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ABSTRACT

Polymer architecture plays a major role on the emergent physical and chemical properties of
materials such as elasticity and wettability. Branched polymers exhibit strikingly different
rheological behavior (e.g. enhanced stress dissipation and strain hardening) compared to linear
polymers. In recent years, the dynamic properties of branched polymers have been studied using
bulk rheological techniques (Chapter 1), but we still lack a full understanding of how molecular-
scale interactions give rise to macroscopic properties for topologically complex polymers. Single
molecule studies enable the direct observation of polymer chain dynamics at the molecular level;
however, the vast majority of single polymer studies have only focused on linear DNA molecules

(Chapter 2).

In this dissertation, we extend single molecule techniques to study the dynamics of branched
polymers, which effectively bridges the gap between bulk-scale rheological properties and
molecular scale behavior. In particular, we explore the synthesis, characterization, single molecule
dynamics, and Brownian dynamics simulations of DNA-based branched polymers. This approach
enables us to interrogate the impact of distributions in molecular size and architecture, thereby
holding the potential to fundamentally change our understanding of the rheological response of

topologically complex polymers.

We first developed a two-step synthesis method to generate branched polymers for single molecule
visualization (Chapter 3). Here, we use a graft-onto synthesis method by linking side branches
onto DNA backbones, thereby producing star, H-shaped, and comb-shaped polymers. In these
experiments, DNA-based branched polymers are designed to contain short branches (1-10 kilobase

pairs) and long backbones (10-40 kilobase pairs), where the branches and backbones are



monodisperse and the branch distribution can be controlled in an average sense. Following
synthesis and purification, we utilize single molecule fluorescence microscopy to observe the
dynamics of these molecules, in particular by tracking the side branches and backbones
independently (Chapter 4). In this way, this imaging method allows for characterization of these
materials at the single molecule level, including quantification of polymer contour length and

branch distributions for varying synthetic conditions.

Moving beyond characterization, we study the dynamics of single branched polymers in flow using
a molecular rheology approach. In one experiment, we study the dynamics of asymmetric star, H-
shaped, and comb-shaped DNA polymers tethered to the surface in a microfluidic flow cell
(Chapter 4). In this way, we study the impact of branch frequency and position on backbone chain
relaxation from high stretch. In a second experiment, we utilize a microfluidic cross-slot device to
hydrodynamically ‘trap’ branched DNA molecules in planar extensional flow, thereby studying
the impact of branching on relaxation in solution, as well as transient and steady-state dynamics
in flow (Chapter 5). We present results for branched polymer dynamics as functions of branch
frequency and flow strength. We also conduct Brownian dynamics simulations based on a coarse-
grained model for comb polymers (Chapter 6). Results from simulations and experiments agree
qualitatively, and branched polymers exhibit a weaker dependence of relaxation on total polymer

molecular weight in comparison to linear polymers.

Overall, this work presents molecular-scale investigations of branched polymer dynamics. From a
broad perspective, this research provides a molecular-based understanding of topologically
complex polymers in flow, thereby holding the potential to advance the large-scale production of

polymers. Importantly, this platform can be further extended to study branched polymers in



alternate flow fields such as simple shear flow or linear mixed flows, semi-dilute solutions, and
concentrated solutions. These experiments will provide a molecular basis for phenomena observed
in branched polymers, from viscosity modification of blended branched polymer solutions to
hierarchical relaxation mechanisms of entangled branched polymers to enhanced strain hardening

of comb polymer melts.
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1 GENERAL INTRODUCTION

Fundamental studies of polymer dynamics at the molecular level are critical for improved
processing and large-scale production of polymers [1]. Commercial polymers frequently contain
entangled and/or branched molecules, which result in strikingly different rheological properties
compared to dilute solutions of linear polymer molecules [2, 3]. Recent interest in rheological
studies has focused on branched polymers such as low-density polyethylene, which is widely used
in packaging applications. The influence of branching on flow properties, such as dissipation of
stress, plays an intimate role in energy requirements and processing conditions for polymer

production.

Current approaches for studying branched polymers include advanced techniques for polymer
synthesis (e.g. living anionic polymerization, atom transfer radical polymerization), new
purification methods based on molecular architecture (e.g. thermal gradient interaction
chromatography), characterization of linear and non-linear viscoelastic rheology, and the
development of molecular-scale simulations and theories [4]. Molecular-scale dynamics ultimately
determines the macroscopic response of polymeric materials, so it is of critical importance to
develop a clear understanding of microstructural dynamics in topologically complex polymer
systems. In this work, we aim to extend single molecule experimental techniques to the study of

branched polymers.

1.1 POLYMER CHAIN ARCHITECTURE

Polymer chain architecture encompasses a wide range of shapes and chain types, including linear

polymers, branched polymers, ring polymers, and polymer networks [5]. Linear polymer chains



have only two ends, and extensive studies of linear polymers in polymer science include
solution/melt thermodynamics, stability diagrams and phase behavior, bulk viscoelasticity, and
investigations of single molecule dynamics. Branched polymers are defined as having additional
polymeric chains attached to a linear molecule, resulting in a variety of architectures: star, H-

shaped, pom-pom, and comb-shaped. Examples of polymer architectures are shown in Figure 1.1.

Recent work has focused on the impact of macromolecular branching on polymer dynamics and
rheological behavior [3, 4]. The properties of branched polymers traverse a wide parameter space,
including molecular weight, branch distribution, and architectural and molar mass dispersity [6].
In an entangled solution or melt of comb polymers, branches and branch points are known to
dramatically slow down the overall relaxation of a material, especially as the branch molecular
weight increases [2]. This complex topology leads to a spectrum of relaxation times related to
movement of branches, segments between branches, and the entire molecular backbone. Thus,
chain branching can result in extremely complex flow properties; for example, comb polymers in
uniaxial extensional flow exhibit strain hardening under relatively low strain rates, whereas linear

polymers do not [7].

Comb polymers have attracted recent interest due to advances in the chemical synthesis and
purification of precisely structured molecules. Examples of model comb polymers include high-
vacuum anionic polymerization of an ‘exact comb’ polyisoprene with three branches, in which the
middle branch has twice the molecular weight of two other external branches [8], and thermal
gradient interaction chromatographic isolation of combs with 3-5 branches [9]. The linear
backbone within a comb polymer also permits a direct, molecular-scale comparison to a linear

polymer. The isolation of precisely branched polymers launched an emerging sub-field of



branched polymer molecular rheology [6-17] that explores the role of architectural dispersity on

flow.

The linear and non-linear viscoelastic response of comb polymer melts has been investigated using
integrated approaches combining theory [1, 18, 19], simulations [4, 10, 11, 17], and bulk
rheological experiments [7, 9-17]. Various techniques have uncovered a ‘hierarchical’ stress
relaxation mechanism for comb polymer molecules that arises due to branched molecular
architectures, such that sub-molecular relaxation processes take place over varying timescales [7,
12-14, 16, 17]. Figure 1.2 illustrates a proposed series of relaxation processes for an entangled
comb polymer after strain. This mechanism, however, has yet to be directly observed at the
molecular level. Furthermore, a majority of branched polymer synthesis techniques result in
structural heterogeneity, such that branch length, frequency, and location can vary greatly from
molecule to molecule. These impurities blur the macroscopic rheological response of branched
polymer melts [4, 6], and the non-linear behavior of branched polymers generally lacks description

by a universal constitutive model, unlike linear [19], pom-pom [18], or model comb [20] polymers.

In our approach, biochemical synthetic techniques facilitate the synthesis of comb-shaped
architectures by enabling a broad design space of chain lengths and branching densities. Precise
structures may also be achieved by capitalizing on the template-based nature of nucleic acids. We
seek to understand the relationship between the molecular parameters within this design space,
molecular-scale chain behavior, and rheological phenomena in order to improve predictive tools

for polymer engineering and overall control of polymer processing.



12 SINGLE POLYMER DYNAMICS USING DNA MOLECULES

Deoxyribonucleic acid (DNA) is frequently utilized as a model for single polymer molecules in
flow [21-24]; moreover, single polymer experiments have allowed for the direct observation of
unexpected phenomena such as molecular individualism [25] and conformational hysteresis [26].
While most studies of DNA as a model polymer have relied on its natural linear architecture [21],
macromolecular DNA stars and pom-poms have been previously synthesized via sequence
hybridization at a branched junction [27, 28]. Disadvantages associated with hybridized junctions
include thermodynamic base-pair fluctuations, necessity of sequence specificity, and limited
structural control. For these reasons, a more robust method to synthesize branched DNA structures

is required for single molecule studies.

Single molecule experiments reveal a richness of information due to the inherent ability to observe
individual dynamic molecular trajectories. Single molecule fluorescence microscopy enables the
observation of molecular conformations, the direct measurement of end-to-end distance, and the
ability to identify molecular sub-populations [24]. Furthermore, single molecule results can be
compared to bulk-level experimental data, which intrinsically average over the structural

heterogeneity in a sample.

1.3 DISSERTATION OVERVIEW

This dissertation describes our progress towards extending single molecule studies of polymer
dynamics to branched polymer architectures. Chapter 2 outlines the current state of single
molecule dynamics of topologically complex polymers, emphasizing the important but vastly
unexplored space around branched polymers. Chapter 3 describes the synthesis, purification, and

bulk-scale characterization of branched DNA polymers. Chapter 4 presents the single molecule
4



characterization and dynamics of branched polymers tethered to a surface. Here, we demonstrate
our ability to control branch frequency distributions of DNA comb polymers, and we directly
observe topology-controlled relaxation dynamics in branched DNA polymers. Chapter 5 extends
the work of Chapters 3 and 4, exploring dilute solution relaxation of DNA comb polymers and
stretching dynamics in planar extensional flow. Chapter 6 presents a method for modeling
branched polymers via Brownian dynamics simulations, as well as preliminary data in support of
experimental findings. Chapter 7 concludes this dissertation with closing remarks and a discussion

of future directions.
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Figure 1.2. Hierarchical relaxation in a comb polymer melt.
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2 KNOTS, LOOPS, AND JUNCTIONS: SINGLE POLYMER DYNAMICS OF

ToPOLOGICALLY COMPLEX DNA”

2.1 INTRODUCTION

Topological constraints in polymeric materials have long been considered as fascinating and
challenging problems in polymer physics [1-3]. In mathematics, topology refers to the preservation
of spatial properties upon continuous deformation such as stretching or bending. In some cases,
shape and conformation are independent of topology, and topological constraints arise from the
uncrossability of physically connected elements, such as entangled polymer chains [1]. In the field
of polymer science, topology adopts a broad definition, generally referring to intramolecular shape
(e.g. branched or circular chains) and/or intermolecular interactions (e.g. entangled chains), both
of which are impacted by polymer sequence, molecular weight, architecture, and chain
connectivity [4]. These microstructural and physical features provide non-chemical handles that
can be leveraged to drive structure—property relationships in polymeric materials. For example,
polymers with brush-like topologies have recently been used to prepare soft, solvent-free networks
[5]. Here, tuning the polymer branch length and density resulted in single-component materials
with superior elasticity and extensibility compared to designer hydrogels for biological

applications.

Molecular-scale connectivity is known to play a key role in determining the relationship between
molecular topology and the emergent physical properties of polymeric materials. Rheological

studies of branched polymers with architectural dispersity have revealed the sensitivity of

“Adapted from D. J. Mai and C. M. Schroeder, Current Opinion in Colloid and Interface Science, submitted (2016).
12



viscoelastic response to topological impurities in entangled polymers [6]. Similarly, conflicting
reports of ring polymer melt viscoelasticity have been attributed to trace linear impurities [7].
Topological defects in networks, such as dangling ends or loops, directly impact the mechanical
properties of gels, in some cases preventing gel formation altogether [8]. Despite numerous
advances in chemical synthesis, a grand challenge remains in achieving large-scale, precise control

over complex polymer sequences and architectures [9].

In nature, these challenges are overcome by dynamic regulation of microscopic topological events
in biological macromolecules with remarkably high frequency and precision. Biopolymers as
deoxyribonucleic acid (DNA) undergo knotting and unknotting events, circularization and
supercoiling, or the formation of branched junctions for replication [10]. These topological
transitions are aided by the double stranded and double-helical nature of DNA strands, which
imparts an intrinsic twist (or combination of twist and writhe) along DNA backbones. In living
systems, DNA topology is regulated by a class of enzymes called topoisomerases, which are
known to generate transient breakages along DNA strands to alter topology while preserving
sequence [11]. Single molecule techniques have enabled deeply insightful biophysical studies of
DNA topology, uncovering the structural dynamics of individual Holliday junctions [12] and
mechanisms for supercoiling [13]. Nevertheless, the dynamics of polymers with complex
topologies has not yet been fully characterized using single polymer techniques, and this nascent

area of research is a particular exciting new direction in the field.

In this Chapter, we highlight the use of DNA to study the impact of topology on single polymer
dynamics. This review covers recent experimental, computational, and theoretical advances in

knotted, circular, and branched polymers. DNA serves as a powerful system for single polymer

13



dynamics, in particular due to an established understanding of the physical properties and
preparation methods, including facile fluorescent labeling, compatibility with aqueous buffers, and
templated synthesis of monodisperse polymers. For single molecule studies of linear DNA
dynamics, we refer readers to recent reviews on DNA in hydrodynamic flows [14], electrophoresis
[15], and confinement [16]. Here, we focus on the physics of polymer chain topology, namely its

influence on single polymer dynamics at equilibrium and under non-equilibrium flows.

2.2 DNA KNOTS

Knots are central to the theory of mathematical topology [17], and naturally occurring knots have
been discovered in various macromolecules and biopolymers [18]. Knots can also be generated by
chemical and physical means, wherein the latter has been studied in the context of knots in single
polymers. Rigorous definitions of knots exist only for closed structures, but knotting is observed
on both open chains and closed loops in single DNA molecules. Knots may be classified in several
ways, most commonly using the Alexander-Briggs notation [17]. Here, a knot is first designated
by the number of self-crossings, followed by an arbitrary index to distinguish topologically
different knots with the same number of crossings. A single loop with no knots (the ‘unknot’) is
designated 01, and the simplest non-trivial knot (trefoil) is labeled 3;. Knot complexity and
topological uniqueness increase with the crossing number, such that five crossings give rise to two
unique knots (51 and 5,), six crossings to three unique knots (61, 62, 63), seven crossings to seven

knots, and so on.

Further classifications for knots include torus, twist, and chiral or achiral knots. Torus knots
encompass the family of knots with notation (2n + 1)1; these knots can be represented as closed

curves on the surface of a torus. Twist knots are an example of supercoiling and are formed by
14



twisting and folding a loop repeatedly before closing its ends. Finally, chirality describes whether

a knot is equivalent to its mirror image.

Although natural occurrences of numerous knot topologies have been detected and classified since
the late 1970s [18], the first demonstration of actively tying a molecular knot was not reported
until 1999 [19]. The ability to simultaneously generate and visualize knots using optical tweezers
enabled a seminal paper quantifying the behavior of knots in fluorescently labeled DNA molecules
[20]. Quake and co-workers observed a strong influence of topology on the size and mobility of
single knots in DNA (Figure 2.1a-d). Perhaps not surprisingly, knots with increasingly complex
topologies diffused more slowly along DNA. Calculations of drag coefficients for single knots
correlated with predictions for ideal, tight knots, thereby demonstrating the validity of DNA as a

robust polymeric system for studying knotting phenomena.

These findings further sparked broad interest in the physics of knotted polymer molecules, which
encompasses a wide design space, from equilibrium properties to topology-dependent behavior to
knotting and unknotting dynamics. These topics have motivated detailed computational
investigations of knots on open chains. For tight, localized knots, such as those generated by optical
tweezers, loop closure and subsequent knot classification are relatively straightforward. Robust
and efficient closure of complex knots generated in silico, however, poses a non-trivial problem.
To address this challenge, Tubiana et al. developed a minimally interfering closure method to
characterize entangled knots along an open polymer [21]. This method enabled many of the recent
computational studies on single knotted chains in the past half-decade, several of which are

highlighted in this section.

15



2.2.1 Knots in semiflexible polymers: considerations for knotted DNA

It is well known that double stranded DNA molecules are semiflexible polymers and exhibit
notably different behaviors in comparison to truly flexible polymers [22]. Chain flexibility is often
defined by the persistence length ¢,, which can be viewed as the distance along a polymer backbone
over which local tangent vectors become uncorrelated. The bare, non-electrostatic persistence
length of double stranded DNA is ¢, = 50 nm, in contrast to ¢, < 1 nm for many synthetic organic
polymers. Knots are intrinsically bent and twisted, and the resulting knotted structures will be
intimately affected by molecular properties such as chain thickness and flexibility. From this view,
we begin our discussion of knots in DNA with a brief evaluation of the role of semiflexibility on

knot properties and dynamics.

Grosberg and Rabin predicted that semiflexible wormlike chains form metastable knots, which
spontaneously adopt a well-defined size, diffuse along a polymer, and eventually release from the
chain end [23]. The knot contour is described as occupying a confining tube that has (itself) been
pulled into a tight knot. Knot formation results in a free energy penalty with competing
contributions from the bending energy and confining energy of the polymer, which lead to knot

swelling and contracting, respectively.

Doyle and coworkers studied metastable knots with Monte Carlo simulations of long, linear
semiflexible polymers [24]. This work determined the probability and size distributions of trefoil
knots along chains of zero thickness with contour length L. > 400 ¢,. With these dimensions,
roughly one quarter of the chains formed trefoil knots, with a peak knot size of 12 £,. The most
probable knot size was also shown to be independent of L, in agreement with the Grosberg—Rabin

predictions. Conversion of knotting probabilities to a potential of mean force resulted in a local

16



minimum at the most probable knot size, whereas the global minimum corresponds to the
unknotted state. The potential well was relatively broad, such that chains accommodate large knots
with highly variable size; the depth of the potential well (~6 kT) indicates that unknotting events

may be more likely to occur via knot diffusion than swelling of the entire chain.

More realistic polymers were also simulated by modifying the Grosberg-Rabin theory to
accommodate nonzero chain width [24]. As the polymer thickness increased, knotting probability
monotonically decreased, the potential well became more shallow, and the most probable knot size
increased. These trends reveal the interplay between length scales in real, semiflexible chains.
With consideration of appropriate scaling relations, it is possible that the understanding gained

from studies of knotted DNA can be applied to polymers of varying flexibility.

2.2.2 Dynamics of knotted DNA polymers in nanoconfinement

Advances in DNA nanotechnology have motivated recent investigations of knotting in
polynucleotides, from preventing knot formation during genetic barcoding [25] to determining
viral packaging mechanisms [26]. DNA knots are enhanced by spatial confinement, whether by a
viral capsid, intracellular environment, or nanofluidic device. Under confinement, DNA chains

may be more prone to forming loops, internal folds, and self-entanglements.

Nanoconfinement geometries are defined by the number of dimensions with nanoscale features,
such that 1D, 2D, and 3D confinement correspond to slits, channels, and cavities, respectively. A
polymer is considered confined when the nanofeature dimension d is smaller than a molecule’s

radius of gyration Ry, such that d < Rq. In slits and channels, two primary regimes describe the
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strength of confinement: weaker de Gennes confinement (£, << d < Rg) and stronger Odijk

confinement (¢, = d).

Knotting behavior differs in the de Gennes and Odijk regimes, as well as in the transition region
between these two regimes. Micheletti, Marenduzzo, Orlandini, and co-workers have generated a
large body of computational work [26-31] that explores confinement in both regimes and the
transition region. Specifically, they applied numerical methods and simulations to characterize the
equilibrium and dynamic behavior of DNA confined in spheres [26], tubes [27, 29-31], and slits
[28, 31]. In these studies, d ranged from 40 nm to 1 um and DNA contour lengths L ranged from
1.2 — 4.8 um, corresponding to 24 — 96 persistence lengths or 3.5 — 14.0 kilobase pairs (kbp) of

unstained DNA.

Monte Carlo simulations collectively revealed that the probability of knot formation and resulting
knot topologies depend largely on d, L, and the confining geometry [26-28, 31]. The physical
underpinnings of these trends were explored by applying Brownian dynamics (BD) simulations to
observe time-dependent unknotting and knotting events along DNA strands in nanochannels [29,

30].

The probability of finding a knot along an equilibrium polymer conformation increased with the
number of confining dimensions, such that the most knots were detected in spherical confinement,
followed by channel-like and slit-like confinements [26-28, 31]. Overall, single polymers formed
more complex knot topologies in channels compared to chains in slits: in cases of maximum
knotting (Lc = 4.8 um, d = 70 nm), simple trefoil knots (31) accounted for ~65% of the knots in

slits but only ~50% of knots formed in channels [31].
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Both nanoslit and nanochannel confinement resulted in non-monotonic knotting probabilities with
respect to d [27, 28, 31]. Starting from wide channels and slits (d = 1.0 um), the probability of
knotting gradually increased as a polymer became more confined, eventually reaching a maximum
and sharply decreasing upon approaching strong confinement (d < 75 nm). BD simulations
revealed that major knotting and unknotting events occurred when polymer ends had atypically
large backfolds [29]. Polymers under very strong confinement are known to minimize entropy by
elongation; this spontaneous extension hinders backfolding and looping events, thereby resulting
in fewer knotting events in narrower channels. Moreover, knots in strong confinement generally
form at shallower depths along the chain, persist for shorter residence times, and adopt simpler
topological conformations compared to knots in deeper channels. Analysis of dynamic transitions
between various knot topologies revealed successive knotting events to form higher order knots
(e.g. 51 knot topologies are only accessible by multiple passes of a strand through a loop). In this
way, complex knots rarely form in the strongest confinement conditions, even if an existing knot

persists for an extended period.

