guanine (G) and

Thymine (T) are attached to each backbone in a way to satisfy the specificity of hydrogen

bonding between these bases. The base A on one strand can only bind to T on the other

strand and similarly C with G by forming two and three hydrogen bonds respectively. The

base pairing process occurs in an antiparallel fashion. ‘Handedness’ of the helical structure

as well as the steric effects on the hydrogen bonding prohibit formation of structures with

mismatched base pairing.

The interior of double-stranded DNA is very hydrophobic which is vital for stabilizing

and protecting the hydrogen bonds between complementary bases. A schematic highlighting

the key features of the double helical structure of DNA along with its chemical structure

showing the hydrogen bonds between complementary bases is shown Fig 2.4.

Scientific inquisitiveness lead ways to the methods of chemically synthesizing arbitrary

bits of DNA sequence in the mid 1980s [27] which then coupled with the polymerase chain

reaction (PCR) [28, 29] revolutionized the outlook of the scientific community towards

using DNA as a fundamental building block for programmable self-assemblies. Since then

synthesized DNA strands have been exploited evolving the fields of DNA origami and genetic

engineering [26, 30]. With these recent developments, DNA has emerged as one of the most
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Fig. 2.4 (A) A schematic highlighting the key features of the double helical structure of DNA (image
courtesy - Pearson Education, Inc.) (B) Chemical structure of DNA showing the hydrogen bonds
between complementary bases as dotted lines. The hydrogen bonding between complementary base
pairs gives rise to this secondary structure (image courtesy - Madeleine Price Ball, Wikipedia). (C)
Hybridization of two single stranded DNA (ssDNA) consisting of linear sequence of nucleotides
(5’ to 3’) with an associated change in free energy (∆Ghyb) . A single sequence will bind to its
‘complementary’ pair only if it has the matching sequence in an antiparallel direction (image taken
from [3]).

promising monodispersed polymers. Its highly charged stiff backbone with good electron

transport ability along its axis [31], double helical structure, highly specific and thermally

reversible binding of its base pairs makes it stand out among its other industrial counterparts.

2.3.2 DNA: An ‘intelligent glue’ for building complex materials

In order to utilize nano- or micron-sized building blocks for designing complex superstruc-

tures with novel properties, it is of utmost importance to be able to precisely control both, the
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spacing between individual building blocks and the overall symmetry of the superstructure.

DNA strands with desired length and tailored interactions can be used as intelligent glue

to bind these building blocks. Although innumerable examples of highly specific binding

between biomolecules like proteins and nucleic acids exist in nature, it was only in 1996 that

two groups [32, 33] publishing in the same issue of Nature, proposed the potential of DNA as

a “selective glue” to bind nano-colloids and guiding their assembly. While Mirkin et al. [33]

showed that DNA oligonucleotides could be bound to gold nanoparticles and hence guide

the formation of larger assemblies. On the other hand Alivisatos et al. [32] demonstrated

that the large persistence length (∼ 50 nm) of double stranded DNA (ds DNA) allows the

freedom to tune the separation between colloids to form a guided assembly. These papers

opened wider prospects for utilizing the potential role DNA linkers could play in a reversible

guided assembly of three dimensional nanostructures (Fig 2.5).

Fig. 2.5 Two kinds of colloids coated with non-complementary ssDNA (A and B) and a linker ssDNA
having complementary sticky ends (A’and B’) are mixed in a solution. Below the melt temperature Tm

of the DNA the colloids assemble into clusters, which redisperse upon raising the temperature of the
system (taken from ([6])

Owing to the knowledge of enzyme chemistry and their ability to bind to DNA strands

with atomistic precision, a variety of super-selective DNA strands with functionalizable

ends could be designed. For example, earlier experiments of DNAcc utilized thiol bonds

to bind DNA to the colloid surface [33]. Later ssDNA labelled with amine groups were
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linked covalently to the surface of polysteryne colloids modified with carboxyl group [34, 8].

Another approach to graft ssDNA to the colloidal particles is to end functionalize them with

biotin, which can bind to the colloidal surface carrying either neutravidin or streptavidin.

The biotin/streptavidin bond is one of the strongest known non-covalent bonds and is stable

under most of the experimental conditions [34, 8]. All the experiments in this thesis have

utilized the biotin/streptavidin chemistry for functionalizing colloids with DNA. Following

section describes the thermodynamics and properties of DNA coated colloids.

2.3.3 Properties of DNA coated colloids

A number of factors play a deterministic role in defining the properties of DNA coated

colloids (DNAcc). The length of the single-stranded ‘sticky end’ determines the hybridization

strength per DNA duplex. The grafting density of DNA strands on the colloidal particles

determines the total potential energy between colloids by virtue of DNA brush (UDNA). The

ionic strength of the solvent that shields the interaction between negatively charged ssDNA

strands facilitates a better grafting density of the DNA. Finally, the length of double stranded

(ds)DNA spacer affects the configurational entropy of hybridization as it directly dictates the

freedom of the sticky ends to explore available configurations.

The melt temperature Tm of a dsDNA oligomer is defined as the temperature at which

half of all possible hydrogen bonds are broken; hence the other half is bound. As detailed

above, Tm depends on the specific sequence and length of the duplex as well as on the total

DNA concentration and the ionic strength of the solution. One way to determine the melt

temperature is to measure the adsorption of 260 nm UV-radiation as a function of temperature,

as ssDNA adsorbs at this particular wavelength much stronger than the double-strand. It was

found that the melt behaviour of DNA grafted to colloids is different compared to that of the

same DNA free in solution (Fig 2.6(a)). The melt transition in case of DNA grafted to colloids

is much sharper, with ∆T ∼ 1◦C between free and bound states, and is also shifted to higher
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Fig. 2.6 Schematic representation of typical melt curves for DNAcc measured as UV-adsobtion of 260
nm. (a) Adsorption profiles measured as function of temperature show the different melt transitions
for tethered DNA, which is much sharper and occurs at higher temperatures compared to the same
DNA duplexes free in solution. (b) The melt temperature increases with an increase in the length of
sticky end, corresponding to the total number of hydrogen bonds that can form in the contact region.
(taken from ([6])

temperatures [6]. Geerts et al. have explained this by using simple probabilistic calculations

to show that as the maximum no of intercolloidal bonds N increases, the probability of

unbinding a pair of colloids decreases doubly exponentially and the temperature at which

half of the pairs of colloids are in an unbound state increases logarithmically with N [6].

Also, Fig 2.6 (b) shows that the length of the sticky ends is a great deterministic factor for

the melt temperature. The higher the number of bases in the sticky end, the higher will be its

melt temperature [6]. Here, it should be noted that a G-C pair imparts greater stability than

an A-T base pair due to higher no of hydrogen bonds. There are a number of ways to design

the DNA coatings on the colloids depending on the desired binding rules. Various possible

geometries of the DNA coatings are discussed at length in [8, 34].

2.3.4 DNA driven self-assembly and colloidal crystallization

DNA mediated self-assembly of colloids is driven by the weak, specific interactions between

complementary DNA strands grafted to appropriate particles. From the melt-curves shown

in Fig 2.6, we know that DNA-hybridization is thermally reversible and occurs in a narrow
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temperature range. Hence, choosing the DNA strands with the right melt-temperatures is one

of the most crucial parameters in designing any experiments with DNAcc [35].

The idea of DNA assisted assembly of colloidal particles was proposed in 1996 [32, 33],

and it was expected that the attractive interactions caused by complementary DNA strands

would drive these colloidal systems to aggregate in various crystalline phases observed in

nature, but experiments proved otherwise. However, it was only recently that the observation

of ordered crystalline phases via DNA assisted self-assembly was reported [36–38]. Most of

these crystal structures have been realized for nanoparticles only. In most cases, however,

the aggregation of DNAcc resulted in amorphous, fractal-like phases caused by the strength

of the intercolloid attractive forces and the narrow temperature window around the melt

temperature mentioned above [6, 37–40]. The narrowness of this melt temperature makes it

difficult for the system to be ‘annealed’ into its equilibrium structure. However, the resulting

‘dynamically arrested states’ could be utilized to form new materials with well-defined porous

structures for photonics and battery applications[8, 41].

A number of strategies including using mobile DNA linkers [10, 42, 43], grafting both

DNA and an inert polyemer to the colloidal particles [34] and using nanoparticles instead

of micron-sized colloids [36, 44] have been proposed to overcome these kinetic barriers.

Because of their low DNA binding capacity and high diffusivity, DNA coated nanoparticle

systems have been more successful for realizing a number of crystal structures [36, 44, 45].

Crystalline superstructures realized using DNAcc nanoparticles are extremely fragile as

they consist roughly of 90% water, owing to the length of spacer used [6]. Recent work

by Wang et al. [46] has demonstrated a number of different crystal phases in systems with

high DNA to colloid grafting density. Their high DNA grafting density permits the bound

colloids to roll over each other and hence allows the system to relax into thermodynamically

favourable crystalline structures. However, the slow cooling of the system to allow for

effective hybridization which is required for obtaining well equilibrated structures is very
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time consuming [46]. When thermodynamic pathways for relaxation of the system are

extremely slow and are hindered greatly by kinetic barriers, externally applied force fields

such as gravity, compressive or shear stress, electric and/or magnetic fields can be used to

direct the assembly of micron sized building blocks into well defined complex structures

[47, 16]. Since, it is more difficult to thermally organize larger particles (> 1.0 µm) into

ordered assemblies, these methods can play a crucial role in engineering their self-assembly.



Chapter 3

Mobile DNA Linkers : A New Approach

This chapter presents a new approach for introducing mobile DNA linkers at the oil/water

interface for studying the equilibrium self assembly of DNA coated colloids on a perfectly

smooth substrate. This chapter also covers the general experimental protocols including

designing DNA coatings, sample preparation, data acquisition and analysis techniques that

are common to the remainder of the thesis. The work presented here was largely published

in Joshi et al. [42].

3.1 Introduction

Ever since its discovery [25] DNA has received wide attention as a carrier of genetic infor-

mation and the fundamental unit of life. After the seminal papers by Mirkin et al. [33] and

Alivistos et al. [32], its utility as a tool for engineering the assembly of nano and micron

sized building blocks became popular. Due to the highly specific and thermally reversible

binding between two single stranded DNA, it can be used to as an ‘intelligent-glue’ for

assembling complex superstructures [6–8]. Because of the ease of thermal annealing, it was

intitally envisioned that it would be rather straightforward to assemble nano and micron sized

building blocks into regular structures using DNA linkers [36–38, 48, 49, 44]. However,
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the DNA attached to hard colloids is immobile and acts as a ‘molecular velcro’, hindering

the system from annealing into equilibrium structures [6, 50]. The resulting ‘dynamically

arrested states’ could be utilized to form new materials with well-defined porous structures

for photonics and battery applications [8, 41].

To design DNA driven equilibrium self-assembly, various groups have explored function-

alizing lipid layers on hard spheres [51], vesicles [43] and oil in water emulsion droplets

[9, 10] with single-stranded (ss)DNA. The motivation for using such fluid substrates was

to ensure that the grafted ssDNA could diffuse on the surface and enable annealing into

equilibrium superstructures. The DNA can then accumulate into ‘rafts’ at the point of contact

between two particles with complementary functionalization. Hence, enabling them to access

otherwise kinetically hindered equilibrium pathways to self assembly using mobile anchors.

Apart from being expensive and cumbursome, a major drawback of the above strategies is

the limited amount of ssDNA that could be incorporated into the phospholipid mono/bilayers

becasue the cholestrol anchors holding the DNA tend to phase seggregate and crystallize at

higher concentrations [9, 10]. Here, we present a two-step approach that allows us to create

oil droplets densely coated with mobile ssDNA that can reversibly bind DNA coated colloids

at the interface.

The following section covers the general experimental methods, sample preparation

protocols, data acquisition and analysis techniques utilised for all the experiments covered in

this chapter and protocols that are common to the remainder of the thesis. Sample preparation

typically comprises of the following steps – DNA hybridizaion to assemble double stranded

(ds)DNA spacer, grafting desired DNA constructs to micron sized colloids or oil droplets,

washing to remove excess supernatant, density matching the colloids (if needed) and finally

mixing them and placing them in the sample chambers and sealing. These samples are then

imaged under a Nikon Ti-E inverted epifluorescence microscope. Image processing and
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further analysis of the video microscopy data is done using homebuilt ImageJ and Matlab

scripts.

3.2 DNA functionalization

We buy custom designed DNA strands from Integrated DNA Technology having the structure

5’-Biotin-TTTTT-rigid DNA spacer-TTTT-sticky end-3’. Fig 3.1 shows the geometry of

a typical DNA coating used in our experiments, with a biotin functionalisation on the 5’

end, a double stranded (ds)DNA spacer, flexible joints (TTTTT) and a ‘sticky overhang’

at the 3’ end. Table 3.1 lists various DNA constructs used throughout this thesis. The

name of the DNA constructs refers here to the single stranded (ss)DNA sticky end with

the numeral subscript indicating the number of base pairs it is comprised of in such way

that A6 only hybridizes to the complementary A′
6 strand. The choice of sticky end gives

freedom for coding numerous binding rules in our experiments whereas the hybridized S/S’

pair acts as a rigid spacer. Since the length of this dsDNA spacer (usually 60 base pairs

Fig. 3.1 Artistic depiction of a typical DNA coating. A biotin functionalisation on the 5’ end, a double
stranded (ds)DNA spacer, flexible joints (TTTTT) and hybridization between the ‘sticky overhang’ at
the 3’ end.

