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Abstract

The bottom-up assembly of material architectures with tunable complexity,
function, composition, and structure is a long sought goal in rational materials design. One
promising approach aims to harnesses the programmability and specificity of DNA
hybridization in order to direct the assembly of oligonucleotide-functionalized nano- and
micro-particles by tailoring, in part, interparticle interactions. DNA-programmable
assembly into three-dimensionally ordered structures has attracted extensive research
interest owing to emergent applications in photonics, plasmonics and catalysis and
potentially many other areas. Progress on the rational design of DNA-mediated interactions
to create useful two-dimensional structures (e.g., structured films), on the other hand, has
been rather slow. In this thesis, we establish strategies to engineer a diversity of 2D
crystalline arrangements by designing and exploiting DNA-programmable interparticle
interactions. We employ a combination of simulation, theory and experiments to predict
and confirm accessibility of 2D structural diversity in an effort to establish a rational
approach to 2D DNA-mediated particle assembly.

We start with the experimental realization of 2D DNA-mediated assembly by
decorating micron-sized silica particles with covalently attached single-stranded DNA
through a two-step reaction. Subsequently, we elucidate sensitivity and ultimate
controllability of DNA-mediated assembly—specifically the melting transition from
dispersed singlet particles to aggregated or assembled structures—through control of the
concentration of commonly employed nonionic surfactants. We relate the observed

tunability to an apparent coupling with the critical micelle temperature in these systems.



Also, both square and hexagonal 2D ordered particle arrangements are shown to evolve
from disordered aggregates under appropriate annealing conditions defined based upon
pre-established melting profiles.

Subsequently, the controlled mixing of complementary ssDNA functionality on
individual particles (‘multi-flavoring’) as opposed to functionalization of particles with the
same type of ssDNA (‘uni-flavoring’) is explored as a possible design handle for tuning
interparticle interactions and, thereby, accessing diverse structures. We employ a
combination of simulations, theory, and experimental validation toward establishing
‘multi-flavoring’ as a rational design strategy. Firstly, MD simulations are carried out
using effective pair potentials to describe interparticle interactions that are representative
of different degrees of ssDNA ‘multi-flavoring’. These simulations reveal the template-
free assembly of a diversity of 2D crystal polymorphs that is apparently tunable by
controlling the relative attractive strengths between like and unlike functionalized particles.
The resulting phase diagrams predict conditions (i.e., strengths of relative interparticle
interactions) for obtaining crystalline phases with lattice symmetries ranging among square,
alternating string hexagonal, random hexagonal, rhombic, honeycomb, and even kagome.

Finally, these model findings are translated to experiments, in which binary
microparticles are decorated with a tailored mixture of two different complementary
ssDNA strands as a straight-forward means to realize tunable particle interactions. Guided
by simple statistical mechanics and the detailed MD simulations, ‘multi-flavoring” and
control of solution phase particle stoichiometry resulted in experimental realization of
structurally diverse 2D microparticle assemblies consistent with predictions, such as square,

pentagonal and hexagonal lattices (honeycomb, kagome). The combined simulation, theory,



and experimental findings reveal how control of interparticle interactions via DNA-
functionalized particle “multi-flavoring” can lead to an even wider range of accessible
colloidal crystal structures. The 2D experiments coupled with the model predictions may
be used to provide new fundamental insight into nano- or microparticle assembly in three

dimensions.



Chapter 1:

Introduction

1.1 Colloidal Self-Assembly

The thesis at hand deals with the study of two-dimensional colloidal assembly with
specific and temperature-dependent interactions. This pertains to the field of physics
known as soft matter, which is synonymous with “complex fluids” and “colloids” (7). Soft
matter systems consist of particles, which can range in size between several nm to pum,
suspended in molecular solvent. Colloidal particles undergo Brownian motion in progress
towards the lowest free energy state (2). Due to their accessible time and length scales,
colloidal dispersions are a simple model system to study fundamental processes in nature
such as first-order transitions that are unparalleled in molecular systems (3, 4). Furthermore,
the formation of crystals with precise particle arrangements and periodic structures using
these colloidal particles is of interest for developing novel materials such as photonics,
sensors, catalytic supports, scaffold structures and lightweight structural materials that
form by self-assembly (3, 6).

Self-assembly, which refers to the process by which discrete components
spontaneously organize into ordered structures, takes place at all scales from atoms and
molecules up to meso- and macroscopic objects (7). Colloidal crystallization using
nanoparticles or microparticles is one common representation of self-assembly beyond
molecules. Colloidal crystallization is driven by various interactions such as van der Waals,

repulsive, depletion and attractive electrostatic interactions. For hard sphere models where



interparticle potential is infinitely repulsive at contact but zero elsewhere, their
spontaneous crystallization is mostly driven by entropy (or free volume) maximization,
which results in limited selection of attainable closed packed crystalline phases: mostly the
face-centered cubic (fcc) or hexagonal close-packed (hep) structures (8).

More complexity of crystalline phases can be achieved by simultaneous assembly
of particles of different particle type, particle shape, and particle size in the hard sphere
models. Depending on the size ratio, the binary mixing of hard spheres leads to three types
of crystal phases: AB, AB2 and AB13 (9), for instance. In addition to entropy-driven crystals
of hard spheres, depletion forces (/0) can drive the self-assembly of colloids even in
absence of any attractive potentials. This depletion interaction is driven by entropy in
binary systems with two differently sized particles, which can be tuned by varying the size
and concentration of the small particles. The incorporation of attractive interactions also
leads to more diverse crystal phases such as body-centered cubic (bcc), fcc and other exotic
crystals (/1, 12). However, these assembly mechanisms rely on colloidal stabilization
aimed at avoiding aggregation and flocculation. Furthermore, these are dependent largely
on particle chemistry and appear challenging to control.

One route to achieving complex, functional and integrated architectures similar to
those that have been observed in Nature, such as protein synthesis within the living cell
(13), is the exploitation of rational synthesis and design of functionalized colloidal particles
as building blocks for assembly driven by rather weak and specific interaction forces (/4).
Yet, predictive “programming” of the correct interactions into constituent self-assembling
particles in order to achieve specific macroscopic assemblies has proven quite challenging

(15). In this sense, biomolecules such as proteins and nucleic acids offer attractive and



specific programmable assembly. By tethering these moieties to the surface of particles,
intrinsic biomolecular recognition can be used to drive assembly of colloidal particles in
order to construct complex, functional and integrated architectures (/6—18). Specifically,
nucleic acids have been widely shown to be quite beneficial for directed self-assembly, as
prominent directionality between complementary DNA base pairs known as Watson-Crick
paring (between Adenine-Tymine (A-T) and Guanine-Cytosine (G-C)) (/9) permits

endless combinations of tunable, reversible and orthogonal interactions.



1.2 DNA-coated Particles

Deoxyribonucleic acid (DNA) has been adopted as remarkable building blocks for
self-assembly in nature as well as material science. In nature, DNA carries and stores life’s
genetic code as an informational component driving function in all known living organisms.
Directed by Watson-Crick base pairing rules, the translation of information is determined
by the complementary nature of based-paired structures through hydrogen bonding, m-
stacking, electrostatic and hydrophobic interactions (20).

In material science, DNA holds great promise as a functional material that is
capable of directing the assembly of materials into many complex, functional and
integrated architectures. The reversible and sequence-specific binding of DNA has been
exploited to construct direct assembly of structural motifs by DNA itself and crystalline
structures by particle-based systems (2/). ‘DNA nanotechnology’ has been used
extensively in the creation of dynamic nanostructures such as DNA machines (22), walkers
(23), a nanoscale assembly line (24), and complex hybridization-based amplification or
reaction networks (25). On the other hands, despite the initial promise of utilizing DNA-
based particle assembly for the new self-assembly frontier (26), very little has been done
in terms of DNA-mediated assembly to actually extend the promise of creating complex
tunable structures. In fact, the very initial goal of creating diamond-like crystal symmetry

for photonic applications has not been realized with even gold nanoparticles.
1.2.1 Overview of DNA-coated Particles

Generally, in cases of DNA-mediated particle assembly, the DNA tethered to the
particle surface is typically composed of three parts (Figure 1.1), ‘a binding group’ that is

used to connect DNA with particles (e.g., thiol group, amine and avidin-biotin, etc.), a



complementary ‘sticky end’ that is an active single stranded DNA (ssDNA), and an ‘inert’
‘spacer’ sequence that is used to separate this ‘sticky end’ from the particle surface in order
to facilitate the interaction/hybridization of complementary ‘sticky ends’ on different
particles. DNA-mediated assembly can either be initiated by the addition of a third free
ssDNA linker (3 strand system, Figure 1.1-right) or particles can be coated with partially
complementary ssDNA directly (2 strand system, Figure 1.1-left). While it has yet to be
established which of these systems favor crystallization, the current paradigm for DNA-
mediated particle assembly uses the 2-stranded system since the 3-stranded linker system
could be kinetically unfavorable due to the two-step reaction required for the linker to
hybridize with ssDNA on two different particles. Assembly in the 3-stranded linker system

also complicates comparison between theoretical predictions and experimental results (27).

TAATGCCT

---- 50T TAATGCCT

CGTTGAGT 50T --- Linker DNA

Sticky end

Figure 1.1. Schematic representations of DNA-coated particles system: 2 strand system
(left) and 3 strand system (right).

Several factors can have influence on DNA-mediated interactions and assembly: (a)
factors related to the DNA molecules such as DNA strand length, sequence, rigidity, and
single-stranded spacer vs double-stranded spacer; (b) factors related to the colloidal

particles such as grafting density, particle size, grafting topology; (c) factors related to the



assembly conditions such as temperature, pH, and ionic strength; and (d) factors related to
the applied external potential and particle-surface interactions. These are discussed in the
context of the literature below.

DNA spacers have been shown to have direct influence on the coverage of
oligonucleotides and hybridization due to the secondary interaction between the particles
and the spacer (28—30). The coverage of oligonucleotides with poly(T) spacers exhibit
significantly higher surface density than oligonucleotides with poly(A) spacers due to the
weaker affinity of the former to the surface of the particles (3/). Also, the melting
temperature shows a linear dependence on the length of the spacer. Importantly, with
respect to the formation of the crystal structures, Nykypanchuk et a/.(32) showed that for
DNA-functionalized nanoparticles, the longest flexible spacers produced spontaneous
crystalline formation with long-range order, but the shorter or more rigid spacers led to
amorphous structures. Very recently, additional research maintains that a flexible spacer is
more desirable to induce crystallization in nanoparticles (33) as well as microparticles (34).

Various studies show that DNA-mediated interactions can be controlled in terms of
their range and magnitude. Valignat et al. showed that increasing length of block
copolymer adsorbed onto the particle surface (in that case) reduces the number of effective
linkages.(35) Also, Leunissen et al.(36) reported that palindromic sequences can be used
to control the interparticle interaction. However, the direct and effective ways to tune the
attractive interaction for DNA-mediated particles could be made by changing the DNA
grafting-density. Dreyfus et al.(37, 38) and Nykypanchuk et al.(39) introduced inert or
non-hybridizing oligonucleotides to help sterically stabilize the particles while allowing

for control over the attractive interaction. Alternatively, Casey et al. showed that control



of the hybridization can be achieved by mixing two different DNA strands, which are
complementary pairs, on each particle surface.(40). Simply, interparticle interactions can
be tuned with the number and type of base-pairing with particles coated with
complementary DNAs (47). However, Wang et al. (34), recently, reports short sticky ends
with as few as four bases is favorable to form crystalline structures. Additionally, smooth
surfaces achieved effectively through considerably high surface coverage of ssDNA has
been shown to be critical to facilitate critical rolling and rearrangement of bound particles
near the melting temperature of the complementary DNA strands, a process believed to be
important in the eventual crystallization of micron-sized particles. Very recently, the very
narrow temperature window of DNA-coated particles, which makes long-range
crystallization notoriously difficulty, can be controlled by applying new concepts such as
mobile DNA linkers (42) and DNA displacement (43).

Despite the significant advancement in recent years in our understanding of DNA-
mediated particle assembly, the assembly of microparticles into crystalline structures is
generally poorly understood relative to the extensively studied crystallization of gold
nanoparticles via DNA-mediated interactions (32, 44, 45). Moreover, while progress
toward ‘open’ lattices (eg., diamond) has been limited, it is these elusive structures that are
some of the most sought after microparticle arrangements for applications. To better
understand this challenge, it is insightful to consider the differences between nanoscale and
microscale particles and to understand the factors that play a role (either positive or

negative) in DNA-mediated self-assembly (27).
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1.2.2 Self-Assembly of DNA-coated Nanoparticles

The seminal reports in the area of DNA-mediated particle assembly were first
achieved by Alivisatos et al.(46) and Mirkin et al.(47) through treatment of gold
nanoparticles (1~14 nm) with thiol-capped oligonucleotides. These studies underlined the
potential role of biomolecules in complex self-assembly, and opened the prospect of
designing useful and varied structures that would self-assemble in a selective and reversible
way. Several research groups have contributed to accomplishing this conceptually simple
yet powerful idea. Early demonstrations focused mainly on the formation of amorphous
polymer, where coarse placement and periodicity of particles was controllable (39, 48—56).
The results were attributed to unusual physical properties of highly polyvalent DNA-coated
particles that are different from free DNA in solution. Interestingly, the melting transition
of the DNA-coated particles becomes shaper than that of the free DNA due to the
cooperativity induced by the close proximity of the charged DNA or the entropy loss
induced by the reduced configurational freedom of attached DNA (29, 37, 57, 58). The
very narrow window of temperature over which association/dissociation of DNA-coated
particles occurs, makes it difficult to find the correct conditions for achieving ordering of
the particles as equilibrium states. Still, there is relatively little information on what factors
are responsible for the existence of substantial kinetic barriers in this system. This
challenge has partly been overcome using carefully designed DNA-particle systems with
careful temperature control or thermal cycling (32).

The first successful experiments for the formation of three-dimensional crystal
structures have been performed by both and Gang et al.(32) and Mirkin et al.(45) using

binary mixtures of gold nanoparticles functionalized by complementary sticky ends or by
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linker duplexes. The crystallization based on careful annealing and designing of DNA was
monitored via synchrotron based small-angle X-ray scattering (SAXS), and showed the
reversible formation of body-centered cubic lattices, structures of lower density than close-
packed (e.g. fcc, hep) structures that are thermodynamically favored for simple hard sphere
assembly. That work and others has established that the determination of DNA sequence,
DNA length, and DNA flexibility are significant to create micrometer-sized crystal
structures. Subsequent works have been conducted to understand diverse factors in the
formation of DNA-programmable superlattices, including various particle shape and
particle compositions (59, 60), DNA length to control the lattice parameter (6/—64), and
environment (65). Recently, Macfarlane et al. (44) proposed six empirical design rules
governing the structure and lattice parameters of the crystal structures as a function of the
particle size and the length and the number of DNA tethers. They observed nine distinct
colloidal crystal structures under different conditions (Figure 1.2). Despite the extensive
work in the area of DNA-mediated nanoparticle assembly, nanoparticle composition has
rarely been extended beyond gold, and novel structures such as those with diamond-like

crystal symmetry have yet to be realized.

Figure 1.2. Three main factors in determining the crystal structures, and experimentally
realized structures by tuning these factors
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1.2.3 Self-Assembly of DNA-coated Microparticles

As mentioned above, while the self-assembly of the gold nanoparticles via DNA-
mediated interactions has been achieved through development and exploitation of specific
design rules, the assembly of micron-sized particles into various crystal structures has
proven more difficult suggesting that design rules cannot be simply extended across scales.
The fundamental differences between micron- and nanometer-sized particles that could
underlie the barrier for realizing ordered microparticle structures include: (a) the high
strength of attraction (35), (b) the sharp thermal activation (37, 38), and (c) the lower
mobility of these larger particles. These factors can drive microparticles to become
kinetically hindered in metastable free-energy minima, slowing down equilibration
dramatically (20, 27, 42).

A variety of research in microparticles has been performed to understand DNA-
driven assembly of particles and thereby realize the formation of DNA-programmable
crystal structures. The first fully reversible DNA-driven assembly of micron-sized
polystyrene particles was proved by Valignat et al. (35) and Rogers et al. (66) These papers
suggested that the addition of non-ionic surfactant or stabilizer allows DNA-driven
assembly to enhance full dissociation or dispersion of aggregated particles upon heating
above the DNA dissociation temperature (melting temperature, Tm). As discussed in
Valignat’s paper, careful consideration in controlling attractive interactions due to
interparticle DNA hybridization and steric and/or electrostatic repulsive interaction is
needed for micron-sized particles, unlike nanoparticles, in order to overcome irreversible
binding due to the van der Waals interaction. The introduction of non-ionic surfactant or

stabilizer to systems of micron-sized particles helped to increase the repulsive interaction.
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Later research focused on understanding and exploring DNA-mediated assembly
of microparticles, including: (a) the influence of ionic strength, the hybridization segment
length, and composition of suspension mixtures on tuning the degree of attractive
interactions between DNA-coated particles (41, 67), (b) the utilization of secondary
structure formation to the DNA to tune the interparticle interaction (36, 68), (c)
polygamous particles with multiple DNA sequences to bind specifically to many different
partners (69), (d) the effect of DNA density on controlling the DNA-mediated interactions
and theoretical approach (37-39), and (e) the direct measurement of DNA-mediated
interactions between DNA-mediated microparticles (70, 71).

Despite these attempts at diverse control of attractive interactions for DNA-
mediated assembly, most of the self-assembled structures formed were large disordered
aggregates or small polyhedral clusters rather than ordered structures. Only the work of
Crocker et al.(71-73) showed DNA-mediated crystallization in close-packed lattices of
micron-sized polystyrene, but they suggest that this can be accomplished only by long
incubation ( > 1 day) and within a very narrow temperature window (~ 0.5 °C) near the
melting point. They further suggested that the specific surface chemistry employed was
critical to induce interparticle rolling necessary for annealing ordered structures.
Specifically, only polystyrene anchored PEGylated DNA (74) apparently displayed
excellent colloidal stability, and was successful in growing small hexagonally stacked
crystals. In contrast, they suggested that neither the avidin-biotin nor the carbodiimide
chemistry for linking DNA to the particle surface could be used for achieving crystalline

microparticle structures.
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Additionally, they proposed that the formation of the crystal structure is very
sensitive to the amount of DNA on the particles and the steric repulsion between the
particles. In particular, crystallization was shown to be possible only if the hybridization-
mediated attraction was strong enough to cause clustering, yet weak enough to allow
structural rearrangement. Only very recently, have DNA-microparticle systems showing
re-entrant liquid-solid-liquid transitions (43) as predicted theoretically (75) using DNA
displacement and extended binary compositionally ordered structures using very smooth

surface and very short sticky ends (34) been reported.

1.2.4 Two-Dimensional DNA-mediated Assembly

Numerous studies have focused on three-dimensional (3D) DNA-mediated particle
assembly using nanoparticles as well as microparticles. Yet, despite its simplicity,
advantage for in situ visualization (e.g., via inverted optical microscopy in the case of
microparticles), and direct implications for applications in structured thin films, the study
of two-dimensional (2D) DNA-mediated particle assembly remains poor. Specifically, the
aims of 2D DNA-mediated particle assembly studies to date can be largely classified into
three categories: (i) the fundamental understanding of DNA-mediated assembly, such as a
quantitative modelling of association/dissociation transitions (37, 38); (ii) the formation of
DNA-functionalized particle monolayer on a patterned surfaces with complementary
ssDNA strands (76—79); (iii) the hexagonal lattice of DNA-functionalized particles using
different interactions without exploiting DNA hybridization (80, §1).

In the case of 2D DNA-mediated particle assembly on patterned substrates (76—78),
only surface-particle interactions were activated, and, thus, the resulting ordered structures

were predominantly attributed to registry with the structural order of the underlying
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template rather than particle-particle interaction. The introduction of different lengths of
‘DNA likers’ aimed at inducing lateral ordering, ultimately only controlled interparticle
distance without extending the extent of ordering.