Perhaps not surprisingly, it was found that the probability of encountering a knot increases with
increasing L, differing by an order of magnitude between L¢ = 1.2 and 4.8 um [31]. Longer chains
also accommodate more complex knot topologies. In a BD study of knots in a strongly confined
tube (d = 56 nm) [30], the average knot size increased slightly with Lc, but with a weaker
dependence in comparison to unconfined chains. Here, the most probable knot size was relatively
constant across L, agreeing with Grosberg—Rabin theory and indicating that test chains were not
prohibitively short for studying knotting dynamics. Interestingly, increases in L resulted in longer

average knot residence times (zknot) While having negligible effects on the duration of unknotted
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chain events (zunknot). The disconnect between zunknot and L was elucidated by detailed analysis of
spontaneous knot formation, which revealed that tying and untying events occurred exclusively
near the ends of DNA chains in strong confinement. In this way, the frequency of knotting and
unknotting events is independent of length. This finding was supported by the probability
distribution of short-lived knots, which was also independent of L.. Dynamic trajectories indicate
the longer average values of kot are dominated by rare events in which knots on longer chains

travel deep into the chain and achieve long dwell times.

Overall, these recent computational studies have provided additional insight into the mechanisms
of knotting in confinement. One major shortcoming, however, is the apparent disconnect between
simulation parameters and common experimental approaches. Fabricated nanofluidic channels are
typically rectangular in dimensional cross-section and may exhibit interactions and soft repulsions
with DNA, which may differ from hard, confining cylindrical tubes commonly used in simulations.
Moreover, the polymers studied in these simulations generally have much smaller contour lengths
compared to DNA commonly used in single polymer experiments, for example lambda phage
DNA (A-DNA, 48.5 kbp, 16 um unstained or 21.1 um under typical fluorescent labeling with

YOYO-1) [32].

In order to resolve these apparent differences between experiments and simulations, Doyle and
coworkers studied metastable knot size in rectangular nanochannels [33]. Monte Carlo simulations
of relatively long chains (Lc = 400¢p, ~20 um for dsDNA) in channels with square Cross sections
reproduced non-monotonic knot sizes with respect to confinement strength. Rigorous comparison
to Grosberg—Rabin theory captured trends between the most probable knot size, chain width, and

confining dimension. Even though these simulations mirrored realistic experimental conditions,
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the feature sizes encountered in DNA knots remain difficult, if not impossible, to resolve using

diffraction-limited fluorescence imaging techniques.

Small feature sizes encountered in polymeric knots is further evident in experimental observations
of DNA topology in nanochannel confinement [25]. In single molecule genetic barcoding,
topological events can lead to misreads and decreased data quality. To understand the nature of
these events, single molecules of genomic DNA from E. coli were loaded onto a nanochannel
array, and molecules were driven by electrophoresis and pre-stretched in an obstacle array to
promote uniform loading into nanochannels. Reference labels were introduced to generate unique
barcode labels for DNA, and DNA was lightly stained with YOYO-1 to detect topological
anomalies (Figure 2.1e). In these experiments, measurements consist of dual-color snapshots, and
the absence of temporal data is compensated by high throughput, such that this study included

189,153 DNA molecules.

Despite pre-stretching, topological events were detected on 7% of the DNA molecules [25]. Over
half of these events occur at the leading edge of a DNA molecule driven into a nanochannel. The
remaining events were evenly distributed along the length of a molecule, with a slight increase
near the trailing edge. The increase at trailing edges likely corresponds to spontaneous knotting
and unknotting events as described by Brownian dynamics simulations [30]. Topological event
intensities are normalized to adjacent regions of DNA, and relative fluorescence emission
intensities are mapped into probability distributions. Events at leading edges exhibit relative
fluorescence intensities of ~2, which corresponds to a polymer folding event within a nanochannel.
Interestingly, other events show a ~3.3x average increase in intensity relative to adjacent regions

of similar size. This increase could correspond to DNA backfolding within a channel or formation

21



of a trefoil knot. These events also skew toward higher intensities, which suggests complex knot
formation; unfortunately, rigorous classification of individual topological events is generally not
possible using diffraction-limited imaging. Although the initial goal of this work was to study the
impact of topology on genome mapping, it is possible that this experimental platform could be

leveraged to compare knotting topologies to computational results.

2.2.3 Mechanical response of self-entangled DNA polymers

Knots in confined polymers arise due to highly specialized scenarios, in which spontaneous knot
formation is a result of the interplay between backfolds, loops, and entropic-driven extension.
Aside from confined polymers, how does a knot behave in non-confined systems? As mentioned
in Section 1, this problem has been studied using optical tweezing of dual-tethered DNA molecules
[20]; however, a drawback to this approach was the low throughput of knot formation: Bao et al.

note that of 100 successful knotting events, only one third provided useful data.

Doyle and coworkers reported a technique to form knotted DNA in dilute solutions by applying a
uniform electric field to single DNA molecules [34]. It was observed that strong electric fields
result in isotropically compressed DNA coils, which presumably promotes the generation of a self-
entangled polymer. Following the removal of the electric field, single DNA molecules are
observed to relax back to non-compressed coils. Relaxation dynamics were categorized into two
distinct re-expansion behaviors according to changes in Rg. In the first category, Rq smoothly and
continuously returned to the expected equilibrium average; these cases were characterized as
unentangled coils. In the second category, expansion was characterized by a three-stage process:
(2) aninitial arrested state with minimal conformational fluctuations, (2) a nucleation event leading

to a second arrested state with a visible compact core, and (3) rapid vanishing of the core and
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recovery of the equilibrium Rg. The stage-wise relaxation mechanism is attributed to the formation
of self-entanglements during compression. Coupling electrohydrodynamic compression with low
molecular weight polymer additives enables quick and reliable generation of self-entangled

molecules [35].

The impact of self-entanglements on polymers was further probed using single molecule stretching
experiments (Figure 2.1f) [36] and simulations (Figure 2.1g) [37]. A planar elongational electric
field was generated in a microfluidic cross-slot device, according to Eq. 2.1, where vy and vy are

velocity in the x and y directions, and € is the strain rate of the field.
Vx = EX; Vy = —€Y (2.1)

The strength of the deformation rate can be characterized by the Weissenberg number, Wi = £11,
where 71 is the longest polymer relaxation time. Linear polymers are known to undergo a coil-to-
stretch transition (CST) at Wi = 0.5 in elongational fields. In this way, DNA polymers in initially

relaxed or initially self-entangled conformations were transiently stretched (Figure 2.2a-d) [36].

Across a wide range of dimensionless flow rates (1 < Wi < 5), self-entangled polymers stretched
over drastically longer timescales compared to unentangled polymers (Figure 2.2e-f). Progressive,
stage-wise dynamics were observed, in analogy to the expansion of compressed polymers
described before. Unentangled polymer stretching trajectories included a near-immediate transient
stretching process followed by steady-state extension, in agreement with prior studies of stretching
dynamics [14]. Self-entangled polymer stretching trajectories were characterized in a three-stage
process (Figure 2.1f): (1) an initial metastable arrested state, (2) a nucleation event followed by

transient stretching, and (3) steady-state extension.
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Decomposition of traces as a function of stage revealed 50% slower transient stretching of self-
entangled molecules compared to unentangled molecules. Self-entangled DNA also contained
bright spots that localized and persisted through the stretching trajectories, indicative of knot
formation. Moreover, knotted polymers reached shorter steady-state extensions compared to
unentangled polymers; this difference was characterized as the excess knot length (Lknot) due to
the contour contained in self-entanglements. (Lknot) decreased with increasing Wi, consistent with

the tightening of a knot under tension.

The single molecule dynamics of self-entangled polymers were qualitatively described using a
simple, non-Brownian dumbbell model [36]. Here, a polymer molecule’s contour is divided into
free and entangled portions, L and Le. The deformation field acts only upon L¢, and a transient
Weissenberg number accounts for the changing relaxation time of the free contour according to

Eq. 2.2.

Wiy = Wi (L—’”)2 (2.2)

L¢

For fixed &, Wi is constant, but Wis grows as the polymer changes from its initial entangled state
(Le » L) to progressively freeing of ends ({Lknot) ~ Le < L¢). The details of the model are based on
transport mechanisms of the polymer contour, which are proposed as diffusive release of
entanglements and convective transport of ends (i.e., pulling ends out of an entangled region).
Despite the simplicity of this model, a rough estimate of knot friction matched optical tweezer

measurements of friction in complex knots [20].

Although the dynamics of specific knot topologies cannot be probed after electrohydrodynamic

collapse, simulations again provide a deeper look into the impact of topology on single polymer
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dynamics. Renner and Doyle applied BD simulations to study knots on short DNA molecules (3
um) in elongational flow [37]. Specifically, knot position was tracked while applying extensional
flow on an initially knotted chain (Figure 2.1g). Under a range of dimensionless flow strengths
(1.6 < Wi < 24), 1D motion of the knots was shown to be strongly dependent on knot topology and

nearly independent of tension.

Knot topology was found to impact both diffusive and convective regimes of motion, with
particularly interesting dynamics arising in the convection-dominated regime. All knot positions
lagged the deformation of the applied flow, and knot topology dictated the degree of lag. In fact,
torus knots exhibited much faster convection than non-torus knots, and conformations of torus
knots revealed a “corkscrew” translation mechanism of global, sustained rotations along the chain.
Conversely, all non-torus knots had similar rates of convection, despite drastically differing sizes.
This trend suggests topological self-interference, where convection rates are related to the rate of

self-reptation of a knot along a chain.

The majority of recent work has focused on stretching dynamics of self-entangled polymers in
strong flows Wi > 1, but we anticipate interesting dynamics at lower field strengths, particularly
in the vicinity of the CST. Several key questions remain to be addressed. Does the presence of a
self-entanglement shift the CST? Would weak deformation allow for unknotting events, such as
the diffusive expansion of compressed coils? Finally, studies of self-entanglements introduced by
electrohydrodynamic compression would immensely benefit from a method to elucidate knot

topology.
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2.3 RING POLYMERS

Ring polymers exhibit remarkably different dynamics compared to linear chains and are a topic of
current and growing interest in the field. The introduction of a single topological constraint via
ring closure drastically changes the dynamic response of circular polymers in flow [7, 38-40].
Moreover, the rheological behavior of melts of circular polymers are highly sensitive to linear
contaminants, leading to conflicting experimental reports from bulk-scale techniques [7, 38]. For
these reasons, several open questions remain regarding the physical mechanisms in these systems.
Single molecule techniques are uniquely suited to study these effects by direct visualization of

polymer topology and conformation [39-48].

Several years ago, Smith and coworkers developed a collection of circular DNA molecules
spanning two orders of magnitude in molecular weight (2.7-289 kbp) that can be propagated in
bacterial cell hosts [49]. Standard molecular cloning techniques enable reasonable yields from
laboratory scale bacterial cultures and control over linear, relaxed circular, and supercoiled chain
topologies during sample preparation. As a result, recent and ongoing work is aimed at probing
the impact of polymer topology on single molecule diffusion [41-48], relaxation [39, 48, 50], and

elongation [39, 40, 43, 44].

In addition to single chain dynamics, circular polymers are rich in topological phenomena. In
closed loops, knots have rigorous definitions [17]. For closed circular DNA, the double helical
backbone can accommodate twists and writhes, which can lead to supercoiled structures [10, 11].
While several open questions remain in these systems, this section of our review focuses on the
use of circular DNA as a model polymer in dilute, entangled, and topologically heterogeneous

polymer solutions.
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2.3.1 Dynamics of unentangled ring polymers

2.3.1.1 Diffusion in free solution

Early single molecule studies of circular DNA confirmed the topological independence of power-
law scaling behavior for center-of-mass chain diffusion [41]. The diffusion coefficient D follows
an inverse power-law scaling with molecular weight such that D ~ Ry ~ L¢™, where the scaling
exponent v = 0.5 in theta solvents and v = 0.588 for good solvents [2]. Diffusion measurements
obtained for multiple molecular weight samples spanning 6-290 kbp resulted in v. =0.571 £ 0.014,
ve = 0.589 £ 0.018, and vs = 0.571 + 0.057 for linear, relaxed circular, and supercoiled circular

DNA, respectively.

Despite the near-identical molecular weight scaling behavior of topologically distinct polymers,
circular polymers diffuse more quickly than linear polymers of identical length (Dcircular/Diinear =
1.32). Qualitatively, faster diffusion of rings is attributed to the constraint of ring closure, which
decreases a polymer’s mean square end-to-end distance. Quantitatively, the exact value of this
ratio is still unclear, as a recent study by Habuchi and coworkers reported measurements indicating
a ratio of Dcircular/Diinear = 1.1 [42]. Current models predict ratios ranging from 1.1 — 1.45,
exhibiting sensitivity to solvent conditions, molecular weight, hydrodynamic interactions (HI), and

excluded volume (EV) effects [41].

The study by Habuchi and coworkers revisited single polymer diffusion primarily to verify a new
method of image analysis called cumulative area (CA) tracking [42]. This method tracks the
cumulative area occupied by a molecule over time and capitalizes on the connection between

temporal fluctuations and molecular size, diffusion, and chain conformation. CA tracking resulted
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in reportedly precise measurements of diffusion coefficients and holds potential to clarify

discrepancies in measured ratios of Decircular/Diinear.

2.3.1.2 Enhanced polymer mobility in crowded solutions

In cells, DNA exists in a crowded microenvironment due to surrounding macromolecules, thereby
prohibiting DNA molecules from freely diffusing in dilute solution as described in Section 2.1.1.
Macromolecular crowding agents drive biological functions while varying in size, shape, and
chemistry; for these reasons, understanding DNA dynamics in the context of the cellular

environment remains a challenge across several scientific disciplines [51].

Robertson-Anderson and coworkers have begun to map the topological aspects of this problem,
specifically by measuring and comparing the mobility of linear and circular DNA in crowded
solutions [43, 44]. Dextran, an inert branched polysaccharide, is a crowding agent commonly used
to mimic intracellular proteins [51]. It was observed that the diffusion coefficient D decreased with
increasing dextran size and volume fraction @; however, crowding-induced mobility reduction
was independent of DNA length and topology above a critical dextran volume fraction &c. As
expected, dextran increased solution viscosities #; however, DNA molecules universally diffused

more quickly than predicted by the Stokes—Einstein relation (D ~ 5%).

Enhanced mobility in dextran solutions was attributed to crowder-induced conformational
changes. Linear DNA adopted elongated conformations rather than random coils, thereby
maximizing crowder volume and the overall system entropy despite the fact that the linear polymer
chain enters a lower entropic state [44]. Although isotropic compaction would further enhance

entropic volume effects, it was not observed in these experiments due to the entropic cost of charge
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repulsion at physiological salt conditions. Circular DNA molecules adopted compacted
conformations while exhibiting the same mobility enhancement in crowded solutions as linear
DNA [43]. In contrast to linear DNA, elongated circular DNA conformations would be more
energetically costly due to close alignment of two negatively charged strands and significant

bending energy at the folded “ends.”

Interestingly, both linear and circular DNA molecules “breathe” between conformational states,
as characterized by the time and length scales associated with conformational fluctuations [43]. In
dilute cases, ring polymer fluctuations took place over ~1.3x shorter time and length scales
compared to linear polymers, corresponding to ~1.3x faster diffusion of ring polymers [41]. In the
presence of crowding agents, the fluctuations approached a topology-independent timescale above
~2.5@c. Topology-independent fluctuation relaxation times were coupled with topology-
independent fluctuation length scales, wherein fluctuations normalized by Rmax remained relatively
constant with increasing @. In this way, changing time scales due to crowding were coupled with

changing “step sizes” of a DNA molecule’s random walk, in turn enhancing mobility.

2.3.1.3 Ring polymers in non-equilibrium flows

As described in Section 2.2.3, studies of self-entangled polymers in extensional flow clearly
demonstrate the impact of topology on single polymer molecules in non-equilibrium flows. Recent
work in this area has focused on the dynamics of circular and linear DNA polymers in planar
extensional flow [39, 40]. As described by Eq. 2.1 (Section 2.2.3), a planar extensional field is
characterized by a principal axis of compression and an orthogonal axis of extension. Extensional
flows are generally considered strong flows, such that polymers can be highly stretched and

oriented. Here, planar extensional flow was generated using pressure-driven flow in a microfluidic
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cross-slot device, and single polymers were confined for extended periods using a hydrodynamic

trap [52, 53].

Using this approach, single polymer relaxation and stretching dynamics were studied in
extensional flow. The longest relaxation time z; of single polymer molecules was measured as a
function of molecular weight, specifically comparing 25, 45, and 114.8 kbp circular DNA [39].
Here, a molecule is stretched to ~70% of its effective contour length, such that Less = L¢ for linear
DNA and Lef = L¢/2 for circular DNA to account for connectivity of a ring polymer. Upon cessation

of flow, the time-dependent maximum projected polymer extension x(t) is fit to:

(@)2 = Aexp() +B (23)

L¢

where A and B are fitting constants. The fit is performed over the linear entropic force regime
where (X(t))/Lest < 0.3, except in the case of 25 kbp circular DNA, where the fit is performed over

(X(t))/Lerr < 0.5 to account for imaging resolution over a shorter effective length [40].

Ring polymers relaxed faster than linear chains of the same molecular weight; this difference is
attributed to an altered relaxation mode structure in the absence of free ends [40]. Power law
scaling behavior was also observed for both circular and linear polymer relaxation. Zimm scaling
predicts 71 ~ L¢¥, such that 3v = 1.5 — 1.76 for solvent quality varying between theta and good
solvents [2]. Scaling for linear (3v. = 1.71 £ 0.05) and ring (3vr = 1.58 + 0.10) polymers were
within this predicted range, and the smaller exponent for ring polymers suggests a decrease in EV

effects, perhaps due to the shorter Lest [39].

Ring polymers also show a coil-stretch transition in extensional flow, though the behavior was
found to differ from linear polymers. Here, the steady-state extension of single ring polymers was
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studied as a function of Wi, and it was observed that the onset of ring polymer stretch required a
higher critical flow strength compared to linear polymers (Wic ring = 1.25Wic linear) [39]. In this
way, rings required stronger flows to match the degree of stretch of linear polymers, and rescaling
all steady-state extension data by a factor of Wic,ring/Wic,linear = 1.25 superimposed the curves for
linear and circular polymer topologies. BD simulations reproduced the shift in Wicyring in the
presence of HI [40]. Analysis of specific forces within a ring polymer suggest a strong influence
of intramolecular HI for circular polymers, such that parallel “strands” of the ring exert secondary
backflows on each other during stretch (Figure 2.3a). The proposed coupling mechanism between
HI and chain topology is further supported by 3D conformations generated by BD simulations,
which reveal a stretched ‘loop’ conformation wherein rings open into the z-direction orthogonal

to the planar extensional field (Figure 2.3b).

Interestingly, transient dynamics of ring polymers revealed two primary stretching pathways:
continuous elongation and interrupted elongation (Figure 2.3c) [39]. These behaviors contrast the
spectrum of conformations observed for linear polymers: dumbbell, half-dumbbell, kinked, and
folded states. This reduced degree of molecular individualism of circular DNA relative to linear
DNA is consistent with the notion that circular molecules have fewer degrees of freedom due to
their connectivity. Experimentally, interrupted elongation pathways appeared to form transient
knots that hindered stretch until their eventual release. This behavior was reproduced in BD
simulations, in which hairpins and loops in the z-direction are associated with slow unfolding

behaviors (Figure 2.3b) [40].
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2.3.2 Diffusion of entangled ring polymers

A single, linear polymer molecule in an entangled solution or melt is known to move by reptation,
wherein polymers diffuse through an effective confining potential or confining tube by a snake-
like motion [2, 54]. Circular polymers, however, have no ends. Clearly, ring polymers must utilize

a fundamentally different mechanism to move and translate in entangled solutions.

In synthetic organic polymer chemistry, the preparation of topologically pure solutions or melts of
ring polymers is a challenging problem. Furthermore, trace quantities of linear polymers are known
to drastically change the rheological behavior of entangled ring polymers. Even with recent
advances in synthesis and purification, bulk measurement techniques lack the molecular resolution
needed to fully understand ring polymer mechanisms [7, 38]. Enzymatic transformations enable
topological control over DNA molecules [41, 49], which further emphasizes the suitability of DNA
as a suitable system for studying entangled ring polymers. Single molecule studies of ring and
linear polymer self-diffusion in topologically pure and heterogeneous (blended) solutions provide
direct evidence of new mechanisms for ring polymer motion, in addition to clarifying anomalous

behavior of rings in the presence of linear impurities.

Upon demonstrating the facile preparation of topologically pure, entangled DNA solutions,
Robertson and Smith thoroughly investigated the impacts of topology, molecular weight, and
concentration on chain diffusion [45-47]. Systematic studies of fluorescent tracer molecules
entangled in a background matrix probed several topological combinations of linear and circular
polymers, as depicted in Figure 2.4a: a linear polymer matrix containing tracer molecules of linear
(L-L) or circular (C-L) topology, as well as a circular polymer matrix containing linear (L-C) or

circular (C-C) tracer molecules.
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Self-diffusion measurements revealed the greatest overall effect between different matrix polymer
topologies (Figure 2.4b) [45, 46], where linear or circular tracers in an entangled circular matrix
diffused orders of magnitude more quickly than linear or circular tracers in an entangled linear
matrix. In unentangled matrices (lower concentration or molecular weight DNA), the effect of
topology was negligible and diffusion coefficients of all combinations were maintained within a
factor of two. Overall findings for diffusion coefficients in entangled solutions where Dc.c = Di-
c > DL » Dc.t, which led to several predictions for the molecular motions of ring polymers:
first, linear polymers are capable of pinning or threading through rings, slowing ring diffusion until
release of the linear constraint (Dc.L « Dr-1); second, constraint release involving a threaded linear
chain is a slower process than reptation in these systems; third, constraint release is negligible in

pure ring matrices.