∼20 nm) is less than the persistence length for dsDNA (∼ 40 nm), they act as rigid rods

forcing the sticky ends away from the surface of colloids. The 5-thyamine (T) bases attached

on either sides of the dsDNA spacer act as flexible spacers to enhance the pivoting motion

of the DNA constructs. The flexible joints and the dsDNA spacer aids the sticky end to
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explore a larger volume around their grafting point (like an elbow joint) thereby reducing

the entropic cost for hybridization between two complementary tethered strands. The range

of DNA mediated attractions is of the order of a few nm, which is less than 50 % of the

colloidal diameter. Under our experimental conditions (ionic strength, pH, temperature),

electrostatic and dispersion interactions become negligible at intercolloidal distances < 2 nm,

while steric repulsions have a much broader range. Hence, stabilizing the colloids against

non-specific aggregation. Explained below is a general protocol followed for most of our

sample preparations. System specific binding rules have been mentioned as and when needed.

Table 3.1 Various DNA constructs used in the experiments. An sticky ends are complementary to A′
n

while the S/S’ pair forms the double stranded (ds) DNA spacer.

B 5’ — Biotin — TTTTT — S — TTTTT CG CAG CAC C — 3’
A9 5’ — Biotin — TTTTT — S — TTTTT ATC CCG GCC — 3’
A′

9 5’ — Biotin — TTTTT — S — TTTTT GGC CGG GAT — 3’
A7 5’ — Biotin — TTTTT — S — TTTTT CCC GGC C — 3’
A′

7 5’ — Biotin — TTTTT — S — TTTTT GGC CGG G — 3’
A6 5’ — Biotin — TTTTT — S — TTTTT CCG GCC — 3’
A′

6 5’ — Biotin — TTTTT — S — TTTTT GGC CGG — 3’

S 5’ — GAG GAG GAA AGA GAG AAA GAA GGA GAG
GAG AAG GGA GAA AAG AGA GAG GGA AAG AGG
GAA — 3’

S’ 5’ — TTC CCT CTT TCC CTC TCT CTT TTC TCC CTT
CTC CTC TCC TTC TTT CTC TCT TTC CTC CTC — 3’

3.2.1 Hybridizing dsDNA spacer

The first step in preparing DNA coatings involves hybridizing the S/S’ pair to form a rigid

dsDNA spacer. This is achieved by mixing equal amounts of the desired single stranded

DNA (ssDNA) say A6 construct with an inert ssDNA - S’, which is complementary to the

spacer between the flexible T joints in the DNA construct, at 50 mM NaCl in the Tris-EDTA

(TE) buffer. This solution is then incubated at 90 ◦C for an hour and then cooled to 4 ◦C at
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the rate of 1 ◦C/min. The slow cooling rates ensure DNA equilibrium hybridization with

maximum matching between the ssDNA pairs.

3.2.2 Preparing DNA coated colloids

A chosen volume (typically 5 µL) of a colloidal polystyrene (PS) suspension (from Micropar-

ticles GmbH) are diluted 100× by adding TE buffer and sonicated for 30 minutes to break

non-specific aggregates. Two different sizes of PS colloids, ds = 0.527 µm and dl = 1.2 µm

with either Green or Red fluorescence are used. These colloids are surface functionlised

with streptavidin with an estimated DNA binding capacity per unit surface area of bcs ∼

2.5×104/µm2 and bcl ∼6.5×104/µm2. After sonication, the colloids are then mixed with

the solution of biotinylated DNA with a hybridized S/S’ spacer and an overall NaCl concen-

tration of 50 mM is established. DNA concentration is usually set to a ten times excess with

respect to the overall binding capacity of the colloids. DNA attaches to the surface of the col-

loids via the biotin-streptavidin linkage. The concentration of NaCl was subsequently raised

to 100 mM, 200 mM and 300 mM while incubating on the rollers for 4-6 hours after each

increment. Constant motion prevents the colloids from aggregating under gravity. Adding

excess salt helps increase the grafting density by reducing the Coulomb repulsion among

closely packed negatively charged DNA brushes. In the presence of excess salt, colloidal

aggregation due to charge screening competes with DNA grafting to the colloidal surface.

The rationale behind doing an incremental salt addition is that, low salt concentration favours

packing finite amount of DNA on the surface of the colloids. This DNA brush is needed to

prevent the colloids from aggregating non-specifically at higher salt concentrations while

facilitating a denser packing in the DNA brush. In certain experiments, we add a small

fraction (usually 0.3× excess with respect to the overall binding capacity of colloids) of the

biotin functionalised polyethylene-glycol (PEG-Bio – 5000 kDa PEG, Laysan Bio Inc. Arab,

USA). This reduces the grafting density of ‘active’ DNA linkers on the colloidal surfaces,
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Fig. 3.2 Cartoon summarizing various stages of protocol for grafting biotinylated ssDNA to strepta-
vidin functionalised polystyrene colloids.

thereby decreasing the melt temperatures. Because of its small radius of gyration (∼ 3 nm)

with respect to the lengths of the DNA constructs, PEG does not add to steric repulsion.

The colloids are then pelleted using a microcentrifuge, supernatant is removed and the DNA

coated colloids are then resuspended in 50 mM NaCl in TE buffer heated to 40 ◦C. This

washing protocol is repeated 4−6 times so as to remove the excess DNA and salt present in

the system [8]. The washing protocol is done in 50 mM NaCl in TE buffer thereby ensuring

steric stability of the DNA brush attached to the colloids. Depending on the requirements of

the experiment, the PS colloids could be density matched (ρ =g/cm3) using sucrose solution.

Fig 3.2 summarizes various stages of DNA functionalisation protocol for PS colloids.

3.2.3 Preparation of oil droplets (ODs)

Oil droplets are made by flowing a silicone oil with a dynamic viscosity of 50 cSt and an

aquous solution containing 10 mM sodium dodecyl sulphate (SDS) (from Sigma Aldrich)

into a microfluidic device. The device is plasma cleaned prior to use, filled with water

immediately afterwards to slow down the loss of hydrophilicity of the device walls and
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tested for leaks. The channels used are 20 µm wide and 25 µm high. Using syringe pumps

(Harvard Apparatus, USA and Nemesys, Cetoni, Germany), we first flood the channels with

5 to 10 mM SDS solution by flushing it at a flow rate of 250 µLh−1. Once SDS has filled the

channel, we introduce the 50 cSt silicone oil (0.971 g/mL) at the rate of 25 µLh−1 into the

channels. Droplets are formed at the junction and are collected at the outlet (Fig 3.3). These

are polydisperse ODs having diameters between 20-30 µm. ODs are stored in a 10 mM SDS

solution and kept in the fridge at 4◦C. They remained stable for a minimum of two years. All

solutions were prepared in deionized water.

Fig. 3.3 Schematics showing various stages of functionalising oil droplets (ODs) with DNA (i) 10mM
sodium dodecyl sulphate (SDS) and 50 cSt silicone oil are mixed in a microfluidic channel to prepare
SDS stabilized ODs (ii) PLL-PEG-Bio adsorbs flat on the surface of ODs that are negatively charged
due to the sulphate head group of SDS (iii) Texas Red labelled streptavidin linkers are then attached
to the biotin heads on the ODs from solution, (iv) biotinylated ssDNA binds to the streptavidin linkers
on the surface of ODs.

3.2.4 Functionalizing oil droplets with DNA

In order to achieve a similar DNA-binding capacity /µm2 on the oil droplet as that on the

colloids, 100 µL of the freshly prepared oil droplets stabilised in 10 mM SDS solutions
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are taken from the creamed layer and mixed with 100 µl (1 mg/ml) of polylysine-g[3.5]-

polyethyleneglycol-biotin (PLL-PEG-Bio) (from SuSoS AG, Switzerland). 1 M NaCl so-

lution and 250 µl of 1 mM SDS solution in TE buffer is then added to establish an overall

concentration of 50 mM NaCl and > 2 mM SDS. This mixture is then incubated on rollers

overnight and washed twice with a wash solution (5 mM SDS, 50 mM NaCl in TE buffer),

and then dispersed in a suspending solution (2 mM SDS, 50 mM NaCl in TE buffer). Since

the droplets cream when the eppendorf is left vertical, we use a syringe to remove the

buffer beneath the droplets. Further, 10 µl (1 mg/ml) of Texas Red labelled streptavidin

(Sigma-Aldrich) per 100 µl of the droplets is added and they are incubated on the rollers for

another hour. The droplets are then washed twice with the wash solution and suspended

in suspending solution to remove excess streptavidin from the solution. This procedure

provides oil droplets with approximately the same streptavidin coverage (∼104 µm2) as that

on the colloids. It is important to note that the droplets should not be left for incubation with

streptavidin beyond 1.5 hrs. Doing so results in the bridging of oil droplets via streptavidin

linkers and leads to coalescence. Streptavidin coated ODs are then mixed with the required

biotinylated DNA having a hybridized S/S’ spacer in a 10× excess. They are then allowed to

incubate on rollers at a 50 mM NaCl and < 2 mM SDS. After 12 hours, the salt concentration

is raised to 100 mM while maintaining the SDS concentration. After another 6 hours on the

rollers, the DNA coated ODs are washed thrice using the wash solution and resuspended in

the suspending solution to remove any unbound DNA. Fig 3.3 illustrates various stages of

the protocol for introducing mobile DNA linkers on the ODs.

Depending on the experiment, DNA coated colloids and/or DNA coated ODs with

complementary sticky ends are mixed to prepare the desired samples. Usually, the oil-colloid

mixtures are allowed to bind overnight on the rollers. The final NaCl concentration used

in all experiments is 50 mM. The desired SDS concentration is adjusted at this stage. Note

while the colloids carried A′
6 DNA, the ODs are functionalized with A6 DNA.
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Sample chambers

Capillary chambers purchased from CM scientific (0.2×4mm ID) were irradiated under a

UV lamp for 30 minutes and then plasma cleaned in an oxygen plasma oven for 2 minutes

(Diener Elecronics Femto). About 40 µL of the sample was filled into the capillary chambers

using pipettes and then sealed and glued onto a glass slide using a two-component epoxy glue.

3.3 Observational Techniques

3.3.1 UV-Vis spectrophotometry

It is well known that DNA has a characteristic UV-Vis absorption peak at 260 nm. Hence, we

utilize UV-Vis measurements for two important primitive quantifications in our experiments.

Firstly, we use a Nanodrop 2000 (Thermo Scientific UK) spectrophotometer along with the

sequence-specific extinction coefficients to carefully measure the amount of DNA supplied

by the vendor (IDT). Secondly, we use a Cary 300 UV-Vis spectrophotometer (Agilent

Technologies) with a Peltier temperature controller to record the absorption profile for

hybridizing dsDNA spacer pairs for fixed excitation wavelength of 260 nm over a range of

temperatures from 30-90 ◦C. Temperature is varied at the rate of at 0.25 ◦C/min, taking a

measurement for each degree comprising of averaged absorption for a duration 20 seconds.

These measurements allow us to obtain the melt temperatures for DNA pairs under varying

solvent conditions (see Fig. 3.4).

3.3.2 Zeta (ζ ) potential measurement

The ζ potential is defined as the electrostatic potential of the system at the shear plane,

where counter-ions are no longer immobilized to the surface and hence don’t experience a
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synchronised transport with the moving particle. We have used a Zetasizer Nano ZS (Malvern

Instruments) for measuring the ζ potential of our bare and DNA coated colloids. It is a

dynamic light scattering setup that measures the mobility of particles undergoing stable

motion in an electric field, hence providing a non-destructive method for probing the net

resulting surface charge. The colloids used here were bought with predefined surface charge

and streptavidin coating. Coating the surface of these colloids with DNA, which have a

negatively charged backbone, results in a modification of the net surface charge. Prior to

measuring, the particles are dispersed in 0.001 wt% solution in TE buffer at 50 mM NaCl.

3.3.3 Imaging and temperature cycling

Once the samples are prepared and sealed as described above, they are then transferred

to an inverted epifluorescence microscope (Nikon Eclipse Ti-E) equipped with a CMOS

sensor CCD camera (Grasshopper3, Point Grey Research Inc., Sony IMX174) for recording.

Depending on the type of measurement we wanted to do, we use either a Nikon Plan Fluor

E 40× NA 0.75 dry objective, or a 40× Plan Apo Lambda NA 0.95, or a Nikon Plan APO

60× NA 1.20 water immersion objective. A built-in perfect focus system in the microscope

prevents the sample from going out of focus due to thermal or other drifts. A blue LED source

(Cree XPEBLU, 485 nm) and a white lamp source is used to excite the fluorescence on the

colloids and on the ODs. A home-made computer-controlled Peltier device is used to control

and cycle the temperature of the system during measurements. A thermocouple, connected

to the Peltier device is placed directly in touch with the sample chamber to measure the

temperature of the sample. Samples could be heated or cooled at desired rates using the PID

controller and videos recorded under red or green fluorescence and bright field. We also used

a Leica TCS SP5 microscope equipped with HCX PL APO 40× /0.60 dry objective to image

Z-stacks of the samples. Typical heating and cooing rates in our experiments were 1 ◦C/min.