Template-free 2D hexagonal lattices were observed in two separate studies.
However, these were not driven by specific and reversible DNA hybridization. Instead, one
was driven by density and the other was driven by non-specific binding. Very recently,
DNA-functionalized nanoparticles showed 2D phase transformation from hexagonal
lattices to disordered network structures at positively charged lipid layers by controlling
interparticle attraction depending on monovalent salt concentration (82). While
electrostatic self-assembly(83) or self-assembly by Ising interaction (84), no reports have
successfully demonstrated the accessibility of diverse 2D crystalline morphologies by

exploitation of DNA-mediated interactions.

1.3 Thesis Overview

Motivated by the above mentioned challenges, this thesis aims to construct a
diversity of crystalline arrangements by taking advantage of controlled mixing of
complementary ssDNA strands on individual particles (a system we will refer to
throughout this thesis as ‘multi-flavored’), deviating from the more common approach of
functionalizing separate particles with the same complementary ssDNA strands (a system
we will refer to throughout this thesis as ‘uni-flavored’). To achieve this aim, DNA-
mediated binary microparticle assembly is implemented and monitored in two-dimension
for simplicity and visualization. Furthermore, we will elucidate the feasibility of novel

concept of DNA-mediated microparticle assembly via theory, simulation and experiment.
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In Chapter 2, we describe sample preparation and characterization of DNA-coated
microparticles used in this study. Specifically, single-stranded DNAs (ssDNA) are attached
covalently onto micron-sized silica particles by taking advantage of silianization and
subsequent cyanuric chloride chemistry. The resulting microparticles possess a specific
and reversible, temperature-dependent behaviors corresponding to DNA
association/dissociation between complementary DNA tethers. We also estimate surface
coverage of DNA and effective DNA density by using a fluorescence technique.

In Chapter 3, we describe the effect of nonionic surfactant on DNA-mediated
interactions between the microparticles. Firstly, we study the role of nonionic surfactant,
which allows the DNA-coated microparticles to remain mobile near substrates (e.g., glass
coverslips) used for their in sifu observation, and for facilitating colloidal stability in
solution to avoid non-specific particle aggregation and promote DNA-mediated assemblies.
We work with 2D systems, due to fast settling of heavy silica particles from solutions of
low enough solids content to result in relatively dilute particle coverage on substrates used
for in situ observation. With that system, we establish melting profiles, namely transitions
among freely dispersed (i.e., singlet) and aggregated or assembled states, that provide
insight into characteristic inter-particle interactions. From the cooling and the following
heating process, we find that the melting transition of DNA-coated particles is affected by
the concentration of nonionic surfactant, and is modulated by the formation of micelles.
These experiments indicate that additives such as nonionic surfactants that are commonly
used as a stabilizing agent can also be used as an additional handle to modulate and tune

DNA-mediated interactions (i.e., along with salt and other means) as a tool for helping to
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achieve long-range colloidal crystallinity. We also discuss how this modulation of melting
temperature may be influenced by the critical micelle temperature (CMT) in this system.

In the studies described in Chapter 3, we also begin to explore how
functionalization of the particles with a mixture (50/50) of complementary ssDNA strands
(‘multi-flavoring”’) influences the resulting assemblies as compared to the binary systems
where the complementary ssDNA strands are attached to separate particles (‘uni-
flavoring’). These studies provide first insight into the formation of both square and
hexagonally packed structures that motivate more detailed study of the so-called ‘multi-
flavored’ system. The remainder of this thesis describes computational, theoretical, and
experimental work that explores the structural diversity that can be predicted and
experimentally verified for these ‘multi-flavored’ systems.

In Chapter 4, we describe a comprehensive strategy that makes use of available
information on pair interactions between DNA-coated particles from molecular dynamics
(MD) simulation, to calculate the relative stability of various crystal polymorphs as a
function of interparticle attraction strengths. Here, we work with effective pair potentials
derived from explicit DNA-particle coarse-grained model. For simplicity, we present
theoretical and simulation results on a system of equal-sized particles that can be assembled
in two-dimensional (2D) crystalline lattices. The key parameter is the relative attraction
strengths between like particle pairs (E44, Epp) with respect to unlike particle pairs (E4z).
We design these relative interactions based on ‘multi-flavored’ system, deviating from the
conventional ‘uni-flavored’ system. To be more specific, we work with two design
strategies, symmetric (Eas > Eaa = Egp) and asymmetric one (Eag > Eaa > Egp or Eap >

Ess > Eaa). First, we use lattice energy calculations to obtain a quick estimate of relative
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stability of possible crystalline structures, and then use MD simulations to test the
predictions of such calculations. MD simulations are also complemented with standard free
energy calculations, as needed, to further verify results. We determine the range of E44/E 45
and Esp/E4p values, suitable for assembling particles in square versus hexagonal lattices
(alternating string, honeycomb, etc.).

In Chapter 5, we present representative experiments aimed at testing MD
simulation predictions of 2D assembly of microparticles into diverse crystal structures. We
work with asymmetric design of interparticle interactions, which shows various crystal
phases, such as square and hexagonal lattices (honeycomb, kagome and square kagome).
Microparticles are functionalized by a tailored mixture of two different, partially
complementary DNA strands (aDNA, BDNA). Here, we demonstrate that attractive
interaction strengths can be tuned by controlling particle ‘flavoring’ via control of the ratio
of aDNA, BDNA predicted by the simple statistical mechanics model from Chapter 4 that
defines relative attractive interactions. Also, we present the effect of particle number ratio
on DNA-mediated particle assembly in 2D. As a result, by using an optical microscope,
we observe particles arranged in square, pentagonal and hexagonal structures, which are
compositionally ordered in unique and desirable honeycomb as well as kagome lattices.

In Chapter 6, we provide a summary of the main findings of this work and briefly

discuss suggestions for future work on this research.
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Chapter 2:

Sample Preparation and Characterization

2.1 Introduction

Numerous study has been done to functionalize DNA chains, consist of binding
group, spacer and sticky ends, on colloidal particles. In available literatures, we briefly
describe commonly used methods to graft DNA to nano-sized or micron-sized particles.
Also, we present the methods to determine nominal and effective DNA density.

For nanoparticles, most of crystals assembled by DNA-directed interactions are
based on gold nanoparticles with alkylthiol-terminated DNA chains. This solid protocol by
Mirkin and coworkers (47) is continuing to be used to other study with some modifications
for DNA-mediated nanoparticle assembly. By simple mixing of them under aqueous
conditions, alkylthiol-terminated DNA strands form stable binding with gold nanoparticles.
Subsequently, DNA-coated nanoparticles can be obtained after centrifugation and
subsequent removal of supernatant that includes only unbound DNAs. Further study strives
to find DNA-based particles without non-specific binding. As a result, current system is
mainly use high density of DNA strands (3/) with dT-based spacer that possess the lowest
affinity with gold (30).

Most of DNA-mediated microparticle assembly is based on spherical polystyrene.
In the initial stage, three different coupling methods are used to graft DNA strands on the

polystyrene particles: avidin-biotin linking, water-soluble carbodiimide linking or
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swelling/deswelling method. Kim and coworkers (72) show that DNA-coated
microparticles made by swelling/deswelling-based method successfully assemble into
close-packed crystal structures. This method works with triblock copolymers adsorbed
easily on polystyrene surface. Small amount of solvent allows the hydrophobic block of
the polymer to penetrate the particle surface. Also, DNA can be reacted with hydrophilic
block of the polymer. Hence, removal of solvent leads to DNA-labeled microparticles with
long polymer spacer. In this case, additional treatment such as surfactant is not needed to
remove non-specific binding. However, this method is limited to polymer-based colloids.

To quantify DNA grafting density on particles, fluorescence-based techniques (3/)
or radio-active labeling methods (37) can be used. For gold nanoparticles, appropriate
chemical treatments is used to quantify loaded DNA density and hybridizable effective
DNA density on the particle surface. For microparticles, flow cytometer can be used to
quantify the number of DNA strands grafted per particles using fluorescent DNAs.

In our study, single-stranded DNAs (ssDNA) are attached covalently onto micron-
sized silica particles by taking advantage of silianization and subsequent cyanuric chloride
chemistry. The use of silica particles possess largely two advantages for further
understanding of DNA-mediated particle assembly. Firstly, high density of silica particles
(~ 2 g/ml) facilitate to make two-dimensional assembly. This enables to have simple and
visual system to understand DNA-mediated particle assembly. Also, the various size of
monodispersed silica particles can be easily synthesized by Stober method and others (835,
86) and the hydroxylated silica surface can be readily modified by diverse chemicals (87,

88). Using versatility of silica particles, we can develop DNA-mediated particle assembly
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as a bottom-up approach to hierarchical materials with characteristic dimensions spanning

nanometer to micrometer.

2.2 Materials and Abbreviations

The current section includes the materials and abbreviations used the following
chapters.  Surfactant-free silica particles were purchased from micromod
Partikeltechnologie GmbH (Germany). Poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer, or Pluronic® F127 and
Pluronic® F88, was obtained from BASF and used without any further purification. Single-
stranded sequences of deoxyribonucleic acid (DNA) were custom synthesized and standard
desalting purified by Integrated DNA Technologies (Coralville, IA). Below table (Table
2.1) shows single-stranded DNA (ssDNA) used the following sections. Cyanuric chloride
(CCl) and N,N-diisopropylethylamine (DIEA) were purchased from Sigma-Aldrich (St.
Louis, MO). (3-Aminopropyl) triethoxysilane (APTES, 99%) was purchased from Acros
Organics. Acetonitrile (99.7%) was purchased from Alfa Aesar. Two kinds of buffer
solution were used throughout this work. One is 1x TE (pH 8.0) buffer consisted of 10 mM
tris-HCI and 1 mM EDTA (ethylenediaminetetraacetic acid). The other is Borate buffer

(pH 8.5) consisted of 200 mM boric acid and 50 mM sodium tetraborate.
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Table 2.1 The DNA sequences used in this study. The underlined solid portions represent
the sticky ends and can hybridize together to form a 7-basepair (between aDNA and fDNA)
or 12-basepair (between 6DNA and Cy5-y’DNA) DNA duplex. The following section
provides detailed information where they were used

DNA

Name Sequences (5’ to 3°) Note

aDNA  NH>-(CH2)6-(T)s5o-TAATGCCTGTCTACC

BDNA  NH-(CH2)6-(T)so-TGAGTTGCGGTAGAC

vDNA-
Cy5s

to quantify the number of

NH2-(CH2)6-TTTTTTATGTATCAAGGT-Cy5 L

to quantify the number of

0DNA NHz-(CH2)6-TTTTTTACCTTGATACAT the effective DNA

Cys-
v’ DNA

to quantify the number of

Cys B the effective DNA
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2.3 Particle Functionalization

2.3.1 Intermediate Silica Particle Functionalization

Silica particles (1 and 1.5 pm, micromod Partikeltechnologie GmbH, Germany)
were functionalized with single-stranded 5’-primary amine-modified DNA, ssDNA
(Integrated DNA Technologies, Inc), via intermediate cyanuric chloride tethers as
schematized in Figure 2.1a (88). The cyanuric chloride tethers were achieved by firstly
functionalizing the native silica particles with (3-aminopropyl) triethoxysilane (APTES,
Acros Organics),(88, 89) the amine groups of which were subsequently reacted with
cyanuric chloride (CCl, Sigma-Aldrich). Specifically, 0.9 ml of a 50 mg/mL silica particle
solution was washed by three times of centrifugation (4,000 rpm/1 min) using high speed
centrifuge (MTX-150, TOMY SEIKO Co., Ltd) and replacement of the supernatant with
fresh ethanol (190 proof). Then, a ~3 wt% ethanol-silica solution was sonicated for 20
minutes to redisperse particles. APTES was added to the resulting solution to achieve an
APTES:(surface silanol) molar ratio of 1.2:1, with silica surface silanol functionality
estimated assuming monodisperse spherical particles of 1 um diameter, 2 g/cm? of silica
density, and ~6 SiOH/nm? of surface silanol density(90). The mixture was allowed to react
in a sealed centrifuge tube for ~12 hours at room temperature under moderate rotation. The
resulting NH»-functionalized silica particles were washed six times by centrifugation and
redispersion in ethanol. The composition of unreacted APTES in the supernatant from each
washing step was assessed via reaction of its amine functionality with ninhydrin(89, 91)
reagent, resulting in Ruhemann’s purple, concomitant visible purple coloration of the
solution, and development of signature UV-vis bands at 407 nm and 570 nm as measured

on an UV-visible spectrophotometer (Ultrospec 3300 pro, Biochrom Ltd.). The ninhydrin
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reaction was carried out through addition of 250 puL of a 20 mM ninhydrin in ethanol to 1
mL of the test solution, in this case the supernatant, with subsequent heating at 65°C for
30 min. Centrifugation and redispersion washing cycles were continued on the
functionalized particles until the ninhydrin-treated supernatant became colorless and the
UV-vis signature nearly disappeared. Three washings beyond the number (typically 3)
where colorless supernatants were achieved were consistently performed to ensure removal
of all unreacted APTES. Subsequent ninhydrin indicator reactions were carried out as

described above on the 1 wt% NHx-functionalized silica particles in ethanol to investigate

existence of amine groups on silica particles.

(@) L
O
|

(b)

5’ 3

(T)so-TAA TGC CTG TCT ACC
C AGA TGG CGT TGA GT-(T)s,
3 5

Figure 2.1 (a) Scheme of attaching amino-modified oligonucleotide to silica particles. (b)
Scheme of the hybridization between aDNA- and BDNA-functionalized silica particles.
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The NH:-functionalized silica particles were transferred from ethanol to
acetonitrile (Alfa Aesar, 99.7%) by three times of centrifugation and solvent exchange to
yield a final solids content of ~5 wt%. It was followed by addition of N,N-
diisopropylethylamine (DIEA, Sigma-Aldrich), for which molar ratio of DIEA to surface
silanol was 17.5:1, and then 30-minutes sonication to get well-dispersed NH2-
functionalized silica particles in acetonitrile. Finally, cyanuric chloride (CCl, Sigma-
Aldrich), for which molar ratio of CCIl to surface silanol was 69:1, was inserted to this
solution. After reacting at room temperature for 2 hrs, the mixture was washed 6 times by
sequential centrifugation and solvent exchange with fresh acetonitrile, and sonication steps.
Aliquots of the resulting mixture were solvent exchanged with ethanol and used for
carrying out ninhydrin indicator reactions as described above to assess the success of
nucleophilic substitution of the CCl chlorine by amines on the surface of silica particles.
Figure 2.2 compares the UV-vis absorption spectra for ninhydrin-treated NHo-
functionalized and CCl-functionalized silica particles, with existence and absence,
respectively, of absorption bands near 407 nm and 570 nm indicating the NH>
functionalization of the base silica particles and nearly complete reaction of CCI with that

functionality.
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Figure 2.2. UV-vis absorption spectra of the supernatant solutions of the reaction mixtures
of ninhydrin with the amine- and CCl-functionalized silica in ethanol.

2.3.2 ssDNA Functionalization of Silica Particles

Covalent attachment of DNA oligomers to the surface of CCl-functionalized silica
particles was carried out following the procedure outlined by Steinberg and coworkers (88)
using DNA oligomers with complementary short sticky ends to form DNA duplex as
shown in Figure 2.1b, as one of the example. CCl-functionalized silica particles in
acetonitrile were first cleaned with, and redispersed at a concentration of ~3.2 wt% in a
borate buffer (pH 8.5) consisting of 200 mM boric acid and 50 mM sodium tetraborate.
100 pL of this CCl-functionalized silica solution was added to an oligo-NaCl solution
prepared by mixing 324 uL of borate buffer including 848 mM NaCl and 6 pL of 300 uM
DNA in aqueous solution. The mixture was allowed to react in a sealed Eppendorf tube for
~12 hrs at room temperature under gentle rotation. The DNA-functionalized silica particles

were then washed more than 6 times by centrifugation and redispersion in TE buffer (pH
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8.0) consisting of 10 mM tris-HCI (pH 8.0), 1 mM ethylenediaminetetraacetic acid (EDTA),
and 100 mM NaCl. The existence of unreacted DNA was assessed by analysis of UV-vis
or fluorescence spectrum for each supernatant. Typically, more than 4 washes were
required to remove most of the non-tethered DNA.

Mirkin et al. has established that the coverage of DNA on the gold nanoparticle can
be modulated by using the salt-aging process (31, 92). Therein, the existence of salt
facilitates increasing density of surface-tethered DNA due to the screening of charge
repulsions between neighboring DNA strands. In our system, ~ 860 mM salt is nominally
included to attach the DNA strands to CCl-functionalized silica particles. As a simple
control study, we synthesized two sets of DNA-mediated particles, one in the presence of
salt and the other without, to see the effect of the salt on the attachment of DNA to silica
micoparticles. The DNA-functionalized particles made in salty solution aggregated, but the
particles made in non-salty solution formed only singlets at room temperature. This
indicates that we can use salt aging process to achieve detailed control of surface density

on the micron-sized silica particles.

2.3.3 Quantitation of Loaded and Hybridized ssDNA

In order to quantify the density of DNA oligomers on the silica particle surface,
DNA oligomer functionalization of NH»-functionalized particles analogous to that
described above was carried out using fluorescently labeled DNA (5’-NH2-(CHz)s-
TTTTTTATGTATCAAGGT-Cy5-3’, yYDNA-Cy5, Integrated DNA Technologies).(41)
Fluorescence measurements (Aex = 648 nm, Aem = 668 nm) on a TECAN infinite M2000

PRO (Figure 2.3) comparing fluorescence spectra collected for solutions of the CCI-

28



functionalized silica particles and silica particles subsequently functionalized with Cy5-
modified DNA reveal distinctly marked absorption over signature Cy5 wavelengths (680
nm~740 nm) only in the case of functionalization with the Cy5-modifed DNA. Based on
calibrated absorption at 696 nm correlated with yDNA-Cy5 concentration (without silica
particles), a DNA surface density of approximately 38,000 DNA/um? was estimated. Since
the YDNA-Cy5 bears a different sequence and lower number of base pairs (18 bps)
compared to the nominal DNA (aDNA and BDNA) employed in this study (65 bps), we
anticipate this estimated density may serve as an upper bound for the actual density of the
65-bp DNA on the silica surface.

In order to determine the activity of loaded ssDNA for hybridization, another
fluorescently labeled DNA (Cy5-y’DNA), which were complementary to the surface-
bound oligonucleotides (8DNA), were reacted with the DNA-functionalized non-
fluorescent silica particles (568 nm diameter) under hybridization conditions (0.1 M salty
TE buffer with 1 wt% Pluronic® F127, pH 8, 2 hours). An excess (2x) of the labeled DNA
compared to the amount of surface-bound ssDNA, which was already measured, was used.
Following incubation, the particles were washed 7 times by sequential centrifugation and
redispersion by the same buffer to remove excess Cy5-labeled DNA target strands. Then,
the fluorescence intensity of the particle solution was measured by the fluorescence
spectroscopy, as described above, to estimate the number of hybridized Cy5-labeled DNA.
Based on this result, we estimated the density of effectively hybridizable DNA on the

particle was approximately 1,300 DNA/um?.
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Figure 2.3. Fluorescence spectra of the cyanuric chloride functionalized silica reacted with
fluorescent DNA and the cyanuric chloride functionalized silica.

2.4 Specific and Reversible Assembly of DNA-coated Silica Particles

Employing the established imaging conditions, we have studied the dynamics,
interaction, and assembly of mixtures of silica particles functionalized with complementary
strands of DNA. In order to verify that inter-particle binding that we observe is a result of
hybridization occurring between complementary strands of DNA, we have studied the
assembly of aDNA- and BDNA-functionalized particles of distinctly different sizes.
Namely, we have functionalized 1 pm particles with aDNA and larger, 1.5 um particles
with complementary BDNA. The binding process was performed in salty TE buffer
including nonionic surfactant at room temperature and observed using the optical
microscope. As shown in Figure 2.4, we observe the assembly of small clusters wherein
only association between large and small particles occurs (i.e., particles functionalized with

complementary DNA). No clusters of particles of the same size (i.e., same DNA) are
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observed. This suggests, that under the assembly conditions studied, particle assembly

results from DNA hybridization as opposed to non-specific aggregation of particles.