Habuchi and coworkers further explored these predictions by applying CA tracking (Section 2.1.1)
to entangled DNA [48], which enabled simultaneous characterization of molecular motion at
various length scales and conformational relaxation times. Molecular motions were used to
determine diffusion coefficients of C-C, C-L, and L-L polymer combinations, resulting in the same

trends where Dc.c > DL > Dc.L (Figure 2.4c).

Modes of diffusion were determined by comparison of mean CA trajectories to 1D and 2D random
motions, which correspond to different molecular models for ring polymers [48]. 1D random
motions indicate reptation or double-folded reptation, whereas 2D random motions suggest a
lattice-animal model in which cyclic chains adopt double-folded linear conformations with

multiple loops. Dilute polymers diffused via 2D motion only, as expected for Brownian motion,
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and all entangled combinations recovered 2D random motion and random walks at long length

scales.

Conformational relaxation times were determined by analyzing temporal fluctuations of the area
occupied by a molecule, such that autocorrelation functions of molecular fluctuations were fit to a
single exponential decay. Pure entangled ring polymers (C-C) exhibited similar conformational
relaxation times in comparison to dilute rings, despite slower diffusion. At short length scales,
diffusive motions followed neither 1D nor 2D random motions, suggesting a different mechanism
for ring polymer motion than predicted by either reptation or lattice animal models. Habuchi and
coworkers suggest mutual relaxation of ring polymers, where intermolecular constraints are
negligible because rings do not thread each other. All data acquired for pure entangled linear
polymers (L-L) agreed with reptation motion, including 1D diffusive behavior at short length
scales. Surprisingly, only 2D motion was observed for C-L systems, such that cyclic molecules
exhibited isotropic motion in linear polymer backgrounds. Heterogeneity in diffusion coefficients
revealed larger distributions in Dc.. compared to other cases, suggesting heterogeneous molecular-

level interactions, such as variable threading of linear polymers through a tracer ring polymer [48].

An investigation of blends of linear and circular DNA by Robertson-Anderson and coworkers
supports the notion of variable threading [47]. Self-diffusion coefficients of linear and circular
tracers were measured at varying concentrations below, near, and above the entanglement
concentration in blends of linear and ring polymers, as depicted for linear tracers in Figure 2.4d.
Blend fractions were incremented from pure circular (¢c = 1.0, ¢ = 0) to pure linear (4. = 1.0, ¢c
= 0) in steps of 0.1. Diffusion coefficients were independent of blend composition in all

unentangled solutions. Near or above entanglement, ring polymer tracers diffused quickly when
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éL = 0; upon increasing ¢, Dc rapidly decreased by orders of magnitude before slowly and
monotonically decreasing. This behavior is consistent with measurements in topologically pure

solutions, as well as a minimal constraint model for binary blends of ring and linear polymers [55].

Unexpectedly, D. responded non-monotonically to changes in blend composition, reaching a
minimum near ¢c ~ ¢ = 0.5 [47]. This behavior was not predicted by the minimal constraint
model, rather, slight modifications incorporating the impact of ring threading on linear polymers
were required to capture the experimental findings. Briefly, the relaxation times of circular and
linear polymers are modeled as functions of blend composition (zr(¢4L) and z.(¢L), respectively),
with contributions from the average number of entanglements per molecule in a linear melt and
the average number of linear polymers threading a ring [55]. Numerical evaluation of this model
uncovered criteria for non-monotonic behavior, such that a crossover must occur between D¢ and

DL [47].

Intuitively, the trends in diffusion coefficients can be explained by considering the transition
between pure circular and linear solutions. At ¢. = 0, a small fraction of rings are threaded by
linear polymers while most rings diffuse freely. As ¢. increases, both the fraction of threaded rings
and number of threads per ring increase, monotonically increasing zc until threading events plateau
as ¢ approaches unity. Considering the opposite transition for linear polymers, when ¢. = 1, all
polymers have the same relaxation time z.. When one background linear polymer is replaced with
a ring polymer, the solution has exchanged a somewhat mobile constraint with a less mobile,
threaded ring polymer, and z.(4L) increases. As more constraints are replaced (4. decreases from
1), wr(¢L) concurrently decreases, reaching some point at which r(4L) = w(4L). As ¢ decreases

from this point, the exchange between constraining molecules introduces more mobile rings, so
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7L(¢4L) decreases. This competition between structure and dynamics results in a maximum in z.(¢.)
or a minimum in Dr(¢v), and supports proposed mechanisms of variable threading between linear

and circular polymers in topologically heterogeneous mixtures.

Based on these studies, it is clear that a simple change in polymer topology (ring closure) leads to
a wealth of interesting and unexpected dynamic behavior at the single molecule level. Moving
forward, additional studies focusing on the nonequilibrium dynamics of rings and topologically

complex polymers in entangled solutions will undoubtedly reveal new physics.

24 BRANCHED DNA POLYMERS

Connectivity in polymer chains can be considered in terms of molecular branching or chemical or
physical networks [3, 5, 6, 8, 54, 56]. Networks are formed by chemical or physical crosslinks,
which impart topological constraints and elasticity in gels, plastics, and rubbers. Branched
polymers are defined as having secondary polymer chains linked to a primary backbone, resulting
in a variety of polymer architectures such as star, H-shaped, pom-pom, and comb-shaped

polymers.

The molecular properties of branched polymers can be described by a wide parameter space,
including chemical structure, backbone molecular weight, branch molecular weight, and branching
density. From this view, branched polymers can exhibit broad chemical versatility, thereby giving
rise to potentially dramatic changes in rheological behavior [5, 6, 8, 56]. In an entangled solution
of combs or comb polymer melts, branch points are known to substantially slow down the overall
relaxation processes within the material, especially for high molecular weight branches. Branching

often results in a spectrum of relaxation times related to movement of branches, segments between
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branches, and the entire molecular backbone [6]. In this way, chain branching is thought to result

in extremely complex behaviors at equilibrium and in response to flow.

Recent single molecule studies of branched polymers have only begun to scratch the surface of
these phenomena. Although branched structures naturally form in DNA during replication and
recombination, these intermediate states are intrinsically transient and generally not suitable as
models for covalently linked branched polymers [57]. In this section, we review two independent

approaches for synthesis and single molecule studies of branched DNA polymers.

2.4.1 Star DNA polymers

The instability of branched junctions in DNA (e.g. the Holliday junction) stems from sequence
symmetry around a DNA branch point. Asymmetric sequences can be used to generate artificial,
immobilized nucleic acid junctions [57]. This technology enabled structural characterization of
DNA junctions [58], inspired the burgeoning field of DNA origami [59], and provided a method

to create stable branched DNA polymers [60].

Archer and coworkers carried out initial studies of branched DNA using single polymer techniques
[60-62]. This early work reported important findings and represents a few of only a handful of
investigations on single branched polymers. Here, branched DNA was generated by forming a star
core of hybridized oligonucleotides with sticky overhangs complementary to the 5’-overhang of
A-DNA (Figure 2.5a). .-DNA molecules were hybridized to the sticky overhangs and ligated to
produce DNA stars. This method was also extended to create pom-pom polymers by connecting

two stars with a .-DNA crossbar.
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Conformational dynamics and electrophoretic mobility x of star DNA polymers were measured in
solutions of linear polyacrylamide [60, 61] and polyethylene oxide [62], as well as in agarose and
polyacrylamide gels [60]. In dilute solutions, DNA conformations and x were independent of
topology, such that both star and DNA molecules migrated as random coils [60, 62]. In
unentangled, semi-dilute solutions, star DNA exhibited inverted squid-like conformations upon
interacting with the surrounding polymers (Figure 2.5b). Star DNA arms outstretched in the
direction of the electric field, pulling star cores through the solution. Despite major conformational
differences between linear and star DNA, u was relatively insensitive to topology; instead, x was

found to depend on the molecular weight and concentration of the background polymer [62].

DNA architecture was found to play a more significant role on x in entangled solutions of linear
polymer backgrounds [60, 61]. Here, linear DNA oriented and aligned with the electric field,
migrating with x independent of background polymer molecular weight. In contrast, star DNA
adopted more drastic versions of the inverted squid-like conformations as cores entangled with
polymers in the surrounding solution. Star DNA migrated more slowly as the background polymer
molecular weight increased [61]. The most drastic conformational difference between stars and
linear polymers occurred in gels. Here, it was observed that large DNA stars simply could not
migrate through a fixed surrounding network. When driven toward an interface between a semi-
dilute polymer solution and a gel, the core of the DNA star was trapped by the fixed constraints of

the gel [60].

These studies began to reveal the impact of branching on single polymer dynamics, albeit in the
context of electrophoresis rather than solution-based fluid flows. Moreover, the hybridization-

based synthesis approach was not exceedingly efficient, with Archer and coworkers noting overall
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yields of 5-10% after purification by gel extraction [60]. Although hybridized DNA junctions have
proven useful for oligonucleotide assembly and DNA origami [59], the two-step process of
hybridizing and ligating very large arms to a core of small oligonucleotides is kinetically slow,
ultimately prohibiting the widespread use of hybridization-based branched DNA for single

polymer dynamics.

2.4.2 Graft-onto branched DNA polymers

A major challenge in single molecule studies of branched DNA is the synthesis of polymers with
precisely controlled architectures with suitable properties for fluorescence imaging. Schroeder and

coworkers recently introduced new strategies to address these issues [63, 64].

Template-directed enzymatic synthesis of DNA was combined with grafting techniques from
synthetic organic chemistry (Figure 2.5c, left). In this way, DNA “building blocks” of precise
sequence and length were synthesized via polymerase chain reaction (PCR). The inclusion of
chemically modified primers and non-natural nucleotides during PCR resulted in the incorporation
of internal graft sites, terminal reactive sites, and fluorescent labels. Bioconjugation techniques
enabled graft-onto reactions between end-functionalized branches and mid-functionalized

backbones, thereby producing stable, branched DNA molecules.

This hybrid enzymatic-synthetic approach was used to synthesize relatively short DNA with
precisely defined structures [63]. Backbone sequences were defined to include graft sites at
specified locations, with exact control over the number and spatial arrangement of graft sites
incorporated in product polymers during PCR. Topologies included three-arm star, H-shaped, and

graft block polymers, with topological possibilities limited only by the template length (50-60 bp
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in this study). In addition to structurally defined homopolymers, branched copolymers and
miktoarm star polymers were also synthesized by grafting poly(ethylene glycol) side branches to
DNA templates. Although these polymers generally had low molecular weights that would
preclude direct single molecule imaging of molecular conformations, these precision materials
hold strong potential for detailed studies of self-assembly and structure-function relationships in
branched polymers and block copolymers. Furthermore, grafted DNA oligomers exhibited
drastically hindered electrophoretic migration compared to linear polymers, in agreement with

electrophoresis of large branched DNA constructs [60].

The two-step synthetic approach was further extended to generate long branched DNA for single
molecule studies of comb polymers [64]. Here, exact control was maintained over branch length
(1-10 kbp) and backbone length (10-30 kbp), with average control over the degree of branching
by tuning stoichiometry using a graft-onto approach. As expected, branched DNA products

exhibited decreased mobility during gel electrophoresis in comparison to linear DNA.

Inclusion of a chemically modified terminal linker on the backbone enabled specific attachment
of branched DNA molecules to a surface, facilitating direct observation of single branched DNA
without requiring extensive purification [64]. In one study, DNA comb polymers consisted of 10—
20 kbp backbones and “short” branches (1 kbp) with covalently linked fluorescent labels. Here,
molecular branch frequency distributions and polymer end-to-end distances were characterized via
simultaneous visualization of polymer branches and backbones (Figure 2.5c, right). In regards to
branching distributions, single molecule data showed that the number of branches added per
backbone was generally less than expected based on simple stoichiometric arguments for

incorporation of chemically modified nucleotides and addition of branches during graft-onto
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reactions. In particular, average branch frequencies ranged from 1.5 — 10 per backbone, but the
theoretical maximum number of graft sites ranged from 100 — 1200. The main source of this
disparity likely lies in the discrimination of non-natural nucleotides against natural nucleotides
during PCR, which can likely be overcome by tuning stoichiometry or chemical structure of

modified nucleotides.

A separate study directly observed conformational relaxation of larger branched DNA, with 30
kbp backbones and 10 kbp branches (Figure 2.5¢, bottom) [64]. Although the stretching dynamics
were not investigated in full detail, it was clear that branched DNA exhibited a CST and stretched

prior to relaxation upon cessation of flow.

Qualitatively, single molecule videos clearly showed that relaxation processes depend on
molecular topology [64]. At early times in the relaxation process, the backbone and branches
exhibited a simultaneous and rapid elastic recoil characterized by a sharp decrease in extension
with respect to time. At intermediate times, branched polymers exhibited mixed relaxation
dynamics of branches and backbones, such that branches explored various conformational
“breathing modes” while the backbone relaxed. The mixing of relaxation modes was likely related
to the similar branch and backbone molecular weights in this particular study. At long times, the
longest mode of relaxation dominated the process, which corresponds to relaxation of the main
chain backbone. These visual observations empirically suggest that at least two dominant time
scales govern the relaxation process, including an intermediate branch relaxation time and the

longest backbone relaxation time.

These time scales were quantified in a similar method as described in Section 2.1.3 and Eq. 2.3,

where the time-dependent backbone end-to-end distance was fit to a single exponential decay over
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the longest relaxation time and length scales, (x(t))/Lc < 0.3, or intermediate time and length scales,
0.3 < (x(t))/Lc < 0.5. The longest relaxation time generally increased with an increasing number of
branches, which reflects an increase in friction along the DNA backbone due to pre-relaxed side
branches. Intermediate timescales were much more sensitive to the number of branches, as well as
branch position. Interestingly, polymers with a single branch behaved similarly to linear polymers

on average.

A deeper investigation of branch position revealed a strong dependence of intermediate relaxation
time on distance between the branch and surface tether. Branches far from the tether slowed
relaxation, whereas branches near the tether resulted in faster overall relaxation processes
compared to a linear polymer. Schroeder and coworkers postulated that branches introduce a new
modes of relaxation between the tether point and the branch end. In the case of a branch far from
the tether, the contour length of a branched molecule is effectively increased. In the case of a
branch near the tether, the branch relaxes more quickly than the main chain, potentially inducing
local hydrodynamic flows that enhance relaxation of the main chain. From a broader perspective,
it is important to note that single molecule techniques are quite powerful in revealing these

topological effects via direct observation of polymer architecture.

Overall, the vast parameter space of branched polymeric systems remains relatively unexplored
by single molecule techniques. The few studies that exist demonstrate the wealth of molecular-
scale understanding to be gained by future investigations. Progress towards preparing branched
DNA at high yield and purity will enable systematic molecular-scale exploration of the impact of

branching on polymer structure, properties, and dynamics. In this way, an improved fundamental
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understanding of recently observed rheological phenomena will provide insights toward the

molecular-scale design of topologically complex polymers.

25 CONCLUSIONS

DNA is a remarkably versatile polymer for single polymer dynamics. In recent years, researchers
have leveraged biological, biochemical, and synthetic tools to generate DNA-based polymers with
complex molecular topologies. In this review, we summarize recent investigations of knotted,
circular, and branched DNA, all of which provide a new fundamental understanding of the
interplay between topology and dynamics. This approach can be followed to effectively link

experiments, simulations, and theory in single polymer dynamics.

Simulations of knotted and confined DNA elucidate the conditions for knot formation [29],
potentially informing the design of next-generation nanofabricated devices for genetic barcoding
[25]. Self-entangled DNA exhibits new mechanical behavior, forming arrested states and
stretching much more slowly in comparison to linear DNA [36]. Specific knot topology and
dynamics are intimately related, and progress toward the resolution and classification of

experimentally generated knots will enable the validation of knot models and theories.

Single molecule studies of polymer diffusion in entangled circular and/or linear DNA solutions
have revealed the physical mechanisms underlying anomalous behavior in entangled ring solutions
and melts. Entangled rings diffuse by non-reptative mechanisms [48], and threading of circular
polymers by linear molecules dramatically reduces circular chain mobility [45-48]. In dilute
solutions, a coupling between topology and hydrodynamic interactions governs ring polymer

dynamics [39, 48], and new experimental techniques raise questions about ring polymer diffusion
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[42]. Probing the non-equilibrium dynamics of entangled ring polymer solutions will undoubtedly

reveal new physics surrounding topological complexity.

Single molecule studies of branched polymers have only begun to explore the vast parameter space
of molecular architecture, but early work already demonstrates strong coupling between molecular
topology and dynamics [64]. Overcoming challenges of scale-up and purification will enable rich

studies of branched polymer dynamics in dilute, semi-dilute, and entangled solutions.

In all areas of topology, single polymer dynamics connect molecular-scale behaviors to emergent
properties of polymeric materials. DNA has enabled these contributions, given facile preparation
of monodisperse samples, topological control, and well-established experimental conditions. New
developments in super-resolution imaging and fluorescently labeled synthetic polymers [65] have
potential to drive progress in the field beyond DNA. Until then, DNA will continue to serve as the

gold standard for single molecule dynamics of topologically complex polymers.

44



2.6 FIGURES

(f) strain
0‘1‘0 2|0|3‘0‘40
arrested De=2
60 — | stretching ]
g extended
= | .
~ | upperextensionthreshold
c — _
5 40
[72]
@ d
Q
3, knot SO &
4, knot
54 knot
74 knot
Stuck object

i: arrested »*

ii: nucleating w5

iii: stretching o=

e

iv: extended

10pm

Molecule with a bright

Molecule with 'step' event YOYO intensity spike

Figure 2.1. Visualization of DNA knots. (a) Knotted DNA appears as a diffraction-limited contour
between two beads, with an increase in fluorescence at the knot (arrow). (b) A diffusive trace
indicating a knot’s trajectory. Scale bars, 5 pm (horizontal) and 5 s (vertical); scale of (a) is the
same as the horizontal scale of (b). (c) Mean squared distance of knot traveled as a function of
time t. (d) Topologies of single open knots, from left to right: 31, 41, 51, 52, and 71. (e) Two-color
imaging of DNA in a nanochannel array, with barcodes shown in green and YOYO-1 in blue.
Examples of topological events are shown below, specifically a fold at a leading edge fold (left)
and high intensity event (right). (f) Stages of stretching self-entangled DNA. (g) Trefoil knots
along a bead-rod chain. Reprinted (a)-(d) with permission from X. R. Bao, H. J. Lee, and S. R.
Quake, Physical Review Letters, 91, 265506. Copyright (2003) by the American Physical Society.
Adapted (e) from Ref. 26 with permission of The Royal Society of Chemistry under CC BY 3.0.
Reproduced (f) from Ref. 37 with permission of The Royal Society of Chemistry under CC BY -
NC 3.0. Reprinted (g) with permission from C. B. Renner and P. S. Doyle, ACS Macro Letters,
3(10), 963-967. Copyright (2014) American Chemical Society.
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Figure 2.2. Stretching unentangled and self-entangled DNA. Schematic of experiment, single
molecule trajectories, and single molecule snapshots of the stretching process are shown for self-
entangled DNA molecules. (a) A molecule is equilibrated under no field before (b) self-
entanglement via electrohydrodynamic compression, (c) translation to the center of the cross-slot
device, and (d) stretch in planar extension. Unentangled molecules are translated, equilibrated, and
then stretched. Extension versus strain trajectories for (e) unentangled and (f) self-entangled
molecules (note different x-axis scales). Bold trajectories correspond to single molecule snapshots,
in which the accumulated strains are displayed in white. Adapted from Ref. 37 with permission of
The Royal Society of Chemistry under CC BY-NC 3.0.
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Figure 2.3. Stretching of ring polymers in planar extensional flow. (a) Schematic of the forces on
moderately stretched linear and ring polymers. In both cases, the Brownian and entropic spring
forces are essentially the same. The ring experiences stronger hydrodynamic forces, where two
stretching portions of the ring polymer exert backflows felt by the opposite strand, and a stronger
applied fluid flow is required to maintain the same stretch. (b) 3D conformations from Brownian
dynamics simulations demonstrating hairpin and looped conformations of transiently stretching
ring polymers. Note that loop extension in the z-direction is orthogonal to the xy-flow plane. (c)
Single molecule experimental transient stretch of DNA rings as functions of time and strain (¢ =
&t) for Wi = 1.2, 1.9, and 2.5. Bold curves represent ensemble averages ((x(t))/Lef). Interrupted
stretching trajectories are blue, and continuously stretching trajectories are gray. Single molecule
images demonstrate the formation and release of transient knotting events. Adapted (a) and (b)
with permission from Hsiao, Schroeder, and Sing, Macromolecules, 49(5), 1961-1971. Copyright
(2016) American Chemical Society. Adapted (c) with permission from Li, Hsiao, Brockman,
Yates, Robertson-Anderson, Kornfield, San Francisco, Schroeder, and McKenna,
Macromolecules, 48(16), 5997-6001. Copyright (2015) American Chemical Society.
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Figure 2.4. Single molecule diffusion of circular and linear DNA. (a) Topological combinations
of linear or circular tracer molecules (bold) in a background matrix of linear or circular polymers.
(b) DNA self-diffusion coefficients as a function of topology in entangled (1 mg/mL, top) and
unentangled (0.1 mg/mL, bottom) solutions. (c) DNA self-diffusion coefficients (top) and
distributions (bottom) measured by CA tracking. (d) Schematic of the concentration and blend
composition parameter space for a linear tracer molecule (green) surrounded by circular and/or
linear DNA. The same parameter space is tested using circular tracers. Adapted (a) and (b) from
Robertson and Smith, Proceedings of the National Academy of Sciences, 104(12), 4824-4827.
Copyright (2007) National Academy of Sciences, USA. Adapted (c) with permission from Abadi,
Serag, and Habuchi, Macromolecules, 48(17), 6263-6271. Copyright (2015) American Chemical
Society. Adapted (d) with permission from Ref. 47 with permission of the Royal Society of
Chemistry.
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Figure 2.5. Synthesis and single molecule imaging of branched DNA. (a) Schematic of a four-arm
star core generated by hybridization of oligonucleotides. (b) Large DNA star conformations in
concentrated polymer solutions; (top) no applied electric field, (bottom) an electric field is applied
with the positive electrode on the left. (¢) Synthesis, imaging, and relaxation of graft-onto branched
polymers. Reproduced (a) and (b) from Ref. 60 with permission of John Wiley and Sons, Inc.
Reprinted (c) with permission from D. J. Mai, A. B. Marciel, C. E. Sing, and C. M. Schroeder,
ACS Macro Letters, 4(4), 446-452. Copyright (2015) American Chemical Society.
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3 SYNTHESIS OF BRANCHED DNA POLYMERS'

3.1 INTRODUCTION

The development of advanced materials critically relies on the synthesis of structurally defined
polymers. Precise control over the spatial position of branches along a polymer chain backbone
holds the key to understanding the rheological consequences of branching in entangled polymer
solutions and melts [1-3]. To this end, extensive efforts have been focused on the development of
synthetic methods that can provide simultaneous control over polymer composition, topology, and

chemical functionality with a high degree of polymer chain uniformity [4-6].