Image conversion and analysis were done using customised ImageJ and Matlab routines.
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3.4 Results and Discussion

3.4.1 DNA functionalization of ODs and colloids

Before grafting the desired DNA construct (Table 3.1) to the surface of colloids or ODs,

it is important to ensure that the dsDNA spacer pair S/S’ has been assembled properly and

will not fall apart duing thermal cycling meant for dissociating the sticky ends. The melt

temperature (Tm) of a given pair, for instance S and S’ is defined as the temperature at which

half of all possible hydrogen bonds between the bases is formed, while the other half is still

un-bound. Tm for a DNA pair depends on the number of bases that can bind and the solvent

conditions. Since the S-S’ spacer pair is much longer than the sticky ends (Table 3.1), for

given solvent conditions, Tm for the dsDNA pair is expected to be much higher than that of

the sticky ends used.

Fig. 3.4 Temperature dependence of absorbance at 260 nm for a mixture of A6 and S’ DNA at various
salinities. A sharper decrease in absorbance at higher salinities shows the importance of added salt in
facilitating a better hybridization of the S/S’ duplex – the dsDNA spacer pair for A6 DNA construct.
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Fig 3.4 shows absorption profiles for a mixture of An and S’ under various solvent

conditions in the temperature range 30-90 ◦C. We observe a plateau at higher temperatures

(all strands are unbound), followed by a decrease in absorbance over a temperature range

which again saturates at lower temperatures (All pairs have formed). This decrease marks

the transition of S/S’ pair from a fully dissociated (higher temperatures) to mostly hybridized

(lower temperatures) state. This is because the absorption of ssDNA at 260 nm is greater

than the net absorption of the hybridized dsDNA. The presence of counter ions in the solvent

shields the charges along the DNA-backbone and facilitates a close proximity required for

stronger hybridization of ssDNA into duplexes. With an increase in the amount of added salt,

the melt temperatures shift to higher values and the transition becomes sharper - indicating a

stronger binding in the DNA duplexes. Hence, to ensure the stability of long dsDNA spacer

during our experiments, we always maintain a minimum of 50 mM concentration of NaCl in

our samples. It should be noted that slow cooling and heating curves lie on top of each other

(except for the case of no added salt), reflecting the equilibrium nature of the hybridization

process. In the absence of added salt, repulsion between the highly charged DNA-backbones

hinders a proper hybridization of DNA duplexes.

Geometry of the PLL-PEG-Bio chain at the oil-water interface

Fig 3.5 shows a schematic representation of polylysine-g[3.5]-polyethyleneglycol-biotin

(PLL-PEG-Bio), a comb-like polyelectrolyte, arranged on the surface of sodium dodecyl

sulphate(SDS) stabilized oil-droplets. SDS is a negatively charged surfactant with an effective

head-group size of roughly 50Å
2

corresponding to a radius of about 0.3 nm [52]. PLL-PEG-

Bio has a 20 kDa poly-lysine backbone comprising of 137 repeat units. To every third to

fourth lysine repeat unit a 2 kDa PEG chain or 3.5 kDa PEG-Bio chain is attached. While

a lysine monomer carries one positive charge on the amino group, the repeat-units linked

to a PEG chain via that amino group are neutral. Hence, each PLL backbone made of 137
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repeat units will carry ∼40 positive charges [53], allowing the backbone to adsorb flat on the

negatively charged SDS head-groups at the OD-water interface. The radius of gyration of a

2Rg = 3.6nm

X = 1.25nm

Biotin

PEG-chain

silicon oil

PLL backbone

Fig. 3.5 Schematic illustration of a part of the PLL-PEG-Bio chain adsorbed to the oil-water interface
through the Coulomb attraction between the positive charges on the polylysine backbone and the
negatively charged head groups of the SDS surfactant. At approximately every 3.5 lysine repeat units
a PEG chain is attached, half of them with molecular weight of 2 kDa and the other, holding a biotin
end, with 3.5 kDa. The lysine monomer is 0.355 nm long. The radius of gyration, Rg, of the unbound
PEG(2 kDa) chain is ∼1.8 nm.

free 2 kDa PEG chain in good solvent conditions is about 1.8 nm [54]. However, a PEG chain

achored at every 3.5 repeat lysine unit on average corresponds to an inter-anchor spacing of

about 1.5 nm. Half of the roughly 40 PEG chains per PLL backbone carry a biotin group.

The 3.5 kDa chains carrying the biotin ends will have an even larger Rg. This means that

the PEG chains must be in a comb-like configuration when the PLL is lying flat on the OD

surface, as the osmotic pressure building up between the PEG chains will force the PLL

chain to be in a stretched configuration. Hence, the hydrophilic, uncharged and flexible PEG

side chains align perpendicular to the interface forming a comb-like geometry [55, 53]. Also,

since the PEG-Bio chains (3.4 kDa) are longer than the other ones, it makes biotin accessible

for attaching streptavidin from the solution.
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Fig. 3.6 Surface coverage of ODs with PLL-PEG-Bio. (A) Fluorescence image of the oil droplets
after attaching Texas Red labelled streptavidin from solution, indicating presence of surface bound
streptavdin and (B) Calibration curve for the surface coverage of PLL-PEG-Bio, obtained by titrating
a fixed volume of ODs (25 µL) in suspending solution (2 mM SDS, 50 mM NaCl) with a solution of
PLL-PEG-Bio in an overall volume of 300 µL. Fluorescence intensities of the Texas Red labelled
streptavidin, extracted by averaging on the contour of the droplet, were used as a measure for the
approximate surface coverage of PLL-PEG-Bio on the ODs. The error bars are the standard error of
the mean for each concentration (experiments done in collaboration with Dylan Bargtail, NYU).

PLL-PEG-Bio adsorption on the surface of oil droplets

In Fig 3.6 we show a calibration curve for the adsorption of PLL-PEG-Bio on the SDS

stabilized ODs. The coverage of PLL-PEG-Bio on the OD was tested by binding fluorescently

labelled streptavidin to the biotinylated PEG ends (Fig 3.6). After removing excess PLL-

PEG-Bio from the OD solution Texas Red labelled streptavidin was added adsorbing readily

to the biotinylated PEG end groups. The clearly visible fluorescence on the OD surfaces

(Fig 3.6 A) supports the assumption that the PLL-PEG-Bio chains are located at the oil-water

interface. We used fluorescence intensity measurements to estimate the maximum PLL-PEG-

Bio grafting density for a fixed volume of ODs (Fig 3.6 B). All experiments presented in this

thesis were performed at the onset of the saturated grafting regime to avoid free, unbound

chains in solution. An increase in fluorescence intensity by several orders of magnitudes was

observed, in comparison to that of biotinylated lipid-monolayer stabilised droplets reported

earlier [10]. Here, we obtained a higher coverage of streptavidin linkers (∼104 µm−2) on the
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OD surface, which corresponds to an average distance of < 10 nm between biotin-streptavidin

ends.

After removing excess streptavidin from the continuous aqueous phase, we grafted

biotinylated ssDNA, A6, to the OD-solution—again any unbound DNA was removed be-

fore adding 0.52 µm, green fluorescent PS colloids coated with A′
6 DNA. For the DNA

coated colloids, ζ potential measurements provide a non-destructive method to probe and

quantify the presence of surface grafted DNA. For 0.52 µm polystyrene colloids, ζ potential

changes from (−32.03±0.72)mV to (−47.5±1.5)mV and for 1.2 µm colloids it goes from

(−43.06±1.15)mV to (−49.8±0.9)mV for bare and DNA coated colloids respectively.

This significant change in ζ potential indicates an enhanced stability of the colloids due to

an additional negatively charged DNA brush on the surface of the colloids. Final aqueous

conditions are maintained at an added NaCl concentration of ∼50 mM. After incubating the

samples overnight for DNA equilibrium-hybridization, the samples are then studied using

epifluorescence video microscopy. In most samples we use colloidal bulk volume fractions

of Φc ≤ 0.05%. Looking at (Fig 3.7) it is evident that the PS particles have hybridized to

the ODs, while a considerable fraction of the colloids remained in the aqueous bulk phase.

Since the ODs cream and touch the upper wall of the sample chambers, proximity of wall

will affect the behaviour of colloids bound to ODs in that region. Hence for our analysis, we

focus on the area around the‘south pole’ of the ODs, away from the wall.

Further proof that our colloids were indeed anchored to the OD-surfaces purely via DNA-

hybridization and not due to surface tension effects like in Pickering-Ramsdon emulsions[56]

or other non-specific interactions came from several different control experiments. In the first

one, we mixed our ODs having A6 DNA with colloids coated with non-complementary B

DNA, using the standard solvent conditions with SDS concentration of ∼2 mM. No colloidal

adsorption to the ODs was observed, even after a week. In the second control sample we

replaced the A′
6 DNA on the colloids by PEG-Biotin that formed a similar steric stabilization
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Fig. 3.7 Polystyrene colloids hybridize to oil droplets. (A) Artistic representation and (B) typical
epifluorescence image showing 0.52 µm fluorescent colloids hybridized to the OD surfaces with a
zoom onto the ‘south pole’ of the droplet

layer as the DNA linkers, while the ODs were either grafted with A6 or B DNA. These

samples also did not show any signs of binding between the ODs and the colloids. Even the

mixtures of DNA-coated colloids and bare SDS-stabilised ODs did not display any colloidal

adsorption on the oil-water interfaces at all bulk SDS-concentrations used. Hence, these

control experiments proved that the binding between the colloids and the ODs are the strictly

mediated through ‘active’ DNA linkers.

3.4.2 Thermoreversibility: melting-off colloids from the ODs

After confirming that the attachment of colloids to ODs is mediated via the hybridization

of ssDNA sticky ends, we move on to verify whether it is possible to remove the colloids

from the OD-water interface by heating the sample well above the hybridization (‘melt’)

temperature for the sequence used here. The width of the melt region for complementary

ssDNA free in solution is typically ∆T ∼ 10-20 ◦C, depending on the solvent conditions and

the DNA concentration [57], but it narrows down to ∼1 ◦C when the same DNA strands are

attached to colloids only [6]; moreover Tm shifts to higher values. In a control experiment

in which we mixed 0.52 µm particles half functionalized with A6 and the other half with A′
6,

using the same solvent condition as those used in the OD experiments, we measured Tm ≃

35 ◦C (Fig 3.9).
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Fig. 3.8 Switching off active DNA ‘glue’ - A) Control Sample 1: ODs are coted with A6 DNA while
the 0.52 µm fluorescent colloids are coated with a non-complementary DNA strand B, B) Control
Sample 2: ODs are coated with A6 while the streptavidin sites on the 0.52 µm fluorescent colloids are
passivated by PEG-Bio. In both cases colloids did not attach to ODs at all, affirming that the ODs and
colloids strictly interact via complemetry DNA hybridization.

After mixing A′
6-functionalized 0.52 µm particles with the A6-coated ODs (∼2 mM SDS,

50 mM NaCl in TE buffer) we let the colloids hybridize to the ODs overnight at room

temperature. The fluorescence images in Fig 3.10 show that at room temperature, liquid

colloidal islands coexist with non-aggregated colloids hybridized to the interface. As we

increased the temperature (using a computer-controlled piezoelectric heating stage on the

microscope) these islands became smaller and more mobile, but even when heating beyond

35 ◦C most colloids did not detach from the droplet surface – rather, the particles diffused

ever faster. Even after heating to 80 ◦C , very few particles came off. We hypothesize that the

reason for the strong binding of the colloids is the mobile anchoring of DNA on the ODs.

Since the A6 DNA bound via PLL-PEG is mobile, the moment a colloid lands on the ODs

surface, A6 DNA will accumulate in the contact region and hence the binding strength will

increase with time. Consequently the final number of A6-A′
6 bonds in the contact region will
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Fig. 3.9 Phase transition of the DNA-functionalized PS spheres. Fluorescence-microscopy images
showing the transition from a high temperature uniform gaseous phase to a low temperature gelled
phase (upon cooling) in a single component system of red fluorescent 0.52 µm large colloids, where
half of the colloids were coated with ssDNA, A6, and the other half with A′

6 DNA, in 50 mM NaCl in
TE buffer. The scale bar is ∼ 50 µm.

be in this case larger (and Tm will be higher) than that for the contact region between two

hard spheres where the A6 DNA is fixed. This effect will be enhanced by the fact that the

effective contact region between colloids and ODs is larger than that between two colloids

with the same curvature.

However, reducing the overall ’active’ DNA bridges should result in a reduction in

binding strength and consequently lowering of the Tm. To test this hypothesis we reduced

the total number of A′
6 strands on the PS particles by replacing 70% of the A′

6 strands by

non-complementary B strands. The images for increasing temperatures in Fig 3.10B show

that now particles start to melt off the surface at ∼56 ◦C; at ∼66 ◦C almost all bound particles

have left the OD surfaces. This supports our assumption that the colloid-OD binding is

due to DNA hybridisation and that the very strong binding experienced by colloids with a

dense A′
6 coating is due to the accumulation of complementary, PLL-PEG bound DNA in
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Fig. 3.10 Thermal recyclability of colloidal binding at the interface. Sequence of fluorescence images
showing heating of a sample of 0.57 µm colloids grafted to ODs using colloids A) fully covered with
A′

6 DNA (∼1.5 mM SDS and 50 mM NaCl concentrations); and B) where 3/4 of the A′
6 DNA are

replaced by non-binding B (∼2.5 mM SDS and 50 mM SDS) . In all images we focus on the south
pole of the ODs using the same illumination and exposure time. A) For full coverage most colloids
remained on the OD surface even when heating to 80 ◦C, though they became increasingly more
mobile, which is expressed in the increasingly more blurry appearance of the images. B) For samples
with reduced number of binding sites on the colloids melting set in at ∼56 ◦C, and at ∼70 ◦C almost
all colloids have come off the ODs. The image taken shortly after cooling the sample (over a period
of 1 h) to 14 ◦C showed only few colloids bound to the ODs. The same sample recovered similar
coverage and aggregation state as the initial samples after 1 day (bottom most right image)
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the contact region. We also note that the melting region is not as sharp as for hard particles,

although a larger number of binding DNA in the contact area would suggest a narrowing

of the melt region. This widening can be understood by considering that the distribution

of PLL-PEG bound DNA over the different colloidal contacts is determined by kinetics:

some colloids will accumulate more than others. However, once bound, redistribution of

PLL-PEG-DNA domains over different colloidal contacts is very slow. Hence, some colloids

are more strongly bound than others. This broadening will only occur if the deposition of

colloids on the ODs is relatively fast. Otherwise, every colloid that lands on the surface has

time to accumulate its full share of PLL-PEG-DNA. But of course, this also means that less

PLL-PEG-DNA remains for any subsequent colloids.