Figure 2.4. The assembly of the binary DNA-mediated particles (I um and 1.5 um sized
particle) to see the specific binding.

To see the reversibility of the assembly of DNA-mediated silica particles, we tried to
look at temperature-dependent assembly of the mixture of the particles in salty TE buffer
with nonionic surfactant. Initially, the particles were aggregated and showed fractal-like
structures at room temperature. Increasing temperature allowed the aggregated particles to
start to dissociate and finally showed full dissociation at temperatures above the melting
temperature. Subsequent decreasing of the temperature led to re-association of the particles,
with further decreases to room temperature showing full aggregation like the initial state.
Figure 2.5 describes temperature-dependent dissociation/association of DNA-mediated
silica particles. Therefore, these data suggest that the prepared DNA-functionalized silica
microparticles possess a specific and reversible, temperature-dependent behavior
consistent with DNA hybridization and dehybridization between complementary DNA

tethers, attached to ‘binary’ silica particles.
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Figure 2.5. The temperature-dependent reversible assembly of DNA-mediated silica
particles
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2.5 Conclusion

In this Chapter, we demonstrate the protocol to prepare and subsequently
characterize DNA-coated particles. Specifically, single-stranded DNAs (ssDNA) are
attached covalently onto micron-sized silica particles by taking advantage of silianization
and subsequent cyanuric chloride chemistry. The resulting microparticles possess a
specific and reversible, temperature-dependent behaviors corresponding to DNA
association/dissociation between complementary DNA tethers. We also estimate surface
coverage of DNA and effective DNA density by using a fluorescence technique. The salt-
aging process can be exploited to increase or decrease DNA density to control interparticle

interactions.
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Chapter 3:
Effect of Nonionic Surfactant on
Association/Dissociation Transition of DNA-

Functionalized Colloids

3.1 Introduction

It is well-known that DNA-mediated interaction can be mainly controlled by
temperature (38, 70). Thus, determination of melting temperature and its understanding
can play a significant role in constructing crystalline structures or desired structures.
Nykypanchuck ef al.(32) showed 3-dimensional crystalline structures of gold nanoparticles
using long flexible DNA and thermal cycling across melting temperature. In this study, the
formation of crystalline structures was dramatically slow much below melting temperature
due to high DNA hybridization energy. Weak and reversible DNA-mediated attraction near
melting temperature allowed the particles into thermodynamically stable crystalline
structures. Furthermore, processing temperatures based on melting temperature can
provide different structures of DNA-mediated assembly. Park et al.(45) showed different
crystal structures, a close-packed structures at near melting temperature and a non-close-
packed structures at several degrees below melting temperature, depending on assembly
temperature due to competition between entropic and enthalpic contributions. Therefore,

predetermined melting temperature can be a useful criterion to design an efficient
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annealing schedule for equilibrium phase and secure desired structures in DNA-mediated
assembly.

Along with the position of melting, observation of shape of melting transition can
play a significant role in finding right conditions for crystalline structures. Generally, the
melting transition of DNA-functionalized particles is much sharper than that of free
DNA.(37, 57) The sharp melting transition is more influential to microparticles than
nanoparticles due to extent of inter-particle hybridization (27). Thus, the assembly of
micron-sized particles into crystalline structures has been quite difficult to achieve as
micron-sized particles encounter, easily, metastable free-energy minima due to large
number of DNA hybridization between the particles in the narrow window of temperature.
To date, short-ranged crystallization was accomplished by long incubation with very
narrow window of temperature and special DNA coupling chemistry.(77, 72) A recent
research provides an experimental clue regarding the correlation between the shape of
melting curve and the ordered structures. Leunissen et al.(42) showed that wider
association/dissociation transition by using particles with surface-mobile DNA linkers,
which could be comparable the particle-particle rolling for further rearrangement, could
provide a much larger temperature window for equilibrium self-assembly and thus
facilitate the formation of well-organized structures. Therefore, the observation of melting
profile can be used not only to predict the possibility of well-ordered structure by using
wide window of temperature but also to know which factors are dominate to give broader
annealing range.

In addition, recently, the utilization of multiple melting temperatures induced by

multiple binary DNA-functionalized particles can provide strategies for new materials.
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Michele et al.(93) reported that two well-defined melting temperatures by two binary
DNA-functionalized particles can be used to, sequentially, trigger selective interactions
and thus allowing two-step gelation and core-shell gelation for mesoporous materials.
Recently, Macfarlane et al. (94) also exploited two different melting temperature to realize
topotactic interconversion for more complex crystal structures. Here, they generated five
ternary nanoparticle superlattice by insertion of smaller particles into a pre-established
crystal structure, which is across the first melting temperature, by activating DNA-
mediated attraction sequentially. Therefore, it is essential that the underlying origin of the
melting properties be unraveled as the observation of melting curve directly impact one’s
ability to design annealing process and build materials from DNA-functionalized particles.

Several research groups have been performed to understand DNA-mediated
interaction depending on various parameters, such as DNA sequence (4/), DNA length (29,
95), surface density on particles (38, 39), and salt concentration (39, 67). Among them, Jin
et al. (29) investigated systematically the melting temperature for DNA-coated gold
nanoparticle to evaluate and define the contribution of particles, oligonucleotides and
others by using UV-visible spectrophotometer. They reported that the melting temperature
and the width of melting transition can be changed by various variables, such as the particle
size, the surface density of DNA, salt concentration and interparticle distance. For micro-
sized particles, Dreyfus and coworkers (37, 38) initiated to use images of colloids by using
a light microscope to get a melting curve. Since this system was regarded as two-
dimensional by using particles with high density, they were able to measure the fraction of
nonaggregated particles or the “singlet fraction” on the surface through dividing the singlet

area by total area of particles. They investigated the association/dissociation transition of
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DNA-coated particles as a function of the temperature and the surface density of DNA. As
a result, the melting temperature increased with increasing the DNA surface density,
whereas the broadness of the melting profile decreased slightly. In earlier work by Valignat
et al. (35) reported that reversible self-assembly of DNA-coated particles was achieved by
introduction of adsorbed polymer, which produce steric repulsion between inter-particles,
onto the particle surface. Interestingly, they investigated the melting profiles of DNA-
coated particles with various copolymers that were used as stabilizers and thus showed that
melting temperature of DNA-coated particle increased with decreasing the molecular
weight of stabilizers owing to lower steric hindrance effect. This sensitivity of the melting
transition is particularly interesting given the convention to use surfactant as a means to
stabilize particles against non-specific aggregation. It raises the question about the system
sensitivity to this required and/or often used additive.

No previous study, to our knowledge, has comprehensively and systematically
reported on the effect of varying commonly used surfactant amount on the melting curve.
In this Chapter, we present the melting curve of DNA-functionalized particles with the
concentration of Pluronic® F127 (PEO100-PPOgs-PEO100) and Pluronic® F88 (PEO103.5-
PPO392-PEO103.5), which are used to promote colloidal stability and protect against surface
adhesion. As a result, interestingly, we observed the change of association/dissociation
transition of DNA-functionalized silica particles depending on the concentration of
nonionic surfactants. Furthermore, we introduce two simple crystalline arrangements
(square and hexagonal lattices) based on the pre-established melting profile for following

Chapters.
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3.2 Materials and Methods

3.2.1 Nonionic Surfactant

®

Pluronic® nonionic surfactants were used as a stabilizing agent for many colloidal

dispersions. Pluronic®

nonionic surfactants are composed of one centrally-positioned
hydrophobic poly(propylene oxide) and two end-positioned hydrophilic poly(ethylene
oxide) regions, as shown in Figure 3.1 (96, 97). Typically, the nonionic surfactant
dissolves in dilute aqueous solution at low temperature as monomers. As the concentration
or temperature increases, the critical micellization concentration (CMC) or critical
micellization temperature (CMT) is observed, respectively, and leads to the formation of

intermolecular micelles, which consist of a hydrophobic core of PPO segments and a

hydrophilic shell of PEO segments.(98, 99)

CH,
0 0
H 0 OH

Yo Molecular PEO

weight wt%
Pluronic® F127 PEO90-PPOg5-PEO 12,700 70
Pluronic® F88 | PEQ,y35-PPO3g,-PEOQ 35 11,400 80

Figure 3.1. The structure of tri-block copolymer Pluronic® and their detailed information
from these references.

38



3.2.2 Microscopy Setup for Temperature Studies

A POCmini-2 Tissue Culture Chamber System (PeCon GmbH), hereafter referred
to as a “heating chamber”, was utilized for systematic heating and cooling of solutions of
DNA-functionalized particles. Particle solutions were held by a silicone O-ring (ID=20mm,
OD=30mm, borosilicate, Hemogenix®) sandwiched between two round coverslips
(diameter=30mm, thickness=0.17mm) mounted within the heating chamber. The local
temperature within the heating chamber was measured with a thermocouple (K-type,
thickness=0.25mm, OMEGA Engineering, INC.) inserted at the chamber center. The
chamber itself was placed on a Nikon Eclipse TE2000U inverted optical microscope
equipped with40x air immersion objective with 1.5x amplifier. A temperature controller
(Tempcontrol 37-2 digital, PeCon GmbH) and a chamber-compatible heating insert
(Heating Insert P, PeCon GmbH) were used to scan and hold temperatures of the system
during image collection. Full sedimentation of the DNA-functionalized silica particles for
~1 hour, owing to the silica density (ca. 2 g/cm?), enabled two-dimensional (2D) optical
imaging on the inverted microscope at a focal depth of ca. 1 pm to sufficiently capture 2D
particle dynamics, aggregation, and assembly within the system (37, 100). Optical analysis
was employed to quantify particle dynamics and association during sequential temperature
ramping/equilibration, with a minimum of five optical images from different regions across
the sample chamber collected at each equilibrated temperature step. Subsequent image
analysis was carried out using ImageJ software, employing particle identification and area

percentage calculations in order to quantify the singlet fraction.
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3.2.3 Sample Preparation

The detailed protocol to functionalize micron-sized silica particles with amine-
terminated single-stranded DNAs was described in the previous Chapter. For following
experiments, DNA-coated microparticles in salty TE buffer (0.1 M) are transferred into
solutions with desired amount of nonionic surfactant, with repetitive centrifugation and re-
dispersion. To this mixture, a controlled amount of Pluronic® nonionic surfactant F127
(0.1, 1, 2 wt%) or F88 (0.1 1, 2, 4 wt%) was added. For each melting study, solution of
equal amounts of prescribed types of DNA-functionalized particles (e.g., tDNA-BDNA)
was prepared in salty TE buffer with a total particle volume fraction of 0.0005 wt%,
amounting to a nominal surface density of sedimented particles within the heating chamber
of approximately 0.01 particle/um?. 10-minutes bath-sonication and vortex mixing were

carried out in order to ensure homogeneous particle dispersion.

3.2.4 Cooling and Heating Elucidation of Melting Curve

Melting curves for mixtures of particles functionalized with complementary strands
of DNA were quantified on the basis of the degree of particle dispersion and
assembly/aggregation by the fraction of isolated or so-called ‘singlet’ particles existing at
a specific equilibrated temperature. Melting behavior was assessed through cooling and
subsequent heating experiments. The prepared sample solutions with equal were initially
heated at 60 °C for 1 hr in an oil bath. Simultaneously, the heating chamber was pre-heated
to a temperature exceeding the characteristic tDNA-BDNA melting temperature, here at
least 40°C. After injecting 650 UL of the heated solution into the coverslip/O-ring reservoir

in the pre-heated chamber, cooling studies were carried out by gradual, step-wise reduction
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of the set point temperature, and intermediate temperature equilibration via ambient
cooling. Cooling cycles were terminated once temperatures (here, ca. 25°C) well below the
nominal DNA melting temperature were reached and the singlet fraction reduced to
approximately 10% or less. Subsequent heating cycles were performed by step-wise

increase in the equilibrated set point temperature of the system.
3.2.5 Image Analysis for Mean Square Displacement

The sample preparation and measurement by the optical microscope were the same
with previously mentioned methods. The temperature of measurement was controlled to
28 °C by using the heating chamber. 2,000 frames were taken to use image analysis of
mean square displacement at a capture rate of ~ 4.7 frames/second. Each frame was
composed of 1392 x 1040 pixels collected with 8-bit grayscale resolution. Particle tracking
was carried out in which 2,000 frames sequential images were digitally acquired. The time-
step between frames was around 0.210 seconds. The analysis composed of image
processing and numerical processing has been performed by using MATLAB code
provided by Dr. Maria Kilfoil (/01) at University of Massachusetts at Amherst, which is
based on IDL by Dr. John Crocker (/00). The image processing is briefly composed of the
feather finding and tracking. In the step of feature finding, the right rejection parameters
(such as integrated intensity, eccentricity, and particle size, etc.) are established to optimize
the number of false features rejected and real features and accepted. Then, based on the
algorithm to minimize the total distance between features in two successive frames, the
positions found in successive frames are connected into trajectories. As the numerical
processing, the positions are firstly converted from pixel to micrometers and then the

drifting in the data is removed. The obtaining of full trajectories from the feature finding
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and tracking process is followed by the analysis of mean square displacement, as calculated

as sum of the x and y direction MSDs.

3.3 Results and Discussion

3.3.1 The Role of Nonionic Surfactants

Nonionic surfactant plays a significant role in allowing the DNA-functionalized
particles remain mobile on the substrate and for facilitating colloidal stability in salty TE
buffer, both necessary conditions for studying DNA-functionalized dynamics and
assembly. We find that the presence of nonionic surfactant helps stabilize the DNA-
functionalized particles against both particle aggregation and non-specific binding to the
glass surface with or without plasma treatment of the glass surface in the heating chamber
including TE buffer solution with 100 mM NaCl. Namely, with particles functionalized
only with aDNA, we find that without nonionic surfactant, most of particles stick to the
glass surface of the heating chamber (Figure 3.2a). By plasma treating the glass surface,
this irreversible binding of the particle to the glass surface can be avoided, enabling particle
mobility on the surface. However, as shown in Figure 3.2b, in the absence of non-ionic
surfactant non-specific aggregation of aDNA-functionalized particles occurs, even though
there exists no complementary pair, BDNA-functionalized particles. Therefore, in this
study, nonionic surfactant is critical not only to track the particles but also to study two-

dimensional DNA-mediated dynamics and assembly by using optical microscopy.
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(a) plasma treatment : NO (b) plasma treatment : YES
nonionic surfactant : NO nonionic surfactant : NO

(c) plasma treatment : NO (d) plasma treatment : YES
nonionic surfactant : YES nonionic surfactant : YES

Figure 3.2. The images of aDNA-functionalized silica particles depending on the plasma
treatment and the existence of nonionic surfactant in salty TE buffer. All particles have
been anchored on the glass surface in Figure 3.2a. However, the particles moved freely on
the surface in the other images (Figure 3.2a, Figure 3.2¢ and Figure 3.2d).
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3.3.2 Time Dependence of Singlet Percentage

We firstly investigated the singlet percentage, defined as amount of unbound
particles on the surface through dividing the singlet area by total area of particles, as a
function of time and temperature to see how long it takes for singlet amount to be stabilized.
For heating procedure the sample firstly remained at room temperature for at least two
hours to get full aggregation of the particles and then 1 hour measurement has been
performed to check the equilibrated time of singlet amount. Figure 3.3a shows the singlet
amount as a function of time for the sequential heating to each temperature of interest. The
percentage of singlet would reach constant value in 30 min to each temperature. Thus, we
soaked the sample for 30-minutes at each temperature prior to obtaining the melting curve
by heating. Figure 3.3b shows the time-dependent singlet amount with each temperature
for the sequential cooling procedure. Consistent with the result of the heating tests, the
singlet percentage appears to equilibrate within 30 minutes. Based on this time-dependent
singlet percentage, the melting curve generated by cooling has been prepared through 30-
minute equilibration at temperatures above and below the transition region, and 1-hour
equilibration in the transition region to conservatively ensure establishment of equilibrium

in this critical range.
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Figure 3.3. The singlet percentage as a function of time and temperature: (a) Sequential
heating for DNA-functionalized silica particles in salty TE buffer including F127, (b)

Sequential cooling for DNA-functionalized silica particles in salty TE buffer including
F127
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3.3.3 The Effect of Nonionic Surfactant on Melting Curve

To determine the effect of increasing nonionic surfactant concentration on the
melting properties of DNA-functionalized aggregates, we studied melting behavior as a
function of F127 concentration. Figure 3.4a, 3.4b and 3.4c show melting curves obtained
by cooling and heating regiments according to the percentage of singlets (i.e., isolated
particles) observed by optical microscopy (i.e., see Figure 3.4d, 3.4e, and 3.4f, for
representative snapshots of decreasing singlet fraction with decreasing temperature).
Interestingly, the melting behavior show that nonionic surfactant substantially affects the
melting temperature of the DNA-mediated assembly. As the F127 concentration was
increased from 0.1 wt% (Figure 3.4a) to 2 wt% (Figure 3.4¢), the melting temperature
increased from ~ 29 °C to ~ 33 °C, with subtle modulation of shape of transition. With
respect to reversibility of the association and dissociation related to melting, the particles
in salty TE buffer with 0.1 wt% F127 showed consistent melting profiles between cooling
and the subsequent heating. Both the particles in salty TE buffer with 1 wt% F127 and 2
wt% F127 also showed consistent melting profiles, except a lower singlet percentage for
the subsequent heating in the high temperature region. This might be due to the formation
of micelles and thereby slower dissociation kinetics and different interactions for DNA-
mediated assembly. Later, we will discuss about micelle formation and its influence on

DNA-mediated particle assembly.
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Figure 3.4. The percentage of singlet as a function of temperature for the mixture of
aDNA- and BDNA-functionalized particles in salty TE buffer with (a) 0.1 wt% F127, (b)
with 1 wt% F127, and (¢) with 2 wt% F127 for cooling (solid symbol) and the subsequent
heating (open symbol). The optical microscope images of DNA-functionalized silica
particles in TE buffer with 0.1 wt% F127 (Figure 3.4a): (d) 31.5°C (above the melting
temperature); (e) 28.9°C (inside the melting transition); (f) 25.8°C (below the melting
transition). The vertical dotted lines in the Figure 3.4a, 3.4b and 3.4c indicate critical
micelle temperature (CMT) at each F127 concentration in aqueous solution, adopted from
Alexandridis et al.
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Specifically, the formation of micelles of nonionic surfactant is determined by the
concentration and temperature. The phase diagram (i.e., micellization boundary) for a
variety of Pluronic® PEO-PPO-PEO copolymers in aqueous solutions has been established
by Alexandridis et al.(97) The critical micellization temperatures in 0.1, 1 and 2 %w/v
F127 of aqueous solution are adopted from this literature and plotted along with the melting
curve, as the vertical dotted lines in Figure 3.4. In the case of 0.1 wt% F127 the melting
temperature is slightly lower than the CMT. On the other hand, the melting temperatures
for 1 wt% and 2 wt% F127 are much higher than the corresponding CMTs. Hence, it is
quite difficult to know the exact nature of the influence of the micelle formation on melting
transition of DNA-functionalized particles. For better understand how the relative melting
temperature and CMT may play a role in the rise in the melting temperature as a function
of the concentration of nonionic surfactant, we used Pluronic® F88 with similar molecular
weight but much higher CMT than Pluronic® F127. In detail, the CMT of F88 in 0.1 %w/v
of aqueous solution is ~50 °C, whereas that of F127 in the same concentration of aqueous
solution is ~ 32 °C.