Several strategies have been developed in recent years to increase control over polymer chain
topology. Specifically, atom transfer radical polymerizations (ATRP) and anionic living
polymerization have been used to produce architecturally complex polymers including star, comb,
brush, and hyperbranched polymers with controlled, narrow molecular weight distributions [7, 8].
Moreover, advanced separations techniques, such as thermal gradient interaction chromatography,
have enabled the identification and removal of architectural impurities [4, 6]. These synthetic and
separation techniques have been further paired with rheological characterization to provide
molecular-based insights on the impact of branching on material response; however, macroscopic

techniques inherently measure averaged behaviors of bulk materials.

Single polymer dynamics overcome these challenges by direct visualization of individual polymer

molecules in flow [9-12]. Over the past two decades, researchers have used DNA as a model

*Adapted with permission from A. B. Marciel, D. J. Mai, C. M. Schroeder, Macromolecules, 48, 1296-1303, 2015 and
D. J. Mai, A. B. Marciel, C. E. Sing, C. M. Schroeder, ACS Macro Letters, 4, 446-452, 2015. Copyright (2015)
American Chemical Society.
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system to study polymer dynamics using single molecule methods [13, 14]. DNA serves as a
powerful system for single polymer dynamics, in particular due to an established understanding of
the physical properties and preparation methods, including facile fluorescent labeling,
compatibility with aqueous buffers, and templated synthesis of monodisperse polymers. Despite
these key advantages, however, natural DNA lacks the broad chemical diversity generally

provided by synthetic polymers that are routinely employed as functional materials.

In order to incorporate chemical functionality into nucleic acid polymers, DNA can be readily
modified using a variety of approaches. DNA block-copolymers (DBCs) have been synthesized
via covalent attachment of oligonucleotides to synthetic organic polymers, thereby allowing for
self-assembly and tuning of behavior by controlling one or both blocks. [15] Recently, amphiphilic
DBCs exhibiting micelle-like assembly behavior have been synthesized, and these structures have

proven useful for applications in biotechnology and nanomedicine [16-18].

The first generation of DBCs was based on a linear chain architecture, whereas many rheological
phenomena are observed using synthetic organic polymers with exceedingly complex topologies.
An alternative class of DBCs with branched architectures was subsequently synthesized consisting
of synthetic polymer backbones with randomly grafted DNA side chains. This strategy has been
used to synthesize comb polymer architectures based on poly(acrylic acid) backbones for single-
nucleotide polymorphism detection [19], ROMP-derived backbones for DNA detection [20, 21],
biodegradable polypeptide backbones for hydrogel formation [22], and poly(peptide) nucleic acid
amphiphiles for nanoparticle formation [23]. In a related approach, a handful studies have focused
on synthesizing DNA backbones with grafted polymer side-chains. Here, DNA intercalators can

be used to crosslink double-stranded DNA upon UV irradiation, followed by covalent attachment
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of synthetic polymers [24-26]. A subsequent investigation used the ability of DNA polymerase to
incorporate non-natural nucleotide triphosphates containing large polymer modifications in a
template-dependent manner [27], but nucleotides containing substantial chemical modifications
exhibited exceedingly poor fidelity by a natural DNA polymerase, thereby inhibiting manipulation
of branch length and chemical identity. From this perspective, there remains a strong need for the
development of new techniques and methods allowing for the synthesis of DNA with controlled

topologies for single polymer studies.

In prior work, we demonstrated a versatile synthesis method to produce monodisperse and
architecturally precise branched polymers based on single-stranded DNA (ssDNA) backbones
[28]. In particular, we used a hybrid enzymatic graft-onto synthesis method, thereby allowing for
precise control over side branch placement along sSDNA backbones. First, we utilized the natural
ability of Pwo superyield DNA polymerase to enzymatically incorporate chemically-modified
DBCO-dUTP monomers in a template-directed fashion. Next, we employed copper-free ‘click’
chemistry to directly graft natural oligonucleotides or synthetic polymer side branches onto sSDNA
backbones. In this way, we systematically produced a variety of branched ssDNA architectures
including three-arm stars, H-polymers, and graft block copolymers with uniform composition,
topology, and chemical identity. From a broad perspective, this synthetic strategy could provide a
useful method for the facile production of polymers with model topologies for structure-property

relationship studies.

In this Chapter, we describe the extension of this hybrid enzymatic graft-onto synthetic approach
to generate branched DNA for single polymer dynamics [29]. In this way, template-directed
synthesis is used to generate polymer backbones and branches with bio-orthogonal reactive groups,
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followed by a ‘graft onto’ approach for covalently linking side branches to the main chain
backbone (Figure 3.1). Backbones and side branches have controlled molecular weights, and long-
range polymerases are utilized to synthesize high molecular-weight components appropriate for
single molecule imaging. All materials are characterized via agarose gel electrophoresis, and
branched polymers are purified for single molecule experiments using size exclusion

chromatography.

3.2 MATERIALS AND METHODS

3.2.1 Materials and reagents

The following materials and reagents are used for synthesis and preparation of DNA-based
branched polymers: bacteriophage »-DNA (New England Biolabs, Ipswich, MA), PCR Extender
System (5 PRIME, Gaithersburg, MD), Tag DNA Polymerase with Thermopol Buffer (New
England Biolabs, Ipswich, MA), 5-DBCO-dUTP (Jena Bioscience GmbH, Germany), Cy5-dUTP-
PCR (Jena Bioscience GmbH, Germany), deoxynucleotide (dNTP) solution (New England
Biolabs, Ipswich, MA), custom oligonucleotide primers (Table 3.1, IDT DNA, Coralville, 1A),
QIAquick PCR Purification Kit (QIAGEN, Valencia, CA), Vivacon 2 with 100,000 MWCO
Hydrosart Membrane (Vivaproducts, Littleton, MA), agarose (Thermo Fisher Scientific, Waltham,
MA), 50x TAE Buffer (2.0 M Tris, 1.0 M acetic acid, 50 mM EDTA, Biorad, Hercules, CA),
SYBR Gold Nucleic Acid Gel Stain (Invitrogen, Grand Island, NY), SYTOX Green Nucleic Acid

Stain (Molecular Probes, Grand Island, NY).
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3.2.2 Synthesis of linear DNA backbones and branches

Synthesis of linear DNA. Polymerase chain reaction (PCR) is used to enzymatically amplify target
sequences from A-phage DNA in the presence of chemically modified deoxyribonucleotides
(dNTPs) and primers. In one reaction, DNA backbones (10, 20, 30, or 40 kbp) are synthesized
with internal dibenzylcyclooctyne (DBCO) groups. In some cases, a terminal biotin tag is included
for specific attachment to a surface. In a separate reaction, azide-terminated DNA branches (951
bp, 2200 bp, or 10 kbp) are synthesized using a chemically modified PCR primer to append an
azide group to one branch terminus. In some cases, internal Cy5 dyes are directly incorporated into
the low molecular weight branches (951 or 2200 bp) using modified Cy5-dTTP nucleotides.
Specific conditions for PCR amplification of backbones, low molecular weight branches (951 and
2200 bp), and high molecular weight branches (10 kbp) are outlined in Tables 3.2, 3.3, and 3.4,

respectively.

DNA purification. Branch PCR products are purified using QIAquick PCR Purification Kits, and
backbone PCR products are purified using pre-rinsed Vivacon 2 columns. Manufacturer
instructions are followed in both purification steps. The concentrations of all purified products are
measured using a NanoDrop UV-Vis spectrophotometer (Thermo Scientific). During all
preparation and handling steps, care is taken to minimize shearing or degradation of

macromolecular structures.

Quantification of Cy5 dye incorporation in branches. Incorporation of Cy5 dyes during PCR is
determined by measuring sample absorbance at 260 and 649 nm (A2e0 and Aea, respectively) using

Eqg. 3.1 with extinction coefficients epna = 6,600 cm™M™ and ecys = 250,000 cm™*M™.
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dyes — Ag19XEDNA (3 l)
base (A260_0'05A64-9)X8Cy5 )

3.2.3 Grafting reaction of DNA branches onto backbones

Graft-onto synthesis of branched DNA. Following PCR amplification and purification of precursor
molecules, branch molecules are chemically grafted onto DNA backbones via strain-promoted
[3+2] azide—alkyne cycloaddition (SPAAC), thereby generating branched DNA macromolecules
suitable for single molecule fluorescence microscopy. Purified branch and backbone PCR products
were mixed at varying concentrations in thin-walled PCR-type Eppendorf tubes. A wide range of
reaction conditions was scanned for efficient conversion of SPAAC reactions. Following
optimization, graft-onto reactions were generally carried out in 250 mM Tris (pH 8.0), 1.0 M NaCl,

and 10 mM EDTA at 70 °C for 18 hours or longer.

Agarose gel electrophoresis. Gel electrophoresis is used to characterize linear precursors and
SPAAC products. Agarose gels are prepared in 1x TAE buffer (1.0 wt% agarose, 40 mM Tris, 20
mM acetic acid, 1 mM EDTA). DNA samples are stained with SYBR Gold, and electrophoresed
in 1x TAE buffer for 30 minutes at 120 V. After electrophoresis, agarose gels are imaged using an
ethidium bromide filter using a Foto/Analyst FX (FotoDyne Incorporated). Dual-color agarose
gels are imaged with SYBR Gold and Cy5 filters using a Typhoon 9400 imager (Amersham
Bioscience/GE Healthcare). In all cases, samples are compared to a 1 kbp DNA ladder with A-

DNA as a size standard.

3.2.4 Purification of DNA comb polymers

Gel filtration chromatography was utilized to remove excess branches following SPAAC

reactions, thereby enabling the study of single comb polymers in flow. A Tricorn 10/300 column
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was packed with Sephacryl S-1000 gel filtration media and installed on an AKTA FPLC system
(GE Healthcare Life Sciences). After equilibrating the column with an aqueous buffer system (200
mM NaCl, 30 mM Tris, 2 mM EDTA, filtered using 0.22 pm Millipore Stericup), SPAAC products
are flowed through the column at a volumetric flow rate of 0.05 — 0.1 mL/min. The first peak to
elute is identified as purified DNA comb polymer and concentrated using a Vivacon 2 column.

Concentrated comb polymers are stored in 50% glycerol at —20 °C.

3.3 RESULTS AND DISCUSSION

Our hybrid enzymatic-synthetic approach allows for precise control over backbone and branch
molecular weights. Following synthesis, branched DNA polymers are first characterized using
agarose gel electrophoresis. The agarose gel in Figure 3.2 shows both control and SPAAC reaction
products based on a 10 kbp DNA backbone and Cy5-labeled 951 bp DNA branches. In all cases,
negative controls show that DNA backbones without chemically modified DBCO-dNTPs do not
react with azide-terminated DNA branches (Lane 2). However, branched polymers are formed by
reacting DNA backbones with DBCO modifications (10% of dTTP replaced with 5-DBCO-dUTP)
with azide-terminated DNA branches, which generally shows a noticeable shift in agarose gels
(Lane 3). In this particular experiment, negative control and SPAAC reaction samples were both
mixed with a ~20 molar excess of azide-terminated, Cy5-labeled branches (red emission), and the
reactions were carried out in 250 mM Tris buffer (pH 8.0) and 1.0 M NaCl at 70 °C over the course
of 70 hours, though significant conversion was observed after only a few hours (Figures 3.3 and

3.4).

Migration patterns in gel electrophoresis are indicative of polymer chain branching. The negative

control sample shown in Figure 3.2 exhibits green fluorescence emission (only) from the high
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molecular weight band at 10 kbp, which indicates the absence of Cy5-labeled branch molecules
co-migrating with natural DNA backbones. However, the presence of DNA comb polymers is
indicated in Lane 3 by the co-migration of red and green fluorescence emission from the high
molecular weight band corresponding to comb polymer. Moreover, the band corresponding to the
molecular weight of the DNA backbone is absent in Lane 3, suggesting a near quantitative
conversion to branched DNA polymers. Importantly, gel electrophoresis also shows a clear shift
in the mobility of branched DNA compared to linear DNA. A decrease in electrophoretic mobility
of comb polymers is consistent with previous reports of decreased mobility in DNA with branched
architectures, such as stars [30, 31], pom-poms [30], and partial denaturation events [32]. This
phenomenon is attributed to an increase in molecular weight of DNA combs and the generation of
branch sites, which are known to impede the migration of polymers through gel networks due to
chain stretch in the transverse direction of the electric field. This topologically driven motion
prevents backbone reptation through matrix pores, entangles molecules in the gel network, and
transiently traps branch junctions in the matrix, all of which results in a significantly reduced

electrophoretic mobility for branched DNA molecules [30-32].

Optimization of SPAAC reaction conditions. Purified branch and backbone PCR products were
mixed at varying concentrations in thin-walled PCR-type Eppendorf tubes. A wide range of
reaction conditions was scanned for efficient conversion of SPAAC reactions. NaCl and Tris/Tris-
HCI (pH 8.0) concentrations were selected based on a 25-fold molar excess of branches relative to
backbones; reaction solutions were held at 70 °C for 18 hours. The resulting products are shown
in Figure 3.3, which is fully described in Table 3.5. The condition shown in Lane 7 (250 mM Tris

and 1.0 M NaCl) is used for all subsequent branch addition reactions. Figure 3.4 and Table 3.6
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show two-color fluorescent gel electrophoresis of 10 kbp and 20 kbp samples with Cy5-labeled
951 bp branches. Bulk absorbance measurements used to quantify the Cy5 dye loading along 951
bp DNA branches reveal an average of 7-8 Cy5 dyes per branch for these reaction conditions. As
the ratio of molecular branches to backbones during SPAAC reactions is increased, bands
corresponding to the linear branches and backbones disappear and decreases in branched product
mobility become more apparent. Perhaps not surprisingly, these observations suggest higher

degrees of branching following SPAAC reactions with a greater molar excess of branches.

Purification of DNA combs for solution-based single molecule experiments. Figures 3.2-3.4
clearly show the presence of excess branches following SPAAC reactions. Size exclusion
chromatography (SEC) was utilized to remove excess branches, thereby enabling the study of
single comb polymers in flow. SEC is a liquid chromatography method that separates mixtures
based on size [33]. The stationary phase consists of a porous packed column, and molecules
undergo “reverse sieving,” such that large molecules elute before smaller molecules. Here, small
molecules interact with the porous matrix and become temporarily trapped, whereas large

molecules bypass the pores to elute first.

SEC with an aqueous mobile phase is specifically referred to as gel filtration chromatography
(GFC) [33]. We employ this technique to separate large branched DNA molecules from smaller,
unreacted branches. A GFC trace of DNA combs with 30 kbp backbones and 951 bp branches is
shown in Figure 3.5, where UV absorption (254 nm) and conductivity are measured as functions
of volume. Selected fractions were combined, concentrated using Vivacon 2 columns, and
analyzed using agarose gel electrophoresis, as shown in Figure 3.6. As expected, large branched

DNA elutes prior to smaller unreacted branches, with some overlap between peaks in the GFC
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trace. GFC is further applied to larger constructs (40 kbp backbone and 951 or 2200 bp branches).
GFC traces and gel electrophoresis before and after GFC are shown in Figures 3.7 and 3.8,

respectively.

3.4 CONCLUSIONS

In summary, we report a versatile approach to synthesize branched polymers appropriate for single
molecule studies. The two-step enzymatic-synthetic method provides access to a wide design space
of polymer backbone length, branch length, and branch density. Bioorthogonal DBCO branch sites
are enzymatically incorporated by PCR, followed by direct grafting of azide-terminated branches
to polymer backbones. Importantly, this method allows for synthesis of branched polymers with
tunable molecular weights and topologies. In all cases, branched polymer architectures are
characterized by agarose gel electrophoresis, which generally shows retardation of electrophoretic
mobility as a function of branch length, branch number, and branch placement. We further purify
and isolate the desired branched polymer structures from their linear template precursors via size-

exclusion chromatography.

Recently, this synthetic method was also used to precisely control branch placement, branch
number, and chemical identity of side branches in oligomeric DNA [28]. In this way, structure—
function relations can be systematically studied and controlled polymer topologies can be used to
drive assembly of new materials for biomedical and electronic materials applications. Finally, this
platform offers the ability to study the effects of architectural defects on microstructural assembly.
To this end, the unique ability to insert site-specific errors (e.g. missing branches or distinct
chemical functionalities) holds the potential to enable systematic characterization of

macromolecular behavior for advanced materials.
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3.5 FIGURES AND TABLES

PCR-synthesized precursors DNA comb polymers Dual-color DNA comb polymers
branch backbone

10r 10 kbp 10, 20, or 30 kbp
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Figure 3.1. Synthesis scheme for DNA comb polymers. In some cases, dual-color branched
polymers are synthesized by direct incorporation of Cy5 dyes into side branches, followed by
labeling with an intercalating DNA dye such as SYTOX Green.
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Table 3.1. Custom oligonucleotide primer sequences. 951 F, 951 R, and 2200 R were designed
using VectorNTI software. The remaining primer sequences were based on targets identified by
Fuller et al. [34]. Universal F and its variants are universal forward primers for long targets from

A-DNA.