Note that after melting off the particles the initial particle grafting density on the OD’s

is recovered upon cooling back to 20 ◦C, be it that the process is very slow. An hour after

cooling initially to 14 ◦C few colloids have hybridized back to the ODs, and only after 1 day

at room temperature we recover the initial colloid density (Fig 3.10B).

3.4.3 Conclusion

We have demonstrated a novel approach for functionalizing oil droplets with DNA. This sim-

ple approach results in a relatively higher grafting density of DNA at the interface compared

to those using expensive biotinylated lipids. Moreover, polystyrene colloids coated with

complementary DNA strands could be attached to these ODs. Various control experiments

show that the colloids are grafted to the interface via the DNA mediated interactions only,

which are highly specific and thermally reversible in nature. Hence, we could release these

colloids from the surface of ODs with an increase in temperature and reattach on cooling.

This system with tunable functionality is stable over several heating-cooling cycles and also

does not show any coalescence of ODs for well over a year. It is intriguing to note that the

colloids bound to the surface of the oil droplets sometimes exist freely and in some cases
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aggregate and form colloidal islands that also move around albeit much slower. Tuning

the interaction potential of colloids at the interface, we can use this as a model system

for studying the self assembly of DNA coated colloids in a quasi-2d setting. This will be

discussed in the forthcoming chapters.





Chapter 4

Kinetic Control of the Coverage of Oil

Droplets by DNA-Functionalized

Colloids

Building on our strategy introduced in chapter 2 to reversibly bind PS colloids at a liquid-

liquid interface, we explore the dynamics and the unexpectedly rich quasi two-dimensional

phase diagram of colloidal aggregation that this system exhibits. We make two important

observations. Firstly, because of the mobility of the DNA attached to the oil-water interface,

the resulting binding density of the colloids becomes dependent on the total colloidal volume

fraction in bulk. Secondly, once colloidal adsorption is saturated, a rich phase diagram of

colloidal aggregation emerges, which is controlled by the excess concentration of the added

surfactant micelles inducing depletion interactions. Varying the micelle concentration in

the aqueous phase, a purely entropic transition from a fluid-like phase to a more compact

packing of the solid colloids at the interface is observed.
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4.1 Introduction

As children, our imagination is set on fire while looking at surfaces of soap bubbles or foams.

These omnipresent surfaces which form interfaces between different phases of liquids, gases

or solids have also captured the fascination and scientific curiosity of researchers across

various disciplines for their importance in day-to-day life and industrial processes. For

instance, in biology, cell walls present a complex interface between the outside and inside

of the cell, the fundamental unit of all living organisms. Many industrial and technological

products such as cosmetics, paints, agrochemicals, medicines, petrochemicals, food, and

energy harvesting and storage devices derive their function from interfaces. ‘Predictive

capability’ for governing the self-assembling behaviour of macromolecules and mesoscopic

particles into ordered structures and their controlled release at the aforementioned interfaces

could pave the way for development of newer and better industrial formulations with end-user

functionalities such as personalized medicines and smart drug delivery systems.

However, one of the key challenges in complex self-assembly is the creation of ordered,

quasi-2d patterns of many distinct colloids or nano-particles. To achieve this objective, it

is important that the substrate is smooth and clean, and that different species of colloidal

particles can bind independently and reversibly to the surface. Further, the surface-bound

particles should be sufficiently mobile to ensure that the structure that is most stable is

also kinetically accessible. Most solid substrates are less than ideal for this purpose: the

surfaces often contain defects or impurities that trap colloids and, in addition, bound colloids

diffuse slowly on such surfaces. Liquid interfaces would be less susceptible to the above

problems. But, the strength with which colloids bind to liquid-liquid interfaces – through the

Pickering mechanism [56], are nearly a hundred or thousand times stronger than the thermal

energy. As a consequence, controlled and reversible adsorption of different species is difficult

to achieve at liquid-liquid interfaces [58, 59]. The dominance of long-ranged capillary

forces [60–62] also makes it difficult to control the interactions between surface-incorporated
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colloids. Renewed interest in the recyclability and controlled stability[63, 64, 59] of Pickering

emulsions over the past decade have opened doors to a plethora of applications. For instance

in utilizing them as ‘reactors’ for building complex templates for new colloidal materials

such as colloidosomes [65] and patchy particles [66] or bijels [67] in which phase-separating

fluid mixtures are dynamically arrested. Studies of particles at flat interfaces also show a rich

two-dimensional (2D) phase behaviour that can be influenced not only by the interactions

between the typical colloid-colloid interactions such as van der Waals and Coulomb, but also

by the long-ranged deformation of the contacting interface and capillary actions [60, 62].

In this chapter, using our new approach for functionalizing oil droplets with DNA and

reversibly adsorbing polystyrene colloids onto them, we show that it is possible to control

the amount of colloids that hybridize to the surface of oil droplets. In other words, we can

control the surface coverage of colloidal particles on the oil droplets. By exploiting the fact

that during slow adsorption, compositional arrest takes place well before structural arrest

occurs, we can prepare colloid-coated oil droplets with a ‘frozen’ or pre-defined degree of

colloidal coverage, but with fully ergodic colloidal dynamics on the droplets. We illustrate the

equilibrium nature of the adsorbed colloidal phase by exploring the quasi two-dimensional

(2d) phase behaviour of the adsorbed colloids under the influence of depletion interactions.

4.2 DNA Functionalisation

The oil droplets and colloids are functionalised as per protocols described in chapter 2. The

concentration of NaCl was fixed at ∼50 mM for all experiments. The desired concentration

of SDS was optimized while mixing DNA coated colloids and ODs. Two different sizes of PS

colloids, ds=0.527 µm and dl=1.2 µm with either green or red fluorescence (Microparticles

GmbH) were used. For ease of tracking particles on the surface of ODs and in the solution

we use large particles (dl=1.2 µm). For all other experiments we use the small particles (

ds=0.527 µm).
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4.3 Image analysis and diffusivity measurements

Image conversion and analysis were done using customised ImageJ [68] and Matlab routines.

Single particle diffusivity movies were analysed and tracks were generated using the ANAL-

YSE subroutines of ImageJ. These tracks were subsequently analysed using custom Matlab

routines generating mean-squared displacements and calculating diffusivities. Several bright-

field time series of 1-2 minute durations were recorded and evaluated using a Matlab routine

for DDM analysis developed by S. H. Nathan [69]. In DDM, bright field (or fluorescence)

microscope images separated by a given time lag are subtracted such that only the dynamic

information due to colloid motion remains. Fourier transforming these difference images for

varying time lags and correlating them provides the the charecteristic relaxation times for the

system, τ = (Dq2)−1, as function of the scattering wavelength q .

4.4 Results and discussion

4.4.1 Controlling degree of colloidal adsorption on the ODs

One of the most striking features of the colloid-OD system is the ability to control the extent

of coverage of oil droplets by colloids. The total colloidal volume fraction(Φbulk or Φb)

controls the rate and amount of colloids hybridizing to the surface of ODs. We first mix

A′
6-functionalized ds=0.52 µm particles with the A6-coated ODs (∼2 mM SDS, 50 mM NaCl

in TE buffer). For a fixed amount of ODs and a constant overall volume, we vary Φb as -

0.001, 0.005, 0.01, 0.02 and 0.05 wt% of PS colloids. Fig 4.1(A) shows the difference in

coverage of ODs by PS colloids for various volume fractions. Fig 4.1(B) shows the surface

coverage or surface fraction, Φsur f ace as a function of Φbulk upto 0.02 wt%. The error bars

are standard deviation of the average coverage per droplet. Starting with a Φb ≃0.05 wt%,

which corresponds roughly to a full DNA coverage of the ODs in solution, we obtain a

relatively high colloid coverage (Fig 4.1(A)), but still a number of colloids remain free in
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the bulk solution. Using a ten times lower Φb, we observe much fewer colloids on the OD

surfaces. Further, when we go down to Φb = 0.001 wt% for tracking purposes, we see only

one or two particles binding to the ODs. For samples with lower bulk volume fractions Φb

(between 0.0001 – 0.01 wt%) Φsur f ace is estimated by manually counting the number of

colloids attached to a given oil droplet and the dividing it with the total surface area of the

spherical droplet. For higher coverages, Φsur f ace is estimated by counting the number of

particles attached near the southern hemisphere and dividing it with the surface area of the

corresponding hemispherical cap. For full coverages, due to close proximity of particles, it is

difficult to count them. Hence, the adsorption curve presents data of Φsur f ace vs Φbulk only

up to 0.02 wt%.

Fig. 4.1 Controlling the coverage of ODs by DNA coated colloids. (A) Fluorescence micrographs
(under GFP illumination) showing change in the coverage of ODs by DNA coated PS colloids as a
function of total bulk colloidal volume fraction, Φb or Φbulk. (B) Colloidal volume fraction on the
surface of ODs, Φsur f ace as a function of Φbulk . The error bars are standard deviation of the average
coverage per droplet. In all OD-colloid mixtures, irrespective of Φb, a large number of colloids remain
free in solution. All the scale bars are 10 µm.
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It is also observed that in all OD-colloid mixtures, irrespective of Φb, a large number of

colloids remain free in solution. Even though the colloids on the ODs are highly mobile, this

protocol dependence is due to the fact that during slow deposition (lower Φb), colloids have

more time to ‘collect’ the PLL-PEG-DNA ‘receptors’ than during fast deposition (higher

Φb). In fact, during slow deposition, the bound colloids deplete the remaining PLL-PEG-bio

domains from the interface, so that no further colloids can bind. We propose that the amount

of colloids hybridized to the ODs depends on the total colloid volume fraction Φb. Since

the DNA on the surface of ODs is mobile, we argue that most of the A6 DNA bound via the

PLL-PEG-bio chains is recruited by the hard colloids forming small rafts of several chains

in the contact region. However, when using higher initial colloid concentrations, these rafts

would be smaller. Every colloid that lands on the surface has time to accumulate its full

share of PLL-PEG-DNA. But of course, this also means that less PLL-PEG-DNA remains

for any subsequent colloids. Once all A6 DNA is bound, no further colloids can bind to the

oil-water interface. The interfacial regions free of colloids can thus be thought of as regions

purely stabilised by SDS. Or in other words, the colloidal hybridization leads to segregation

into regions of a pure SDS monolayer and others holding the PLL-PEG-bio with the DNA

(Fig 4.2). Because of the fluorescence of the streptavidin attached to the biotins on the

PLL-PEG was much weaker than that on the colloids, we could not observe this segregation

in experiments. However, simulation studies by our collaborators strongly support our

assumptions and are described in the following section [42]. Also, this distribution in the

number of PLL-PEG-DNA rafts over different colloidal contacts is what we atrributed to an

unexpectedly broad melt region for colloids bound to ODs in chapter 2. When starting with a

high Φb, there is no time for the colloids to collect their share of PLL-PEG-DNA as many

more colloids land on the surface of the ODs simultaneously. Hence many colloids recruit

their share of rafts at the same time. Indeed, if we start with a high Φb, a higher density of
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colloids on the ODs is observed, which automatically leads to fewer DNA bridges between

any given colloid and the OD, and therefore to a reduced Tm.

Fig. 4.2 Not to scale artistic representation of PLL-PEG-DNA rafts being recruited by impinging
colloids on the surface of ODs. Since the diameter of ODs are much large compared to the size
of PS colloids used, they do not see the curvature of the ODs. Colloids landing at first deplete
PLL-PEG-DNA domains from the interface, making them less availabe for any further incoming
colloids (marked by the arrow). This leads to a distribution in the number of PLL-PEG-DNA domains
per colloid and hence a Φb dependent coverage of ODs by colloids and a broader melting transition
for the OD-colloid system.