Figure 3.5 shows the effect of F88 concentration on the melting temperature of
DNA-functionalized particles. Interestingly, the melting transition of DNA-coated
particles in the salty TE buffer with 0.1 wt% of F88 is almost similar to that in the salty TE
buffer with 1 wt% of F88, shown in Figure 3.5a. Increasing F88 concentration to 2wt%
leads to an increase in melting temperature of DNA-functionalized particles in the salty TE.
Additional increase of the amount of nonionic surfactant (4 wt% F88) leads to further rise

of the melting temperature of DNA-functionalized particles.
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This study shows a correlation between the melting transition and the CMT. For
the system that has higher CMT than the melting temperature, the melting temperature is
relatively insensitive to changes in the concentration of the surfactant. On the other hand,
the melting temperature is similar or above the critical micelle temperature, the melting
temperature of DNA-mediated particles shows a significant dependence on the
concentration of the nonionic surfactant as shown in Figure 3.5b. This understanding is of
practical importance given the need to establish detailed melting behavior in order to
control crystallization and shows that surfactant concentration may serve as a handle for
tuning the melting transition to higher temperatures to take advantage of enhanced particle
mobility. However, it is necessary to do more research to interpret the detailed mechanism,
such as the effect of monomer or micelles on the specific and attractive interaction among

DNA-coated particles.
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Figure 3.5. The percentage of singlet as a function of temperature for the mixture of
aDNA- and BDNA-functionalized particles in salty TE bufter with (a) 0.1 wt% and 1 wt%
F88 and (b) with 2 wt% and 4 wt% F88 for cooling (solid symbol) and subsequent heating
(open symbol). The vertical dotted lines in the Figure 3.5a and 3.5b indicate critical micelle
temperature (CMT) at each F88 concentration in aqueous solution, adopted from
Alexandridis et al.
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3.3.4 Further Discussion on Melting Transition

To understand melting transition of DNA-functionalized particles interconnected
with the formation of micelles, other possible interactions with the exception for the DNA
hybridization could be worth consideration in this study. Actually, we performed particle
tracking tests depending on buffer solutions including different concentration of F127. The
diffusion of the particles get slower with increasing F127 concentration in the salty TE
buffer solution, as shown in Figure 3.6. In salty TE buffer including 2 wt% F127, it is
started to see a few anchored particles with time. Furthermore, most of DNA-
functionalized particles get stuck, with subtle jiggling motions, on the glass surface in salty
TE buffer with 9 wt% F127. This slower diffusion with increasing the nonionic surfactant
might be caused by structural changes from formation of a jammed array.(/02) However,
the concentration of F127 is not enough to make this structural changes, considering
general concentration is more than 15 wt% of F127 to induce the jammed array of micelles.
In this test, we can guess the existence of additional interaction according to F127
concentration, even though we can’t reveal, clearly, additional interactions that induce

different melting transition.
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Figure 3.6. The mean square displacement (MSD) log-log plot at 28 °C for the DNA-
coated particles in three type of solution: 0.1 wt% F127 in salty TE buffer (square); 1 wt%
F127 in salty TE buffer (circle); 2 wt% F127 in salty TE buffer (triangle).

Among the possible interactions, a depletion interaction could be appropriate
candidate to understand mechanism of these behaviors of DNA-functionalized particles in
salty TE buffer including different concentrations of the nonionic surfactant. It is well-
known that the depletion attraction emerges in a system consisting of two significantly
different sizes of structures (e.g. nanoparticles, micelles, and polymers) owing to the
exclusion of a nonadsorbed smaller structure from the region between larger
structures.(/03) Previously, it is reported that micelles have been used to induce the
depletion attraction between spherical particles.(/04—108) Typically, the depletion
interaction can be tuned by concentration of micelles as well as by temperature. Sober and
coworkers(/08) measured the interaction energy between colloidal polystyrene latexes and
a flat surface in the presence of charged cetyltrimethylammonium bromide (CTAB)

micelles. In this paper, they didn’t see any attractive interaction below the CMC of CTAB.
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Above CMC, attractive minimum was seen clearly to increase with increasing surfactant
concentration, while the distance between the particle and surface decreased. Recently, two
groups, Kumar et al. and Ray et al., reported that charged silica nanoparticles can be
clustered due to depletion interaction in the presence of nonionic surfactant (104, 106).
Interestingly, Ray and coworkers showed that the nonionic micelles produce micelle
decorated core-shell structures by adsorbing on the nanoparticles in absence of salt, but the
adsorption of the micelles on nanoparticles is cancelled in the presence of salt, driving the
depletion-induced aggregation of nanoparticles. Considering the depletion interaction on
charged silica particles with nonionic micelles, we performed control experiments to check
the depletion interaction using only aDNA-functionalized particles in different F127
concentrations and temperatures. In this test, we can’t find any clustering of aDNA-
functionalized silica particles. Figure 3.7 shows that average of singlet percentage and
there is not much difference depending on temperature and surfactant concentration. This
result does not simply prove the existence of depletion interaction, but supports specific
binding due to the DNA hybridization, as shown in Figure 2.4. However, we can make
possible mechanism to understand increase of melting transition depending on surfactant
concentration. As shown in Figure 3.5, the melting transition of DNA-functionalized
particles is sensitive to the micelle formation of nonionic surfactant. Here, we assumes that
the depletion force by micelles formation exists, as reported by the literatures, and the
magnitude of repulsion interaction caused by electrostatic and steric hindrance of DNA
might be larger than induced depletion interaction caused by micelles. Hence, only after
making DNA hybridization between complementary pairs and thereby driving to

overlapping between particles, the effect of depletion attraction might be triggered. In other
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word, DNA hybridization might be dominant attraction to make aggregates and depletion
attraction might be secondary. The distance between particles after hybridization might
become closer according to depletion interaction and thus more DNA hybridization might
be induced to get higher melting temperature above CMC. Recently, Srivastava and
coworkers (/09) showed super-compressible DNA nanoparticle lattice, which exhibits
isotropic compression in presence of different osmotic pressure dependent on surfactant
concentration. In micron-sized particles, this compression might enhance the number of
DNA hybridization on the particle surface and thereby inducing increase of attractive
interaction between DNA-functionalized particles. However, we need to further study to
verify this influence of depletion interaction on melting transition of DNA-functionalized

silica particles.
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Figure 3.7. The percentage of singlets for aDNA-coated particles in each solution for 30

and 60 minutes. This graph is derived from the overall average of singlet percentage for all
temperatures in the range of melting transition.
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3.3.5 Evolution of DNA-coated Microparticle Assembly

To study the aggregate evolution of micron-sized DNA-mediated silica particles we
employ our detailed melting curves to gain mechanistic insight into aggregation and
evolution of order as a function of system temperature using in-sifu optical microscopy of
aggregates and singlet. Two temperatures are selected from the melting curve. One
temperature is 26 °C, where there is only full aggregates (below the melting transition) and
the other is 29.5 °C where the singlet percentage is around 20% (just inside the melting
transition) as shown in Figure 3.4b. Full dissociation over melting temperature is followed
by long-term staying at the target temperatures to see aggregate restructuring.

From this test, we can see the distinction in assembly behavior according to the
selected temperatures (data not shown). Below melting transition, pre-existing small
aggregates continued to merge with increasing time, finally forming the large branched
aggregates without any restructuring. On the other hands, within the melting transition, we
can see the association between the aggregates, subsequent dissociation, merging to the
large one aggregate and then internal restructuring of the aggregate to more compact
structure. Therefore, it is understood that the weak and reversible interaction inside the
equilibrium region (the melting transition) is the driving factor to rearrange and restructure
the aggregates, and maintaining system temperature at the lower bound of the melting
transition region, avoids complete dehybridization toward singlets.

For the clearer visualization of DNA-mediated assembly, /.5 um sized DNA-coated
silica particles in the salty TE buffer with 1 wt% F88 have been employed to see the DNA-
mediated self-assembly. Figure 3.8 shows the representative images in this test.

Interestingly, we can see the ordered structures after the subsequent cooling without any
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careful consideration of annealing procedure (32, 45, 62) and any special functionalization
of the surface (42). Without thermal annealing, resulting assembly shows open and
disordered structures as shown in Figure 3.8a. One component system is achieved by
blending aDNA and f (1:1) and resulting assembly is hexagonal lattice as shown in Figure

3.8b. Also, square lattice emerges in binary components system.

Figure 3.8. The optical images for resulting structures. (a) Open and disordered structures
for sample without thermal annealing, (b) hexagonal lattice structure for one component
with thermal annealing, (c) square lattice structure for binary components with thermal
annealing.
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3.4 Conclusion

® nonionic

In this Chapter, we have demonstrated the influence of Pluronic
surfacants on the association/dissociation transition of micron-sized colloids functionalized
with complementary single-stranded DNA as a function of nonionic surfactants
concentration (Pluronic® F127 and F88). From the cooling and the subsequent heating
process, we have shown that the melting transition of DNA-functionalized silica particles
is affected by the concentration of noninonic surfactant according to the formation of
micelles. Although further studies will be needed to prove its correctness conclusively,
depletion interaction from micelles might allow the particles to get more hybridization and
thereby it might result in rise of melting transition above critical micelle concentration at
specific temperature. Also, we have investigated DNA-mediated microparticle assembly
along with the pre-determined melting profile. Within the melting transition, assembled
structures is evolved to ordered structures such as square and hexagonal lattices according

to the system. Following Chapter will deal with molecular dynamic simulations for further

understanding of these assembly via DNA-mediated interactions.
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Chapter 4:
Computational Study of DNA-Mediated

Assembly

4.1 Introduction

DNA-mediated particle assembly (32, 45—47, 62) has shown unique potential for
programming a diversity of crystalline arrangements spanning nanometer to micrometer
scales due to the selectivity of Watson-Crick base pair interactions and the temperature-
dependent control over DNA hybridization. To be more specific, Macfarlane et al.(94)
demonstrated structural characteristic for a total of 41 crystals that adopted one of nine
crystal lattices, which cannot be achieved through other methodologies (117, 110, 111), by
using tunable main two parameters, nanoparticle size and DNA-mediated interactions.
Despite significant progress in recent years, two major challenges in DNA-mediated
assembly is still going on: 1) realization of low-coordinated lattice structures, such as
diamond lattice, in terms of promising application (20, 26, 27); and 2) further
understanding of kinetic barriers(74, /12) in terms of fundamental details.

The key features for DNA-mediated particle assembly relies on how to control
interparticle interactions by using temperature-dependent DNA hybridization. The
preferred systems to control this interaction have been achieved by not only designing
specific DNA sequences(32, 36, 41) but also controlling the DNA grafting-density on the

particle surface (38, 39, 67). However, most of studies were focused on using conventional
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‘uni-flavored system’, which means that a single type of favorable particle interaction was
restricted to in a given assembly. Recently, a few studies demonstrated ‘multi-flavored
system’, which is composed of functionalized particles with more than one type of DNA
sequence on the same particles, and so showed the possibility of new aspects of DNA
mediated assembly. For example, Wu et al.(69) demonstrated the multi-flavored particles,
which can connect to four different types of particles, based on theoretical consideration.
Employing particles to specifically bind to a particular set of other particles facilitates
further design of DNA-mediated assembly for the fabrication of complex crystals. Taking
advantage of this strategy, Macfarlane et al. showed additional crystal structures,
isostructural with sodium chloride and simple cubic, in binary gold nanoparticle system.
Furthermore, Casey et al.(40) demonstrated binary colloidal crystals from compositionally
ordered crystals with CsCl and CuAu-I symmetries to disordered one through tunable
relative attraction strengths between like particle pairs (E44, Ess) With respect to unlike
particle pairs (E4p). Very recently, Zhang et al.(//3) demonstrated the selective
transformations of DNA-nanoparticle superlattices into distinctive structures by input of
specific types of strands, such as uni-flavored, multi-flavored and repelling strands, that
modify interparticle interactions within the lattice. Whereas majority of the studies so far
have focused on three-dimensional (3D) structures (//4), the progress has been relatively
slow in successfully transforming DNA-functionalized particles in diverse two-
dimensional (2D) crystal structures.

In this Chapter, we present a comprehensive strategy that makes use of available
information on pair interactions between DNA-coated particles from simulation, to

calculate the relative stability of various crystal polymorphs as a function of interparticle
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attraction strengths. For simplicity, we present theoretical and simulation results on a
system of equal-sized particles that can be assembled in two-dimensional (2D) crystalline
lattices. The key parameter is the relative attraction strengths between like particle pairs
(E44, Epp) with respect to unlike particle pairs (E4z). First, we use lattice energy
calculations to obtain a quick estimate of relative stability of possible crystalline structures,
and then use molecular dynamics (MD) simulations to test the predictions of such
calculations. MD simulations are also complemented with standard free energy
calculations, as needed, to further verify results. We determine the range of E44/E4p and
Egp/E4p values, suitable for assembling particles in square versus hexagonal lattices

(alternating string, honeycomb, etc.).
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4.2 Methods

4.2.1 Effective Pair Potentials

Our group developed a detailed coarse-grained model of DNA-functionalized
particle (DFP), which includes the explicit representation of the grafted DNA strands, to
compute the potential of mean forces between two DFPs by varying parameters such as
temperature, spacer length, grafting density in a systematic manner (95). Here we fit these
potential of mean forces (PMF) between two DFPs with a modified continuous Jagla (MCJ)
potential, which has three terms to represent the contribution from (1) sphere-sphere
repulsion due to volume exclusion, (2) repulsion due to compression of the grafted DNA

chains and (3) attraction due to DNA hybridization respectively as follows:

U( ) _ (U)n + AO + BO
V=G 1+exp(Air —A4,) 1+ exp(Bir —B,)

Figure 4.1a shows one example of comparison between the original data and the
fitted MCJ potential. The original data (black circles) is the PMF between two DFPs with
each particle grafted by 16, 12-mer long sticky end (TTTTTTATGTATCAAGGT and
TTTTTTACCTTGATACAT), DNA strands at temperature T=0.228. In order to improve
the fitting quality, we also apply umbrella sampling to obtain additional data points at short
contact distances (red circles). The fitted MCJ potential exhibits a very good representation
of the original data for a wide range of temperatures (Figure 4.1b) and grafting density

(data not shown).
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Figure 4.1. (a) Fitting of potential of mean force (PMF) between two DNA- functionalized
particles with each particle grafted by 16, 12-mer long sticky end, DNA strands at T=0.228.
(b) Fitting of PMFs as described in the left panel but for different temperatures.

After using the MCJ potential to fit a large amount of PMF data from the previous
work. We have the following conclusive points for a specific grafting scheme: (1) Sphere-
sphere repulsion, which can be modeled as 12™ power repulsive potential, has very weak
temperature independence as expected; (2) Polymer-type repulsions between overlapped
DNA chains also have very weak temperature independence; (3) Attractive interactions
due to DNA hybridization are strongly dependent on temperature; (4) Only single
parameter By is needed to capture the temperature dependence of attractive interactions.
Therefore, all the parameters related to the sphere-sphere repulsion are only dependent on
particle size; all the parameters relevant to polymer-type repulsion is only dependent on
the grafting scheme, i.e. number of grafted DNA chains and length and sequences of DNA
strands; all the parameters for the attractive portion of interaction except By are dependence
on grafting scheme. Only by varying Bo, we can obtain pair interactions at all the

temperatures if the particle size and grafting scheme are fixed.
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The PMF is essentially for 10 nanometer particles. Although DNA-functionalized
microparticles differ from its nano-sized counterpart in terms of DNA-grafting density,
particle curvature and length of grafted DNA. The PMF from the previous work resembles
the experimentally measured effective pair potentials (70). Other simulation (/75) also
confirmed that the differences between micro-sized and nano-sized particle only affect the
strength of attraction, albeit the length of spacer, which is the non-hybridized part of grafted
DNA, do affect the range of attraction. By considering the above points, we only need to
scale our MCJ potential in order to simulate the 1-micron DFPs. The scaled MCJ diverged

around 1o and the attraction range is 0.04c.

4.2.2 Design of interparticle interaction

DNA-mediated interactions can be programmable through large parameter space:
1) the particles, such as their shape (33, 59), size ratio (44, 116) and stoichiometry (/17),
2) the oligonucleotides, such as their sequence (47), length (29, 95) and surface coverage
(31, 39, 70) and 3) the operating conditions, such as temperature (70) and salt concentration
(67) as well as surfactant concentration (/09). Most of the previous studies stick to the
conventional design of interparticle interactions, ‘uni-flavored’ system, in which the
interactions between like particles (A-A or B-B) are purely entropic repulsive and those
between unlike particles (A-B) are enthalpic attractive as shown in Figure 4.2. In order to
achieve more complex and diverse crystalline phases and applications, an alternative way
could be to use ‘multi-flavored’ particles in which particles are coated with more than one
type of DNA sequence (with complementary DNA sequence carried by more than one type

of particles), which can be used to further control interparticle interactions. Such multi-
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flavored particle systems are attractive from material design standpoint as they can be
easily made by using the same material synthesis of uni-flavored one in the laboratory
setting (40, 44, 69). In next Chapter, we will deal with its detailed information how to
achieve in our experiment.

For simplicity in the multi-flavored systems, we work with two design strategies of
interparticle interactions on a system of equal-sized binary particles (A and B) that can be
assembled in two-dimensional crystalline lattices. One is ‘symmetric design’ of
interparticle interactions that leads to the unlike interactions to be stronger than the like
interactions and two like interactions to be equal (Eas > Eaa = Egg), which is symmetric
attraction between like particles, as shown in Figure 4.2. The other is ‘asymmetric design’
of interparticle interactions that leads to the unlike interactions to be stronger than the like
interactions but two like interactions to be different (Eag > Eaa > Egg or Eas > Egg > Ean).
Taking advantage of available information on pair interactions through our empirical
function based on the coarse-grained model of DNA-coated particles with explicit
representation of DNA chains, we construct two designs and so demonstrate the relative

stability of various crystal polymorphs as a function of interparticle attraction strengths.
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Figure 4.2. The scheme of DNA-coated particles (uni-flavored and multi-flavored) and the
strategy to tune the attractive interaction between different particle pairs (A-B, A-A, B-B).

4.2.3 Simulation Details

Molecular dynamics simulations are carried out under the canonical ensemble using

2)"V2 in a 2D simulation box

a Langevin thermostat with damping parameter = 2 (¢/m/c
with periodic boundary conditions in x and y directions. As we are interested in crystalline
structures stabilized by DNA-mediated interactions (as opposed to entropically stabilized
structures at higher density), we perform simulations at a lower density, p = 0.10. For each
simulation, we simulate 400 particles (200 each of A and B type), which are placed

randomly inside the simulation box, for 10® steps with a step size of t = 0.001 (¢/m/c?) "2,
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4.2.4 Binary Lattice Analysis

Figure 4.3 shows various 2D crystal lattice structures (square and hexagonal) that
appear spontaneously in binary system. The number of nearest neighbors enable to
differentiate square and hexagonal lattice. However, it is not sufficient to distinguish each
crystal structure in binary system due to possible assignments of each nearest neighbors as
either like or unlike particles. For example, alternating string (Figure 4.3b) has two green

(A) and four red (B) particles as the nearest neighbors but honeycomb lattice (Figure 4.3¢)

has only six red (B) particles.
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Figure 4.3. Possible 2D crystalline arrangements in binary system with equal size of A
(green) and B (red) particles: (a) square lattice; (b) alternating string; (c) honeycomb lattice;
(d) kagome lattice; and (e) square kagome.

In order to distinguish and quantify the compositional arrangements in binary
system, we calculate average number of bonds, defined as Ny = Y. nk /2n with K= {AB,

AA, BB}, formed for each particle in given lattice according to the number of nearest
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neighbors. Here, 7 is total number of particles based on criteria of nearest neighbors, N™N
=4 or 6, in a given lattice and n) is the total number of bonds (AB, AA or BB) between
particle i and its nearest neighbors. The summation is over all the particles in the lattice
and the factor of 2 is used to account for the double counting of bonds. Table 4.1. shows

an average number of contacts as an order parameter for each 2D crystalline structure.

Table 4.1. The average number of contacts formed between unlike (Nag) and like (Naa
and Ngg) particle pairs for possible 2D crystal lattices.

2NaB 2NsB 2Naa 2(NBB — Naa)
Square 4 0 0 0
Alterl}atlng 4 | 1 0
string
Honeycomb 4 2 0 2
Kagome 3 3 0 3
Sq. Kagome 3 3 0 3

As you can see, the differentiation of these crystal structures can be determined by
Nag as well as Naa and Ngg. Although the value of Nag is same for square, alternating
string and honeycomb as 4, the values of Naa and Ngg are different among these lattices.
Completely random square and hexagonal lattice with 1:1 stoichiometry by simple
probability argument provide 2 and 3 of Nas, respectively.