Primer Target .. s e
name length Nucleic acid sequence (5° > 3°) Modification
951 F 951 bp GACAGCGTACAGCCCGTTCA 5’-azide
951 R 951 bp TCGCGTCATTCATCCTCTCC None

) CTGATGAGTTCGTGTCCGTACAACTGGCGT
Univ F n/a AATC None

) . CTGATGAGTTCGTGTCCGTACAACTGGCGT | _, .. ..
Univ F biotin | n/a AATC 5’-biotin

) . CTGATGAGTTCGTGTCCGTACAACTGGCGT | ., _.
Univ F azide | n/a AATC 5’-azide
2200 R 2200 bp CTGACCCAGCCACGGAACACATCG None
10k R 10,052 bp ﬁgﬁggCTGTATTCAGCAACACCGTCAGGA None
20k R 20,052 bp _(?_'I_FS_IC_:QCCATGCAACATGAATAACAGTGGG None

GAAAGTTATCGCTAGTCAGTGGCCTGAAG

30k R 30,052 bp AGACG None
40k R 40,052 bp TAATGCAAACTACGCGCCCTCGTATCACAT None

GG
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Table 3.2. PCR parameters: backbones, with or without internal DBCO modifications

Reaction composition

50 ul per reaction

1X Tuning buffer with Mg?*
0.4 uL PCR Extender Polymerase Mix

400 nM Univ F biotin or Univ F primer

400 nM 10k R, 20k R, 30k R, or 40k R primer

20 ng A-DNA

500 uM dATP, dCTP, dGTP, dTTP®

PCR step 10 kbp target 20 kbp target 30 kbp target 30 kbp target
Initial denaturation | 93 °C/3 min | 93 °C/ 3 min 93 °C/ 3 min 93 °C/ 3 min
*Denaturation 93°C/15sec |93°C/15sec |93°C/15sec |93°C/ 15 sec
* Anneal 62°C/30sec |62°C/30sec |62°C/30sec |62°C/30sec
*Extension 68 °C/8min’ | 68°C/15min |68°C/20min | 68°C/21 min
# cycles constant 10 10 10 10

# cycles ramping 8 8 8 8

Increase per cycle +20 sec’ + 20 sec + 20 sec + 20 sec

SdTTP was substituted with 5-DBCO-dUTP at 0.5, 1.0, 10, or 25% replacement
*steps included in cycling
fextension times increased by 50% for 25% replacement of dTTP with 5-DBCO-dUTP
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Table 3.3. PCR parameters: 951 or 2200 bp azide-terminated branches

200 nM 951 R primer

20 ng A-DNA

200 uM dATP, dCTP,
dGTP, dTTP

500 nM 951 R primer

20 ng A-DNA

100 uM dATP, dCTP, dGTP
75 uM dTTP

25 uM Cy5-dUTP

Final Extension

Unlabeled branches CyS5-labeled branches PCR step Temp. / Time
50 ulL per reaction 20 uL per reaction Initial denaturation 95 °C /30 sec
1X Thermopol buffer* | 1X Thermopol buffer *Denaturation 95°C /15 sec
025 ulL Tag DNA|025 wuL Tag DNA| .
Polymerase Polymerase Anneal 60°C /30 sec
200 nM 951 F primer 500 nM 951 F primer *Extension 68 °C / 60 sec

68 °C /120 sec

*cycle steps 30x

50 ul per reaction

1X Thermopol buffer*

0.25 ulL Tag DNA
Polymerase

200 nM Univ F azide
primer

200 nM 2200 R primer

20 ng A-DNA

200 uM dATP, dCTP,
dGTP, dTTP

20 ul per reaction

1X Thermopol buffer

0.25 ulL Tag
Polymerase

500 nM Univ F azide primer

500 nM 2200 R primer

20 ng A-DNA

100 uM dATP, dCTP, dGTP

75 uM dTTP

25 uM Cy5-dUTP

DNA

Initial denaturation
*Denaturation

* Anneal
*Extension

Final Extension

95°C /30 sec
95°C /15 sec
60 °C /30 sec
68 °C / 60 sec
68 °C /120 sec

*cycle steps 30x

*1X Thermopol buffer: 20 mM Tris-HCI, 10 mM (NH4)2SO4, 10 mM KCI, 2 mM MgSQg, 0.1%

Triton X-100, pH 8.8.
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Table 3.4. PCR parameters: 10 kbp azide-terminated branches

Reaction composition

PCR step

10 kbp target

50 uL per reaction

1X Tuning buffer with Mg

0.4 uL PCR Extender Polymerase Mix
400 nM Univ F azide primer

400 nM 10k R primer

20 ng A-DNA

500 uM dATP, dCTP, dGTP, dTTP

Initial denaturation
*Denaturation
*Anneal
*Extension

# cycles constant
# cycles ramping
Increase per cycle

93 °C /3 min
93°C/15sec
62 °C /30 sec
68 °C /8 min
10

8

+ 20 sec

*steps included in cycling
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backbone branched

Figure 3.2. Agarose gel electrophoresis of DNA comb polymers formed by SPAAC. Lane 1: 1
kbp DNA ladder (New England Biolabs). Lane 2: negative control reaction of Cy5-labeled, azide-
terminated branches (951 bp) and natural backbones (10 kbp). Lane 3: formation of dual-color
branched DNA polymers (>10 kbp) via grafting Cyb5-labeled, azide-terminated branches onto
DBCO-modified backbones. Gels are stained with SYBR Gold (Invitrogen) and electrophoresed
in 1.0% agarose in 1X TAE buffer for 30 minutes at 120 V.
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Figure 3.3. Optimizing SPAAC reaction conditions between azide-terminated branches and
DBCO-modified backbones. The reaction conditions are described in Table 3.5. Samples are
stained with SYBR Gold, followed by agarose gel electrophoresis (1.0% agarose) in 1X TAE
buffer at 120 V for 30 minutes.
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Table 3.5. SPAAC reaction conditions of samples in Figure 3.3.

Lane | Description

1 | 1 kbp ladder (New England Biolabs)
951 bp branch precursor
10 kbp backbone precursor
Control reaction, ddH20 only
Reaction; 250 mM Tris, 250 mM NaCl
Reaction; 250 mM Tris, 500 mM NaCl
Reaction; 250 mM Tris, 1 M NaCl
Reaction; 500 mM Tris
9 | Reaction; 500 mM Tris, 250 mM NaCl
10 | Reaction; 500 mM Tris, 500 mM NaCl
11 | Reaction; 500 mM Tris, 1 M NaCl
12 | Reaction; 1 M Tris
13 | Reaction; 1 M NaCl

OIN OO B W|IN
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Figure 3.4. Two-color fluorescent gel electrophoresis images of branched DNA polymers with
(left) 10 kbp backbones and (right) 20 kbp backbones. All samples were reacted at 70 °C for at
least 80 hours in 250 mM Tris and 1.0 M NaCl; additional conditions are listed in Table 3.6.
Samples are stained with SYBR Gold, followed by agarose gel electrophoresis (1.0% agarose) in
1X TAE buffer at 120 V for 30 minutes.
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Table 3.6. SPAAC reaction conditions of samples in Figure 3.4. Percentage of DBCO indicates
substitution of dTTP with dUTP-DBCO in the reaction mixture, ratios indicate molar excess of
branches to backbones in the reaction solution.

Lane | Description Lane | Description
1 | 1kbp ladder 10 | 20 kbp backbone
2 10 kbp backbone 11 | 1 kbp ladder
3 | 10% DBCO, 20:1 br:bb 12 | 1% DBCO, 10:1 br:bb
4 | 10% DBCO, 10:1 br:bb 13 | 1% DBCO, 20:1 br:bb
5 | 10% DBCO, 5:1 br:bb 14 | 1% DBCO, 50:1 br:bb
6 | 10% DBCO, 3:1 br:bb 15 | 1% DBCO, 100:1 br:bb
7 | 25% DBCO, 50:1 br:bb
8 | 25% DBCO, 20:1 br:bb
9 | 25% DBCO, 10:1 br:bb
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Figure 3.5. Sample GFC trace of DNA combs consisting of 30 kbp backbones with 1.0% replacement of dTTP with 5-DBCO-dUTP

and 30-fold molar excess of 951 bp branches, reacted for 48 h at 70 °C. UV absorbance at 254 nm (a.u., blue) and conductivity (scale
not shown, brown) are plotted as a function of volume passed through the GFC column (mL).
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Figure 3.6. DNA combs before and after gel filtration chromatography. DNA combs consist of 30
kbp backbones with 1.0% replacement of dTTP with 5-DBCO-dUTP and 30-fold molar excess of
Cyb-labeled 951 bp branches, reacted for 48 h at 70 °C (Lane 1). GFC fractions are collected over
B7-B10 (Lane 2), B4-B6 (Lane 3), B1-B3 (Lane 4), C1-C4 (Lane 5), C5-C8 (Lane 6), and C9-C12
(Lane 7) and concentrated using Vivacon 2 columns. Samples are stained with SYBR Gold,
followed by agarose gel electrophoresis (0.6% agarose) in 1X TAE buffer at 60 V for 180 minutes.

78



— 40 kbp backbone
3 | 951 bp branches
g 1] A —/\ N
E | I I I 5I | I 1 1IO I I I I 1I5
2 40 kbp backbone P
< 2200 bp branches ‘/ \/—\
<
O 1 I 1 I é I I 1 ‘IIO | I I I 1I5

Volume (mL)

Figure 3.7. GFC traces of DNA combs. 40 kbp backbones with 0.5% replacement of dTTP with
5-DBCO-dUTP and 40-fold molar excess of Cy5-labeled 951 bp branches (top) or Cy5-labeled
2200 bp branches (bottom), reacted for 65 h at 70 °C. UV absorbance at 254 nm (a.u.) is plotted
as a function of volume passed through the GFC column (mL). Fractions collected in the region
between the vertical lines are combined and concentrated prior to single molecule fluorescence
microscopy.
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Figure 3.8. DNA combs before (Lanes 2 and 3) and after (Lanes 4 and 5) gel filtration
chromatography. A 1 kbp ladder with A-DNA is shown for reference Lane 1. DNA combs consist
of 40 kbp backbones with 0.5% replacement of dTTP with 5-DBCO-dUTP and 40-fold molar
excess of Cy5-labeled 951 bp branches (Lanes 2 and 4) or Cy5-labeled 2200 bp branches (Lanes
3 and 5), reacted for 65 h at 70 °C. GFC fractions are collected as shown in Figure 3.6 and
concentrated using Vivacon 2 columns. Samples are stained with SYBR Gold, followed by agarose
gel electrophoresis (1.0% agarose) in 1X TAE buffer at 120 V for 30 minutes.
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4 MOLECULAR PROPERTIES AND SINGLE MOLECULE RELAXATION

DYNAMICS OF SURFACE-TETHERED BRANCHED DNA POLYMERS*

4.1 INTRODUCTION

The molecular topology of long chain polymers has long been known to influence the bulk
properties of these materials [1-3]. Synthetic polymers used in commercial applications display
exceedingly complex topologies, including high grafting densities of side chains, hierarchical
branching, and dangling ends [4,5]. In recent years, architecturally complex polymers with well-
defined structures such as multi-arm stars [6], H-polymers [7], and comb polymers [8] have been
used as model systems to study the role of molecular topology on non-equilibrium flow dynamics.
Recent studies have focused on the impact of macromolecular branching on the emergent, bulk-
scale rheological properties of polymer solutions and melts [7, 9]. Chain branching results in
complex flow properties that differ substantially from linear polymers under similar conditions,
such as strain hardening in uniaxial extensional flow under relatively low strain rates [8]. Given
the importance of polymeric materials in modern society, it is critical to achieve a molecular-level

understanding of polymer dynamics in the context of non-linear chain topologies [1-3].

Comb polymers are an architectural subset of branched polymers consisting of side chain branches
grafted to a main chain backbone [1]. Comb polymers are a particularly relevant chain architecture
occurring in applications such as pharmacokinetics [10, 11], alternative energy solutions [12], and

anti-fouling surface coatings [13]. The linear and non-linear viscoelastic properties of comb

tAdapted with permission from D. J. Mai, A. B. Marciel, C. E. Sing, C. M. Schroeder, ACS Macro Letters, 4, 446-
452, 2015. Copyright (2015) American Chemical Society.
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polymers have been investigated using a combination of approaches including theory, simulations,
and bulk rheological experiments [2, 14-17]. Recent studies of comb polymer melts have
uncovered a hierarchical stress relaxation mechanism that arises due to branched molecular
architectures [17]; however, structural heterogeneity within a branched polymer sample has been
shown to blur the macroscopic rheological response of branched polymer melts [7, 18]. Bulk-level
experiments intrinsically average across all molecules and polymer topologies within a sample,
which presents a major challenge for studying molecular-based mechanisms such as hierarchical
stress relaxation. Moreover, it has been challenging to describe the non-linear rheological behavior
of branched polymers using a universal constitutive model. Theoretical approaches have been used
to develop constitutive stress-strain relations for linear [19] and pom-pom [20] polymers; however,
the molecular details of polymer topology clearly play a key role in the emergent stress response
under flow. Recently, a constitutive model has been developed for comb polymers by extending

the pom-pom model to comb-shaped topologies [21].

In this Chapter, we directly observe the dynamics of branched polymers using single molecule
techniques. In particular, we focus on comb polymers based on DNA, though by changing the
branching distribution, we also observe three-arm stars and H-polymers. For over a decade, DNA
has been used as a model system to study the dynamics of single polymer molecules in flow [22-
26]. Using this approach, researchers have directly observed intriguing phenomena such as
molecular individualism [27] and conformational hysteresis in flow [28]. The vast majority of
single molecule DNA studies has focused on linear chain architectures [25]; however,

macromolecular DNA stars and pom-poms have been generated via base pairing and hybridization
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of oligonucleotides at a branched junction. In prior work, Archer and coworkers observed the

dynamics of DNA-based star polymers in agarose gels under electric fields [29, 30].

4.2 MATERIALS AND METHODS

4.2.1 Branched DNA polymers

Branched DNA is synthesized as described in Chapter 3. Here, a 5’-biotin-terminated primer is
included during PCR amplification to enable attachment of DNA molecules to the surface.
Molecular properties of the branched DNA samples studied in this Chapter are summarized in

Table 4.1.

4.2.2 Flow cell fabrication

An incubation buffer of 100 mM NaCl, 30 mM Tris (pH 8.0), and 2 mM EDTA was prepared.
PEGylated coverslips were prepared using a mixture of biotin-PEG-NHS ester (3,500 Da) and
MPEG-NHS ester (5,000 Da), as described elsewhere [31]. PEGylated glass coverslips were
incubated for ~10 minutes with NeutrAvidin in incubation buffer (100 pg/mL) and a minimal
amount of surfactant (1.5 uL of 1.0% Triton X) to facilitate surface tethering of biotin-terminated
branched DNA polymers. Next, coverslips were rinsed with deionized water and attached to a
drilled quartz slide with double-sided sticky tape and epoxy. Polyethylene tubing was epoxied into
holes (~1 mm diameter) drilled into quartz slides to allow for buffer exchanges and flow through
the channel. The flow channel was incubated with bovine serum albumin (BSA) in incubation
buffer (final BSA concentration of 200 ug/mL) for ~10 minutes, followed by the biotin-terminated
DNA sample in incubation buffer (10-40 pM) for ~30 minutes. The channel was rinsed with BSA
solution prior to imaging.
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4.2.3 Single molecule imaging

Imaging buffer. A viscous buffer was prepared using 62.5 or 65 wt% sucrose in incubation buffer
(70 or 130 cP at 23.5 °C). This buffer was mixed with an oxygen scavenging system and a reducing
agent to minimize photobleaching, consisting of glucose (5 mg/mL), B-mercaptoethanol (150
mM), glucose oxidase (0.3 mg/mL), and catalase (0.3 mg/mL). DNA molecules were labeled using

SYTOX Green (200 nM).

Optical setup. Surface-tethered, fluorescently labeled DNA molecules were stretched by applying
pressure-driven flow in the custom-fabricated flow cells described in 4.2.2. Single branched DNA
polymers were imaged by excitation with a 488 nm laser (50 mW SpectraPhysics Excelsior Laser)
or a 637 nm laser (140 mW Coherent OBIS Laser). The 488 nm optical path included absorptive
neutral density filters (Thorlabs), a 488 nm long-pass dichroic mirror (ZT488rdc, Chroma), and a
long-pass emission filter (BLPO1-488R-25, Semrock). The intensity at the sample was ~0.1
kW/cm2. The 637 nm optical path included an absorptive neutral density filter (ThorLabs), 650
nm long-pass dichroic mirror (FF650-Di01-25x36, Semrock), and long-pass emission filter
(HQ665LP, Chroma). The intensity at the sample was ~0.6 kW/cm2. Samples were detected by a
100x oil-immersion objective lens (NA = 1.40) with 1.6x additional zoom and collected by an

Andor iXon Ultra 897 EMCCD camera.

4.2.4 Relaxation experiments

Single molecule relaxation experiments are conducted using the flow cell described in Section
4.2.2. A small amount of biotin-terminated linear DNA (same backbone length as branched DNA)

is added as a reference. Tracer molecules are also added to the imaging buffer to monitor fluid
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drift within the system; videos are discarded when drift is observed. Surface-tethered samples are
stretched under strong flow, and videos are acquired during and following the cessation of flow.
Multiple stretch-relax cycles are collected for each molecule; stretch-relax cycles are averaged for

each molecule.

4.3 RESULTS AND DISCUSSION

4.3.1 Molecular Properties of DNA Comb Polymers

The hybrid enzymatic-synthetic approach described in Chapter 3 allows for precise control over
backbone and branch molecular weights. Moreover, branch grafting density can be controlled in
an average sense by tuning the relative stoichiometry of side branches during the ‘graft-onto’
reaction. We use single molecule fluorescence microscopy (SMFM) to directly observe branched
polymers with different architectures and contour lengths. In this way, branch grafting densities
and distributions are directly characterized using SMFM, which reveals polymer topologies
including three-arm stars (1 branch), H-polymers (2 branches), and comb polymers (>2 branches).
Branched DNA polymers are labeled with fluorescent nucleic acid dyes such as SYTOX Green or
YOYO-1, thereby yielding either single-color polymers or dual-color DNA polymers in cases
where branches are covalently labeled with Cy5 (red) dye and backbones are labeled with an
intercalating dye (green). This approach allows for simultaneous visualization of branch and

backbone dynamics using SMFM.

In these experiments, polymer molecules are specifically linked to a passivated surface by
tethering one terminus of the polymer backbone to a functionalized glass coverslip coated with a

mixture of polyethylene glycol (PEG) and PEG-biotin (Figure 4.1) [31]. PEG-biotin coverslips
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are first incubated with NeutrAvidin, copiously rinsed with water, and then used to construct a
custom microfluidic flow cell by affixing together with a quartz microscope slide. Buffer exchange
into the flow cell is achieved using polyethylene tubing epoxied into inlet/outlet ports drilled
through the glass slide. To facilitate specific tethering to the glass coverslip surface, linear and
branched DNA are labeled with a biotin moiety at one terminus of the chain. Branched DNA
polymers are incubated in the flow cell at a concentration of 10-40 pM, thereby generating a
uniform field of single polymers via specific surface tethering. Polymer chains are stretched in
pressure-driven flow using a viscous buffer (62.5% or 65% sucrose, yielding 70 or 130 cP solution

viscosity, respectively) containing the nucleic acid stain SYTOX Green.

A composite image of dual-color DNA combs stretched under fluid flow is shown in Figure 4.2.
Comb polymers are clearly indicated by the presence of Cy5-labeled side branches (red) co-
localized along DNA backbones (green). Composite dual-color images can be deconstructed to
identify SYTOX Green-stained backbones (488/503 nm, excitation/emission peaks) and Cy5-
labeled branches (638/670 nm, excitation/emission peaks). Using this approach, we measured the
molecular properties of DNA comb polymers, including the distributions of grafted branches and

flow-stretched end-to-end distances of DNA backbones.

Single molecule length distributions. The average backbone end-to-end distances for branched
polymers in flow are shown in Figure 4.3, where dotted lines indicate the expected extension of
molecules in strong flows (x/L = 0.8 for 100 < Wi < 300, where Wi is Weissenberg number) [32].
Interestingly, the average end-to-end backbone distance is fairly constant for polymers with

identical backbone lengths but variable branch grafting densities in strong shear flow.
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Distributions of molecular end-to-end distance are shown in Figure 4.4. Molecules are binned by
measured lengths of 200 nm. A dotted line indicates the molecules’ expected contour length in the
presence of an intercalating dye, which increases the unstained contour length by a factor of ~1.3
(L 10k, unstained = 3.3 pm, Liok, stained = 4.3 um, Look, unstained =~ 6.7 um, Look stained = 8.6 pm). A small
fraction (<25%) of the branched polymers excluded from these data showed apparent end-to-end
distances <70% of the expected contour length, which can be attributed to photocleavage during

laser excitation or shearing of macromolecular structures during handling.

Calculations using the distributions indicate sample dispersities (P = M,/M,) between 1.02 and
1.03. Weight-average molecular weight M, and number-average molecular weight M, were
calculated using the definitions M,, = Xiin:M; and M,, = Zix:M;, where i is an estimated degree of
polymerization (DOP) based on bins shown in Figure 4.4, n; is the number of molecules with DOP
i, M; is the theoretical molecular weight of a molecule of DOP i, and x; is the mole fraction of

molecules with DOP ;.

Branch frequency distributions. SMFM allows for direct characterization of the molecular
topology of branched DNA molecules over a wide range of conditions. In order to quantify the
number of branches per backbone, surface-tethered DNA combs are illuminated by a red laser for
several minutes; as illustrated in Figure 4.5. Cy5-labeled DNA branches are sufficiently bright for
single molecule imaging, and branch distributions and related statistics determined from single

molecule imaging experiments are shown in Figure 4.6 and Table 4.1, respectively.

In most cases, a single branch can be identified as an isolated red ‘spot’ along the polymer
backbone, given the relatively low grafting densities for the comb polymers prepared in this work.

Nevertheless, it is possible that two branches could occupy the same diffraction-limited spot,
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which could lead to undercounting. The contour length of a ~1 kbp DNA molecule is ~300 nm, so
any single branch would appear as a diffraction-limited spot (~250 nm). The likelihood of two
branches occupying the same diffraction-limited spot is generally low due to reaction
stoichiometry, low grafting densities, and electrostatic and steric interactions. Moreover, the
intrinsic photobleaching and photoblinking behavior of Cy5 further facilitates the observation and
classification of individual branches [33]. By imaging single comb polymers until photobleaching,
it is possible to resolve multi-step photobleaching trajectories from Cy5-labeled branches, thereby

revealing the number of dyes per diffraction-limited spot.

From the histograms shown in Figure 4.6, it is clear that the overall degree of molecular branching
increases upon increasing the ratio of branches to backbones in the reaction solution. The variance-
to-mean ratio (VMR) of a distribution provides a measure of the degree of randomness or spread
in the distribution of a process, in this case, graft-onto synthesis of DNA comb polymers via
SPAAC. The VMR is defined as VMR = ¢%/u using standard deviation ¢ and mean x. As shown
in Table 4.1, the branch VMR of each sample is less than 1, suggesting that branch addition does
not follow a Poisson process. Non-zero VMRs also confirm the presence of distributions in
branching, such that comb polymer samples do not exhibit uniform branching, as evidemt from
the histograms in Figure 4.6. We note that VMRs decrease with increasing branch-to-backbone
ratio. Because smaller VMR values indicate tighter distributions in a process, we infer that branch
addition events are distributed more uniformly among molecules in samples with high graft

densities than in samples with low graft densities.