4.4.2 Comparing dynamics of colloids bound to the interface and free

in solution

To understand how binding to the OD interface affects the dynamics of the colloids compared

to motion of free particles in the bulk, we performed particle tracking and Differential

Dynamic Microscopy (DDM) measurements. For particle tracking, we used 1.2 µm PS

colloids coated with a grafting density of A′
6 DNA comparable to the one used on the smaller

particles. We also lowered the overall added colloid concentration to Φb = 0.001 wt%, thus

assuring only a few particles binding to the surface of the OD. We only track trajectories close

to the south pole such that the particles move mostly in a plane perpendicular to the viewing
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direction. We study root mean-square displacements that are much smaller than the radius of

the OD and hence we assume that the curvature of the ODs can be neglected in the analysis of

the diffusive motion (Fig 4.3). The averaged diffusion coefficient, DOD ∼ 4.0×10−14 m2 s−1,

obtained for 1.2 µm colloids bound to the ODs is found to be reduced by one order of

magnitude compared to that of free particles in solution, Dsol ∼ 3.37× 10−13 m2s−1. The

value of diffusion coefficient for particles free in solution is close to the theoretical estimate

Dtheo = 4.11×10−13 m2 s−1 (Fig 4.3B). Particle tracking of free PS particles is done in

the absence of ODs, but under equivalent solvent conditions and temperature. Feeding

the displacements extracted from the same particle tracks into an in-situ analysis program

detailed here [70], we also extract the effective viscoelastic properties the bound colloids

experience. These suggest that the colloids experience a viscosity of 9.5±0.6 mPas, which

is roughly 10 times larger than that of water.

For samples with only 0.52 µm particles attached to ODs, we used DDM to extract the

particle diffusivities on the ODs and in bulk [69, 71, 72]. Similar to the larger particles a

considerable reduction in the diffusivity (∼2.4×10−13 m2 s−1) of bound colloids is found,

while the value Dsol ∼9.52×10−13 m2 s−1 measured for the free particles is again similar

to the theoretical one (Fig. 4.3). Note, the DDM results for the particles on the OD surface

have a larger error because of the reduced statistics as we limited the sampling to the small

region on the south pole to avoid systematic errors due to the curvature of the droplet.

The strong slowing down of the colloidal diffusion on the ODs also supports our hypothe-

sis that several mobile PLL-PEG-bio chains form rafts. It appears that the measured colloidal

diffusion coefficients are dominated by the diffusion coefficient of the rafts. We have shown

that the diffusion coefficient of colloids sedimented onto either a ‘soft’ cross-linked polymer

surface or a ‘hard’ sterically stabilised support surface does not deviate more than some 10%

from their bulk diffusion value [73], while here we observed a reduction of one order of

magnitude.
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Fig. 4.3 A) Mean square displacement versus delay time for 1.2 µm colloids diffusing free in solution,
and B) for DNA-bound colloids diffusing on the OD surfaces averaged over 5 tracks. The inset shows
a typical single-particle track. C) Microscope image of 0.57 µm colloids bound to an OD surface
focusing on its south pole. The square selection was used for DDM analysis. D) Decay time τ(q)
as a function of the scattering vector q extracted from DDM analysis for both colloids diffusing
on OD surfaces (as shown in C) and from microscope movies taken from free colloids in solution;
the theoretical line passing through the data for the free colloids were obtained assuming a colloid
diameter of 0.57 µm, a viscosity of buffer solution of 0.9 mPas, and RT.

Saffman and Delbrück [74] recognized early on that the Brownian motion of proteins

attached to a lipid bilayer can be expressed in form of the Stokes-Einstein relation of the

translational diffusion coefficient, D = kBT b, where kB is Boltzmann’s constant, T the

temperature and b the mobility of the protein (for a free sphere in solution b = (6πηR)−1,

with η being the viscosity and R the radius of the particles). However, this mobility will

be dominated by the viscoelasticity of that layer. They derived an analytical expression

for a modified mobility of a cylindrical disk embedded in the double-layer. Their work

was extended to monolayers separating two phases by Fisher et al. and by others, deriving

complex expressions and verified in part by simulations [75, 76]. Sickert and Rondelez



58 Kinetic Control of the Coverage of Oil Droplets by DNA-Functionalized Colloids

reported experimental results on the diffusion of colloidal particles located at the water-air

interface separated by lipid monolayers of different densities [77]. They found a reduction in

the colloid’s translational diffusion coefficient by one to two orders of magnitude.

Here we give a rough estimate of the diffusivity of the PLL-PEG-bio rafts. We argue that

the PLL chains are in a rather stretched configuration on the surface (as seen in chapter 2)

due to steric hindrance between the PEG chains [53, 54]. The positively charged polylysine

will be bound to the SDS surfactants at the water-oil interface, where the hydrophobic tails of

the surfactants extend into the roughly 50 times more viscous oil phase. We can estimate the

mobility of such a chain by b = (6π (ηoil +ηwater)R)−1, where the length of the stretched

PLL chains is ∼48 nm, assuming that the length of a lysine monomer is 0.355nm [53]. This

gives us a translational diffusion coefficient of DPLL ≃ 1.8×10−13 m2s−1, which is about a

fifth of that of the free 0.52 µm particles (Dsol =9.52×10−13 m2 s−1) and surprisingly close

to those bound to the surface (DOD ∼ 2.4×10−13 m2 s−1). A slightly larger reduction is

observed for the 1.2 µm particles, which is in agreement with our assumption that a larger

raft of several PLL-PEG-bio chains may be bound in the contact region. Hence the colloid

motion is dominated by the viscous drag of the monolayer-raft with the oil. This finding is in

agreement with the microrheology data, which suggest that the larger colloids experience an

apparent viscosity of about 9.5 mPas, while we extract a viscosity of ∼3.5 mPas from the

DDM measurements of the bound smaller colloids.

4.4.3 Colloidal 2d-aggregation at the oil-water interface

Another striking feature that this system exhibits is that once colloidal adsorption is saturated

(for Φb = 0.05 wt%), a rich phase diagram of colloidal aggregation emerges, which is

controlled by the excess concentration of the added surfactant micelles inducing depletion.

While keeping the PLL-PEG-bio and A6 DNA coverage approximately constant for all

experiments we studied the effect of varying the SDS concentration on the aggregation
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behaviour of the PS-colloids hybridized to the ODs (Fig 4.4). As we increased the excess

SDS concentration in bulk, we observed a transition from a gas-like distribution of hybridized

PS-colloids (SDS concentrations <2 mM) to the formation of 2d ‘continents’ with crystalline

order at higher concentrations of SDS (5 mM; SV 2). Between 2 mM and 4 mM SDS

concentrations, a two-phase region was observed, where individual hybridized colloids

coexisted with more disordered ‘fluid-like’ colloidal islands containing more than just a few

colloids (Fig 4.4). We attribute this behavior to depletion attraction induced by SDS micelles.

All samples show a considerable fraction of free, non-hybridized colloids in solution. These

did not aggregate because of the steric stabilization provided by the A′
6 DNA brush on the

colloids. However, at SDS concentrations above 2 mM, we also observed weak colloidal

aggregation in the bulk, again presumably due to depletion forces.

4.4.4 Simulations

As it is difficult to probe the distribution of colloid-OD bonds directly in experiments, we

used kinetic Monte Carlo simulations ([42]) to investigate the factors that affect the protocol-

dependent OD-colloid binding. For KMC simulations we collaborated with Dr Nuno in A.

M. Araújo’s group at the Universidade de Lisboa. Complete details of the simulation can

be found in the main text and SI information of our paper [42]. In these simulations, the

interface is described as a 2d discrete square-lattice with a given density of square patches, ρp.

A patch represents a single DNA-functionalized PLL-PEG-biotin chain of length lp, in units

of lattice sites, and an interfacial diffusion coefficient Dp. The contact region of the colloids

with the interface is represented by a square of length lC. The number of colloids that arrive

per unit time at the oil-water interface is denoted by F (the ‘flux’). F increases monotonically

with the bulk concentration Φb . In is assumed that the colloids bind irreversibly if they

overlap with at least one site of the patch. Both colloids and patches are assumed to be

impenetrable. Since we are interested in the initial stage of binding, we ignore the diffusion of
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Concentration  of  SDS  @  ~  50  mM NaCl

1  – 2    mM 2.5  – 4  mM >  5  mM

10  μm10  μm10  μm

VAO =  0 VAO =  6 VAO =  8

A) B) C)

D) E) F)

Fig. 4.4 Various phases of colloidal assembly at the interface with comparison between experimental
(Top Row) and numerical results (Bottom Row)being shown. Top row: Fluorescence micrographs
(under GFP illumination) showing change in the packing of the 0.52 µm polystyrene colloids on
the surface of ODs as a function of SDS concentration in the bulk of the sample. The colloids go
from A) a colloidal gas-like phase to B) a liquid-like cluster to C) well aligned hexagonal packing
at the interface. Bottom row: Snapshots for different strengths of the Asakura-Oosawa potential: D)
VAO = 0, E) 6, and F) 8 (simulation details in Joshi et al. [42] ). These images were modulated with a
Gaussian blur emulating the experimental situation.

colloid-patch complexes. However, free patches can diffuse and thus accumulate in accessible

sites underneath a colloid-patch complex forming a raft. The simulations confirm that as F

decreases, the limiting density of surface bound colloids decreases, due to the depletion of

accessible patches [42]. We also used numerical simulations to study the 2D-aggregation

behaviour of the bound colloids on the SDS concentration. To this end, we used Brownian

dynamics simulations on a curved interface describing the pair-wise colloid interactions by

the superposition of a repulsive Yukawa and the short-ranged, attractive Asakura-Oosawa

(AO) potential (see SI of [42] for further details). Keeping the fraction of bound colloids per



4.4 Results and discussion 61

OD constant, we increased the strength of the attraction – it scales linearly with the micelle

concentration. Fig 4.4D-F show snapshots for different strengths of the AO potential. As

observed experimentally, by increasing the density of depletant we observe a transition from

a fluid-like structure to crystalline-like order (Fig 4.4A-C).

Our results presented in Fig 4.4 demonstrate that the surfactant concentration is an

important ingredient in our systems aggregation behaviour. In the final OD-colloid mixture

we adjust the SDS concentration in the aqueous bulk. For the buffer solution with 50 mM

added NaCl concentration a minimum of 1-2 mM SDS concentration was required in order

to prevent coalescence of the oil droplets. This SDS concentration is just below the Critical

Micelle Concentration (CMC) for SDS, which is around 2.5 mM for the ionic strength used

in our experiments. Hence, at higher SDS concentrations we create more and more micelles,

which induce increasingly stronger depletion attraction between the DNA-stabilised colloids

that do not aggregate in the same salty buffer solution but in absence of a surfactant. Depletion

attractions between large colloids in bulk solution, induced by small colloids or polymers,

have been studied extensively in theory, simulations and experiments [78–81]. Fewer studies

used charged surfactant micelles as the depleting agent. Iracki et al. observed the aggregation

behavior of ‘hard’, negatively charged silica beads sedimented onto a non-sticking glass

surface in the presence of SDS [82]. Similar to our experiments they showed that below the

CMC hard sphere repulsion dominated, while an increasingly deeper attractive minimum

emerged as the SDS concentration increased beyond the CMC. Again, the simulation results

confirm that scenario [42].

Also, when we go to higher SDS concentrations we see ordered 2d crystals with faceted

boundaries. Similar to the observations by Meng et al [83] made on depletion driven colloidal

aggregation on the inside of emulsion droplets these crystals remain finite size and ‘fracture’.

This is due to the competition between the elastic deformation of the 2d crystals that prefer a

flat arrangement and the binding strength of the colloids to the interface via DNA. As the
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melting experiments demonstrate, any clusters formed at room temperature will become

smaller and more mobile upon heating. To summarize, we have introduced a new colloid

aggregation mechanism on emulsion droplets that explain the reversible detachment from the

OD surface in a controlled manner using DNA hybridization. The fact that the hybridization

recruits the mobile linkers between the colloids and the OD may be used as model system to

understand and study the dynamics of particle or protein adsorption to biological molecules

in a crowded environment. The very slow dynamics of the aggregation process may help

understand how this aggregation can be controlled [84, 55].

4.5 Conclusion

We have demonstrated that it is possible to control the surface coverage of oil droplets by

colloidal particles, by exploiting the fact that during slow adsorption, compositional arrest

takes place well before the structural arrest occurs. As a consequence, we could prepare

colloid-coated oil droplets with a ‘frozen’ degree of loading, but with fully ergodic colloidal

dynamics on the droplets. However their diffusivities were found to reduce by atleast a

fifth compared to their free counterparts in solution. Depending on the solvent conditions,

our seemingly simple system exhibits an unexpectedly rich quasi-2d phase diagram of

colloid aggregation. We illustrated the equilibrium nature of the adsorbed colloidal phase

by exploring the quasi-2d phase behaviour of the adsorbed colloids under the influence of

depletion interactions. As the concentration of the free surfactant in solution is increased, the

colloids bound to oil droplets undergo a purely entropic transition from a fluid like phase to

a compact crystalline packing of colloids at the interface forming colloidal ’islands’. This

transition is attributed to the depletion interaction caused by the excess surfactant micelles in

the system. I also briefly report the simulation studies from our collaborators from Lisbon

that reaffirm the experimentally oberved phase behaviour. These simulations of a simple

model system illustrate the nature of the compositional arrest and the structural ergodicity
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observed in our experiments. The findings summarized in chapter 3 and 4 are published in

Joshi et al. [42].





Chapter 5

Binary Mixtures of DNA-Coated

Colloids in a Quasi 2 Dimensional

Environment

Having devised an approach for kinetically controlling the coverage of oil droplets (ODs) by

colloids using DNA linkers (described in Chapter 3 and 4), this method is extended to bind

different colloidal species at the interface. This chapter summarizes some preliminary results

on the dynamics and phase behaviour of binary colloidal mixtures at the oil/water interface.

These results present an exciting opportunity for designing recyclable bi-dispersed systems.