Differentiating formed binary crystalline structures in 2D, we firstly calculate the
average number of nearest neighbors of formed structures to differentiate square and
hexagonal lattice. Then, we calculate the average number of contacts formed between
unlike and like particles pairs to distinguish further arrangements of the lattices and

quantify those compositional ordering.
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4.2.5 Free Energy Calculation

For further understanding and verification of crystalline structures formed, solid
free energy of the 2D arrangements of interest is carried out using our implicit potential of
DNA-coated particles, which is described as the modified continuous Jagla potential (MCJ).
The Helmholtz free energy is evaluated through ‘Einstein crystal method’ proposed by
Frenkel and Ladd (//8). Recently, the Einstein crystal method was extended to
GROMACS or LAMMPS widely used open source molecular dynamics simulation
programs by Vega et al. (//9). Here, we calculate the Helmholtz free energy of 2D crystal
phase of interest using modified LAMMPS version. In this method, the Helmholtz free
energy (Asol) of the 2D arrangements of interest can be described as following three terms:

Asoi(T, V) = Ao(T, V) + AA(T, V) + AA,(T,V)
Here, Ao is related to the free energy of the ideal Einstein crystal reference system with
fixed center-of-mass and the free energy difference between the solid with and without the

fixed center-of-mass (/20). Ao can be calculated using following analytical expression:

A 1 1  mwkgT
0 — n _( B )N_lA
NkgT N AN VAL

Here, N is the number of particles, A is the thermal de Broglie wave length, ks the
Boltzmann constant, 4 is the area of system and Ag the harmonic spring constant. The
thermal de Broglie wave length is assumed to an arbitrary convenient value as it doesn’t
affect to compare the relative difference between arrangements.

Both AAi and AA; are calculated by using numerical simulations in LAMMPS
according to the method suggested by Vega et al. Firstly, AA; is the free energy change
between an interacting Einstein crystal and a non-interacting Einstein crystal (both with

fixed center of mass) and can be computed by following:
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AAl — Ulattice
NkgT ~ NkgT

1 1
- Nln (eXp [_kB_T (Usol - Ulattice) )Ein—id

Here Ulanice 1s the potential energy of the perfect lattice and U, is the interparticle potential
of the solid. The subscript Ein-id represents ideal Einstein crystal without interparticle
interactions. As recommended by Vega et al., we choose Ag value that leads to slightly
higher AA; than Ulasice (approximately 0.02 NkgT). AA» corresponds to the free energy
difference between the interacting Einstein crystal and the solid of interest and can be

evaluated by following:

NksT ~  NkgT

A 1 In(Ag+c) Upi AN +C
2 f (Ugin-ia)wyra (AAg + C) d(In(AAg + ©))
1

n(e) Ag
Taking advantage of the Gauss-Legendre quadrature formula, this function is evaluated
based on 15 nodes and weights.

In our free energy calculation of the 2D arrangements of interest, the system size

and box shapes are as follow: square lattice, N = 256, square box; hexagonal lattice

including kagome lattice, N = 256, rectangular box L, = g L,; honeycomb lattice, N =

240, rectangular box L, = % L,. It is used to calculate the free energy for the 2-
dimensionally periodic arrangements for both symmetric case (Eaa/Eap = Epn/EaB), at
kgT/e = 0.08, to understand the transformation between square and alternating strings, and
asymmetric case (Eap/Eas > EBp/Eas > Eaa/Eap = 0), at kgT/e = 0.11, to understand the

formation of honeycomb lattice and coexistence between honeycomb and kagome lattice

at higher Egg.
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4.3 Results and Discussion

4.3.1 Lattice Energy Based Prediction

Although the progress has been relatively slow in understanding kinetic effect on
DNA-mediated assembly (73), the empirical design rule based on the ground-state free
energy was quite useful to predict and verify the stability of crystalline structures so far
(44). In our study, we firstly calculate the nearest neighbor binding energy, which is
assumed to be dominant owing to short-ranged nature of DNA-mediated interactions, in
the possible 2D lattice by using the effective pair interactions derived from coarse-grained

model for the lattice-energy based prediction.
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Figure 4.4. Lattice energy obtained by the effective pair potential for the possible 2D
lattices as a function of the attractive interactions corresponding the symmetric design
between like particles (Eaa/Eap = EBp/EaB) and the asymmetric design of like particles
(EBe/EaB > Eaa/Eag). Dots are from MD simulation and solid line is fitting line for the
results.

Figure 4.4 shows the relative stability of various 2D crystal lattice as a function of

the symmetric (Ea > Eaa = Ep) and asymmetric (Eas > Epp > Eaa) interparticle
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interactions between like particles through simple molecular dynamic (MD) simulation
based on the effective pair potential. For the 4-fold coordinated square lattice, each particle
possess 4 unlike particles as the nearest neighbors (Figure 4.3a). As you can see in Figure
4.4a, the lattice energy of square lattice is independent on the value of Eaa and Egg since
all the like particles don’t belong to the nearest neighbors. For the 6-fold coordinated
hexagonal lattice, on the other hand, assigned particles with respect to the center particle
as the nearest particles can be either like or unlike particles. Different from the square
lattice, the hexagonal lattices are dependent on the value of Eaa and Egp due to the
existence of like particles’ contacts. To be more specific, in the honeycomb lattice, the
center particle always contacts with unlike particles but these unlike particles contact with
their like particles. The lattice energy for the hexagonal lattices, thus, decreases as
increasing like particle interactions. Here, the lattice energy for both alternating string and
honeycomb is same under the condition of symmetric design of attractive interaction.
Hexagonal lattices (alternating string and honeycomb) and the square lattice intersect at
Eaa/Ea = ~ 0.03 based on fitting lines. The square lattice has lower lattice energy
comparing with hexagonal lattice below this point, which indicates the square crystals as
the stable phase at the ground state, even though the lattice energy between them is
expected to be same when Eaa = Egp = 0 due to the same Nag. This relative stability of the
square lattice arises from the fact that the extra like bonds, which stem from overlap of the
non-hybridizing DNA chains from nearest-neighbors like particles, increase the lattice
energy of the hexagonal lattice.

We also consider the lattice energy for asymmetric design of like particle attractions

(Es/EaB > Eaa/Eag =0.1). Interestingly, the lattice energy of honeycomb lattice gets lower
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than that of alternating string with increasing Egg. This prediction indicate that asymmetric
design of interparticle interactions could be very useful to differentiate two structures. We
also calculate kagome and square kagome based on this design. Similar to honeycomb, the
lattice energy of them decreases gradually as increasing Egp and finally arrive into similar

value to honeycomb at Egg = 1.

4.3.2 MD Simulation for Symmetrically Designed Interactions

Following the lattice energy prediction of the possible 2D crystal lattices, we
perform standard molecular dynamics (MD) simulations to determine different crystalline
phases formed as a function of relative interparticle attraction strength between like particle
pairs with respect to the unlike particles pairs according to the symmetric (Eap > Eaa =
Egg) or asymmetric design strategy (Eas > Eps > Eaa) in the binary system. Here, we apply
the empirical function based on our previous simulation results which were obtained with
a coarse-grained model of DNA-functionalized particles with explicit representation of
ssDNA chains. MD simulations with their various combination of binding energy are
initiated with 400 particles with equal number of A and B particles, which are randomly

placed in the early stages, as 10% of packing fraction inside simulation box.
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Figure 4.5. Temperature-induced dissociation for symmetrically designed particles (Eap >
Eaa = Egg) with different relative attractive interactions (Eaa/Egg) through the variation in
average potential energy (a) and pressure (b).

We firstly investigate melting temperature based on the variations in average
potential energy and pressure as a function of temperature to determine appropriate
temperatures to assemble certain crystalline structures. Figure 4.5a and Figure 4.5b show
association/dissociation transitions for symmetrically designed particles (Eap > Eaa = Egp)
with respect to mean potential energy and mean pressure, respectively. Based on these
information, we use data for T = 0.08, which is slightly below the melting point for all the
relative attractive strengths (Eaa/Egg) considered here, for further analysis.

For the quantitative identification of lattice structures (square vs hexagonal), we
calculate the average number of particles N~ with a certain number of nearest neighbors
(NN) based on a distance cutoff criteria. The resulting data are shown in Figure 4.6a for
square (NN =4) and hexagonal lattice (NN = 6). For the relatively small relative
interactions (Eaa/Eap or Egg/EaB), the formed lattice is square lattices. For further increase
in Eaa/Eas (=EBs/EaB), we can see hexagonal lattices. For the quantification of the

compositional arrangements with various relative interactions, we calculate average
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number of contacts formed between unlike (2Nag) and like (2Ngp and 2Naa) particle pairs
for a fixed value of NN. As shown in Figure 4.6b, all formed square lattices provide unlike
particle binding without any like particles binding (2Nap = 4, 2Naa = 2N = 0; data for
Naa and Npp not shown), which exhibits almost perfect compositional ordering,
independent on Eaa/Eas. On the other hand, the compositional ordering in a hexagonal
lattice is dependent on Eaa/Eag. In Figure 4.6b, the average number of contacts (Nag)
shows slight decrease in intermediate Eaa/Eagrange (~ 0.18 to 0.6) and steep decrease over
the intermediate. To be specific, the calculated value of average number of contacts
relatively corresponds to the value for well-ordered alternating string (2Nag = 4, 2Naa =
2NgB = 1) at Eaa/Eap = 0.18, while the value corresponds to the value for completely
random hexagonal lattice (2Nap = 2Naa = 2Ngg = 3) at Eaa/Ea = 1. This resultant 2D
structures as a function of Eaa/Eas shows relatively good agreement with the ground-state
free energy prediction as shown in Figure 4.4a. However, the free energy calculation based
on Einstein crystal method in Figure 4.6¢ provides more precise and reliable criteria to
predict and verify the resultant structures through almost same crossing point of Eaa/Eas

for relative stability between square and hexagonal lattice.
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Figure 4.6. Ordering parameters and free energy for binary crystals under the symmetric
interactions between like particles (Eas > Eaa = Egg). For each criterion of square (NN =
4) and hexagonal lattices (NN = 6), (a) the number of nearest neighbors N™N and (b) the
order parameter Nag is computed to quantify the ordering of square and hexagonal lattice.
The free energy (c) also is calculated as function of relative interparticle interactions.

Representative snapshots of square-hexagonal transformation (d) are also shown in this
figure.

In addition, at the condition of Eaa/Eap ~ 0.2, we interestingly observe a
transformation from the square to the alternating string as shown in Figure 4.6d. To be
more specific, small crystal nuclei in this system emerge initially as square lattices, but

transformed to alternating-string hexagonal lattice once the square lattices grow up to a
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certain critical point. Based on this observation, we perform further simulations to see the
effect of the size of square lattices on the transformation of square-hexagonal lattices by
using various the relative attractive strengths for the symmetric design of interparticle
interactions. Pre-determined configurations as 2D square lattice with different number of
particles are investigated in each simulation box with the same packing density (0.10). The
resulting data are shown in Figure 4.7. To identify this dynamic reconfigurations for each
number of particles and relative interaction, we computed average number of nearest
neighbors with respect to average number of nearest neighbors at Eaa/Eas = 0, which is

expressed by A(NN) = (NN) — (NN )EA;A= . This data indicates that the transformation of

Eap 0
square-hexagonal lattice (alternating string) in 2D is dependent on the size of square lattice
as well as the relative attractive strengths. Over a certain number of particles (~70), the
relative interaction to trigger the transformation reach to constant value (~ 0.20). In this
plot, the extent of blue and red color represents square and hexagonal lattice, respectively.

The green color between them represents the critical region to be transformed.
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Figure 4.7. The relative stability between square and hexagonal lattice as a function of
relative attractive strengths and number of particles in the pre-determined square lattices.

In order to investigate that these size-dependent transformations is kinetically
accessible due to the pre-determined square structures, we perform further simulations, in
which the pre-assembled hexagonal lattice in the previous run uses as initial structures by
simply changing relative interactions preferable to form square lattice. The pre-assembled
49 (or 64) particles as hexagonal lattice in the previous simulation at Eaa/Eag = 0.25 (or
0.20) performs further simulations by changing Eaa/Eag = 0.20 (or 0.15), at which the
favorable structure is square lattice. As shown in Figure 4.8, the hexagonal lattices initially
fluctuate slightly at new relative interactions and finally transformed to square lattice as

thermodynamic phase, reversibly. This reversibility test allows to confirm that
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thermodynamic effects lead to the square-hexagonal transformations as a function of the
number of particles and the relative interactions in a given structure. However, this
transformations generate kinetic-limitation to hinder the formation of honeycomb lattice
that has the same free energy to alternating string (data not shown). In other words, the
alternating string structure is quite difficult or impossible to access without this nucleation
and transformation process (/27) in the symmetrically designed particle system. In next
section, we deal with how to circumvent this kinetic limitation to achieve honeycomb

lattice.
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Figure 4.8. The reversibility test of square-hexagonal transformations by using pre-
assembled hexagonal lattice and simply changing the relative attractive interactions:
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Eaa/Ea = 0.2 from Eaa/Eas = 0.25 for 49 particles (black) and Eaa/Eag = 0.15 from
Eaa/Eap = 0.15 for 64 particles (red).

Before moving to asymmetric design of interparticle interactions, we discuss about
the fact that square lattice shows completely ordered arrangement but hexagonal lattice are
subject to a significant compositional disorder under equilibrium conditions. We firstly
investigate different temperatures (higher than T = 0.08) as the selection of annealing
temperature is critical to form well-ordered structures. However, the different annealing
temperatures provide little difference in compositional ordering of binary system due to
the constant effective pair potentials with temperature (data not shown). The plausible
explanations would be due to the difference in nucleation (related to the transformation)
and growth (related to energy penalty with different relative interactions). In case of square
lattice, it initiates from square nuclei and then grows under substantially large energy
penalty of antisite (//2), which is defined as a single compositional ordering defect in a
binary lattice. As a result, the formed square lattice is highly compositionally ordered
structure. Different from the square lattice, hexagonal lattice shows different nuclei
depending on the relative attractive interactions, consistent with the presence of
polymorphism during nucleation (/22—-124). To be specific, small nuclei emerge as square
lattice in the intermediate region of Eaa/Eas, whereas they exist as triangular/hexagonal
lattice near Eaa/Eag ~ 0.7 at which most of the lattices are compositionally disordered. For
the square nuclei, it grows further and then shows size-dependent transformations to
alternating-string hexagonal lattice, which is relatively compositionally ordered, according
to the relative interactions. Following these transformations, the compositional ordering
can be determined by the size of transformed structure and the energy penalty of antisite.

As shown in Figure 4.6, the compositional ordering is high at Eaa/Eas ~ 0.2 as transformed
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structures are relatively large and the relatively high energy penalty contribute to growth
step. During the growth, alternating-string is competing with honeycomb due to the same
lattice energy and free energy, which it can protect the perfect compositional ordering, as
well. Then, in range of 0.2 <Eaa/Eap < 0.7, the compositional ordering shows slight decay
due to gradual decrease in size of transformation and energy penalty. Beyond the range of
Eaa/EaB ~ 0.7, compositional disordering increases steeply due to the triangular/hexagonal

nuclei and little difference in the energy penalty.
4.3.3 MD Simulation for Asymmetrically Designed Interactions

For symmetric design of interparticle interactions, we can see square, alternating-
string and random hexagonal lattices. As we discussed in the previous section, the energy
difference between like (Eaa = Egp) and unlike (Eag) particle interactions are critical to
create the compositionally ordered phases. As alternative way to form diverse 2D crystal
phases, we adopt asymmetric design of DNA-mediated interactions and carry out MD
simulations. Figure 4.9 shows a pseudo-crystal phase diagram under the condition of Eas
> EgB > Eaa, where honeycomb lattice is anticipated based on the lattice energy predictions
(Figure 4.4b). In low value of the relative interactions around ~ 0.2 of Egs/EaB, we can
see perfect compositionally ordered square lattice (A). Interestingly, we find that rhombic
lattice (B) is relatively stable between Egp/Eag = 0.2 and 0.3, with relatively smaller value
of Eaa/ Eas. Actually, this rhombic structures can be found for the symmetric design during
the square-hexagonal transformation, but it doesn’t produce equilibrium state. This also
emerges as relatively large structures and so it would be helpful for the formation of large
compositionally ordered alternating-string (AS) hexagonal structures, comparing with the

AS hexagonal lattice (C) for the symmetric design. For hexagonal structures, we calculate
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Nas and Npp-Naa to identify structures and quantify compositional ordering, as shown in
Table 4.1. From the snapshot of MD simulations, we firstly find honeycomb lattices with
less defects for the relatively small value of Eaa. As shown in Figure 4.9b, the emergence
of the honeycomb lattice (2Nap = 4, 2Npp = 2, 2Naa = 0) is usually located under the
condition close to Eaa = 0. For Egs/Eap =0.7 and Eaa/Eas = 0, we can find perfect
honeycomb lattice (D). However, the compositional ordering for honeycomb lattices
decreases and reaches to random hexagonal lattices with increasing Eaa/Eap value, which
is more critical to determine the ordering rather than Egs/Eas value. In addition, we can
see square kagome and kagome structures (2Nap = 2Ngp = 3, 2Naa = 0) at relatively high
Ess/Eap value (F), coexisting with the honeycomb lattice. The plausible reason for
coexistence of kagome and honeycomb structures at high Egp/Eag value would be due to
the fact that both free energy and lattice energy between them are getting closer and so they

are competing each other (data not shown).
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Figure 4.9. Phase diagram and snapshots from MD simulations for binary crystalline
lattices under the condition of asymmetric design (Eas > Egs > Eaa). NaB (upper) and Ngg-
Naa (below) are calculated for hexagonal phase to identify and quantify the compositional

ordering of formed structures.



4.4 Conclusion

In this Chapter, we demonstrate a comprehensive strategy that makes use of
available information on pair interactions between DNA-coated particles from molecular
dynamics (MD) simulation, to calculate the relative stability of various crystal polymorphs
as a function of interparticle attraction strengths. As a result, a diversity of 2D crystalline
arrangements is accomplished by interplay of like (A-A, B-B) and unlike (A-B)
interactions. Here, these are largely attributed to the employment of ‘multi-flavoring’
concept for various 2D crystalline lattices, not conventional ‘uni-flavoring’. This study
shows that resultant crystal phases are largely determined by how to design ‘multi-flavored’
system: (1) symmetric and (2) asymmetric design of like particle interactions.

In addition, we demonstrate the square-hexagonal transformation and its
dependence on the size and relative interaction of formed square lattices. Reversible
stability of transformed structures (square to hexagonal and hexagonal to square) according
to the relative interactions shows that transformation would be thermodynamically driven.
Different size of transformation according to relative interactions allows further
understanding of nucleation and growth of final structures. Also, we also observe that the
mixing ratio of particles has no meaningful effect on compositional ordering of crystalline
lattices. However, due to the slow kinetics, the mixing ratio can play an important role in

determining the final structures as observed from our experimental study.
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Chapter 5:
Experimental Study of DNA-Mediated

Assembly

5.1 Introduction

The nanoparticle-based three-dimensional (3D) assembly via this strategy realized
a diversity of crystalline morphologies by taking advantage of main parameters relevant to
particle size and DNA, its length and coverage on each particle (32, 44, 45, 125). However,
the parameters and design rules are not able to be extended completely on the other size of
spectrum, micrometer scale, due to relatively short-range interaction with respect to
particle size(32). Actually, it is quite difficult for DNA-microparticle system to fabricate
ordered phases due to its strong attraction and narrow temperature window to find right
condition (27, 37, 39). This influence of particle size on DNA-mediated interaction
becomes rather slower to develop diverse crystalline assemblies in micrometer scale, albeit
the first observation of crystalline structures was conducted by using the microparticle with
special DNA coupling chemistry (72). Recently, peculiar approach exploiting both tunable
‘like’ and ‘unlike’ particle interactions in binary system, different from conventional
approach that use only ‘unlike’ particle interaction, by changing mixing ratio of two
different DNA strands on each submicron-sized particle was successful to form
compositionally ordered crystals with two symmetries, CsCl and CuAu-I(40). Still, the

feasibility of this strategy in micrometer scale has not been explored in order to increase
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diversity of DNA-programmable microparticle assembly, even though there existed
noticeable reports to overcome the limitations, which the introduction of surface mobile
linker(42) or DNA displacement(43) enable to widen equilibrium window. Considering
that microparticles are desirable as their lattice spacing is comparable to the wavelength of
visible light (20), it is essential to carry on increasing a diversity of well-defined crystalline
structures via DNA-mediated microparticle assembly.