Our single molecule data show that the average number of branches added per backbone is

generally less than expected, assuming stoichiometric incorporation of chemically modified
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DBCO-dUTP and addition of side branches during the ‘graft-onto’ reactions. In particular, we
observe an average branch addition of <10 in all cases, however, the theoretical maximum
incorporation of DBCO-dUTP in samples 10A, 10D, and 20A is 500, 1200, and 100, respectively.
We hypothesize that the main source of this disparity lies in the discrimination of non-natural,
chemically modified nucleotides against natural nucleotides during PCR of DNA backbones.
Natural DNA polymerases exhibit an extremely high fidelity for natural nucleotides, and chemical
modifications in non-natural bases are known to frustrate DNA polymerases during primer
extension synthesis or in moving past a modified template region. [34, 35]. Evolved DNA
polymerases can be used to preferentially incorporate non-natural bases [36]; however, such
polymerases could be sensitive to the site of chemical modification on nucleotides and are

generally less suitable for long-range PCR used in this work.

In general, we observe decreased PCR product yields upon substitution of chemically modified
nucleotides, which can be overcome by modifying reaction conditions as described in Chapter 3.
Incorporation of chemically modified DBCO-dUTP especially hinders efficient replication of
higher molecular weight amplicons; for example, in long-range PCR synthesis of 20 and 30 kbp
backbones, only 1% substitution of natural dTTP with 5-DBCO-dUTP is tolerated in the reaction
under these conditions. In addition to PCR inefficiencies using non-natural bases, it is possible that
steric hindrance and electrostatic repulsion results in decreased grafting densities, in particular,

linking negatively-charged DNA branches onto DNA backbones during SPAAC reactions.

4.3.2 Topology-Controlled Relaxation of Single Branched Polymers

We used SMFM to directly observe the conformational relaxation dynamics of surface-tethered

branched polymers. Here, we monitor the relaxation of branched polymers from high stretch
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(>80% contour length) following cessation of flow, and we report the impact of branch number
and position on the relaxation of branched polymers. In this particular experiment, we focus on
branched polymers with 30 kbp backbones and 10 kbp branches using single-color fluorescence.
The dimensions of these polymers permit visual counting of side branches as the molecules explore
conformational space during relaxation processes. Importantly, these experiments highlight the
ability to independently characterize branch and backbone behavior during a dynamic process for

branched polymers.

A series of time-lapse images showing the relaxation process for a single surface-tethered branched
polymer is shown in Figure 4.7. In addition, we provide a schematic illustrating the characteristic
branched polymer topologies observed during this process and corresponding stages of relaxation
based on quantitative visual analysis of molecular end-to-end distance (x). We note that the
schematic and stages are specific to the molecular dimensions observed in this study, and that
changes in branch and/or backbone sizes would subsequently change the observed relaxation

processes.

Prior to cessation of shear flow (Stage 0), polymer molecules exist in a highly extended
conformation. At short times following the cessation of flow (Stage I), both the backbone and the
branches exhibit a simultaneous and rapid entropic response characterized by a sharp decrease in
fractional extension with respect to time. At intermediate times in the relaxation process (Stage
I1), we observe mixed modes including branch and backbone relaxation dynamics, such that
branches explore various conformational ‘breathing modes’ while the backbone relaxes. We
expect mixing of relaxation modes for these molecular topologies, in which branches and

backbones are similar in size. At longer times (Stage I11), the longest mode of relaxation dominates,
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which corresponds to relaxation of the main chain backbone for this specific molecular
architecture, and polymer molecules ultimately appear as fluctuating random coils with non-linear
topologies. These visual observations empirically suggest that two timescales govern the
relaxation process, with the duration of Stage Il related to the branch relaxation time and the

duration of Stage Il associated with the backbone relaxation time.

Molecular relaxation processes can be quantified by measuring the end-to-distance of the main
chain backbone over time. Here, we plot fractional backbone extension (x/L) by normalizing the
instantaneous chain extension by the backbone contour length (Laok, stained = 13.6 um). Single
molecule relaxation trajectories of linear reference polymers (30 kbp) are shown in Figure 4.8,
where the bold line indicates the time-dependent ensemble average of fractional extension.

Ensemble averages of branched DNA polymer relaxation are shown in Figure 4.9.

Interestingly, single molecule dynamics clearly show that relaxation processes are dependent on
molecular topology. In particular, we observe slower chain relaxation for branched polymers (1,
2, or 3 side branches) compared to a linear reference polymer with identical backbone molecular
weight. We quantify this relaxation process to further probe chain topology effects. The longest
relaxation time (Stage Ill) is dominated by the slowest mode at relatively small fractional
extensions (e.g., x/L < 0.30). The longest relaxation time can be determined by fitting backbone
relaxation data over this region to a Rouse-inspired single exponential decay: (x/L)? =
¢, exp(—t/t) + c,, where 7 is the longest relaxation time of the linear polymer and c: and c; are
fitting constants [32, 37, 38]. Due to the separation of timescales observed in Figure 4.7 for the
branch (10 kbp) and backbone (30 kbp) motions, we interpret this long-time relaxation as that of

the backbone experiencing extra frictional drag due to fully relaxed side branches. Based on this
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reasoning, we can determine the longest relaxation time of the comb polymer backbone using a
single exponential fit between fractional extensions 0.14 < x/L < 0.30, such that the low end of this
range corresponds to distances over which backbone stretch can be accurately tracked using
diffraction-limited fluorescence imaging. Using this approach, we determine longest relaxation
times for linear polymers (ziinear,in = 8.0 £ 0.9 s) and branched polymers with 1, 2, and 3 branches
as7n=8.0%x09s, 2m=9.6+11s, and 73 =13.0 + 1.7 s, respectively. Figure 4.10 suggests
that no other time constants emerge when the same data are fit to a multi-exponential decay, which

further supports a single exponential decay function.

Comb polymer molecules with 3 side branches exhibit a significant increase in the longest
relaxation time. However, the impact of 1 or 2 branches appears to be negligible in the context of
the longest relaxation time, at least for this particular set of branch (10 kbp) and backbone (30 kbp)
molecular weights. In order to further probe this effect, we also considered the intermediate
relaxation timescale (Stage I1). Based on multi-mode models for polymer dynamics in dilute
solutions (e.g. Rouse model) [37, 38], we considered the possibility of multiple modes (i.e.
multiple relaxation timescales) by fitting the relaxation data in the intermediate extension region
(0.30 < x/L < 0.50) to a multi-exponential function. However, we found that these data were best
fit to a single exponential decay with only a single time constant, which reveals a strong
dependence of the relaxation time on the number of branches: ziineari =4.7 £ 0.6 S, 71,1 =4.2 £ 0.6
S, 2n=57%0.8s,and 731 = 7.0 £ 1.0 s. Clearly, over these timescales, the presence of 2 or 3

branches slows intermediate relaxation processes.

In addition to branch grafting densities, our data also show that the position of the branch point

along the main chain backbone has a direct impact on polymer relaxation. In Figure 4.11, we
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consider several relaxation trajectories for molecules with a single branch located at different
positions. Each curve indicates an ensemble of singly branched molecules wherein branch position
is classified relative to the surface-tethered point (e.g., branch point at first third of backbone near
tether, middle third, and last third near the free end). Intermediate relaxation times reflect a strong
dependence on branch position, such that we observe slower relaxation when a branch exists
farther from the surface tether: zether = 2.5 £ 0.5 S, tmia = 4.7 £ 0.5 s, and zenda = 5.6 £ 1.0 s.
Interestingly, polymers with 1 branch near the tether point appear to relax faster than the linear
backbone counterparts (ziinear,n = 4.8 £ 0.6 s); however, the longest relaxation times of these

molecular ensembles show no significant differences compared to the linear reference polymer.

From these data, we consider two related effects on the (Stage I1) relaxation of the branch as it
pertains to the backbone relaxation probed by the flow cessation experiments. First, we
hypothesize the existence of a new relaxation mode spanning from the tether point to the end of
the branch. When the branch point is positioned near the end of the polymer backbone, then this
mode is likely more dominant than the primary mode along the main chain backbone. In this case,
the relaxation of the comb polymer backbone is slower than that of a linear chain. Second, we
hypothesize the importance of hydrodynamic flow fields induced by branch relaxations. When the
branch point is positioned near the tether point, the aforementioned branch-based relaxation mode
induces a local fluid flow more strongly than the slowly relaxing backbone. We postulate that the
branch hydrodynamically drives the relaxation of the main chain near the tether point, which can
result in a more rapid relaxation of the comb polymer backbone than that of a linear chain. More
elaborate branch-wall hydrodynamic coupling could be possible, similar to effects important for

linear chains near surfaces [39-41]. From a broader perspective, it is important to note that these
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branch effects can only be observed using single molecule experiments that can resolve branch

position along a polymer chain backbone.

4.4 CONCLUSIONS

In summary, we report the direct observation of topology-controlled relaxation dynamics of
branched DNA polymers. Using this approach, our work extends single polymer investigations to
a new class of polymers with non-linear branched topologies. In particular, our data reveal the
influence of branch grafting distributions on polymer relaxation dynamics. We observe that the
relaxation of a surface-tethered polymer with 1 branch depends strongly on branch position; we
also observe that surface-tethered polymers with at least 2 branches relax more slowly than linear
polymers. Our results motivate intriguing questions for further study, including an investigation
of the relaxation modes within a branched polymer and the dynamic stretching behavior of single

branched polymers in free-solution flows.

From a broader perspective, the versatility of the synthetic approach described in Chapter 3 enables
a broad design space for branched polymer synthesis for single molecule studies. For example,
long-range PCR can readily yield chemically modified branch and backbone molecules
approaching 50 kbp [42]. The application of SMFM to this design space enables in-depth studies
of single molecule dynamics of branched polymers. In this way, experimental work with these
polymers will enable a fundamental molecular-based understanding of the non-equilibrium

dynamics of branched polymers.
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4.5 FIGURES AND TABLES

Table 4.1. Molecular properties of branched DNA polymers

Backbone  Branch Substitution  Molar Number
Sample | Branch
ength length of excess of of VMR
(kbp) (bp) (%)t branches branches*
10 Linear 10 -- 0 0 -- -
10 A 10 951 10. 5 20+13 0.79
10B 10 951 10. 10 34+13 051
10C 10 951 10. 20 51+1.0 0.21
10D 10 951 25 50 73+12 0.19
20 Linear 20 -- 0 0 -- --
20 A 20 951 1.0 10 3.8+1.7 0.72
20B 20 951 1.0 20 46+15 051
20C 20 951 1.0 50 54+16 0.49
20D 20 951 1.0 100 74+17 0.39
30 Linear 30 -- 0 0 -- --
30 Branched 30 10,052 1.0 15 15+07 --

"Percentage of dTTP nucleotide replaced by 5-dUTP-DBCO during PCR to generate DNA
backbones; *molar excess of branch molecules in comparison to backbone molecules in SPAAC
graft-onto reactions; *mean + standard deviation. These measurements exclude molecules of
stretched end-to-end distances less than 3 or 6 um for 10 kbp or 20 kbp backbones, respectively.
For all samples, the measurements are based on averages over N > 100 molecules, except for the

30 kbp branched sample (N =

45).
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Figure 4.1. Schematic of experimental setup showing surface chemistry and custom-built
microfluidic flow cell. Glass coverslips are functionalized with a mixture of PEG/PEG-biotin and
NeutrAvidin prior to tethering linear or comb-shaped DNA via a terminal biotin moiety.
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Figure 4.2. Single molecule image of dual-color DNA comb polymers tethered to a surface and
stretched under shear flow. Composite image generated by co-localization of SYTOX Green-
stained backbones and branches (green) and Cy5-labeled branches (red).
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Figure 4.3. Average backbone end-to-end distances for DNA comb polymers stretched under fluid
flow; error bars reflect standard deviation. Dotted lines indicate the expected extension of linear
DNA molecules stretched under tethered shear flow with a flow strength of 100 < Wi < 300 [32].
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Figure 4.4. Distribution of backbone end-to-end distances for linear and branched DNA polymers
stretched under fluid flow, as determined by single molecule experiments described in Table 4.1.
The dotted line indicates the expected contour length in the presence of an intercalating dye.
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Figure 4.5. Time lapse of images acquired for branch counting. A ‘photoblinking’ event is
observed between 2 and 10 seconds (blue arrows), and ‘photobleaching’ events are shown after 50
seconds (orange arrows).
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Figure 4.6. Branch frequency distributions for dual-color DNA combs described in Table 4.1. (a)-
(d) represent samples with backbone length of 10 kbp and end-to-end length greater than 3 um,
and (e)-(h) represent samples with backbone length of 20 kbp and end-to-end length greater than
6 um. In all cases, larger molar excesses of branch molecules compared to backbone molecules
results in higher branching frequencies.
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Figure 4.7. Relaxation dynamics of surface-tethered branched polymer molecules (solvent
viscosity n = 125 cP). Time lapse images showing relaxation of a 30 kbp comb polymer with 10
kbp branches after the cessation of shear flow, with corresponding schematic of relaxation
mechanisms. Images taken 2.5 seconds apart.
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Figure 4.8. Relaxation of surface-tethered linear polymers (n =~ 125 cP). Single molecule
relaxation trajectories are shown in gray, and the bold line indicates the time-dependent ensemble

average of fractional extension.
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Figure 4.9. Ensemble-averaged time-dependent fractional extension of molecules with varying
degrees of branching indicate that relaxation processes are dependent on molecular topology.

Branched polymers exhibit slower chain relaxation compared to a linear reference polymer with
identical backbone molecular weight.
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Figure 4.10. Semi-log representation of the time-dependent fractional extension of single
branched and linear polymers during relaxation. These data are identical to those shown in Figure
4.9. This representation suggests that no other time constants emerge upon fitting to a multi-

exponential decay, thereby supporting the use of a single exponential decay function to determine
relaxation times.
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Figure 4.11. Ensemble-averaged relaxation trajectories for molecules with a single branch, where
the branch position varies along a main chain. While polymers with a branch near the tether point
appear to relax faster than the linear backbone counterparts, the longest relaxation times of these
molecular ensembles show no significant differences compared to the linear reference polymer.
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5 SINGLE MOLECULE DYNAMICS OF COMB POLYMERS

5.1 INTRODUCTION

The increasing prevalence of branched polymers in commercial applications has drawn recent and
broad interest toward understanding the impact of molecular structure on physical behavior [1-3].
Comb and brush polymers, which consist of a main polymer backbone with grafted side chains,
are chemically versatile and attractive for applications ranging from drug delivery [4, 5] to
supramolecular nanocomposites [6] to desalination membranes [7]. Comb polymers exhibit rich
rheological behaviors compared to their linear counterparts [1-3]. This behavior includes distinct
linear viscoelastic signatures [8-12], nonlinear relaxation of stress following a step strain [13, 14],
stress overshoots in the startup of shear flow [15, 16], and enhanced strain hardening in uniaxial

extensional flow [17, 18].

Interestingly, comb polymers exhibit both shear thinning and strain hardening behaviors, which
seem contradictory but result in favorable processing behaviors in comparison to their linear
analogues [3, 19]. Shear thinning refers to the decrease in a complex fluid’s viscosity # upon
increasing the steady shear rate y [2]. Shear-thinning materials can pass through an extruder easily
by becoming more liquid-like at high shear rates [3, 19]. While most polymeric melts exhibit shear-
thinning behavior, the onset of shear thinning occurs at lower strain rates for branched polymers

than for linear polymers of identical molecular weight [20].

In extensional flows, polymer architecture plays a different role in material response. Here, the
response of a material to transient uniaxial extensional flow can be described by a tensile-stress

growth coefficient n;, defined according to Eq. 5.1 [3],
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g = 0p/é (5.1)
where o is the net tensile stress, which is a function of time and extensional strain rate €. The
linear response is defined by the limit of n# as ¢ approaches zero. Strain hardening refers to
deviations in n# from the linear response at finite €. Strain hardening of polymeric materials
enables the stabilization of films and fibers during extensional flow-dominated processes [19].
Comb polymers exhibit strain hardening behavior at lower strain rates than linear polymers; this

behavior is enhanced as the length of a side branch increases [17, 18].

We note that shear thinning describes steady-state behavior in shear flow, whereas strain hardening
is a dynamic process occurring at the start-up of extensional flow. From a molecular perspective,

the contribution of branches to the physical underpinnings of both phenomena remain unclear.

Recent advances in comb synthesis and purification have enabled detailed probes of the
rheological response of model branched polymers [16-18, 21, 22]. These studies reveal dramatic
effects of molecular-scale architectural defects on bulk rheological measurements. In this way,
slight changes in local connectivity vastly impact global material response. Although bulk-scale
rheological measurements enable orders of magnitude of measurement in the time and space

domains, these techniques lack direct visualization of physical phenomena at the molecular level.

In this Chapter, we report the direct observation of comb polymer dynamics in planar extensional
flow. After synthesis and purification of DNA comb polymers, we utilize microfluidic devices to
stretch single comb polymer molecules in planar extensional flow. Planar extensional flow is a
strong flow analogous to uniaxial extensional flow used to study the strain-hardening behavior of

polymer melts. Our experimental platform enables simultaneous visualization of polymer
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backbones and branches during steady-state extension and transient stretch in the startup of

extensional flow.

5.2 MATERIALS AND METHODS

5.2.1 Synthesis and preparation of DNA for single molecule imaging

DNA comb polymers are synthesized as described in Chapter 3. In this Chapter, combs consist of
either 30 kbp backbones with 951 bp branches, 40 kbp backbones with 951 bp branches, or 40 kbp
backbones with 2200 bp branches. All branches are labeled with Cy5. Bulk absorbance
measurements determined that 951 bp branches contain 7-8 dyes/branch and 2200 bp branches
contain 14-16 dyes/branch. Linear DNA templates (30 kbp template, 40 kbp template, or A-phage

DNA) are also utilized as references to evaluate the impact of branching on dynamics.

DNA polymers are fluorescently labeled by incubation with YOYO-1 (Invitrogen) at a dye-to-
base-pair ratio of 1:4 in an aqueous incubation buffer (30 mM Tris, pH 8.0, 5 mM NaCl, 2 mM
EDTA) for at least 1 hour in the dark. Viscous imaging buffers (50-60 wt% sucrose, 30 mM Tris,
pH 8.0, 5 mM NaCl, 2 mM EDTA) are mixed with an oxygen scavenging system and a reducing
agent to minimize photobleaching, consisting of glucose (5 mg/mL), glucose oxidase (0.3 mg/mL),
catalase (0.3 mg/mL), and B-mercaptoethanol (150 mM). In some studies, the small-molecule
photostabilizer Trolox is added to the imaging buffer in excess of its solubility limit (4 mM) at 4
°C overnight, followed by syringe filtering (0.2 um, PALL Acrodisc) to remove excess trolox prior
to mixing with labeled DNA. Labeled DNA and imaging buffers are rotationally mixed for 30

minutes prior to injection into a microfluidic device.
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5.2.2 Fabrication and characterization of microfluidic hydrodynamic trap

A two-layer, microfluidic cross-slot device is fabricated using standard soft-lithography
techniques [23-25]. Schematics of this device are shown in Figure 5.1. Master molds are patterned
on silicon wafers using photomasks (3600 dpi, Delta Graphics) and SU-8 photoresist (Microchem).
The resulting feature heights range from 80-100 pm, and molds are coated with
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich) by vapor deposition to prevent
delamination during subsequent fabrication steps. Polydimethylsiloxane (PDMS, RTV615,
Momentive) is mixed at 15:1 or 5:1 resin to crosslinker ratios to cast fluidic and control layers,
respectively. For the fluidic layer, uncured PDMS is deposited by spin-coating such that the PDMS
thickness exceeds the feature height by ~20 um. For the control layer, PDMS is cast directly onto
the silicon wafer to form a ~5 mm slab. Both layers are partially cured at 65 °C for 20-30 minutes.
After curing, the control layer slab is removed from the master and an inlet port is formed by
punching a hole using a 21 gauge luer stub. The control layer is aligned with the fluidic layer and
the two layers are cured for at least 2 additional hours. Once both layers are fully cured, the entire
slab is removed from the fluidic layer master and inlet and outlet ports are formed for the fluidic
layer. Each PDMS device is trimmed to fit a glass coverslip and bonded to a coverslip after oxygen

plasma cleaning.

Pressure-driven flow is used to drive fluid through the PDMS device, generating a planar
extensional flow field near the center of the cross slot (Egs. 5.2 and 5.3, Figure 5.1), where vy is

velocity in the x direction, vy is fluid velocity in the y direction, and ¢ is the fluid strain rate.

Vi = —EX (5.2)

Vy = €y (5.3)
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The y-coordinate of the stagnation point is modified by actuating the fluid pressure in the valve
layer (Figure 5.1), and automated feedback control is implemented between the imaging platform
and valve pressure transducer to enable hydrodynamic “trapping” of single molecules near the

stagnation point [25, 26].

Fluid strain rates are measured via particle imaging velocimetry using 0.84 um fluorescent beads
(Spherotech) as tracer particles. Bead trajectories are imaged using a CCD camera (AVT Stingray)
and analyzed in MATLAB. Strain rates are characterized as a function of fluid pressure and device

height.