5.1 Introduction

Food, cosmetic and pharmaceutical formulations frequently contain more than one kind of

active ingredients dispersed at oil-water interfaces. A controlled release of active ingredients

from the interfaces under external triggers such as temperature, shear, or change in pH

adds extra functionality to these formulations. Hence, for designing formulations that are

selective in nature, such that they could adsorb one kind of species more than others and later
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sequentially release them – it is rather important to understand the kinetics, dynamics and

phase behaviour of multi-component systems.

Our approach for kinetically controlling the coverage of oil droplets by colloids using

DNA linkers (described in Chapter 3 and 4) enables us to bind different kinds of colloidal

species at the interface. Further tuning the bulk colloidal volume fractions Φb, it is also

possible to control the composition of bound colloidal mixtures. We bind large (1.2 µm)

and small (0.5 µm) polystyrene colloids to ODs in various ratios of large to small colloids at

varying solvent conditions. Despite mobile anchors holding colloids at the interface, which in

principle, could permit rearrangement of the colloids at the interface, we do not observe any

phase separation between the different colloidal species. It is also observed that the presence

of larger colloids forces small colloids to aggregate at the interface at concentrations of SDS

much lower than the critical micellar concentration (CMC). This behaviour is rather contrary

to that observed in chapter 4, where the onset of aggregation of colloids bound to the surface

of ODs is marked at the CMC of SDS. For concentration of SDS below the CMC, these

surface bound colloids exist in a freely moving gaseous phase. Note that the CMC of SDS

for 50 mM NaCl is is about 2.5 mM.

5.2 Experimental methods

Following the protocols listed in chapter 2 [42], we prepare oil droplets coated with A6

DNA and coat1.2 µm and 0.5 µm polystyrene (PS) and 0.2 µm PMMA colloids with A′
6 DNA.

These colloids are either green (G) or red (R) fluorescent. For grafting DNA to the surface of

SDS-stabilized oil droplets, we first adsorb PLL-PEG-Biotin on the negatively charged SDS

head groups. PLL-PEG-Biotin has a highly negatively charged backbone that adsorbs flat on

the surface of the oil droplets, while the PEG-bio overhangs protrude into the water phase.

These PEG-bio overhangs are then functionalized with streptavidin. Single stranded (ss)DNA

with a biotin functionalization later attaches to these streptavidin sites on the oil droplet.
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Keeping the overall volume fraction of colloids, Φb ∼0.06 wt% of polystyrene, ratio of large

(1.2 µm) to small (0.5 µm) colloids is varied across various samples. Three different volume

ratios of large to small colloids (1:5, 5:1 and 1:1 µl) are used from concentrated (1 wt%)

suspensions of the DNA coated colloids. The salinity of the system is maintained at 50 mM

of NaCl for all experiments. For each composition of the colloidal mixtures two samples

are prepared, one having surfactant concentration adjusted above (5 mM) and another one

below (1 mM) the CMC (2.5 mM) of SDS. Once the samples are prepared, they are imaged

under a Nikon TI-E epifluorescence micrioscope equipped with a CMOS camera. For ease

of visualization the small colloids were chosen with red fluorescence and the large ones with

green. False colour overlay images are later generated by using ImageJ for data analysis.

5.3 Results and Discussion

Chapter 2 of this thesis presented a new approach for functionalizing SDS stabilized oil

droplets with DNA. When colloids coated with complementary ssDNA are mixed with

these DNA functinalized oil droplets, they bind reversibly to the surface of ODs via DNA

hybridization. The colloids remain mobile and their diffusivities are reduced nearly by a

factor of five for the small colloids and an order of magnitude for the large ones, compared

to their counterparts moving freely in the bulk. Further, because of the mobility of the DNA

attached to the oil-water interface the resulting binding density of the colloids becomes

dependent on the colloidal concentration in bulk. Once colloidal adsorption is saturated

a rich phase diagram of colloidal aggregation emerges, which is controlled by the excess

concentration of the added surfactant micelles inducing depletion. Varying the micelle

concentration in the aqueous phase, a purely entropic transition from a fluid-like phase to

a more compact packing of the solid colloids at the interface is observed. Following up on

this interesting phase transition, we decided to study the phase behaviour of a binary mixture

of DNA coated polystyrene colloids at the interface. These are only preliminary results and
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detailed experimental and simulation studies to clearly understand the phase behaviour of

colloidal mixtures in this quasi-2d environment are underway.

We functionalized 1.2 µm and 0.5 µm colloids with A′
6 DNA and the oil droplets with A6

DNA. In control experiments both colloidal species are seen to bind with the ODs. However,

the droplets coated with only 1.2 µm colloids demonstrate a transition into a colloidal

crystalline phase at much lower SDS concentrations compared to the 0.5 µm colloids bound

to ODs. The large colloids demonstrate a nice 2d crystalline packing at the oil/water interface

at SDS concentrations as low as 3 mM as opposed to the 0.5 µm particles that undergo a

crystalline transition only at SDS concentrations above 5 mM. Below the critical micellar

concentration of SDS, the 0.5 µm colloids exist freely as a colloidal gas for months after

preparation. Whereas the 1.2 µm colloids are mobile to begin with but, if left undisturbed,

they aggregate into random clusters after around 24 hours (Fig 5.1). We suspect this difference

of behaviour might be due to the extra drag the larger colloids experience because of a larger

size and hence a higher number PLL-PEG-DNA rafts that they can recruit at the interface.

Further we suspect that due to their size, gravity may also be playing a significant role in

forcing them to aggregate.

In chapter 4 we observed that as we increase the concentration of of SDS beyond the

CMC, we create more and more micelles, which induce an increasingly strong depletion

attraction between the DNA-stabilised colloids that do not aggregate in the same salty buffer

solution, in absence of a surfactant [42]. We observed that below the CMC hard sphere

repulsion dominated, while an increasingly deeper attractive minimum emerged as the SDS

concentration increased beyond the CMC. On going to higher SDS concentrations, we

observed ordered 2d crystals with faceted boundaries [42].

Having studied the kinetics and phase behaviour of colloidal adsorption on the surface

of ODs, we decided to dope the system with a small amount of large 1.2 µm colloids. An

overall bulk volume fraction (Φb) of the polystyrene colloids > 0.05 wt% corresponds to
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Fig. 5.1 Bright field images of 1.2 µm green (G) fluorescent polystyrene (PS) colloids with A′
6 DNA

hybridized to the oil droplets having A6 DNA. (A) As prepared samples show the large 1.2 µm colloids
moving in a well dispersed and freely moving gaseous phase (B) If the sample is left undisturbed for
24 hrs, bound colloids aggregate into random clusters as opposed to their 0.5 µm, where the gaseous
phase is stable for well over several months. Scale bars are 10 µm.

Fig. 5.2 Fluorescence images of 1.2 µm green (G) fluorescent and and 0.5 µm red (R) fluorescent
colloids with A′

6 DNA hybridized to the oil droplets functionalized with A6 DNA when the colloids are
mixed in a 5:1 wt% ratio of small (R) to large (G) colloids(A) below the CMC of SDS (B) above the
CMC of SDS. It can be seen that the presence of large colloids forces the small colloids to aggregate
well below the CMC of SDS. However, above the CMC of SDS, the small colloids show a more
compact packing at the interface. False colour overlay is utilized to clearly visualize the arrangement
of both types of colloids at the interface. Scale bars are 10 µm.
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a full coverage of the ODs by colloids. Keeping the overall Φb constant, we replace one

in six parts of the 0.5 µm (small) DNA coated colloids with 1.2 µm (large) colloids. We

prepared two samples, with concentration of SDS set to 1 mM in the first one and 5 mM in

the other, with each having a 50 mM concentration of NaCl. Note that the critical micellar

concentration of SDS for 50 mM NaCl is about 2.5 mM.

We see a good coverage of the ODs with small colloids and a few occurrences of the

large colloids bound to the surface of the ODs (Fig 5.2). This was rather expected as the

bulk concentration of colloids controls the kinetics of their adsorption to the surface of ODs.

However, contrary to our earlier observations from chapter 4, we observed that the small

colloids aggregated into random clusters on the surface of ODs at concentration of SDS

much lower than the CMC. For concentration of SDS above the CMC, we observe a compact

crystalline packing of the small colloids at the interface with large colloids embedded at in

matrix of small colloids. Intrigued by these observations, we decided to vary the proportions

of large to small colloidal mixtures.

Further, we prepared another sample with an overall bulk volume fraction (Φb) of the

polystyrene colloids ∼0.05 wt% having five parts of the large colloids and one part of the

small colloids. To our surprise, despite having a low Φb of the 0.5 µm colloids, this sample

still had a significant amount of small colloids bound to the oil droplets as opposed to a

scarce presence of large colloids in the previous case (Fig 5.3). This can be attributed to the

fact that the small colloids are far more diffusive compared to the larger colloids. Hence,

despite having a smaller concentration in the bulk, they collide more often with the ODs and

a significant number of them end up binding to the surface of ODs. For both samples, we

also notice that occasionally the small colloids like to wrap themselves around the large ones.

Again, it can be seen that the presence of large colloids forces the small colloids to aggregate

well below the CMC of SDS. Further, for the sample having a higher concentration of SDS
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(5 mM), we observe a more compact packing of the smaller colloids and the large colloids

are occasionally embedded in the matrix.

Fig. 5.3 Fluorescence images of 1.2 µm green (G) fluorescent and and 0.5 µm red (R) fluorescent
colloids with A′

6 DNA hybridized to the oil droplets functionalized with A6 DNA when the colloids
are mixed in a 1 : 5wt% ratio of small (R) to large (G) colloids (A) below the CMC of SDS (B) above
the CMC of SDS. False colour overlay is utilized to clearly visualize the arrangement of both types of
colloids at the interface. Scale bars are 10 µm.

Finally, we prepared a sample with equal portions of the large to small colloids, keeping

the overall bulk volume fraction (Φb) of the polystyrene colloids > 0.05 wt%. We again

observe a higher number of small colloids binding to the oil droplets compared to the

large colloids (Fig 5.4). This may be attributed to their higher diffusivity. Also the small

colloids aggregate into loose random aggregates and wrap around large colloids at lower

SDS concentrations and demonstrate a compact packing at the higher SDS concentration.

Further, we prepared another sample with 200 nm, PMMA and 500 nm PS colloids in

equal proportions and observe a similar trend. The PMMA colloids being more diffusive

are present in larger numbers at the oil/water interface. Presence of the 500 nm colloids

again causes them to aggregate albeit in smaller clusters. Due to the limitation of resolution

of our imaging setup, good resolution images for this system could not be obtained. We

are collaborating with groups from the Chemical Engineering department to produce high

resolution images of this system and study it in great detail. This is work in progress. Further
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Fig. 5.4 Fluorescence images of 1.2 µm green (G) fluorescent and and 0.5 µm red (R) fluorescent
colloids with A′

6 DNA hybridized to the oil droplets functionalized with A6 DNA when the colloids
are mixed in a 1 : 1 wt% ratio of small (R) to large(G) colloids (A) below the CMC of SDS (B) above
the CMC of SDS. False colour overlay is utilized to clearly visualize the arrangement of both types of
colloids at the interface. Scale bars are 10 µm.

we also plan to do g(r) - radial distribution function, analysis for samples with various

proportions of small to large colloids at different concentrations of SDS to quantify the

colloidal packing of small colloids around the large ones. The g(r) analysis enables us to

quantify how the packing density varies as a function of distance from a reference particle.

5.4 Conclusions

We successfully prepared oil droplets coated with binary colloidal mixtures using DNA

linkers. Owing to the kinetics of the system, we could control the proportions of colloidal

mixtures at the interface. For all wt% ratios of small (0.5 µm) to large (1.2 µm) colloids, we

see a significant amount of small colloids bound to the ODs. This can be attributed to a

higher diffusivity of smaller colloids because of which they have a higher collision frequency

with the ODs and hence bind in higher numbers. Further, we observe that the small colloids

in the binary mixtures aggregate at SDS concentrations much lower than the the CMC of

SDS. This is contrary to our observations in chapter 4, where we established that the presence
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of SDS micelles causes an attractive depletion interaction for otherwise sterically stabilized

DNA coated colloids. Further, we did not observe any phase segregation for either SDS

concentrations or the composition of binary mixtures. However, small colloids are seen to

wrap around the large colloids and aggregate in irregular clusters below the CMC of SDS

and into compact packing above the CMC of SDS. This suggests that the larger colloids are

acting as nucleation points for smaller colloids. We believe that this observed aggregation

below the CMC might be due to bridging by PLL-PEG-DNA rafts. Once a large colloid

recruits PLL-PEG-DNA rafts, due to geometric constraints another large colloid can not

be accommodated on the free biotin heads in these rafts. However, small colloids slip into

the void and recruit additional biotin anchor points on the PLL-PEG-DNA rafts. Many

small colloids sharing several such rafts with a large colloid can lead to local distribution

in the number of small colloids on the surface of the ODs. Hence, the reason for observed

aggregation and wrapping of small colloids around the large colloids. Results presented in

this chapter are only in the primitive stages of investigation for this system. Further careful

experiments and detailed analysis of these observations are underway.





Chapter 6

Magnetic Field Directed Assembly of

DNA Coated Colloidal Superstructures

In this chapter we discuss an approach for directing the assembly of a multi-component

system of DNA-coated colloids (DNAcc) via an externally applied magnetic field. Using

the right combination of DNA it is possible to tune the sequential interactions for this multi-

hierarchical system while ensuring thermoreversibility of the assembled superstructures.