The study for two-dimensional (2D) DNA-mediated particle assembly are largely
classified into three categories: (i) the fundamental understanding of DNA-mediated
assembly, such as a quantitative model of association/dissociation transition (37, 38); (ii)
the formation of DNA-functionalized particle monolayer on an patterned surface with
complementary ssDNA strands (76—79); (iii) the hexagonal lattice of DNA-functionalized
particles using different interactions without exploiting DNA hybridization (80, 81). In
case of 2D DNA-mediated particle assembly on the patterned substrate (76—78), only
surface-particle interaction was activated and thus the ordered structures on an ordered
pattern of surface is predominantly caused by the template, not particle-particle interaction.
The introduction of different length of ‘DNA liker’ to induce lateral ordering controlled
interparticle distance, whereas there was no additional ordering. Template-free 2D
hexagonal lattice was observed in separate two study. However, these were not driven by
specific and reversible DNA hybridization, one was driven by density and the other was
driven by non-specific binding. Very recently, DNA-functionalized nanoparticles showed
2D phase transformation from hexagonal lattice to disordered network structures at
positively charged lipid layer by controlling interparticle attraction depending on

monovalent salt concentration. Despite various approach, there is no report according to
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diverse 2D crystalline morphologies by using DNA-mediated interaction unlike other
strategy, such as electrostatic self-assembly (83) or self-assembly by Ising interaction (84)

In Chapter 5, we present representative experiments using DNA-mediated
interactions to test the preceding MD simulation prediction guided the 2D assembly of
microparticles into diverse crystal structures. We work with asymmetric design of
interparticle interactions which shows various crystal phases, such as square and hexagonal
lattices (honeycomb, kagome and square kagome). Microparticles are functionalized by
tailored mixture of two different, partially complementary DNA strands (aDNA, PDNA).
Here, we demonstrate that attractive interaction strengths can be tuned by controlling
particle ‘flavoring’ via control of the ratio of aDNA, BDNA determined by the simple
statistical mechanics for adopted relative attractive interactions from MD simulation. Also,
we present the effect of particle number ratio on DNA-mediated particle assembly in 2D.
As a result, by using an optical microscope, we observe particles arranged in square,
pentagonal and hexagonal structures, which are compositionally ordered in desirable

honeycomb as well as kagome lattices.
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5.2 Methods and Materials

5.2.1 Particle Functionalization

Green and red fluorescent 1.5-micrometer-diameter silica particles (micromod
Partikeltechnologie GmbH, Germany) are functionalized with single-stranded 5’-primary
amine modified DNA, ssDNA (aDNA and BDNA in Table 2.1; Integrated DNA
Technologies, Inc), using silanization and cyanuric chloride chemistry as reported
previously (88). The detailed information of functionalization and further characterizations
is in Chapter 2. Following is focused on how to control the interparticle interactions in this
experiment.

Figure 4.2 in the previous chapter outlines the schematic of our strategy to control
the attractive interaction strength between different particle pairs (A-A, B-B, A-B), which
can also be easily translated to a laboratory experiment. We consider two ssDNA sequences
(aDNA, BDNA) that can hybridize with each other but not with themselves with an
associated hybridization free energy. If the particles of type A and B are coated with ssDNA
a and [, respectively, unlike particle pairs can reversibly bind due to DNA hybridization
but the like pairs cannot bind (Eaa = Egg = 0). One can induce binding between like particle
pairs by grafting ssDNA sequences a and § on the same particle(s); the strength of unlike
versus like attraction can therefore be controlled by the relative fraction of the two ssDNA.
We note that the same ssDNA blending strategy can also be applied to more than two
ssDNA sequences or by adding non-hybridizing (inert) ssDNA, thereby allowing further
control on interparticle interactions.

For the experimental realization of a diversity of 2D crystal phases as predicted in

the MD simulation, we modulate the asymmetrically designed interparticle interaction,
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here Eag > Egg > 0 and Eaa = 0, by blending two different DNA. Specifically, ‘B’ particles
are functionalized by blending different ratio of two complementary DNA strands, ‘aDNA’
and ‘BDNA’, on particle surface. On the other hand, ‘A’ particles are functionalized by
only aDNA. This asymmetric functionalization enables to modulate two different attractive
interaction, Eap and Egp, with remaining constant as Eaa = 0, which leads to asymmetric

attraction between like particles (AA or BB pairs).

5.2.2 Binding Free Energy Estimation

It is essential to estimate the binding free energy as a function of blending ratio of
DNAs on the particle in order to carry out experiments based on the previous simulation
results. Based on the previous simple statistical mechanics (37, 68), we modify partition
function to be applied to the case of blending of DNA on the particle and then estimate
relative attractive interactions based on below formula. Suppose Npna is total number DNA
per a particle. Na is number of o DNA on a particle A. Np is number of § DNA on the
particle A. Np is number of « DNA on a particle B. Ngg is number of B DNA on the

particle B. The possible maximum number of bonds can be formed by A and B particles is:
N = 6 [min(Ng,NJ )|
N, = 6 [min(N}, Ng)|

where @ is ratio between adhesion area S = zr(2L — h) and particle surface area 4 =

47r?. ¢ is ratio between hybridization area H = 4x{L? —(h/2)?] and particle surface are 4 =

47r?. h is surface separation and L is length of DNA.
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5.2.3 Sample Preparation

Heterogeneous or homogenous suspensions of desired composition and ratio of
particle number are prepared by mixing of stock suspensions after washing and
redispersion by 100 mM NaCl TE buffer including 0.1 wt% of Pluronic F88 (BASF), which
enables the particles to protect non-specific binding between the particles and move freely
on glass surface. Microchamber is composed of plasma-treated two coverslips bonded
together by melting and solidification of parafilm (~ 250 um thickness). One of four sides
is open to load sample suspension to the chamber. The chamber is sealed by UV-curable

optical adhesive (Norland 63) after loading of the desired sample suspension.
5.2.4 Melting Curve

Essentially two-dimensional suspension can be applied to measure melting curve
due to high specific weight of silica particles. Samples are prepared by loading unary (B
particle) or 1:1 binary (A and B particles) mixture of particles in the microchamber. Surface
concentration of the particles is approximately 0.01 particle/um?. A Peltier thermoelectric
module (TE Technology, Inc) driven by a dipolar thermoelectric temperature controller

(TE Technology, Inc) allows to control the sample temperature. The thermoelectric module
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with a center hole is attached on a sapphire window (Base Optics), which is placed on top
of the sample chamber using thermally conducting paste (TECHSPRAY), by silicone
vacuum grease. Five independent images are taken by an inverted optical microscope
(Nikon Eclipse TE2000U) a x60 using air-immersion objective to get each average data
point. The singlet percentage, defined as amount of unbound particles on the surface
through dividing singlet area by total area of particles, is determined by common
microscopy methods(37, 100). Melting curve measurements are done by slow cooling
through 15-minutes equilibration at each temperature above and below transition region
and 30-minutes equilibration in the transition region to conservatively ensure establishment
of equilibrium in this critical range. Melting curve generated by subsequent heating

provides almost similar one.

5.2.5 Colloidal Crystallization

Each sample chamber including binary mixture of suspensions (A and B particles)
with desired ratio of particle number and relative attractive interaction is attached onto
block of PCR machine (DNA Thermal Cycler 480, Perkin-Elmer) using silicone grease
and incubated to form crystal structures at specific temperature history. The surface density
of particles is 0.08 or 0.16 particle/um?. The temperature is initiated above melting
temperature (~ 45 °C) where most of particles exist as unbound particles and then decreased
at 1 °C intervals of temperature to room temperature where all particles are bonded together.
Each temperature remains constant for ~ 4 hours. Resulting two-dimensional structures are
observed by fluorescence mode of the microscope (Nikon Eclipse TE2000U) using a x60

oil-immersion objective.
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5.2.6 Image Processing and Pair Correlation Function

All image analysis are based on the image processing routines developed by
Crocker and Grier and code developed by Eric Weeks and implemented in the software
package IDL (Exelis Visual Information Solutions). The pair correlation function with
respect to all particles (A and B particles) is calculated from independent bright-field
images. Both pair correlation functions with respect to green (A) or red (B) particles are

calculated from independent fluorescent images.

5.3 Results and Discussion

5.3.1 Asymmetric Design of Interparticle Attractions

Green and red fluorescent 1.5 um diameter silica particles, ‘A’ and ‘B’, were
functionalized with complementary single-stranded DNAs using silanization and cyanuric
chloride chemistry as reported previously (88). Attractive interaction to form DNA-
mediated assembly can be modulated by the physical properties related to particles and
DNA (95, 115). We programed the different attractive interaction strengths by changing
blending ratio of two different DNAs only for one species of particle to achieve desired 2D
morphologies and their compositionally ordered arrangements through the MD simulations.
Specifically, ‘B’ particles are functionalized by blending different ratio of two
complementary DNA strands, ‘aDNA’ and ‘BDNA’, on particle surface. On the other hand,
‘A’ particles are functionalized by only aDNA. This asymmetric functionalization enables
to modulate two different attractive interaction, Eap and Egg, with remaining constant as

Eaa =0, which leads to asymmetric attraction between like particles (AA or BB pairs).
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Figure 5.1. The binding free energy estimated by simple statistical mechanics
approximation as a function of blending ratio of aDNA and BDNA on ‘B’ particle in this
study. (a) The binding free energy between unlike particles (A-B) or like particles (B-B) at
32.5 °C near melting temperature obtained experimentally. (b) The relative interparticle
interactions (Egp/EaB) depending on four different temperatures. Here, we adopt the
relative interparticle interactions at 32.5 °C for further experiments guided by MD
simulations.

To combine the outcome of simulations with experiments, it is essential to estimate
the binding free energy as a function of blending ratio of DNAs on the particle. The
estimation of the attractive interaction is based on simple statistical mechanics
approximation (38) (see Methods for details). Figure 5.1a shows attractive interaction
strengths between unlike (A-B pair) and like (B-B pair) particles depending on blending
ratio of aDNA to BDNA for the B particle with specific parameters, such as temperature
(32.5 °C) and effective DNA chains (~ 9000 per particle). The attraction between unlike
particles decreases monotonically, while attraction between like particles increases with
increasing the fraction of BDNA on B particles and thus the gap between them converges

on one point (Eag = Egg ~ -5). The attraction between two different particles (A-B pair) is
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designed to be stronger than identical particles (B-B pair) to circumvent particle
segregation (73). To confirm tunability of interparticle attraction based on the asymmetric
design, we measured melting transition of DNA-functionalized particles. As we expected,
the melting transitions shift to higher temperatures in order of the strength of attractive
interaction illustrated in Figure S.1a (data not shown). In order to select appropriate
blending ratio according to the simulation outcome, we calculate the relative interparticle
interaction (Egp/Eag) as a function of blending ratio for different temperatures. The relative
attractive strengths increases with decreasing temperature. Considering weak binding
regime of the binding free energy to facilitate for rearrangements of particles and measured
melting temperature as a guideline, we choose the relative interactions for 32.5 °C, which
the trend of the relative interactions is comparable to the previous literature (40), to get
appropriate blending ratio of two DNA chains on the particles. Guided by the ordering
diagram for asymmetrically designed interactions in Figure 4.9 and the relative
interactions depending on blending ratio in Figure 5.1b, we synthesize DNA-coated
particles with three blending ratios (aDNA/BDNA = 2/8, 3/7 and 4/6). For control study,
we also prepare two additional blending (¢(DNA/BDNA = 0/10 and 5/5).

Sample chambers with the particles with different compositions (by different
mixing ratio between cDNA and BDNA on B particles) and particle number ratio between
A and B particles were prepared with surface concentration of 0.08 or 0.16 particle/um?.
Before loading solution with desired particle-mixing ratios to the chambers, stock solution
was redispersed in salty TE buffer including Pluronic F88, which is essential for the
particles to be freely moved on surface without any non-specific binding. Then, the

chambers were incubated on the block of PCR machine at pre-designed temperature history
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(see Methods for details). Sequential decrease of temperature from 45 °C gave rise to
formation of DNA binding between unlike (AB pairs) or like particles (BB pairs) near
melting transition (26.5 °C < Ty < 31.5 °C) and finally allowed to evolve into solid state
from fluid state at room temperature. Two species of DNA-functionalized particles
produced essentially two-dimensional structures due to high specific weight of silica
particles. Therefore, we were able to observe a diversity of 2D crystal structures readily by

optical or fluorescence microscope.

5.3.2 Crystal Morphology
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Figure 5.2. Phase diagram representing formed 2D structures for different particle number
ratio and relative attraction (Eggs / Eap). Depending on ratio of particle number and relative
strength of interaction, various 2D structures form, including square (symbolized by grey
squares), pentagonal and hexagonal lattice (marked by open pentagons and black hexagons,
respectively). For some combinations, mixture of these three structures can be observed.
In these cases, the structure that is formed most often is indicated by the front symbol.
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Morphological changes according to the relative attractive interaction (Egs/Eag)
and particle number ratio (Ng/Na) are observed by an inverted optical microscope at room
temperature after completion of thermal annealing. The phase diagram in Figure 5.2
illustrates square, hexagonal lattice and pentagonal aggregates that result from the
combination of the relative interparticle attraction and particle number ratio. Considering
the structural changes dependent on the attraction between particles when the ratio of the
numbers of different types of particles is around 1:1, square lattice emerges predominantly
at Egp/Ea = 0 (Eaa = Eg = 0). This might be due to the fact that enthalpic binding between
unlike particles and entropic repulsion between like particles occur. On the other hand,
formed structure at Egg/Eas ~ 1 (homogeneous B particles) is extended hexagonal lattice
through unary crystallization. Between Egs/Eag = 0 and Ep/EaB ~ 1 at this mixing ratio
of particles, we can observe coexistence of square, pentagonal and hexagonal assemblies.
The extent of hexagonal lattice tends to increase with increasing attractive interaction
between B particles. Similar tendency for structural changes to hexagonal lattice occurs at
NB/Na = 2 with attractive interaction, but higher number of B particles leads to full
hexagonal lattice in earlier stage of the strength of attractive interaction. The pair
correlation function for each relative attractive interaction at constant Ng/Na =2 (Ng/Na =
1 in case of Egp/Ea =0 and aDNA/BDNA = 5/5), as shown in Figure 5.3a, shows that the
peaks corresponding to 2D hexagonal lattice (especially, /D =./3) are enhanced as
attractive interaction increases. These observations suggest that enhanced ‘like’ particle
interaction leads to the formation of a 2D close-packed assembly.

With constant interparticle attraction (Eps/Ea = 0.41), we also observe 2D

morphological evolution dependent on particle number ratio (Ns/Na). Due to asymmetric
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design for like particles attraction, resulting structures show different evolution based on
reference point, Ng/Na= 1. In right-hand side, the primary structure is changed from square
to hexagonal lattice with increasing particle number ratio. For Ng/Na= 4/1, most of formed
structures are hexagonal lattice. The pair correlation function for three different particle
number ratios (Ng/Na= 1/1, 2/1 and 4/1) shows that hexagonal character becomes stronger
with increasing particle number ratio, as shown in Figure 5.3b. The increasing number of
B particles, which can be bound with both A and B particles, shows similar structural
changes to the increasing relative attractive strength. In contrast, for Ng/Na= 1/4 in left-
hand side of the reference, local pentagonal aggregates are predominant structures. This
might be due to the entropic repulsion between A particles. It is suggested that the
formation of desired structures can be modulated by the balance between attractive and

repulsion interaction as well as particle number ratio.
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Figure 5.3. Pair correlation function for all particles in bright-field images depending on
(a) relative attractive interactions at constant Ng/Na = 2 and (b) particle number ratio at
constant Egg/Eag = 0.41. Grey lines represent perfect square and hexagonal lattice.
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5.3.3 Compositionally Ordered 2D Arrangements

Along with observation of 2D structures, we investigate compositional ordering of
formed structures depending on relative attractive interaction and particle number ratio by
a fluorescence microscopy. For better visualization, primary images are taken by red
fluorescence with bright-field mode and secondary ones are taken by green fluorescence
mode. The representative images for the formed structures with different particle number
ratio are illustrated from Figure 5.4a to Figure 5.4d. In this case, surface concentration
and relative attractive interaction of the samples is 0.08 particles/um? and 0.41
(aDNA/BDNA = 2/8), respectively. For Ng/Na = 1/1, we can see square lattice (Figure
5.4b), which is mostly compositionally ordered. When A particles are present in excess,
we can observe pentagonal assembly (Figure 5.4a), which shows that each B particle is
surrounded by five A particles, as there exists entropic repulsion between two A particles
functionalized only aDNA. On the other hand, when we mix the two species of particles
in Ne/Na = 2/1 and 4/1 ratio, the hexagonal lattice forms preferentially, albeit there is
coexistence with square and pentagonal structures as there exists lower but still influential
entropic repulsion between B particles (a(DNA/BDNA = 2/8) due to relatively low amount
of aDNA. In the hexagonal assembly, we can find alternating hexagonal lattice (upper
domain) and incomplete but almost honeycomb lattice (Figure 5.4¢), which are
energetically degenerate. In particular, we can frequently find A particles enclosed with six
B particles in 4/1 of number ratio (Ns/Na), which is necessary to form honeycomb lattice.
It is therefore suggested that further modulations of interparticle interactions based on

asymmetric design strategy can realize 2D honeycomb lattice as shown in the previous MD
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simulations. Furthermore, stoichiometry between A and B is critical to determine the final
assembled structures.

Focusing on one specific particle number ratio, Ng/Na = 2/1, we investigate
compositional 2D structures, in particular the formation of honeycomb assembly, for
higher relative attractive interaction, Egg/Eap = 0.62 (aDNA/BDNA = 3/7) and 0.83
(aDNA/BDNA = 4/6), at 0.16 particles/um? of surface concentration. This higher surface
concentration shows similar spatial arrangement with lower surface concentration based
on peak location of pair correlation function (data not shown). For Egs/Ea = 0.83, even
though unlike attractions are stronger than like attractions, segregation of the B particles
occurs due to slight difference between unlike and like attractions. As shown in Figure
5.4h, whereas most of particles inside hexagonal lattice are B particles, A particles are
located outside of the hexagonal lattice. For Egs/Eap = 0.62, we can find extended
honeycomb lattice as shown in Figure 5.4e. Next, we can also find local kagome and
square kagome lattice (Figure 5.4f and Figure 5.4g) as we already showed in MD
simulations. However, where there are local kagome and square kagome, there is
frequently local honeycomb lattice. This coexistence of different crystalline domains is
comparable to the result from MD simulations, even though the relative interparticle
interaction has different range (see Chapter 4). The plausible explanation would be due to
the fact that the phase coexistence is caused by kinetics of 2D assembly process and locally
different particle number ratio (Ng/Na = 2/1 in this experiment as opposed to Ng/Na = 1/1
in MD simulation). These results suggest that appropriate modulation of asymmetric like
particle interaction and ratio of particle number lead to 2D close-packed morphologies that

is formed as one ‘A’ particle surrounded by six ‘B’ particles. This arrangement could be
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basic unit to fabricate compositionally ordered close-packed 2D crystal morphologies

which is not able to be produced by simple design of DNA-mediated interactions.