5.2.3 Fluorescence microscopy

Single molecule experiments are carried out on an inverted epifluorescence microscope (Olympus
IX-71) with a 100x oil-immersion objective lens (NA = 1.40) and 1.6x additional zoom lens. DNA
comb polymers are imaged by excitation with a 488 nm laser (50 mW, SpectraPhysics Excelsior
Laser) and/or a 637 nm laser (140 mW, Coherent OBIS Laser). The 488 nm optical path includes
absorptive neutral density filters (Thorlabs), a 488 nm long-pass dichroic mirror (ZT488rdc,
Chroma), and a long-pass emission filter (BLP01-488R-25, Semrock). The intensity at the sample
is ~0.1 kW/cm?. The 637 nm optical path includes an absorptive neutral density filter (ThorLabs),
650 nm long-pass dichroic mirror (FF650-Di01-25x36, Semrock), and long-pass emission filter

(HQ665LP, Chroma). The intensity at the sample is ~0.6 kW/cm?,

For simultaneous two-color YOYO-1/Cy5 imaging, the 488 nm and 637 nm optical paths are
modified to include a dual-band dichroic mirror (FF500/646-Di01-25x36, Semrock) and a

DualView DV2 beamsplitter apparatus with a 630 nm dichroic cube (MS-630LDX-1826,
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Photometrics). The short wavelength channel is passed through a band pass emission filter (FFO1-
550/88, Semrock), and the long wavelength channel is passed through band-pass (HQ700/75m,
Chroma) and long-pass (HQ665LP, Chroma) emission filters. Relaxation and stretching dynamics

of A-DNA are imaged by excitation with a 488 nm laser and detection with an EMCCD camera.

53 RESULTS AND DISCUSSION

5.3.1 Effect of the photostabilizing agent Trolox on DNA

Trolox (TX) has garnered widespread use as a photostabilizing agent in single molecule
fluorescence imaging due to its ability to suppress dark states and triplet states of fluorescent dyes.
[27-29] In particular, TX has been shown to improve the performance of Cy5, which is used to
identify branches from backbones in DNA comb polymers. Despite the popularity of TX in single
molecule fluorescence experiments, the role of its interactions with biomolecules such as DNA
has not been fully characterized. Moreover, the commonly used DNA intercalating dye YOYO-1
is known to impact the physical properties of DNA, specifically increasing DNA contour lengths
by ~30%. [30] Here, the impact on persistence length is less clear, with results arguing for no
change or an increase in persistence length. [31] For these reasons, it is important to identify and
understand potential interactions between TX, YOYO, and DNA. We utilize single molecule
techniques to probe the use of TX as a photoprotectant for fluorescently labeled DNA combs
(Figures 5.3 and 5.4) and evaluate the impact of TX on the physical properties of DNA (Figure

5.5).

Single molecule visualization of linear and branched DNA with TX. In a single molecule

comparison of DNA combs in the absence and presence of TX, we observe the expected benefits
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of TX-containing buffers on DNA. Specifically, we observe enhanced photostability, shown
qualitatively in Figure 5.3, along with an overall reduction of photocleavage events. Figure 5.4a
demonstrates dramatic quantitative improvements to the photostability of Cy5-labeled DNA
combs in the presence of TX, whereas the impact of TX on YOYO-1 fluorescent dyes appears
negligible from Figure 5.4b. These results suggest that TX-containing buffers will be
advantageous in future studies of DNA with alternate dye systems to study unexplored

conformational dynamics and complex polymer topologies. [32]

Relaxation and stretching dynamics of 1-phage DNA in the presence of TX. Using the microfluidic-
based hydrodynamic trap, we compare the relaxation and steady-state extension behaviors of A-
DNA in the absence and presence of TX. Changes to the physical properties of DNA (e.g. contour
length Lc) will change the relaxation time, which subsequently affects the quantitative
characterization of polymer stretching in flow. In this way, relaxation time can be used as a

measure of the impact of TX on contour length.

To measure the longest relaxation time 71, A-DNA molecules are stretched to at least 50% of
maximum extension in flow, followed by direct observation of chain relaxation upon flow
cessation. Upon cessation of flow, the time-dependent maximum projected polymer extension x(t)

is fit to Eq. 5.4.

(@)2 — Aexp (;_f) +B (5.4)

L¢

where A and B are fitting constants. The fit is performed over the linear entropic force regime
where (x(t))/Lc < 0.3. Assuming a contour length for YOYO-1 fluorescently labeled A-DNA of

21.1 um, we observe differences in DNA relaxation times in the absence (r1 =4.1 £ 0.3s, N = 15)
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and presence (z1 = 3.5 £ 0.2 s, N = 25) of TX. Given the known scaling of longest polymer
relaxation time with molecular weight (z1 ~ N®), the contour length of A-DNA in the presence of
TX is estimated as 19.2 um using Eq. 5.5 with scaling exponent 3v = 1.64 [33].

1

Nrx = Nyoyo (TT—X)L64 (5.5)

Tyoyo

After characterizing the change in longest polymer relaxation time, we compare the steady-state
extension behavior of A-DNA in the absence and presence of Trolox in Figure 5.5 by plotting
extension as a function of Weissenberg number (Wi = £r1), where ¢ is the fluid strain rate
determined by particle imaging velocimetry. The raw steady-state extension behavior of labeled
A-DNA in the absence of Trolox (red circles) agrees with previous measurements by Perkins, et
al. (black squares). [34] The inclusion of Trolox in the imaging buffer (blue triangles) results in a
clear decrease in DNA extension compared to the Trolox-free buffer, consistent with the change
in longest polymer relaxation time. To account for this decrease in extension, we normalize the
data based on the estimated contour length of 19.2 um. Plotting fractional extension (x/Lc) as a
function of Wi shows consistent steady-state extension behavior across all experiments. In
subsequent estimation of DNA contour lengths in TX-containing buffers, we apply a TX correction

of L¢tx = 0.91 x L¢yovo.

5.3.2 Longest comb polymer relaxation time

The longest polymer relaxation time of comb polymers is determined as described in Section 5.3.1.
The number of branches on a DNA comb polymer is determined during the period of high stretch.

Comb polymers are divided into subsets with low branching (1-4 branches) and high branching (5
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or more). Relaxation times of comb and linear polymers of varying molecular topologies are

summarized in Table 5.1.

Generally, we observe slower relaxation behavior of branched polymers with increasing branch
length and branch density, even in the presence of relatively short branches. This trend is shown
in Figure 5.6, which includes the single-exponential decay functions based on ensemble averages
of single molecule relaxation trajectories. Here, the samples have identical backbone molecular
weights and are measured in solutions of equal viscosity (solvent viscosity #s = 50 cP). These
observations are consistent with the notion that larger molecules require more time to relax to an
equilibrium conformation following high stretch. We note that linear and comb polymers in low-
viscosity solutions (s < 25 cP) exhibit similar longest polymer relaxation times. It is possible that
differences in polymer relaxation cannot be resolved given these specific experimental conditions

and molecular topologies.

5.3.3 Stretching dynamics of comb polymers

Among non-equilibrium properties, one of particular importance is the existence of a coil-to-
stretch transition (CST), which has been observed for linear polymers in extensional flows. [34-
36]. In Figure 5.7, we compare the steady-state extension of linear and comb-shaped DNA
polymers as a function of fluid strain rate €. Again, DNA combs are sorted by degree of branching.
The data clearly show a CST for comb-shaped DNA, and the shapes of the curves are similar to
that of linear DNA, especially in the case of low branching. In the case of high branching, the onset
of stretching appears to occur at lower absolute flow strengths relative to linear DNA. This is
perhaps not surprising due to the added friction of branches along a DNA backbone. Remarkably,

the curves collapse upon normalization of the steady-extension curves by plotting these data as a
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function of Weissenberg number Wi, which accounts for differences in longest backbone
relaxation times between linear and comb polymers, as shown in Figure 5.8. Here, fractional
extension is plotted as a function of Wi, thereby accounting for differences in the longest polymer
relaxation time between architectures. We also compare the steady-state extension of linear and
comb-shaped DNA to A-DNA, and the steady-state stretching behavior appears consistent across

these molecular weights and topologies.

We further characterize polymer dynamics during the transient stretching process by observing the
extension and dynamic conformations of single molecules. To ensure a completely random initial
state for each transient stretch, we allow the molecule to relax to an equilibrium configuration by

waiting ~10 71 between transient extension experiments.

In one experiment, we conducted a series of transient stretching experiments on linear templates
(30 kbp), as well as combs with 30 kbp backbones and 951 bp branches. Figure 5.9 shows
trajectories of molecular extension as a function of accumulated strain &(t) = £t for linear polymers.
Here, stretching trajectories are characterized based on flow strength, with Wi = 1.7 £ 0.2 shown
in orange and Wi = 2,5 + 0.2 shown in navy. Variations in Wi reflect the propagation of
uncertainties from the longest polymer relaxation time 71 and the observation of molecules at
varying z-positions within the microfluidic device. Figure 5.10 includes a plot of strain rate as a
function of device height and sample fluid pressure in the channel for this experiment. During data
acquisition, the pressure and z-position of each stretching trajectory are accounted to enable later

determination of &, Wi, and &(t).

Single molecule stretching trajectories of linear and comb polymers are compared in Figure 5.11.

Comb polymers are sorted by degree of branching as described before. Trajectories are shown as
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an ensemble (top), as well as by flow rate, such that Wi = 1.7 (middle) or Wi = 2.5 (bottom). The
different values of the average longest backbone relaxation time z; for each molecular subset are
accounted for when sorting trajectories by Wi. In both linear and comb polymers, we observe the
well-known phenomenon of molecular individualism, wherein molecules adopt a diverse set of
conformations during transient stretch [34, 35]. In this set of trajectories, conformations are
characterized as half dumbbells (black), dumbbells (blue), and folded (red). In some cases,
molecules begin as coils and eventually unravel via folding trajectories; these molecules are

classified simply as folds.

Interestingly, our results directly show that chain branching fundamentally changes the stretching
behavior of polymer molecules. In polymer chains adopting half dumbbell or dumbbell
conformations, comb polymers stretch under weaker deformations than linear polymers. For these
conformations, linear polymers require up to ~7 units of accumulated strain to fully extend,
whereas comb polymers with low or high branching require up to ~5 or ~3 units of strain,
respectively. Remarkably, highly branched comb polymers in dumbbell-like configurations
undergo nearly identical stretching pathways compared to linear chains. Rapid uniform stretching
can be attributed to several possible effects, including but not limited to: stiffer polymer backbones
due to the presence of branches, “loose” initial conformations of the polymer coil due to steric
hindrance of branches, and additional hydrodynamic drag between the surrounding fluid and

branches.

For folded conformations, however, we observe fundamentally different stretching behaviors for
linear and comb polymers. We find that folded conformations generally exhibit the slowest

unraveling dynamics in flow; this remains true for comb polymers regardless of the degree of
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branching. Surprisingly, the presence of branches does not uniformly increase the rate of
unraveling in molecules adopting folded conformations. In linear polymers and highly branched
polymers, we observe an initial slow unraveling of the chain, followed by a smooth (and rapid)
stretching response upon escaping the fold. This unraveling behavior is reflected by the steep slope
of stretching trajectories with respect to accumulated strain that occurs between regions of initial
slow unfolding and steady-state extension at long times. For comb polymers containing only a few

branches, our results show that stretching of folded molecules proceeds at widely varying rates.

In a separate experiment, we also investigated the response of single comb polymers with longer
side branches (40 kbp backbones and 2200 bp branches) during transient stretch in extensional
flow. Single molecule stretching trajectories are shown in Figure 5.12, where comb polymers are
divided into subsets with low branching (1-4 branches) and high branching (5 or more branches).
Trajectories are sorted by molecular conformations observed during stretch: kinks (green), half
dumbbells (black), dumbbells (blue), and folds (red). Although we used a narrow range of strain
rates in this experiment (0.70 < ¢ < 0.85), different values of 71 between comb polymer populations
result in Wiiow branching = 3.8 + 0.4 and Wihigh branching = 5.4 + 0.4. As before, variations in Wi reflect
the propagation of uncertainties from the longest polymer relaxation time and strain rates within
the microfluidic device. Despite these differences in Wi, we compare trajectories on the basis of

branch frequency, rather than flow strength.

Figure 5.12 shows similar trends between comb polymers with low and high branching as
described for prior data on combs with shorter ~1 kb branches. Highly branched polymers stretch
quickly and uniformly upon releasing their initial conformations, and this behavior is observed for

dumbbell-like or folded conformations. Comb polymers with only a few branches exhibit a broad
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spectrum of conformations, including kinked conformations, which were rarely observed in
molecules with shorter (30 kbp) backbones. Interestingly, molecules with folded conformations
show high degrees of variability in stretching trajectories. Direct visualization of molecules during
stretch reveals that the apex of a fold persists at or near a branch point, as shown in Figure 5.13.
In this way, a branched polymer will temporarily accommodate the fold until an end becomes free,
after which the polymer stretches to its steady-state extended conformation through a mechanism
similar to an initially kinked conformation. This stretching mechanism is fundamentally distinct
compared to the unfolding pathways of linear polymers, in which the portions of the molecule on
either side of the fold continuously exchange mass during the unfolding event. Here, the apex of

the fold translates along the length of the backbone until the fold is released.

54 CONCLUSIONS

In this Chapter, we present the first single molecule studies of comb polymer dynamics in
extensional flow, which reveal unexpected molecular responses to flow. First, comb polymers
exhibit slower relaxation mechanisms after stretch compared to linear polymers, even in the
presence of relatively short branches. Second, comb polymer molecules stretch in fundamentally
different ways and through different molecular conformations compared to linear polymers. Comb
polymers exhibit enhanced stretching dynamics, such that molecules adopting initial dumbbell-
like conformations stretch with greater uniformity and under weaker deformation compared to
linear polymers. Here, increasing the degree of branching increases the uniformity of single

molecule stretching trajectories.

Rapid stretching of single comb polymers is analogous to the well-known phenomenon of strain

hardening in entangled branched polymer melts [3, 17, 18]. From a molecular perspective, strain
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hardening is considered a result of enhanced alignment and orientation of polymer segments
between branches. Similarly, single comb polymers undergo more rapid orientation and alignment
than linear polymers in planar extensional flow, wherein rapid stretch is attributed to additional
hydrodynamic drag between the fluid and branches. Extensional dynamics such as strain hardening
are challenging to measure in polymer solutions, so ongoing work focuses on the development of
rheological techniques to measure dilute polymer extensional dynamics [38]. These techniques
will enable the direct comparison of single molecule stretching dynamics to bulk-scale extensional

dynamics.

Interestingly, single molecule visualization also reveals different stretching mechanisms between
folded linear and comb polymers. Linear polymers unravel smoothly from folded conformations
by exchanging mass between portions of the molecule on either side of the fold, causing the apex
of the fold to translate along the backbone until it is released. In contrast, comb polymers
accommodate the fold, such that the fold apex persists at a branch point and unfolding can occur
by various mechanisms. In some cases, the apex persists briefly before translating to another
branch point or translating along the rest of the backbone as the chain unravels. In other cases,
mass is not exchanged between the sides of the fold. Here, the fold persists until the ends of the
molecule become separated, after which the fold acts like a “hinge” connecting two rapidly
stretching sides of the molecule. In this way, the molecule stretches by a mechanism similar to that
of amolecule with an initially kinked conformation. Remarkably, the inclusion of a local constraint
(branch point) results in dramatically different global molecular behavior. Heterogeneous
stretching of folded comb polymers may contribute to the challenging interpretation of bulk-scale

rheological measurements, especially in the case of non-linear flows. From a broad perspective,
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we note that these heterogeneities can only be observed through single molecule visualization of

specific branch positions and backbone conformations during stretch.
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5.5

FIGURES AND TABLES

Table 5.1. Comb polymer relaxation times

Backbone | Branch | Buffer | | Expected™ Observed**

m.w. m.w. condition ’ T1 linear F T1low T1high
e | i | 57 | 21-aas 0T 00T
40kbp | 951 bp r?g?; 174 um | 3.3-395s 3333 s 4-%’—;%72 s 4-212% s
40kbp | 2200 bp r?g ?; 17.4um | 33-39s 331;023 S 5'1Ni=063 s G-ﬁl * (;g s
40 kbp | 2200 bp ZnZOEEI-(;(P 174um | 1.5-1.85s n/a ZLi:Olé S 3.8Ni:0'52 S
40kbp | 2200 bp 25)5{;5 174um | 16-18s | n/a Zﬁli%ll S 2-5N”—'zoél s
cin |z | 595 || 17-a0s R0y P2

*Based on known scaling of DNA relaxation time with viscosity and molecular weight, 71 ~ 7'N%,
3v = 1.64. Reference relaxation times are 0.058 — 0.068 s for A-DNA with no YOYO-1 (L. = 16.0
um) at 1 cP. [37]

**average + standard error of the mean; n/a indicates an experiment with no linear reference
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Figure 5.1. Two-layer microfluidic hydrodynamic trap. (left) Optical micrograph of device, with
the fluidic layer shown in orange and the valve layer in blue. (right, top) An always-open
microfluidic valve modifies the relative flow rate between two outlet channels. Increasing the
valve pressure decreases the volume of the fluidic channel below the valve, thereby decreasing the
fluid flow rate. Adapted with permission from M. Tanyeri and C. M. Schroeder, Nano Letters,
2013, 13, 2357-2364. Copyright (2013) American Chemical Society. (right, bottom) Planar
extensional flow field generated in the cross-slot region. The stagnation point position is controlled
by adjusting the outlet flow rates. Automated feedback control is implemented between the
imaging platform and valve pressure transducer to “trap” molecules in the stagnation point.
Adapted from M. Tanyeri, E. M. Johnson-Chavarria, C. M. Schroeder, Applied Physics Letters,
2010, 96, 224101 with the permission of AIP Publishing.
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Figure 5.2. Schematic of optical setup for simultaneous branch and backbone visualization.
Samples undergo simultaneous excitation at 488 nm and 637 nm. Emitted signals pass through a
630 nm beamsplitter (Photometrics DV2) and downstream bandpass filters. Channels
corresponding to red and blue-green emissions are imaged side-by-side using an EMCCD camera.
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Figure 5.3. Direct single molecule visualization of DNA comb polymers in the presence and
absence of TX. Stretched DNA combs, scale bars = 2.0 um. Left: overlay of YOYO-labeled DNA
(green) and Cy5-labeled branches (red).
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Figure 5.4. Quantitative characterization of dye photostability revealing the photostabilizing
effects of TX on DNA-based combs. (a) Intensity of Cy5-labeled branches in the absence and
presence of TX. (b) Intensity of YOYO-1 labeled DNA in the absence and presence of TX.
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Figure 5.5. Steady state extension of A-DNA in planar extensional flow in presence and absence
of TX. (a) Steady-state extension of A-DNA labeled with YOYO-1 as a function of Wi in the
absence of TX (red circles) and presence of TX (blue triangles). Data from this experiment are
compared to previous results of Perkins, et al. (black squares) [34]. (b) Steady-state fractional
extension (x/L) as a function of Wi in the absence (Lc=21.1 um, 71 = 4.1 £ 0.3 s) and presence of
TX (Le=19.2 pm, 71 =35+ 0.2 5).
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Figure 5.6. Ensemble average single molecule relaxation trajectories of 40 kbp polymers with
linear backbones (black, N = 20), 40 kbp combs with 951 bp branches (red), and 40 kbp combs
with 2200 bp branches (green). In all cases, #s =50 cP. Branched molecules are divided into subsets
with low branching (1-4 branches, Nes1 = 17 and N2200 = 6) and high branching (5 or more, Nes1 =
20 and N2200 = 13). Contour length is based on labeling with YOYO-1 and imaging without TX
(Lc=17.4 um).
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Figure 5.7. Steady-state extension of linear (black squares) and comb polymers (1-4 branches

indicated by blue circles, 5 or more branches indicated by red triangles) as a function of strain rate

determined by particle tracking velocimetry. Samples were labeled with YOYO-1 and observed in
75 cP buffer with TX.
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Figure 5.8. Scaled steady-state extension of linear and comb polymers. Fractional extension (x/
L) is based on contour lengths for 30 kbp linear DNA (Lc = 12.0 um) and A-DNA (Lc = 19.2 um),
both of which are labeled with YOYO-1 and imaged in the presence of TX. Weissenberg numbers
are defined using the average longest relaxation times for each molecular sub-population, and
strain rates are determined by particle tracking velocimetry.
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Figure 5.9. Single molecule stretching trajectories of 30 kbp linear DNA in planar extensional
flow (»s = 75 cP, DNA labeled with YOYO and imaged in the presence of TX) as functions of
accumulated strain (ét). Trajectories are sorted by flow strength (Wi = 1.7 £ 0.2 in orange, Wi =
2.5 £ 0.3 in navy). Wi are expressed as average * standard deviation; variations in Wi are due to
variation in the observation of molecules at varying z-positions within the microfluidic device.
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Figure 5.10. Calibration curves of strain rate in planar extensional flow as a function of z-position
in a microfluidic device for varying fluid pressures. Data was acquired near the center of a cross-
slot microfluidic device. Data points and error bars represent averages and standard deviations
over triplicate videos of bead trajectories analyzed by particle tracking velocimetry.
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Figure 5.11. Single molecule transient stretching trajectories of linear DNA (30 kbp) or DNA
combs (30 kbp backbones and 951 bp branches) in planar extensional flow (»s = 75 cP, DNA
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Figure 5.12. Single molecule transient stretching trajectories of DNA combs (40 kbp backbones
and 2200 bp branches) in planar extensional flow (#s = 50 cP, Lc = 17.4 um, DNA labeled with
YOYO-1 and imaged without TX) as functions of accumulated strain (£t). Comb polymers are
divided into subsets with low branching (1-4 branches) and high branching (5 or more branches).
Note similar strain rates used throughout this experiment (0.70 < ¢ < 0.85) but different values of
71, resulting in Wiiow branching = 3.8 = 0.4 and Winigh branching = 5.4 * 0.4. Trajectories are sorted by
molecular conformations observed during stretch: kinks (green), half dumbbells (black),
dumbbells (blue), and folds (red).