Colloidal superstructures with topological complexity such as ‘raspberry’ like and long

coaxial skeletons of smaller colloids around larger superparamagnetic cores are demonstrated

in a two component system. Self-assembly of these long, straight, mesoscopic scaffolds of

colloids can be utilised as a primitive for building more complicated structures. This work

was done in collaboration with Mykolas Zupkauskas, Dong Ok Kim and Simon Nathan in

the Eiser group.

6.1 Introduction

Owing to the thermally-reversible and highly specific binding between two complementary

single strands of DNA linkers, various theoretical studies have demonstrated the possibility
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of readily assembling DNA coated colloids into various lattice forms and complex mesocopic

structures [85, 86, 36]. However, their experimental realization has proven to be more

difficult than originally envisaged. This difficulty is attributed to the nature and strength of

DNA binding. Single stranded DNA attached to hard colloids acts as a molecular velcro

making it diffciult for the colloids to relax into the crystalline equilibrium structure upon

binding. Moreover, the binding strength between DNA coated colloids can be several orders

of magnitude higher than that of free strands in solution. This results in a sharp melt transition

over a narrow temperature range [6]. Such a sharp binding transition between freely moving

colloids and the aggregated phase along with their inability to reorient makes it difficult for

the system to anneal into equilibrium structures. As a result, DNA coated colloidal clusters

get trapped into dynamically arrested states lacking long-ranged order or structure control

even under conditions when a highly ordered phase is thermodynamically more favoured

[45, 34]. A number of strategies including using mobile DNA linkers [42, 10, 43], grafting

both DNA and an inert polyemer to the colloidal particles [34] and using nanoparticles

instead of micron-sized colloids [36, 44] have been proposed to overcome these kinetic

barriers. Despite these attempts, only a handful of DNA coated colloidal systems have been

successful in realizing various crystal structures [36, 6, 44–46]. However, a full control over

the programmability to direct these systems into topologically complex structures is yet to be

established .

When thermodynamic pathways for relaxation into equilibrium structures are extremely

slow or hindered greatly by kinetic barriers, externally applied force fields such as gravity,

compressive or shear stress, electric and/or magnetic fields can be used to direct the assembly

of micron sized building blocks into well defined complex structures [47, 16]. Since it is

more difficult to thermally organize larger particles(>1.0 µm) into ordered assemblies, these

methods can play a crucial role in engineering their self-assembly.
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Magneto-responsive colloidal particles can be self-assembled into field-controllable

structures. Magnetic forces arising both internally due to interactions between neighbouring

colloids and due to externally applied magnetic field that drive the particles to self-assemble

via the alignment of their magnetic diploes [16]. These field assisted methods are unique

and effective because of their ability to manipulate particle-particle interactions in real

time. Studies on directing the assembly of magneto-responsive colloidal systems – colloids

dispersed in a ferrofluid (Fe3O4), have already demonstrated linear and zigzag chains [87, 16],

two-dimensional (2-d) arrays [88], superstructures with multipole symmetry [89], a number of

complex structures (rings, chains and tiles) [90], and chiral structures with controlled helicity

[91]. These assembled structures can be recycled into their building blocks or reconfigured

into a different state by tuning the magnetic field or applying a remote demagnetizing field.

Further, some groups have explored the possibility of creating ‘materials with a reconfigurable

responsive structural arrangement’ by using magnetic Janus particles [92] or by introducing

magnetic patches on spherical colloids [93]. These anisotropic colloids spontaneously

self-assemble into clusters in the absence of external magnetizing fields. Applying a field

externally allows the clusters to reconfigure themselves by unbinding or slight geometrical

relaxations [93, 92].

One of the disadvantages of using ferrofluids for designing ‘macrocolloidal superstruc-

tures’ is that it is difficult to separate the assembled superstructures from the continuous

ferrofluid phase which have substantial remanent magnetizations i.e. they retain a finite

degree of magnetization even when the applied magnetic filed is swittched off. Hence, it

becomes very difficult to employ these structures for practical purposes including recyclable

and reconfigurable assemblies. Employing superparamagnetic colloids becomes more ad-

vantageous for they align and form chains or columns at high field strength and revert to

an isotropic suspension when the field is removed. Using polymer bridges, long, stable,

extremely regular and permanent chains of superparamagnetic colloids were formed [94].
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Using DNA instead of the polymer bridges allows creation of flexible and semiflexible chains

of these superparamagnetic colloids with short persistence lengths [95–98].

Here we describe our approach to create magneto-responsive, multi-hierarchical colloidal

superstructures with topological complexity such as ‘raspberry’ like [99] and long coaxial

skeletons of smaller DNA coated colloids around larger superparamagnetic cores. Proof of

concept is demonstrated for further stabilizing these structures by adding a suitably function-

alized third component. Tuning the sequential interactions for these systems, recyclable novel

superstructures such as a mesoscopic straight coaxial scaffolds with a bilayer of different

colloids attached could be realized. The length of these ‘coaxial’ colloidal cables can be

tuned from a few microns to a few hundreds of microns by changing the strength of the

applied magnetic field, ranging from 1.8 - 30 mT.

6.2 Experimental Methods

6.2.1 Grafting DNA to colloids

Commercially available streptavidin functionalized colloids are coated with DNA as per the

protocols detailed in Chapter 2. The concentration of added NaCl was fixed at ∼50 mM for

all experiments. Table 6.1 lists various colloidal species used and the corresponding DNA

they are functionalized with.

Table 6.1 Various colloidal species and corresponding DNA constructs with sticky ends.

Colloids Diameter(µm) Composition Supplier DNA Sticky end

M1 2.8 PS Dynabeads ThermoFisher A7 CCC GGC C
M2 1.5 PS Microparticles GmbH A7 CCC GGC C
M3 1.0 PS Dynabeads ThermoFisher A7 CCC GGC C
G1 0.5 PS Microparticles GmbH A′

7 GGC CGG G
G2 0.2 PMMA Microparticles GmbH A′

7 GGC CGG G
R1 0.5 PS Microparticles GmbH A6 CCG GCC
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6.2.2 Imaging, temperature cycling and applying magnetic fileds

Once the samples are prepared and filled into sample chambers, they are then imaged (as

described in chapter 2) with a Nikon Eclipse Ti-E epifluorescence microscope. For these

measurements, we use a home-made sample stage equipped with a pair of Helmholtz coils

and a computer-controlled Peltier cooler. The Helmholtz coils are connected to a DC power

supply. The position of sample on the stage is fixed such that it lies in the plane of uniform

magnetic field for the coil pair (Fig 6.1). A thermocouple, connected to the Peltier device is

placed directly in touch with the sample chamber to measure the temperature of the sample.

Samples could be heated or cooled at desired rates using the PID controller and videos

recorded under red or green fluorescence and bright field.

Fig. 6.1 Schematic drawing of a Helmholtz coil pair and the magnetic field lines along the plane of
the sample stage. This plane bisecting perpendicularly the coil pair has a nearly uniform distribution
of magnetic field lines between the coils (image taken from Wikipedia).

6.3 Results and Conclusions

6.3.1 Binding rules and control experiments

In order to design hierarchical assembly in multi-component systems it is important to have

highly specific interactions that can be switched on or off sequentially along the temperature



80 Magnetic Field Directed Assembly of DNA Coated Colloidal Superstructures

axis. Hence to tune the melt transitions and choose suitable DNA linkers, we first study the

change in melt temperature (Tm) as the length of the sticky end is shortened by one base pair.

Following the protocols listed in Chapter 2, we prepare two sets of single component gels of

0.5 µm R1 colloids one with A7 – A′
7 and the other with A6 – A′

6 pairs grafted in a 1 : 1 ratio.

DNA binds to the colloids via a streptavidin-biotin chemistry. For the A7 – A′
7 pair the Tm

is measured to be 48 ◦C whereas for an A6 – A′
6 pair it is measured as 34 ◦C while cooling

from an ispotropic colloidal gas phase above the melt temperature.

6.3.2 Two component system

Fig. 6.2 A not to scale schematic describing the strategy for assembling ‘raspberry’ like and coaxial
scaffolds in a two component system. Switching on magnetic field at different stages determines the
final assembled superstructure. ‘Raspberry’ like superstructures are formed when the system is cooled
slowly in the absence of magnetic field (scheme (I)). These colloidal raspberries can then be aligned
into chain like structures by applying a magnetic field and are redispersed when the magnetic field is
switched off. If the field is switched on at T > Tm and the system is cooled slowly in the presence of
magnetic field, linear coaxial scaffolds with a superparamagnetic core are formed (scheme (II)).
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For a two component system strategies for assembling colloidal superstructures with

topological complexity such as raspberry like and long coaxial skeletons of smaller colloids

around superparamagnetic colloids are described in Fig 6.2. Binding rules for the multi-

component system strictly prohibit binding between the colloids of the same kind. A mixture

of superparamagnetic (M) colloids and the second colloidal component of desired size

(depicted green (G) in this cartoon) coated with complementary DNA linkers are first heated

to 60 ◦C (T > Tm) to make sure all the components are diffusing freely in a homogenous

gaseous phase. When the system is cooled very slowly (over 6 hrs) to 40 ◦C, ‘raspberry like’

colloidal superstructures of the small colloids around the large superparamagnetic colloids

are formed by DNA hybridization as depicted in scheme (I). These colloidal raspberries are

aligned into chain like structures by applying a magnetic field and are redispersed when the

magnetic field is switched off. However, if the magnetic field is switched on while the system

is in gaseous phase, superparamagnetic colloids are pushed together forming long chains as

their magnetic dipoles align in the direction of applied magnetic filed. Since these colloids

are sterically stabilized with a DNA brush on their surface, they do not bind or stick to one

another. The G beads stay in the gas phase unaffected by the applied field. If we start reducing

the temperature of the system at this stage, these chains of superparamagnetic colloids are

bridged and stabilized by the secondary colloidal component present (G). This results in the

formation of long colloidal wires having a superparamagnetic (M) core ideally covered with

G colloids (scheme (II)). These chains are stable even after the field is switched off. It is

also observed that the formation of these ‘raspberry’ colloids and linear coaxial scaffolds

is recyclable over temperature cycling. Using this scheme we have assembled ‘raspberry’

colloids of various size ratios and the results are summarized below. Note, because of their

size and higher density the superparamagnetic beads always settle to the lower surface of the

sample chambers, making it easy to image them.
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Fig. 6.3 A two component system composed of2.8 µm PS superparamagnetic colloids (M1) coated with
A7 DNA and 0.5 µm green fluorescent PMMA colloids (G2) coated with A′

7 DNA. Green fluorescence
images show locations of small colloids bound to the superparamagnetic colloids. (A) As-prepared
samples at room temperature showing the formation of ‘raspberry’ like superstructures of M1 beads
coated with small G2 beads. (B) These colloidal raspberries align into straight chains when an in-plane
magnetic field is applied. (C) These chains of colloidal raspebrries fall apart upon removal of the
magnetic field. (D) Both M1 and G2 colloids redisperse into a gaseous phase when heated to 60 ◦C,
which is well above the melt temperature (Tm) for the A7 – A′

7 DNA pair. (E) The ‘raspberry’ like
superstructures are recovered by cooling slowly to room temperature in the absence of magnetic field.
(F) Shows a zoom of the colloidal ‘raspberries’, clearly showing the surface bound green fluorescent
PMMA (G2) particles. Scale bars are 30 µm

Firstly, 2.8 µm superparamagnetic polystyrene (PS) beads (M1) coated with A7 DNA and

0.5 µm green fluorescent PMMA colloids (G2) coated with A′
7 DNA are mixed in a 1:5 ratio,

keeping an overall volume fraction of ∼0.01 %vol. They are allowed to incubate on rollers

for an hour before injecting them into the sample chambers. Fig 6.3 shows images of the

sample under green fluorescence. Fluorescence imaging helps in locating the positions of

small colloids bound to large superparamagnetic colloids (non-fluorescent) or those free in

solution. Looking at as-prepared samples under green fluorescence we see that G2 colloids

have indeed hybridized to M1 colloids via DNA linkers. Both M1 and G2 colloids can be

redispersed into a gaseous phase when heated to 60 ◦C, above the melt temperature (Tm)

for the A7 – A′
7 DNA pair. Further, the ‘raspberry’ like superstructures are recovered by
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cooling slowly to room temperature in the absence of a magnetic field (scheme(I)). This is

reproducible over several cycles of temperature cycling from room temperature to T > Tm.

When an in-plane magnetic field is applied after the sample is cooled to room temperature,

these colloidal ‘raspberries’ align into straight chains in the direction of the magnetic field.

This happens as consequence of the reorientation of magnetic moments on M1 in the direction

of applied field. These chains stay assembled as long as the magnetic field is on and fall

apart into individual raspberries due to thermal motion soon after removing the field. If a

very strong magnetic field (>20 mT) is applied, these colloidal raspberries may aggregate

irreversibly through non-specific interactions owing to the high surface roughness of the M1

colloids.

Fig. 6.4 Melting of long floppy chains in a two component system composed of 2.8 µm PS super-
paramagnetic colloids (M1) coated with A7 DNA and 0.5 µm green fluorescent PS colloids G2 coated
with A′

7 DNA. As the system is heated above the melt temperature (Tm) for the A7 – A′
7 DNA pair,

the system can be fully redispersed into a homogeneous gaseous phase. Heating rate is 3 ◦C/min and
scale bars are 100 µm
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Further we hybridize 0.5 µm PS green fluorescent beads (G1) to the 2.8 µm diameter

polystyrene (PS) superparamagnetic (M1) beads through surface grafted complementary

DNA. Again the colloidal raspberries are formed if the system is cooled in the absence of

magnetic field. However, if the magnetic field is switched on above Tm and the sample is

cooled in the presence of a magnetic field (scheme(II)), we form large coaxial chains with the

superparamagnetic (M1) cores held together by small colloids through DNA hybridization.