Figure 5.4. The formed 2D structures in terms of ratio of particle number (Ng/Na) (a-d)
and relative attractive interaction (Ep/EaB) (e-h): (a) pentagonal structures ,which B
particles are surrounded by A particles at Ng/Na = 1/4 and Egs/Ea = 0.41, (b) square
lattice at Ng/Na = 1/1 and Egp/Eap = 0.41, (c) honeycomb lattice at Ng/Na = 2/1 and
Egp/EaB = 0.41, (d) honeycomb lattice at Ng/Na = 4/1 and Egs/Eag = 0.41, () connected
honeycomb structures at Ng/Na = 2/1 and Egs/Eas = 0.62, (f) Kagome and honeycomb
structures at Ng/Na = 2/1 and Egp/Eap = 0.62, (g) square Kagome and honeycomb
structures at Ng/Na = 2/1 and Egg/Eag = 0.62 and (h) demixed A and B particles at Ng/Na
=2/1 and Egp/Eap = 0.83. Scale bar is 10pm.
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5.3.4 Pair Correlation Function

To understand resulting structural difference according to the relative attraction and
particle number ratio in compositional point of view, the pair correlation function is
calculated with respect to each species, green A particles and red B particles from the
fluorescent images. Due to limited domain size caused by steeply decreased movement of
resultant assembly, the first and second peaks are investigated mainly. Figure 5.5a and
Figure 5.5b shows the changes of pair correlation function in relative intensity and location
of peaks for ‘A’ particles and ‘B’ particles depending on ratio of particle number (Ns/Na)
with constant Egs/Ea = 0.41 , respectively. Due to the different amount of particle number
and the asymmetric array between like particles, which means that A particles are repulsive
each other and B particles are attractive each other, while the primary intense peaks of A
species are located in /D =./3 or 2, the primary intense peak of B species is located in /D
= 1 (Figure 5.5a). With increasing particle number ratio from Ng/Na = 1 to Ng/Na = 4
with constant Egg/Eas = 0.41, the relative intensity of first peak, which corresponds to
nearest neighbors, to the second peak for A particles becomes weaker and that of B particles
becomes stronger. This is consistent with the formed structures (as shown in Figure 5.4d)
that each isolated A particle is surrounded by B particles. The extent of surrounding by B
particles tends to increase with particle number ratio, consistent with structural changes
from square and hexagonal lattice. From reference peaks, the primarily different peak
between 2D square and honeycomb lattice is located in /D =./3 , irrespective of the particle
species. Along with the changes in relative intensity of the first peak, the second peaks of
B species in the pair correlation function (Figure 5.5b) become broader by growing peak

corresponding to /D =./3 with particle number ratio. It is might be due to the fact that the
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number of surrounding particles for A species increases from four to six with particle
number ratio. For the second peaks of A species, the peak located in r/D =./3 gradually
increases with particle number ratio. The stronger peak at r/D =3 is compatible with
frequent observation of local honeycomb structures as the ratio of particle number
increases. However, relatively constant peak at r/D = 2 for A species might be due to the
fact that there exists multiple possibility with different lattice structures, including
relatively compositionally random structures. The dominant square lattice coexisted with
hexagonal lattice and pentagonal aggregates for Ng/Na = 1 can make the peak located in
/D = 2. For higher ratio of particle number, the existence of peak at r/D =2 could be caused
by coexistence with alternating hexagonal, kagome lattice and random structures as square
lattice is not present.

Figure 5.5¢ and Figure 5.5d show the dependence of pair correlation function for
each species on the relative attractive interaction with constant Ng/Na = 2. Considering
only A species (Figure 5.5¢), the peak at r/D =./3 becomes stronger from Egp/Eap = 0.41
to 0.62, whereas the peaks for Egg/Eap = 0.83 doesn’t show monotonous rise. Increasing
of attractive interaction enables B particles to surround more around each A particle.
However, further increase near Egs/Eap produces simple phase separation and thus the
distance between A species might reach gas state. Actually, the peaks at r/D =./3 and 2 for
Erp/Ea = 0.83 weaken steeply as opposed relatively more intense peaks for Egp/Eap =
0.41 and 0.62. With respect to B species, low ‘like’ particle attraction is preferable to form
square lattice due to superior A-B binding than B-B binding, whereas high ‘like’ particle
attraction close to ‘unlike’ particle attraction leads to compositionally disordered

hexagonal lattice as mentioned in Figure 5.4h. This suggests that proper design of like
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particle interaction is necessary to provide selective surrounding around A particles. These
individual analysis emphasize that 2D DNA-mediated crystallization depends on interplay
between interparticle attraction and ratio of particle number. It is therefore suggested that
proper selection between two variables could be significant to program desired two-

dimensional DNA-mediated crystallization.
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Figure 5.5. Pair correlation function for A and B particles in separate fluorescent images
depending on the ratio of particle number ((a) for A particles and (c) B particles) with
constant Egs/Eap = 2, and relative attractive interaction ((b) for A particles and (d) B
particles) with constant Ng/Na = 2. Grey lines represent A or B particles in perfect
honeycomb structures and square lattice.

5.3.5 Further Discussion on Formed Crystal Phases

The major strategy to realize these diverse 2D crystalline configurations is use of
asymmetric design of interparticle interactions, by which diverse crystal phases are
accomplished in MD simulations. However, outcome of the preceding MD simulations is

not able to translate easily into one of these experiments without the help of stoichiometric
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factor. Also, desired structures from MD simulations is not full agreement with those from
experiments. At Egp/Eap = 0.41 with Ng/Na = 1, for instance, experimentally formed
structure is primarily square lattice as opposed to hexagonal lattice in MD simulation.
Furthermore, the emergence of kagome lattice coexisted with honeycomb is relatively at
low relative attractive interactions, at Egs/Eag = 0.62 in the experiments as opposed to
Esp/Eas ~ 0.9 in MD simulation, in different Ng/Na terms. We assume that these
distinctions are attributed to thermodynamic and kinetic factors: (1) temperature and
annealing protocol difference, (2) slow kinetics in the experiment. For more extended

crystalline arrangements, further understanding of these is required as future works.

5.4 Conclusion

In this Chapter, we present the first experimental investigation for a variety of 2D
binary crystalline structures by controlling interparticle interaction and particle number
ratio based on simple statistical mechanics approximation and preceding MD simulations.
Without any template, we observed square, hexagonal lattice and pentagonal aggregates,
which are driven by the interplay between attractive and repulsive interaction. With respect
to compositional ordering of hexagonal lattice, we observed four different binary ordered
structures: alternating, honeycomb, kagome and square kagome. However, more study to
understand kinetic effect and defect formation is necessary to achieve well-defined long-
range crystalline structures. This strategy opens alternative pathway to create more
complex crystalline structures. Also, this 2D DNA-microparticle system could be a
convenient platform to study the phase change and dynamics of DNA-mediated assembly,

as other area has been performed (107, 126).
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Chapter 6:

Conclusions and Future Outlook

6.1 Summary

This dissertation has established the strategies to engineer a diversity of 2D
crystalline arrangements using DNA-mediated interactions via the interplay of simulation,
theory and experiments. Experimental realization for 2D DNA-mediated microparticle
assembly described in Chapter 2 was achieved by micron-sized silica particles linked
covalently ssDNA through two-step functionalization: silanization and following
subsequent cyanuric chloride chemistry. Chapter 3 demonstrated temperature-dependent
stability of DNA-induced interactions between these particles can be controlled by the
concentration of nonionic surfactant through an apparent coupling with the critical micelle
temperature in these system. Also, 2D ordered arrangements (square and hexagonal lattices)
were evolved from disordered along with pre-established melting profiles. Motivated by
these different 2D arrangements according to designed interactions, ‘multi-flavored’
system was adopted to propose systematic study that make use of available information on
pair interaction between the particles from MD simulation for diverse 2D crystal phases in
Chapter 4. The key feature is use of symmetric or asymmetric design of like pair
interactions (Eaa, Egg), with constant unlike pair interactions (Eap), as a function of
relative attraction strengths (Eaa/EaB, Ess/EaB). The phase diagram of symmetric system
consisted of compositionally perfect square, alternating string hexagonal and random

hexagonal lattices. Asymmetric system extended structural diversity into rhombic,
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honeycomb, as well as kagome, depending on the relative interparticle interactions. These
model findings were translated to the experiment, in which binary microparticles were
decorated with a tailored mixture of two different complementary DNA strands as a
straight-forward means to realize tunable particle interactions, as described in Chapter 5.
Guided by simple statistical mechanics and detailed MD simulations, a structural diversity
of microparticle 2D assemblies, such as square, pentagonal and hexagonal lattices
(honeycomb, kagome), was realized through the interplay of interparticle interactions and
stoichiometry. Controlling interparticle interaction using this DNA-mediated particle
“multi-flavoring” should lead to an even wider range of accessible colloidal crystal
structures. The 2D experiments coupled with the model predictions can ultimately be used
to provide new fundamental insight into nano- or microparticle assembly in three

dimensions.

6.2 Future Work

We conclude this thesis with future work to extend the established bottom-up DNA-
mediated particle assembly towards structural diversity and 3-dimensional order with
preliminary proof-of-concept data. Also, we mention possible ways to modulate DNA-

mediated assembly through external forces.

6.2.1 Structural Diversity by Stoichiometry and Lattice Symmetry

In spite of the realization of square and hexagonal lattices with two-dimensional
order through reversible and sequence-specific binding, continuing work is necessary to

increase the structural diversity of DNA-mediated microparticle assembly in the
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fundamental and practical standpoint. The incorporation of stoichiometry and lattice
symmetry would greatly enlarge the parameter space for the design of ordered DNA-
mediated assembly. While DNA-mediated nanoparticle assembly (44) has been achieved
to realize various crystal phases under these parameter space, Wang et al. (34)
demonstrated AB> and AB¢ colloidal crystals isostructural to aluminum boride (AlB>) and
cesium fullerene complex (Cse¢Ceo), respectively, by changing the size ratio and
stoichiometry. Also, particle shapes (33, 59) along with DNA-induced interactions can be
useful constraint, which determine the accessible configurations, to establish complex,

functional and integrated architectures.

Figure 6.1. DNA-mediated microparticle assembly with two different sizes of particles (1
um, 1.5 um) and different stoichiometry. Here, two particles have only selective reciprocal
interactions (A-B). (a) square lattice (1:1 stoichiometry), (b) semi-hexagonal lattices (8:1
stoichiometry) and (c) formed small honeycomb lattice (8:1 stoichiometry).

The binary particles with two different sizes (1 pm and 1.5 um) and two different
stoichiometries (1:1 and 8:1) were assembled through selective reciprocal DNA-mediated
interactions near melting temperature. With 1:1 stoichiometry, square lattice emerged as
shown in Figure 6.1a. With 8:1 stoichiometry, most of them are assembled into hexagonal

structures with some pentagonal aggregates as shown in Figure 6.1b. Also, we were able
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to see honeycomb lattices, which emerged for equal-sized particles (1:1 stoichiometry)
under asymmetric design of interparticle interactions. These suggest that particle size and
stoichiometry also are beneficial parameters to build up complex, functional and integrated
architectures in DNA-programmable particle assembly. Combined with the previous
strategies to control interparticle interactions, structural diversity can be realized in 2D and
extended into 3D. Furthermore, distinct from the crystal phases with 3-dimensional order,
the formation of crystal phases in 2D allows us to access time-dependent behavior more
easily during structural formation. Therefore, this clearer visualization facilitates to

understand their kinetics and detailed formation process.
6.2.2 Extension of MD Simulation to Three-Dimensional Order

Very recently, the cross-dimensional phase behavior of specifically designed
isotropic interactions with low coordination has been investigated by Jain and coworkers
(127). To be more specific, they showed an isotropic, convex-repulsive pair potential that
stabilizes 2D-honeycomb lattice is expected to be an excellent candidate for making a 3D-
diamond lattice, and vice versa. Motivated by this prominent transferability between 2D
and 3D, we are trying to extend our effective pair potential into 3D from 2D. Interestingly,
the asymmetric design of like particle pairs (Eas > Eaa > Egp) provided perfect honeycomb
lattice in 2D, as shown in Chapter 4. Strictly, our formed honeycomb lattice is highly
coordinated lattice, not low coordination, as central particle in honeycomb lattice is not
vacant. Nonetheless, the transferability from 2D to 3D would be quite efficient and useful
in terms of fundamental and practical standpoints, in that finding interactions that stabilize
lattices in 2D is a simpler and less computationally demanding material design problem

that in 3D.
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Figure 6.2. Ordering parameters for binary crystals under (a) symmetric interactions
between like particles (Eas > Eaa = Egg) and (b) asymmetric interactions between like
particles (Ea > Eaa > Epp = 0). For each criterion of BCC (NN = 8) and FCC or HCP (NN
= 12), the number of nearest neighbors N and the order parameters (Nag, Naa, Ngp) are
computed to quantify the ordering of BCC and close-packed crystals, FCC or HCP.

Taking advantage of similar protocols, the 3D MD simulations are performed
through the effective pair potentials under symmetric interactions between like particles
(EaB > Eaa = EgB) and asymmetric interactions between like particles (Eap > Eaa > Egp =
0). For the quantitative identification of lattice structures (body-centered cubic (BCC) vs.
close-packed crystals (CP)), the average number of particles N™~ with a certain number of
nearest neighbors (NN) based on a distance cutoff criteria is calculated. For the symmetric
case, BCC with almost perfect order parameters (2Nag = 8, 2Naa = 2Ngp = 0) formed at
the relatively small relative interactions (Eaa/Eas or Ess/Eap < 0.2), whereas there was no

formation of CP. At Eaa/Eas or Ess/Eas ~ 0.2, we can see the transformation from BCC
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to CP, which is comparable to outcome of 2D simulations. Above this point, the stabilized
structure is CP with different order parameters as a function of the interparticle interactions.
Likewise 2D simulations, almost compositionally ordered CP (2Nap = 8, 2Naa = 2N =
2) is formed at Eaa/Eas (= Eps/EaB) close to the transformation point. As increasing
Eaa/Eas, the order parameter arrives to the value for compositionally random structures
(2NaB = 6).

For the asymmetric case (Eas > Eaa > Eps = 0), almost perfect ordered BCC is
stable below Eaa/Eag < 0.2 (Egp/Eag=0) and CP with low compositional ordering emerges
above Eaa/Eas > 0.6 (Epp/Eas = 0), based on a distance cutoff criteria (reur = 1.05).
Interestingly, the number of 12-fold coordinated CP structures, which is expected as the
number of 8-fold coordinated BCC crystals decreased steeply at 0.2 < Eaa/Eap < 0.3, is
relatively low at intermediate region between them. However, when we use larger distance
cutoff criteria (rcue = 1.2), the 12-fold coordinated CP crystals with almost perfect ordering
can be found. This is caused by slight different distance between unlike particle pairs and
like particle pairs (Dap = 1.028 vs Daa ~ Dgg ~ 1.058) due to the asymmetric design. Based
on adaptive common neighbor analysis in OVITO (/28), we can get perfect face-centered
cubic (FCC) crystal phases. Combined with this and the compositional ordering in the
intermediate region, we believe these structures are perfect ordered FCC (CuAu). In the
previous literature (/21), the transformation from BCC to FCC (CuAu) would be promoted
by anisotropic dynamics such as self-induced hydrodynamic drag forces. The design of
asymmetric like particle interactions would also drive anisotropic dynamics to transform
from BCC to FCC (CuAu). However, further analysis is required to verify and confirm

these 3D structures.
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Distinct from the realization of 3D-diamond structures by using the isotropic,
convex-repulsive pair potentials for the 2D-honeycomb lattices, the 2D-honeycomb by
using our attractive pair potentials was difficult to produce low coordinated 3D structures.
We believe that the current interaction system is not preferable to produce low coordinated
structures due to their large lattice free energy relative to the CP and BCC lattices, as
predicted in the previous literature (/172).

Motivated by this preliminary result, we believe that repulsive interaction could be
a significant parameter to obtain open structures, which is useful technological applications
(129, 130). Tkachenko (26) and coworkers suggested that theoretical phase behavior is
mainly dependent on two parameters, the relative strength of the attraction (E/Uo: E is
reversible binding energy and Up = U(d), here U(r) is repulsive soft-core potential) and
aspect ratio (d/&: d is diameter and & is the range of potential U(r)). Interestingly, two
parameters are sensitive to the range and strength of repulsive interactions. For example,
the emergence of diamond structures is largely dependent on the selection of repulsive
potential, such as exponential and Gaussian forms of repulsive potentials. Furthermore, the
experimental realization of diamond-like structures using nanoparticles has been
established through screened electrostatic interactions commensurate with the dimensions

of the assembling objects (/37).
6.2.3 Assembly in the Presence of External Fields

The current state-of-the-art for achieving crystalline structures from DNA-
mediated particle assembly relies on thermal annealing, which leads to local rearrangement
and restructuring of particles via reversible hybridization/dehybridization (32). Here, we

consider an additional handle for overcoming kinetic barriers and tuning crystallization.
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Namely, the rearrangement of DNA-functionalized particles, especially microparticles, can
be induced and enhanced by external forces, such as shear and horizontal vibration (/32,
133). Based on this concept, we hypothesize that the enhanced mobility of particles,
achieved by imposition of various external fields, may help expand the crystallization
window, thus enabling more facile circumvention of dynamic arrest. These concepts can

be applied to 2D as well as 3D.
6.2.3.1 Flow field

A significant amount of research has focused on shear-induced clustering, ordering,
orientational alignment and structural changes in a variety of soft matter systems (/34—
137). Interestingly, under flow, colloidal crystals often exhibit enhanced order and
transition in their symmetry at low shear rates, and shear-induced melting at high shear
rates (138, 139). It also has been reported that shear influences both the stretching of DNA
molecules and their migration to the centerline of a channel.(/40) Besides large shear
forces can affect the rupture dynamics of the double-stranded DNA (/47). These effects,
observed separately for un-functionalized particles and isolated DNA, provide the
groundwork for our study of the effect of flow field on aggregate/assembly of DNA-
functionalized particles. Specifically, we study the role of shear to enhance the
rearrangement of the particles as a handle for facilitating and controlling crystallization
within DNA-mediated assembly.

It has been shown that colloidal aggregates/crystals can undergo microstructural
changes in the low shear regime and distortion in the high shear regime (/42). Firstly, we
perform experiments to observe the assembly behavior of DNA-mediated particles

depending on the shear force. The shear-induced melting for DNA-mediated assembly is
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also interesting from this experiment but the finding of appropriate shear regimes for the
rearrangement may be more significant for realization of specific ordered structures.
Based on our preliminary mechanistic insight into the DNA-mediated aggregation
of micron-scaled particles, enhancing the particle motion may also allow us to see not only
faster restructuring but also the formation of larger aggregates/crystals. Specifically, our
studies have shown that aggregates display a glassy structure movement as the size of
aggregates increased, with only small crystalline domains emerging (data not shown). We
hypothesize that imposition of an external force/flow field will enhance particle movement
and thereby induce more rapid and extensive the evolution of crystalline structures similar

to the mechanism proposed by Macfarlane et al. for nanometer-scale particles (62).
6.2.3.2 Horizontal Vibration

Oscillatory flow has also been shown to enhance the rearrangement and anneal
defects during the formation of microparticulate structures (/33, /43). Interestingly,
Muangnapoh et al. reported that the convective deposition of particles exhibited a
significant enhancement of surface density and local order of monolayers with increasing
deposition speed through addition of vibration.

As a preliminary study, we compared the morphology of aggregates achieved by
DNA-mediated assembly in the presence of imposed horizontal vibrations. The mixture of
1 pm DNA-functionalized particles with complementary sticky ends was inserted inside a
microchamber which was composed of two coverslips with ~ 100 um parafilm as a spacer.
The sample was vibrated horizontally by a wave generator, with 50 Hz and 250 pm
displacement, for 20 min. After only 20 minutes, compact aggregates (Figure 6.3b) were

observed to form whereas only branched (or linear) structures (Figure 6.3a) resulted after
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2 hours in a quiescent control sample. This preliminary data indicates that particle
rearrangement is improved when the horizontal vibration is applied to the chamber. Based
on this result, we can study systematically how flow-field oscillations may be used to
enhance aggregation and even crystallization of the DNA-functionalized microparticles.
We will study factors such as amplitude and frequency of oscillations in an effort to
quantify their role in tuning DNA-mediated assembly and crystallization (i.e., structure,
quality, extent) as well as to elucidate concomitant effects on the melting transition and the

shape/breadth of the transition region.