143



Figure 5.13. Stretching of folded comb polymer molecules in planar extensional flow. (a)
Schematic of comb polymer conformations during an unfolding event. (b-d) Direct single molecule
visualization of folded DNA comb polymers (40 kbp backbones with 2200 bp branches, scale bars
= 1.0 um, 2.5 s elapsed between snapshots). Yellow arrows indicate branches that persist through
the apex of the fold.
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6 BROWNIAN DYNAMICS SIMULATIONS OF COMB POLYMERS

6.1 INTRODUCTION

Advances in microfluidic systems and synthesis of DNA polymers with complex topologies have
enabled direct observation of molecular-scale behaviors in branched polymers. Previously, single
molecule experiments have been paired with coarse-grained simulations to elucidate the dynamic
behavior of DNA polymers in numerous settings, including linear chains in shear flow [1, 2], knot
formation in confined polymers [3, 4], and ring polymers in planar extensional flow [5, 6].
Moreover, molecular-scale models of polymers have aided the development of theories in polymer
physics and rheology, such as a single-chain slip-spring model for monodisperse polymer melts

[7] and molecular constitutive equations for polymers with pom-pom architectures [8].

Theories for the behaviors of dilute linear [9, 10] and star-like [11, 12] polymers have been
proposed and studied for several years, but these have not been generalized to universally describe
the behavior of polymers with complex architectures in non-equilibrium flows. Moreover, modern
theoretical approaches for branched polymers focus on entangled solutions and melts [13-16],
which exhibit different physical responses compared to single polymer molecules in dilute

solutions.

In this Chapter, we present Brownian dynamics (BD) simulations to model the behavior of single
comb polymers. Simulations provide a means to explore the vast design space surrounding
branched polymers, with variables including but not limited to branch length, branch frequency,

and branch position. The versatile nature of BD simulations will also be useful for investigating
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scaling behaviors of branched polymers and developing design rules that connect microscopic and

macroscopic properties of branched polymeric materials.
6.2 METHODS

6.2.1 Coarse-grained bead-spring model

In BD simulations, polymers are modeled as a series of beads (points of hydrodynamic drag)
connected by entropic springs in a surrounding continuum solvent [17-19]. Coarse-grained
representations improve computational efficiency compared to atomistic or molecular dynamics
while retaining the underlying physics occurring at relevant time and length scales for a particular
polymeric system. The underlying physics is captured by the application of Newton’s equations of

motions to each bead i (Eqg. 6.1),

FitOtal =m;a; = 0 (61)
where beads are assumed to have low mass m; and negligible inertia (mia; = 0). In this way, a force

balance can be written for each bead (Eq. 6.2),

Ftotal — Fdrag + FBrownian + Fexternal ~ 0 (6 2)
i i i i - '
where the forces acting upon the bead include hydrodynamic drag forces Fidmg from the
surrounding (implicit) viscous solvent, a Brownian force FF7°W™an from random collisions of

solvent molecules with the bead, and external forces F£¥*¢™4! including any spring forces,

excluded volume interactions, and external body forces.
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In our simulations of comb polymers, we consider the simplified case of a free-draining polymer,
in which hydrodynamic interactions between beads are neglected. In this way, the drag force

reduces to Stokes drag on a sphere (Eq. 6.3),

d d i (o)
) (6.3)
where {'is the drag coefficient and u>(r;) is the velocity of the solvent at the bead position ri. As
an example, u*(ri) = 0 in quiescent solvent, whereas the velocity field of planar extensional flow

is described by Eqgs. 6.4 — 6.6:

Uy = —EX (6.4)
uy = €y (6.5)
u’ =0 (6.6)

where € is the fluid strain rate and x,y are the distances from the fluid stagnation point along the
compressional and extensional axes, respectively. Thermal forces (Brownian motion) in the system
occur on time and length scales associated with the solvent molecules, which are small compared
to the beads making up the polymer molecule. These forces are defined as random statistical forces

(Egs. 6.7 and 6.8) satisfying the fluctuation-dissipation theorem.
<FiBrownian(t)> =0 (6.7)

(FErowman(t) - FPrownian(¢h)) = 2kpT{6,;6(t —t' )8 (6.8)
Here, brackets indicate an ensemble average, ks is the Boltzmann constant, T is absolute

temperature, dij is the Kronecker delta, 6(z—¢’) is the Dirac delta function, and ¢ is the unit second-
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order tensor. Non-random, external forces also influence the polymer beads. In our simulations of

comb polymers, we consider springs forces exerted between beads according to Eq. 6.9.

external _ pSpring spring spring
Fi =FO 2R 4+ R (6.9)

The magnitude of these forces can be described by a variety of models, including linear Hookean
springs (FP""9(r) = kr, where k is a constant describing the spring stiffness), springs with finite
extensibility, or stiff springs that can be used to model inextensible bead-rod segments. DNA is
known to be accurately described by a wormlike chain model for semiflexible polymers, which is

well-approximated by the Marko-Siggia spring law (Eqg. 6.10) [20],

-2
FWLC (1) ='<LT[1(1 _L) _%+LLS (6.10)

L |4 Ls
where I, is persistence length and Ls is the spring contour length. Combining and rearranging Egs.
6.2, 6.3, 6.8, and 6.10 results in a Langevin equation describing the overall motion of a bead (Eq.

6.11).

A _ oo (p) + 4 kgT[1( TP 1,1
Sy (ri)+{(6 2Kk5TC +77 [4(1 LS) 4+LS>(6.11)

A BD simulation is carried out by integrating Langevin equations forward in time for all beads in

a polymer molecule. Here, we use a simple explicit Euler time integration scheme (Eq. 6.12),

r,(t + At) = 1;(t) + (%) (t) X At (6.12)
where At is chosen to be sufficiently small to prevent the possibility of a spring from stretching

beyond its fully-extended length.
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6.2.2 Simulation parameters for comb polymers

Bead units i have negligible excluded volume or mass, but we assign a characteristic length scale
a=2Ilk=4Ilp, where l¢ is the Kuhn step length and I, is the persistence length, in order to render
the governing equations as non-dimensional. In this way, the length of a fully extended spring is
then defined as Ls = 2a, the drag coefficient as (= 6zia, and the characteristic time scale describing

the diffusion of the bead unit as Eq. 6.13.

6 3
— /kBT (6.13)

The system is made dimensionless based on characteristic length a and time zp, such that new

variables 7 and t are defined according to Egs. 6.14 and 6.15, respectively.

F="/a (6.14)

P=t/ (6.15)

The connectivity of beads dictates contributions of spring forces within the molecule (Eg. 6.9). A
linear polymer in a BD simulations is defined as a single chain of N beads sequentially connected
by N — 1 springs, as shown in Figure 6.1. In this way, bead i = 1 is connected only to bead i = 2,
whereas bead i = 2 is connected to both beads i = 1 and i = 3. This continues, where bead i is
connected to beads i —1 and i + 1, until bead i = N, which is only connected to bead i = N — 1. The
connectivity rules outlined above do not hold for a branched polymer, in which branch junctions
require three or more beads to be connected. To address multiple points of connectivity for a single
bead, we build a connectivity matrix to describe the molecular architecture of a polymer.

Simplified connectivity matrices for star and comb polymers are shown in Figure 6.2.
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Comb polymers consist of a broad design space, with the primary parameters of interest being the
backbone molecular weight My, branch molecular weight My, branch frequency n, and branch
position. Coarse-graining in BD simulations converts My, and Mpr to the number of beads in a
backbone or branch, Nus and Nyr, respectively. Here, we maintain a constant backbone Ny, = 40
beads while varying Npr and n, such that Npr = 1, 2, 5, 10, or 20 beads and n =5, 10, or 15 branches.
Branches are spaced regularly along the length of the polymer backbone. Within this parameter
space, some cases are excluded to limit the total molecular size to N < 200. The linear case is also

tested, such that Npr = n =0.

Comb polymer beads are initialized according to a random walk. BD simulations are stepped
forward using a time step size At = 10™zp for a total of 108 Langevin steps and sampled at every
7o. The first 107 steps are discarded for equilibration. Planar extensional flow is applied for 10’
steps according to Egs.6.4 — 6.6 using dimensionless elongation rate ézp = 0.05. This
dimensionless elongation rate is distinct from the Weissenberg number Wi = £zr, where zr is the
longest relaxation time of the entire molecule. Finally, flow is stopped and the polymer is sampled
for 8x107 steps in the absence of flow. BD simulations are repeated to generate 50 trajectories for

each polymer configuration.

6.3 RESULTS AND DISCUSSION

In the context of the Rouse polymer model, a single polymer chain is considered to exhibit a
spectrum of relaxation times associated with a corresponding spectrum of length scales. Within
this spectrum are N individual ‘modes’ of relaxation. The zeroth mode describes the polymer’s
center-of-mass motion, which depends on molecular weight and the characteristic timescale

according to Eq. 6.16.
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Tp = NZTD (616)

This leaves N — 1 internal modes of relaxation, in which the first mode refers to rearrangement at
the length scale of the entire chain, the second mode is related to half the length of the chain, and
so on. In this way, the pth mode is related to configurational rearrangement of a chain segment of
size N/p for 1 <p <N -1, where p must be an integer. For a polymer at equilibrium, the relaxation

of the end-to-end vector R(t) can be described as a sum of the internal relaxation modes (Eq 6.17).

(R(0) -R(t)) ~ Y1 /™ (6.17)

Brownian dynamics simulations enable the direct calculation of all relaxation modes for an
equilibrium polymer chain, but the mode structure of branched polymers remains unclear. As a
first step toward understanding the mode structure of branched polymers, we compare the
relaxation of linear and comb polymers at equilibrium. Here, we calculate (R(0)-R(t)) for t > 3x103
p in the BD simulation, such that we neglect the stretching portion of the simulated trajectory. For
comb polymers, R(t) is defined as the end-to-end vector of the backbone chain. Single molecule
trajectories of an ensemble of linear polymers (N = 40) and comb polymers (Nob = 40, Nor =5, n =
10 branches) are compared in Figure 6.3. In general, comb polymers relax more slowly than linear

polymers, and comb polymers also exhibit greater variation between trajectories.

In Figure 6.4, we compare the impact of branch number on relaxation with a constant branch
length Nor = 5. Each curve represents an ensemble average of 50 trajectories. The observed trend
is consistent our experimental findings, such that increasing the degree of branching increases the

relaxation time. This trend holds across all simulated branch lengths, as shown in Figure 6.5. Here,
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ensemble averages of relaxation times are determined by fitting each trajectory to a single

exponential decay (EqQ. 6.18), and error bars reflect standard error of the mean.
(R(0) -R(t)) =c,e " +¢, (6.18)

In Figure 6.6, we also compare the impact of branch length on relaxation with a constant branch
number n = 10 branches. Perhaps not surprisingly, increasing the branch length increases the

backbone relaxation time. This trend is shown for all branch numbers in Figure 6.7.

We evaluate data from all of the simulations in a consistent way by comparing relaxation times to
the total number of beads in a molecule, Nt = Nbw + n % Npr. These data are shown in Figure 6.8,
and molecules are colored based on the number of branches. For this range of architectures and
these model parameters (no hydrodynamic interactions, excluded volume interactions, or
intrachain crossing events), the scaling = ~ Nwt emerges. Interestingly, this scaling contrasts the
known scaling for free-draining linear chains, 7~ N?, which is recovered from simulations of linear
polymers of varying backbone lengths (N = 10, 40, 50, 100, 150, or 200 beads, average over 10
trajectories). These findings suggest that while the addition of branches to a comb polymer
backbone does indeed slow the overall relaxation time, a branched polymer relaxes more quickly
than a linear polymer of equivalent molecular weight. This trend is consistent with the weaker
dependence of the mean-squared radius [11] and viscosity [12] on total molecular weight for
unentangled branched polymers, and it would be interesting to verify this trend with more realistic

model parameters or experiments.

Finally, we use BD simulations to compare the relaxation of comb polymers after stretch to the

relaxation time at equilibrium. We compare 7z determined by Eq. 6.18 to an analog of the
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experimentally measured longest polymer relaxation time 71 described in Chapters 4 and 5. Here,
a single-exponential decaying function is fit to the time-dependent 2D projection of extension over

the interval x(t)/Lc < 0.3 (Eq. 6.19).

(w)z = dexp() +B (6.19)

L¢

Figure 6.9 compares z and 71, which scale linearly such that z ~ 2z1. The factor of two is due to the
squared functional dependence on time in Eq. 6.19 (e.g. (x(t))?) compared to the linear dependence
on time in Eq. 6.18 (i.e. (R(t)'R(0))). The general agreement between z and 71 suggests the

applicability of BD simulations to further studies of comb polymer dynamics.

6.4 CONCLUSIONS

In this Chapter, we present relaxation dynamics of free-draining comb polymer molecules at
equilibrium and after high stretch using Brownian dynamics simulations. We find that simulation
results are qualitatively consistent with experiments, wherein relaxation of the comb polymer
backbone slows with increasing comb polymer size, whether by branch length or branch density.
Interestingly, the scaling of equilibrium relaxation time with overall polymer molecular weight is
weaker for comb polymers than expected for linear polymers. Finally, we find agreement between
the relaxation behavior of equilibrium comb polymers and highly stretched comb polymers.
Simulations enabled exact control of polymer architecture and a systematic comparison between

molecular structure and dynamics.

In ongoing work, we seek to use simulation data to determine the structure of internal relaxation
modes in branched polymers. We expect different behavior compared to linear polymers stemming

from the connectivity of branches, and understanding these differences will lead to an
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understanding of the dependence of relaxation time on specific parameters within the broad design
space of branched polymers. BD simulations can also be extended beyond the simple case of free-
draining comb polymers by including more complex branched architectures, chain uncrossability,
hydrodynamic interactions, and/or excluded volume effects. Furthermore, new methods in BD
simulations enable studies inter-molecular interactions that arise as the polymer concentration

increases [21-23].

Overall, Brownian dynamics simulations provide a suitable platform for exploring the parameter
space of comb polymers far beyond the scope of experimental feasibility. In this way, BD
simulations can be used to improve physical intuition behind experimental observations and

potentially guide future experiments.
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6.5 FIGURES AND TABLES

Figure 6.1. Coarse-grained bead-spring representation of a linear polymer. A spring connects bead
i =1 to bead i = 2, bead 2 is connected to beads 1 and 3, and so on. Overall, the polymer is
considered to have N beads and N — 1 springs.
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(a) regular three-arm star (b) regular comb with three branches
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Figure 6.2. Connectivity matrices of model branched polymer molecules, where bead connections
are indicated as x’s. A bead cannot be connected to itself, so the self-correlations are colored for
clarity with the schematics. (a) A regular three-arm star has a single junction, represented here by
bead 5, which is connected to beads 4, 6, and 10. Beads at the ends of branches have a single
connection (beads 1, 9, and 13) and all other beads have two connections. (b) A comb with three
regularly spaced branches has three junctions (beads 3, 6, 9). Similarly, ends have only a single
connection and all other beads have two connections.
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Figure 6.3. Relaxation of (a) linear polymers (N = 40) and (b) comb polymers (Nob = 40, Npr = 5,
n = 10 branches) at equilibrium. Single molecule trajectories are shown in gray, and the time-
dependent ensemble average is bolded. Comb polymers with these dimensions relax more slowly
and exhibit greater variation between trajectories when compared to linear polymers of equal
backbone length.
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Figure 6.4. Relaxation of comb polymers (No» = 40) with constant branch length (Nbr = 5) and
varying branch number (n =5, 10, or 15 branches). Each curve represents an ensemble average of
50 single molecule trajectories, as demonstrated in Figure 6.3.
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Figure 6.5. Relaxation times of comb polymers (No, = 40) with constant branch lengths and
varying numbers of branches (n = 5, 10, or 15 branches). Each colored series indicates a branch
length (Nor = 1, 2, 5, 10, 15, or 20), and each point represents an ensemble-averaged relaxation
time calculated according to Eq. 6.18. Error bars reflect standard error of the mean.
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Figure 6.6. Relaxation of comb polymers (N = 40) with constant branch number (n = 10
branches) and varying branch length (Nor = 1, 2, 5, 10, or 15). Each curve represents an ensemble
average of 50 single molecule trajectories, as demonstrated in Figure 6.3.
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Figure 6.7. Relaxation times of comb polymers (N, = 40) with constant branch frequency and
varying branch lengths (Nor = 1, 2, 5, 10, 15, or 20). Each colored series indicates a branch
frequency (n =5, 10, or 15 branches), and each point represents an ensemble-averaged relaxation
time calculated according to Eq. 6.18. Error bars reflect standard error of the mean.
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Figure 6.8. Comb polymer relaxation time as a function of total comb polymer mass, determined
by Nt = Nbw + n % Npr. Each colored series indicates a branch frequency (n =5, 10, or 15 branches),
and each point represents an ensemble-averaged relaxation time calculated according to Eq. 6.18.
Linear scaling emerges between 7 and Nt for comb polymers, compared to 7 ~ Ni® for linear
polymers.
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Figure 6.9. Comparison of comb polymer relaxation at equilibrium (vertical axis) and after stretch
(horizontal axis). Each colored series indicates a branch frequency (n =5, 10, or 15 branches), and
each point represents ensemble-averaged relaxation times calculated according to Eq. 6.18 and Eg.
6.19. The black line corresponds to 7 = 271.
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7 CONCLUSIONS AND FUTURE DIRECTIONS

Single molecule studies enable the direct observation of polymer chain dynamics at the molecular
level; however, the vast majority of single polymer studies have only focused on linear DNA
molecules. In our research, we extend single molecule techniques to study the dynamics of
branched polymers, which effectively bridges the gap between bulk-scale rheological properties
and molecular scale behavior. Our approach enables us to interrogate the impact of distributions
in molecular size and architecture, thereby holding the potential to fundamentally change our

understanding of the rheological response of topologically complex polymers.

In this dissertation, | first review recent studies of single molecule studies of polymers with
complex topologies and architectures (Chapter 2). Experimental, computational, and theoretical
advances have enabled fascinating single molecule studies of topologically complex DNA, ranging
from new molecular conformations to intermolecular interactions and topology-dependent

dynamics.

In our research, we specifically develop a platform to synthesize branched DNA polymers
appropriate for single molecule studies (Chapter 3). We utilize a two-step ‘graft-onto’ synthesis
method, by which we produce star, H-shaped, and comb-shaped polymers. We take advantage of
the templated nature of DNA to create monodisperse polymer backbones and branches, and we
control the branch distribution in an average sense. The resulting materials have suitable
dimensions for direct visualization using single molecule techniques (Chapters 4 and 5). Our
imaging approach enables simultaneous tracking of polymer branches and backbones. In this way,
we quantify molecular properties such as branch frequency distributions and contour lengths of

comb polymers.
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Beyond characterization, we utilize single molecule fluorescence microscopy to study single
ranched polymers in flow. We observe topology-controlled relaxation dynamics of surface-
tethered branched polymers, such that molecular-scale relaxation is strongly dependent on the
number and position of branches (Chapter 4). We also observe the impact of branching on
relaxation of comb polymers in free solution, even in the presence of very short branches
(Chapter 5). Interestingly, comb polymers in planar extensional flow exhibit different stretching
mechanisms from linear polymers. From all of our single molecule experiments, we observe that
the inclusion of a local constraint (branch point) results in dramatically different global molecular
behavior. Heterogeneous behaviors in comb polymers may contribute to the challenging
interpretation of bulk-scale rheological measurements, especially in the case of non-linear flows.
We note the unique ability of single molecule techniques to provide deeper views into

conformational heterogeneity and molecular response.

Finally, we probe the design space beyond our current experimental capabilities with Brownian
dynamics simulations (Chapter 6). In this way, we apply a coarse-grained polymer model to
investigate the impact of polymer branching on relaxation. This simple, free-draining model
suggests that branched polymers exhibit a weaker dependence of relaxation on molecular weight
in comparison to linear polymers, and the model is easily extended to study non-equilibrium

dynamics of comb polymers.

Overall, we present molecular-scale investigations of branched polymer dynamics. Our work
contributes to molecular-based understanding of topologically complex polymers in flow, thereby
holding the potential to advance the large-scale production of polymers. Our results also motivate

intriguing questions for further study, as the vast parameter space of branched polymeric systems
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remains relatively unexplored by single molecule techniques. Progress towards preparing
branched DNA at high yield and purity will enable systematic molecular-scale exploration of the
impact of branching on polymer structure, properties, and dynamics. Single molecule visualization
of comb polymers also hold potential for visualization of dynamic assembly processes, such that
grafted branches with varying chemical properties could drive the formation of micelles, vesicles,
or other assembled structures. Other areas of interest include broadening the experimental polymer
design space with larger branched structures and specific labeling of backbone and/or branch ends,
investigating the coil-to-stretch transition of comb polymers in various flows, and exploring the
impact of branching in entangled solutions by increasing polymer concentration. In this way, an
improved fundamental understanding of recently observed rheological phenomena will provide

insights toward the molecular-scale design of topologically complex polymers.
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