Fig 6.4 shows green fluorescent images of long coaxial chains several hundreds of µm in

length, having G2 wrapped around M1 colloids. These chains curl up or become floppy when

the magnetic field is removed, but they do not break and fall apart even after several hours

of switching off the magnetic field. These coaxial scaffolds formed at low temperatures

because of the DNA hybridization can be fully redispresed into a gaseous phase after heating

it. Fig 6.4 shows green fluorescence snapshots of the system while it transitions from long,

floppy chains at 49 ◦C to a fully dispersed homogeneous colloidal gas at 57 ◦C . We observe

an increased melt temperature (Tm) for this system compared to the control experiment of

a single component gel of 0.5 µm PS colloids hybridized via the same A7 – A′
7 DNA pair.

We believe this increase in Tm is because of the larger number of DNA bonds forming at the

contact region due to a smaller curvature of the large sized superparamagnetic colloids.

Fig 6.5 shows another variation of the two component system wherein 0.5 µm green

fluorescent PS colloids are hybridized to 1.5 µm PS superparamagnetic colloids (M2) at lower

temperatures. These components can be recycalably dispersed into a homogeneous gaseous

phase at temperatures above Tm. Again formation of both ‘raspberry’ like (scheme(I)) and

linear coaxial scaffolds (scheme (II)) are demonstrated.

6.3.3 Three component system

Self-assembly of long, straight, mesoscopic scaffolds is an important step towards the

self-assembly of multi-hierarchical and more complicated colloidal superstructures. The
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Fig. 6.5 A two component system composed of 1.5 µm PS superparamagnetic colloids (M2) coated
with A7 DNA and 0.5 µm green fluorescent PS colloids (G1) coated with A′

7 DNA (A) Both M2 and G1
colloids exist in a homogeneous gaseous phase when heated to 60 ◦C (T>Tm for the A7 – A′

7 DNA pair).
Green fluorescence images showing locations of small G1 colloids bound to the superparamagnetic M2
colloids when (B) the ‘raspberry’ like superstructures are formed by cooling slowly (@ 0.1 ◦C/min)
in the absence of magnetic field (C) zoomed in image of aligned colloidal raspberries on applying
magnetic field after cooling to 25 ◦C (D) linear coaxial scafolds with a superparamagnetic core are
formed by switching on the field at T > Tm and then cooling slowly(@ 0.1 ◦C/min) in the presence of
magnetic field. Scale bars are 10 µm

noncovalent nature of DNA interactions allows us to reversibly control the assembly of these

thermoresponsive superstructures and the presence or absence of magnetic field dictates

the final geometry of the assembled superstructure. Previous studies on using DNA as an

‘intelligent glue’ to bind magnetic colloids [95, 96, 98, 100] have demonstrated chains with

short lengths (< 50 colloids). Linear coaxial scaffolds assembled in our system are much

longer and more rigid compared to those reported earlier in the literature. Our two component

strategy presents a unique way to assemble and switch between colloidal superstructures

with topological complexity. Further we show that by using a third component and a suitably

tailored sequential DNA interaction, these linear coaxial scaffolds can be additionally func-

tionalized. As a proof of concept for functionalization, we present ‘furry chains’ assembled

in a three component system.

Fig 6.6 shows a strategy for functionalizing linear coaxial scaffolds from a two component

system into a ‘furry chain’ like geometry by adding a suitably tailored third component.

At 60 ◦C all the components of the system exist in an isotropic gaseous phase. First the

superparamagnetic (M) colloids are aligned into linear chains by applying a magnetic field

and then the sequential DNA interactions are switched on by reducing the temperature of
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Fig. 6.6 Not to scale, schematic drawing demonstrating the strategy for functionalizing linear coaxial
scaffolds from a two component system into ‘furry chain’ like geometry by adding a suitably tailored
third component. All the components of the system exist in a homogeneous gaseous phase at 60 ◦C.
When the magnetic field is switched on at 60 ◦C (T > Tm ) and the system is cooled slowly in the
presence of a magnetic filed, the linear coaxial scaffolds with a superparamagnetic core are formed.
Further reducing the temperature activates the green(G)–red(R) interactions and the linear coaxial
scaffolds (M–G) are functionalized and further stabilized by the R component. Note that for ease of
clarity DNA strands are not shown in this schematic drawing. Also, the colours of components in this
drawing do not represent the order of fluorescence on our actual colloidal components.

the system. As the system is slowly cooled, the first attractive interaction kicks in and the

green component coat M beads forming linear coaxial scaffolds. Holding the system at 40

◦C for a few hours allows for a good coverage of the superparamagnetic (M) colloids by the

green (G) component. Further reducing the temperature of the system activates the second

attractive interaction between the green and the red components, resulting in an additional

functionalization of the linear scaffolds. For ease of clarity we have omitted the DNA linkers

from this schematic drawing. Moreover, the colours of components in this drawing do not

represent the order of fluorescence on our actual colloidal components. It is used as a guide.

Starting with a two component system having 1.0 µm PS superparamagnetic colloids

(M3) and 0.5 µm red fluorescent PS colloids(R1) coated with coated with A7 and A′
7 DNA
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Fig. 6.7 Fluorescence images showing a three component system composed of 1.0 µm PS super-
paramagnetic colloids (M3), 0.5 µm red fluorescent PS colloids(R1) and 0.5 µm green fluorescent PS
colloids(G1) assembled into several hundreds of micron long coaxial ‘furry chains’. The system
imaged under Texas-Red and GFP illuminations clearly shows the positions of both kind of colloids
coating the large superparamagnetic colloids. Scale bars are 100 µm

respectively, we add0.5 µm green fluorescent PS colloids (G1) coated with A6 DNA. As

per the binding rules, binding is prohibited between colloids of the same kind. The only

permitted binding is between, M3 and R1 and R1 and G1 colloids. While cooling from a high

temperature homogeneous gaseous phase, the M3 and R1 binding switches on at a higher

temperature (56 ◦C). Cooling the system slowly and holding around the Tm for about an hour

ensures a good coverage of M3 colloids by R1 colloids. Further cooling the system below the
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melt temperature for A6 and A′
6 DNA, the binding between R1 and G1 colloids is activated.

Hence, we observe the G1 colloids binding with R1 colloids attached to the M3 colloids.

Fig 6.7 shows a fully assembled three component system imaged at room temperature under

green and red fluorescences respectively. It can be seen that addition of the third species

imparts extra rigidity to the linear coaxial chains and we observe very stable and extremely

long (few hundreds of microns in length), linear chains without any floppiness. Since there

are a number of R1 colloids free in the bulk of the solution, we observe an additional G-R

aggregation in the bulk and also additional G-R-G-R chains branching out from our ‘furry

chains’ (Fig 6.6). This additional branching and aggregation can be mitigated by performing

these experiments in a temperature controlled flow cell or microfluidic device where we flush

in just enough R1 colloids to coat the M3-beads and not an excess of them.

6.4 Conclusion

We have demonstrated a thermally reversible assembly of colloidal components of various

size ratios into ‘raspberry’ like and linear coaxial scaffolds for a two-component system in

a magnetic field. Using superparamagnetic beads as one of the components enables us to

employ a magnetic field to speed up the pathways to self-assembly of these superstructures

while ensuring zero remanent magnetization upon removal of the magnetic field. Our strategy

presents a unique way to assemble and switch between assembled colloidal superstructures

by playing with the temperature and the applied magnetic filed. The addition of a suitably

tailored third component imparts additional stability to these linear coaxial scaffolds. These

structures could pave the way for designing novel multi- hierarchical superstructures by

using new designing rules to create materials for the use in optoelectronics and drug delivery

applications. Further, utilizing magnetic tweezers for bending and manipulating these chains

and forcing the colloidal ‘raspberries’ into more complex topologies can open a plethora of

opportunities for creating interesting macro-colloidal superstructures.



Chapter 7

Closing Remarks and Outlook

This thesis has outlined my work on the DNA driven assembly of colloids at liquid and solid

interfaces. The central focus of the thesis has been on sculpting specific attractive interactions

for colloidal self assembly by utilizing a combination of suitable DNA functionalization

along with depletion forces and/or magnetic field. I have devised a novel approach for

functionalizing oil droplets (ODs) with DNA that enabled a kinetically controlled and

reversible adsorption of colloids onto them. This system was primarily utilized to study the

phase behaviour and pattern formation of DNA coated colloids at the oil/water interface.

Moreover, optical binding and the subsequent creation of optical crystals is another interesting

dimension that has emerged out of my work in this system and is being currently pursued.

Further in another project, we demonstrated that by utilizing sequential DNA interactions

along with an externally applied magnetic field it is possible to create topologically complex

colloidal superstructures such as ‘raspberry like’ and long coaxial scaffolds.

Chapter 3 discussed major experimental protocols utilized throughout the thesis along

with presenting a new approach for introducing mobile DNA linkers on oil droplets. In

comparison to previous cumbersome approaches involving expensive biotinylated lipids, our

method provides a relatively higher grafting density of DNA anchors at the interface. Further,
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by utilizing complementary DNA linkers, we were able to reversibly adsorb micron sized

colloids to these DNA functionalized oil droplets.

In Chapter 4, we illustrated kinetically controlled and equilibrium nature of the adsorbed

colloids by exploring their quasi two-dimensional (2d) phase behaviour. We demonstrated

that it is possible to control the surface coverage of oil droplets by colloidal particles, by

exploiting the fact that during slow adsorption, compositional arrest takes place well before

the structural arrest occurs. Depending on the solvent conditions, our system transitioned

from a fluid like phase to a compact crystalline packing of colloids at the interface forming

colloidal ’islands’. This purely entropic transition was attributed to the attractive depletion

interaction caused by the presence of excess surfactant micelles in the system. As the

concentration of SDS in the system was increased beyond its critical micellar concentration

(CMC), we observed that and attractive interaction was switched on between otherwise

sterically stabilized DNA coated colloids. Further, colloids bound to the oil water interface

were found to be significantly less diffusive compared their bulk counterparts due to the

excess drag of PLL-PEG-DNA rafts. Simulation studies using a simple model system

illustrated the nature of the compositional arrest and the structural ergodicity observed in our

experiments.

Further in chapter 5, I presented some preliminary results on the phase behaviour of binary

colloidal mixtures at the oil/water interface. Large (1.2 µm) and small (0.5 µm) polystyrene

colloids were hybridized to the oil droplets in varying ratios, above and below the critical

micellar concentration (CMC)of SDS respectively. Despite the colloids being mobile on

the surface of ODs, we did not observe any phase segregation for various compositions

of the mixtures. However, contrary to our expectations we observed significant colloidal

aggregates even below the CMC of SDS. This aggregation is suspected to be due to the

bridging by PLL-PEG-DNA rafts on the surface of ODs. These preliminary results present an
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exciting opportunity for studying recyclable bi-dispersed systems. Incorporating competing

sequential DNA interactions, it opens up prospects for designing novel delivery systems.

This novel approach for functionalizing oil droplets with DNA linkers and attaching

colloids at the oil water interfaces, presents a versatile model system for studying colloids in

a quasi-2d setting. An added advantage of the system is its ability to gently tune the colloidal

interaction potential. One of the most promising and exciting extensions of this work has

been the utilization of optical tweezers for trapping colloids at the liquid-liquid interface and

the observation of optical binding (Fig 7.1). We have demonstrated that the system can be

successfully used as a model system for colloids in quasi-2d settings and could be used to

demonstrate optically induced crystallization at the fluid-fluid interface.

Fig. 7.1 Optical crystallization of 0.5 µm PS colloids on the OD surface. (A)Crystal forming after
∼ 5 min of continuous optical trapping.(B)Crystal “melting” after the trap is switched off.

Chapter 6 demonstrated an approach for creating novel superstructures of DNA coated

colloids (DNAcc) directed via an externally applied magnetic field. A thermally reversible

assembly of colloidal components of various size ratios into ‘raspberry’ like and linear coaxial

scaffolds for a two-component system was demonstrated. Using superparamagnetic beads as

one of the components enabled us to employ a magnetic field to speed up the pathways to

self-assembly of these superstructures. The addition of a suitably tailored third component
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was shown to imparts additional stability to these linear coaxial scaffolds. These structures

could pave the way to designing novel multi- hierarchical superstructures by using new

designing rules to create materials for use in optoelectronics and drug delivery applications.

Further, utilizing magnetic tweezers for bending and manipulating these chains and forcing

the colloidal ‘raspberries’ into more complex topologies can open a plethora of opportunities

for creating interesting macro-colloidal superstructures. Among other applications, attempts

for building a micron sized electrical fuse by utilizing a conducting layer in between our

coaxial scaffolds are underway.

In conclusion, my research work has demonstrated the possibility of utilizing our experi-

mental systems for designing novel materials under the influence of external force fields. The

DNA-functionalized ODs represent an ideal system for studying and quantitatively character-

izing novel phenomena such as lateral optical binding and the subsequent creation of optical

crystals(Fig 7.1. Further attempts for modifying the scaffolds created using magnetic field

assisted assembly to incorporate a conducting layer are in progress. Once achieved, these

could be incorporated for applications in efficient energy harvesting or storage devices at

macro-scale.
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