Figure 6.3. The morphology of aggregates according to the existence of the lateral
vibration: remained at RT for 2 hours without the vibration (Left); with the vibration, with
50 Hz and 250 pum displacement, for 20 min (Right).
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We perform molecular dynamics simulations to study the transport of geometrically modified water models through channels
of carbon nanotube (CNT) membranes. We use two modifications to an existing water model (extended simple point charge
SPC/E) as representative surrogates of molecular fluids: (1) bent model (model B) in which the HOH angle is varied while
keeping the dipole moment constant by adjusting the OH bond length and (2) modified bent model (model MB) in which the
HOH angle changes without any change in OH bond length thereby changing the dipole moment. Interestingly, we find that
the fluid transport is a nonmonotonic function of the bond angle for both fluid models. This observed trend is not anticipated
based on the fluid density as a function of the bond angle inside and outside of the nanotube channel. However, the average
residence time of transmitted molecules through the channel provides an approximately inverse linear correlation with the
observed flux, independent of the fluid model. Based on these correlations, we have developed an empirical design parameter
connecting fluid transport through CNTs as a function of average occupancy (number of fluid molecules inside the nanotube)
and the average residence time. Our results suggest that transport through carbon nanotubes can be sensitive to small changes
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in the structure of fluid molecules that can potentially be utilised for mixture separation.

Keywords: nanoscale transport; confined water; molecular simulation

1. Introduction

Fluid transport across carbon nanotube (CNT) membranes
has received significant scientific interest due to unexpect-
edly high flux [1] and the potential applications [2—10] that
can result from it such as water desalination and purifica-
tion, nanofiltration, and gas separation. It was first reported
that water can spontaneously fill and remain within the hy-
drophobic channel of a small diameter (0.6 nm) CNT for
simulated periods as long as 66 ns [1]. The identification of
the greatly enhanced fluid transport through nonpolar and
nanosized CNTs relative to macroscopic expectations has
led to significant effort to identify mechanistic aspects of
such enhancement. A subsequent study attributed the rapid
water transport to molecular ordering within a 0.8-nm di-
ameter CNT channel under the influence of an osmotic
gradient [6]. In addition to chain-like water structuring, the
unusually low friction of the nanotube surface is believed
to enable this fast transport [11-13].

Experimental validation of these predictions was first
achieved by Hinds ef al. through fabrication of a membrane
consisting of aligned multiwall CNTs with large pore diam-
eter (7 nm) spanning a polymer thin film [14]. Laboratory
water permeation measurements confirmed that the flow
rate through these membranes exceeded the predictions of
macroscopic hydrodynamics by 4-5 orders of magnitude
[15]. Membranes with sub 2-nm diameter CNTs were first

made by Holt ez al., and both fluid and gas flow were found
to be enhanced (by several orders of magnitude) relative
to the predictions of classical hydrodynamics and Knudsen
diffusion, respectively [16]. These laboratory demonstra-
tions of fast fluid transport through membranes comprised
of nanosized CNTs underscore the potential for high-
permeability membrane applications.

In addition, water flow through CNTs can be employed
as a simplified model to probe transport properties of bio-
logical and nanoscopic channels [17-19]. Namely, various
studies have modified the CNT atoms to explore the sen-
sitivity of water transport to changes in the nanotube po-
larity [20], nanotube—water interaction parameter [21,22],
nanotube flexibility [23], and lattice structure. Sholl and
co-workers previously employed various fluid molecules,
such as Ar, Ne, H,, CHy, and their mixtures, to understand
their transport behaviour through single-walled carbon nan-
otubes [24-26]. However, there is limited understanding of
fluid transport through nanotubes and sensitivity of flow to
molecular structure. While the continuum theory formal-
ism is independent of the specific nature of the molecular
structure of the fluid, it is essential for microscopic theories
to account for the dependence of transport on this geometric
structure [27].

As an example, Lynden-Bell and co-workers have used
modified water models to better understand water behaviour
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and its solvation properties [28-31]. Specifically, by alter-
ing atomic charges, Lennard-Jones (LJ) contribution to
intermolecular potential, and geometric structure, various
modified water-like fluid models have been defined with
systematic perturbations of the extended simple point
charge (SPC/E) model. Bergman and Lynden-Bell used
two types of modified water models, one in which the elec-
trostatic interactions are modified and another in which
the molecular geometry is altered, to understand the hy-
drophobic effect [28]. These modifications caused changes
in the number and strength of hydrogen bonding and net-
work structure in comparison to the SPC/E water model.
Through the comparison among modified water models,
it was found that the hydrophobic effect was closely re-
lated to hydrogen bonding and other strong intermolecular
interactions, and did not depend on the presence of a three-
dimensional network.

Subsequently, Lynden-Bell and Head-Gordon also used
modified water models to understand solvation of apolar so-
lutes [29]. In this study, they defined two types of models in
order to separate the effects of hydrogen bonds and the local
structure. The first was called the hybrid model for which
the strength of hydrogen bonds can be controlled depend-
ing on the relative strength of the Coulombic and dispersive
contributions to the pair potential. The second was called
the bent model in which the HOH angle in the SPC/E wa-
ter model was altered. The resulting molecules in a fluid
were found to still form strong hydrogen bonds but to lack
a local tetrahedral network, so the observed properties can
be used to understand the role of fluid network structure.
It was found that as the dispersive contribution increases
in the hybrid models, the structure of the liquid becomes
more close packed, and, thus, hydrophobic solutes cannot
move inside liquid structure easily. However, the reduced
structuring for bent models allowed the solute particles to
penetrate easily. This study showed that the spatial correla-
tions of the liquid are a better indicator than energetics of
the solvation properties of a given liquid.

Recent work by Chatterjee et al. has used a broader
range of bent models in which the HOH angle was varied
from 60° to 120° to study the thermodynamics, translational
dynamics, liquid structure, and solvation thermodynamics
of apolar solutes [31]. It was shown that the liquid struc-
ture transitions from chain-like arrangement to water-like
tetrahedral arrangement as HOH bond angle increases. A
decrease in translation mobility with increasing HOH an-
gle was reported to result from the monotonic increase in
density and concomitant increase in tetrahedral structural
order. Such models can be very helpful in elucidating a
molecular understanding of fluid flow through CNTs.

In this paper, we investigate fluid transport through car-
bon nanotubes by using various modified water models to
probe the effect of molecular structure. The modified water
models used in this study are termed the B model and MB
model. In both models, the HOH bond angle is varied, with

differences between models deriving from their specific
treatment of the OH bond length. Namely, the OH bond
lengths in the B model are chosen so that the molecular
dipole moment does not change, whereas in the MB model
the OH bond length is fixed according to the SPC/E model,
and increases with decreasing bond angle. First, we present
our simulation data on fluid permeation through carbon
nanotube membranes for both models; faster transport than
that observed for the SPC/E water model and nonmono-
tonic fluid flux as a function of bond angle is observed. In-
sight into the nonmonotonic trend in fluid flux is achieved
through investigation of density profiles inside and outside
the CNT membrane. Finally, we assess how well this data
is captured by our previously proposed correlation [21] be-
tween water flux through CNTs and an equilibrium-derived
measure of water occupancy in CNT channels normalised
by the average residence time.

2. Simulation model and methods

All of the simulations are performed using the molecular
simulation package NAMD [32] for 15 ns after an initial
equilibration period of 200 ps. Periodic boundary condi-
tions are used in all directions as in our previous study [21].
We use 12 hexagonally packed armchair type (9,9) CNTs
each of length 13.4 A as shown in Figure 1. Preliminary
investigations on (6,6) and (12,12) CNTs revealed quali-
tatively similar results as (9,9) CNT (see Supplementary
Information (SI) Figure S3). Therefore, in this paper we
only focus on (9,9) CNT results. The nanotubes and the
carbon atoms are allowed to move during the simulation
(as dictated by bonded and nonbonded interaction poten-
tials). We find that the membrane structure is maintained
during the whole simulation. The well depth of the Lennard-
Jones (LJ) potential between CNT atoms and modified wa-
ter molecules, enr.ow, is fixed at 0.115 kcal/mol and a char-
acteristic distance of 3.283 A is used [3]. All the simulations
are carried out at a temperature of 300 K and pressure of
1 atm. A Langevin thermostat with a damping coefficient
of 0.5 ps™' is used to maintain constant temperature and
a Langevin piston method is applied to maintain constant
pressure that allows independent adjustment of all dimen-
sions of the periodic cell [33]. For long-range electrostatic
interactions, we use the particle mesh Ewald method [34].
For short-range LJ interactions, we use a 12 A cutoff dis-
tance with a smoothing function applied at a 9 A distance.
The neighbour lists are maintained for each particle with
radii 14 A, and a rebuilding frequency of 10 steps is used.
The SPC/E water model [35] is used as a reference fluid
(for comparison) and modifications to HOH bond angle are
made to change molecular structure. Figure 1(b) and 1(c)
shows representative snapshots for these modified water
models. In the case of the bent model (B model), the HOH
bond angle is systematically varied from 45° to 120 (B45—
B120) while varying the OH bond length to keep the dipole

126



b
P & u’\. u’.\« ¢ W VA\«
B45 B75 B90

SPC/E B120

(C)U 4 VA\‘ A m

MB45 MB75

MB90

MBI120 MBI150

Figure 1. Simulation set-up and models. (a) The representative structures for the bent model (B model) with constant dipole moment.
(b) The representative structure for the modified bent model (MB model) with constant bond length.

moment constant as shown in Figure 1(b). For the modified
bent model (MB model), bond angle adjustment with a
fixed bond length changes the dipole moment as shown in
Figure 1(c).

3. Results and discussion

To gain insight into how molecular structure influences
permeation through CNT membranes, we have simulated
equilibrium flow of water-like fluids with both B and MB
models (see Figure 1).

We define fluid flux (or permeation events) to be the to-
tal number of molecules permeating across the membrane
per nanosecond normalised by the total number of CNTs in
the membrane (12 in this case). Here, one permeation event
is defined as a fluid molecule entering either end of the CNT
and leaving from the opposite side. The fluid molecules that
enter and leave through the same side of the CNT are not
counted toward permeation. Figure 2 shows that the ge-
ometry of the fluid molecules can significantly influence
their permeation through CNTs. Namely, Figure 2(a) shows
that the fluid flux for the B model relative to that for the
SPC/E water model varies nonmonotonically as a function
of HOH bond angle. With decreasing HOH bond angle
from SPC/E (109.5°) to B100 (100°), the observed perme-
ation events increase sharply. A maximum in permeation

is observed for an HOH bond angle of 90°, which is fol-
lowed by a more gradual decay in permeation with further
decrease in the bond angle. We do not observe any perme-
ation events for fluids with HOH bond angles greater than
112.5°. This lack of permeation is consistent with previ-
ously observed bulk fluid behaviour showing a pronounced
dynamical slowdown of diffusivity with increasing bond
angle due to higher fluid density and increased structural
order at 1 atm pressure [31].

Figure 2(b) shows that the fluid flux for the MB model
also varies nonmonotonically as a function of HOH bond
angle. In this case, where OH bond length is fixed and thus
dipole moment varies, lower flux is observed for small bond
angles, with a minimum flux observed for a bond angle of
75° in contrast to the B model. In the case of the MB
model, permeation decreases with respect to SPC/E water
with decreasing HOH angle, and increases for HOH angles
above the SPC/E angle of 109.5°.

In order to understand this permeation behaviour for
the modified water models, especially the nonmonotonic
fluid flux dependence as a function of bond angle, we cal-
culate the change in fluid density with bond angle at 300 K
and 1 atm. Figure 3 shows the average density inside (open
symbols) and outside (closed symbols) of the CNTs as a
function of HOH bond angle for both B and MB models.
While the fluid density is suppressed relative to the bulk
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Figure 3. Average bulk (solid symbols) and CNT-confined (open
symbols) fluid density as a function of HOH bond angle for var-
ious modified water models. Fluid density, which is qualitatively
comparable between bulk and CNT-confined states, varies with
HOH bond angle (a) monotonically for the bent (B) models and
(b) nonmonotonically for the modified bent (MB) models.

by confinement within the CNTs, we find that the change
in density as a function of HOH bond angle shows qual-
itatively similar trends inside and outside the CNT for a
given fluid model. Therefore, beyond a subtle shift in the
maximum density to higher HOH bond angles for the MB
model under CNT confinement, the density of fluid con-
fined within a CNT does not appear to dramatically deviate
from the observed trend in bulk density (in this case outside
the CNT is considered bulk) at constant pressure. Interest-
ingly, the density changes monotonically in the case of
the B model (Figure 3(a)) whereas a nonmonotonic density
change with HOH bond angle is observed for the MB model
(Figure 3(b)). While the nonmonotonic change in fluid flux
in the case of the MB model at bond angles around 75°
(Figure 2(b)) may be attributed, at least in part, to the cor-
responding maximum in fluid density at these bond angles,
it is clear that the density alone cannot explain the ob-
served behaviour. Specifically, very different fluid flux is
observed for fluid models with similar average density in
the case of the MB model (e.g., MB45 versus MB150).
Also, nonmonotonic flux for the B model is not captured
by the average density.

To assess if local structuring inside the CNTs may help
explain some of these trends (see SI Figure S2 for simula-
tion snapshots), we also calculate local density profiles in
both axial and radial directions. Figure 4 shows density pro-
files for B (panels (a) and (c)) and MB models (panels (b)
and (d)) as a function of axial (Z) or radial distance. For ax-
ial density profiles, |Z] < 6.7 A corresponds to fluid within
the CNT, while |Z] > 6.7 A refers to bulk fluid outside of the
CNT. According to the axial density profiles in Figure 4(a),
the fluid density for the B model increases as the HOH bond
angle increases as expected from the average density (Fig-
ure 3(a)). For HOH bond angles of 111° and larger, the fluid
inside the CNT is quite structured as seen from the large
periodic variations in the density profile. As shown in SI
Figure S1, we do not observe complete nanotube filling for
models B120 and B130 during the entire simulation time.
This significant slowdown in diffusion for these models is
related to the fluid-solid transition. Several previous stud-
ies have provided detailed information on freezing of water
inside carbon nanotubes as a function of temperature and
pressure [36-39]. The corresponding fluid flux is negligible
for these nanotube-confined frozen molecules over the 15
ns simulated time.

Figure 4(b) shows the axial density profiles in the case of
the MB model. Here, the changes in the HOH bond angle are
also accompanied by changes in the dipole moment of the
fluid. Unlike the B model, MB fluids confined within CNTs
show a maximum in density for a bond angle of 75°, while
a decrease in density with both increasing and decreasing
bond angle corresponds to the observed enhancement in
fluid flux (Figure 2(b)). In this MB model, fluid structuring
(periodic density profile) is observed for intermediate HOH
bond angles (60° —100°) for which permeation is very low
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or negligible. However, while MB45 has the lowest average
density among all cases, it does not have the highest per-
meation. In that case, the dipole moment is the highest, and,
therefore, this suggests that the dipole moment, in addition
to molecular geometry, can play an important role in fluid
transport within CNTs.

Figure 4(c) and 4(d) show the sensitivity of radial den-
sity profiles to the HOH bond angle for both B and MB
models, respectively. For the B model, HOH bond angles
greater than that of the SPC/E water results in the locali-
sation of molecules closer to the nanotube walls. As HOH
bond angle is decreased below that of the SPC/E water, ra-
dial density near the walls is maintained while the density at
the nanotube centre increases. A similar influence of HOH
bond angle on radial density is also observed for the MB
model (Figure 4(d)). Interestingly, the modified models with
fluid molecules located at the centre of the nanotube show
higher permeation. This may be due to the fact that water
molecules transmitting through the centre take less time on
average, or more water molecules can transmit through the

channel with similar average residence time. However, the
maximum in radial density at the nanotube centre does not
correspond to the maximum in fluid flux in terms of the
HOH bond angle for the B model.

The above analysis of the density profiles reveals that
fluid permeation through CNTs does not have a simple de-
pendence on density. This is unlike bulk fluid density for
which fluid mobility correlates directly with density [31].
The observed behaviour appears instead to be a combination
of several factors including, but not limited to, average den-
sity, local structuring inside the nanotube, and fluid dipole
moment.

In our previous work, we have shown that water flux
through nanotubes is related to the average occupancy of
the nanotube channel and the average residence time of
the molecules permeated [21]. Figure 5(a) first assesses the
relationship between average number of molecules inside
the CNT and permeation events. The average number of
molecules (as expected based on fluid density) varies non-
monotonically with permeation events for both B and MB
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Figure 5. (a) Average number of modified water molecules oc-
cupying a nanotube, (N), versus permeation events. (b) Inverse
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versus permeation events for various modified water models; B
series and MB series.

models. The highest permeation is observed for an aver-
age occupancy of about 21.4 fluid molecules irrespective
of the type of modified water model (B or MB); B90 and
MBI150 have average occupancy of 21.45 and 21.40, re-
spectively. Below and above this average occupancy level,
the permeation events start to decrease gradually.

Next, we turn our attention to the average residence
time of molecules that permeate through the CNT mem-
brane. Figure 5(b) shows permeation events versus inverse
residence time and an approximately linear proportional-
ity is observed for both B and MB models. This suggests
that the primary effect of HOH bond angle on fluid trans-
port through CNTs is exerted by modulating the residence
time. In our previous study, we had found it necessary
to consider both the average occupancy and inverse resi-
dence time to account for water flux through nanotubes with
varying water-nanotube attraction strengths. As shown in

Figure 5(c), accounting for both of these factors indeed
improves the correlation and captures the observed perme-
ation behaviour for all the cases. This means that fluid
models with an average occupancy of more than =~ 21
molecules have higher residence time due to high fluid
density inside the nanotube, and, therefore, lower flux dom-
inated by this term. On the other hand, below the aver-
age fluid occupancy of 21 molecules, the (N) term is also
important together with the residence time. What is most
striking is that this simple correlation is capable of cap-
turing predicted transport properties for a range of dis-
parate molecular fluids based upon equilibrium measures.
As such, it provides a potential design rule for empiri-
cal studies aimed at harnessing CNT-mediated transport
of molecular fluids of a range of characteristic molecular
geometries.

4. Conclusions

In an effort to probe flow of nonaqueous fluids through
CNTs via simulations, we have employed bond-angle and
dipole moment modifications of two existing water models
as representative surrogates for a range of molecular fluids.
Permeation simulations were carried out for modified water
models in which HOH bond angle is systematically varied
while either (1) allowing OH bond length to vary in order
to maintain an SPC/E dipole moment or (2) holding OH
bond length fixed to study the role of changing dipole mo-
ment. Dramatic and nonmonotonic changes in permeation
flux relative to SPC/E water through a model CNT-based
membrane were observed as HOH bond angle was varied.
Unlike bulk fluid behaviour, however, the nonmonotonic
flux could not be simply linked to fluid density variations
within the nanotube despite qualitative agreement in the
trends of fluid density in the bulk and under CNT confine-
ment. Rather, we show that the fluid behaviour under CNT
confinement seems to be sensitive to numerous factors in-
cluding, at least in part, average density within the CNT,
local structuring, and the fluid dipole moment. Despite the
variations in permeation among the modified water models
and across bond angles studied, we identify a simple design
rule suggesting that permeation flux can be linearly corre-
lated with equilibrium measures of average CNT occupancy
normalised by average residence behaviour at the molecular
level. We tried to verify the relationship between flux and
molecular structure by using two types of modified water
models. B-type showed that the fluid structure varied from
chain-like to a tetrahedral network with increasing H-O-H
angle. Also, MB-type showed that dipole moment increased
as bond angle decreased. Based on these results, not only in-
teraction between fluids and CNTs, but also intermolecular
interaction among fluids as well as fluid molecular structure
inside the nanotubes play an important role in modulating
permeation. Thus, proper control for these variables could
produce the fastest permeation events. The simple design
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parameter linking flow properties within specific nanotubes
with fluid occupancy and residence time showed linear cor-
relation between permeation and (N).
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